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Accompanied with the rapid improvement of technology, creating three-dimensional 

micro- and nanostructures has become much more important to satisfy various demands. 

However, conventional techniques are usually used for planar structures which are not 

suitable to generate true three-dimensional structures. Three-dimensional direct laser 

writing, as an advanced micro- and nanofabrication technique, provides the way to 

produce arbitrary micro- and nanostructures. Therefore, in this thesis, we employ 3D 

lithography to fabricate the three-dimensional structure. In addition, further research 

using the achieved structure to form colloidal crystal will be briefly introduced.  
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1 INTRODUCTION 

Lithography, a method used to manufacture the components of semiconductor devices, 

has drawn great attention in the fabrication of micro- and nanostructures during last 

decades. [1,2] The word lithography comes out on the basis of two Greek words, Lithos 

and Grapheins, and it relates to a phenomenon that was invented by Alois Senefelder in 

1798. [3] After that, the development of this technique contributes to enormous progress 

in many kinds of fields. However, with the trend towards miniaturization and 

complexity of devices, fabricating three-dimensional micro- and nanostructures has 

become much more desirable in order to fulfill diverse requisites. [4] Some lithographic 

techniques, such as electron beam and optical lithography, are essentially planar 

techniques which are limited to producing two-dimensional (2D) structures. There is no 

doubt that it will require a great deal of experimental work to build up 3D structures by 

these techniques. [5] Some other common 3D prototyping techniques, like 3D inject 

printing and UV laser stereo-lithography [6], have the capability to generate those 3D 

structures as well. Nevertheless, the maximum resolution of the obtained struc tures can 

be only a few micrometers. [6] For these reasons, we apply three-dimensional 

lithography to produce the 3D structures. 

3D lithography is an innovative technology which is based on two-photon 

polymerization (TPP) effect. It plays currently a key role in manufacturing three-

dimensional microstructures. It has been a used tool for many microfabrication research 

studies over the world. [4,7] A large quantity of advantages by making use of this 

technique have been manifested. One of the important strengths is that it can fabricate 

true 3D structures that can achieve sub-100 nm resolution beyond the diffraction limit. 

[6] Furthermore, it offers a faster way to create structures that are even more complex or 

maybe impossible for conventional lithographic techniques. Additionally, the achieved 

structures have a large number of applications, for example, in micro-electro-

mechanical system (MEMS), photonics, biological etc. [8-10]   

The target of this research is to generate a large, stable and smooth hollow box with the 

3D lithography technique. Then based on the obtained structure, a further study can be 

carried out where polystyrene (PS) nanospheres will be self-assembled into crystals in 

the box, which ultimately will be utilized to test thermal properties by growing some 
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wires on the crystal. In this study, we mainly focus on the procedures of fabricating the 

3D structure. In addition, several further experiments by dipping the attained box 

structure with a nanospheres solution will also be discussed briefly.  

In this thesis, Chapter 2 will outline the theory and principles of 3D lithography. 

Moreover, it will also describe the research that has been done previously. Chapter 3 

introduces the primary instrument used in this research. The experimental work will be 

present in Chapter 4. Chapter 5 will discuss the results and existing problems in the 

study. Chapter 6 gives the conclusion about the research.  
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2 THEORY AND BACKGROUND 

2.1 Two-photon Polymerization 

Two-photon polymerization (TPP) is a serial process which combines two-photon 

absorption and subsequently polymerization. It was defined as a tool for the fabrication 

of 3D structures in 1997, a paper published by Kawata and coworkers. [11] From then, 

the research on TPP has grown rapidly making it a fairly incomparable technique. [6,11] 

Nowadays, TPP has already become a functional tool in plenty of areas, such as 

micro/nanophotonics, microelectronics, bioengineering, microfluidics and so on. [11] 

Undoubtedly, as one of the most prospective technologies for manufacturing three-

dimensional micro-structures, TPP shows many remarkable characteristics. [12-14] For 

instance, it has the ability to produce small structures with superior resolution and 

without topological constrains. [13] It can eliminate the influence that maybe caused by 

the humidity variation from the surrounding environment, because the polymerization 

process happens inside the photopolymer. Apart from these, the operation condition of 

this procedure is very simple, as it does not require any mask, mold or stamp. [14] 

What’s more, any kind of 3D structures based on computer generated models can be 

obtained by this method. [13] 

2.1.1 Two-photon absorption 

Two-photon absorption (TPA) was first predicted in 1931 by Maria Göppert-Mayer in 

her doctoral thesis. [15] It is a non-linear optical (NLO) phenomenon that takes place 

when a molecular transition is induced from the ground state to a higher electronic state 

in a single step -- with two photons absorbed simultaneously. [16] When the energy of 

each photon is the same, the process is said to be degenerate, otherwise, it is called 

nondegenerate. Most of the applications use the degenerate technique because of the 

simplicity of the experimental setup. Figure 1 shows an example of degenerate two-

photon absorption. [11,17] 
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Figure 1.  Scheme of TPA process. [17] 

In general, TPA is a very useful tool in laser spectroscopy since the selection rule for 

two-photon excitation (TPE) is different from that of single -photon absorption. [18] 

TPA makes it possible to observe the transitions between two states that cannot be 

connected to atomic ground level by electric-dipole transition. [16] Practically, there are 

two types of electron excitations for absorbance of two -photon energy: simultaneously 

and stepwise. Different from simultaneous TPA, stepwise relies on a real intermediate 

energy, while simultaneous TPA occurs via a virtual energy level, as illustrated in Figure 

2. Stepwise TPA can also be considered as two sequential single -photon absorptions, 

which does not require coherence of the incident light. [19] In this research, however, 

we only concentrate on simultaneous TPA. 

