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ABSTRACT 

The ability to generate small structures is central to modern science and technology. 

Laser direct-write microfabrication and micropatterning are general terms that encompass 

modification, subtraction, and addition processes capable of creating patterns of materials 

directly on substrates without the need for lithography or masks. In this work, four laser 

direct-write microfabrication and micropatterning techniques were studied: 

(a) CO2 laser micromachining provides a flexible and low cost means for the 

manufacture and rapid prototyping of miniaturized polymer systems such as PMMA 

microfluidic chip devices. In this work the relationship between the profile and 

depth of laser-ablated channels, laser power and scanning velocity is investigated. 

This work mainly focused on low laser power which can reduce the cost of the 

fabrication system, and low scanning speeds to obtain narrow channels. The laser 

power used for channel fabrication ranged from 0.45W to 1.35W and the scanning 

speeds ranged from 2mm/s to 14mm/s. The width and the depth of channels ranged 

from 44µm to 240 µm and 22µm to 130µm respectively. Physical models were 

developed for the depth and channel profile of ablated channels. This work 

incorporates the threshold fluence for CO2 laser ablation of PMMA into the model 

to accurately predict the profile of the channel. The models are in excellent 

agreement with experimental results, with a maximum deviation of approximately 

5%. 

(b) A sub-micrometer resolution laser direct-write polymerization technique for 

creating two-dimensional and three-dimensional structures was developed using a 
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frequency-doubled Nd:YAG laser. Functional patterns were directly fabricated in 

photocurable monomers and hydrogels via a layer-by-layer fabrication approach. 

Experimental studies and Monte Carlo simulations were conducted to understand 

the detailed microscale optical scattering, chemical reaction, polymerization, and 

their influence on critical fabrication parameters. The experimental data are in good 

agreement with the theoretical model.  

(c) Direct laser interference is a good method for rapid and large area fabrication of 

two-dimensional and three-dimensional periodic structures on photopolymerizable 

materials. In this work, different aspects of the direct laser interference method were 

studied. A fabrication system using a frequency-tripled Nd:YAG laser with 10ns 

pulses and an optical delivery system was developed. Three different 

photopolymerizable materials were investigated: (1) pentaerythritol triacrylate 

(PETIA) with photoinitiator N-methyldiethanolamine (N-MDEA) was used to study 

the effect of photoinitiator concentration for line-, cross-, honeycomb- and dot-like 

structures; (2) SU-8 with absorber TINUVIN 384-2 was used to investigate three-

dimensional patterning; (3) Shipley 1813 was used to achieve patterns with 

submicron period. 

(d) A new approach to fabricating nanometer sized cavity arrays on Poly(3,4-ethylene 

dioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) thin films using laser-

assisted near-field pattering was investigated. Periodic nano-cavity arrays were 

patterned by combining direct laser interference technology and laser induced near-

field technology.  An analytical model based on Mie theory was developed, the 

predicted intensity distributions on the substrate indicate a strong near-field 

enhancement confined to a very small area (nanometer scale). 
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CHAPTER I 

INTRODUCTION 

 
Currently, the development of products at the micro- and nanoscale is receiving 

considerable attention worldwide due to expected benefits in properties and performance. 

Micro- and nanotechnology are seen as the next steps in the industrial revolution and 

requires manufacturing processes that will revolutionize the way we exist. The challenges 

for engineers and scientists are manifest in the construction of products at small scales. 

The future of micro- and nano-science and technology depends critically on the 

availability of versatile techniques for micro- and nano-fabrication. 

As fabrication of microstructures grows in importance in a wide range of areas, 

from microelectronics through optics, microanalysis, combinatorial synthesis, display, 

and MEMS to cell biology, the utility of microfabrication and micropatterning methods 

certainly increase. In the last several years, various different techniques for the 

fabrication of micro- and nano-functional devices have emerged. These techniques can be 

principally divided into two groups: (1) Microfabrication and micropatterning by 

replication, and (2) maskless or masterless microfabrication. 

The first group can also be divided into two sub-categories: (a) Replication with a 

mask, to which all versions of photolithography belong. Here, the key component is a 

photomask that consists of alternating regions of opaque and transparent features to 
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modulate the intensity of light impinging on a photoresist film. (b) Replication with a 

master, which includes micro-moulding [1, 2], micro-embossing [3] and micro-contact 

printing [4]. 

The second group includes direct-writing with a rigid stylus [5] or energetic 

particles [6-11], self-assembly nanosphere lithography [12], and laser interference 

lithography [13-15].  

This chapter intends to provide a general and methodological review of the various 

techniques for microfabrication and micropatterning. I do not aim to cover in depth all 

the technical details of these techniques. The focus of this chapter is to illustrate the 

different operational and mechanistic principles involved in these microfabrication and 

patterning techniques, and show the necessity for and value of this doctoral dissertation. 

1.1 Microfabrication and micropatterning via replication 

1.1.1 Photolithography 

     Photolithography, literally meaning light-stone-writing in Greek, is the process by 

which patterns on a semiconductor material can be defined using light. It is the means by 

which the small-scale features of integrated circuits are created. The steps involved in the 

photolithographic process are wafer cleaning; barrier layer formation; photoresist 

application; soft baking; mask alignment; exposure and development; and hard-baking.  

Before the resist is applied to the substrate, the surface is cleaned to remove any 

traces of contamination from the surface of the wafer such as dust, organic, ionic and 

metallic compounds and a layer of silicon dioxide is formed by a wet or dry oxidation 

process. The cleaned wafer is subject to priming, to aid the adhesion of the resist to the 
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surface of the substrate material [16].  

A resist is applied to the surface using a spin-coating machine. This device holds a 

semiconductor wafer, using a vacuum, and spins it at high-speed (3000-6000 rpm) for a 

period of 15-30 seconds. A small quantity resist is dispensed in the centre of the spinning 

wafer. The rotation causes the resist to be spread across the surface of the wafer with 

excess resist being thrown off. Close to the centre of the wafer, the variation in the 

thickness of resist is around 30 nm. Preparation of the resist is concluded by a pre-bake, 

where the wafer is gently heated in a convection oven and then on a hotplate to evaporate 

the resist solvent and to partially solidify the resist.  

The photomask is created by a photographic process and developed onto a glass 

substrate. The cheapest masks use ordinary photographic emulsion on soda lime glass, 

while chrome-on-quartz glass is used for high-resolution deep UV lithography. In-plane 

as well as rotational alignment of the mask is critical and must be achieved prior to 

exposure. Industrial photolithography machines use automatic pattern recognition to 

achieve the registration alignment. Depending on the design of the photolithography 

machine, the mask may be in contact with the surface, very close to the surface, or used 

to project the pattern onto the surface of the substrate through optical elements. These 

methods are called, contact, proximity and projection lithography respectively. Figure 1.1 

shows a schematic diagram of these methods. The projection system is the most complex 

method but does mean the projection of the mask can be scaled.  
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Figure 1.1 Contact, proximity and projection methods of photolithography. 
 

During the exposure process, the resist undergoes a chemical reaction. Depending on 

the chemical composition of the resist, it can react in one of two possible ways when the 

light strikes the surface. The action of light on a positive resist causes it to become 

polymerized where it has been exposed to the light. A negative resist has the reverse 

property. Exposure to UV-light causes the resist to decompose. After the developing 

process, a negative of the mask remains as a pattern of resist. Although not necessary for 

all processing, to further harden the resist and remove any residue of the developer, the 

wafer undergoes a post-bake process. During this process, the resist temperature can be 

controlled to cause a plastic flow of the resist which can be desirable for tailoring 

sidewall angles. After either deposition of semiconductor layers or metal, or etching 

down to selectively remove parts of the SiO2, the resist can be removed. For positive 

photoresists, acetone, trichloroethylene, and phenol-based strippers may be used, while 

negative resists are generally removed using Methyl Ethyl Ketone (MEK) or Methyl 

Isobutyl Ketone (MIBK). Figure 1.2, shows the process schematically using a proximity 

mask. 
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Figure 1.2 The main processes in photolithography. 
 
 

The ability to project a clear image of a small feature onto the wafer is limited by the 

wavelength of the light that is used, and the ability of the reduction lens system to capture 

enough diffraction orders from the illuminated mask. Current state-of-the-art 

photolithography tools use deep ultraviolet (DUV) light with wavelengths of 248 and 193 

nm, which allow minimum feature sizes down to 50 nm. 

The minimum feature size that a projection system can print is given approximately by 

[17]: 

F
NA
λκ= ⋅                                                         (1.1) 

where F is the minimum feature size (also called the target design rule), κ is a coefficient 

that encapsulates process-related factors, and typically equals 0.5, λ is the wavelength of 

light used, and NA is the numerical aperture of the lens as seen from the wafer. It is also 
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common to write F as 2 times the half-pitch. 

According to equation (1.1), minimum feature sizes can be decreased by decreasing 

the wavelength, and increasing the numerical aperture, i.e. making lenses larger and 

bringing them closer to the wafer. However, this design method runs into a competing 

constraint. In modern systems, the depth of focus DF is also a concern: 

F 2D 0.6
NA
λ

= ⋅                                                      (1.2) 

The depth of focus restricts the thickness of the photoresist and the depth of the 

topography on the wafer. Chemical mechanical polishing is often used to flatten 

topography before high-resolution lithographic steps. 

1.1.2 Micro-moulding, micro-embossing, and micro-contact printing 

       Moulding, embossing and printing are age-old techniques that have recently been 

given new twists by microtechnologies. The printing industry depends on stamping the 

inked typeface against paper for transferring the ink. The very same process has now 

been adopted in microfabrication, with sophisticated tools and materials for plastics and 

ceramics that can be extended to novel applications by microfabrication techniques.  

   In a moulding process, structures are formed inside the void spaces of a master or 

mould, as shown in figure 1.3. The traditional method of casting is still in use in 

microfabrication: thick polymethyl methacrylate (PMMA) resist and polydimethyl 

siloxane (PDMS) elastomers are cast. But micro-moulding includes various transport and 

deposition processes: injection of thermoplastics, electroplating of metals, CVD of 

polysilicon or diamond or sol-gel of PZT. With the use of an appropriate material, the 

shape, structure, and pattern of the mould can all be transferred into the replica with high 
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fidelity and accuracy, even on the nanometer length scale. This technique also allows the 

duplication of 3D structures in a single step [18]. Micro-moulding requires at least three 

steps to complete [1, 2]: 1) the voids on a mould are filled with a polymer precursor; 2) 

the excess material is removed; and 3) the mould is placed on the desired substrate. After 

curing the prepolymer, the mould is peeled off leaving behind the replicated structures on 

the substrate.  An important advantage of micro-moulding is its capability to generate 

complex patterns in a layer-by-layer fashion and on non-planar or curved surfaces, which 

often is a prerequisite for building 3D microstructures.  

         Printing is an efficient method for pattern transfer [19], as shown in figure 1.4. A 

conformal contact between the stamp and the surface of the substrate is the key to its 

success. Printing has the advantage of simplicity and convenience: Once the stamp is 

available, multiple copies of the pattern can be produced using straightforward 

experimental techniques. Printing is an additive process; the waste of material is 

minimized. Printing also has the potential to be used for patterning large areas. Although 

contact printing is most suitable for two-dimensional fabrication, it has also been used to 

generate quasi-three- dimensional structures through combination with other processes 

such as metal plating [20].  
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Figure 1.3 (i) Schematic illustration of the micro-moulding process, and (ii) SEM images of polymeric 
microstructures fabricated by micro-moulding [1]: A) patterned, isolated microstructures of PU on 
silver (one layer); B) isolated microcylinders of epoxy on 5-µm lines of epoxy supported on a glass 
slide (two layers); C) a continuous web of epoxy over a layer of 5-µm lines of epoxy supported on a 
glass slide (two layers); D) a three-layer structures on a glass slide made from a thermally curable 
epoxy [2]. 
 
 
 

Stamp 
with ink
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Press stamp

Remove 
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Figure 1.4 (a) Schematic illustration of the micro-printing process and (b) SEM image of gold features 
separated by narrow voids 35nm wide produced by micro contact printing technique [4]. 
 
 

Embossing is a simple and convenient technique that generates relief patterns in a 

polymer by mechanical deformation using a rigid master, as shown in figure 1.5 [3]. The 

polymer must be either thermoplastic, UV- or thermally curable, or deformable to adapt 

the shape of the patterns on the master. In most cases, residual films of the polymer 
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remain in the compressed areas, which can be removed using a dry etching process [21, 

22]. The resolution of structures that can be generated using this technique is mainly 

determined by the mechanical stability of the master, the properties of the polymer and 

the dimensional change of the embossed structures with temperature or pressure. 

Experimental results indicate that features with critical dimensions well below 10nm are 

achievable without modifying the procedure significantly [23]. 

 

Mould

Resist
Substrate

Imprinting

Press mould

Remove 
Mould

(a) (b)

 

Figure 1.5 (a) Schematic illustration of the micro-embossing process, which uses a mold to create a 
thickness contrast in a resist, and (b) SEM image of parallel lines generated in PMMA film by 
embossing with a rigid master [3]. 
 

1.2 Maskless microfabrication and micropatterning 

1.2.1 Direct-writing with a beam of energetic particles 

  Focused beams of energetic particles comprising electrons, ions, and electrically neutral 

metastable atoms provide means for generating patterns in a proper resist material [6-11], 

as shown in figure 1.6.  

   These techniques have extremely high resolution capabilities because of their short 

wavelengths (<0.1nm) combined with a large depth of focus. Electron-beam (e-beam) 
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lithography is a feature that can be readily added to most conventional scanning electron 

microscopy (SEM) systems. Although high throughput continues to be a major challenge 

for this technique, e-beam lithography has become a standard tool for writing arbitrary 

patterns for many technological and scientific applications. A variety of materials have 

been demonstrated for use with e-beam lithography, including polymers [24-27], 

inorganic materials [28], and self-assembled monolayers or SAMs [29]. Reactions that 

are thereby induced depend on the chemical composition of the resist. For polymers, they 

can include polymerization, crosslinking, local chain scission, or a more complex 

processes such as chemical amplification involving acids or bases [30]. The practical 

resolution of this technique is mainly determined by the spot size of the beam, and 

several other factors such as scattering effects and the generation of secondary electrons. 

Poly(methyl methacrylate) (PMMA) remains a classical resist for e-beam lithography, 

and much work continues to be done with this polymer despite extensive technological 

advances and development in e-beam lithography, and the large number of resist 

formulations that have been developed. Direct etching induced by an e-beam is possible, 

but generally requires higher doses, which limits its practical utilization.  

  Techniques using focused ion beams (FIBs) are conceptually related to e-beam 

lithography [31]. In principle, the higher mass of ions may result in patterning 

capabilities that are less prone to distortions due to back-scattering from the substrate. 

Other advantages include the possibility of highly localized implantation doping (the 

formation of a new material or a new phase under the surface of a substrate), ion-induced 

deposition, and the capability of removing material from a surface using ion milling or 

ion-beam assisted etching. Until now, high-resolution variants of these techniques remain 
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in a relatively less-developed state than e-beam writing. 
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Figure 1.6 (a) Schematic illustration of the E-beam or Ion beam microfabrication process. (b) 
Suspended wires in 50-nm-thick silicon. The shortest wires are 7 μm long and the longest are 16 μm. 
The width of these wires is 200 and 120 nm for the left and right sets of wires, respectively [31].  
 

1.2.2 Direct-writing with lasers 

 Laser direct-write and patterning are general terms that encompass modification, 

subtraction, and addition processes capable of creating patterns of materials directly on 

substrates without the need for lithography or masks. Given a laser source, one can either 

fix the location of the beam and raster the substrate using motion-control stages, fix the 

substrate and raster the beam using mirrors, or use a combination of both. For laser 

direct-write modification (LDWM) or subtraction (LDW-), the material of interest is 

directly irradiated and is either removed (laser micromachining) or modified (melting, 

sintering, and so on). In both cases, either pulsed or CW lasers can be effective. Laser 

direct-write and patterning is of paramount importance in many areas of modern science 

and technology, with applications ranging from the production of integrated circuits, 

information storage devices, and display units to the fabrication of micro- 

electromechanical systems (MEMS), miniaturized sensors, microfluidic devices, biochips, 
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photonic bandgap crystals, micro-optical components, and diffractive optical elements 

[12, 32-40].  

1.2.2.1 Laser direct-write fabrication of microfluidic devices  
 
 Microfluidic devices, which are used to manipulate liquids and gases in channels 

having cross-sectional dimensions on the order of 10-500µm, find increasing applications 

as analytical systems, biomedical devices, tools for chemistry and biochemistry, and as 

systems for fundamental research [41-45] . Most prototype devices to date have been 

fabricated in glass, silica, or silicon-based substrates by conventional lithography. To 

fabricate such devices, highly resistant masks are needed, which raises the cost of the 

fabrication and extends the production cycle. Although successful cell-patterning and 

microfluidic chips [46] have been prepared using silica- or silicon-based substrates, the 

associated fabrication techniques, including channel fabrication and sealing, are generally 

difficult and expensive to implement. 

 Polymer substrates are promising alternatives for microfluidic devices. Industrial 

interest in utilizing plastics for the production of microanalytical systems is primarily 

driven by the fact that these materials are less expensive and easier to manipulate than 

silica-based or glass substrates. A wide variety of low-cost polymer materials enable their 

selection for thermal and chemical resistance, molding temperature, and surface 

derivation properties [47].  

        A large number of polymer microfabrication technologies have been established 

over recent years. These technologies can roughly be divided into two groups: replication 

techniques [48, 49], in which a master structure is replicated into the polymer material; 

and the direct techniques [50-52], in which each single device is manufactured separately. 
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Replication methods such as hot embossing and injection molding are not only complex 

but also expensive compared with laser ablation. Laser direct-write is an attractive 

technique for the fabrication of microfluidic devices. No mask is necessary and 

redeposition problems may be widely reduced. A number of groups have investigated 

laser ablation on polymers [53, 54] for applications such as multimode lightguides and 

microfuel cells [46, 55]. Klank et al [56, 57] investigated the usage of a commercial CO2 

laser system for PMMA microfluidic systems fabrication and a three-layered microfluidic 

device made by them is shown in figure 1.7. The laser power they used ranged from 10W 

to 60W; scanning speed ranged from 80mm/s to 400mm/s and the typical width of the 

channel was 250 µm. They derived a least squares fit model through their experimental 

data. Modest [58] developed a three dimensional conduction model based on the finite 

difference method. There are series of works for CO2 laser cutting and drilling of PMMA 

with even higher laser power [59, 60]. 

 

Figure 1.7 Three-layered PMMA-microfluidic system for the detection of ammonia in aqueous 
samples. The system is supposed to mix the sample with three different reagents in sequence and then 
measure absorbance of a dye, which is the final product of the reaction sequence [32]. 
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1.2.2.2 Laser direct-write polymerization  
 

Laser direct-write polymerization is also known as stereolithography process, which 

was invented and patented by Dr. Charles Hull in the 1980s. In the 1986 patent 

publication for the very first SLA patent, the process is described as follows: 

"Stereolithography is a method and apparatus for making solid objects by successively 

"printing" thin layers of a curable material, e.g., a UV curable material, one on top of the 

other. A programmed movable spot beam of UV light shining on a surface or layer of UV 

curable liquid is used to form a solid cross-section of the object at the surface of the 

liquid. The object is then moved, in a programmed manner, away from the liquid surface 

by the thickness of one layer, and the next cross-section is then formed and adhered to the 

immediately preceding layer defining the object. This process is continued until the entire 

object is formed".  

