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Abstract 

In this dissertation, computer-controlled multidirectional UV-LED (Ultra-Violet Light 

Emitting Diode) lithography has been investigated for microscale three-dimensional (3-D) 

fabrication processes.  The scalability, changeable light intensity, and multidirectional exposure 

capabilities of an array of UV-LEDs as a UV light source were described and investigated for the 

fabrication of both conventional semiconductor devices and advanced MEMS (Micro-Electro-

Mechanical-Systems) devices. The UV-LED beam is diverging in nature and fades within a short 

distance. Therefore, commercial collimating equipment, like Fly’s eye integrator is not suitable 

for the UV-LEDs. The primary contribution of this research is the development of a single lens 

collimation scheme for making a collimated UV-LED light source. A significant advantage of this 

scheme is that a high enough intensity is preserved even after collimation, facilitating millimeter-

tall microfabrication. In the process of collimating the UV-LEDs individually, high contrast is 

observed, which is later compensated using a continuous rotation of the light source. Utilizing the 

independent control and the behavior of LED with the change of current and distance, additional 

features like regional control and adjustable intensities were added to the system.  

The integration of a tilt-rotational sample holder introduces the opportunity to create 3D 

traces of the light on the target sample, which is unique among lithography systems. In addition, 

the adjustable intensities remunerate the non-uniformity of the intensity caused by the inclination 

of the sample. The light source combines 365 nm (i-line) and 405 nm (h-line), where the i-line 

spectrum is targeted for several hundred-micrometer tall microfabrication, and the h-line is 

targeted for millimeter tall microfabrication. With the functional scalability, a large-scale (8 inch2) 

light source has been demonstrated with two different optical designs, one using commercial 

Cabochons (Pandahall) as lenses and the other with customized hexagonal lenses.  



The lithography system achieved collimation with a deviation of 4.13˚ with the commercial 

lens and a deviation of 3˚ with the hexagonal lens. An intensity of 472 mW/cm2 and 258 mW/cm2 

were obtained from the H-line and I-line UV-LEDs respectively which is the highest so far. The 

high contrast of around 34% caused by the UV-LED matrix was minimized to around 2.5% by 

utilizing an orbital rotation of the LED arrays. The light source has been characterized for 8.5% 

uniformity. The 2D structures with a resolution of 1.4 µm and the 3D vertical structures with a 

height of 3.14 mm have been demonstrated using different light profiles. Complex 3D 

microstructures like a flat bowtie, horn, bipod, tripod, open bowtie, double arrow, three-petalled 

flowers, and wind vanes were fabricated utilizing the programmable multidirectional functions.  

A future direction of the research has been demonstrated where a self-tiltable UV-LED 

light source was built with an inclination range of +70˚ to -70˚. This design helps eliminate the 

non-uniform exposure over an inclined sample and introduces a time-efficient complex 3D 

microfabrication method for liquid photoresists. An array of ultra-tall microstructure fabricated 

using the UV-LED lithography system showed the successful application as RF frequency-

selective device in the 5G frequency range. Since the RF devices are strictly responsive to their 

parameters, a height of around several millimeters is needed for 5G device fabrication. The high 

intensity of the system was able to fabricate around 2.7 mm vertical pillars resonating to 27.8 GHz. 

This lithography system can replace conventional UV lamps with higher and adjustable 

intensity ranges, larger exposure areas, multidirectional exposure, and user-friendly automatic 

lithography operations. In addition to tall and versatile 3D microfabrication, this system gives 

superior surface quality and higher production yield compared to similar technologies. With the 

versatile functionalities and demonstrated capabilities, this lithography tool has potential uses in 

bioMEMS, RF MEMS, sensors, and many other major semiconductor and MEMS applications. 
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Abstract 

In this dissertation, computer-controlled multidirectional UV-LED (Ultra-Violet Light 

Emitting Diode) lithography has been investigated for microscale three-dimensional (3-D) 

fabrication processes.  The scalability, changeable light intensity, and multidirectional exposure 

capabilities of an array of UV-LEDs as a UV light source were described and investigated for the 

fabrication of both conventional semiconductor devices and advanced MEMS (Micro-Electro-

Mechanical-Systems) devices. The UV-LED beam is diverging in nature and fades within a short 

distance. Therefore, commercial collimating equipment, like Fly’s eye integrator is not suitable 

for the UV-LEDs. The primary contribution of this research is the development of a single lens 

collimation scheme for making a collimated UV-LED light source. A significant advantage of this 

scheme is that a high enough intensity is preserved even after collimation, facilitating millimeter-

tall microfabrication. In the process of collimating the UV-LEDs individually, high contrast is 

observed, which is later compensated using a continuous rotation of the light source. Utilizing the 

independent control and the behavior of LED with the change of current and distance, additional 

features like regional control and adjustable intensities were added to the system.  

The integration of a tilt-rotational sample holder introduces the opportunity to create 3D 

traces of the light on the target sample, which is unique among lithography systems. In addition, 

the adjustable intensities remunerate the non-uniformity of the intensity caused by the inclination 

of the sample. The light source combines 365 nm (i-line) and 405 nm (h-line), where the i-line 

spectrum is targeted for several hundred-micrometer tall microfabrication, and the h-line is 

targeted for millimeter tall microfabrication. With the functional scalability, a large-scale (8 inch2) 

light source has been demonstrated with two different optical designs, one using commercial 

Cabochons (Pandahall) as lenses and the other with customized hexagonal lenses.  



The lithography system achieved collimation with a deviation of 4.13˚ with the commercial 

lens and a deviation of 3˚ with the hexagonal lens. An intensity of 472 mW/cm2 and 258 mW/cm2 

were obtained from the H-line and I-line UV-LEDs respectively which is the highest so far. The 

high contrast of around 34% caused by the UV-LED matrix was minimized to around 2.5% by 

utilizing an orbital rotation of the LED arrays. The light source has been characterized for 8.5% 

uniformity. The 2D structures with a resolution of 1.4 µm and the 3D vertical structures with a 

height of 3.14 mm have been demonstrated using different light profiles. Complex 3D 

microstructures like a flat bowtie, horn, bipod, tripod, open bowtie, double arrow, three-petalled 

flowers, and wind vanes were fabricated utilizing the programmable multidirectional functions.  

A future direction of the research has been demonstrated where a self-tiltable UV-LED 

light source was built with an inclination range of +70˚ to -70˚. This design helps eliminate the 

non-uniform exposure over an inclined sample and introduces a time-efficient complex 3D 

microfabrication method for liquid photoresists. An array of ultra-tall microstructure fabricated 

using the UV-LED lithography system showed the successful application as RF frequency-

selective device in the 5G frequency range. Since the RF devices are strictly responsive to their 

parameters, a height of around several millimeters is needed for 5G device fabrication. The high 

intensity of the system was able to fabricate around 2.7 mm vertical pillars resonating to 27.8 GHz. 

This lithography system can replace conventional UV lamps with higher and adjustable 

intensity ranges, larger exposure areas, multidirectional exposure, and user-friendly automatic 

lithography operations. In addition to tall and versatile 3D microfabrication, this system gives 

superior surface quality and higher production yield compared to similar technologies. With the 

versatile functionalities and demonstrated capabilities, this lithography tool has potential uses in 

bioMEMS, RF MEMS, sensors, and many other major semiconductor and MEMS application.
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Chapter 1 - Introduction 

1.1 Introduction to UV-LED lithography 

UV lithography is an essential step in MEMS device fabrication. In UV lithography, a 

substrate is patterned by selective exposure to a UV light source for creating the desired circuitry. 

MEMS is the result of the evolution of integrated circuits (IC). The applied sectors of MEMS 

where UV lithography is a fundamental step, include bio MEMS [1], Optical devices like micro-

lenses [2], high-efficiency communication devices [3],  aerospace microdevices [4], implantable 

temperature sensors [5], micro-pressure sensors [6], wearable sensors [7]. Conventionally, 

mercury vapor lamps are used for IC fabrications or microdevice fabrications. Although MEMS 

technology is originated from IC devices fabrications, the modern MEMS covers almost every 

industry now. The range of MEMS devices can be from less than a micron to several millimeters.  

The existing mercury vapor lamps with their limited exposure and functionality cannot 

cope with expanding MEMS technology. However, with the advancement of the diode 

manufacturing technology, the UV-LEDs’ irradiance and power have improved and gained the 

ability to cure UV-sensitive materials and is used for photolithography applications [8] [9]. They 

have the superior ability to cure materials without involving any harmful chemicals. The narrower 

wavelength enables them to expose precisely, getting rid of the focal shift aberrations. UV-LEDs 

are getting also popular for lithography applications because they are compact, prompt-on, low 

maintenance, and reliable than traditional lamps [10].  Commercial companies are also relying on 

UV-LEDs for manufacturing UV light sources for lithography in recent times [11], [12], [13]. 

However, most of these UV-LED lithography systems are just a replacement of the mercury vapor 

lamps without any advancements. The UV-LEDs have some unique features which are not 
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common for the conventional lithography systems and can be utilized for developing an advanced 

lithography system. 

The concept of 3D multidirectional structures fabrication using UV lithography is prevalent 

in MEMS society since the 1990s. C. Beuret et al. showed the use of an inclined rotating chuck to 

assign different inclination angles to get inclined microstructures using a positive photoresist [14]. 

By manually controlling the inclinations of the chuck they were able to get an inclination of around 

17˚±3˚ on a 100 µm thick photoresist. This process achieved a very limited inclination due to the 

resist flow and the low transparency of the positive photoresist. The manual control of the exposure 

also gave rise to the non-uniformity of the structures fabricated on a single substrate. Later, around 

1997, negative tone photoresist SU8 got popularity in MEMS applications due to its high 

transparency, more mechanical strength and low cost [15], [16]. Around 2003-2004, M. Han et al. 

showed the fabrication of inclined SU8 microstructures using a conventional light source, a contact 

stage, and a tilting stage. For making rotated SU8 microstructures, they used a turntable structure 

attached with the inclined stage [17]. With manual control, the contact stage is simply leaned 

against the tilting stage. At the same time, YK Yoon et al. also showed the application of inclined 

SU8 microstructures in vertical screen microfilter system [18]. Around 2006, YK Yoon et al 

proposed another tilt-rotational microfabrication scheme which involves the use of a rotational 

stage placed under a fixed light source which can be tilted  from 0˚ to ±90˚ [19]. This system was 

preferable since both the rotation and the tilting could be controlled with a single setup. However, 

this system had some limitations since the stage was manually controlled and the tilting had to be 

fixed beforehand. In 2011, JK Kim et al. utilized the concept of the tilt-rotational stage and 

extended the scope of fabrications by introducing a computer controlled dynamic mode 

multidirectional lithography system where the tilting and the rotation is controlled with two 
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separate stepper motors [20]. In this system, the tilting range could be controlled from -90˚ to 90˚. 

Using a microcontroller and a computer, the tilting and rotational motion could be controlled 

simultaneously. In 2016, JK Kim et al. proposed the use of UV-LED arrays as a suitable light 

source for lithography [21]. This system showed the ability to fabricate complex 3D 

microstructures using a CNC controlled light motion synchronized lithography system. Since the 

UV-LED light is diverging in nature and no collimating structure is added, their intensity fades 

after traversing a very small distance. As a result, this system had a limited intensity and therefore 

limited microfabrication capability.  

This research demonstrates the development of an advanced UV lithography system 

utilizing the unique features of the UV-LEDs and investigates the fabrication of 2D and 3D 

microstructures using the same. Lithography light source requires collimation for high resolution 

micro/nano fabrication. Traditional mercury vapor lamps use the standard collimating equipment 

like Fly’s eye integrator that consists of several optical components like condensers, optical lenses, 

several sets of integrators, filters. A strong light is needed for travelling through all these 

components. However, a significant amount of light intensity is sacrificed in the process of 

collimation, and outputs a very low intensity. Due to the diverging nature of the UV-LED, the light 

fades within a short distance. Therefore, the standard or the commercial collimating equipment 

cannot be used for UV-LED collimation. For this reason, a single lens collimation scheme has 

been demonstrated in this research. This single lens gives good collimation giving a very high 

intensity as the output as the intensity is not sacrificed with the use of bulky optical setup. This 

high intensity helps create ultra-tall and 3D complex microstructures which are challenging to get 

using conventional lithography systems. While collimating each UV-LED with a single lens, a 
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high contrast is observed in the light source which is later minimized using  a continuous rotation 

of the light source. 

The UV-LEDs can be operated independently. This independent control of the UV-LED 

has been utilized for regional control of the light source. The LED intensity shows a linear change 

with the change of current and an exponential relationship with the change of distance. This 

behavior of the LED intensity has been utilized to get adjustable intensity. Since UV-LEDs can be 

arranged in different forms and sizes, a large-scale light source with a size of 8 inch2 has been 

demonstrated with a combination of 365 nm (i-line) and 405 nm (h-line) UV-LEDs. The 365 nm 

is the recommended wavelength for SU8 fabrications within a several hundred micrometer heights, 

on the other hand, 405 nm with high transparency is recommended for processing millimeter thick 

photoresists. This lithography system adapted the use of both kinds of UV-LEDs to cover a wide 

range of microfabrication. A matrix arrangement of the UV-LEDs has been shown with 

commercial circular lenses and a more compact honeycomb arrangement has been shown with 

customized hexagonal lenses for getting better homogeneity with the alternate array orientation of 

dual wavelength light source.  

Utilizing the findings of the CNC controlled light motion synchronized lithography system, 

a fully programmable tilt-rotational sample holder has been integrated with the UV-LED light 

source. This sample is moved in 3D spaces with different inclinations and rotations to fabricate 

complex 3D microstructures where the exposure energy is made uniform at different inclinations 

with the adjustable intensity functionality. Since the manual control of all these functions are 

challenging, this system has been made fully programmable using a C++ program. The selection 

of the light source pattern and the 3D movement of the sample are controlled precisely with the 

program commands. This dissertation is the representation of the third-generation multidirectional 
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lithography system and the second generation of the multidirectional lithography system using 

UV-LEDs.  

Microfabrication using the solid photoresists require longer time since they involve 

multiple baking steps. Millimeter thick SU8 samples take 15-16 hours to bake on a hotplate and 

the baking might be non-uniform at different depths, which make the fabrication and developing 

challenging. The future direction of this research focuses on the fabrication of 3D microstructures 

with liquid 3D printing resins which does not require baking. Since the 3D movement of a liquid 

photoresist is challenging, a self-tiltable UV-LED lithography system prototype has been 

demonstrated which can tilt up to 70˚ keeping the sample stationary. This methodology solves the 

non-uniformity issue with the inclined sample and makes the microfabrication both time and cost 

efficient. 

An application of the millimeter tall microstructure has been demonstrated in this 

dissertation. Since millimeter tall microstructures need more energy to be fabricated, it requires 

much more time with a low intensity light source. With a high intensity light source, the energy 

required for millimeter tall microstructures can be achieved with a shorter time. This high intensity 

has been utilized for high frequency RF device fabrication. The RF devices are responsive to the 

certain frequencies strictly corresponding to their parameters. The precisely controlled lithography 

functionalities can be utilized for RF applications. This dissertation shows the first ever application 

of the 3D microstructures in the 5G frequency selective device. 