 

Figure 2.  Illustration of two-photon absorption scheme. (a) simultaneous TPA, and (b) 
stepwise TPA. [19] 

As a primary non-linear effect, TPA is closely related to Raman scattering because both 

are two-photon processes. [13,16] While spontaneous Raman scattering was observed in 
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1928, the experimental results of TPA were not first observed until 1961 by Kaiser and 

Garrett, after the first working laser. [18,20] The main reason for the difference is that in 

Raman scattering process only one photon is absorbed and the other is simultaneously 

emitted. Therefore, for Raman scattering, the scattered light intensity is proportional to 

the intensity of the incident light whereas in TPA the absorption probability is small but 

proportional to the square of the intensity of incoming light. As a result, in order to 

observe TPA, the intensity of the incident laser light has to be high enough. [13,17]  

For two-photon absorption, one of the advantages is that the effect of elastic scattering 

can be decreased drastically during the process. The relationship between scattering and 

wavelength can be described according to the Rayleigh’s law, which states: 

𝜎𝑠 =  𝛼
1

𝜆4
                                [17] 

where σs is the scattering cross section of the molecule and λ is the wavelength. As we 

can see from the equation, when the wavelength of light becomes twice the absorption 

wavelength of materials, the scattering of light is reduced by 16 times. This property 

also gives the chance to increase the penetration depth inside the material and reduce the 

size of the focal spot. [17,21]                    

In addition, the cross-section of TPA, δ, is typically used to describe the non-linear 

optical properties of molecules. The attenuation of the light beam resulting from TPA 

can be calculated following the equation below: 

𝜕𝐼

𝜕𝑧
= −𝛽𝐼2 = −𝑁𝛿𝐹𝐼                    [22] 

where I is the intensity, z is distance into the medium, β is the molecular coefficient of 

TPA, N is the number of molecules per unit volume and F is the photon flux. [22] 

Essentially, the cross-section of TPA that quoted in the units of Göppert-Mayer (GM) is 

much lower than that of one-photon absorption, usually on the order of 1 GM or less, 

where 1 GM equals to 10−50  𝑐𝑚4𝑠𝑒𝑐𝑝ℎ𝑜𝑡𝑜−1 . As a result, to promote two-photon 

absorption, high local photon fluxes will be needed. [11] This property is one of the 

reasons that contribute to getting low background noise and better resolution by this 

method. [17] All these properties help TPA to have a wide range of applications.  

2.1.2 Photopolymerization 

Photopolymerization is a process that can be induced by (two-) photon absorption. We 

can define this phenomenon as a chemical reaction that utilizes light as the reaction 

trigger to create macromolecules. Photopolymerization is also one of the most 
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prominent methods applied to create 3D structures. One of the important benefits of this 

method is that the photopolymerized structures can have real physical shape. This is 

according to the phenomenon that the resins will harden after laser irradiation by 

undergoing a phase transition from liquid to solid. Afterwards, non-polymerized liquid 

will be easily removed in the developing bath and solidified 3D structures are attained. 

[19,22,23] 

Polymerization by two-photon absorption also includes some other benefits. For 

example, the excitation beam employed in one -photon absorption polymerization 

process is normally a conventional source so that linear absorption will happen during 

that process. As a consequence, it will lead to the excitation attenuating dramatically 

before the beam reaches the focal point which finally causes only the top layer of 

photoresist to be polymerized. When the intensity of the laser is increased, it may result 

the polymerization of all the material along the optical axis, or boiling away of the 

material, if the energy dumped into the system is too high. Thus, it is not possible to 

fabricate 3D microstructures due to lack of polymerization control using one-photon 

absorption. In contrast, polymerization can be restricted to a small volume around the 

focal point after two-photon absorption. [11] Then, any arbitrary 3D structures can be 

manufactured by either scanning the laser beam through the resin volume or by moving 

the sample in three dimensions. [22] 

Usually, photopolymerization process comes up via several steps: initiation, propagation 

and termination. [23] The diagram of this chemical reaction process is shown in Figure 

3, where I represents photoinitiator, I* is the intermediate state of the photoinitiator, R* 

represents free radicals, M represents monomers or oligomers, M* represents 

propagating radical. 

 

Figure 3. Basic scheme of radical polymerization. [23] 

The initiation step includes two reactions. The first one is the dissociation of initiator 

molecule I to form the free radicals R* by absorbing light photons. The second reaction 
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of initiation is to produce chain-initiating radical R-M* through the reacting between 

radicals and the first monomer molecules M. The propagation step is creating new 

radicals successively through the additions of new monomers. Termination step happens 

relying on the combination reaction between chained radicals, which finally makes the 

process a chain reaction.  [23,24] 

2.2 Principle of 3D Direct Laser Writing  

Three-dimensional direct laser writing (DLW), also known as 3D lithography, is a 

promising tool which offers means of producing three-dimensional structures. It can be 

recognized as 3D extension of planar electron-beam and optical lithography and allows 

for producing the 3D micro- or nanostructures directly inside the material (see Figure 

4). In essence, in this technique, femtosecond pulsed laser light is tightly focused inside 

a photoresist but at a wavelength at which the photoresist is transparent. E-patterning 

occurs by taking advantage of the two-photon polymerization (TPP) effect that was 

described before. Using TPP, the chemical and physical properties of the photoresist are 

altered within a small volume that is restricted by the irradiated laser intensity. 

Generally, this volume pixel is called “voxel” and is commonly in the shape of ellipsoid, 

allowing fabrication of 2D and 3D structures with high resolution and arbitrary shapes. 

[8,25] The unexposed parts of the photoresist will be washed away in the developer 

bath. Finally, a free-standing three-dimensional structure is achieved. [25] 

 

Figure 4. Scheme of regular three-dimensional direct-laser writing optical lithography. 

[26] 
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2.3 Previous research 

As mentioned in the beginning, the aim of the research is to apply the three-dimensional 

lithography technique to manufacture a hollow structure which can be employed for 

self-assembly of lattices of nanoparticles. [27] The figure of the entire square shaped 

structure is shown in Figure 5. 

 

Figure 5. A scheme of the total structure, with the length of the outer side 160 μm, and 
inner side 100 μm. The width of the sloped regions and the height of the whole frame is 

10 μm. 

Before utilizing the technology in this work, several other researches had already been 

done previously. One of them was making use of a two-step e-beam lithography 

technique to produce a 3D structure by etching into Si substrates by the processes 

shown in Figure 6. [28] 

In that research, some troughs were first fabricated into silicon substrates with 

dimensions of 8 𝑚𝑚×16 𝑚𝑚 . During this procedure, Poly(methyl_methacrylate) 

(PMMA) was chosen as the resist and the overlay SiNx layer (750 nm) was used as the 

Si etch mask. The nitride mask was established by etching it in CF4 or CHF3 plasma. The 

troughs with the depth ranging from a few micrometers up to approximately 100 μm 

were formed by wet chemical etching in potassium hydroxide (KOH) at 90 ˚C, leading 

to a crystallographic sidewall angle of 54.74º. Afterwards, a second e-beam lithography 

process including lift-off alignment step was utilized to only coat the bottom of 

selective troughs with a hydrophilic TiOx layer (nearly 10 nm thick). By dipping the 
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sample into the solution of PS nanospheres, multi-layer colloidal crystals were grown, 

as the nanospheres self-assembled from suspensions. 