In recent years, there has been increasing interest in using rapid prototyped parts as 

functional prototypes rather than just visual aids. According to the 2006 Wohlers Report 

on Rapid Prototyping, more than 20% of rapid prototyped parts are being used as 

functional prototypes. This means that more accurate parts with smaller features need to 

be built using stereolithography machines. In addition, MEMS and other Micro-

manufacturing industries see stereolithography as a way of obtaining parts in addition to 

silicon-based micro-manufacturing techniques. MEMS devices cannot be built using 

traditional stereolithography machines, because the smallest feature that can be built 

using these machines is around 60μm, while operating in the high resolution mode.  
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Figure 1.8 Schematic illustration of microstereolithography process. 

 

Microstereolithography is the general designation of various microfabrication 

technologies based on the principle used in stereolithography as shown in figure 1.8.  All 

microstereolithography machines have the same aim and the same basic principle: They 

allow building small-size, high-resolution three-dimensional objects, by superimposing a 

certain number of layers obtained by a light-induced and space-resolved polymerization 

of a liquid resin into a solid polymer. 

Photopolymerization is the chemical reaction underlying the change of state that 

makes it possible to create the layers composing the objects in the stereolithography 

process: the absorption of a given quantity of photons per unit volume of photosensitive 

medium creates reactive species, which induces the polymerization of the liquid 

monomer into a solid polymer by a chain reaction. This polymer is generally cross-linked 

and cannot dissolve again in a monomer bath. 

The evolution of the polymerized depth with the irradiation time in 

stereolithography can be easily predicted and is presented extensively in the literature 



16 
 

[61]. Equation 1.3 gives the temporal evolution of the polymerized depth: 

0

1e ln t
c tα

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
                                                     (1.3) 

Where, t (s) is the irradiation time, t0 (s) the irradiation time at the threshold, α (l.mol-

1.cm-1) the Napierian coefficient of molar extinction, c (mol.l-1) the concentration of the 

absorbing substance. This relation shows that the evolution of the polymerized depth e 

with the irradiation time is logarithmic. This simple model is in good agreement with 

experimental results in the case of resins that do not undergo changes in their absorption 

coefficient during the polymerization process. 

Presently, there are two major types of microstereolithography: vector-by-vector 

microstereolithography and integral microstereolithography. The basic principle of all 

vector-by-vector microstereolithography machines is very similar to that of the 

stereolithography technique shown in figure 1.8: every layer of the object is made by 

scanning a focused light beam on the surface of a photosensitive resin. To get a better 

resolution than stereolithography, the beam is focused more precisely in order to reduce 

the spot size to a few micrometers in diameter, requiring additional technological 

developments in the designed microstereolithography machines. In particular, it is 

necessary to measure precisely and continuously the position of the surface on which the 

beam is scanned and to dynamically focus it with a sufficient precision. Table 1.1 

presents a summary of microstereolithography demonstrations in the literature. 
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Research team Light source Irradiation Component size Resolution 

Takagi et al. [62] He-Cd laser, UV 

(325 nm) 

From below 20x20x20mm3 5 x 5 x 3 μm 

(x,y,z) 

Ikuta et al. [63] Xenon lamp, UV From above 10x10x10mm3 60μm, up to 8μm 

Zissi et al. [61] Argon ion laser From above Not reported 30x 30x 20 μm 

(x,y,z) 

Zhang et al. [64] Argon ion laser From above Not reported Spots of 1-2 μm 

 
Table 1.1 Characteristics of vector-by-vector microstereolithography machines 
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Figure 1.9 Schematic illustration of Integral microstereolithography. (a) LCD as pattern generator [65], 
and (b) DMD as pattern generator. 
 
 

In integral microstereolithography, every layer of the object is made in one 

irradiation step by projecting its image on the surface of the photopolymerizable resin 

with a high resolution at a certain depth of focus. This avoids the problems related to the 

fine focusing of a light beam in one point on the liquid surface, which often limits vector-

by-vector microstereolithography processes. A pattern generator allows shaping the light, 

such that it contains the image of the layer to be solidified. This image is then reduced 
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and focused on the surface of the reactive medium with the appropriate optical system. 

The superimposition of the different layers composing the object is done in the same way 

as in conventional stereolithography. Integral microstereolithography processes are fast, 

because the irradiation of an entire layer is done in one step, whatever its pattern may be. 

There are two popular pattern generators: a) Liquid crystal displays (LCDs), and b) 

Digital Micromirror Device™ as shown in figure 1.9.  Different embodiments of integral 

microstereolithography reported in the literature are presented in Table 1.2. 

Research team Light source pattern generators Component size Resolution 

Bertsch et al. [66] Ar+ laser 

(515nm) 

LCD 6x8x15mm3 5 x 5 x 5 μm 

(x,y,z) 

Chatwin et al. [67] Ar+ laser 

(351.1nm) 

LCD Not reported 50μm in Z  

Loubère et al. [68] Halogen lamp LCD 3x2.4x15mm3 5 x 5 x 10 μm  

Zhang et al. [64] Argon ion laser LCD Not reported Spot has 1-2 μm 

Bertsch et al. [65] Argon Ion laser DMD 6x8x15mm3 5 x 5 x 5 μm  

Bertsch et al. [65] Argon Ion laser DMD 10.24x7.68x20mm3 10x 10x 10μm  

Zhang et al. [69] Argon ion laser DMD Not reported 5 x 5 x 10 μm  

Table 1.2 Characteristics of the integral microstereolithography machines 
 

There are, of course, many advantages to creating the object directly in the resin, 

without superimposing layers: No support parts are needed. No time is spent spreading 

the liquid on the part being manufactured, which potentially can speed-up the process 

significantly. Freely movable structures can be fabricated without the need of sacrificial 

layers. Many attempts have been made to develop such processes in the rapid prototyping 

domain for creating large objects, but they have never been successful. However, when 

making small objects, one solution has been found to create them directly inside the 
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reactive medium using two-photon absorption, as shown in figure 1.10.  

 

Figure 1.10 Optical system for Laser-induced two-photon absorption processs [70]. 
 

Two-photon absorption is a nonlinear optical phenomenon that occurs at sufficiently 

high level of irradiance in all materials, when the combined energy of two photons 

matches the transition energy between the ground state and the excited state of the 

absorbing medium. The rate of two-photon absorption is proportional to the square of the 

incident light intensity. The quadratic dependence of the two-photon absorption rate on 

the light intensity confines the absorption to the area at the focal point. As the two-photon 

transition rate is extremely small, the power of the light source has to be extremely high. 

Such high power light sources can be achieved through ultrafast lasers. In this technique, 

photopolymerization occurs only in the vicinity of the focal point of a laser beam thus 

generating a voxel, which is a 3D volume element of solidified resist. The patterning 

procedure is performed by pinpoint-scanning a focused laser according to a pre-
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programmed pattern design in the form of a voxel matrix. The dimensions of such a voxel 

are mainly determined by the spot size and pulse energy of the laser beam, and can go 

beyond the limit of Rayleigh diffraction [70]. The voxel dimension can also be reduced to 

further improve the spatial resolution of resultant structures when nonlinear processes are 

incorporated into the photochemical reactions. Figure 1.11 (a) shows scanning electron 

micrographs of ‘micro-bull’ sculptures [71] fabricated via two-photon absorption 

polymerization. These 10-μm-long, 7-μm-high bulls are the smallest model animals ever 

made artificially, and are about the size of a red blood cell. The tiny volume attainable for 

such micromachines would allow them to be transported to locations inside the human 

body through even the smallest blood vessels, for example to deliver clinical treatments. 

To depict the tiny features of the microbulls, a fabrication accuracy of about 150 nm was 

needed. The nanotweezers shown in figure 1.11(b) have probe tips measuring only 1.8 

μm in length and 250 nm in diameter. The nanotweezers can be driven by a focused laser 

beam [72]. 

 

(a) (b)
 

Figure 1.11 Two-photon microfabrication (a) Bull sculpture produced by two-photon micro-
stereolithography [71] (b) Laser-driven multi-degrees-of-freedom nanomanipulators produced by two-
photon microstereolithography[72, 73]. 
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1.2.3. Laser-induced near-field patterning 

       Fabrication technology on the nanometer scale has attracted much attention in the 

last decade due to the industrial demand for smaller and smaller structures, such as 

quantum devices and extremely high-density recording media. As a result, structuring 

techniques such as lithography [27] and field ion beam patterning [74] have been 

investigated for nanofabrication. However, most of these techniques are limited either by 

their inability for large-area fabrication or by the diffraction limit and in most cases the 

high manufacturing costs. To overcome the diffraction barrier and to spatially control 

matter on a nanometer scale, a variety of nanofabrication techniques employing optical 

near fields has been proposed. 

Laser-induced near-field patterning of surfaces at a resolution below the diffraction 

limit has attracted more and more attention in recent years due to its extensive potential 

application in high-density data storage and high-resolution optical lithography for 

nanodevice fabrication [75]. If the aperture-to-medium separation is controlled at a 

distance much smaller than the wavelength, the resolution will be determined by the 

aperture size instead of the diffraction limit [76]. This technique is used in the scanning 

near-field optical microscope (SNOM) system: a single hollow optical fiber with a small 

aperture at its end is used to deliver the laser beam [77]. Due to the near-field optical 

enhancement effect at the tip, the SNOM system is able to perform nanoscale surface 

modification of different kinds of materials. However, this approach is difficult to 

implement in an industrial application due to sophisticated hardware needed to control 

the near-field distance and the low throughout. One promising approach that could lead to 

massively parallel nanostructuring was demonstrated by using a particle-mask to pattern 
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a solid substrate [28, 78]. The technique employs a regular two-dimensional (2D) array of 

microspheres/nanospheres to focus the incident laser radiation onto the substrate. It 

permits single step surface patterning of thousands or millions of sub-microm cavities or 

holes on the substrate with a single or a few laser pulses. The energy conversion 

efficiency by particle microlens/nanolens is close to 100%, which is significantly higher 

than that in SNOM system (10-4-10-5) [75]. 

        The accidental discovery of particle-induced damage during dry laser cleaning of 

irregularly shaped Al2O3 particles on glass [79] has led to this exciting yet simple 

technique. Nanosphere-based fabrication induced by the optical near-field was also 

employed for patterning a urethane-urea copolymer containing a push-pull type 

azobenzene. In this kind of polymer, the surface deformation is attributed to the gradient 

force of the optical near-field [80]. 

 

Figure 1.12 (a) Schematic of the experimental setup, (b) irradiation of silica spheres on silicon from 
the top side, and (c) irradiation of silica spheres on glass from the bottom side. 
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       A schematic of laser-induced near-field patterning with self-assembled 

micro/nanospheres is shown in figure 1.12. When the laser beam is incident on the top 

surface of spheres, there is a field enhancement at the interface between the sphere and 

the substrate. This optical field enhancement by nanospheres can be explained by 

Rayleigh and Mie scattering theories [81]. Rayleigh scattering takes place when the 

diameter of the sphere is less than the wavelength of the light. In this case, the sphere is 

treated as a dipole radiator and the electric field enhancement is at its sides along the 

direction of polarization of the incident light and there is hardly any focusing. In contrast, 

when the diameter of the sphere is equal to or greater than the laser wavelength, light is 

scattered elastically and the field is enhanced several times at the exit side of the spheres. 

Mie theory calculations show that this enhancement is due to both near-field and 

scattering effects [82]. Such optical enhancement can lead to local melting or even 

vaporization of the substrate materials for nanoscale surface patterning. It has been 

reported that the intensity distribution changes dramatically with the size of the sphere 

and also the distance between the sphere and the substrate [28]. 

      When the laser beam is incident from the backside of the sample, the effect of 

scattering on the surface modification is minimized, only optical the near-field 

enhancement effect for surface modification is used.  

       The influence of the incidence wave angle on the pattern structures was also 

investigated [12], as shown in figure 1.13. Polystyrene spherical particles were deposited 

on the surface in a monolayer form by self-assembly. The sample was then irradiated with 

248 nm KrF laser at different incidence angles. It was found that nanostructures can be 

formed at different positions with different incidence angles. Both round-shape and 
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comet-shape nanostructures can be produced. By varying the incidence angles, the depth 

of the nanostructures can also be controlled. 

 

 

Figure.1.13 SEM images of nanodent structures formed on a Ge2Sb2Te5(GST) film under the removed 
particles after one laser pulse irradiation at different incidence angles of (a) a =0°, (b) a =30°, (c) a 
=45° and (d) a =60°, respectively. Laser fluence is 7.5 mJ/cm2. Scale bar is 1.0 µm [12]. 
 

1.2.4- Holographic patterning and direct laser interference 

  Holographic patterning as shown in figure 1.14, involves the interference of two or 

more laser-beams and allows rapid fabrication (~seconds) and high design flexibility not 

limited by multiphase equilibrium [83, 84]. The major advantage of this technique is that 

it is a relatively simple and fast process which consists of two steps: exposure and 

development.  

 In the case of two mutually coherent and interfering laser-beams, the resultant pattern 

of field intensity can be readily recorded in a thin film of photoresist. After development, 

an array of parallel lines will be created in the photoresist film. 
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Figure 1.14 (a) Schematic illustration of the hexagonal interference patterning process. (b) SEM image 
of the negative photoresist columns created by hexagonal patterning [85]. 
 

  This method is commonly used to fabricate photonic crystals by forming a polymer 

template through exposure of a photoresist to the interference pattern [85, 86]. Normally, 

a diffraction-mask is employed to produce the interference patterns [85-88]. For example, 

figure 1.14 shows the interference pattern produced with a collimated Nd:YAG laser-

beam impinging on a mask that has three gratings oriented 120° relative to one another. 

Each grating has 2 mm wide, 4 mm long features separated by 2 mm. The photoresist 

sample is exposed by placing it at the focal point of the diffraction pattern, yielding a 

hexagonal array of photoresist columns. By exposing the same photoresist film to the 

interference pattern twice (orthogonal to each other), a 2D array of posts will be 

generated. This technique is widely used in the photonic industry to manufacture 

holographic diffraction gratings and anti-reflection coatings [89].  
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Figure 1.15 (a) Schematic set-up for the laser interference system with the optical elements: (1) lens; 
(2) beam splitters; (3) mirrors; (4) sample. Note that the primary beam is divided into 3 sub-beams 
which are overlapped at the sample surface. (b), (c) and (d) are patterns in Fe and Al films[14]. 
 
 

The “direct laser interference structuring” method makes use of interference of two or 

more laser-beams, like in holographic patterning, but in this case no development of the 

irradiated sample is needed, as shown in figure 1.15 [14]. The most important 

requirement to produce the periodical structures with this method is that the material to 

be processed must absorb the energy of the laser at the selected wavelength and the laser 

must be of high-power. The method allows the production of periodic structures of 

features with a well defined long-range order in the scale of typical microstructures (i.e. 

from the sub-micrometer level up to micrometers). The micropatterning process is based 

on mechanisms of photo-thermal, photo-physical, or photo-chemical nature, depending 

(a)
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on the type of material. 

In addition, in the case of laser interference patterning, no masks are required. 

Relatively large areas can be directly structured (of the order of cm2) in a time scale of a 

few seconds. For example, using the direct laser writing technique, about 56 hours are 

required to produce a periodical line-type structure on an area of 3mm x 3mm with a 

period of 10 μm. The same structure can be realized in only 10ns using the direct laser 

interference patterning technique [14]. 

   Direct laser interference patterning has been applied to different materials such as 

semiconductors, metals, ceramics, and polymers [15, 90]. In the case of metals, the 

interference pattern produced by beams of a high power pulsed laser permits direct, 

periodical local heating of the surfaces through the local photo-thermal interaction 

between laser and metal. In the process of light interaction with metals, the light quanta 

are absorbed by conducting electrons, which dissipate the absorbed energy as thermal 

lattice vibrations. Thus, different metallurgical effects such as melting, recrystallization, 

quenching, recovery, defect or phase formation can be exploited.  

 

Figure 1.16  Interference pattern created by two coherent beams[13] 
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When two beams of coherent light interfere, a pattern of parallel fringes will appear. 

These fringes can be used for the exposure of a photosensitive layer. Figure 1.16 [13] 

gives a schematic illustration of this method of exposure.  

The depth-of-focus of this method is dependent on the coherence length of the light 

and can be of the order of meters or more, compared to microns for conventional optical 

lithography systems. As a result, the demands on substrate flatness and wafer positioning 

are not critical. 

If the light intensity of each beam is I0, the irradiance on the surface is given by: 

)(sin4I 2
0

x

xI
Λ

=
π                                                    (1.4) 

With Λx the fringe period in the x-direction (see figure 1.14): 

θ
λ

sin2x =Λ                                                        (1.5) 

Here, λ is the wavelength of the laser light in the medium that surrounds the substrate 

(usually air) and θ is the half angle between the two beams. The smallest period that can 

theoretically be obtained occurs when θ = 90◦ and is equal to λ/2. 

1.3 Motivation and dissertation outline 

 The primary motivation of this doctoral dissertation is to investigate laser-based 

direct-write and patterning methods for making two-dimensional and layered three-

dimensional micro- and nanostructures. This chapter presented detailed reviews of “laser 

direct writing process”, “Direct laser interference structuring” and “Laser-induced near-

field patterning”. 

Chapter 2 presents experimental and theoretical analysis of direct-write laser 
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micromachining of polymethyl methacrylate (PMMA) by CO2 laser ablation. In contrast 

with large size channels (100µm-500µm in width) fabricated in the previous works, I 

mainly focus on low laser power which can reduce the cost of the fabrication system, and 

low scanning speed to obtain narrow channels. The laser power used for channel 

fabrication range from 0.45W to 1.35W and the scanning speeds range from 2mm/s to 

14mm/s. The width and the depth of channels range from 44µm to 240 µm and 22µm to 

130µm respectively. Physical models are developed for the depth and channel profile of 

ablated channels. This work incorporates the threshold fluence for CO2 laser ablation of 

PMMA into the model to predict the profile of the channel. The models are in excellent 

agreement with experimental results, with a maximum deviation of approximately 5%. 

Chapter 3 is focused on frequency-doubled ND:YAG laser direct-write 

polymerization. The first part of the chapter is dedicated to the mechanism of laser- 

induced polymerization and biocompatible hydrogel materials. In section 3.3, 

experimental procedure, sample preparation and experimental setup are discussed in 

detail. A resolution of 840nm with PETIA, which is the highest resolution by laser direct-

write polymerization, can be realized with this system. In the theoretical simulation part, 

a numerical model with Monte Carlo method was developed to simulate light scattering 

and absorption in photocrosslinkable materials. The cure depth and width can be 

predicted by this model, which is in excellent agreement with experimental results. The 

successful fabrication of square-, circular-, and honeycomb-cellular structures 

demonstrates the ability of this technique to fabricate micro patterns with arbitrary shapes 

in a wide variety of functional materials, which is shown in the last part of this chapter. 

Chapter 4 presents the technique of direct laser interference patterning. This 
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technique is used for rapid and large area fabrication of two-dimensional and three 

dimensional periodic structures in photopolymerizable materials with 10ns pulses from a 

frequency-tripled Nd:YAG laser emitting at 355 nm. Surface areas up to 3.6 cm2 can be 

patterned in one second showing the high fabrication speeds that can be reached. 

Different periodic structure arrays including line-, cross-, honeycomb- and dot-like 

structures were fabricated. For samples irradiated with three beams, by tuning the laser 

intensity or number of laser pulses, it was possible to fabricate different types of periodic 

arrays from isolated dots to symmetric honeycomb structures. Three-dimensional line-

like structures were for the first time successfully fabricated with SU-8 associating with 

absorber TINUVIN 384-2. Concentrations of 1%-2% of absorber were found to be 

appropriate to achieve massive, stable three-dimensional structures. By adjusting the 

separation angle between two incident beams, sub-microm line-like patterns were 

realized with Shipley 1813. 