The fundamental contributions of this research are summarized as - 

1. Developing a single lens collimation scheme for a high intensity UV-LED lithography 

light source for millimeter range 3D microfabrication. 
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2. Developing the first ever commercial version of the multidirectional UV-LED 

lithography system with integrated high precision tilt-rotational sample holder. 

3. Developing a large scale fully programmable lithography system with regional control 

and adjustable intensity of the light source. 

4. Introducing a self-tiltable UV-LED lithography system for facilitating both solid and 

liquid photoresist 3D microfabrication.  

5. The demonstration of the first ever 5G frequency selective device using lithography. 

 1.2 Motivation 

The lithography process consists of some vital steps that involve UV radiation and 

chemicals. Most of these steps do not have any other alternatives, while training and safety 

measures are sufficient for them. However, some major hazards involving the harmful gases can 

be diminished by avoiding the use of mercury vapor lamps. The electricity passing through the 

mercury vapor in between two electrodes create ionization of the mercury vapor and UV light is 

emitted as the result. This mercury vapor can be harmful if the user is exposed. Some of the health 

hazards due to the mercury exposure may include eye and skin irritation, stomach inflammation, 

breathing difficulty, sleeping problem, physical weakness and exhaustion, headache, cough, 

irritability and weight loss [22]. Most of the mercury vapor lamps contain Argon gas to create a 

neutral medium for preventing the decay of Tungsten filament of the bulb. An exposure to the 

Argon gas can cause dizziness, nausea, vomiting, loss of consciousness. Excess amount of 

inhalation can be fatal for human [23]. Therefore, the use of mercury vapor lamps is not safe for 

the users. The UV-LEDs on the other hand operate using the electroluminescence property without 

the involvement of any gases. Therefore, The UV-LEDs are considered as a safer choice for 

lithography applications. Direct exposure to any UV light is harmful for human organs, skin and 
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eyes which can be fatal. However, these health risks can be prevented with proper shielding and 

careful handling.  

On the other hand, UV-LEDs are being introduced in microfabrication for having similar 

spectra as the conventional mercury vapor lamps, cost-effectiveness, low power consumptions, 

and longer lifetime. In addition to that, UV-LED is also considered for environmental safety. 

However, these are not the only features of UV-LEDs that can be considered for a lithography 

system. The UV-LEDs have some novel features which are not common in conventional 

lithography systems.  

The primary motivation of this research is to utilize the novel features of UV-LEDs like 

wide range of wavelength, scalability, individual control, multidirectional function for developing 

an advanced lithography tool replacing the conventional mercury vapor lamps. The novel features 

of the UV-LEDs for the advanced lithography system are discussed in detail in Chapter 2. 

Collimation and homogeneity are two of the most important parameters that need to be 

characterized while designing the light source. Since UV-LEDs light is too weak to be collimated 

using the commercial collimators as their bulk system needs a strong light to be passed through 

until the output end. Therefore, a single plano-convex lens is used for individual collimation the 

UV-LEDs. On the other hand, due to the individual collimation, a high contrast is created between 

the neighboring UV-LEDs. A continuous motion of the light source is used for minimizing the 

contrast. The design of this unique collimating structures and the rotating structure along with a 

mask alignment setup has been discussed in Chapter 3. 

The MEMS applications are expanding, and new devices are needed for the evolving 

technologies. As a result, the use of complex 3D microstructures is also increasing. A 

multidirectional exposure system is required to make complex 3D structures. The unique features 
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of the UV-LEDs combined with a multidirectional exposure system can make a vast range of 

microfabrication. A prototype of a multidirectional UV-LED lithography system has been shown 

in Chapter 4. 

A large-scale UV lithography setup is required for batch production or industrial uses. An 

improved optical design of the collimating structures for efficient accommodation of the dual 

wavelengths have been presented here. An automated lithography system with advanced features 

like adjustable intensity, regional light source control, programmable 3D fabrication is all 

discussed in the chapter 5. An analysis of the performance as compared to the existing 3D printers 

and lithography systems have been discussed in brief. 

The ongoing research focuses on implementing a unique control feature of the UV-LED 

for developing a self-tiltable UV-LED lithography system. This system will facilitate both baked 

and non-baked photoresist exposure with uniform illumination over a target area giving a wide 

range of microfabrication possibility. This research is briefly discussed in Chapter 6.  

There are specific applications of the microstructures obtained through the process of 

lithography. The 2D and 3D microstructure fabrication have been demonstrated in chapter 3,4 and 

5. While most of the microstructures have been shown for demonstrating the fabrication capability 

of the lithography system. They can have significant applications in the major semiconductor and 

MEMS devices with certain customization. The final research shows the practical implementation 

of the fabricated 3D microstructures in the field of RF MEMS as discussed in chapter 7. The 5G 

frequency range has been considered for this device fabrication.  

Chapter 8 presents the concluding statement and the impacts of the research in the scientific 

fields. 

The dissertation can be outlined as- 
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Introduction: to UV-LED lithography, research background, and motivation. 

Presenting the novel features of the UV-LEDs:  for developing a UV lithography system with 

the most advanced features. 

Developing a prototype of the high intensity UV-LED light source:  a high intensity UV-LED 

lithography light source using a single lens collimation scheme. 

Developing a multidirectional lithography system: improved light source design and integrated 

tilt-rotational sample holder for complex 3D microfabrication 

Developing a large-scale programmable UV-LED lithography setup: with advanced features 

and programmable operations for commercial uses in collaboration with Samil Tech, South Korea. 

Future research: focusing on a self-tiltable UV-LED lithography system  

Application: Utilizing the microstructures fabricated using the multidirectional UV-LED 

lithography system in RF frequency-selective device for 5G application. 

Conclusion: concludes with the results and discusses the impact of this research in the scientific 

world. 
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The research has been organized as shown in the flow chart below- 
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Chapter 2 - Advanced features of UV-LEDs for 3D 

microlithography 

2.1 Introduction: Novel features of UV-LEDs 

Light-emitting diode (LED) is a significant invention of the modern semiconductor 

technology where a recombination of electrons and holes inside the semiconductor emit energy in 

the form of light. With the advancement of LED technology, many LEDs have been produced with 

different wavelengths and colors, including Ultraviolet (UV) wavelengths. 

This advancement has started replacing the traditional mercury lamps in most of the 

applications but still follows the same operation principle as the mercury lamps. Not much 

advancement has been done on the UV-LED lithography systems that are available now. The 

existing light sources have limitations with wavelength and directivity. A significant amount of 

the original intensity is also lost in the process of making a collimation structure with multiple 

lenses, condensers, and integrators.  

However, making use of some of the novel features available in UV-LEDs, it is not only 

possible to make a standard lithography system, but an advanced lithography system with the most 

advanced features can also be built. These advancements can make significant improvements in 

semiconductor and MEMS industry. This chapter discusses some of the unique features that can 

be utilized for modern and advanced UV lithography systems. 

2.2 Novel features of UV-LED 

Some novel features of the UV-LEDs that have been utilized for UV microlithography 

have been discussed in the following sections. 
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2.2.1 Selectivity of wavelengths 

Wavelength selection is important for lithography since different photoresists are 

responsive to different wavelengths depending on their chemical composition. Also, different 

wavelengths are useful for different thicknesses of photoresists. The near UV spectrum is used for 

lithography applications that starts from 315 nm. Broadband spectrum like the one used in mercury 

vapor lamps has the highest emissions at g (436 nm), h (405 nm), and i (365 nm)-lines of 

wavelengths that can be used for microstructure fabrications. One of the most popular negative 

tone photoresists used for microdevice fabrication is the epoxy based SU8. SU8 2000 series 

photoresist, with a refractive index of around 1.6, is widely used in MEMS applications because 

of its higher stability and robustness. Another photosensitive material that has been studied to be 

very promising for microstructure fabrication is the polymer-based 3D printing resin. In the 

following chapters, SU8 2025 and (Stereolithography) SLA 3D printing resin (Surgical guide 

resin, Formlabs) have been used in most of the fabrications. The wavelength selection has been 

discussed based on the characteristics of SU8 and 3D printing resin. 

SU8 2025 (Microchem) is widely used as the negative tone photoresist, and 365 nm is 

recommended for the exposure of this resin [24] because of its high absorption capability. 

However, the standard datasheet provides information for only up to several hundred µm (around 

225 µm) thickness of SU8 processing. The microstructures fabricated in the height range of several 

hundred microns are used in microfluidic channels [25], [26], electroforming applications [27],  

microdevices for lab-on-chip applications [28]. However, with the limitation of SU8 thickness, the 

flexibility of the design and other parameters also get limited. At the same time, taller 3D 

microstructures have the flexibility and option to enhance the performance of the microdevices. In 

recent times, several applied fields like advanced bioanalytic devices [29], energy harvesting 
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devices [30], micro inductors [31], [32] require ultra-tall SU8 structures. To meet the demands of 

the high-performance micro-devices, fabrication of the microstructures beyond the recommended 

thickness is needed. The energy requirement is high for a very tall microstructure, i.e., more than 

300 microns or millimeter structures. In this case, the high absorption characteristic of 365 nm 

light doesn’t contribute to crosslinking the thicker photoresist. Although higher wavelengths of a 

broad-spectrum work to crosslink the photoresist's more increased thickness, the absorption 

coefficients of different wavelengths create differences in the vertical sidewall of the ultra-tall 

microstructures. Due to their higher absorption coefficients, the shorter wavelengths tend to be 

absorbed in the closest area of the exposure, whereas the higher wavelengths penetrate more. For 

example, the absorption coefficient of 365 nm is around four times that of 405 nm. As a result, 

most energy gets absorbed near the patterned area, and the structures become non-uniform. The 

vertical profile of the tall microstructure is affected by these several different absorptions at 

different heights, which causes distortions and makes these structures unsuitable for the applied 

fields where smooth sidewalls are needed. On the other hand, higher wavelengths may contribute 

to higher diffractions, which is another important parameter to be optimized for tall 

microfabrication. That is why higher wavelengths like the g-line (436 nm) are not recommended 

for the elevated microstructure fabrication. Therefore, 405 nm UV light is more suitable for ultra-

tall microstructure fabrication because of its high transparency through SU8 compared to 365 nm 

and lower diffraction compared to 436 nm [33] [34]. Therefore, a necessity to filter out the 

unwanted wavelengths rises if a broadband spectrum is used. However, instead of using different 

filters for eliminating different wavelengths, only specific UV-LEDs having specific wavelengths 

can be used for lithography applications. If a particular wavelength LED is used, filtering is 
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unnecessary, and the problem with the multi-peak distortion can be solved. And this choice has 

been made in making the lithography systems discussed in this dissertation.  

Both 405 nm and 365 nm UV-LEDs have been discussed for their significant roles in 

fabricating microstructures with SU8 photoresists of different size ranges. The small prototypes 

have been built with just single wavelength UV-LEDs, whereas the final system contains a 

combination of both 365 nm and 405 nm UV-LEDs. An experiment was conducted to show the 

intensity profile of the UV light after passing through different thicknesses of photoresists, which 

is termed as the transparency test. Figure 2.1 shows the schematic of the transparency test 

experiment.  The light is placed underneath an acryl board with a hole to direct to confine the target 

area within the hole. The sample is the baked photoresist on a thin slide glass. The intensity meter 

sensor is placed just above the target area of the photoresist. The brown color shows the changing 

of the photoresist color with a long-time exposure. 

 

Figure 2.1 Schematic of the transparency test. 



15 

 

 

Figure 2.2 shows the transparency test of the 405 nm light for fabricating tall 

microstructures. The transparency test has been conducted for 405 nm only since 405 nm 

wavelength has been verified for taller microstructure fabrication compared to 365 nm as 405 nm 

wavelength shows only 38% attenuation while 365 nm wavelength shows 96% attenuation at 

around a thickness of 2.5 mm [35].  

Here, the term transparency has been used to represent the fact that the un-crosslinked SU8 

allows the passage of UV light, or in other words, the un-crosslinked SU8 acts as a transparent 

medium for UV light. However, with the starting of cross-linking, the color of the SU8 gradually 

changes to darker shades of brown and then makes it opaque for UV light passing. This 

characteristic of the SU8 has been considered in this experiment for checking the cross-linking 

capability of different thicknesses of SU8 for 405 nm UV light.  

Figure 2.2 (a) shows the experimental setup, Figure 2.2 (b) shows the sample placed on a 

sensor, Figure 2.2 (c) shows the brown circles on the SU8 showing the cross-linking. The casting 

method was used here which is the direct pouring of photoresists on the microscope slide glass 

sample. For confining the liquid photoresist, a 3D printed frame was utilized.  

 

 

Figure 2.2 Transparency test of the photoresist (a) Experimental setup for transparency test, (b) 

soft-baked SU8 sample placed on an intensity meter sensor, (c) The brown part and the 

transparent part showing the crosslinked and un-crosslinked part of the SU8. 
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For testing the transparency of SU8, different thicknesses of SU8 were cast directly on a 

transparent glass and soft baked at 95 °C. After baking for 10-15 hours, depending on the thickness. 

Since the gentle baking helps evaporate the solvent part, it was considered that the thick SU8 

sample is fully evaporated. The sample was placed underneath the UV-LED (405 nm) and the light 

intensity at the opposite side of the sample was measured with the intensity meter (Model 202, 

G&R Labs). 

Figure 2.3 shows transparency data of the SU-8 with various thicknesses ranging from of 

0.5 mm to 7 mm. Most samples showed a similar attenuation rate of the light intensity in the 

exposure time range of 10 to 100 as the intensity dropped by 30 to 40 % after 100 seconds of 

exposure. The light intensity was significantly decreased after 1000 seconds (about 17 minutes) 

where 10% or lower than the initial intensity.  

 

 

Figure 2.3 Graph showing the transparency for different thicknesses of the SU8. 
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As the intensity of the UV-LED light source was set at 200 mW/cm2, the suggested 

exposure time for the UV-LED is up to 600 seconds (10 minutes), where the light intensity still 

shows higher than 10 mW/cm2, which is enough to crosslink SU-8 with small thicknesses.  

The advantage of using a high-intensity light source is that, even after dropping the 

intensity to around 10% due to long time exposure, there remains a high enough intensity to 

perform the crosslinking. 

 2.2.2 High and adjustable intensity 

Epoxy-based photoresists like SU8 are usually used in stable microstructure fabrication 

since this material can crosslink to form stable bonds and form an insoluble structure once exposed 

to UV light. When exposed to UV light, polymerization starts to create the crosslinked network. 

The exposure dose defines the energy required for photoresist exposure. This exposure dose can 

be represented as – 

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑑𝑜𝑠𝑒 = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑡𝑖𝑚𝑒    (2.1) 

 While the intensity is defined by mW/cm2, time is measured in seconds. The exposure dose 

varies as a function of the thickness of the photoresist.  

The manufacturer usually indicates the consistency required for a definite thickness. Since 

the intensity of the traditional lithography setups is constant, therefore the dose is a function of 

time. Thicker photoresists need higher exposure time. In addition to that, if selective wavelength 

filters are used, some of the intensity is attenuated depending on the material and the filter’s 

thickness, which increases the exposure time. To fabricate a millimeter tall microstructure, a 

standard mercury vapor lamp takes several hours since the intensity is low. In addition to that, a 

long-time exposure can increase the diffraction effect on the photoresist, which again causes 
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unexpected enlargement of the exposed area. This results in the non-uniformity of the sidewall 

profile [32]. Therefore, the challenge of dealing with optimizing this exposure dose is manifolds.  