 

Figure 6. Lithography process steps: (a) Pattern is exposed in e-beam resist (PMMA), 
(b) resist pattern is developed, (c) SiNx is etched with CF4 plasma and then (d) the Si 

substrate is etched anisotropically with KOH. (e) Second lithography is aligned with the 
previous pattern, (f) pattern is developed, (g) UHV evaporation of Ti and oxidation 
followed by (h) final lift-off. [28] 

The results obtained from this technique indicated some benefits. Firstly, it reduced the 

cracks in multi-layer colloidal crystals, which were more of a problem for self-assembly 

without lithography. Furthermore, the size of the colloidal crystal domain could be as 

large as 200 μm, and the broad size distribution found in unaltered substrates was 

suppressed effectively. What’s more, compared with other methods, this method was 

fast as large-scale colloidal crystal structures were produced in one step. Figure 7 

depicts an example of the results, where on the left a measurement image with the 

domains is showing, and on the right a thick multi- layer colloidal crystal structure is 

seen from the side-view. However, several problems still existed with this method. 

Some cracks still could develop, similar like plain self-assembled samples. In addition, 

although some formed crystal structures were free of cracks, they were not fully single 

crystalline. [28] Considering these problems, this study, it was decided to perform by 

using three-dimensional lithography to fabricate the hollow structure. 
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Figure 7. An example of a SEM image used for the domain length measurements (lef t) 

with a side-view close up of the multi-layer colloidal crystal structure (right). Values 
shown for measured lengths are in μm. [28] 

However, some research by using the 3D lithography was also studied previously, in 

which the software Inventor was used to generate the structure in STereoLithography 

(STL) file (see Figure 5), which was converted to the 3D lithography instrument format 

(will be described in next chapter). The results achieved by this method exposed several 

problems. One of the significant problems was that the surfaces of slopes were not 

smooth enough but formed steps (see Figure 8). This would possibly prevent 

nanospheres and wires to climb on the slopes. Furthermore, this problem appeared in 

the conversion process which could not be eliminated. In addition, one small mistake 

during the slicing process would cause unnecessary extra lines occurring in the structure 

as seen in the middle part of the image below. Thus, here, we adopt another way to 

make the structure and then written it with 3D lithography.  

     
Figure 8.  An image example of the results with the structure formed by Inventor which 

was done by Ms. Tian Yaolan. 
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3 EQUIPMENT 

3.1 3D Direct Laser Writing setup 

The instrument used in this research is a commercial two-photon DLW system 

(Photonic Professional GT) by Nanoscribe GmbH. Figure 9 is a photograph of the 3D 

DLW system. 

 

Figure 9.  Nanoscribe Photonic Professional system. [29] 

Essentially, in this system, a pulsed erbium doped femtosecond fiber laser is used with 

the center wavelength tuned to 780 nm. The pulse duration of the laser is around 100 fs, 

and the repetition rate is about 80 MHz. The femtosecond pulses will be focused to an 

objective with a high numerical aperture: NA=1.4. In addition, as displayed in Figure 9, 

the system is fixed on an optical breadboard which is passively vibration isolated from 

the table frame (a self-leveling system). The laser and the optics are assembled inside 

the optics cabinet. There is also a protective housing which is equipped with an 

electrical interlock switch screwed to the frame. Thus, when the housing is open, the 
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interlock switch is open, and the laser will be shut down. Moreover, a mechanical 

security shutter is installed in front of the laser emission aperture so that it can block the 

beam path when the housing is open. (There is one more electrical shutter which blocks 

the beam from going to the microscope when there is no exposure) The electrical rack 

under the optical table is employed to house the computer, laser controller, Nanoscribe 

controller and some other power supplies for the system components. [29, 30] 

Other than these devices, the instrument also provides two ways for positioning: a xy-

stage and a piezo stage. The piezo stage will be moved as a whole by any xy-stage 

movements since it is installed on top of the xy-stage. The xy-stage offers the 

opportunity to deal with different substrate chips and writing positions on one single 

substrate. During this research, we used only the piezo stage. Hence, the sample was put 

on a particular substrate holder on the three-axis piezo scanning stage with the scanning 

range is 300 µm3.  

The microscope consists of several different parts (see Figure 10). It can be operated by 

a docking station as shown in Figure 11 (left), where all the relevant parameters can be 

set and adjusted. In addition, it includes two illuminations: transmission and reflection, 

which can be adjusted by the LED driver (see Figure 11 (right)). In this research, we 

only use the transmission illumination. 

 

Figure 10.  Microscope with major components. [29] 
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Figure 11.  Microscope docking station (left) and LED driver for transmission and 
reflection illumination (right). [29] 

The microscope system also contains an inverse microscope which has an autofocus 

system that is capable to focus the laser spot at the substrate surface automatically.  

Except for the hardware mention above, Photonic Professional system also includes 

several specific software components. One of them is called NanoWrite, which 

encompasses some features so that the system could be calibrated and controlled 

manually. It also has the ability to monitor the direct laser writing process by including a 

camera that shows the live view. Therefore, a certain input file will be demanded for this 

software. In this system, the file format is called General Writing Language (GWL). 

Although the .gwl file can be edited by any text editor, a text editor Describe is 

recommended for this software. A .gwl file can not only describe the trajectories during 

the writing process but also set up the system parameters utilized in that process. 

Photonic professional system provides another software, Nanoslicer, to produce .gwl 

files via conversion from an exported STL file which can be exported by almost any 

modern computer-aided design (CAD) software. [29] However, in this study we use our 

own codes to produce the .gwl file in order to have ultimate control. 