Chapter 5 describes Laser-induced near-field patterning. Features created on 

Poly(3,4-ethylene dioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) thin films by 

the irradiation of nanospheres on the film surface with a pulsed laser are presented. The 

features indicate an enhancement of the incident intensity in the near field due to the 

presence of the sphere. The near field has been calculated for a single sphere on a 

substrate using the results of Mie theory. The results of these calculations predict a strong 

enhancement directly under the sphere, which is assumed to be responsible for the 

substrate damage. Periodic nano-cavity arrays were for the first time patterned by 

combining direct laser interference technology and laser induced near-field technology. 

Chapter 6 concludes with a summary of the research described in this dissertation. 
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CHAPTER II 

DIRECT-WRITE MICROMACHING OF POLYMETHYL-
METHACRYLATE (PMMA) BY CO2 LASER ABLATION 

 
 
      The main motivation for this work was to develop experimental techniques for 

micromachining of PMMA by CO2 laser ablation and corresponding physical models for 

the depth and profile of micromachined channels, especially for low laser power (0.45–

1.35W) and low scanning speed (2-14mm/s). The models developed in this work 

incorporate for the first time, the threshold fluence for ablation of PMMA by CO2 laser 

radiation, to predict the channel profile achievable with low laser power. Within the range 

of parameters tested, these models can be used to predict the channel depth and profile 

for a specific choice of laser power and scanning speed. 

2.1 Mechanism of CO2 laser processing PMMA 

Poly(methyl methacrylate) (PMMA), whose structure is shown in figure 2.1, is a 

fast-burning thermoplastic. PMMA has long been regarded as a viable surrogate fuel for 

modeling the behavior of hybrid rockets in which the oxidizer (usually air or O2) passes 

over the surface at a high velocity. Following ignition, pyrolysis at the fuel surface 

produces volatile molecules to sustain the flame zone. Because PMMA is widely used in 

consumer products, its thermal decomposition, ignition, and combustion characteristics 

have motivated the majority of previous studies. 
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Figure 2.1 Chemical structure of Poly (methyl methacrylate) (PMMA). 
 
 

        The thermal decomposition process of PMMA is more exhaustively studied than 

most other polymers, in part because the process is comparatively straightforward. The 

random chain-breaking model of Kuhn [91] and the end-chain scission model of Simha 

[92] for polymer degradation appear to apply to PMMA. Because of the very large zip 

length of PMMA (the number of monomers produced per single initiation event), the 

overwhelmingly dominant product released from the bulk phase is the monomer methyl 

methacrylate (MMA). Although this process would seem to be relatively simple, the 

mechanistic details have motivated more than 50 years of study. Most inferences have 

been drawn from the decomposition characteristics at temperatures below 360°C. For 

radically polymerized PMMA, at least two processes are revealed. The interpretation is 

that one of these processes involves depolymerization initiated by the vinyl end groups, 

while the other involves initiation at saturated C-C bonds, including the –CH3 end-group 

[93, 94]. Opinions vary as to whether the rate is faster for the saturated or the unsaturated 

site. For anionically polymerized PMMA, no unsaturated end groups exist, which makes 

the thermal stability higher than that of radically polymerized PMMA. Random C-C 

scission is the dominant mechanism of depolymerization. Of course, various termination 
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reactions compete with the depolymerization reaction.  

      The process of a plate of homogeneous and isotropic material absorbing a 

monochromatic and parallel laser beam (incident power density I0) can be described by 

the Beer-Lambert law, which gives the power density I at the depth z:   

)exp(0 azII −=  

where a is the spectral absorption coefficient (cm-1). In reference [60], values for a from 

102cm-1 to 105cm-1 are reported for PMMA. 

      A strong rise in temperature occurs due to the high power density of the focused 

incident laser beam radiation. The material will first melt and then decompose, leaving a 

void. Poly (methyl methacrylate) (PMMA) is a fast-burning thermoplastic. Below 115°C, 

it remains in glassy state. When the temperature increases beyond 115°C, PMMA reaches 

a rubbery state. At higher temperatures between 170°C and 210°C, long range 

deformations of chains of molecules occur. The thermal decomposition process of 

PMMA is comparatively straightforward. Because of the very large zip length of PMMA, 

the overwhelmingly dominant product released from the bulk phase is the monomer 

methyl methacrylate (MMA). The main part of decomposition occurs at temperatures 

around 360°C depending on the heating rate.  

2.2 Experimental design and set-up 

2.2.1 CO2 laser system 

      An experimental system for PMMA channel fabrication is shown in figure 2.2. The 

laser system is a series48 commercial laser system from SYNRAD whose maximum 

output power is 50W, beam diameter is 3.5mm and beam divergence (full angle) is 4mrad. 
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The 3.5 mm beam was collimated using a 10x beam expender (CVI laser) to a 30mm 

beam. The 30 mm diameter Gaussian laser beam was focused on the surface of the 

sample using a ZnSe lens with 63.5 mm focal length. The sample was mounted on a XY 

table driven by stepping motors; moving range is 200mm×200mm. A focused beam 

radius (1/e2) of 320µm was measured by a high precision beam profilemeter (Photon Inc. 

NanoScan) with 93% Gaussian fit. The laser power ranged from 0.45 W to 1.35 W. 

 

 

Figure 2.2 Experimental system for PMMA channel fabrication. 

2.2.2 Experimental determination of threshold fluence 

First, the threshold fluence for CO2 laser ablation of PMMA was investigated in the 

incident laser power range of 0.45W to 1.35W. For a scanning speed of v in the 

experiment of channel fabrication, the single irradiation time ts is 2R/v. With different 

laser powers and irradiation times, a series of burn patterns were made, as shown in 

figure 2.3. The threshold fluence of PMMA was derived by substituting the radius of 

these patterns yw, the irradiation times ts and the laser power P into Equation (2.18). As 

shown in table 2.1, the experimentally determined threshold fluences are close to the 
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Fth=0.15 J/mm2 reported in previous work [95] in the power density range of 60 W/cm2 to 

120 W/cm2. The variation of threshold fluence across the range of laser power in table 1 

is small, therefore the mean threshold fluence, 173.0=thF  J/mm2 was used. 

(a) (b)

(c) (d)

 
 

Figure 2.3 Burn patterns in PMMA. The irradiation time ts and laser power P for each spot (a) ts= 0.12, 
P=0.46; (b) ts= 0.08, P=0.73; (c) ts= 0.07, P=0.98; (d) ts= 0.1, P=0.73. 
 
 

P (W) ts (s) yw (mm) 
Fth 

(J/mm2) 

0.46 0.12 0.091 0.178 

0.73 0.1 0.186 0.176 

0.73 0.08 0.128 0.172 

0.98 0.07 0.179 0.170 

1.12 0.05 0.118 0.171 

1.31 0.04 0.079 0.173 

Table 2.1 Threshold fluence of PMMA 
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2.2.3 Channel micromachining 

       PMMA raw material (type 99530) was received from Altuglas International, in the 

form of 2 mm thick extruded sheet.  The sheet was then cut into 20mm x 20mm pieces 

for microchannel machining, and 20mm x 5mm for microchannel profiles observation.  

       The PMMA sample was mounted on an x-y stage. The position and speed of the 

stage were controlled by two stepper motors. In the experiments, the scanning speed was 

varied between 2 and 14 mm/s. In order to investigate how the channel depth and the 

channel width depend on the laser power and scanning speed from the cross-sections, a 

test layout was designed as shown in figure 2.4. First a measurement part with 

dimensions of 30mm long, 7 mm wide and 5 mm thick was prepared by milling and 

polishing the measurement surface before laser fabrication. A protecting part with the 

same thickness and length was then mounted together with measurement part on the X-Y 

stage to avoid damage to the stage from the laser beam. A series of channels with varying 

laser power and scanning speed were fabricated by controlling the stage and CO2 laser. 

After fabrication, the measuring surface was given a quarter turn to face upward and the 

channel dimensions were measured with a scanning electron microscope (Philips XL30). 

 

Figure 2.4 Experiment design for CO2 laser direct-writing. 
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2.3 Mathematical models of channel depth 

     A model of CO2 laser ablation based on a heat balance and the Gaussian mode of 

propagation was developed. We consider a Gaussian laser beam, which strikes the surface 

of a substrate, having semi-infinite thickness and infinite length, moving in the positive 

x-direction with a uniform velocity v. The laser power is absorbed at the surface. Once 

the material reaches the evaporation temperature Tv, it consumes some latent heat. The 

following three assumptions were made. 

1) The CO2 laser beam propagation can be described by Gaussian distribution as follows: 
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Where P is laser power, w(z) is the laser beam radius at z. Because of λz/πR2<< 1, w(z) 

can be treated as a constant R.  

2) Volatiles will not affect the CO2 laser. 

3) Energy losses due to radiation and conduction are negligible. 

 

Figure 2.5 Schematic diagram of PMMA channel and surface element. 
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 The complex 3D channel surface as shown in figure 2.5, can be separated into 

finite surface elements described by inclination angles θ in the x direction and Φ in the y 

direction [96]. For each element, the energy balance can be described as follows: the laser 

input energy is equal to the energy that conducts into the surface element and the 

decomposition energy: 

dxdyEdAEdxdyE iondecompositconductionlaser +=          (2.3) 

From the geometry relationship in figure 2.5:  

2 21 tan tan  dA dxdyθ ϕ= + +                                   (2.4) 

The laser input energy density is given by: 

2 2 2

2 2 2( , , ) exp exp
( ) ( )laser

dx aP x y aP yE I x y z dx
v vw z w z RRvπ π

+∞ +∞

−∞ −∞

⎛ ⎞ ⎛ ⎞+ −
= = − =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
∫ ∫     (2.5) 

where a is the absorptance of PMMA at the CO2 laser wavelength of 10.6 µm. 

The decomposition energy is given by: 

dxdyyLDdxdyE iondecomposit )(ρ=                (2.6) 

Where ρ is the density of PMMA, L is latent heat of decomposition from PMMA to 

MMA and D(y) is the depth of the channel at y.  

The energy conducted into the surface is given by: 
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The heat transfer equation for the moving heat source with velocity v in the x-direction is: 
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Where α is thermal diffusivity with units of m2/s. 

From the geometry in fig.2.5, the following relation can be derived: 

dxdyyDTTkdxdydxTTkdAE vvconduction )()()tan)(( 00 −=−= ∫
+∞

∞− α
θ

α
       (2.9) 

where T0 is room temperature and Tv is decomposition energy, k is thermal conductivity 

with units of W/(m K). From Equation (2.5, 2.6, 2.9), Equation (2.3) becomes: 
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The channel depth D(y) can be obtained from Equation (2.10) as: 
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When y=0, the depth of the channel can be solved as: 
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Therefore, the channel profile in the y-direction can be expressed as: 
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Figure 2.6 Schematic of laser diameter and ablation area. 
 
 

From the form of Equation (2.13) it can be seen that the profile of the channel is also 

Gaussian. The width of the channel is the width of the laser beam. This expression is 

applicable for high power density laser fabrication which can ablate PMMA in the entire 

area of laser width. As for the low laser power case, the laser input energy is not 

sufficient to ablate all the PMMA material exposed to the laser beam because of a 

Gaussian intensity distribution. Beyond a given radius, the energy intensity is below the 

threshold fluence required to initiate ablation of PMMA. Consequently the channel 

profiles have a smaller width than that of the laser beam. Therefore, R term in Equation 

(2.13) needs be corrected. For a given energy density Is, there is a threshold irradiation 
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time ts that causes visible damage on the PMMA substrate. The product of Is and ts can 

thus be defined as the threshold fluence for laser ablation of PMMA, Fth.  

ssth tIF =                                                   (2.14) 

Then  
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Is=Ith for a given v, or equivalently for a given exposure time ts. For x=0, the intensity 

distribution of laser is given by Equation (2.1). At I=Ith, the threshold intensity to initiate 

ablation of PMMA, y=yth  
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Since Fth can be determined from experiments, we can solve for yth from Equation (2.17, 

2.18), as follows: 
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Substituting R in Equation (2.13) by yth, the corrected channel profile in the y direction 

for low laser power fabrication is given by: 
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2.4 Results and discussion  

Experiments were focused on fabricating channels with low laser powers and low 

scanning speeds. With the parameter ranges reported in section 4, the resulting channel 

depths ranged from 22µm to 130µm, while the channels widths ranged from 44µm to 

240µm.  

2.4.1 PMMA channel depth 

Our model for channel depth in Equation (2.12) predicts a linear relationship 

between channel depth, D(0), and laser power, P, for fixed scanning speed and beam 

diameter. In order to compare this theoretical model with the experimental results, the 

channels were fabricated in PMMA with a constant scanning speed and at different laser 

powers. Figure 2.7 presents the depth of the channels versus the laser powers at different 

scanning speeds along with the theoretical model plotted for the experimental conditions 

investigated. There is excellent agreement between the theoretical model and our 

experimental results despite the exclusion of energy losses due to radiation and 

conduction in the model. For a given scanning speed, the channel depth is linearly 

proportional to laser power. At fixed laser power, channel depth is inversely proportional 

to scanning speed. 
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Figure 2.7 Channel depths as a function of laser power at different scanning speeds. The solid lines 
represent the theoretical fit. 1: v=6.2mm/s, 2: 8.6mm/s, 3: 11mm/s, 4: 13.2mm/s. 
 

2.4.2 PMMA channel profile 

With thF  and Equation (2.15, 2.16), the channel profile was modeled for different 

fabrication parameters. The model indicated that the profiles of the channels are Gaussian 

shapes because of the Gaussian distribution of the ablating laser. In total, 64 comparisons 

of the experimental channel profiles with modeling results were made, and approximately 

5% deviation was observed between the model and the experimental data. Figure 2.8 

shows scanning electron micrographs of two typical experimental channel profiles and 

the superimposed modeling results for different laser power and scanning speed. For a 

given scanning speed, the channel width is proportional to laser power and inversely 

proportional to scanning speed. 
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Figure 2.8 Modeling of PMMA channel profile. (a) P= 0.8W, v=8.6mm/s; and (b) P= 0.98W, 
v=11mm/s [97].  

 

2.5 Summary and conclusions 

     It has been shown that infrared laser micromachining is a tool for rapidly producing 

microfluidic structures in PMMA. In this chapter, a micromachining system was designed 

and realized. The laser power used for channel fabrication ranged from 0.45W to 1.35W 

and the scanning speeds ranged from 2mm/s to 14mm/s. The width and the depth of 

channels ranged from 44µm to 240 µm and 22µm to 130µm respectively. Physical 

models that can be used to calculate the channel depth and channel profile from the laser 

settings were presented and shown to be reliable with a maximum deviation of 

approximately 5%.  
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CHAPTER III 

DIRECT-WRITE PHOTOPOLYMERIZATION USING A 
FREQUENCY-DOUBLED Nd:YAG LASER  

 
 

Laser direct-write photopolymerization is also known as the stereolithography 

process, which was invented and patented by Dr. Charles Hull in the 1980s. It is the first 

and most widely used rapid prototyping technique. It allows building a part layer-by-

layer through laser induced polymerization. The laser beam is focused and scanned on the 

open surface of a photosensitive liquid and a liquid/solid transformation occurs locally, 

which allows the creation of an arbitrary shape of one layer of the object. When a layer is 

finished, fresh resin is spread on top of the already manufactured part of the object, and 

the light-induced solidification of the next layer is started. 

Microstereolithography is the general designation of various microfabrication 

technologies based on the principle used in stereolithography. All microstereolithography 

machines have the same aim and the same basic principle: They allow building small-size, 

high-resolution three-dimensional objects, by superimposing a certain number of layers 

obtained by a light-induced and space-resolved polymerization of a liquid resin into a 

solid polymer.  

Zissi et al. published a paper describing a microstereolithography process using an 

Argon ion laser in 1996. Specific photopolymerizable materials were developed based on 
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acrylate formulations. The resolution for the system was 30μm x 30μm x 20μm (x,y,z) 

[61]. More recently, Zhang et al. also designed a similar microstereolithography system 

[64]. The UV curable resins developed for the setup contained 1,6 hexanediol diacrylate 

(HDDA) as a low viscosity monomer, and a conventional UV initiator. The resolution 

was improved to be 2μm x 2μm x 2μm (x,y,z).  

The main motivation for this work was to design and develop an advanced laser 

direct-writing system with low cost visible laser (frequency-doubled Nd:YAG laser) to 

realize even higher resolution and the ability to process a wide range of materials for 

microfabrication. An additional motivation was to develop physical models of the direct-

write photopolymerization process using a Monte Carlo method. Assuming good 

correlation with experimental results, these models would allow the shape of a 

polymerized unit to be predicted as a function of input laser fluence.  

3.1 Mechanism of laser induced polymerization 

Photopolymerization refers to the process of using light as an energy source to 

induce the conversion of small unsaturated molecules in the liquid state to solid 

macromolecules thorough polymerization reactions. Although other radiations, including 

x-ray, g-ray, microwave, and even electron and ion beams can induce similar curing 

reactions [98], photopolymerization deals with those that are induced by light in the UV, 

visible, to IR spectral region. The advantages of liquid photocurable resins extend beyond 

their composition involving fully 100% reactive components. These systems are also 

energy efficient, requiring 50 to 100 times less energy than that consumed in thermally 

cured coatings. The basic components of the starting liquid material are monomers (or 

prepolymer). Upon light excitation, the monomers or oligomers may be solidified by two 



47 
 

means: polymerization and crosslinking [98-102]. An important feature of polymerization 

is the chain reaction by which macromolecules are created; while cross-linking is 

concerned more with the formation of crosslinks with chemical bonds (different from the 

entangling of polymer chains). An important difference of these two kinds of reaction lies 

in their quantum yield, which is defined as the ratio of number of polymerized monomer 

units to the number of photons that are needed to cause this polymerization. In the case of 

photocrosslinking, addition of each monomer unit requires absorption of a photon, 

leading to a quantum yield less than 1. In contrast, photopolymerization is realized via 

chain reactions as shown in equation (3.1), so the quantum yield can reach several 

thousands [102]. 

n
M

n
MM MMMMM ⎯→⎯⎯→⎯⎯→⎯ −132 L                            (3.1) 

Here M is the monomer or oligomer unit, and Mn, the macromolecule containing n 

monomer units. 

   Vinyl monomers are broadly defined as monomers containing a carbon-carbon double 

bond. The vinyl group may be attached to other molecular structures, represented by “R” 

in figure 3.1 [103]. The “R” group may contain one or more other vinyl groups, in which 

case the monomer is called multifunctional, difunctional or trifunctional and so on. 

Polymerization of multifunctional monomers results in a cross-linked polymer, as shown 

in figure 3.2. 
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Figure 3.1 Schematic of Vinyl monomers. 

      Chemical reaction of the vinyl group allows each carbon atom in the carbon-carbon 
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double bond to form a new bond, typically with a carbon atom from another monomer 

molecule. In going from loose Van der Waals interactions with neighboring monomers to 

a network of covalent bonds, many bulk properties change. As shear strength increases, 

the system changes from liquid to solid. The average distance between groups decreases, 

resulting in an increase in density, and thus shrinkage. For multifunctional systems, these 

changes will tend to occur at a lower degree of reaction. 
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Figure 3.2 Schematic of polymerization of multifunctional monomers. 
 

      Acrylate monomers are a subset of the vinyl family with high reactivity and 

versatility due to the carboxylic acid group (-COOH) attached to the carbon-carbon 

double bond. Attachment of various chemical segments (through acrylate ester 

functionality) is a relatively easy transformation. This has led to the great variey of 

acrylate functionalized monomers. 