 This lithography light source gives the highest intensity among the commercially available 

lithography systems so far. The 405 nm UV-LED showed an intensity of 472 mW/cm2 and the 365 

nm UV-LED showed an intensity of 258 mW/cm2. Among the available lithography systems, the 

highest intensity available recorded from a 405 nm UV lithography system was 90 mW/cm2 (Suss-

MA300 Gen 2) and for a 365 nm, it was around 50 mW/cm2 (Idonus EXP 100). Therefore, the 

demonstrated UV-LED lithography system has an intensity that is more than five times that of the 

available lithography systems and the mask aligners.  

To facilitate all ranges of microfabrication, a UV-LED light source can be used because 

the intensity of the UV-LED is a direct function of the current. With the increase of current, the 

intensity as measured by an intensity meter increases and vice-versa. The intensity of a UV-LED 

is also variable with the change of linear distance. In this study, these two UV-LED intensity 

characteristics have been utilized to get a variable light source. This is beneficial for the fabrication 

in two major ways. Firstly, since using a particular wavelength eliminates a filter, the initial 

intensity can be preserved. Secondly, with the variation of current and distance, a wide range of 

powers or exposure doses can be achieved, significantly improving the fabrication of all kinds of 

microstructures. For example, the lower thickness of the photoresist can be crosslinked using lower 

intensities by lowering either the current or increasing the linear distance between the light source 

and the target sample. On the other hand, higher currents can get higher intensities, making the 

crosslinking of thicker photoresists possible with a shorter amount of time. Moreover, by assigning 

different values to different UV-LEDs, multiple variations of microfabrication can be done with a 

single exposure. Therefore, microfabrication becomes more straightforward and time efficient. 
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 For multidirectional lithography, a tilt-rotational sample holder is used for creating the 3D 

traces of the light. Since the linear distance changes with the change of inclinations, the intensity 

also varies. In this case, the adjustable intensity can have a vital role. The intensity of UV-LEDs 

can be adjusted to keep a uniform intensity on the target surface. This adjustable intensity feature 

can be programmed for automatic operations. 

 2.2.3 Scalability of the system 

Starting from the integrated circuit (IC) fabrication to the RF MEMS fabrication, good 

production yield is the aim of a system. For industrial or large-scale productions of 

microstructures, it is essential to ensure good quality with a good production yield, which indicates 

the amount of usable or quality products out of a system. A good light source is a fundamental 

requirement for microfabrication, and for mass production, a more comprehensive light source is 

required. The traditional light sources with mercury vapor lamps have a limited light source size 

and a limited target area. Therefore, the number of microstructure fabrication becomes limited. 

However, frequent mass production is needed with the increasing demand for microstructures in 

MEMS. Since microfabrication is a time-consuming process and every operation needs all the 

steps strictly, it is desirable that many microstructures can be fabricated at once following the same 

fabrication steps, which saves time and maintains uniformity well.  

 In this case, UV-LEDs can be the option for lithography since every UV-LED can be 

independently dealt with, and any orientation size is possible with the system’s efficient design. 

One most common setup is the matrix arrangement of UV-LEDs, which allows any number of 

LEDs with the proper amount of power supply. In addition to that, the light source can be made to 

be current-controlled or voltage controlled by changing the type of connection based on the 

availability of the power supplies. On that note, the power consumption of the UV-LEDs is around 
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60-70% less than that of a UV lamp [37]. Therefore, a more comprehensive scale light source can 

be designed with UV-LEDs with the same power availability, and a higher production yield can 

be achieved. 

 2.2.4 Multidirectional exposure capability 

Although UV lithography was initially aimed for 2D micro/nanopatterning on thin films 

deposited on a wafer, the evolution of MEMS technology has made rooms for 3D microstructures 

in a lot of applications. With the increasing demand for 3D microstructures, the improvisation of 

a microfabrication system is also required. There are several ways to make 3D microstructures that 

use different technologies like LASER 3D microfabrication that directly adds or subtracts material 

on a bulk sample [38], [39], 3D projection stereolithographic, which forms the microstructures by 

depositing layers on predefined locations [40], multiphoton lithography where the focal point of a 

LASER is moved around in 3D spaces to create 3D microstructures [41], [42]. However, the use 

of tilt rotational sample holder is one of the most used techniques of microfabrication that directly 

utilizes the standard lithography techniques [43], [44]. This multidirectional sample holder is 

mainly introduced for 3D microfabrication as the light sources are usually one-directional. 

Therefore, the sample is rotated or inclined to make the 3D traces of light. Since UV-LED is 

discussed here as the light source for lithography applications, many modifications are possible to 

make with them.  

In addition to the discussed advantages of the UV-LEDs so far, another essential benefit of 

UV-LEDs is that they can be controlled individually. Although the traditional way of using a UV-

LED is to connect them with a PCB, they can function fine even without a PCB. Therefore, more 

freedom is there to customize a light source when UV-LED is used. For example, with an efficient 

design, a UV-LED can be made to move in 3D spaces and create 3D light traces without needing 
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any multidirectional sample holder. Therefore, the sample can stay at the stationary position and 

3D microfabrication is possible only by moving the light. This kind of flexibility is not available 

in the existing lithography systems for 3D microfabrication. This feature of the UV-LED is also 

beneficial to introduce liquid state photoresist exposure for complex 3D microstructure fabrication, 

which has been discussed in the ongoing research project. 

 2.3 Summary 

The unique features of the UV-LEDs to make an advanced lithography system has been 

discussed in this chapter. With the advancement of LED technology, the UV-LED can be the 

ultimate future for UV lithography where desirable monochromatic LEDs are available. In addition 

to all the features magnified here, there are other undeniable advantageous features like prompt-

on functionality, low maintenance, longer lifetime, cost-effectiveness, compactness, and last but 

not the UV-LEDs are a safer choice for the environment. However, the UV-LEDs are not ready 

for precise micro fabrications. Theoretical considerations and the efficient design of optical and 

mechanical parameters are vital for making a standard lithography suitable light source. Other 

customizations are also required for 3D micro fabrications. The following chapters discuss the 

development of a standard light source prototype, a multidirectional UV-LED lithography system 

prototype for 3D microfabrication, a large-scale setup for mass production with advanced features. 

The ongoing research and one application of the advanced multidirectional lithography system are 

also discussed in this dissertation. 
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Chapter 3 - Developing a UV-LED lithography light source set up 

for high resolution and millimeter tall microfabrication and its 

characterization1 

3.1 Introduction: The development of UV-LED lithography system  

UV-LEDs have been shown to be a great replacement for the conventional mercury lamp 

for their ability to process microfabrication as well as advanced features like a prompt on 

functionality, longer lifetime, low maintenance, and environmental safety [45], [46], [47]. 

Nowadays, UV-LED lithography is used in applications like microfluidic devices [48], [49], 

surface acoustic wave devices [50], micro-lens fabrication [51]. However, UV-LED light is 

divergent and the illumination fades within a short distance. Therefore, collimating structures are 

necessary to create a focused and consistent illumination. The designing and the implementation 

of the UV-LED for lithography can be challenging for the makers. Getting homogenous 

illumination from a collimated light source while preserving high-intensity irradiance can be 

critical. Researchers presented several designs and models to use the UV-LEDs as the lithography 

tool. One lithography model shows the L-shaped arrangement of two UV-LED arrays with a 

checkerboard half-mirror arrangement to get uniform exposure  [52], an automatic UV-LED 

exposure system shows the system setup using a combination of a light mixing system, a beam 

splitter, an optical lens system, a sensor and a controller [53].  Another UV-LED lithography model 

shows the use of Köhler illuminator optics in order to get rid of the non-uniformity caused by the 

array arrangement of the UV-LEDs [45]. A commercial setup of UV-LED exposure system also 

uses the Köhler integrator to homogenate the irradiance and uses a set of condenser lenses and 

 

1 This chapter is reformatted and slightly version of our article [69] 
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mirrors to get collimated exposure [54].  The use of Köhler integrator or the Fly’s eye integrators 

and a set of reflectors is a very common practice for obtaining the collimation and uniformity [55] 

[56]. 

Figure 3.1 shows an example of the typical collimated structure in a commercial UV-LED 

lithography system using Kohler integrator or Fly’s eye integrator. They use arrays of lenses to 

collimate the light. The precise alignment of the light source and the other integrating elements is 

very challenging in these systems. Although these arrangements can achieve good homogeneity 

and collimation, the combination of all these elements makes the system bulky. In the way of 

collimating with this complex setup, intensity is sacrificed. Here, in the case of the setup shown in 

Figure 3.1, only 46±6 % of power reaches the output reflector. The UV-LED light diverges rapidly, 

and this intensity is not enough to pass through the bulky system of this collimator. As a result, 

this collimator is not a good fit for UV-LED collimation. Another concern for the integrator 

systems is the routine calibration of the optical arrangement.  

 

 

Figure 3.1 A collimating structure using a Fly’s eye integrator (Source- [Voetkel et. al.]). 
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However, there are less complicated lithography setups as well where the rows of UV-

LEDs are used with a rotational gear to get homogeneous exposure [57]. This setup is more 

straightforward to operate but they do not have any proper optimization for collimation. Also, due 

to the use of the current limiting circuit, each UV-LED only allows up to 30 mA current, and the 

intensity is limited to only 50 mW/cm2 which limits the microfabrication capability. 

This chapter presents a UV-LED lithography light source setup where a single lens has 

been used for collimation, 3D printed structures have been used for guiding the light and 

accommodating the lens. The single lens makes the system compact and preserves a high enough 

intensity to process thick photoresists. On the other hand, the intensity is adjustable with the change 

of current and distance which makes the system unique with a wide range of options. Continuous 

rotation of the light source is used to get homogenous illumination. The system has been 

characterized for collimation, very high and adjustable intensity, and homogenous illumination. 

The microfabrication capability has been demonstrated with high resolution and high aspect ratio 

microstructures.  

 3.2 Concept of the UV-LED lithography light source 

The concept of the UV-LED lithography system is the use of UV-LED arrays as a UV 

source, where each UV-LED is equipped with only a single lens for collimation without using 

integrators and multiple lenses. As a result, higher intensity is preserved which is usually lower 

for other lithography caused by the bulk arrangement of the collimating structure. 

 As each UV-LED is individually collimated, a gap is created in the array arrangement of 

the light source. The gaps create a high contrast illumination over the target area and causes 

inconsistencies in the microfabricated structures.  
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Figure 3.2 Conceptual drawing of the UV-LED lithography system. 

 

The setup presented here uses the rotational motion to compensate for the gap in between 

the individually collimated lights. Figure 3.2 shows a conceptu drawing of the UV-LED 

lithography system where UV-LEDs emit diverging lights.  

This diverging beam is targeted on a plano-convex lens from a distance equivalent to its 

focal length, that converts the diverging light into a collimated one. The lenses are placed inside 

3D printed light-guiding structures or waveguides and are arranged in arrays.  

Thus, a collimated light source can be achieved without involving complex or expensive 

structures without sacrificing intensity. The rotational motion helps to cover up the high contrast 

created by the gaps in between adjacent LEDs.  
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 3.3 Design of the UV-LED lithography system 

The UV-LED lithography system has been specially designed for tall microstructure 

fabrication in millimeter ranges as these structures have particular applications like high-frequency 

RF antennas, micro inductor fabrication [58] [59]. High intensity is important for thick photoresist 

processing and this system is customized for preserving high intensity while adding advanced 

features like adjustable intensity, mask alignment, and compact arrangement. The design of the 

system has been explained in detail in the following sections. 

 3.3.1 UV-LED and PCB design 

Surface-mounted UV-LEDs (Chanzon, 10DGL-DZ-3W-405) were chosen as the unit of 

the photolithography light source. The 405 nm wavelength has been selected as this is 

recommended for high aspect ratio microstructure fabrication. The spectrum was analyzed using 

a spectrum analyzer (BLUE- Wave, Stellar Net Inc.) and Spectrwiz software (2018). Figure 3.3 

(a) shows the spectrum of the UV-LED used, and the inset shows the LED itself. The graph shows 

that the intensity achieves its peak at 405 nm only. There is no other significant peak within the 

range between 350 nm to 600 nm. Also, the peak starts from around 390 nm and extends up to 

around 430 nm, giving it a narrow spectrum eliminating the need for a filter. To eliminate the gaps 

between the consecutive UV-LEDs, the PCB was designed to accommodate the LEDs in a very 

compact manner. A single-layered Aluminum board has been used as the PCB. The dielectric used 

in a single-layered Aluminum PCB is about 5 to 10 times as thermally conductive as the traditional 

epoxy-based PCBs. The thickness is also reduced to about one-tenth. To provide more heat 

dissipation, thermal paste is added to the footprint of each UV-LED before soldering. This setup 

of the PCB helps to maintain the structural integrity and maintains high heat dissipation. Thus, it 

helps to keep the components safe from thermal damages. The PCB board is a thin rectangular 
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board with 5.5" x 6.5" dimensions accommodating 100 UV-LEDs with a 10 x10 matrix 

arrangement. Figure 3.3 (b) shows the schematic of the UV-LED arrangement. The LED matrix is 

arranged in two strings of fifty UV-LEDs in series, adding up to one hundred total components. 

The LEDs are rated for a voltage of 3.3 V, with a maximum allowed current of 500 mA, which 

results in maximum power demand of 165 W for 100 UV-LEDs. To supply the required power for 

two strings of UV-LEDs, two separate 100W Mean Well HLG-100H-C constant current LED 

driver was used, giving a maximum of 500 mA of constant current output. 

 

Figure 3.3 UV-LED Light source (a) Spectrum of the 405 nm UV-LED (Inset- 405 nm UV-LED 

(c) Schematic of the UV-LED light source. 
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 3.3.2 Collimating structure 

A divergent light is not suitable for lithography applications since nano/micropatterning 

requires a focused or collimated light beam. Collimation is important for keeping the exposure 

confined within a target area and getting a good resolution and. Converging lenses are used to 

focus any form of diverging light to control the precise level of lithography patterning. The lens's 

focal length is accounted for to collimate and focus light from the LEDs. The appropriate 

combination of waveguide and lens is of paramount importance for guiding the light in a particular 

path and getting a focused beam. Multiple lenses and reflectors are ubiquitous for UV light sources. 

In this UV lithography setup, one lens has been utilized per UV-LED to obtain the necessary 

collimation, and 3D printed customized structures have been used as waveguides. A commercially 

available cabochon (Pandahall), which has a plano-convex shape with a diameter of 10 mm, was 

chosen to be the lens after testing its ability to collimate the diverging light.  

The Lens-Maker's Formula was used to calculate the theoretical focal length of the lens-                                                                                                             

                 1 𝑓 ⁄ = (n-1)(1
𝑅⁄ )     (3.1) 

Where f is the focal length, R is the radius of curvature, and n is the refractive index of the 

material of the lens. Figure 3.4 (a) shows the verification test of the focal length of the lens used. 