3.2 Photoresist  

It is known that there are lots of photoresists which are available for the 3D lithography 

technique. [25] For example, the common negative-tone resist, SU-8, has been used for 

many different kinds of applications in the area of microfabrication. In addition, another 

negative-tone photoresist based on arsenic trisulfide (As2S3) provided by Nanoscibe also 

have been utilized for fabricating manifold structures such as 3D photonic crystals, 

resonators, photonic waveguides and so on. [25] However, here, a series of negative-
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tone IP-photoresists which satisfied the requirements of this research are used. A lot of 

merits have been presented by using these photoresists. First and foremost, they can 

provide high resolution and high mechanical stability for structures in the micro- and 

sub-micron range. Secondly, these photoresists can be adhered quite well on glass 

substrates and are easy to manipulate. Additionally, these resists have typically low 

stress, little shrinkage and low proximity effect. Table 1 shows some features of these 

IP-photoresists. In this study, we only use IP-L 780. [31] 

Table 1.  Some features of IP-photoresists. [31] 

Features IP-L (780) IP-G (780) IP-Dip 

Refractive index at 

780nm unexposed 

1.48 ~ 1.50 1.52 

Prebake No Yes No 

Cast process Drop casting Drop casting or 

spin coating 

Drop casting 

Exposure 780nm for 2PP 780nm for 2PP 780nm for 2PP 

Post bake No No No 

Developer PGMEA/IPA PGMEA/IPA PGMEA/IPA 

 

3.3 Applications 

As a well-established technology, 3D DLW technology has already become a leader for 

three-dimensional micro- and nanofabrication. And based on its unique characteristics, 

it has been utilized in a number of different areas. Here, we list the prominent areas of 

this technology and several images, as seen in Figure 12 which show the versatility of 

this 3D lithography. 

Photonics: metamaterial, photonic crystals, distributed feedback lasers, photonic ring 

resonators, diffractive optics 

Micro-optics: micro optical devices, integrated optics 

Microfluidics: lab-on-a-chip system, development of substances 
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Life Sciences: cell migration, stem cell differentiation, tissue engineering 

   
                                               (a)                                                                      (b)  

   
                                               (c)                                                                      (d)  

Figure 12. (a) 3D photonic crystalline diamond (PCD) structure (the photoresist is IP-L 

780); (b) Pyramid array for applications in micro-optics; (c) Microfluidic filter element 
structured in SU-8. Design by IMSAS; (d) SEM image of cell scaffolds. [32] 

Apart from these applications, at NSC, we are focusing on a new application: phononic 

crystals (PnCs). Phononic crystals are periodic structures with variation of elastic 

properties. Because of its special characteristic, phononic crystals will exhibit phononic 

band gaps that contribute to PnCs utilized in variety of areas, especially for thermal 

properties, such as thermal conductivity, thermo-electrics etc. [33] A possible way to 

form the 3D phononic crystals is by vertical self-assembly of PS nanospheres, in which 

a 3D structure is needed to be as the container. Therefore, here, the primary thing is to 

fabricate this 3D hollow box structure.  
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4 EXPERIMENTS 

4.1 Optimization of writing parameters 

Before we start fabricating the entire structure, it is necessary to establish the best suited 

parameters that are met this technique, since those factors will influence the whole 

procedure. One of the important factors is the value of laser power, which plays a quite 

significant role during the overall process. In addition, settling time, the amount of time 

the system waits between each line segment, is another key factor which can contribute 

to accelerating the process. Apart from these, the line distance in both x/y and z 

direction, as well as the writing speed are also essential factors and helpful in reducing 

the total fabrication time. [34]  

Laser power: The laser power can be adjusted easily in 3D lithography. The exact 

parameters for the optimal laser power depend on the properties of the piezo scanner 

and the photosensitive resist material utilized, and can be controllable via two 

commands in the gwl-file. As a result, the actual laser power is defined as 

LaserPower*PowerScaling. When the PowerScaling is set on the default value 1 and the 

maximum LawerPower value is set at 100, then the system is set to around 20 mW 

power at the aperture of the objective. [29] In our research, a laser power of 40 % (8 

mW) was utilized throughout the experiment.  

Settling Time: The settling time is the length of time the system pauses after a line 

segment is drawn and before the next is started. The total structure consists of many 

lines, thus, the system will spend a lot of time waiting instead of writing. [29] Hence, 

although the default value of the settling time is 300 milliseconds, here, we set the value 

to 200 ms in the tests.  

Line distance x/y: The line distance x/y is used to decide the distance between two 

neighboring lines in x- and y-direction. The maximum line distance depends on the 

voxel width, dxy. In general, by increasing the line distance the overall number of lines 

can be reduced. A smaller line distance can lead to a more stable structure but will 

increase the writing time. [34] 
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Z distance, layer distance: Similar to the line distance, z distance is the distance 

between two neighboring individual layers of the structure that depends on the voxel 

length, dz. The z distance has an effect on the overlapping parts between two layers 

which influence the stability of the structure. [29,34] 

Writing speed: For this instrument, the writing speed can be calculated as follows: 

              =            ×               , where update rate is the frequency 

that stage moves from point to point. However, in this research, as the structures are 

mainly composed by straight lines, a desired configuration is used which can 

dynamically adapt the writing speed to the trajectory based on the laser power and 

settling time we set. 

The resolution in 3D lithography is mainly affected by the voxel size. Therefore, it is 

essential to make sure what size and shape of the voxel is in the beginning. [26] 

However, it is a considerable challenge to determine the voxel dimensions accurately. 

Several parameters, such as the laser power, the exposure time, the N.A. of the objective 

lens, the substrate etc. affect the shape and size of the voxel. In addition, a difficult 

problem is the truncation effect, which means that when voxels are written in the resist 

on the substrate, part of the voxel can be embedded in the substrate, leading to a partial 

voxel shape (see Figure 13). [21,35]  On the other hand, if the voxels are fabricated 

above the substrate, they may be washed away during the developing process, if the 

developed voxel area is not connected to the substrate. [21] This problem is also 

complicated by the fact that the formed voxels cannot be viewed during the fabrication 

process but have to be imaged later. [35] Luckily, in reference [36] a solution was 

proposed to solve this problem, by employing an ascending scan exposure method. In 

this technique, a series of identical voxels are made at different heights relative to the 

surface of the substrate as we can see in Figure 13. At first, the voxels are embedded in 

the substrate. Then in the intermediate range, the formed voxels are just connected to 

the substrate and will remain there after developing, and can give a clear image of voxel 

dimensions. Finally, their dimensions can be evaluated quantitatively by observing the 

precise shape of these freestanding voxels with scanning electron microscopy. [21,35] 
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Figure 13. The scheme of ascending scan exposure method: Voxels polymerized under 
different focusing height levels: A, an erected voxel; B, an overturned voxel; C, a floated 
voxel. [21] 

Figure 14 (a) illustrates a SEM image of some voxels in our tests with varying laser 

power, exposure time and the height relative to the substrate surface by using this 

ascending method. Here, IP-L 780 is chosen as the resist and a commercial glass is used 

as the substrate. For the whole tests, the laser power changes from 4 mW to 16 mW with 

an interval 2 mW, and the height relative to the substrate surface changes along y 

direction from 0 to 1 μm with an interval 0.1 μm, while the exposure time is just set at 

four different values: 1 ms, 10 ms, 100 ms, 1000 ms (from left to right) for different 

laser power. It is apparent as usual that the shape of the voxel is ellipsoidal, stretched in 

the z direction. And it shows the voxels will not be formed when the laser power and the 

exposure time values are very small (e.g. in the condition (6 mW, 1 ms)), however, 

when the values are quite big, the voxels will be burned. [21] Figures 14 (b) and (c) 

show two clearer images of voxels with different parameters. 