For practical photopolymer systems, more components are included, most 

importantly photoinitiators and photosensitizers [98-102]. The quantum yield of general 

monomers and oligomers is low. In order to increase the initiating efficiency, one or 

several low-weight molecules that are more sensitive to light irradiation are added. They 

form initiating species of radicals or cations by absorbing photons. Such small molecules 

are called photoinitiators. The production of active species that attack monomers or 

oligomers is called photoinitiation, the most important step in photopolymerization. Take 
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the radical case for example, with the following initiation step: 

⋅⎯→⎯⎯→⎯ RII hv *                                              (3.2) 

where symbols denote photoinitiator (I), radical (R·) and I*, an intermediate state of the 

photoinitiator after absorbing a photon. Therefore the polymerization process is more 

precisely described by the following equation: 

⋅→⋅⎯→⎯⋅→+⋅ n
M RMRMMRMMR L                          (3.3) 

The photoproduced radicals react with monomers or oligomers, producing monomer 

radicals, which combine with new monomers, and so on; so the monomer radicals expand 

in a chain reaction, until two radicals meet with each other. This chain propagation stops 

in either of the following channels: 

RRMRMRM nmmn +→⋅+⋅                                         (3.4) 

mnmn RMRMRMRM +→⋅+⋅                                      (3.5) 

Therefore the polymerization process consists of several steps: (i) photoinitiation 

(Equation 3.2), (ii) chain propagation, (Equation 3.3), and (iii) termination, (Equation 3.4, 

3.5). We can see from the above description that a good photoinitiator should be (i) easily 

reduced to an initiating species upon light irradiation, and (ii) provide photoproduced 

radicals or cations active enough to react with monomers or oligomers. 

On the average, for every two actinic photons (roughly 1.2 x 10-18 Joule of energy), 

one radical will be produced. Each radical will result in the polymerization of more than 

1000 acrylate monomers. 

In many cases, the energy collection and triggering chain polymerization are 

cooperatively accomplished by multi-type molecules. A photosensitizer is a molecule that 
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absorbs light and then transfers the energy to a photoinitiator. With such a scheme, the 

photoinitiation process is expressed as: 

⋅→⎯→⎯⎯→⎯ RISS Ihv **L                                      (3.6) 

where S is the photosensitizer. A coinitiator itself does not absorb light, but it is involved 

in the production of radical species. The above descriptions of polymerization are based 

on radical initiators. Actually, photopolymerization reactions are basically classified into 

two categories: radical polymerization and ionic polymerization. Among these two types 

of photopolymerization, reactions that are typically used for laser fabrication are [98-102]: 

(i) double-bond addition of acrylates (radical-type) 

                               (3.7) 

(ii) ring-opening of expoxides (cationic-type) 

                        (3.8) 

These two types of reactions require triggering by different initiators. For a radical 

type initiator, benzoyl is the most widely used chromophore since it exhibits good 

absorption in the UV region. 

Although radicals may be produced by various photochemical conversion processes 

like photoscission, abstraction of intramolecular hydrogen, and electron and proton 

transfer, the most efficient radical initiators developed so far work via bond cleavage 

[102], for example: 

                          (3.9) 
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Good reviews of the synthesis, performance, and general research into various radical 

type photoinitiators can be found in [98, 101].  

        Cationic photopolymerization is much less used than the radical type. The 

photoinitiation is generally based on the ring opening of the oxirane group [98-102]: 

+⎯→⎯ CI hv                                                        (3.10) 

                               (3.11) 

Three classes of molecules are found to be valuable for practical use here: 

diazonium salts, onium salts and organometallic complexes, about which detailed 

discussion have been published [98]. Compared to radical type reactions, cationic 

polymerizations feature (i) low curing speed, (ii) lower viscosity, (iii) small shrinkage 

after polymerization, and (iv) severe post-irradiation dark polymerization. Sometimes 

extra thermal processing is needed to increase the conversion of monomers.  

After polymerization, the oligomer constitutes the backbone of the polymer network. 

The physical, chemical and mechanical properties of the solidified resin strictly depend 

on the nature and structure of the oligomer. Oligomers generally contain at least two 

reactive groups, from which both cross-linking and polymerization could occur. For 

example, oligomers possessing two acrylate groups may have many different backbones 

due to different components of R: polyester, polyurethane, polyether, epoxy, and so forth. 

Monomers have a much smaller molecular weight and consist of one or several 

reactive groups. They polymerize similarly to oligomers and are an important factor in 

determining the efficiency of polymerization. In addition, monomers are also useful for 
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diluting resins so that the polymer is easier to handle for a particular use. For 3D micro-

nanolithography, a suitable viscosity is of particular importance due to the opposing 

requirements in different steps of processing: a high viscosity is needed for keeping early 

produced volumes where they are created; while a low viscosity facilitates removal of 

unsolidified resin from intervals. Strictly speaking, resin is the oligomers that have a 

molecular weight ranging from 500 to 3000, and exhibit a viscosity of 5 to 25 Pa·s. In 

addition to the viscosity, among many, the following behaviors are preferred for a 

successful fabrication: (i) high polymerization efficiency upon light irradiation, (ii) lower 

shrinkage after polymerization, (iii) fast reaction time and low dark polymerization. 

3.2 Hydrogel materials 

Hydrogels, by definition, are three-dimensional cross-linked polymeric networks 

that can imbibe large amounts of water [104-106]. These materials are generally 

classified into one of two categories based on their cross-linking chemistry [107].
 
The 

first category entails physical gels which are defined as polymeric networks that are 

bound together via polymer chain entanglement and/or non-covalent interactions that 

exist between polymer chains [104, 106, 108]. The attractive forces holding these 

networks together are typically based on hydrogen bonding, electrostatic or hydrophobic 

interactions and thus, the gels can be reversibly dissolved under certain conditions that 

would weaken these attractive forces, i.e. a change in pH. In contrast to these weak 

physically cross-linked networks, the other general class of hydrogels is chemically 

cross-linked gels. These hydrogels exhibit improved stability due to the formation of 

covalent bonds between different polymer chains throughout the networks and display 

endurance with respect to network structure [104, 107, 109].
 
These gels are commonly 
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formed through monomer polymerization in the presence of a cross-linking agent, which 

is typically a monomer with at least two polymerizable functional moieties.  

Another area in which hydrogel materials can be categorized is based on gel 

dimensions. Typically, hydrogels can be categorized as either macrogels or microgels. 

Macrogels are bulk, monolithic networks that typically range in size from millimeters or 

greater [110]. Microgels, on the other hand, are defined as colloidally stable, water 

swellable polymeric networks whose diameter typically ranges from 100 nm to 1 μm 

[111].
 
While microgels internally have the same gel structure as their macroscopic 

version, microgels and macrogels are physically different. Microgel particles have 

surface to volume ratios that are several orders of magnitude larger than those existing in 

bulk gels [112].
 
The synthesis of microgel particles typically involves a nucleation, 

aggregation and growth mechanism that ultimately results in a non-uniform distribution 

of polymer chains throughout the network [112].
 
Macrogels, on the other hand are 

typically prepared under conditions that result in fairly homogenous structures [112].  

    Some types of hydrogels can be photopolymerized in vivo and in vitro in the presence 

of photoinitiators using visible or ultraviolet (UV) light. Photopolymerization is used to 

convert a liquid monomer or macromer to a hydrogel by free radical polymerization in a 

fast and controllable manner under ambient or physiological conditions. 

Photopolymerized hydrogels have been investigated for a number of biomedical 

applications including prevention of thrombosis [113]; post-operative adhesion formation 

[114, 115]; drug delivery [116, 117]; coatings for biosensors [118, 119]; and for cell 

transplantation [120, 121]. 

      Polymerization of monomers using visible or UV irradiation has been thoroughly 
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investigated. While such systems work well for many applications, they generally cannot 

be utilized in tissue engineering because most monomers are cytotoxic. As a result, 

photopolymerizable hydrogels for tissue engineering applications have generally been 

formed from macromolecular hydrogel precursors. These are water-soluble polymers 

with two or more reactive groups. Examples of photopolymerizable macromers include 

PEG acrylate derivatives [122], Polyethylene Glycol (PEG) methacrylate derivatives 

[123], polyvinyl alcohol (PVA) derivatives [124], and modified polysaccharides such as 

hyaluronic acid derivatives [125, 126] and dextran methacrylate [127]. Chemical 

structures of some of the macromers that can be used to form photopolymerizable 

hydrogels are shown in figure 3.3. 
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Figure 3.3 Chemical structures of materials that can be photopolymerized to create crosslinked 
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hydrogel networks: (A) PEG diacrylate, methacrylate, and propylene fumarate derivatives, (B) 
Crosslinkable PVA derivatives, (C) Hyaluronic acid derivatives, (D) Dextranmethacrylate [46]. 

3.3 Experimental procedures 

3.3.1 Materials and sample preparation 

3.3.1.1 Materials 
 
      The first material used in this work is an acrylate-based photo-polymer. It consists of 

three basic components: a sensitizer dye, an amine photo-initiator and a multifunctional 

acrylate monomer. Pentaerythritol triacrylate (PETIA) forms the backbone of the 

polymer network. N-methyldiethanolamine (MDEA) is used as a photo-initiator and 

Eosin Y (2-, 4-, 5-, 7--tetrabromofluorescein disodium salt) as sensitizer dye, chemical 

structures are shown in figure 3.4. This system was developed because of its high 

sensitivity in the spectral region from 450 to 550 nm and in particular to frequency 

doubling Nd:YAG laser light (532 nm). Results reported in this doctoral work were 

obtained with mixtures containing: 0.5% w/w eosin and 1.5% w/w MDEA, with acetone 

as the developer. 

 

(a) Pentaerythritol triacrylate

(b) N-Methyldiethanolamine

(c) Eosin Y
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Figure 3.4 Chemical structures of (a) Pentaerythritol triacrylate, (b) N-Methyldiethanolamine, (c) 
Eosin Y. 

 
      The second photopolymerizable system used in our experiments consisted of three 

components: (i) Polyethylene Glycol Diacrylate (PEG-DA, molecular weight 600), a 

hydrophilic and biocompatible hydrogel, purchased from Sartomer, the chemical 

structure is shown in figure 3.3; (ii) photoinitiator, Camphorquinone (CQ) and an amine 

4-N,N-dimethylaminobenzoate (4EDMAB) purchased from Sigma Aldrich: as shown in 

figure 3.5 which was 1% (w/w) for each; (iii) Eosin Y (2-,4-,5-,7--tetrabromofluorescein 

disodium salt) as sensitizer dye, 0.5% (w/w). The developer for this system is DI water. 

(a) CAMPHORQUINONE (b) 4-N,N-dimethylaminobenzoate  

Figure 3.5 Chemical structures of photoinitiator system of PEG-DA hydrogel. 
 

 

3.3.1.2 Sample preparation 
 

Sample surface treatment: Cover glass substrates (18mm x 18mm purchased from 

Sigma Aldrich) were cleaned by immersion in 20% hydrochloric acid in ethanol for 30 

minutes; then they were dipped into 2% 3-aminopropyltriethoxysilane (3APT) acetone 

solution for 1 minute; and at last, the substrates were dipped in water for 1 minute and air 

dry.  

For 2D microfabrication, materials were deposited as drops on the treated substrates, 
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and then the substrates were turned over and mounted onto the nanostage. During 

fabrication, the laser beam was focused firstly through substrates then into the materials. 

For 3D microfabrication, the substrates were first spin-coated with the same material at 

2500 rpm for 30 seconds to get the first layer, and then mounted onto the platform. 

3.3.2 Experimental setup and sample characterization 

3.3.2.1 Experimental setup 

A schematic of the experimental setup for 2D direct-writing is shown in figure 3.6. A 

beam of frequency doubled CW Nd:YAG laser (Quantronix Model 117), wavelength 

532nm, was led into a modified upright microscope (Olympus BX41) and focused onto a 

three dimensional nanostage with nanometer resolution and 300µm X 300µm X 300 µm 

work range (PI P-563.3CD, controller E-710.3CD) by a 20X objective lens (OFR LMH-

20X-532, NA=0.4, working length=6mm). A mechanical shutter (Uniblitz Electronic 

VS14, controller: VCM-D1) and the nanostage were controlled by a software, developed 

in Visual C++, to realize designed pattern. The microscope was equipped a high 

resolution CCD camera (Sony DXC-190), which can be used for real-time observation. 

One bandpass filter was installed between transmitted lamp and nanostage avoiding the 

effect of illuminating light to the photopolymerizable materials, another 532nm 

wavelength filter was installed in front of the CCD camera to reduce the amount of laser 

reflection into the CCD camera. 
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Figure 3.6 Schematic of 2-dimensional direct-writing experimental setup. 
 
 

Some modifications were made to the setup for 3D fabrication, as shown in figure 

3.7. A resin vat was mounted on a z-direction stage in the center of the open frame 

nanostage. A build platform was fabricated with a transparent PMMA sheet and mounted 

onto the nanostage. The recoating system was realized by installing a knife edge onto a 

linear motorized stage. The recoating system was installed onto a four degree-of-freedom 

(x, y, z and rotation) work platform. The 3D nanostage, optical shutter, and linear 

motorized stage were all controlled by software, developed in Visual C++, to realize 

designed 3D patterns. After the contour for a layer was scanned, the build platform was 

lowered in order to cover the top surface of the build. This is termed the dipping step. 

After the incomplete prototype was dipped, it was raised above the resin level and the 

excess resin was swept across it using the knife edge. Sweeping ensures that only a 
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certain thickness of resin is left on the build to be cured during the next scan. This 

thickness of material was the same as the desired layer thickness of the part. The 

recoating and laser-writing processes were repeated until a part was completely finished.   

Objective One Dimensional  
motorized stage 

Z-Direction 
stage

Fixed part of Nanostage

Movable part 
of Nanostage

Knife edge 

Build 
platform

Cured Resin 
model

Vat of 
resin

Resin

532nm laser
Eyepieces

CCD 

Camera

Optical 
shutter

computer
Illuminating lampBack i l l umi nat i on l amp

Bi nocul ar  
Eyepi ece

450 di chr oi c mi r r or s 

 

Figure 3.7 Schematic of 3-dimensional direct-writing experimental setup. 

3.3.2.2 Sample characterization 

All samples were imaged using high-resolution scanning electron microscopes 

(SEM) with an operating voltage of 10 kV (LEO 1530 and Philips XL30 FEG Thermally-

Assisted Field Emission microscope). All samples were coated with 2 nm gold/palladium 

layer to improve the electrical conductivity, prior to imaging. 
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A white light interferometer (Zygo PTI 250) was used for measuring the thickness of 

Hydrogel block patterns; all samples were also coated with 2nm gold/palladium layer to 

improve the reflection of sample surfaces.  

3.4 Theoretical simulation of laser-induced direct-write polymerization 

      A model based on Monte Carlo method was developed. Some key parameters of the 

materials were needed to be predicted. The first part of this section provides a method to 

extract these parameters through experiments. The second part introduces the Monte 

Carlo simulation for photopolymerization. 

3.4.1 Simulation for the width and depth of laser induced polymerization 

    We consider a Gaussian laser beam, which strikes the interface between the substrate 

and photopolymerizable material, having semi-infinite thickness and infinite length. The 

following assumptions were made. 

1) The coordinate system is shown in figure 3.8. The x-y plane is coincident with the 

resin surface, x axis is coincident with the centerline of the scanned laser beam. The z 

axis is normal to the resin surface, with positive z directed downward in the resin. The 

origin is selected at the interface of substrate and resin.  

2) The laser beam propagation can be described by Gaussian distribution as follows: 

2 2

22

0( , , )
x y

wI x y z I e
⎛ ⎞+
−⎜ ⎟⎜ ⎟
⎝ ⎠=                                             (3.12) 

where w is diameter of focused laser beam, 0I  is incident power density at z=0.  

The laser power P, which can be measured by laser power meter, is given by: 
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So the incident power density at z=0: 

P
w

I 20
2

π
=                                                     (3.14) 
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Figure 3.8 Schematic view of single polymerization. 

3) The process of a plate of homogeneous and isotropic material absorbing the laser beam 

can be described by the Beer-Lambert law, which gives the laser power density I at the 

depth z: 

)exp(0 zII α−=                                                  (3.15) 

or laser energy density E at the depth z: 

)exp(0 zEE α−=                                               (3.16) 

Where α is spectral absorption coefficient (cm-1) and 1/α is the penetration depth Dp. 

        Consider a laser beam is exposed into resin for a period of T, the exposure energy 
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density distribution at z=0 can be expressed as 
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                    (3.17) 

From equation 3.16 

)exp(),0,,(),,,( ZtyxEtzyxE α−=                                  (3.18) 

   For photopolymers, when the exposure is less than a critical value, Ec, the resin remains 

liquid. When the exposure is greater than Ec, the polymer is at the “gel point” [128], 

corresponding to the transition from the liquid phase to the solid phase. Thus, we may 

solve for the locus of points y=y* and z=z*, which are just at the gel point, or 

equivalently, the outer boundary of that portion of the resin which has been at least 

partially polymerized. 

When E=Ec, then y=y* and z=z*, we can get from equation 3.17 and 3.18: 
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From equation 3.20, since α is positive, then all nonzero value of x and y* must result in 

reducing the value of z*. Thus it is clear that the largest value of z* will occur when 

x=y*=0. Then the maximum cure depth is given by  

cE
TIHz 0ln1*

α
==                                                (3.21) 

Since TI0  is input energy at the origin point and 1/α is the penetration depth of the resin, 

we can conclude the following statements: 

1. The cure depth is proportional to the natural logarithm of the input energy of laser 
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beam. 

2. A semilog plot of cure depth, z*, versus input energy TI0  should be a straight line. This 

plot is known as the working curve for a given resin. 

3. The slope of the working curve is precisely the penetration depth, 1/α, of the resin at 

the laser wavelength. 

4. The value of the input energy at which the cure depth is zero is Ec, the critical input 

energy of the resin at the laser wavelength. 

When z*=0, we can get the maximum cure diameter: 

cE
TI

wDy 0ln2*2 ==                                             (3.22) 

Consider a Gaussian laser beam being scanned in a straight line at constant velocity 

Vs, the cure depth of the polymerized line can be achieved by similar way. First the input 

energy density at origin position: 
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Assuming:  

tVxm s+=                                                      (3.24) 
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Equation 3.23 becomes: 
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Following the Beer-lambert absorption law: 
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When E=Ec, then y=y* and z=z*, we can get from equation 3.26 and 3.27: 
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When y*=0， we can get the cure depth of polymerized line: 
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And when z*=0, we can get the cure width: 

wVE
PwWy

c

π/2ln2*2 ==                                          (3.30) 

A schematic of the parabolic cure profile is shown in figure 3.9 

x

z
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Figure 3.9 Schematic cure profile fabricated by a moving Gaussian laser beam. 

 

3.4.2 Monte Carlo method for single-shot exposure polymerization 

    The Monte Carlo (MC) method is a statistical simulation technique whose particle 
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transport capabilities have progressed into many different areas of application since its 

introduction in the 1940s [129]. Applications of MC techniques in medical physics have 

been discussed in numerous publications [130, 131] and have been demonstrated and 

accepted as the most accurate method for radiotherapy dose calculations. The MC 

technique involves using known probability distributions that govern the physical 

interactions of photons and electrons in various materials to simulate random trajectories 

of individual particles. By keeping track of processes of interest for a large number of 

histories, information regarding the average quantities and their correlated distributions 

can be obtained as well as the statistical fluctuations of specific events.  

Presented here is a model of a photon Monte Carlo method to investigate the 

detailed microscale optical scattering, and polymerization. The Monte Carlo method is 

necessarily statistical and therefore requires significant computation time to achieve 

precision. In the simplified model, the following variance reduction technique is used to 

reduce computational time. Instead of propagating photons individually, a photon packet 

with a specific weight is created. As the photon interacts in the resin, it will deposit 

weight due to absorption and the remaining weight will be scattered to other parts of the 

resin. Each photon packet will repeatedly undergo the following numbered steps until it 

terminates. The flow chart is shown in figure 3.10. The simulation process includes 4 

steps:  
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Figure 3.10 Flow chart of the Monte Carlo simulation. 
 