A collimating light was sent to the lens and the height at which the light focuses clearly was noted 

by observing the projection on the surface. The theoretical calculation and the experimental 

measurement were matched well, and the focal length was finalized. Figure 3.4 (b) shows a single 

unit of waveguide model drawn in AutoCAD. The cylindrical structure is the main waveguide 

structure here.  
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Figure 3.4 Collimating structures (a) Lens’s focal length measurement, (b) Waveguide model. 

 

Considering the expansion of the designed model after 3D printing due to resolution 

limitation, the waveguide hole was designed to be 400 microns wider than the actual diameter. The 

inner diameter of the waveguide cylinder was designed to be 10.4 mm to accommodate the lens.  

The four small sections seen in the middle of the cylinder provide a seat for the lens which 

is exactly at a height of the focal length from the LED tip. Ventilations are provided on the lower 

sides of the waveguide so that convective heat dissipation is possible. Thus, each LED is provided 

with a waveguide and a lens that makes the collimating structure.  

Since the focal length is 14.5 mm, the lens was placed at a distance of 14.5 mm from the 

LED tip inside the waveguide. The total height of the waveguide was made considering the focal 

length plus the height of the lens and the height of the LED itself. When the diverging light hits 

the lens on its planar side, the rays are converted to parallel rays after passing through the lens.  

3.3.3 Linear mask alignment stage 

A sample holder is a platform where the target sample is placed for UV exposure and 

aligned with the pre-patterned mask. Proper adjustment of the sample is required for ensuring 

micron-level precision. For obtaining precise control over the X, Y, Z, and θxy adjustment, a simple 
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linear positioning stage (MAXYZ-40R XYZ), and an in-plane rotation stage (MAR-40L-P) are 

used. For holding the sample flat, a rigid pedestal is used, which is fastened to the θxy stage. A 

laser-cut Acetal plate was placed above the sample holding stage. The mask is then placed in a slot 

on the plate, which holds the mask in place. The alignment needs to be monitored visually. An 

optical microscope is used to align the wafer to the mask. This design allows moving the exposure 

system in linear trails while the exposure system is in an idle state. Utilizing this movement, the 

light source is moved to the other side of the housing, and the microscope is placed to observe the 

mask and sample alignment. After the alignment is done, the microscope is set beside the system, 

and the exposure system is moved back to its default position and ready for UV exposure.  

3.3.4 Overall chassis design 

The chassis of the UV-LED lithography system is made of laser-cut Acryl sheets, small 

3D printed parts and multiple Aluminum extrusions. Figure 3.5 shows the overall setup of the UV-

LED lithography light source. To make the intensity controllable, two potentiometers were used 

that serve as dimmers to control the light output. The timer/relay also controls the exposure time 

interval.  

A separate switch for the motor is used for rotation. This motor must be turned on before 

beginning the exposure. The power supplies necessary for lighting up the LEDs and running the 

other electronic devices are accommodated inside the chassis. The chassis walls are made of Acryl 

sheets cut in precise sizes. The front Acryl sheets hold the operating switches, including the 

dimmer switches. The movement of the light source is made over the Aluminum extrusion trails. 

A 3D printed holder holds the PCB, the UV-LEDs, waveguides, and the lenses. This holder can 

be rotated with the help of a motor, as shown in the right inset of Figure 3.5. The connecting wires 

to the power supply are inserted through the upper hole and soldered with the PCB.  
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Figure 3.5 UV-LED lithography system. 

 

Four holes were drilled on the PCB board to insert the screws for holding it with the 3D 

printer rotator.  

The waveguides were placed above the LEDs with a little amount of glue. All the power 

supplies and visible wires were paced inside the acryl housing to keep them secured and organized. 

3.4 Characterization 

3.4.1 Collimation 

As discussed in the earlier sections, a single lens and a waveguide have been discussed as 

the collimating structure. Figure 3.6 (a) shows the illustration of the placement of the lens at a 

distance equivalent to the focal length.  

The lens converts the divergent light from the UV-LED into a collimating light. On the 

other hand, the waveguide keeps the light within its boundary and acts as a UV-blocker. Figure 

3.6 (b) shows the image of the actual collimated light after completing the arrangement with the 

lens and the waveguide. The collimation of the light was analyzed with ImageJ (2018) software.  
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Figure 3.6 Collimation test (a) Illustration of light collimation using waveguide and lens, (b) 

Analysis of collimation using ImageJ (2018) software. 

 

After analyzing, the deviation from a perfectly collimated light was found to be 4.13˚. In 

lithography systems, a deviation within an angle of 5˚ is acceptable. This collimation was obtained 

with a single lens suitable for lithography without involving any complicated optics. 

 3.4.2 High intensity with a variable range 

Intensity is the measure of the power emitted from a UV light source for photoresist 

processing. Different photoresists' thicknesses require different exposure doses to cross-link the 

target thickness. Most of the existing exposure systems lose their initial intensity due to their bulk 

optical structures. Modern MEMS devices are emphasizing both micron level structures as well as 

millimeter levels of microstructures. Moreover, complex 3D microstructures require more 

exposure dose than the simpler ones. Since the exposure dose is defined by the product of intensity 

and time, generally, longer time is expected with low-intensity exposure systems for exposing 

taller and complex 3D microstructures. However, if the intensity is more, the time can be 
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minimized for those applications. Intensity as high as 448 mW/cm2 was recorded just above the 

LED surface at 140 mA current on a single UV-LED. This intensity is much higher than the 

commercially available lithography systems. The fabrication of tall and complex 3D 

microstructure becomes easier utilizing this level of UV intensity. 

On the other hand, micron and sub-micron levels of microstructures require a much lower 

dose of UV exposure. A variable intensity light source would be beneficial to keep up with all 

kinds of microfabrication. The intensity of the UV-LED used in the system changes with current 

change and longitudinal distance. The change of intensity is exponential with the change of 

distance, and the change is linear with DC change. This characteristic of the UV-LEDs has been 

utilized for getting adjustable intensity for different applications.  

Figure 3.7 shows the intensity distribution over a distance of 0 to 60 mm, while the inset 

shows the intensity over the distances of 20 mm to 45 mm. Even at a 10 mm distance, the intensity 

is 178 mW/cm2, which is good enough to get millimeter range microstructures and complex 3D 

microstructures. On the other hand, an intensity of about 35 mW/cm2 is obtained at only 20 mm. 

Two dimming switches are connected to two power supplies to control the intensity. 

 

Figure 3.7 Intensity distribution with the change of current and distance (Inset- Intensity change 

from 20-45 mm). 
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 These dimming switches utilize the change of intensity with the change of current. The 

light source can be moved up and down along an aluminum trail and the desired intensity can be 

achieved by adjusting the vertical distance as well. This adjustable intensity functionality makes 

the light source a good tool for a wide variety of micro-fabrications.  

3.4.3 Light homogeneity 

Microfabrication involves the fabrication of hundreds of thousands of microstructures on 

a substrate. Uniformity of the structures is required for most of the applications like RF devices or 

biosensors.  Due to the physical structure of the UV-LEDs and electrical connection spacing, there 

remains a small gap even if the UV-LEDs are arranged in compact matrices. On the other hand, 

the waveguides need a minimum thickness to be survivable with 3D printing. The thickness should 

also be enough to block any other scattering and interferences. These gaps create some dark 

regions, which may create inconsistencies in microfabrication. The rotational movement of the 

light source has been utilized in this setup to prevent the high contrast exposure created by the 

inter UV-LED gaps.  

 

Figure 3.8 Transforming high contrast illumination into homogenous light using rotational 

motion. 
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The principle is that each UV-LED covers its adjacent gap and creates a circular path while 

rotating around a central axis. Every UV-LED creates its circular path, and all the gaps are 

eventually covered, and overall circular illumination is obtained. Figure 3.8 shows the principle of 

how the matrix of UV-LEDs is converted to a homogenous circular light. 

The CAD drawing shows the arrangement of the UV-LED along with the waveguides and 

lenses, leaving a gap in between the adjacent ones. The rotational movement is shown with arrows 

resulting in the homogenous distribution of the UV light.  

This system has been characterized for homogeneity which has been shown in Figure 3.9. 

Figure 3.9 (a) shows the matrix arrangement of the UV-LEDs at its stationary position when the 

light source is ON, 

 

Figure 3.9 Light homogeneity (a) Matrix of UV-LEDs without rotation, (b) UV-LEDs with 

rotation, (c) Graphical representation of the light distribution over the intensity line.  
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Figure 3.9 (b) shows the light distribution when the light source is rotated, 3.9 (c) shows 

the graphical analysis of the light distribution over the central intensity lines as shown in Figure 

3.9 (a) and (b). This graph shows that the highest intensity obtained from a single LED without 

rotation was noted at 336 mW/cm² and the lowest intensity in the dark area was 244 mW/cm². 

A contrast of 15% was obtained without rotation.  

The contrast is calculated using the equation, 

𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 (%) =  
𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 − 𝐿𝑜𝑤𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 + 𝐿𝑜𝑤𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
× 100    (3.2)    

Whereas the intensity variation is in between 367 to 354 mW/cm² reducing the contrast up 

to 1.8%. 

3.5 Additional features of the lithography system  

This system is reliable for continuous operations. Lithography is a continuous process that 

needs continuous operations. On the other hand, the system needs to keep on for a long time for 

millimeter thick SU8 structure fabrication or complex 3D microstructures fabrication. Therefore, 

the system needs to be checked for compatibility and stability with long-time operations. For 

testing the reliability, the light source was kept turned on for 100 hours without a break to check 

the compatibility. The intensity was being monitored by using a monitoring software (i-

Spyconnect, 2018).  

An intensity meter was used where the sensor reads the intensity in the range of 400 nm, 

and the monitor shows the intensity in mW/cm2. For keeping the sensor safe from heating up, it 

was placed at a far distance (30 mm) from the light source, and the intensity was monitored 

continuously. Figure 3.10 shows the intensity monitored over 100 hours. 
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Figure 3.10 Reliability test of the UV-LED lithography system. 

 

The average intensity noted at this distance remains between 31 mW/cm² to 33 mW/cm². 

The experimental setup has been shown in the inset of Figure 3.10. Considering the system's 

stability over a long span of 100 hours proves the reliability of this system for tall as well as 

complex microstructure fabrication. 

3.6 Results 

A lithography light source is primarily judged based on the highest resolution it can 

achieve. Resolution is a measure of the minimum feature size that can be patterned or transferred 

to a photoresist coated substrate. The resolution of a lithography system can be defined from the 

equation [60] 

𝑅 =  √𝐾𝜆𝑠     (3.3) 

Where, λ is the wavelength of the light source, K is a constant which is considered to be 

around 1 and s is the air gap between the mask and the wafer. The smaller the wavelength, the 

smaller the resolution it can achieve. Since, the wavelength of a system is chosen beforehand, in 
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this case 405 nm, and for contact lithography, s is zero, the resolution depends on the wavelength 

of the system. The theoretical resolution of the system with a 405 nm UV-LED is around 20 nm.  

However, the contact lithography faces some defects owing to the uneven gap created due 

to the deposition of particles and the surface plasmon interference between the mask and the wafer. 

On the other hand, the demonstrated UV-LED light source is not a point source which could be 

the ideal light source for lithography. As a result, the practical resolution of the system is degraded. 

Practically, around 0.5 µm resolution can be obtained from a standard contact lithography system 

[61] depending on the wavelength and the thickness of the photoresist. As the UV light passes 

through thicker photoresists, more diffraction occurs changing the patterning resolution.  

Among the several standard ways of getting higher resolution, reducing the wavelength of 

the light, avoiding hard contact of the mask and the wafer, multiple -exposure, off-axis illumination 

can be used. Positive photoresists also give better resolution due to their smaller polymer sizes. 

However, since the wavelength was chosen primarily for high aspect ratio microstructures and the 

negative photoresists of around 30-40 µm thickness have been used for stable device fabrication, 

a deviated resolution is obtained from the theoretical one. But this is not the limit of the lithography 

system rather it is possible to get higher resolution with thinner photoresists and minimizing the 

deposition of particles for ensuring a perfect contact.   

3.6.1 High-resolution micron devices fabrication 

The microstructures having a diameter of 1-200 µm are classified as micron devices. 

Resolutions as low as several microns are hard to achieve without highly collimated light sources. 

Figure 3.11 shows an example of micron-level device fabrication where small feature sizes as 

small as 3 µm was achieved.  
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Figure 3.11 Micro device fabrication. 

 

For fabricating this structure, SU8 2025 was spin-coated on a patterned Chromium coated 

glass at a speed of 2000 rpm to get around 40 µm thickness. After soft baking for 5 minutes at 95˚ 

on a hotplate, it was exposed at an intensity of 75 mW/cm² for 2 minutes.  

After that, the sample was post-exposure baked and developed in SU8 developer with mild 

agitation for 1 minute.  For its narrow-patterned characteristic, it has potential uses in microfluidic 

channels. The single substrate having different sizes of patterns signifies those different resolutions 

on the same sample can be obtained with optimized exposure and controlled developing. 

3.6.2 High aspect ratio micron device fabrication 

The aspect ratio is defined as the ratio between the diameter and the height of the 

microstructure. It is challenging to get micromachined structures with small diameters and longer 

heights. Highly collimated light with sufficient intensity is required to get a good resolution and 

thick photoresist crosslinking. 

Figure 3.12 shows the example of a 1370 µm tall pillars with a pattern diameter of only 34 

µm, giving it an aspect ratio of around 1:40. The intensity used was 175 mW/cm2 for 15 minutes.  
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Figure 3.12 High aspect ratio micron device. 

 

Since the light passes through small diameters, diffraction effects are seen at the bottom of 

the structures since these parts receive the maximum exposure throughout the time. These vertical 

standing microstructures have potential uses in RF MEMS and communication devices. 

3.6.3 Millimeter-tall device fabrication 

Millimeter tall microstructures are very challenging to get by using UV lithography, as a 

lot of energy is required for cross-linking a millimeter thick photoresist through small diameters. 

Since most of the existing UV lithography sources have lower intensities, a very long-time 

exposure is required for tall microfabrication. Figure 3.13 (e) shows a matrix of 2 mm high micro-

towers with its fabrication method since this method is slightly different from the traditional ones. 

Figure 3.12 (a-d) shows the fabrication method for millimeter tall microstructure fabrication. Since 

photoresists thicker than several hundred microns cannot be spin-coated, it is directly cast on the 

patterned Chromium glass sample.  
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Figure 3.13  Millimeter tall pillar fabrication (a-d) fabrication method of tall microstructure, (e) 

2 mm tall micro towers. 

 

A 3D printed boundary is used for keeping the photoresist within a given height and for 

avoiding spilling. The sample was soft baked for 15 hours at a temperature of 95˚. It was cooled 

down naturally and was UV exposed following a top-down setup.  

The intensity was around 190 mW/cm2 and the exposure time was 10 minutes to get these 

1:10 aspect ratio millimeter tall micro-towers. After one-hour post exposure baking, it was 

developed in SU8 developer solution with mild agitation. Figure 3.13 (e) shows the fabricated 2 

mm micro-towers. The surface quality of the side walls is also good. These structures have the 

potentiality to be used as RF antennas, airlifted frequency-selective devices. 