          

(a)                                                        (b)               (c) 

Figure 14. (a) An top view of some voxels drawn by the ascending method; (b) A SEM 
image of one voxel obtained under (10 mW, 10 ms). The length for the voxel is around 

1550 nm, the width is about 360 nm; (c) Another example produced by changing the 
exposure time (10 mW, 100 ms). The measured length is around 1880 nm and the width 
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is about 400 nm. 

From analysis of a large number of tests, some people have derived equations to 

calculate the voxel for NA>0.7: [34] 

   =
0 325𝜆

√2      
                     𝑧 =

0 532𝜆

√2
[

1

 −√  −   
]          (1) 

where λ is the wavelength of the laser, n is the refractive index of the medium and NA 

is the numerical aperture of the objective. Some information can be attained from these 

theoretical results. For example, by inserting the parameters from our system, λ=780 nm, 

NA=1.4, n=1.48, we get the voxel diameters: dxy = 2rxy ≈ 262 nm and dz = 2rz ≈ 596 nm. 

This can be compared with the usual diffraction limited resolution for a 780 nm light 

source with, rxy=0.61λ/NA≈340 nm, showing that the two-photon resolution can be well 

below the usual diffraction limit. [34] Equations (1) also show that the NA is a quite 

important parameter for achieving minimum feature size, affecting the resolution in a 

nonlinear manner. According to these equations, the varieties of voxel sizes and the 

aspect ratio by changing the values of NA can be obtained, as depicted in Figure 15. 

Although the calculated aspect ratio of the voxel here is less than 3, in actual 

experiments, the aspect ratio is a little larger than it. In addition, an increase of the laser 

power or exposure time will increase the polymerized volume, and both of these can 

have an effect on the values of aspect ratio, as shown in Figure 16, but the specific 

relationships among them have not been understood completely. [34] This is not taken 

into account in Equations (1). 

  

(a)                                            (b)                                        (c) 

Figure 15. Theoretical plots according to equations (1) with the same x axis (NA) but 
different y axis: (a) Voxel width; (b) Voxel length; (c) Aspect ratio. 
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Figure 16. Laser power-dependent experimental voxel dimensions and the aspect ratio 
under two different exposure time (10 ms and 100 ms). 

For our research, an approximate value 140 nm for the minimum voxel width is 

provided by the company. And as mentioned above, an automatic configuration is used 

which adjusts the scanning speed to a desired value at around 300 μm/s. Therefore, 

except the values of laser power and settling time, we only give the values of line 

distance x/y which is set at 100 µm and the z distance 200 µm for the 3D structure 

writing. 

4.2 3D structure tests   

After adjusting all the parameters used in the experiments, we started to fabricate the 3D 

structures. In this study, a commercial circular glass plate was used as the substrate with 

the diameter 30 mm and thickness 170 µm. The glass was first cleaned by acetone and 

isopropanol and then dried with nitrogen gas. Then, it was adhered to the sample holder 

with a droplet of Zeiss immersion oil on the bottom side of the substrate, and a droplet 

of IP-L 780 resist on the top side. The programming of the structure was done with 

Mathworks Matlab R2010b which has the function to store the formed file into gwl-

format. [38] All the parameters, such as the laser power, the settling time etc., were 

edited with the text editor Describe (an example shown in the Appendix). [8] After these 

procedures, we could fabricate the structures by operating NanoScribe. Since the piezo 

stage will be moved precisely by the pre-programmed path, only part of the resist is 

exposed and polymerized. Hence, a free standing structure could be obtained after 

washing away the unexposed parts, by developing the sample in PGMEA (Propylene 

glycol monomethyl ether acetate) for around 20 minutes. After writing, the samples 

were coated with a thin layer of Au (nearly 7 nm) by using an electron-beam evaporator. 

Finally, the written structure could be examined with a SEM. 

There were several challenges during the 3D writing tests. First, the program of the 

structure was made up of line segments which were defined with a three column array 

for x-, y- and z-coordinates. Thus, there were many different ways for designing the 3D 

structure which caused some trouble to find the suitable shape of it. For instance, when 
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the whole frame was produced by many straight lines, as illustrated in Figure 17, the 

entire structure did not adhere to the substrate tightly. This phenomenon could be 

explained by the deformation effect that is caused by the shrinkage of the materials 

during the developing process. [39] However, if we decreased the density of lines to 

decrease the deformation, the structure would not be mechanically stable but would 

collapse. A great deal of time would be needed if we made the tests with an entire box 

structure. Considering this, we decided to first make tests with a smaller structure to get 

the appropriate structural composition. 

  

Figure 17. An example of SEM image with the total structure fabricated with dense 
lines, forming a solid box. 

The smaller test structure was a small box with both of length and width 30 μm, and the 

height was 10 μm. The decision was made to use a hollow frame consisting of beams, to 

reduce deformation effects, shown in the Figure 18. In this frame, the distance between 

two horizontal lines was 5 μm (same as in the vertical direction), whereas along Z 

direction the spacing of the writing was set always at 200 nm producing a solid beam of 

height 10 μm in z-direction. In addition to these lines, some diagonal lines were also 

added to the structure to form triangular shapes. The reason for that was that the 

triangles kept the structure stable, and they were also straightforward to generate. 

Finally, all these beams were enclosed with an around 0.2 μm thick wall (formed by two 

layers) to hatch them together and to help to increase the stability of the structure as 

well. The distance between these two layers was 100 nm (an example of the Matlab 

code also shown in the Appendix). 
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Figure 18.  The inner shape of small test structure (top view). 

Since the overall structure needs to be enclosed, we also added two layers on the top 

with the distance between two neighboring lines in lateral direction set at 100 nm. 