3.4.2.1 Photon packet generation 
 

To generate a photon packet, the initial position of the photon packet, the initial 

direction, as well as the photon packet weight is needed to set. It is convenient to use a 

global coordinate system. Three Cartesian coordinates are used to determine the photon 

packet position, along with three direction cosines to determine the direction of 

propagation. The initial start conditions will vary based on the laser energy distribution. 

For Gaussian laser beams, there are two ways to generate random samples: the first way 

is to initiate the position of photon packet with random sampling from Gaussian 
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distribution and set the entire photon packet with the same weight, as following: 
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where randn: generating a random number with Gaussian distribution;  

      rand: generating a uniformly distributed random number; 

      w0: the radius of the laser beam at initial position. 

The second way is to initiate the position of photon packet with uniform random sample 

and set the weight of photon packet with Gaussian distribution, as following: 
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Figure 3.11 shows the scheme of input photon packet. The x’-y’ plane is the surface 

of resin, x-y plane is the output plane of objective lens, WL is the working length of the 

objective lens. When a photon packet is emitted from position A and focused to O’ with 

angle α1 between Z axes, due to refraction in the resin, the angle will change to α2. The 

reversing extension line intersects the x-y plane at R. So the three direction cosines can 

be expressed as: 
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Figure 3.11 Schematic of the direction of input photon packet. 
 

3.4.2.2 Mean free path  
 
     The mean path length between successive interactions is called mean free path. There 

are a variety of methods for step size selection. Below is a basic form of photon step size 

selection [132]: 

t

L
μ
ξln

−=                                                      (3.34) 

sat μμμ +=                                                   (3.35) 

where 0<ξ <1 is a uniformly distributed random number, aμ  and sμ  are absorption and 

scattering coefficients, and tμ  is the total attenuation coefficient. This formulation 

generates an exponential distribution of interaction path lengths.  
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3.4.2.3 Photon packet scattering and weight update 
 
A portion of the photon weight is absorbed at each interaction site. This fraction of the 

weight is determined as follows:  

t

aweightweight
μ
μ
⋅=Δ                                          (3.36) 

The weight fraction can then be recorded in an array. The weight of the photon packet 

must then be updated as follows:  

t

sweightweightweightweight
μ
μ
⋅=Δ−=                   (3.37) 

Following absorption, the photon packet is scattered. The weighted average of the cosine 

of the photon scattering angle is known as scattering anisotropy (g), which has a value 

between -1 and 1. If the optical anisotropy is 0, this generally indicates that the scattering 

is isotropic. If g approaches a value of 1 this indicates that the scattering is primarily in 

the forward direction. In order to determine the new direction of the photon packet (and 

hence the photon direction cosines), we need to know the scattering phase function. Often 

the Henyey-Greenstein phase function is used.  

( ) 2/322 )21)(1(/)( −−+−= μμμμμμ gB ts                   (3.38) 

where μ =cosθ , θ  is the scattering angle, and g=μ , the mean value of  cosθ. 

Then the scattering angle, θ, is determined using the following formula. 
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      (3.39) 

And, the azimuthal angle φ is generally assumed to be uniformly distributed between 0 

and 2π. Based on this assumption, we can set: 
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πξϕ 2=                                                     (3.40) 

Based on these angles and the original direction cosines, we can find a new set of 

direction cosines. The new propagation direction can be represented in the global 

coordinate system as follows: 
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         (3.41) 

3.4.2.4 Photon packet termination 
 

If a photon packet has experienced many interactions, the weight left in the packet is 

of little consequence. As a result it is necessary to determine a means for terminating 

photon packets of sufficiently small weight. A simple method would use a threshold, 

Weightdoor, and if the weight of the photon packet is below the threshold, the packet is 

considered dead. The aforementioned method is limited as it does not conserve energy. To 

keep total energy constant, a Russian roulette technique is often employed for photons 

below a certain weight threshold. This technique uses a roulette constant m to determine 

whether or not the photon will survive. The photon packet has one chance in m to survive, 

in which case it will be given a new weight of m*Weight where “Weight” is the initial 

weight (this new weight, on average, conserves energy). All other times, the photon 

weight is set to 0 and the photon is terminated. This is expressed mathematically below: 
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3.5 Experimental results and discussion 

 Materials parameters were firstly measured through experiments and the theoretical 

models were validated by comparing with these data. Some 2D and 3D patterns were 

then fabricated to show the fabrication ability. 

3.5.1 Experimental determination of material parameters and model validation 

Critical exposure, Ec, and penetration depth, 1/α are two key parameters for modeling 

a laser direct-write polymerization using a given wavelength. From the statements of 

equation 3.21 in section 3.4.1, a semilog plot of cure depth, z*, versus input energy TI0  

should be a straight line. This plot is known as the working curve for a given resin at a 

given wavelength. The slope of the working curve is the penetration depth, 1/α, of the 

resin and the value of the input energy at which the cure depth is zero is Ec, the critical 

input energy of the resin at the laser wavelength. Experiments are designed to get the 

working curve for each material. These experiments are described in the following 

sections. 

3.5.1.1 PETIA 
 

As mentioned earlier, PETIA is multifunctional acrylate- based photo-polymer with 

sub-microm resolution. Single exposure dots could be fabricated with different laser 

powers and exposed times, as shown in figure 3.12. A glass substrate coated with PETIA 

was turned over and mounted onto the nanostage. The optical shutter was used to control 

the exposure time and a round continuously variable neutral density filter was used to 

adjust laser power. Figure 3.13 shows the fabricated pattern of dots. Each pattern contains 

10 rows and 10 columns of dots fabricated with same laser power. Each row containing 
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10 dots was fabricated with same exposure time, allowing repeat measurement and 

computation of average dot size. A total of 30 patterns were fabricated and measured, 

yielding 300 data points.  

 

Nanostage

Glass 
substrate

Laser beam

Objective 
lens

Photopolymerizable
materials Single 

exposed dot

Nanostage

Single 
exposure dot

 

Figure 3.12 Schematic diagram of experimental design for single exposed dots. 
 

20μm

 

Figure 3.13 SEM pictures of single exposed dots for PETIA. 
 
 
 

Cure width and depth of the dots were measured using measuring function in the 
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scanning electron microscope controlling software. The deviations for a row of dots 

which were fabricated with same parameters were observed less than 0.1. Figure 3.14 

shows experimentally measured working curve for PETIA at 530nm laser exposure. This 

figure is a semilogarithmic plot; with cure depth on the ordinate and the logarithm of the 

input laser fluence on the abscissa. It is evident from inspection of figure 3.14 that cured 

depth is indeed directly proportional to the logarithm of the input fluence, as indicated by 

the fact that the experimental data conform very closely to a straight line. Least squares 

fit method was used to simulate the difference between experimental data and the fitting 

line, a correlation of 0.9 was achieved. The slope corresponds to the value of the resin 

penetration depth: 

Dp=1/α=5.452 μm 

The straight line trend of the data shows an abscissa intercept, which is the critical laser 

input fluence: 

        EC=0.0695 J/cm2 

 

Figure 3.14 Experimentally measured working curve for PETIA at 532nm laser exposure.   
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From equation 3.22, the cure width Cw can be expressed as a function of the focused 

beam diameter w, the cure depth Cd, and penetration depth Dp as:  

pdw DCw 2/2C =                                                  (3.44) 

A comparison of theoretical model and experimental data is shown in figure 3.15. The 

experimental data is in agreement with the model, with a correlation of 0.85. 
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Figure 3.15 Experimentally measured cure width vs. laser fluence for PETIA at 532nm laser exposure. 
 
 

With the data achieved from the working curve, a simulation program based on 

Monte Carlo method was developed using MATLAB software. One million photon 

packets were generated and initiated for each simulation. Figure 3.16 (a) shows 

simulation results of laser input power and exposure time, from inside to outside: (1) 280 

μw for 20 ms; (2) 400 μw for 50 ms; (3) 720μw for 70ms. A comparison of Monte Carlo 

simulation results and experimental working curve is shown in figure 3.16 (b). Most of 

the Monte Carlo simulation results are bigger than the experimental results by 8-11%. 

From the least squares fit line of computational experiment results (the dashed line), the 

abscissa intercept is approximately the same as working curve, but the slope corresponds 
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to the value of the resin penetration depth is 5% larger than working curve. One possible 

explanation involves the material shrinkage. During the 2D and 3D fabrication of PETIA, 

10%-15% shrinkage rate was observed. The working curve was obtained by fitting a line 

through experimentally measured cured depths. These measurements were made after the 

polymer had experienced shrinkage. For the Monte Carlo method, we only tracked the 

photon packet and obtained the average quantities and their correlated distributions as 

well as the statistical fluctuations of specific events, material shrinkage was not 

considered in the program.  
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Figure 3.16 Monte Carlo simulation results (a) simulated polymerization with different input laser 
powers and exposure time, Laser input power and exposure time, from inside to outside: (1) 280 μw 
for 20 ms; (2) 400 μw for 50 ms; (3) 720μw for 70ms. (b) Comparison of Monte Carol simulation 
results with experimental working curve. 
 

3.5.1.2 PEG-DA (600) 
 
 
      PEG-DA (600) is a biocompatible hydrogel material which can be used for a number 

of biomedical applications including prevention of thrombosis [113]; post-operative 

adhesion formation [114, 115]; drug delivery [116, 117]; coatings for biosensors [118, 
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119]; and for cell transplantation [120, 121]. Due to the difference of mechanical 

property, single-shot exposure dots of PEG-DA can not properly stay attached to the 

glass substrate after developing. The following experimental procedure was designed for 

PEG-DA. The samples preparation was the same as for PETIA shown in figure 3.12. 

Exposure time was adjusted by varying the scanning speed of the nanostage, instead of 

adjusting optical shutter. A schematic of the fabrication scan pattern is shown in figure 

3.17. The arrow lines are scanning direction with shutter opened and the dashed lines are 

the scanning direction with shutter closed. A total of 100 patterns, with size of 100μm X 

100μm, were fabricated with different laser powers and scanning speeds. Examples of 

such patterns are shown in figure 3.18. The thicknesses of the patterns were measured 

with a white light interferometer which has the resolution of 0.1nm.  

 

 
Figure 3.17 Schematic diagram of experimental design for PEG-DA. 
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Figure 3.18 SEM micrographs of PEG-DA block exposed by different energy density. (a) 100 J/cm2 (b) 

40 J/cm2 (c) 18 J/cm2 (d) 9 J/cm2 

 

Figure 3.19 shows the experimentally measured working curve for PEG-DA at 

532nm laser exposure. Similar to the PETIA working curve, this figure is a 

semilogarithmic plot; with cure depth on the ordinate and the logarithm of the input laser 

fluence on the abscissa. The experimental data conform very closely to a straight line. 

The slope corresponds to the value of the resin penetration depth: 

Dp=1/α=17.53 μm 

The straight line trend of the data shows an abscissa intercept, which is the critical laser 

input fluence:                         

EC=7.83 J/cm2 

(a) (b) 

(c) (d) 
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Figure 3.19 Experimentally measured working curve for PEG-DA (600) at 532nm laser exposure. 
 

 

3.5.2 Direct-write fabrication of cellular structures in PETIA 

       Cellular polymer structures have been highlighted in the bio-testing area. They are 

typically used for patterning of proteins and cells [133], topographical control of cells 

[134-136], and force measurements in cells [137, 138]. In particular, 3D cellular 

arrangements in 3D polymer scaffolds can provide physiological microstructures for 

tissue engineering and diagnostic applications [134, 136].  

      Laser direct-write microfabrication technology is favored in patterning cellular 

polymer structures because of its straightforward processes and the ability to realize 

arbitrary shape designs. Microfabrication of square- cellular and circular-cellular 

structures with PETIA was investigated. Square-cellular structures with different periods, 
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wall widths and wall heights were designed for different applications. Figure 3.20 shows 

square-cellular structures with period of (a) and (b) 25μm, (c) and (d) 10μm, and (e) 8μm. 

The smallest wall width is 840nm. Figure 3.21 shows square-cellular structures with wall 

height of (a) 0.8μm, (b) 1.5μm, (c) 2μm, (d) 2.5μm, (e) 4μm and (f) 7μm. 

     For moving Gaussian laser beam, the cure depth and width can be expressed as 

equations 3.19, 3.20. In the equations,  

2
inputE P wV

π
=

                                         (3.45) 

Subsequently, equations 3.19 and 3.20 can be modified to the same expressions as single-

shot exposure working curve equations. The comparisons of cured line depth and line 

width are shown in figures 3.23 and 3.24. From these figures it can be seen the models 

are in excellent agreement with experimental results, with a maximum deviation of 

approximately 10%. 
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(a) (b)

(c) (d)

(e)

 
Figure 3.20 Direct-write fabrication of square-cellular structures, wall width and period investigation: 
fabrication area: 300μmx300μm (a), (b) period: 25μm, wall width: 2μm; (c), (d) period: 10μm, wall 
width: 2μm; (e) period: 8μm, wall width: 840nm. 
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(a) (b)

(c) (d)

(e) (f)

 
Figure 3.21 Direct-write fabrication of square-cellular structures, wall height investigation: period: 
10μm, area: 300μmx300μm (a) wall height: 0.8μm; (b) wall height: 1.5μm; (c) wall height: 2μm; (d) 
wall height: 2.5μm; (e) wall height: 4μm; (f) wall height: 7μm. 
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Figure 3.22 Comparison of cure line depth measurement results with experimental working curve. 
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Figure 3.23 Comparison of cure line width measurement results with experimental working curve. 

 

For microfabrication of cellular structures with arbitrary shapes, the structures were 
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firstly designed in AutoCAD (Autodesk inc. The design files were imported by a control 

software developed with Visual C++. The control software generated and sent the motion 

control commands to the nanostage, the laser modulation commands to the optical shutter, 

and material delivery commands to a knife edge to realize the designed cellular structures. 

Figure 3.24 (a) shows the AutoCAD model of circular-cellular structures composed of 5 

layers, and figure 3.24 (b) shows the developed circular-cellular structures fabricated 

with PETIA. The scanning speed was 20µm/s. Raster scanning path was used for each 

layer fabrication followed with contour scanning. It took 3 minutes to fabricate a 5µm 

thick layer and 16 minutes for the total fabrication.  

(a)

(b)
70

 µ
m

35 µm

 
Figure 3.24 Direct-write fabrication of multiple-layer circular-cellular structures, laser power 70nw, 
scanning speed: 100μm/s. 
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3.5.3 Direct-writing of biocompatible photo-crosslinkable hydrogels 

Poly (ethylene glycol) diacrylate (PEG-DA) is an exceptional polymer with 

excellent properties and widespread use in biomaterials, biotechnology, and medicine 

[139]. It is biocompatible, nontoxic, non-immunogenic, hydrophilic, and can be 

chemically cross-linked into hydrogel [140]. PEG-DA hydrogel cellular structures have 

been widely used for many applications [140]. One of these applications is their use as 

immunoprotective barriers in tissue engineering for therapeutic cell transplantation to 

prevent the rejection of transplanted cells by the immune system of the host. In order for 

an immunoprotective barrier to maintain cell viability and function, while at the same 

time prevent immune rejection, it must be permeable to small molecules (e.g., oxygen, 

nutrients, and waste products) and the therapeutic substance, but must exclude large 

molecules such as the components of the immune system. Two critical factors that 

determine the success of immunoprotective devices are the thickness and permeability of 

the wall of cellular structures.  

Figure 3.25 shows biocompatible hydrogel square-cellular structures fabricated with 

PEG-DA (600), the thicknesses of the cellular wall and the input laser fluences are (a) 

3μm, 18J/cm2; (b) 4μm, 32 J/cm2; (c) 5μm, 42 J/cm2. Figure 3.26 shows PEG-DA 

hexagonal honeycomb structures fabricated with 70 J/cm2 input laser fluence, the 

thickness of the cellular wall is 5.2μm.  
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Figure 3.25 Direct-write fabrication of biocompatible hydrogel square-cellular structures with input 
laser fluence of (a) 18J/cm2; (b) 32 J/cm2; (c )42 J/cm2. 
 
 

From equation 3.44, the cure width Cw can be expressed as a function of the focused 

beam diameter w, the cure depth Cd, and penetration depth Dp.  With working curve 

obtained in section 3.5.1.2, a theoretical model line can be achieved as shown in figure 

3.27. By measuring the wall widths of these square-cellular and honeycomb structures, 

fabricated by different input laser fluence, we can compare these experimental data with 

the theoretical model.  
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Figure 3.26 Direct-write fabrication of biocompatible hydrogel hexagonal honeycomb structures. 
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Figure 3.27 Experimentally measured cure width vs. laser fluence for PEG-DA (600) at 532nm laser 
exposure. 
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3.6 Summary and Conclusions 

            In this chapter, direct-write laser photopolymerization was investigated. A sub-

micrometer resolution direct-write polymerization system was developed. This system 

included a frequency-doubled Nd:YAG laser, beam delivery system, optical shutter, 

three-dimensional nanostage, material recoating system, and monitoring system. 

Functional patterns were directly fabricated via a layer-by-layer approach. Physical 

models based on Monte Carlo method were conducted to understand the detailed 

microscale optical scattering, chemical reaction, polymerization, and their influence on 

critical fabrication parameters. The experimental data are in good agreement with the 

theoretical model, with a maximum deviation of approximately 10%. 
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CHAPTER IV 

DIRECT LASER INTERFERENCE PATTERNING  

 
Laser Interference patterning (LIP), a large-area maskless lithography (LAML) 

technique, involves the interference of two or more laser-beams permitting rapid 

fabrication with high design flexibility. This technique has been applied in the past not 

only to polymers but also to metals and ceramics [14]. In contrast with optical 

lithography and conventional laser interference lithography, in LIP no masks are needed 

and the shape and dimension of the interference patterns can be adjusted by controlling 

the number of laser beams as well as their geometrical configuration. The major 

advantage of LIP is that it is a relatively simple and fast process which consists of two 

steps: exposure and development. Common laser types open a wide field of possible 

process integration according to the work cycle due to the wide range of repetition rates 

and energy values available. Laser light can be easily guided from one place to another 

within the production line. Therefore, nearly all possible sample geometries can be 

structured and the system can be integrated in commonly used process cycles. Table 4.1 

shows different processing times necessary to fabricate periodic arrays using both DLW 

and LIP. It can be seen that only some seconds are necessary for LIP while direct laser 

writing (DLW) requires many hours and even days in some cases. 
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Periodic 

pattern type 
Period (µm) 

Patterned area 

(cm2) 

LIP time (a) 

(sec) 

DLW time (b) 

(hours/days) 

Line-like 10 1 1 2. 8 / 0.12 

Line-like 5 1 1 5.6 / 0.23 

Cross-like 5 3 8 (c) 16.7 / 0.69 

Corss-like 5 30 117 (c) 333.3 / 13.9 

Table 4.1: Calculated processing times to fabricate different periodic arrays using LIP and DLW. (a) Q-
switched Nd:YAG (Frequency 10 Hz, 3rd harmonic (355nm)) with a laser intensity of 200 mJ/cm² per 
pulse and 10 laser processing pulses (data from Spectra-physics). (b) Scanning speed: 1000 µm/s. (c) A 
time of 1 sec. was added for the translation stage considering that 1 cm2 can be processed per time. 
 