3.6.4 3D inclined microstructure fabrication 

The modern MEMS devices are getting compact, and multiple functions are being 

integrated into a single device. As a result, complex 3D microstructures are becoming increasingly 

popular for integrating multi functionalities together. Figure 3.14 shows an example of the 

complex 3D microstructure fabrication where adjacent inclined pillars are made to form a chained 

structure.  
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Figure 3.14 3D inclined microdevice. 

 

This was done by keeping the sample inclined at an angle of 70˚ with respect to the light 

source at an intensity of 175 mW/cm2 for 18 minutes for each inclined pillar.  

The two inclined pillars are 90˚ out of phase. Although the light source can give one-

directional exposure only, the sample can be arranged at different angles to get complex 3D 

microstructures. This observation made from this light source prototype can be utilized in the next 

prototypes for complex 3D microfabrication.  

3.7 Summary 

A UV-LED lithography system has been demonstrated with single-lens collimation giving 

high and adjustable intensity and homogenous illumination. This system can show traditional 

micro-fabrications and difficult-to-get micro-fabrications such as high-aspect-ratio or millimeter 

tall microstructures. The exposure system has a narrow bandwidth, negating the need for a filter 

while giving high intensity as high as 448 mW/cm². The intensity can be varied by changing the 

current and the distance, giving the system the versatility of fabricating structures within a range 

of a few microns to a few millimeters, which is superior to the conventional lithographic systems. 

The uniform distribution of the collimated light with high intensity gives this system the ability to 
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replace the traditional lithographic systems with easy maintenance. The system is reported to give 

resolutions up to 3 microns for the demonstration and can give about 2 mm tall SU8 micro-pillars. 

These parameters were chosen for demonstration only, however the system is not limited to these 

parameters only.  The introduced system has the potential to give higher resolutions and taller 

micro-structures. The results fabricated using this system hold great potential in the micro-fluidic 

channel and RF micro antenna fabrications. While this setup only demonstrates a prototype of a 

one-directional UV lithography light source, the findings are valuable in the way of building a 

modified and advanced lithography system. 
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Chapter 4 - Developing multidirectional lithography system for 

traditional and complex 2D/3D microfabrication2  

 4.1 Introduction: Multidirectional lithography for complex 3D microfabrication  

3D microstructures have application in different research and applied fields like high aspect 

ratio bioMEMS [63], cytometry devices for biomedical applications[64] RF antennas and filters 

[65], fiber optic devices [66]. Some of the older methods of 3D microfabrication were done by a 

combined micro-stereolithography and thick resist UV lithography [67], single-photon absorbed 

photopolymerization [68], two-photon absorbed photopolymerization [69], [70]. Among the recent 

3D microfabrication systems, Contact liquid photolithographic polymerization is one method that 

demonstrates layer-by-layer photopatterning with a fine movement of the sample stage with x-y-z 

direction to form 3-D microfluidic device [71], moving mask lithography [72], micro-

stereolithography using layer by layer photopolymerization [73] are notable. Similarly, a 

stereolithographic approach was introduced for photopatterning of metal molding using a positive 

photoresist [74]. A focused UV light stayed at a fixed position with an on-and-off function is 

synchronized with an x-y-z movable sample holder to draw a pattern by layers to form a 3-D 

structure. A method of high-resolution projection micro stereolithography (PμSL) using a spatial 

light modulator as a dynamic mask which enables a parallel fabrication of highly complex 3D 

microstructures [75]. A prism-assisted lithography was introduced to change the light exposure 

angle to photo-pattern a slanted sidewall of the 3-D microstructure [76]. A backside UV exposure 

and multiple layer stacking method with the aid of a fine alignment system was also introduced to 

form several hundred micron 3-D structures for cell culture scaffold application [77]. Mask-less 

 

2 This chapter is a reformatted and slightly modified version of our article [62] 
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lithography methods using digital micromirror (DMD) and liquid crystal display (LCD) were also 

introduced and have become the basis of today’s DMD or LCD 3-D printer [78], [79].  

Several 3-D microlithography methods have utilized a layer-by-layer stage control to form 

3-D photo-patternable structures. The nature of the layer-by-layer fabrication method creates 

multiple steps on an inclined structure, which often becomes a challenge to be used as RF or optical 

microdevices due to the high surface roughness. A multidirectional UV lithography has been 

introduced for 3-D microfabrication where a sample holder was tilt-rotational to create 3-D 

microstructures with a single direct exposure [44], [80]. Since the tilt-rotational sample holder 

could introduce various inclined angles tangent to the light source with a microcontroller 

command, various 3-D inclined structures such as horns, tilted pillar, and triangle shapes have 

been freely able to photo-pattern. This method is superior for the surface quality of the inclined 

sidewall over the prism-assisted lithography or lay-by-layer lithography method. With an 

automated multidirectional lithography system, complex 3-D microstructures such as a letter horn 

and a ribbon horn [81], and nanoscale 3-D structures [82] were presented as advanced 3-D 

structures. Also introducing various refractive index mediums in the automated multidirectional 

lithography extended 3-D projectable volume by increasing the tilt-able angle [83] and millimeter 

height pillar was introduced by increasing the exposure time by demonstrating 3-D toroid inductor 

[84].  

Recently, the multidirectional UV lithography has been further advanced with the UV-

LEDs as its light source  [85] [86]. The versatility of the UV LEDs includes the ease of control of 

individual LED in terms of an on-off switching as well as intensity variation. Based on the analysis 

of UV-LEDs as lithography light sources [87], a higher power but smaller surface mount type UV-

LEDs were tested for the multidirectional UV-LED lithography system. This chapter presents a 
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computer-controlled multidirectional UV-LED lithography system for 3-D microfabrication. The 

presented lithography system has been designed for complex 3D microfabrication with the help of 

an integrated tilt-rotational sample holder. The light source has adopted adjustable or 

programmable high-intensity UV-LEDs as a light source for photopatterning both several microns 

thin and several millimeter thick SU-8 photoresist processes. The prototype of the proposed system 

comprises of 5-by-5 surface-mounted type UV-LEDs. It is equipped with a collimation lens, a 10 

cm tilt-rotational sample holder for introducing multidirectional light exposure, and a computer-

control asset for synchronized controls of the light source and the sample holder. With the tilt-

rotational sample holder, the multidirectional UV-LED lithography system can fabricate various 

3-D microstructures in a wide range of photoresist film thicknesses. An orbital rotation method 

was introduced for homogenous light distribution and ease of control and configuration of the UV-

LEDs. The system has been characterized for collimation, homogeneity, uniformity, 

multidirectional exposure. The 3-D microfabrication result includes an array of micro triangle 

slabs, a 3D tripod array, 3 mm micro-towers, the different scale same 3-D geometry structures on 

the same substrate. 

4.2 Concept of the multidirectional lithography system 

The UV-LED lithography system demonstrated in this chapter is based on the matrix 

arrangement of high-intensity UV-LEDs. An orbital movement of the light source is utilized to 

make a homogenous light source, and the tilt-rotational sample holding system was utilized for 

creating 3D ray tracing. This system is designed to fabricate complex 3D microstructures by 

moving the sample holder in different tilt angles and rotations in 3D directions. This sample holder, 

along with the high-intensity lights, makes this system suitable for very high aspect ratio vertical 

and inclined 3D structures.  
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Figure 4.1 Concept of the multidirectional lithography system. 

 

Figure 4.1 shows an illustration of the multidirectional UV-LED lithography system. The 

compact matrix of UV-LEDs and the waveguides and collimating lenses perform a continuous 

rotational motion. The circular sample holder is placed directly under the light source, keeping it 

at a definite distance to tilt and rotate simultaneously without hitting the light source. 

4.3 System design 

The system has been designed based on the unique features of UV-LEDs and the 

integration of the tilt-rotational sample holder. Although this system describes a small prototype, 

the scientific findings and significant results can be beneficial for designing large scale and 

improved setups later. The significant design considerations are described in the following 

sections. 
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 4.3.1 Light source 

The UV-LEDs used in this system are surface-mounted type LEDs. The chosen UV-LED 

(LEDUVA35T01VL00, LG) has a width and height of 3.4 mm by 3.4 mm. This LED has been 

chosen for its high intensity and narrow bandwidth. Each of the chosen UV-LEDs can handle the 

current up to 500 mA with 3.4 V voltage, and a total power of 1.15 W. A prototype of the UV-

LED lithography system has been built comprising 25 UV-LEDs in a matrix form of 5 rows and 5 

columns. Since one problematic UV-LED can affect the whole UV-LED light source is connected 

in series, the UV-LEDs in this system have been made to be connected in parallel so that each UV-

LED can be controlled individually. Individual control over the UV-LEDs decreases the chance of 

overall damage and allows creating a variation of UV-LED parameters, including intensity and 

wavelength. Figure 4.2 (a) shows the matrix of 5 by 5 UV-LEDs placed on the PCB. Figure 4.2 

(b) shows the LED's spectrum analysis, which was measured with an optical spectrum analyzer 

(BLUE-Wave, StellarNet Inc.). The intensity profile reaches its peak at 405 nm, and the 50% 

intensity bandwidth ranged from 396 to 416 nm, which is a narrow bandwidth for eliminating the 

need for an expensive optical filter. All the 25 UV-LEDs in this prototype are 405 nm UV-LEDs, 

however, there are scopes to customize the UV-LEDs.  

 

Figure 4.2 Light source (a) Matrix of 25 UV-LEDs on the PCB with single waveguide, (b) 

Wavelength spectrum of the UV-LED (Inset- Unit UV-LED). 
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Figure 4.3 Illustration of the waveguide. 

 

A 3D printed waveguide and a cabochon glass were used as the collimating structure. The 

waveguide was customized for guiding the divergent beam having a diverging angle of 55˚, and it 

was built to accommodate the lens with minimum loss of light and maximum heat dissipation by 

creating curved ventilations. The waveguide was designed in AutoCAD (2018) and printed with a 

Form 2 (Formlabs) SLA 3D printer.  Figure 4.3 shows an illustration of the waveguide design. A 

large amount of heat is produced from turning on the LEDs, which can melt or deform the 3D 

printed structures if filaments or standard printing resin are used. Therefore, high-temperature resin 

(RS-F2-HTAM-02, Formlabs) was used, which can handle up to 238˚, giving the structure thermal 

stability and preventing it from thermal damages created from the light source itself. One more 

advantage of using the high-temperature resin is that it can print with a resolution of 25 microns, 

suitable for printing small features and details. 

The waveguide wall thickness was optimized to minimize the shadow area and get a robust 

structure after 3D printing. Considering the resolution and the robustness, a thickness of 0.5 mm 
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was chosen for the outer walls. A seating arrangement was designed to be thick enough to hold the 

lens but not too thick to block a significant amount of light. The opening hole was designed to hold 

the lens tightly, and no light is leaked through the periphery of the lens. Overheating inside the 

waveguide can create a smoking effect on the lenses, damaging the fabrication quality. Therefore, 

small windows were created at the bottom of the waveguide to channel the heat out. However, 

there remains a chance of light leakage through the windows or, in other words, ventilations. To 

prevent this leaking, a UV blocker was created surrounding the LED, ventilating holes with a ‘C’ 

like a pathway to channel the heat. This UV blocker and the waveguide wall create a complete 

structure that guides the light directly towards the lens, helping dissipate the heat and preventing 

light leakage. As the printing resin is transparent, the waveguides may scatter some light, affecting 

the fabrication. Therefore, the waveguides were dyed with high-temperature black enamel paint 

(241169, Rust-Oleum) all over after developing properly with clean IPA. A cabochon glass lens 

(PH PandaHall, Inc.), as shown in Figure 4.4 (a), was adopted for light collimation. The lens has 

a diameter of 10 mm, an offset thickness of 1.3 mm, and a curvature thickness of 2.2 mm 

respectively. Figure 4.4 (b) shows the assembled waveguide and lens. For printing and setting 

convenience, all the 25 waveguide units were combined and printed together. 

 

Figure 4.4 Light source elements (a) Collimating glass lens, (b) Waveguide and lens assembled 

on the PCB. 
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4.3.2 Multidirectional system 

The light source was designed to have an orbital motion where each UV-LED rotates 

around its axis to compensate for the high contrast illumination. In the preceding chapter, a circular 

motion around a central axis was used to obtain homogenous illumination where each UV-LED 

rotates around a central axis and covers up the gap adjacent to it. In this new setup, an orbital 

motion was used so that each UV-LED rotates around its own axis and each UV-LED can be 

controlled individually. As a result, each UV-LED covers up all the gaps surrounding it and none 

of their motion disturbs the overall profile. In this structure, the rotating plates were made by 

LASER cutting Acryl sheets, and the gears were 3D printed using Photon (Anycubic) 3D printer. 

Since these structures are supposed to face many frictions and might break, a tough resin 

(Anycubic) was used to get more robust structures. A DC motor (12V, 600 rpm) and small metal 

bearings (22 mm diameter) were used to create the orbital motion. This sample holder is connected 

to two stepper motors, one of which controls the 360˚ rotation and the other controls the tilting 

along the Y-axis. These motors are controlled using a microcontroller and the programming 

software All-motion software (EZ4AXIS, All Motion, Inc.). The tilt-rotational sample holder was 

introduced to create multidirectional ray tracing with the light source. The sample holder consists 

of a metal disc of 10 cm diameter suspended freely. In the final setup, the light source was set on 

one piece of Acryl plate, rotatable in an orbital motion. This Acryl sheet and another stationary 

acryl plate that holds the motor are both suspended to an Aluminum extrusion frame. This whole 

arrangement was set on a firm wooden board. Figure 4.5 shows the overall setup of the 

multidirectional UV-LED lithography system. This benchtop setup is lightweight and can be 

moved easily. The powers are connected externally, and a UV protection shield is used separately 

as this system does not have an integrated UV shield. 
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Figure 4.5 Overall setup for the multidirectional UV-LED lithography system 

 

4.4 Characterization  

The 5 by 5 UV-LED lithography system has been characterized for the features like light 

collimation, adaptive intensity, thermal optimization, and uniformity of the light distribution. 

4.4.1 Collimation for the PCB embedded UV-LEDs 

The glass lens was placed at a distance equivalent to the focal length from the UV-LED. 

The lens receives the beam diverging at an angle of 55˚ and converts it into parallel beams. Figure 

4.6 (a) shows the experimental setup with the array of UV-LEDs with waveguides and lenses and 

shows how a vertical screen was placed above the light source to check the collimation.  
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Figure 4.6 Collimation test (a) Test setup, (b) Collimated light projected on a vertical screen. 

 

The five consecutive UV-LEDs were powered up and the light was projected through the 

white screen in the darkroom. Figure 4.6 (b) shows the result for collimation. The projected 

collimation angle was measured at the sidewall of the light propagation column using software, 

ImageJ (2018). It showed 4.13˚ divergence from the perfect collimation. Since the divergence is 

within 5°, this setup is acceptable for the photolithography purpose.  

4.4.2 Adjustable intensity with individual UV-LED control 

A unique feature of the multidirectional UV-LED lithography system is the adaptive 

intensity. Since the UV-LED lithography system is designed for a variety of microfabrication 

starting from several microns to several millimeters, the intensity needs to be perfectly set for all 

kinds of fabrications without changing other parameters. On the other hand, since the tilt-rotational 

sample holder is introduced, the intensity can be different for different inclinations.  The ability of 

the UV-LED to adjust with different amounts of current passing through it was utilized for making 

the light source adaptive to get uniform intensity over the target sample.  
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Figure 4.7 Intensity variations with the change of current and distance. 