However, the results obtained by testing this structure revealed a problem. If the frame 

was fully closed, there are parts, such as the red area circled in the Figure 18, where the 

remaining liquid resist would not come out during the development process. This would 

lead to ruining of the whole structure. This problem was addressed by making a hole on 

one side of the wall, and removing the inner horizontal, vertical and diagonal lines of 

those layers. This is to say, the inside area was empty for these layers except for the 

surrounding wall so that the resist could run out from the hole during the developing 

process. The hole size was not chosen to be not too big and the position not too high in 

order not to influence the steadiness of the entire structure. In our experiments, the 

length of the hole was 10 μm, while the height was 1.2 μm which started from 2 μm 

above the ground extending to height of 3.2 μm. There was not too much difference if 

we adjusted the size of the hole slightly. Figure 19 shows the formed structure (left) and 

the scheme of the hole (right). 
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Figure 19. The entire small structure including the side hole, seen from the hole side 

(left) and the structure in the layers of hole (right). 

After the stability of the small 30 μm× 30 μm× 10 μm box structure was affirmed, we 

adopted a straightforward approach that combined the small boxes together to constitute 

the entire structure. Although the height was still the same (10 µm), the width and 

length were thus larger (outside dimensions 180 µm and inners side 120 µm). It is 

notable that the holes were always placed to the inside edges, as the so called slope 

structures need to be added outside. Figure 20 shows the frame design without external 

slopes.  

       

Figure20.  The whole box structure generated those smaller square elements showing in 
Figure 19. 

The slope structures for the outside edges of the box were fabricated in the following 

way: The width and the height of the slopes were both 10 µm, and their length was 180 

µm. Again, a small hole was made on one side of the wall as well (see Figure 21 (left)). 

Here, the hole was made from 2 µm high above the surface to 3 µm and the width was 
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decreased to 5 µm. The inside frame of the slope was designed in the same way as small 

box, with a top view shown in Figure 21 (right).  

  

Figure 21.  The diagram of one slope (left) and the structure in the layers of hole 
(right). 

Finally, the whole structure was obtained by connecting them together via codes in 

Describe (see Figure 22). 

 

Figure 22.  The final full structure, shown as a Matlab gwl-file. 

4.3 Dipping tests 

Apart from the structure tests, several dipping experiments were also made after the box 

structures were fabricated successfully. However, for these dipping tests, the entire 

structure would not be coated with gold after the fabrication, but they were used in 

solution directly. The sample was dipped vertically into the solution to a depth of about 

9 mm. Then the arm was raised slowly to withdraw the sample from the solution. A 

schematic of the dipping method is shown in Figure 23. (It can also be dipped with an 
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angle which is not be discussed in this research)  

 

Figure 23. Schematic of the dipping setup (vertically). 

The samples were held by the sample holder that located at the bottom of the dipping 

arm which the movement could be controlled by a software interface. And a PS 

nanospheres solution container was put on the stage where the samples could be 

submerged, see Figure 24. In addition, it has been studied that the withdrawal speed and 

the concentration of the solution are the main factors influencing the dipping results. 

[27] Therefore, here, the concentrations of the PS nanoparticle solutions used in the 

tests were 0.2 %, 1 % and 2 %, while the withdrawal speeds used were 0.01 mm/min 

and 0.02 mm/min. The original concentration of the solution was 10  % which was 

bought from Duke Scientific. [27] It was diluted with de-ionized water to the 

concentration we wanted. After the dipping process, the samples were coated with Au so 

that they could be imaged with SEM. Good dipping results were achieved only when 

the concentration was 1 % and the speed was 0.01 mm/min, shown in the next chapter.  
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Figure 24. An image of the dipping instrument. 
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5 RESULTS AND DISCUSSION 

This chapter will discuss the results and difficulties in the experiments. Figure 25 

illustrates some achieved results of the box fabrication, by imaging the structures with 

SEM. In practice, the measured dimensions (roughly 162 µm outer side and 107 µm 

inner side) of these structures are less than the values we set in the beginning (180 µm 

outer side and 120 µm inner side). In addition, the whole structure is bent, while only 

some of the box area is attached to the substrate, which can be seen more clearly in 

Figure 25 (b). One of the reasons leading to this phenomenon may be because of the 

stresses in the structure. Additionally, another possible reason may be the changes in the 

refractive index from liquid to solid state of the resist during the fabrication process, 

which could influence the laser focus position. [39] 

    

(a)                                                            (b) 

Figure 25. Images of the fabricated boxes results with SEM: (a) without slopes; (b) with 
slopes.         

The images after deposition of the PS colloidal crystal by dipping are depicted in Figure 

26. Fortunately, although there are some problems, the results display that the box does 

make a difference during the dipping process, showing some benefits. One advantage is 

that there are no nanospheres on the surface of the structure but just inside the hollow 
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box and outside of the structure (see Figure 26 (a)). The PS colloidal crystal inside the 

box does still have domains defected by cracks, but the domain size is rather large with 

an average value is about 30 µm, as we can see in Figure 26 (b). What’s more, there is a 

clear multi-layer colloidal crystal structure formed during this process, which is shown 

in Figure 27. 

       

   (a)                                                                  (b) 

Figure 26.  The image results after dipping process: (a) without slopes; (b) with slopes.     

    

Figure 27. Top view of colloidal structure (left) and side view of the structure (right).  

Nonetheless, the dipping results also display some problems which need to be 

addressed. First of all, as mentioned above, since there is only a small area where the 

box sticks to the substrate, it is much easier for the whole structure to detach from the 

glass during the dipping procedure. Secondly, nanospheres do not seem to order inside 

the empty area with a single domain, bringing about some cracks. However, the cracks 

seem to be either non-existent or much narrower at the contact with the box side walls. 

Furthermore, since the total structure is fabricated by combining small boxes together, 
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the surface is not totally smooth, and there are sometimes small holes on the connection 

part of some boxes (see Figure 28). 

 

Figure 28. The structure formed by connecting small boxes. 

We try to tackle these problems in the following tests. Among them, one improved 

result is achieved by extending the length of the boxes around the four corners, as seen 

in Figure 29. This approach allows a larger area to adhere on the glass substrate. With 

this method, the walls of the formed box become much straighter than in the results 

before. This may happen because the strain can be distributed more evenly, which is 

favorable for pulling the structure back to the substrate and balancing the total structure. 

However, there is still a clear shrinkage effect and detaching at the extension parts. 