In this doctoral work, I report on the fabrication of periodic two- dimensional and 

three-dimensional structures in pentaerythritol triacrylate (PETIA), SU-8, and Shipley 

1813 using Laser Interference Patterning with ns-laser pulses. Different periodic arrays, 

including line-, cross- and honeycomb-like structures were fabricated using two and three 

interfering laser beams. For PETIA, in order to reduce the laser fluence (energy per unit 

area) necessary to initiate photopolymerization, different weight fractions of a 

photoinitiator were utilized. Additionally, the effect of the PETIA layer thickness on the 

mechanical stability of the samples was investigated. For SU-8, 2.5 dimensional 

structures were achieved using a layer by layer method. To reduce the penetration depth, 

UV absorbers for SU-8 were also studied. Three-dimensional structures were successfully 

fabricated on large area with the use of UV absorbers. 

4.1 Interference Theory  

The simplest form of light is a monochromatic, linearly polarised plane wave. This is 

a sufficient approximation of a real laser beam. The electric field of a wave propagating 

in a homogeneous and non-absorbing medium can be represented as  
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(2 / )
0

i z tE E e π λ ω−=                                                 (4.1) 

where z is the coordinate along the direction of propagation, ω is the angular frequency, 

and λ is the wavelength. The last two variables are related through the phase velocity c/n, 

c being the speed of light, and n the refractive index of medium. 

Under the assumption of plane waves, the total electric field of the interference 

pattern can be obtained by the superposition of each individual beam: 
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The product between the vectors k and r can be written in terms of αj and βj which 

are the angles of the beams with respect to the interference-plane as shown in figure 4.1: 

sin cos
sin sin

cos

j j

j j

j

k x
k r k y

k z

α β
α β

α

⎛ ⎞⋅ ⋅ ⎛ ⎞
⎜ ⎟ ⎜ ⎟⋅ = ⋅ ⋅ ⋅⎜ ⎟ ⎜ ⎟

⎜ ⎟⎜ ⎟⋅ ⎝ ⎠⎝ ⎠

                                         (4.3) 

where k is the wave-number: 
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Figure 4.1 An input electric field of a wave. 
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Rewriting 4.2 in terms of αj, βj, x, y and considering ω=0: 
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which can also be written as: 
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An expression analogous to equation 4.1 also holds for the magnetic field B. The 

magnetic and electric field amplitudes are related by: 

0 0E cB=                                                         (4.7) 

The spatial intensity distribution is given by: 

20

2
cI Eε

=                                                        (4.8) 

where c is the speed of light and ε0 the permittivity of free space. With equation 4.6 and 

4.8, the interference pattern of n-beams can be easily calculated.  

If two laser beams are used, a one dimensional (1D) line-like interference pattern 

will be obtained (Figures 4.2 a and b).  
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(a)

(b)

(c)

(d)
 

Figure 4.2 (a) line-like interference pattern resulting from (b) two laser beams; (c) hexagonal dot-like 
interference pattern from (d) three laser beams. 

 

 Assuming that:  

;02010 EEE ==  ααα == 21 ; πββ == 21 ,0                  (4.9) 

the intensity I(x) can be expressed as: 

( )αε sincos2 22
00 xkEcI =                                             (4.10) 

with the period of (P): 

)sin(2 α
λ

n
P =                                                             (4.11) 

where α is the half angle between the laser beams, and n is the refractive index of the 

media through which the beams propagation. 

        Three-beam interference produces different 2-D arrays depending on the magnitude 

of the electric-field of each beam and the geometric configuration. For symmetric 

configuration (figures 4.2 c and d): 
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the intensity distribution I(x,y) is given by: 
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4.2 Experimental procedure 

4.2.1 Materials and sample preparation 

4.2.1.1 Materials 
 
      The first photopolymerizable system used in the experiments consisted of two 

components: (i) pentaerythritol triacrylate (PETIA), an acrylate monomer, the chemical 

structure is shown in figure 4.3a, and (ii) a photoinitiator, N-methyldiethanolamine (N-

MDEA), the chemical structure is shown in figure 4.3b. The weight fraction of the 

photoinitiator was varied from 2 to 15% obtaining five different compositions. All 

products were purchased from Sigma-Aldrich.   

(a)    (b)  

Figure 4.3 Chemical structures for (a) pentaerythritol triacrylate (PETIA) and (b) N-
methyldiethanolamine (N-MDEA). 
      The second photopolymerizable system used in the experiments consisted of two 

components: (i) SU-8 5, a high contrast, epoxy based photoresist, purchased from 
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MicroChem, the absorbance spectrum is shown in figure 4.4 (ii) an absorber: (a) 95% 

Benzenepropanoic acid, 3-(2H-benzotriazol- 2-yl)-5-(1,1-dimethylethyl)-4-hydroxy-, C7-

9- branched and linear alkyl esters and 5% 1-methoxy-2-propyl acetate (TINUVIN 384-2) 

as shown in figure 4.5 which was varied from 0.5% to 3%; (b)  Phenol, 2-(2H- 

benzotriazol-2-yl)-6-dodecyl-4-methyl-, branched and linear (TINUVIN 171) as shown 

in figure 4.6, all absorbers were purchasedfrom Ciba.  

 

Figure 4.4 SU-8 absorbance vs. film thickness [141]. 

  

Figure 4.5 chemical structure and Transmittance Spectrum of TINUVIN 384-2 [142]. 
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Figure 4.6 Chemical structure and absorption spectrum of TINUVIN 171 [143]. 

     The third photopolymer is Shipley 1813 from MicroChem, the absorbance spectrum is 

shown in figure 4.7. 

 

Figure 4.7 Absorbance spectrum of Shipley 1813 [144]. 

4.2.1.2  Sample preparation 
 
       To obtain maximum process reliability, cover glass substrates (18mm x 18mm 

purchased from Sigma Aldrich) and silicon wafers should be clean and dry prior to 

applying photopolymerizable systems. Substrates were rinsed with dilute acid (H2SO4 & 

H2O2) followed by a solvent (methanol or acetone) cleaning, followed by a DI water rinse. 

To dehydrate the surface, substrates were baked at 200°C for 5 minutes on a hot plate. All 
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material preparation and subsequent laser processing was done in an ambient UV-light 

free area.  

       The photopolymerizable solutions of PETIA were obtained by blending the monomer 

and photoinitiator. The weight fraction of the photoinitiator was varied from 2 to 15% 

resulting in five different compositions. Prepared solutions were stored in dark glass 

containers for subsequent use. Two different thicknesses of photopolymerizable PETIA 

films were used for the laser interference experiments. These films were produced by 

spin coating at 500 and 2000 rpm for 30 seconds onto cover glass substrates (18 mm x 18 

mm). After the laser exposure, the samples were washed for 30 seconds using analytical 

quality acetone (Sigma Aldrich) and allowed to dry in air at ambient conditions of 

pressure and temperature. 

        For SU-8, two different spinning speeds, 2000 rpm and 3000 rpm, were used to 

prepare samples on cleaned silicon wafers. From figure 4.8, the thicknesses of these 

samples were 7µm and 5µm separately. Following spin coating, a series of steps were 

followed: (a) The samples were first soft baked at 95oC for 5 minutes to evaporate the 

solvent and densify the film on a level hot plate; (b) Then they were exposed with the 

interference laser beam; (c) After exposure, the samples were post baked at 95oC for 1 

minute to selectively cross-link the exposed portions of the film on a level hot plate; (d) 

Finally, the samples were developed with a specially designed SU-8 developer from 

MicroChem for 1 minute and then dipped in ethyl lactate alcohol for 5 seconds to stop the 

development process. For three-dimensional patterning, different amount of absorbers 

were added to SU-8. The same processing procedures were taken to prepare samples for 

the mixed photopolymerizable systems as pure SU-8 and the same film thicknesses were 
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achieved due to the amount of the absorbers bing very small (0.5%-3%) and the viscosity 

of the absorbers being very close to SU-8. 

 

Figure 4.8 Spin speed vs. thickness curves for selected SU-8 resists [141]. 

 

       Samples of Shipley 1813 film were prepared by spin coating at 2000rpm for 30 

seconds onto cover glass substrates (18 mm x 18 mm). From figure 4.9, the films were 

around 2µm thick. The samples were soft baked at 115oC for 4 minutes and post baked at 

115oC for 1 minute before and after laser exposure. Post baked samples were washed in 

developer Shipley 351 (MicroChem) for 1 minute and then dipped into water to stop the 

development process. 
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Figure 4.9 Spin speed vs. thickness curves for Shipley 1800 resists [144]. 

4.2.2 Laser interference experimental setup and sample characterization 

4.2.2.1 Experimental setup 
 
       A schematic of the experimental setup is shown in Figure 4.10. A high-power pulsed 

Nd:YAG laser (Quanta-Ray PRO 290, Spectra Physics) was employed for the LIP 

experiments. The fundamental wavelength of the Nd:YAG laser is 1064 nm from which 

shorter wavelengths (532, 355 and 266 nm) can be generated by harmonic generation. 

For our experiments, the samples were irradiated at 355 nm with pulses lasting 10 ns. 

Laser light of 355 nm wavelength was selected because the materials utilized in our 

experiments presents an absorption band centered at about 350 nm. Absorption at 266 nm 

or 532 nm for these materials is relatively low. The frequency of the laser was 10 Hz and 

the beam was linearly polarized. Since the polarized beam is perpendicular to the plane of 

incidence, the direction of the polarization vector is the same after reflection and thus we 

obtain p-linear polarized beams on the sample. The number of laser pulses incident on the 
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sample was controlled using a mechanical shutter (VS25S2ZMO Uniblitz Electronic). 

The angles between the laser beams were changed in order to produce different periodical 

structures. All the samples were irradiated at ambient conditions of temperature and 

pressure. 

 

 

Figure 4.10: Schematic set-up for the three beam laser interference system: (1) lens, (2) beam-splitters, 
(3) mirrors, (4) sample. Note that the primary beam is divided into 3 sub-beams which are overlapped at 
the sample surface. 
 

4.2.2.2 Samples characterization 
 
      The patterned samples were imaged using a high-resolution scanning electron 

microscope (SEM) with an operating voltage of 10 kV (LEO 1530 Thermally-Assisted 

Field Emission microscope). All samples were coated with 2 nm gold/palladium layer to 

improve the electrical conductivity, prior to imaging. 
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4.3 Results and discussion  

4.3.1 Laser interference patterning of PETIA 

The influence of the photoinitiator (N-MDEA) on the threshold laser fluence 

necessary to photopolymerize the PETIA was investigated. Two laser beams were used to 

produce line-like interference patterns with a period of 7.80 µm (Figure 4.11 a, b). For 

this set of experiments, PETIA films with a thickness of about 2-3 µm on glass substrates 

were utilized. It is well known that for this photosensitive PETIA solution, the 

photopolymerization reaction is initiated through a radical-based process [145]. In 

particular, N-MDEA is involved in radical formation, and once the UV-radiation is 

absorbed, the amine can be oxidized, allowing the PETIA monomer to cross link [146]. 

Because a UV light source was utilized (355 nm), the use of a sensitizer dye (like 2, 4, 5, 

7-tetrabromofluorescein disodium salt, Eosin Y) was not necessary to increase absorption.  

Figure 4.11 shows both the effect of the number of laser pulses and the photoinitiatior 

concentration on the threshold fluence. As can be observed, for a fixed number of laser 

pulses, an increase in the photoinitiator concentration results in a lower laser intensity 

necessary to initiate the photopolymerization process up to 10 w/w %. Beyond this value, 

increasing the photoinitiator concentration becomes unfavorable for the polymerization 

reaction. Normally, an increase of photoinitiator concentration should increase the 

polymerization rate. However, at high concentrations it is reasonable to consider that the 

quantum yield associated with the photoinitiator efficiency can decrease when the 

photoinitiator increases [147], thus explaining this behavior. A concentration of N-MDEA 

between 10 to 15 % w/w may seem high, however this formulation is less sensitive to 

side reactions due to oxygen [148]. 
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4.11: (a) Energy density per pulse and (b) Exposure Dose (mJ.cm-2) necessary to photopolymerize the 
PETIA solution (with an interference pattern with period of 7.80 µm) as function of N-MDEA 
photoinitiator weight fraction. 
 

It can also be observed that if fewer laser pulses are used (3-5), a lower exposure dose 

(laser fluence · number of pulses) is necessary to cross-link the polymer (Figure 4.11b). 

For example, at an N-MDEA concentration of 2 % w/w, the exposure doses are 3.15 and 

1.98 J.cm-2 for 3 and 15 pulses, respectively. Considering that after the first laser pulses 

hit the sample, some surface modification is induced, a different behavior can be 

expected for the subsequent pulses. This implies that as the number of laser pulses 

increases, part of the energy given to the polymer is lost, likely due to light scattering 
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from polymerized surfaces. Despite the fact that few laser pulses are energetically more 

efficient to produce the periodic arrays (considering the total dose as shown in 14.11b), 

laser systems with higher intensities would be necessary or smaller patterning speeds 

could be achieved. Consequently, a compromise between number of pulses and laser 

power must be found to get the best performance (patterned area over time). This effect is 

stronger at low concentrations (2-5 % w/w) of the photoinitiator. 

Figure 4.12 shows different periodic arrays produced using 10µm thick PETIA films 

(N-MDEA 15 % w/w) on glass substrates irradiated with 10 laser pulses and 244 mJ.cm-2 

of laser fluence (per pulse). Using this laser intensity, a total area of about 3.6 cm2 could 

be patterned in 1 second. The period of the corresponding line-like pattern was 7.80 µm. 

In the case of the line-like structures (Figure 4.12a), relatively thicker lines (about 7 

µm height) could be fabricated. However, due to the poor mechanical stability of the 

polymer, the lines fell over sideways during the development process. If now a double 

exposure process is performed (irradiation of the sample with the line-like interference 

pattern, 90° rotation of the sample, second irradiation of the sample with the same 

pattern), cross-like structures could be fabricated (Figure 4.12b-c). Due to the cross-

linked geometry of the pattern, the resulting structure is more stable and remains upright 

during the development process. As shown in Figure 4.12c, the periodic arrays were 

fabricated on a macroscopic area in only 3 seconds. 
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Figure 4.12: (a) Line-like and (b, c) cross-like periodic patterns (period 7.8 µm) after development of 
the thicker PETIA layer. In (c), a macroscopic area with a cross-like structure is shown. The laser 
fluence (per pulse) was 244 mJ.cm-2 and 10 laser pulses were used (scanning electron micrographs, 
tilt: 45°). 
 
 

Since thicker PETIA films irradiated with line-like interference patterns also produce 

thicker lines that are structurally not stable, irradiation of thin layers of the photosentive 

PETIA solution should solve the mechanical stability problem. Figures 4.13a and b show 

different line-like arrays on the thin PETIA films (2-3 µm) produced using 5 laser pulses 

and fluences of 174 and 229 mJ.cm-2, respectively. In this case, the total patterned area 

was approximately 0.80 cm². As can be observed, lower laser fluences permit fabrication 

of isolated PETIA lines (about 4.9 µm width, see Figure 4.13a) while higher laser 

intensities (or a larger number of laser pulses) results in interconnected wider lines 
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(Figure 4.13b). Additionally, if larger angles between the laser beams (Figure 4.11a) are 

utilized, sub-micrometer arrays can be obtained as shown in Figure 4.13c. In the last case, 

the angle between the laser beams was approximately 21.4° resulting in a period of 

811 nm (with n = 1.17, see Equation 4.11). 

 

 

Figure 4.13: Line-like periodic structures after development of the thin PETIA layers obtained using 5 
laser pulses and (a) 174 , (b) 229, and (c) 210 mJ.cm-2 of laser fluence (per pulse). Notice that the lines 
in (a) are isolated. The period in (a) and (b) was 7.80 μm while in (c) was 0.81 μm (scanning electron 
micrographs, Tilt: 30°). 
 
 
 

Using the same approach described above to fabricate the cross-like structures, the 

thin PETIA films were irradiated with lower laser intensities (174 mJ.cm-2) and 5 laser 

pulses (Figure 4.14a). As is shown in the figure, at the positions where the sample was 
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irradiated twice (at the interceptions), wider photopolymerized regions are observed. 

Additionally, due to the shrinkage of the polymer, the width of the lines decreases at the 

zones between two consecutive intersecting positions. Using a similar procedure, 

honeycomb-like structures were fabricated by rotating the sample 45° between successive 

irradiation steps (Figure 4.14b). The lines plotted in Figure 4.14c indicated the direction 

of the interfering lines in both processing steps. As can be observed in Figure 4.14b, 

individual lines of the line-like interference patterns cannot be observed after the 

development process. Instead, the structures show some degree of self-organization in 

order to achieve a more mechanically stable shape such as the honeycomb structure 

[149]. The same effect is observed for a PETIA sample irradiated with laser interference 

patterns with a period of 15.12 µm (Figure 4.14d). 

If three laser beams arranged with a symmetrical configuration are used (β1 = 0, β2 = 

120, and β3 = -120°, see Equation 4.5), a dot-like array as shown in Figure 4.11c is 

obtained. For this configuration, the period of the interference pattern is given by: 

)sin(3 α
λ

n
P =

                                                     
(6) 

For our experiments, the angle α (see Figure 4.11d) was approximately 2.1° which results 

in a period of 4.8 µm (with n = 1.17). Figure 4.15 shows the surface topographies of thin 

PETIA samples (10 % w/w N-MDEA) irradiated with 3 laser beams (symmetrical 

configuration) under different laser intensities as well as number of laser pulses. The total 

patterned area was approximately 0.80 cm² in this case as well. 
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Figure 4.14: (a) Cross- and honeycomb-like periodic structures after development of the PETIA 
solution. In (a, b and c), the period was 7.80 μm while in (d) was 15.12 μm. The lines in (c) indicate 
the direction of the interference pattern of both exposure processes. In (a), the sample was rotated 90° 
between the exposure procedures, while in (b, c and d) the angle was 45° (scanning electron 
micrographs, Tilt: 30°). The laser fluence (per pulse) in (a, b and c) was 244 mJ.cm-2 while in (d) was 
320 mJ.cm-2.   
 

At lower laser intensities (Figure 4.15a), isolated dots arranged in a hexagonal 

pattern can be observed [150, 151]. The calculated intensity distribution of the 

interference pattern is shown in the insert of Figure 4.15a for this laser beam 

configuration. As the laser intensity increases, the isolated dots grow increasing their 

height (Figures 4.15b) and building bridges between the interference maxima positions 

(Figure 4.15c) obtaining a structure similar to the brittelstar microlens array [150, 152].  
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Figure 4.15: Two dimensional periodic structures fabricated using 3 laser beams with symmetrical 
configuration. For (a-d), the laser intensity of each individual laser beam was the same 
(E01 = E02 = E03), while for (e) and (f) different intensities were utilized. (a) 10 pulses, 176 mJ.cm-2; (b) 
3 pulses, 273 mJ.cm-2; (c) 5 pulses, 273 mJ.cm-2; (d) 10 pulses, 273 mJ.cm-2; (e) E02 = E03 = 1/3·E01; 
(f) E02 =  2/3·E01; E03 =  1/3·E01. The period of the structure was 4.8 µm. The inserts in (a), (e) and (f) 
correspond to the calculated intensity distributions of the interference patterns (scanning electron 
micrographs, Tilt: 30°). 
 

As the number of laser pulses (or laser intensity) increases, the thickness of the 

photopolymerizable solution allows the bridges to grow, closing the structure and thus 

forming a symmetrical honeycomb like structure (Figures 4.15d). Additionally, due to the 

high laser intensity as well as the large number of laser pulses, the PETIA solution was 

polymerized also at the interference minima positions (holes). Considering that the cure 
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depth is proportional to the natural logarithm of the exposure dose, the evolution of the 

topography as a function of the laser intensity was calculated, in an accordance with 

equation 3.12 (Figure 4.16). As can be observed, at lower intensities isolated dots are 

obtained, while at higher intensities, structures such as those shown in Figures 4.15c and 

d are obtained, confirming the experimental results. 