 

This adjustable intensity can also be utilized for getting different microstructures on a 

single sample with a single exposure. Figure 4.7 shows the measurement result of the UV-LED 

light intensity.  The maximum allowed current for each LED was indicated as 500 mA from the 

manufacturer. The light intensity was measured at distances of 1 to 15 cm. The intensity graph 

shows the highest intensity achieved with 500 mA current at a distance of 1 cm from the light 

source, which is 452 mW/cm2. This high intensity is beneficial for millimeter-high 

microfabrication. The light intensity at the distance of 15 mm still showed around 15 mW/cm2, 

which is still high enough for the thin SU-8 process. Since the system was designed for tilt 

rotational sample exposure, the intensity was adjusted for tilted exposure. While the diameter of 

the sample holding disc was 10 cm, there should be enough space for the safe movement of the 

disc while exposing. The distance of around half of the circular disc is also secured for the tilt-

rotational sample holder's space, and the intensity is sufficiently preserved. On the other hand, as 

shown with lower current values, the lower intensities are suitable for cross-linking lower 

thicknesses of photoresists and are beneficial for several micron microstructure fabrications.  
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Figure 4.8 Thermal behavior test with different cooling aids. 

 

Either of the parameters can be changed for obtaining the desired intensity. The measured 

data of the variable light intensity can be a reference later for a programmable light exposure 

system. 

4.4.3 Thermal control with advanced waveguide design and additional cooling methods 

As the current flows through each LED, the electron flow creates some excitement on the 

LED which causes some heating on the UV-LED and its adjacent surfaces. If the heat is not 

minimized, it can affect the LED itself and the other optical elements. The applied current to each 

LED was increased up to 320 mA with every 8-mA step and the thermal behavior of the LED was 

observed. The first observation was conducted without any heat management tool. Starting from 

room temperature, where each LED was heated up to 129.7°C at 320 mA, which is high enough 

to damage the LED. The same test was performed after adding an aluminum heatsink 

(BNTECHGO, Inc.) to the backside of the UV-LED PCB board. Figure 4.8 shows the change of 

temperatures with and without the cooling methods on the surface of the LED. The heat increment 

was proportional to the current applied, and the highest temperature was observed at 87.3 °C. 
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Based on the recommended temperature for the LED from the manufacturer, the 87.3 °C was 

marginally acceptable, but any increase could affect the system. Therefore, an external fan was 

added, and the same temperature experiment was conducted. While observing the slow increment 

of the temperature, the highest temperature obtained was 48 °C at 320 mA. The lens receives the 

heat from the UV-LED through convection and is placed in a confined area, overheating can create 

smoking effects on the lens as well. The PCB is in direct contact with the UV-LED and holds the 

soldering and other optical components. Overheating on the PCB may de-solder the connections, 

affecting the whole setup. Therefore, the temperature on the lens and PCB surface with and without 

an external fan was measured as well. Figure 4.9 shows the temperature changes with and without 

the fan in the lens surface and the PCB surface. The reading shows that the PCB temperature 

reaches a highest of around 62˚ at a current of around 250 mA/LED. The heat reduces to around 

45˚ after adding the fan. The lens, on the other hand, reaches a temperature of 82˚ and is reduced 

to around 50˚ with the addition of the fan.  

 

 

Figure 4.9 Thermal control test on the PCB surface and Lens surface. 
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To be noted here, although the PCB is adjacent to the LED, it is less heated than the lens 

because of the temperature-friendly Aluminum PCB board and the metal heat sink used beneath 

the PCB board. This test implies that suitable cooling systems will be required for similar 

prototypes and bigger setups. 

4.4.4 Homogeneity with the orbital motion of the light source 

Homogenous light distribution is significant in microfabrication for consistent 

microfabrication. Consistency must be maintained among the microstructure parameters and 

characteristics. A lack of consistency and uniformity can adversely affect the applications like RF 

antennas where the periodicity of the same structure is required. A high contrast illumination can 

change the microstructures features as the exposure dose can vary in different regions. Since the 

UV-LEDs are arranged in a parallel matrix on the PCB, a high contrast illumination is created. 

Therefore, the light source of this system was designed to have an orbital rotation which is 

advantageous for regional LED control as the location of each LED remains fixed even with the 

rotation. 

Slip ring is a mechanical component used in devices where a 360˚ rotation is needed. In 

the UV-LED lithography setup discussed in chapter 3, the PCB containing all the UV-LEDs was 

connected to the motor through a slip ring so that the motor rotation can rotate the PCB along with 

the UV-LEDs. In this setup, the whole light source rotates around one central axis. As a result, 

each UV-LED must rotate around the whole area to cover up the gap in between the adjacent UV-

LEDs. In the first setup of the UV-LED lithography light source, same kind of UV-LEDs were 

connected in series and was centrally controlled. When the slip ring rotates each UV-LED rotates 

around the central axis and covers up the gaps. Since, all the UV-LEDs are same, the movement 

of it around the central axis does not affect the adjacent UV-LED exposed area.  
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Figure 4.10 Light source motion illustration (a) Rotational motion around the central axis, (b) 

Orbital motion around LED’s own axis. 

 

However, for the other setups of the UV-LED lithography systems, an individual or 

regional control the UV-LEDs is aimed. Mixed wavelengths can also be used if an orbital rotation 

is used 

Figure 4.10 shows a comparison between two types of rotations of the light source. The 

rotational movement is shown in Figure 4.10 (a), where each LED has changed its position to 

complete a rotation around a central axis. Figure 4.10 (b) shows the orbital movement where each 

LED traverses around its own imaginary axis without changing position.  

As in orbital rotation, each UV-LED rotates around its own axis, each UV-LED can be 

controlled individually without affecting the exposed area corresponding to the neighboring UV-

LED. As a result, the homogeneity and the regionality is preserved. 

In addition to that, orbital rotation is the method where only one side of the light source is 

connected to a motor with a gear, other sides are connected only with bearings and 3D printed 

connectors. Therefore, the wiring gets simpler, and the rotation gets smoother for this system since 

it is not controlled by a central axis.  
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The orbital rotational structure is made with a combination of a DC motor, bearings, and 

3D printed parts. Only a single motor is used to control the mechanical movement. The motor shaft 

is connected to a 3D printed gear which is connected to another similar gear that initiates the 

rotational motion. The rotational structure is made of two rectangular acryl plates, one of which 

holds the motor and remains stationary, while the other one holds the light source. The offset with 

which the light source will rotate is designed in such a way that each UV-LED covers up the 

adjacent gaps.   

The homogeneity of the UV-LED light source is the measure of how well the gaps between 

the adjacent rows and columns can be covered and the contrast is minimized. Since the UV-LEDs 

have been arranged in rows and columns and each UV-LED has an individual waveguide and a 

lens for getting collimated light beams, a gap is resulted by the matrix arrangement and the 

waveguide walls. For minimizing the contrast created by the inter LED gaps, an orbital motion is 

employed where each UV-LED rotates around its own axis and covers the gap between the rows 

and columns. The mechanism of how the orbital rotation works to cover the gaps can be visualized 

from the AutoCAD drawing shown in Figure 4.11.  

 

 

Figure 4.11 AutoCAD drawing of the UV-LED array (a) no rotation, (b) with orbital rotation. 
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Figure 4.11 (a) shows the UV-LED matrix where each UV-LED is shown as a 10 mm circle 

as each LED uses a 10 mm lens for collimation. The distance between the adjacent UV-LEDs is 

11.5 mm and the figure shows a matrix of 25 UV-LEDs. This matrix when rotates with the help 

of an orbital rotator with an offset of 10 mm, the phenomenon can be visualized as the one shown 

in Figure 4.11 (b). In this orbital motion, only one motor is used at one corner of the arrangement, 

and the other corners are connected by 3D printed connectors and gears. All the other three corners 

follow the motion of the single motor and create a synchronous motion all over the light source 

area. Since the offset of the primary gear is 9.8 mm corresponding to the motor shaft all the other 

connectors are designed with the same offset. Figure 4.11 (b) shows the movement of each UV-

LED around that 9.8 mm offset and the gaps being covered giving a homogenous light distribution.  

However, the UV-LED doesn’t have a uniform light distribution all over the diameter of 

the lens rather it has a gaussian distribution of the intensity. The center is typically around 10% 

brighter than the periphery and the edges are around 2% brighter than the periphery. Figure 4.12 

(a) shows the image of an illuminated UV-LED and Figure 4.12 (b) shows the intensity distribution 

of the UV-LED through the center and the periphery. 

 

 

Figure 4.12  UV-LED intensity profile (a) Single UV-LED, (b) Intensity distribution through the 

center and the periphery. 
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Due to the continuous orbital rotation, this Gaussian profile gets flattened to a certain 

percentage. The practical implementation of this phenomenon has been shown in Figure 4.13 with 

the actual light source and a long exposure photo to show one complete rotation using the orbital 

rotation. Figure 4.13 (a) shows the light source when all the UV-LEDs are ON, and the light source 

is stationary. Figure 4.13 (b) shows the light source when it is in orbital rotation and the camera 

captures one complete rotation of the light source with 1 second exposure. The gaps are seen in 

Figure 4.13 (a) and are seen to be covered in Figure 4.13 (b). An analysis of how much contrast is 

minimized using this method is explained in Figure 4.13 (c). Figure 4.13 (c) shows the graph where 

the blue line shows the intensity distribution over the line drawn through the center of the light 

source at its stationary position. The yellow line shows the intensity distribution of the 5 UV-LEDs 

with their gaussian profiles. The orange line shows the intensity distribution of the light source 

when it’s in orbital motion. These graphs were obtained by analyzing the images using the software 

ImageJ (2020). The graph for the stationary light source shows that the intensity around the edge 

of the UV-LED is around 246 mW/cm2, at the center it is around 250 mW/cm2 and at the gap it is 

around 117 mW/cm2. Therefore, the contrast is around 36% between the periphery and the gap. 

The contrast is calculated using the equation shown below-  

 

𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 (%) =  
𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦−𝐿𝑜𝑤𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦+𝐿𝑜𝑤𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
× 100    (4.1) 

 

 In the graph for the rotational light source, the highest intensity is around 295 mW/cm2 

and the lowest is the 286 mW/cm2 giving a contrast of around 1.54% only. Since the image analysis 

detects an overlap of the two adjacent UV-LED rotations, it detects this difference of intensity. 
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Figure 4.13 Light homogeneity (a) 5 by 5 matrix of the UV-LED, (b) The UV-LED matrix with 

one rotation, (c) Intensity distribution of the light source with and without motion. 

 

This analysis is a visualization of the phenomenon, in the actual case, this overlap doesn’t 

occur, and the UV-LED simply covers the gaps in its locus and all the target area receives equal 

exposure. For analyzing the homogeneity, the central area is mainly focused since the surrounding 

blank spaces of the LED matrix create some additional contrast at the edges. 

4.5 Microfabrication method 

Most of the steps of the SU-8 microfabrication are like the conventional procedure, there 

are a few differences for processing the thick SU-8 photoresist. For 1000 µm or thicker photoresist, 
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the conventional spin coating process is not recommended firstly because the achievable thickness 

by the spin coating method is limited to a couple of hundred microns only unless running multiple 

spinning processes. Secondly because most of the applied photoresist to the substrate is wasted 

during spinning. The thicker the photoresist, the more is the waste. One practical solution for the 

thick film coating is to use a dry SU-8 film where the pre-manufactured film needs to be attached 

to the substrate. Although the dry SU-8 film process is convenient and saves long soft baking time, 

the user’s requirement might not align with the preset thickness of the manufacturer’s sample. 

Therefore, for thick SU-8 film coating, a weigh and pour method is introduced, where a 

relationship between the weight and the given thickness was measured and the photoresist was 

directly cast on the sample. A 3D printed wall was placed on the substrate before applying the SU-

8 to prevent overflowing. The overflowing barrier wall was 3-D printed using a stereolithography 

type printer (Form 2, Formlabs, Inc.) where the acrylic resin has 100% fill inside the structure and 

can bear with 95 °C temperature. Since there are two baking steps involved at a temperature of 95 

°C, materials that can handle high temperatures are only recommended for making the barrier. The 

wall is also advantageous for estimating the final SU-8 film thickness during the soft baking 

process. During the exposure, the substrate is flipped for the backside exposure, the barrier then 

also acts as a standing platform for the sample. Since the SU-8 2025 includes more solvent (around 

75%) than the photoresist, the initial poured amount of the SU-8 is higher, and it is gradually 

reduced as the solvent evaporates.  

This UV-LED lithography system has been characterized for both traditional and complex 

3D microfabrication by integrating a multidirectional sample holder. The sample holder can tilt in 

between +180˚ to -180˚ in Y-direction and rotate from 0˚ to 360˚. The fabrication process for 3-D 

SU-8 photoresist includes sample cleaning, photoresist coating, soft baking, UV exposure, post-
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exposure baking, and developing. The fabrication of a complex 3D structure has been briefly 

pictured as shown in Figure 4.14. Two inclined pillars like ‘V’ shape and a reverse triangle slab 

were UV-projected through a single micro hole shown in Figure 4.14 (a-b-c-d). The 405nm UV 

light source was chosen, and the light intensity from the 1-inch distance was set at 194 mW/cm2. 

The first inclined pillar was exposed for 30 minutes where the tilt position of the sample holder 

was set at 60°, as shown in Figure 4.14 (b). The sample holder was rotated for 120° for the second 

pillar exposure position. The second pillar was exposed for the same energy with the same tilt 

angle as shown in Figure 4.14 (c) The sample holder was again rotated for 120° for the exposure 

of the reverse triangle slab. The continuous UV exposure was performed while the rotation angle 

oscillated from +20° to -20° for 60 minutes, as shown in Figure 4.14 (d). The sample was baked 

at 95 °C for the post-exposure baking for an hour and cooled down to room temperature after 

baking, as shown in Figure 4.14 (e). Then the sample was dipped into the SU-8 developer solution 

(MicroChem, Inc.) for 45 minutes and cleaned with isopropyl alcohol, as shown in Figure 4.14 (f). 

During the development process, the SU-8 photoresist side was facing down. This accelerated the 

process as the unexposed SU-8 was down by gravity during the developing process. The sample 

was cleaned with isopropyl alcohol (IPA) and dried to complete the fabrication. Figure 4.14 (g) 

shows an SEM image of the fabricated 3-D structure where the fabrication process followed the 

steps as shown in Figure 4.14 (a-f). The 3-D structure shows two inclined pillars with one reverse 

triangle shape from one single origin. The photomask pattern was a 50-µm diameter hole. The 

diameter of the cross-section of the pillar was larger than the 50 µm which was caused by the 

overexposure dose. Due to the high intensity exposure for a long time, diffractions affected the 

original size of the microstructure. The measured height of the 3-D structure was 1200 µm which 

was well aligned with the predicted height, that is equivalent to the height of the 3D printed barrier. 
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Figure 4.14 Microfabrication (a-f) 3D microstructure fabrication method, (g) Fabricated 3D 

microstructure. 

 

4.6 Results 

Some significant microfabrication results are demonstrated below. 