   
 

(a)                                                                (b) 

Figure 29.  A test with structure where walls are extended further: without slopes (a); 
with slopes (b). 

Another improvement that copes with the smoothness problem is achieved by 

employing a long cuboid structure instead of connecting several small boxes together. 

Using the design of the longer structure is same as before, the only difference between 

these two structures is that the length for the cuboid increases to 150 µm. Figure 30 (a) 
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shows the image of the new structure. Figure 30 (b) displays the smoothness of the new 

structure. It is clear that in the new structure the walls are much straighter than in the old 

structure in Figure 28.  

 

(a) 

    

(b) 

Figure 30.  SEM image of the new longer structure (a); Zoom-in of the surface (above 

structure) (b).  

In the structures discussed so far, the height of all the structures we measured is 

restricted to only around 10 μm. It is desired to increase the height to 20 μm if we want 

to get better dipping results. Therefore, we started to make fabrication of long cuboid 

structures but higher height. However, many problems appear when the height is just a 

little above 10 µm. In usual 3D-DLW, the depth of the structures can be limited due to 

the microscope lens working distance, and also because of the aberrations arising from 

the changed refractive-index upon polymerization. This can decrease the effective laser 

power when writing deep inside the photoresist. [26] Thus, the laser cannot be focused 

to the position correctly when the height is above some tens of micrometers, leading to 

big holes occurring on the surface (see Figure 31). We try to deal with this problem by 
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increasing the laser power, but that triggers another problem. The bottom part can “be 

boiled” when the laser power is too high, as seen in Figure 32. 

 

Figure 31. An example when the height is 20 µm. 

 

Figure 32. Imaging results by testing different laser powers. 

Figure 32 reveals some results with different laser powers. The structure will be 

completely destroyed when the laser power is rather high (e.g. laser power value is 16 

mW), whereas for the smaller value we can see small holes on the top side (e.g. the one 

laser power is 8 mW). This situation can be modified in some degree by setting different 

power values for different layers. Results by adjusting the power in a structure are 

presented in Figure 33. 
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Figure 33. Image of the results after setting different laser power for different layers: 
the top view (left) and side view (right). 

Here, the laser power is set at 8 mW from the ground to 2 µm height. Then the value 

changes to 9 mW till 3.6 µm, and it continues increasing to 10 mW from 3.6 µm to 19 

µm. For the final 1 µm height, we use the value 14 mW. It shows much better results, 

without any holes on the top surface. However, there are still many holes on the side 

walls as shown in the figure. We do not yet know whether the holes will have a huge 

influence on the structure or not.  
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6 CONCLUSION 

In conclusion, we have successfully fabricated the hollow box structure using the 3D 

lithography technique. Good results by dipping the obtained structures with nanospheres 

solutions were also achieved. However, several problems still exist. Although we 

managed to improve problems with deformation, some effects are still left.  In addition, 

some cracks still appear in the formed colloidal crystal structure inside the box. The 

height of all structures could also be increased further.   
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APPENDIX A 

An example of the Matlab code of the box which shown in Figure 17 left:  
 
function f=backside_3  
Filename='backside_3'; 
Line_Space=0.2; %200µm 
Z1max=9.6; %length in z-axis 
z0=0:Line_Space:Z1max 
Y11_1=30; %along y-axis the length is 30µm  
for mm=1:length(z0) 

  if 10>=mm % from 0-2µm, first draw outside two walls 

% the first wall (most outside) 
    line_start=[0,0,z0(mm)]; 
    line_stop=[30,0,z0(mm)]; 

          dlmwrite(Filename,line_start,'-append','delimiter',' '); 
          dlmwrite(Filename,line_stop,'-append','delimiter',' '); 
          dlmwrite(Filename,'write','-append','delimiter','');    
    line_start=[30,0,z0(mm)]; 
    line_stop=[30,30,z0(mm)]; 
          dlmwrite(Filename,line_start,'-append','delimiter',' '); 
          dlmwrite(Filename,line_stop,'-append','delimiter',' '); 
          dlmwrite(Filename,'write','-append','delimiter','');                      
    line_start=[30,30,z0(mm)]; 
    line_stop=[0,30,z0(mm)]; 
          dlmwrite(Filename,line_start,'-append','delimiter',' '); 
          dlmwrite(Filename,line_stop,'-append','delimiter',' '); 
          dlmwrite(Filename,'write','-append','delimiter','');        
    line_start=[0,30,z0(mm)]; 
    line_stop=[0,0,z0(mm)]; 
          dlmwrite(Filename,line_start,'-append','delimiter',' '); 
          dlmwrite(Filename,line_stop,'-append','delimiter',' '); 
          dlmwrite(Filename,'write','-append','delimiter','');                      
% the second wall   
    line_start=[0.2,0.2,z0(mm)]; 
    line_stop=[30-0.2,0.2,z0(mm)]; 
          dlmwrite(Filename,line_start,'-append','delimiter',' '); 
          dlmwrite(Filename,line_stop,'-append','delimiter',' '); 
          dlmwrite(Filename,'write','-append','delimiter','');                        
    line_start=[30-0.2,0.2,z0(mm)]; 
    line_stop=[30-0.2,30-0.2,z0(mm)]; 
          dlmwrite(Filename,line_start,'-append','delimiter',' '); 
          dlmwrite(Filename,line_stop,'-append','delimiter',' '); 
          dlmwrite(Filename,'write','-append','delimiter','');                     
    line_start=[30-0.2,30-0.2,z0(mm)]; 
    line_stop=[0.2,30-0.2,z0(mm)]; 
          dlmwrite(Filename,line_start,'-append','delimiter',' ');  
          dlmwrite(Filename,line_stop,'-append','delimiter',' '); 
          dlmwrite(Filename,'write','-append','delimiter','');        
    line_start=[0.2,30-0.2,z0(mm)]; 
    line_stop=[0.2,0.2,z0(mm)]; 
          dlmwrite(Filename,line_start,'-append','delimiter',' '); 
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          dlmwrite(Filename,line_stop,'-append','delimiter',' '); 
          dlmwrite(Filename,'write','-append','delimiter','');                    
%start drawing lateral lines inside with distance of each line is 5µm                                
for Y11=5:Line_Space*25:Y11_1-5 
        a=0; 
        t=0;         
        for i=1:length(Y11); 
            t=t+a; 
            if t==0 
                  Line_Start=[0,Y11(i),z0(mm)]; 
                  Line_Stop=[30,Y11(i),z0(mm)]; 
                  a=1; 
            else 
                  Line_Start=[30,Y11(i),z0(mm)]; 
                  Line_Stop=[0,Y11(i),z0(mm)]; 
                  a=-1; 
            end 
              dlmwrite(Filename,Line_Start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_Stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');    
        end 
end 
%start drawing vertical lines inside with distance of each line is 5µm                                
for X11=5:Line_Space*25:25 
        a=0; 
        t=0; 

         
        for i11=1:length(Y11); 
            t=t+a; 
            if t==0 
                  Line_Start=[X11(i11),0,z0(mm)]; 
                  Line_Stop=[X11(i11),30,z0(mm)]; 
                  a=1; 
            else 