In addition, if the laser intensity of each beam is not the same, a different modulation 

of the interference patterns is achieved. For example, if E02 = E03 = 1/3·E01, the periodic 

structure shown in Figure 4.15e is obtained, while for E02 =2/3·E01; E03 =1/3·E01, a ripple-

like structure can be fabricated (Figure 4.15f). Notice that in each case, the calculated 

intensity distribution of the interference pattern using Equation 4.8 (see insert in Figure 

4.15e and f) corresponds to the polymerized periodic array. Similarly, many other 

interesting topographical features can be obtained with different intensity ratios. These 

are being investigated at present. 

 

Figure 4.16: Calculated cure depth (h) at three dosages level (Emax) for a symmetrical three beams 
interference pattern. (a) Emax = E; (b) Emax = 1.75 E; (c) Emax = 3.75 E. 
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4.3.2 2.5 and 3 dimensional laser interference patterning of SU-8 

   SU-8 is a commonly used negative photoresist, it can be used to pattern high aspect 

ratio (>20) structures. Figure 4.17 shows the line-like periodic structures patterned with 

SU-8 using two beam laser interference. The period of the structures is 5µm and the line 

width is 2.5µm.  

 
 
Figure 4.17 SEM images of line-like periodic structures after development of the thin SU-8 layer. 
 

SU-8 has very low shrinkage rate (7.5%) and very high mechanical property after 

hard exposure. Three-dimensional fabrication using laser interference patterning was 

investigated with SU-8. The experimental procedure was as follow: (a) thin films of SU-8 

were applied on to silicon substrates, patterned and developed as described in section 

4.2.1; (b) another layer of SU-8 was spin-coated on the top of the pattern with 2000rpm; 

(c) procedure (a) was repeated with the sample a 90o rotation with respect to the first 

pattern prior to patterning with interference laser beams.  

At first, SU-8 was directly used for 3D patterning. Due to the high penetration depth 
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of SU-8, 2.5D structures were patterned, as shown in figure 4.18. From higher 

magnification SEM images, it was evident that the second exposure cured both first layer 

and second layer, which is indicated by the red arrow, the second layer was cured through 

the first layer.  

 
 

Figure 4.18 SEM images of 2.5D periodic structures patterned with SU-8. 
 

To reduce the penetration depth of SU-8, a UV absorber was employed. The UV 

absorber has the primary function of absorbing ultraviolet and emitting it as thermal 

energy, and the secondary function of terminating creation of free radicals which decrease 

its own capability of absorbing ultraviolet. Figure 4.19 shows 3D patterning of SU-8 with 

1.5% (w/w) absorber (TINUVIN 384-2). By reducing the penetration depth, the second 

exposure only cured the second layer. To study the effect of the percentage of absorber in 

SU-8, a sequence of 3D patterns were fabricated with different amounts of absorber, as 

shown in figure 4.20. 
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Figure 4.19 3D periodic structures of SU-8 with 1.5% (w/w) absorber. 
 
 

(a) (b)

(c)

 
Figure 4.20 3D periodic structures of SU-8 with different percentage of absorber  (a) 1% (w/w), (b) 
2% (w/w), (c) 3% (w/w). 

 

   From the lower magnification SEM image of figure 4.20, it can be seen that when 

the concentration of absorber was larger than 2%, due to less overlap between the two 
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layers, the second layer was not stable. Distortion occurred in some areas after 

development. 

4.3.3 Laser interference nanopatterning of Shipley 1813 

 

 

 
Figure 4.21 SEM images of nano periodic structures with Shipley 1813, period: 830nm, line width: 
410 nm, patterning area: 1.5cm2. 
 
 
       Shipley 1800 series is another commonly used positive photoresist, designed for 
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advanced IC device fabrication in high resolution. To demonstrate the nanopatterning 

ability of our laser interference system, the experimental configuration was adjusted to 

pattern line-like structures with a nanoscale period in Shipley 1813. The angle between 

two interference beams was changed to 25o. 

From section 4.1, for two beam interference, the period of the line-like structures 

can be expressed as: P=λ/(2nsinα) where α is the half angle between the laser beams, and 

n is the refractive index of the media around the interference beam. With a 25o separation 

angle, the period of the line-like structures is 830nm with 1.5cm2 fabrication area, as 

shown in figure 4.21. 

4.4 Summary and Conclusions 

        In this chapter, direct laser interference on photopolymerizable materials was 

investigated. A patterning system, with a frequency-tripled Nd:YAG laser, beam delivery 

system, and optical shutter, was designed and realized. Three photopolymerizable 

materials were used. PETIA with different concentrations of photoinitiator (N-MDEA) 

was used to investigate the relationship between laser exposure and the percentage of 

photoinitiator. Different periodic structures, such as line-, cross-, honeycomb- and dot-

like structures, were fabricated using PETIA. SU-8 with absorber TINUVIN 384-2 was 

used to investigate three-dimensional patterning. Concentrations of 0.5%-3% (w/w) of 

absorber were used, and 1%-2% were found to be appropriate to achieve massive stable 

three-dimensional structures. Shipley 1813 was used to realize sub-microm line-like 

patterns. Patterns with line width of 420nm were fabricated. 
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CHAPTER V 

LASER-INDUCED NEAR-FIELD PATTEIRNG 

      As industry demands smaller and smaller structures, the production of micro- and 

nanostructures has attracted much attention in the last decade and still is a progressing 

field. To overcome the diffraction limit in focusing light and to spatially control matter 

on a nanometer scale, several fabrication techniques based on near-field optics have been 

employed. One such technique for creating structures utilizes the near-field radiation 

created around a microsphere by laser radiation. The accidental discovery of particle 

induced damage during dry laser cleaning of irregularly shaped Al2O3 particles on glass 

[79] has led to this exciting yet simple technique. When spherical colloidal particles such 

as silica were used as contaminants on a conjugated polymer surface, features with 

diameters of 200–400 nm with depths of 10–80 nm depending on the irradiation 

conditions, were found at the former position of the particles. Instead of using colloidal 

particles, if microspheres are arranged in a periodic monolayer on the substrate, 

massively parallel nanostructuring could be realized.  

       Conducting polymers have become attractive for applications in microelectronics 

over the last decade. Among them, poly(3,4-ethylene dioxythiophene) poly(4-styrene 

sulfonic acid) (PEDOT-PSS) is one of the most widely used materials in the field of 

organic electronics. PEDOT-PSS has been used to fabricate neural electrodes [153], 
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flexible photovoltaics [154] as well as batteries [155]. 

        To pattern π-conjugated polymers, different methods have been previously explored 

and can be broadly divided into either reactive or non-reactive processes [156]. Reactive 

methods usually involve radiation to locally initiate a chemical reaction in a polymer or 

precursor–polymer film [35], while non-reactive patterning methods involve lithographic 

techniques [157] to pattern a polymer in its final form without the requirement of further 

chemical or thermal treatments. The availability of powerful lasers operating in both the 

visible and UV wavelengths has made it technically feasible to structure electrically 

conducting polymers with high resolution.  

          A massively parallel nano-patterning procedure based on the laser-induced near-

field effect was developed using a single laser beam and two interfering laser beams from 

a ns-laser pulsed laser. This technique was investigated for nanopatterning films PEDOT-

PSS, over a metallic gold/palladium layer.  

         This chapter describes two aspects of this work: (a) nanosphere self-assembly and 

(b) laser induced near-field patterning. 

5.1 Nanosphere self-assembly  

5.1.1 Theory of 2D self-assembly 

   The experiments carried out by Nagayama and coworkers [158] revealed for the first 

time the mechanism of the self-assembly process that eventually leads to hexagonally 

close packed arrays of colloidal particles. Following their argument, array formation 

proceeds in two steps. At the first stage a "nucleus" of an ordered phase appears when the 

upper surface of the thinning aqueous layer in the wetting film presses the latex particles 
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toward the water-glass interface. As shown theoretically by Kralchevsky et al when 

spherical particles are partially immersed in a liquid layer on a horizontal solid substrate, 

the deformations of the liquid-gas interface give rise to strong and long-range 

interparticle capillary forces. The physical nature of these forces can be explained as 

follows. Considering two particles of radius R, partially immersed in a liquid layer, 

whose thickness tends to a constant value l0 at a large distance from the two particles (see 

Figure 5.1).  

 

Figure 5.1. Two spheres partially immersed in a liquid layer on a horizontal solid substrate. The 
deformation of the liquid meniscus gives rise to interparticle attraction [158]. 

 

        The shape of the meniscus obeys the Laplace equation of capillarity and is 

determined by the distance L = 2S between the particles, the layer thickness l0, and the 

value of the contact angle α, which characterizes the particle wettability. The water level 

in the inner region (between the particles) is higher than in the outer region. The ensuing 

inclination of the three-phase contact lines at the particle surfaces gives rise to two 

capillary effects, both leading to attraction: (i) pressure effect, caused by the higher 

hydrostatic pressure in the gas phase than the pressure in the liquid at z > l0 (especially in 

the inner region), this pressure difference pushes the particles toward each other; (ii) 
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surface force effect due to the fact that the slope (with respect to the horizontal) of the 

liquid surface, and hence the x component σx of the surface tension force σ, varies along 

the contact line. The developed theory [159-161] shows that for micrometer-size and 

smaller particles the surface tension effect exceeds the pressure effect by many orders of 

magnitude. With high accuracy the attractive capillary force (more precisely its 

horizontal projection Fx) can be expressed as [160] : 

2/122 ))/((r   )/1)((sin2F gLLr cccx ρσπσ Δ<<<<Ψ≈                       (5.1) 
 

where σ is the surface tension of the liquid, rc is the radius of the three-phase contact line 

at the particle surface, Ψc is the mean meniscus slope angle at the contact line, g is the 

gravitational acceleration, and Δρ is the difference between the mass densities of the 

liquid and gas phases. 

It is worth noting that the capillary forces between particles partially immersed in a 

liquid layer on a solid substrate are many orders of magnitude greater than the capillary 

forces between similar particles floating attached to a single interface, which are 

sometimes called "flotation capillary forces" [162]. The immersion forces are so strong 

that the respective energy of capillary attraction can be much larger than the thermal 

energy, kBT, even with submicrometer particles. On the contrary, the flotation forces are 

negligible for particles smaller than 10 μm. The drastic difference between the two types 

of capillary forces is due to the different deformation of the water-air interface, which in 

turn is determined by the force exerted on the three-phase contact line. The small floating 

particles are too light to create substantial deformation of the liquid surface. In the case of 

immersion forces, the particles are restricted in the vertical direction by the solid 

substrate. Then, as the film becomes thinner, the liquid surface deformation increases, 
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thus giving rise to a strong interparticle attraction. The deformation in this case is much 

larger than the one caused by the particle weight for similar floating particles. 

Once the nucleus is formed, the second stage of crystal growth starts through 

directional motion of particles toward an ordered array. Evaporation of the solvent from 

within the micromenisci between the spheres causes water influx from outside, which is 

related to convective particle transport towards the nucleus. 

EVAPORATION

θ
WATER FLUX

 

Figure 5.2 Convective flux toward the ordered phase due to the water evaporation from the menisci 
between the particles in the 2D array. 

 

5.1.2 Self-assembly methods 

Numerous methods for the production of colloid monolayers have been proposed in 

the literature, so only the most promising ones will be discussed. 

5.1.2.1 Self-assembly nanospheres with spin-coating 
 

Hulteen and Van Duyne [162] used a spin-coating procedure. The nanosphere 

lithography (NSL) masks were created by spin coating 264 nm polystyrene nanospheres 

onto the substrate of interest at 3600 rpm on a custom-built spin coater. The physical 

dimensions of the substrate were chosen to be in the range 0.25–1.0 cm2 and the entire 

substrate is spin coated with nanospheres. The nanospheres were received from the 

manufacturer as a suspension in water, and then further diluted in a solution of the 
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surfactant Triton X-100/methanol (1:400 by volume) before spin coating. The surfactant 

was used to assist the solutions in wetting the substrate. Double-layer masks were created 

by increasing the nanosphere concentration in the spin coating solution as compared to 

the single-layer mask concentration. The specimen-to-specimen reproducibility of self-

assembly layers mask preparation is excellent. For the D=264 nm nanospheres, 90% of 

the specimens were successfully coated with large domains of defect-free packing over 

the entire substrate surface reported by their paper. 

5.1.2.2 Self-assembly nanospheres by tilting method 
 

Self-assembly with the titling method was introduced by Micheletto et al [163]. In 

this method, adroplet of the colloid is applied to a carefully cleaned glass plate and the 

whole plate is enclosed in an airtight box. The evaporation rate is determined by a control 

circuit for temperature and ambient humidity. A nucleus is defined just by tilting the 

glass plate such that array formation starts at the upper edge and proceeds downwards. 

Monolayers consisting of particles down to 50 nm in size were successfully fabricated. 

Their depositions covered an area of about 1 cm2, but in any sample only around half of 

the area was covered by monolayers. In the other half of the plate, evaporation takes 

place last, at the bottom of the sample. It is believed that in such regions the remaining 

water concentrates impurities and the excess particles, creating multilayers and clusters. 

5.1.2.3 Continuous convective self-assembly nanospheres 
 

Dimitrov and Nagayama [161] provided an approach for self-assembly of 

nanospheres which is more suitable for industrial applications. It works as follows: a 

glass plate is vertically dipped into a colloidal suspension and afterwards very slowly 
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withdrawn, as shown in figure 5.3.  

 

Figure 5.3 Sketch of the particle and water fluxes in the vicinity of monolayer particle arrays growing 
on a substrate plate that is being withdrawn from a suspension [161] 
 

The inset shows the menisci shape between neighboring particles. Here, vw is the 

substrate withdrawal rate, vc is the array growth rate, jw is the water influx, jp is the 

respective particle influx, je is the water evaporation flux, and h is the thickness of the 

array. Again, temperature and ambient humidity are controlled. The thickness of the 

drying film, which is formed in a similar manner to one in a sol-gel process, could be 

adjusted to single, double, or triple layers, etc., just by measuring the optical transmission 

of the film and adapting the withdrawal speed accordingly. In this way, square-
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centimeter-sized arrays were reproducibly obtained. 

5.1.3 Experimental results on nanospheres self-assembly  

The first two self-assembly methods, spin-coating and tilting, were used in this 

doctoral work. Both deposition methods require that the nanospheres are able to freely 

diffuse across the substrate, seeking their lowest-energy configuration. Therefore, before 

assembly, some additional preparations are needed. (1) Surfactant treatment: the 

nanosphere suspensions, from Bangs laboratories, Inc, has a solid percentage of 10% 

suspended in water, and then further diluted in a solution of the surfactant Triton X-

100/methanol 1:400 by volume before used. The surfactant was used to assist the 

solutions in wetting the substrate; (2) Sample surface treatment: for hydrophobic cover 

glass slides, surface treatment is necessary to obtain mono layer self-assembly over large 

areas, the procedures are as follows: first, substrates were cleaned by immersion in 20% 

hydrochloric acid in ethanol for 30 minutes; second, the slides (or substrates) to be coated 

were dipped in a 2% 3-aminopropyltriethoxysilane (3APT) in acetone solution for 1 

minute; then slides were dipped in water for 1minute and air dried. 

 

Colloidal 
suspension of 
nanospheres

Glass 
substrate

spacer

Evaporation control 

the angle of inclination of the 
glass slide is 5o-9o

 

Figure 5.4 Sketch of nanospheres self-assembly by tilting. 

 

       Self-assembly by tilting method was firstly used as shown in figure 5.4. Cover lass 
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slides (18mm x18mm) were used as substrates. The substrates were tilted about 9o with 

respect to the horizontal. In this manner, the evaporation starts from the top of the sample 

on a horizontal border where evaporation takes place. This border then moves to the 

bottom of the sample until it is completely dry. The whole system was enclosed in a small 

plastic box (around 500 cm3). From several experimental results, it was determined that 

the small volume helps to slow down the evaporation process, which takes approximately 

4 hours to take place completely. The box also protects the surface from the external air 

flow, which can disturb the self-assembly process.  

Figure 5.5 shows a series of microscopy images taken in different parts of self-

assembly layer on glass substrate. The area about 2-3mm wide from top edge of the 

substrate (Part A) where the evaporation took place firstly was not fully covered by 

monolayer of nanospheres. A large grid of long stripes was formed because that the 

evaporation took place before enough nanosperes diffused across the substrate; on the 

center part of the substrate (Part B), a large and uniform monolayer was achieved by 

forming a sequence of crystal lattice shape pattern; on the bottom part of the substrate 

(Part C) where the evaporation took place last, multiple layers and clusters were formed 

due to concentration of excess nanospheres the remaining water.  
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(a) (b)

(c)Part A

Part B

Part C
 

Figure 5.5 Microscopy images of different parts of self-assembly nanospheres layer on glass substrate 
by tilting method, scale bar is 20 μm. 
 

Creating monolayers of nanospheres by spin-coating is simpler and faster than tilting 

method. For example, after 2 minutes spin-coating, the samples can be directly used for 

laser patterning. From a sequence of experiments, to create monolayer on cleaned glass 

or silicon surface, the spinning speed was determined to be 950-1000 rpm. For self-

assembly of nanospheres on conductive films such as Poly(3,4-ethylenedioxy- 

thiophene)/poly(4-styrenesulfonic acid) (PEDOT-PSS) film, which were used for 

patterning in next part of this chapter, the spinning speed was 2200-2500 rpm.  

     Figure 5.6 shows the schematic of self-assembly sample by spin-coating. The entire 

substrate was covered by well assembled monolayer mixed randomly with a small 

amount of islands of multiple layers or particle clusters. 

Glass 
Monolayer 

Monolayer 

Monolayer 

Multiple layers 
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Figure 5.6 Microscopy images for the areas of interest on the glass substrate by spin-coating, scale bar 
is 20 μm. 
 
 

Monolayers of nanospheres with diameters of 730nm, 550nm, 420nm were 

successfully created by both tilting and spin-coating methods as shown in Figure 5.7. 

(a) (c)(b)

1μm 1μm 1μm
 

Figure 5.7 SEM micrograph of the monolayer of silica spheres with a diameter of (a)730nm, 
(b)550nm, (c)420nm. 

Monolayer 

Monolayer 

Monolayer 

Cluster 
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5.2 Mie theory of laser-microsphere interaction for nanoscale Surface Modification 

Mie theory, also called Lorenz-Mie theory or Lorenz-Mie-Debye theory is a 

complete analytical solution of Maxwell's equations for the scattering of electromagnetic 

radiation by spherical particles. The following section presents the typical situation for 

Mie theory of scattering, as shown in figure 5.8. 

 
Figure 5.8 Schematic for particle scattering within the Mie theory. 

 

 The state of excitation which is established in space by the presence of electric 

charges is said to constitute an electromagnetic field. It is represented by two vectors, E 

and B, called electric vector and magnetic induction [164]. To describe the effect of the 

field on material objects, it is necessary to introduce a second set of vectors, the electric 

current density j, the electric displacement D, and the magnetic vector H. 

       Mie theory presents the solution of Maxwell equations for the scattering of a 

monochromatic electromagnetic wave with frequency ω by a sphere with radius α, 
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dielectric permittivity ε and magnetic permittivity μ, as follows: 

κε in +=                                                       (5.2) 

where n is the real part of refractive index and κ is the complex part of refractive index. 

Equation 5.2 holds for the complex refractive index. Further we use indices “m” and “s” 

for quantities, which refer to the sphere and the surrounding media, respectively, so that:  

mmmsss inin κεκε +=+= , .                                    (5.3) 

The electric and magnetic fields inside the sphere satisfy the vector Helmholtz 

equation: 

ΔE+k2E=0, ΔH+k2H=0                                           (5.4) 

where εω
c

k =  is the wave vector and Δ is 3D Laplacian. Similar equations with the 

wave vector mm c
k εω

= hold for the surrounding media. The boundary conditions on 

the surface include continuity of tangential components of E and H, and normal 

components of D=εE and B=μH. 