4.6.1 High-resolution microfabrication 

Considering the highest resolution available, the contact lithography method has been used 

in all the demonstrated micro-fabrications. Figure 4.15 shows some micropatterns obtained on SU8 

with a thickness of 40 µm and with no air gap. The highest resolution obtained from this sample 

is 3.5 µm. The narrow lines are 3.5 µm, and the broad lines are 8 µm and 13 µm, where the patterns 

were made of SU-8 2025. The demonstrated 3.5 µm feature size shows good compatibility with 

the conventional UV lithography uses. Versatile sizes of micropatterns on the single sample show 

the compatibility to fabricate dynamic ranges of microfabrication as well. Again, as the thickness 

of the photoresist increases, the resolution tends to degrade. Conventional microfabrication as 

shown in Figure 4.15 includes the microstructures fabricated using a one-directional UV light 

source.  



66 

 

 

Figure 4.15 High-resolution 2D patterning. 

 

This kind of microstructure does not require a customized sample holder as one-directional 

exposure is sufficient for the fabrication. This micropattern requires low intensity since the 

thickness is only around 30-40 µm. 

4.6.2 High aspect ratio and ultra-tall micro-tower fabrication 

For very tall microstructure fabrication, very high intensity is required. This system shows 

an intensity of around 452 mW/cm2 which is very high and is suitable for several millimeter tall 

micro-fabrications.  

 

Figure 4.16 Tall microstructures (a) High aspect ratio pillar, (b) 3 mm micro-tower. 
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Figure 4.16 (a) shows a 700 µm tall microstructure with an aspect ratio of around 34.  

Figure 4.16 (b) shows 3-mm tall SU-8 pillar which is very challenging to get with low intensity 

light sources. The SU8 pillars are extremely tall as compared to the conventional SU-8 structures. 

The diameter of the pillar was 300 µm and therefore the aspect ratio of the pillar shows 10. In this 

3-mm tall SU-8 pillar fabrication, a total UV-exposure time of 10 minutes was applied at an 

intensity of 200 mW/cm2.  

The extended height of the SU-8 structures has an excellent potential for RF/microwave 

antenna devices with high frequencies.   

4.6.3 Non-conventional multidirectional complex 3D microfabrication 

The 3D structures that required tilting and rotation for their fabrication have been termed 

as complex 3D microstructures here. Since it is not possible to get these structures using the 

conventional lithography setup, they have been called non-conventional structures as well. Figure 

4.17 shows various 3-D SU-8 structures fabricated using the UV-LED light and the tilt-rotational 

stage. Figure 4.17 (a) shows an array of ‘chained triangular slabs.’ An array of the 30-µm hole on 

chromium glass was utilized as a substrate and a backside exposure photomask. 300-µm thick SU-

8 was coated on the substrate and baked for 95°C. The tilt-rotation sample holder was programed 

to continuously move the tilt angle from -70° to +70° while the rotation angle was fixed. The light 

intensity was set at 200 mW/cm2 and the total applied light energy was 480 J/cm2. Figure 4.17 (b) 

shows a millimeter-scale SU-8 tripod structure. 1.5-mm thick SU-8 was coated on the chromium 

glass for the backside exposure. The tilt-rotational sample holder was programmed as follows. The 

tilt angle was fixed at 70°, and the UV exposure was performed at the stationary rotation angles of 

0°, 120°, and 240°. The exposure dose was 360 J/cm2. The inclined angle of each pillar was 

measured as 67° from the ground.  
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Figure 4.17 Unique 3D SU-8 structures (a) an array of ‘chained triangular slab,’ (b) millimeter-

tall SU-8 tripod array, (c) large (1.5 mm tall) and small (200 µm tall) 3D petal SU-8 structure on 

a single structure. 

 

The value is well-aligned with Snell’s law’s prediction with a refractive index of 1.67 for 

SU-8. The length of the inclined pillar was measured at 2.2 mm. Figure 4.17 (c) shows 3D SU-8 

petal structures with different sizes on the same process. The size differences were caused by the 

different sizes of the photomask patterns, differentiating the applied UV exposure energy. The 

height of the large petal SU-8 structures shown in Figure 4.17 (c, left) was 1.5 mm, while the 

height of the small petal SU-8 structure was 200 µm. 

4.6.4 High production yield 

Production yield is yet another important feature of a lithography system. The higher the 

number of uniform microstructures it can produce at a time, the higher its production yield is. The 

batch production depends on the uniformity of the light source. Figure 4.18 shows an array of SU-

micropillars standing on one square inch Chromium glass sample. The SU-8 pillars with a diameter 

of 30-µm and a height of 400 µm were uniformly fabricated to show a batch production. 
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Figure 4.18 More than 2000 micropillar array in a one-inch glass. 

 

More than 2000 pillars are presented in the SEM image. The light source can cover an area 

of slightly bigger than 5.5 cm2, and the sample holder has a diameter of 10 cm. Therefore, a bigger 

sample size can be targeted and patterned successfully for future applications. 

4.7 Summary 

A high-intensity UV-LED lithography system has been presented to fabricate millimeter 

tall 3-D microstructures. The presented light intensity is around 452 mW/cm2, which enables UV 

light to propagate through millimeter thick SU-8 photoresist, and thereby millimeter-scale tall 3-

D microstructures can be fabricated. The matrix of the 5-by-5 UV-LED array light source has 

individual collimating lenses with the advanced light waveguide design. The light source has high 

intensity and homogeneity has been ensured with an orbital rotation. Regional light on-

off/intensity control for the UV-LEDs is one of the novel features that give it various 

photopatterning capabilities. The microcontroller-controlled tilt-rotational sample holder creates 

3-D light traces into the photoresist for 3-D microfabrication. Small feature size SU-8 patterns in 

a few microns, high aspect ratio SU-8 structures, and millimeter tall SU-8 structures were 

successfully fabricated. The micro fabrications demonstrate the capability of the introduced UV-
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LED system for both the conventional and the advanced millimeter thick and complex SU-8 

process. These unique 3-D microstructures with expanded height in millimeter-scale have great 

potentiality in device fabrication of RF- and Bio-MEMS. The findings of this lithography system 

can be modified and improvised for a large-scale and advanced tool for UV lithography for future 

applications.  
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Chapter 5 - Developing an advanced programmable 

multidirectional UV-LED lithography system for large scale 

microfabrication 

5.1 Introduction: Programmable UV-LED lithography system for large scale production 

The first laboratory setup with a UV-LED light source was presented in 2012 [88], several 

other UV-LED light sources have been used for microfabrication since then [89] [90]. In addition 

to the research setups, mask aligner manufacturing companies are changing to UV-LED light 

sources. The first commercial UV-LED light source for mask alignment was developed by a 

company named Kloe in France [12] for mask alignment applications. The prominent commercial 

companies like Idonus and Quintel are using UV-LED as their lights sources in their recent models 

[91], [92]. Most of the commercial companies chose to replace the UV mercury vapor lamps with 

UV-LEDs to minimize the maintenance, cost, and environmental hazards. Other optical features 

and exposure capabilities were kept similar as compared to the mercury vapor lamps. While the 

UV-LED lithography system discussed in this research was not only characterized for the general 

parameters like collimation, homogeneity, resolution but was also equipped with advanced 

features like dual wavelength for different microfabrication ranges, adaptive light intensity control, 

regional control of the light source, multidirectional exposure, programmable operations, and 

large-scale commercial setup. On the other hand, this system can give the highest intensity so far 

among the existing lithography light sources by utilizing a simple collimating scheme with single 

lens and 3D printed waveguides. The UV-LED lithography setup presented here in this research 

is a complete system comprising of the unique features of UV-LEDs, highly precise tilt-rotational 

stage with standard mask alignment setup, integrated microscope for observation, integrated 
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computer control and advanced programming, adaptive control of the light source intensity and 

customized UV-LED pattern. A wide range of intensities with multidirectional exposure 

capabilities along with the user defined programming make this system an advanced tool for future 

generation micro-fabrications.  

The previous chapter shows a high-intensity (452 mW/cm2) 5-by-5 UV-LED light source 

with a commercial collimation lens that enabled the fabrication of millimeter tall microstructures 

(3 mm) [62]. A customized light waveguide and an orbital rotation structure have been introduced 

for improved light collimation and uniform distribution. This small prototype showed the 

possibility of adaptive light control and automatic control of the tilt rotational sample holder for 

complex microstructures with microcontroller commands. 

In this age of computer-based technology, the lithography process can have significant 

advancements using different programming features for easier control over complex operations 

and large-scale productions. The use of Computer Numerical Control (CNC) is prevalent for light-

motion synchronized 3D microfabrication [93], [94] for several years now. In addition to that, 

selective light source pattern control and adaptive light intensity control can open the opportunity 

for new micro-fabrication which can be hard to fabricate using the existing lithography systems. 

Based on the successful implementation of UV-LEDs' novel features in developing the 

multidirectional lithography systems in the previous works [87], [62]; a fully programmable UV-

LED mask aligner system has been presented in this chapter  with large scale setup. The adjustable 

intensity feature with the change of current and distance has been made programmable using C++ 

programming software. The programmable light exposure feature resolves the non-uniform 

exposure issue caused by the tilting angle of the sample holder, where one end of the sample holder 

is closer to the light source while the other end has further distance. On the other hand, because of 
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having individual control over the UV-LEDs, the exposure can be customized, and varieties of 

microfabrication can be achieved on a single sample with a single exposure.  

The system has been rescaled for large-scale production with large illumination and target 

areas. The motion of the sample is made fully programmable to synchronize with the adaptive light 

source. The tilt-rotational sample holder has a standard mask alignment setup with an integrated 

microscope. Therefore, this system is suitable for both traditional mask aligners and an advanced 

tool for 3D microlithography. 

 The advancement of the system resulted in a commercial setup in collaboration with Samil 

Tech Co. Ltd, South Korea. The design, characterization of the standard parameters, and the 

improvements to make an advanced UV-LED lithography system have been discussed in this 

chapter. 

5.2 Concept of the programmable multidirectional UV-LED lithography  

A multidirectional UV-LED lithography system has been developed with fully 

programmable features, and a large-scale setup. The light source has been arranged with an 

alternate combination of both 405 nm and 365 nm UV-LEDs in a single PCB, customized 

collimating structures, programmable light intensity, programmable tilt rotational sample holder 

for creating multidirectional exposure. The original working principle is inspired by the 5 by 5 

UV-LED lithography system prototype as discussed in chapter 4, where the size has been extended 

to 8 square inches with dual wavelength UV-LEDs and all the functionalities like the variable 

intensity, light source regional control, multidirectional operations are made programmable.  

Since 365 nm is the recommended wavelength for thinner SU8 micropatterning, and 405 

nm wavelength is good for millimeter tall microfabrication, a combination of both 405 nm and 365 

nm UV-LEDs has been made in the light source. Utilizing the independent LED control, UV-LEDs 
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can be selected regionally for different microfabrication. Any combination of the UV-LEDs like 

only the i-line (365 nm), only the h-line (405 nm), or a combination of both can be assigned. The 

intensity can be adapted with the movement of the sample holder to get uniformity for the 

microfabrication. Figure 5.1 illustrates the concept of the programmable multidirectional UV-LED 

lithography system. The light source is a combination of 407 UV-LEDs in an arrangement like a 

compact honeycomb. The tilt-rotational sample holder is also scaled up to 9 inches diameter to 

match with the bigger exposure area. With the programmable operations, the ability to make 

varieties of complex microstructure is increased to a greater extent.  

 

 

Figure 5.1 Concept of the programmable multidirectional UV-LED lithography system. 
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The light source has an additional up and down movement control along the z-axis which 

is another unique feature of this system that makes the system able to adjust the distance for 

different types of microfabrication. One optical microscope and a mask alignment system is 

integrated for which the system works both as a mask aligner and an advanced 3D 

microlithography tool.  

5.3 System design 

The light source arrangement follows a regular matrix setup where the UV-LEDs with 

different wavelengths are arranged in alternate rows and columns. A total of 400 UV-LEDs are 

arranged in 20 rows and 20 columns. 

 5.3.1 Dual-wavelength light source 

The conventional lithography light sources contain multiple wavelengths including 365 

nm, 405 nm, and 436 nm peaks on the broad spectrum. Different wavelengths need to be filtered 

out for different applications since the light source is a combination of all. 

This system adopts a mix and match of both 365 nm and 405 nm UV-LEDs (LG-CUN04-

BIA, LG Innotek) for facilitating both traditional and modern micro-fabrications. The two different 

kinds of UV-LEDs are alternately placed side by side which can be regionally controlled.  

 

Figure 5.2 Light source matrix (a) 5×5 matrix of the waveguide with lenses, (b) 20×20 matrix of 

the light source. 
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The system is programmed in such a way where the light source pattern can be chosen by 

the user. Either the 365 nm LEDs only, or 405 nm LEDs only, or altogether can be selected to 

eliminate the need for a filter. Every UV-LED’s intensity can be individually controlled using 

either an integrated microcontroller or C++ programming. 

5.3.2 Large scale light source 

The waveguide’s design is like the one shown in chapter 4. The 5 by 5 matrix setup of the 

waveguide has been used as the unit of the 8 square inch light source. Figure 5.2 (a) shows the unit 

of the waveguide matrix and Figure 5.2 (b) shows the assembly of 16 such waveguide units to 

make the 8 inch2 light source. The single layered Aluminum PCB has a metal heat sink attached 

to the back for heat dissipation. Since, 400 UV-LEDs produce a lot of heat, 6 small cooling fans 

are integrated along the side of the light source. The power supplies are arranged above the light 

source to avoid long wired connections and a microcontroller unit is also incorporated for an 

additional semi-automated control of the light source. The whole setup is connected to a servo 

motor for making the orbital motion of the light source for getting homogeneity.  

5.3.3 Integrated programmable tilt-rotational sample holder 

A tilt-rotational sample holder was integrated with the UV-LED lithography light source 

to rotate and tilt in 3D spaces like the one discussed in chapter 4. However, since the UV-LED 

light source has been rescaled to cover a significant area of 8 square inches, the exposure area has 

also been expanded. Figure 5.3 shows the tilt-rotational sample holder where the diameter of the 

circular disc is around 9 inches which is larger than the light source.  

Since the light source rotates orbitally, the overall size increases sidewise corresponding to 

the orbital distance of 9.8 mm. This bigger size of the circular disc compensates for the expansion 

in size due to rotation. 
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Figure 5.3 Tilt-rotational sample holder. 

 

The circular disc is designed to rotate around 0˚ to 360˚ in X-axis. It is attached to a flat 

metal bar capable of tilting around -180˚ to 180˚ in the Y-axis. Both the rotational disc and the 

tilting bar are connected to two different servo motors, where the motor movements are computer 

program controlled. 