                  Line_Start=[X11(i11),30,z0(mm)]; 
                  Line_Stop=[X11(i11),0,z0(mm)]; 
                  a=-1; 
            end 
               dlmwrite(Filename,Line_Start,'-append','delimiter',''); 
               dlmwrite(Filename,Line_Stop,'-append','delimiter',' '); 
               dlmwrite(Filename,'write','-append','delimiter','');    
        end 
end    
% start drawing intersection lines inside  
     Y1=5:Line_Space*25:Y11_1-5 
         for i_1=1:length(Y1)  
          Line_Start_1=[Y1(i_1),0,z0(mm)]; 
          Line_Stop_1=[0,Y1(i_1),z0(mm)]; 
            dlmwrite(Filename,Line_Start_1,'-append','delimiter',' '); 
            dlmwrite(Filename,Line_Stop_1,'-append','delimiter',' ');                 

dlmwrite(Filename,'write','-append','delimiter','');  
         end 
         for i_1=1:length(Y1) 

           Line_Start1_1=[30-Y1(i_1),30,z0(mm)]; 
           Line_Stop1_1=[30,30-Y1(i_1),z0(mm)]; 
            dlmwrite(Filename,Line_Start1_1,'-append','delimiter',''); 
            dlmwrite(Filename,Line_Stop1_1,'-append','delimiter',' '); 
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            dlmwrite(Filename,'write','-append','delimiter','');  
         end 

         for i_1=1:length(Y1) 
           Line_Start_12=[30-Y1(i_1),0,z0(mm)]; 
           Line_Stop_12=[30,Y1(i_1),z0(mm)]; 
            dlmwrite(Filename,Line_Start_12,'-append','delimiter',''); 
            dlmwrite(Filename,Line_Stop_12,'-append','delimiter',' '); 
            dlmwrite(Filename,'write','-append','delimiter','');  
         end 

         for i_1=1:length(Y1) 
           Line_Start1_12=[0,30-Y1(i_1),z0(mm)]; 
           Line_Stop1_12=[Y1(i_1),30,z0(mm)]; 
           dlmwrite(Filename,Line_Start1_12,'-append','delimiter',''); 
           dlmwrite(Filename,Line_Stop1_12,'-append','delimiter',' '); 
           dlmwrite(Filename,'write','-append','delimiter','');  
         end     
   end 
% start drawing the layers with holes (2-3.2µm)                                
  if (16>mm)&&(mm>10) 

% the first wall (most outside)                                
          Line_start=[0,0,z0(mm)]; 
          Line_stop=[10,0,z0(mm)]; 
              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');                     
          Line_start=[20,0,z0(mm)]; 
          Line_stop=[30,0,z0(mm)]; 
              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');                     
          Line_start=[30,0,z0(mm)]; 
          Line_stop=[30,30,z0(mm)]; 
              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 

              dlmwrite(Filename,'write','-append','delimiter','');                     
          Line_start=[30,30,z0(mm)]; 
          Line_stop=[0,30,z0(mm)]; 
              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');                     
          Line_start=[0,30,z0(mm)]; 
          Line_stop=[0,0,z0(mm)]; 
              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 

              dlmwrite(Filename,'write','-append','delimiter',''); 
% the second wall 
          Line_start=[0.2,0.2,z0(mm)]; 
          Line_stop=[10,0.2,z0(mm)]; 
              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');                     
          Line_start=[20,0.2,z0(mm)]; 
          Line_stop=[30-0.2,0.2,z0(mm)]; 

              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');                     
          Line_start=[30-0.2,0.2,z0(mm)]; 
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          Line_stop=[30-0.2,30-0.2,z0(mm)]; 
              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');                     
          Line_start=[30-0.2,30-0.2,z0(mm)]; 
          Line_stop=[0.2,30-0.2,z0(mm)]; 
              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');                     
          Line_start=[0.2,30-0.2,z0(mm)]; 
          Line_stop=[0.2,0.2,z0(mm)]; 
              dlmwrite(Filename,Line_start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');     
      end 

 
% from the height from 3.2µm to 9.6µm, use the same code in the height 

from 0 to 2µm (just change to if mm>16 in the beginning) 

 
% the left two top layers with the distance in lateral direction is    

100µm       
for Z2=9.8:0.2:10        
for X2=0:0.1:30 
    t=0; 
    a=0; 
    for x2=1:length(X2) 
        t=t+a; 
        if t==0 
             Line_Start=[X2(x2),0,Z2]; 
             Line_Stop=[X2(x2),30,Z2]; 
             a=1; 
            else 
             Line_Start=[X2(x2),30,Z2]; 
             Line_Stop=[X2(x2),0,Z2]; 

             a=-1; 
            end 
              dlmwrite(Filename,Line_Start,'-append','delimiter',' '); 
              dlmwrite(Filename,Line_Stop,'-append','delimiter',' '); 
              dlmwrite(Filename,'write','-append','delimiter','');    
    end 
end 
end  
end 
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APPENDIX B 

The example of the code in Describe: 

PiezoScanMode 

ContinuousMode 

ConnectPointsOn 

PerfectShapeIntermediate 

TimestampOn 

 

TiltCorrectionOn 

Measuretilt 3 

 

InvertZAxis 0 

XOffset 0 

YOffset 0 

ZOffset 0 

FindInterfaceAt 0.2 

 

LaserPower 40 

SettlingTime 200 

 

PowerScaling 1 

FindInterfaceAt 0.2 

Include backside_3.gwl 

Write   

 

% if we want two boxes together in lateral direction  

% AddXOffset 30 

% Include backside_3.gwl 

% Write   
% if we want two boxes together in vertical direction  

% AddYOffset 30 

% Include backside_3.gwl 

% Write   
 

 

 