Considering that the amplitude of the electric fileld vector of the incident plane wave is 

normalized to a unit, the wave propagates along the z-coordinate, the electric vector is 

directed along the x-coordinate, and the magnetic vector along the y-coordinate, in the 

spherical coordinate system with the origin situated at the sphere center, this plane wave 

can be expressed as: 
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In terms of the spherical waves, the fields (5.5) are expressed as follows (index (i) 

indicates the incident wave): 
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where the radial dependence is expressed through the Bessel function (regular at ρ= 0) 

and prime indicates differentiation: 
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The angular dependence in (5.6) is related to spherical functions, where Pn
m(x) are 

associated Legendre polynomials.  

The Mie solution of scattering results in the rigorous solution to Maxwell’s 

equations describing the scattered electromagnetic field components (indication index (s)) 

as follows: 
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There is a well-known problem for computer calculations and related to the cutting 

of sums in (5.6) by value maxll ≤ . The recommended values in [165] are given by: 

42
+=

λ
πanlcutoff                                                     (5.11) 

The time-averaged Poynting vector, S, which is the energy density, is defined as: 

S= Re
8π
c [E×H*]                                                 (5.12) 

where the star indicates the complex conjugate. The incident wave (5.5) produces a 

constant vector field, directed along the z-axes. This flux is characterized by intensity Io = 

Abs[Si]=c/8π. This value is used further for normalization. The energy field can be 
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presented by calculating the spherical components of the time-averaged Poynting vector: 
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The z-direction is taken longitudinal to the incident laser and normal to the substrate 

lying beneath the particle. The z-component of the Poynting vector is therefore a 

description of the energy incident upon the substrate surface due to the laser and the 

presence of the microsphere. The coordinate convention used dictates the z-component 

equal to 

θθθ SSS rz  sin cos −=                                             (5.14) 

So the relative intensity can be expressed as  

000

sincos
I
S

I
S

I
SR rz θθθ −==                                         (5.15) 

Equation 5.15 shows the near-field enhancement due to the spheres compared with the 

incident laser energy.  

       Figure 5.9 shows the intensity distribution on the substrate with parameters: diameter 

of silica spheres 2α=800nm, refraction index of the sphere n=1.37, incident laser 

wavelength λ=532nm, 355nm and 266nm. The resulting peak intensities predicted is 

11.97, 8.03, and 3.92 times the incident intensities. Figure 5.10 shows the intensity 

distribution incident by 355nm laser. Three different sizes of spheres were used to 

simulate. From the calculation, the intensity enhancement is a radially symmetric 

distribution. 
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Figure 5.9 The light intensity distributions on the surface under 800nm silica spheres. Three 
wavelength were used to simulate: 532nm, 355nm, and 266nm. 

 

 

Figure 5.10 The light intensity distributions on the surface incident by 355nm laser under silica 
spheres with diameters of 800nm, 600nm and 430nm.  
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5.3 Experimental procedure 

5.3.1 Materials and sample preparation 

    Thin films of Poly(3,4-ethylene dioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) 

were used as substrates for patterning. Gold-palladium thin films were sputtered on tin-

doped indium oxide (ITO) substrates (5 x 10 mm2). Subsequently, PEDOT-PSS 

conducting polymers were electrochemically deposited using PSS (0.2% w/v) and 

ethylene dioxythiophene (EDOT) (0.1% w/v) solutions. The polymerization was carried 

out galvanostatically by applying a 100 µA current using a potentiostat. By varying the 

deposition time, and thus the total deposition charge, PEDOT-PSS films of different 

thicknesses were fabricated. Films with thickness of 60nm, 300nm, 600nm and 3µm were 

used in the experiments 

Three different sizes of silica nanospheres suspensions (800nm, 600nm, 430nm 

Bangs Laboratories Inc.) to be used for inducing near-field enhancement effect were 

mixed with a surfactant (triton-X: methanol =1:400) in a 2:1 volume ratio. The 

suspensions have a solid percentage of 10% suspended in water.  

5.3.2 Laser-induced near-field patterning experimental setup and sample 

characterization 

5.3.2.1 Experimental setup 
 

A schematic of the experimental setup is shown in Figure 5.11. A commercial 

Nd:YAG laser (Quanta-Ray PRO 290, Spectra Physics) was used the laser near-field 

patterning experiments. The samples were irradiated at 355 nm with pulses lasting 10 ns 

at normal incidence. Because the laser beam was not focused, the patterning area was 
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approximately 1.5 cm2. All the samples were irradiated at ambient conditions of 

temperature and pressure. The frequency of the laser was 10 Hz. The single pulses 

incident on the sample were controlled using an optical shutter (Uniblitz Electronic 

VS25S2ZMO) with time resolution of 10µs. 

 

 

Figure 5.11 Schematic set-up for laser induced near-field patterning.  

5.3.2.2 Sample characterization 
 

The patterned samples were imaged using a high-resolution scanning electron 

microscope (SEM) with an operating voltage of 10 kV (LEO 1530 Thermally-Assisted 

Field Emission microscope). All samples were coated with 2 nm gold/palladium layer to 

improve the electrical conductivity, prior to imaging. 

5.4 Results and discussion 

       Nanodent structures with sizes ranging from 400nm-200nm were patterned on 

PEDOT-PSS films by single pulse irradiation of the laser using self-assembly nonolayers 

of nanospheres 800nm, 600nm and 430nm in diameter. Both single laser beam and two 

interfering laser beams were used to conduct patterning, as shown in the following 

section. 



134 
 

5.4.1 Single beam incidence laser-induced near-field patterning  

In these experiments, it was found that most of the silica nanospheres were removed 

from the substrate surface with single beam incidence. Figure 5.12 shows a SEM image 

of the film obtained following the irradiation with one pulse of 70mJ/cm2 using 800nm 

nanospheres. An array of cavity nanostructures was formed on the film. At higher 

magnification, the SEM analysis reveals that the diameter of the cavities is about 350nm. 

In figure 5.12 (b), the seven cavities composed a hexagon with one cavity in the center, 

the distance between two adjacent cavities is 800nm, the diameter of the silica 

nanosphere used for near-field patterning. The entire patterned area is approximately 

1.5cm2. 

(a) (b)

 
Figure 5.12 SEM images of cavity arrays formed after laser irradiation of 0.80 μm silica particles on a 
thin PEDOT film by a single laser pulse with a fluence of 70 mJ/cm2. 
 

Figure 5.13 shows the SEM images of the patterns formed on the PEDOT film at 

the same laser fluence but with different nanosphere sizes, e.g. laser fluence: 80 mJ/cm2 

and (a) 800nm, x (b) 600nm, and x (c) 430nm, respectively. From Figures 5.13 (a)–5.13 

(c), it can be observed that the cavities sizes are proportional to the diameter of the 

nanospheres. For example with the same laser fluence, the diameters of cavities patterned 

with 800nm nanospheres are approximately 400nm, with 600nm nanospheres are 
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approximately 300nm, and with 430nm nanospheres are approximately 250nm.  

      Figure 5.14 and figure 5.15 show the SEM images of nanodent structures formed on 

the PEDOT-PSS film under the removed 800nm and 600nm particles, respectively, after 

one laser pulse irradiation at the following laser fluences: 5.14 (a) 110 mJ/cm2, 5.14 (b) 

86 mJ/cm2, and 5.14 (c) 60 mJ/cm2 and 5.15 (a) 84 mJ/cm2, 5.15 (b70 mJ/cm2, 5.15(c) 56 

mJ/cm2, and 5.15 (d) 29 mJ/cm2.  

 
(a) (b)

(c)

 
Figure 5.13 SEM images of cavity arrays formed at different sizes of nanospheres and the same laser 
fluences 80mJ/cm2 (a) 800nm, (b) 600nm and (c) 430nm. 



136 
 

(a) (b)

(c)

 
Figure 5.14 SEM images of cavity arrays formed by different laser fluences with 800nm nanospheres, 
(a) 110 mJ/cm2, (b) 84mJ/cm2 and (c) 60mJ/cm2. 
 

(a) (b)

(c) (d)

 
Figure 5.15 SEM images of cavity arrays formed by different laser fluences with 600nm nanospheres, 
(a) 84 mJ/cm2, (b) 70mJ/cm2, (c) 56mJ/cm2 and (d) 29mJ/cm2. 
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From figure 5.14 and 5.15, it can be seen that the sizes of the cavities are proportional to 

the laser fluences, which is coincident with the simulation in section 5.2. Figure 5.15 (d) 

shows the threshold laser fluence for 600nm patterning on PEDOT-PSS is 29mJ/cm2. 

 

5.4.2 laser-induced near-field patterning with interference beam 

  The intensity distribution of two interfering laser beams is given by equation 4.10, 

and the distribution pattern is shown in figure 4.2. When this periodic line-like pattern 

was used instead of single laser beam to irradiate the PEDOT-PSS film with a self-

assembled monolayer of nanospheres on the top, linear periodic nanodent structures were 

created, as shown in figure 5.16.  

Figure 5.17 and figure 5.18 shows SEM images of nanodent structures formed on 

the PEDOT-PSS film under the removed 800nm and 600nm particles, respectively, after 

one laser pulse irradiation at laser fluences of 5.17 (a) 52 mJ/cm2, 5.17 (b) 38 mJ/cm2, 

5.17 (c) 18 mJ/cm2, and 5.17 (d) 6 mJ/cm2 and 5.18 (a) 110mJ/cm2, 5.18 (b) 92mJ/cm2, 

5.18 (c) 76 mJ/cm2, and 5.18 (d) 47 mJ/cm2. 
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Figure 5.16 SEM images of periodic cavity arrays formed after laser irradiation of 0.80 μm silica 
particles on a thin PEDOT film by two interfered laser beam with single pulse of fluence: 18 mJ/cm2. 
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(a) (b)

(c) (d)

 
Figure 5.17 SEM images of periodic cavity arrays formed by different laser fluences with 800nm 
nanospheres, (a) 52mJ/cm2, (b) 38mJ/cm2, (c) 18mJ/cm2, (d) 6mJ/cm2. 

 

(a) (b)

(c) (d)

 
Figure 5.18 SEM images of periodic cavity arrays formed by different laser fluences with 430nm 
nanospheres, (a) 110 mJ/cm2, (b) 92mJ/cm2, (c) 76mJ/cm2, (d) 47mJ/cm2. 
 



140 
 

From figure 5.17 and 5.18, it can be observed that the width of patterned areas increased 

while increasing laser fluence. The laser fluence distribution for two beams interference 

patterning is shown in figure 4.2 in section 4.1, which can explain why the sizes of nano-

cavity in the center of patterned areas are larger than those on the edge.  

5.5 Summary and Conclusions 

        In this chapter, an analytical and experimental investigation on the features created 

on PEDOS-PSS thin films by the irradiation of nanospheres on the substrate surface with 

a pulsed laser is presented. A patterning system, with a frequency-tripled Nd:YAG laser 

(wavelength 355nm), beam delivery system, and optical shutter, was designed and 

realized. A monolayer of silica particles, with different diameters of 430nm, 600nm and 

800nm, was deposited on a PEDOS-PSS film by self-assembly. Nanodent structures were 

patterned after laser irradiation on the nanospheres/PEDOS-PSS structure with a single 

shot. The features indicate an enhancement of the incident intensity in the near-field due 

to the presence of the sphere. The near field was calculated for a single sphere on a 

substrate using the results of Mie theory. From the calculations, the intensity 

enhancement can reach to 12 times for particle diameter 800nm and incident laser 

wavelength 355nm. Periodic nano-cavity arrays were patterned by combining direct laser 

interference technology and laser induced near-field technology. 
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CHAPTER VI 

CONCLUSIONS  

This doctoral dissertation investigated four techniques for enabling maskless and 

direct-write micro/nanofabrication. These are: (1) Direct-write laser micromachining of 

polymethyl methacrylate (PMMA) by CO2 laser ablation; (2) Direct-write laser 

photopolymerization using a frequency-doubled Nd:YAG laser; (3) Direct laser 

interference patterning; and (4) Laser-induced near-field patterning.  Microfabrication 

techniques utilizing masks or masters for replications have the drawbacks of high cost 

and long delay in making the template. In contrast, the four techniques described in this 

dissertation described in this dissertation are highly flexible with respect to the pattern 

types that can be written and the substrate types that can be patterned and processed. For 

example, these techniques are able to write patterns of arbitrary geometry on various 

polymeric substrates directly from a digital representation. The costs of the tools for these 

techniques are also comparatively low, especially for research applications. 

6.1 Direct-write laser micromaching of polymethyl methacrylate (PMMA) by CO2 

laser ablation  

6.1.1 Summary and conclusions 

        Laser micromachining of channels in PMMA using a continuous wave CO2 laser 
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was investigated experimentally and theoretically. Heat transfer models for the channel 

depth, channel profile, laser power and scanning speed were developed and applied in 

this work. These models, based on the heat balance in microchannel fabrication, are in 

excellent agreement with experimental results, with a maximum deviation of 

approximately 5% for the range of experimental parameters (laser power, scanning speed) 

tested. Within this range of parameters tested, these models can be used to accurately 

predict the micromachined channel depth and profile for a specific choice of laser power 

and scanning speed in PMMA. These models are also applicable to other polymers that 

have similar ablation characteristics, with the knowledge of  their threshold fluence. 

Therefore, these models can eliminate the need for elaborate experimentation to 

characterize the attainable range of channel depths and profiles with a given CO2 laser 

micromachining system whose laser beam characteristics (intensity profile, beam 

divergence, and 1/e2 beam radius) are known. 

6.1.2 Scientific and Technical Contributions 

(a) A direct-write laser microfabrication system for polymethyl methacrylate (PMMA)         

microfluidic chip was developed. 

(b) Microchannels with 44µm-240µm wide and 22µm-130µm deep were fabricated with 

CO2 laser. 

(c) Accurate physical models were developed for the depth and channel profile of ablated 

channels based on heat balance in microchannel fabrication.  
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6.2 Direct-write laser polymerization using a frequency-doubled Nd:YAG laser 

6.2.1 Summary and conclusion  

      An advanced laser-direct write system was developed, consisting of a frequency 

doubled Nd: YAG laser, a beam delivery system, computer controlled x–y–z stage with 

nanometer resolution, a CAD design tool, and an in situ process monitoring system. This 

system is capable of fabricating a line width as fine as 840nm. A numerical model based 

on the Monte Carlo method was developed to simulate light scattering and absorption in 

photocrosslinkable materials. The influence of critical process parameters was studied 

through the developed numerical model. In this study, the experimental measurements of 

curing depth and curing width were found to be in good agreement with the numerical 

modeling. The successful fabrication of square-, circular-, and honeycomb-cellular 

structures demonstrated its unique capability of fabricating micro-patterns with arbitrary 

shapes, and in a wide variety of functional materials. For the first time, sub-micron 

feature resolution in PETIA and 3μm resolution in PEG-DA were successfully realized by 

laser direct-writing.  

6.2.2 Scientific and Technical Contributions 

(a)  A direct-write laser polymerization system using frequency-doubled Nd:YAG laser 

was developed. This system has sub-micron resolution three-dimensional fabrication 

ability. Based on this system, more precise structures can be fabricated. 

(b) Functional structures were fabricated with different photocrosslinkable materials. 

Structures of a biocompatible hydrogel, PEG-DA, were for the first time fabricated with 

3µm resolution by laser direct-writing.  
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(c) A numerical model based on the Monte Carlo method was developed. This model can 

precisely predict the cured profile of single-shot exposure in the photopolymerization 

process. 

6.3 Direct laser interference patterning 

6.3.1 Summary and conclusion 

       A method was developed for rapid and large-area fabrication of two-dimensional and 

three-dimensional periodic structures on photopolymerizable materials with 10ns pulses 

from a frequency-tripled Nd:YAG laser emitting at 355 nm. Surface areas up to 3.6 cm2 

were patterned in one second showing the high fabrication speeds that can be reached. A 

concentration of 10 % w/w of the photoinitiator (N-MDEA) was shown to be appropriate 

to achieve the lowest dose necessary to polymerize PETIA, thus increasing the patterning 

speed. Different periodic structure arrays including line-, cross-, honeycomb- and dot-like 

structures were fabricated. When using relatively thick layers of the PETIA solutions, due 

to the lower mechanical properties of the polymer, the lines fell over sideways during the 

development process. This problem could be solved with a double exposure process with 

angles of 45 or 90°, or when thinner layers of the PETIA solution were used. Particularly, 

for the 45° case, self organization driven processes, probably due to non-axial shrinkage 

of the polymer, were observed, resulting in a honeycomb-like structure. For samples 

irradiated with three beams, by tuning the laser intensity or number of laser pulses, it was 

possible to fabricate different types of periodic arrays from isolated dots to symmetric 

honeycomb structures. Additionally, it was shown that by changing the intensity of the 

individual laser beams, other types of periodic patterns could be also fabricated. These 
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patterns are consistent with predictions of light intensity distributions. Three-dimensional 

line-like structures were for the first time successfully fabricated in SU-8 a negative 

photoresist, with the use of an absorber, TINUVIN 384-2. Concentrations of 1%-2% by 

weight of absorber were found to be appropriate to achieve massive and stable three-

dimensional structures. By adjusting the separation angle between two incident beams, 

sub-microm line-like patterns were realized with Shipley 1813, a positive photoresist.  

6.3.2 Scientific and Technical Contributions 

(a) A direct laser interference patterning system with a frequency-tripled Nd:YAG laser, 

beam delivery system, and optical shutter was developed.  

(b) PETIA with different concentration of photoinitiator (N-MDEA) was used to 

investigate the relationship between laser exposure and the percentage of photoinitiator. 

Different periodic structures, such as line-, cross-, honeycomb- and dot-like structures, 

were fabricated using PETIA. 

(c) Three-dimensional patterns with SU-8 and absorber TINUVIN 384-2 were for the 

first time realized.  

(d) Line-like structures with sub-micron periods were achieved by two laser beam 

interference on Shipley 1813. 

6.4 Laser-induced near-field patterning 

6.4.1 Summary and conclusion 

       This work explored pulsed laser-induced near-field patterning through a monolayer 

of self-assembled nanospheres acting as near-field enhancing lenslets. Nanoscale features 

were created using this technique on Poly(3,4-ethylene dioxythiophene)-
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poly(styrenesulfonate) (PEDOT-PSS) thin films. The features produced indicated an 

enhancement of the incident intensity in the near-field due to the presence of the 

nanospheres. The near-field was calculated for a single sphere on a substrate using Mie 

theory. The results of these calculations predicted a strong enhancement directly under 

the sphere, which is assumed to be responsible for the substrate damage restricted to a 

sub-diffraction-limited area. Periodic nano-cavity arrays were for the first time patterned 

by combining direct laser interference technology and laser induced near-field technology. 

6.4.2 Scientific and Technical Contributions 

(a) A laser-induced near-field patterning system was developed, which can realize nano-

cavity arrays on up to 3cm2 area with single-shot laser exposure.  

(b) Different sizes of nano-cavity arrays were patterned on Poly(3,4-ethylene 

dioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS)  with different laser fluences and 

different sizes of silica nanospheres. These samples can be used for biodetectors, flexible 

photovoltaics, as well as batteries. 

(c) Periodic nano-cavity arrays were for the first time patterned by combining direct laser 

interference technology and laser induced near-field technology. 

(d) An analytical model based on Mie theory was developed to predict the near-field 

intensity enhancement and intensity distributions on the substrate. 
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