5.3.4 Software and programs 

A significant feature of this lithography system is that the whole system is controlled by 

programming. The light source, the tilt-rotational system, the power connections, and the computer 

system are all integrated. A C++ program controls the orbital movement, timing, and position of 

the light source. The program also controls the movement of the sample holder and adjusts the 

distance between the light source and the target. Since the light source is a combination of both 

365 nm and 405 nm UV-LEDs, the software can select which LEDs to turn on. Figure 5.4 shows 

a screenshot of the sample programs that it uses for microfabrication. An intensity value setting 

section selects the intensity level between 0 to 255, where 0 indicates the lowest intensity and 255 

indicates the highest. The job processing part controls the linear and dynamic movement of the 
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light and controls the light height from the sample, the light source rotational speed, the starting 

angle for tilt function, and the final tilting angle. The user can assign different rotation and tilting 

angles and the corresponding speed values to synchronize between the tilting and rotational 

movements and save the operation with user-defined names. There are auto homing and 

emergency detection functions for ensuring perfect calibration and safety. The advantage of this 

programable system is that the simultaneous rotations and tilting can be made at variable speeds, 

which was challenging with microcontroller commands. The programs help to keep the 

movements well-calibrated and precise which might not be achieved accurately by manual 

settings. Figure 5.4 shows a screenshot of the sample program used to fabricate complex 3D 

microstructure. 

 

 

Figure 5.4 Program controlled operations.  



79 

 

5.3.5 Completed integrated system 

Figure 5.5 shows the schematic of the overall system. The light source is shown to be 

moved to the left to make space for an integrated microscope. After checking the alignment of the 

mask and the sample with the integrated microscope, the light source is moved back to its default 

position above the sample holder. The microscope is kept aside while not in use. A computer is 

placed on the same table as the other parts.  

The power supplies for the light source are placed above the light source itself. The metal 

heat sinks, and 6 small fans are attached to the light source for controlling the temperature. Other 

power supplies are placed inside a metal casing towards the back of the machine, and the 

corresponding switches are placed on the metal casings.  

 

 

Figure 5.5 Illustration of the programmable UV-LED lithography system. 
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Figure 5.6 Programmable multidirectional UV-LED lithography system. 

 

All the necessary parts are placed in a benchtop setup where there are spare spaces for 

storing other equipment on the bottom of it. Figure 5.6 shows the overall machine after assembling. 

The machine is shown in its operating condition. The light source is on, and a program is set on 

the computer. There is a mask alignment arrangement stage where the x, y, z and ϴ can be adjusted. 

This mask stage is mimicked from the sample holder as described in chapter 3. This mask 

alignment stage is moveable along the Y-axis and moved under the light source when mask 

alignment is required. When not in use, it is kept behind the tilt-rotational sample holder. 

5.4 Characterization  

A lithography system deals with micro/nano-level fabrications. Therefore, different 

parameters associated with the system need to be precisely optimized and characterized. The 

important parameters of the programmable multidirectional lithography system have been 

characterized in the following sections. 
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5.4.1 Programmable light intensity with individual control 

The surface-mounted UV-LEDs used in this system emit high-intensity lights without 

visible complex wiring. The UV-LEDs were chosen considering the diverging angles, the 

compatibility with the compact arrangements, and highest intensity. As, the collimating structure 

is straightforward with just a single lens, not a significant amount of light is compromised, unlike 

the other bulk systems where multiple integrators and condenser lenses are used. There is a 

threshold amount of energy required for crosslinking a definite thickness of the photoresist which 

is again a function of the intensity. However, the intensity fluctuates with the change of linear 

distance and current. Figure 5.7 shows the change of intensity with the change of linear distance 

corresponding to different currents for 405 nm. To be noted, the intensity for the LEDs used even 

at a linear distance of 15 centimeters is around 48 mW/cm2 for a DC of 300 milli-Amperes, which 

is still very high compared to the conventional light sources and is enough for a millimeter range 

exposure. As the microstructures range can vary from several micrometers to several millimeters, 

the exposure dose also varies with the requirements.  

 

 

Figure 5.7 The change of intensity with the change of distance and current (With lens and 

waveguide). 
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This exposure dose is the product of the intensity of the UV light and the exposure time. 

The conventional UV lithography systems have low intensities, which requires a long exposure 

time to cross-link thicker photoresists. High intensity available in this system compensates for the 

time required, allowing the fabrication of many taller microstructures with shorter exposures. The 

intensity of this light source varies with distance and current.  

The intensity varies from 48 mW/cm2 to 472 mW/cm2 with the current range between 50 

mA to 300 mA. The distance was varied between 1 cm to 15 cm. This adjustable nature of the UV-

LED intensity has been programmed within the range of 0 to 255. Figure 5.8 (a) shows the change 

of intensities with brightness levels set by the program. This has been measured without lens and 

waveguide. It shows that, the intensity obtained from the brightness level of 170 is around 0.8 

W/cm2. On the other hand, the graph is shown in Figure 5.8 (b) gives a representation of the power 

consumption in Watts for different brightness levels since the power consumption is a function of 

the current applied. It shows that power of around 1200 W is needed for getting a brightness of the 

level 170. 

 

 

 

Figure 5.8 Brightness test  (a) Graphical representation of the relationship between the 

brightness level and the intensity, (b) Graphical representation of the relationship between the 

brightness level and energy consumption. 
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5.4.2 Homogeneity with dual-wavelength light source 

Figure 5.9 shows the homogeneity test for the UV-LEDs system. The UV-LEDs used here 

are not point sources and due to the use of a plano-convex lens, the light distribution is similar to 

a gaussian curve, which in the practical sense means that the center of each UV-LED is brighter 

than the periphery of the lens. Therefore, the uniformity has been measured in four different 

regions as shown in Figure 5.9. Region 1 line is drawn through the center of the stationary light 

source, region 2 passes through the periphery of the stationary light source. Region 3 passes 

through the center of the light source while in motion. Figure 5.9 (a) and (b) shows the setup for 

the 365 nm UV-LEDs without and with rotation. These images were taken with a digital camera 

(Canon, Rebel EOS). Since the camera placed a distance so that the whole light source can be 

captured, the lights might get scattered and the image would not show the original size of the beam. 

To block the scattering a white paper was tightly placed on top of the light source and the actual 

diameter of the light (10 mm) was captured. For using the paper as a scattering blocker, some of 

the original intensity is sacrificed. The graphs are obtained from the ImageJ (2020) analysis of the 

captured photos. Figure 5.9 (c) shows the graphical comparison of the intensity at the four different 

regions.  

The highest intensity achieved at the center is 97 mW/cm2 and the lowest at the gap is 

around 20 mW/cm2. The contrast in the region 1 is around 65% and in region 2 it is around 57%. 

With the rotation of the light source, the intensity achieved at the center is around 116 mW/cm2 

and the intensity at the gaps created caused by the long gap between the adjacent UV-LEDs is 

around 77 mW/cm2. The contrast is minimized to around 18% at the gaps and around the periphery 

this contrast is minimized to around 8%. Although certain small gaps remain even after the orbital 

rotation, the intensity at those points is good enough for millimeter tall microfabrication. Some of 
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the UV-LEDs have dimmer intensities due to the manufacturing problem which has caused some 

increased amount of contrast.  

Figure 5.9 (d) shows the light source without rotation, Figure 5.9 (e) shows the light source 

with rotation and 5.9 (f) shows the graphical comparison of the two setups using ImageJ analysis. 

Since the similar UV-LEDs are arranged in alternate rows and columns they have a huge gap in 

between the adjacent LED. In this design, the gap is around 23 mm. the highest intensity achieved 

from an individual UV-LED is around 277 mW/cm2 and the lowest intensity around the gap is 

only 77 mW/cm2. In this setup, the contrast is around 56% at region 1 and region 2. After the 

orbital rotation, the light covers most the gaps, but some small gaps remain. However, these small 

gaps are surrounded by high intensity lights and these gaps also receive a high intensity.  

 

 

Figure 5.9 Homogeneity test for the light source (a) 365 nm LEDs (stationary), (b)  365 nm 

LEDs (motion), (c) Graphical analysis of the intensity profile for 405 nm LEDs with and without 

motion, (d) 405 nm LEDs (stationary), (e)  405 nm LEDs (motion), (f) Graphical analysis of the 

intensity profile for 405 nm LEDs with and without motion, (g) Combined LEDs (stationary), (h)  

combined LEDs (motion), (i) Graphical analysis of the intensity profile for the whole light 

source with and without motion 
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Here, in this setup, the highest intensity achieved along the LED is around 293 mW/cm2 

and the intensity at the gaps is around 243 mW/cm2. This intensity is still higher than most of the 

commercial UV lithography systems and a lot of microfabrication can be done using this intensity. 

The contrast is minimized to around 9% at region 3 which reduces further to. 1.47% at the region 

4. The homogeneity test shown in Figure 5.9 (g) and (h) represents the light source comprising 

400 UV-LEDs at stationary and orbital rotation. The light source is arranged with alternate rows 

and columns of 405 nm and 365 nm UV-LEDs. Each row is 11.5 mm apart from each other and 

the orbital rotation is controlled with central motor movement. Figure 5.9 (g) shows the light 

source when all of the UV-LEDs are ON. Figure 5.9 (i) shows the graphical comparison of the 

light source with and without rotation. Since there are two types of UV-LEDs, there is a difference 

of the intensity level in this graph. The blue line shows the highest intensity of around 66 mW/cm2 

at the center and 24 mW/cm2 around the gaps. The contrast is 45%. With the rotation, the overall 

contrast is reduced to around 3% at the center and around the periphery the contrast is reduced to 

around 2.5 %. Since there are no gaps due to the compact arrangement of the UV-LED arrays, 

similar level of homogeneity is achieved all over the exposure area. The amount of contrast in this 

setup is mostly contributed by the difference of the wavelength and intensity between the adjacent 

rows and columns. This test is presented only to show the phenomenon of homogeneity using the 

orbital motion of the light source. The intensities of the light source when in motion shows slightly 

higher intensity than the original. The reason behind this is that the picture was taken with as much 

as exposure time as it takes for completing one rotation. The longer exposure slightly increases the 

intensity. On the other hand, the images show the overlapping of the LED paths. These overlaps 

also increase the intensity at those points. However, in the real scenario these paths do not overlap, 

so the homogeneity is supposed to be better than the one demonstrated here. 
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5.4.3 Uniformity with dual-wavelength light source 

The light source discussed in this chapter covers up an area of 8 square inches with a total 

of 400 UV-LEDs. Since all the LEDs have individual control and the internal circuitry might differ 

to some extent as supplied by the manufacturer, their intensity might not have the same value. 

However, the intensity of all the UV-LEDs should maintain uniformity at an optimum extent so 

that the exposure is almost uniform all over the target area, adjustable intensity can be utilized to 

compensate for the rest. Again, since the light source has two different UV-LEDs as- 365 nm and 

405 nm, their intensity will be different by default because of their optical characteristics. 

Therefore, when uniformity is calculated, it should be noted that the two types of LEDs will have 

different intensities, and that is okay for adaptive lithography applications. The LEDs are also 

equipped with customized waveguides and lenses. As seen in the previous sections, the intensity 

of the UV-LEDs decreases exponentially with the increase of the distance.  

 

 

Figure 5.10 Light source uniformity. 
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The lens is situated at a focal length distance for the standard optical design. As a result, 

the intensity differs from the original when the lens and the waveguide are added. Here in figure 

5.10, the intensity distribution for all the UV-LEDs has been shown with and without waveguides.  

The yellow and the orange lines show the intensity distribution without waveguides and 

lenses whereas the blue and the ash lines show the intensity distribution with the waveguide and 

the lens. 

The X-axis shows the LED numbers from 1-400 except for some errors while measuring 

the intensity. The 405 nm UV-LEDs show a highest of 3600 mW/cm2 and a lowest of 3160 

mW/cm2 without waveguides and lenses, giving uniformity of 6.5%. When equipped with 

waveguides and lenses, the same UV-LED gives the highest intensity at 452 mW/cm2 and a lowest 

of 380 mW/cm2. The uniformity obtained in the second case is around 8.65%. 

The uniformity of the light source calculated using the equation-  

 

𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 (%) =  
𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 − 𝐿𝑜𝑤𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 + 𝐿𝑜𝑤𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
× 100       (5.2) 

  

On the other hand, the 365 nm UV LEDs give intensity in the range of 1900-2300 mW/cm2 without 

waveguides and lenses. The uniformity is around 9.65%. These LEDs give intensity in the range 

between 281-237 mW/cm2 with waveguides and lenses; the uniformity obtained is about 8.5%. 

The standard uniformity deviation for the UV lithography system should be within 10%, where 

these UV-LEDs maintain a good amount of uniformity with high enough intensity for lithographic 

applications. 
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5.4.4 Light source stability over longer time periods 

The light source stability indicates the characteristic that determines whether this 

lithography system gives stable performance for all kinds of lithography applications or not. Since 

lithography exposure is the product of the intensity and the time. For tall microstructure 

fabrications, the light source is in operation indefinitely as high aspect ratio structures and 3D 

complex structures take a long time to get cross-linked. On the other hand, batch productions or 

continuous production needs the light source to be ON for a long time. 

 

 

 

Figure 5.11 Uniformity test (a) Test setup, (b) Table showing intensity measured at different 

days, (c) Graph showing the deviations of stability measurements. 
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Therefore, this system needs to be characterized for long and continuous uses. Since there 

are no other factors like warming up, the light source should maintain a constant intensity 

throughout the operation time. The light source system was kept turned ON and monitored for 704 

hours at a stretch, and the system's compatibility with the long hour and continuous operations was 

checked. Figure 5.11 (a) shows the setup of the experiment. 

Figure 5.11 (b) shows the intensity readings at different days for both 405 nm LEDs and 

365 nm LEDs. The graph in Fig 5.11 (c) shows a plot of the intensity with respect to time. The 

intensity for 405 nm LEDs varies from around 411 mW/cm² to 430 mW/cm². The intensity for 365 

nm LEDs varies from around 236 mW/cm² to 258 mW/cm². The 405 nm UV-LED shows a 

deviation of around 4.41% from the perfect condition and the 365 nm UV-LED shows a deviation 

of around 8.52%. The characterization results show that the system is stable with 4.41% and 8.52% 

tolerance for the 405 nm and 365 nm UV-LEDs respectively. 

5.4.5 Thermal stability for large scale setup 

Each LED used for this system can handle around 3-3.5 Watts of power. The light source 

comprises of 407 such high-intensity UV-LEDs. These UV-LEDs consume a huge amount of 

energy and produce a large amount of heat during the operation. The PCB, the waveguides, and 

the lenses absorb the heat from the LED by conduction and convections. Overheating can damage 

the 3D printed waveguides as well as the wiring materials. Therefore, temperature control is yet 

another vital factor for this lithography system. The ventilators provided on the waveguide walls 

and the Aluminum PCB board help dissipate the heat and make it flow outwards. However, the 

additional cooling system is required for this big setup. Therefore, a metal heat sink is provided 

beneath the PCB. The heat produced by the UV-LEDs can be drained out to the metal sink instead 

of confining inside the waveguide. Figure 5.12 (a) shows the temperature reading of the light 
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source at different intensity levels. The first image shows the temperature at a level of brightness 

level 100 where an average of 69.8˚ temperature is obtained, and the second image shows the 

temperature at a level of 150 giving an average temperature of 70.8˚, the third image shows an 

average temperature of 71.8˚ at a level of 200, and the fourth image shows the temperature reading 

of 71.9˚ at the level of 255. The temperature readings were taken using a thermal camera. Figure 

5.12 (b) shows the temperature changes with the brightness level change for the 405 nm UV LEDs. 

The blue dots in the graph show the UV-LED temperature without a heat sink. 

 

Figure 5.12 Thermal test (a) Temperature checked at different brightness levels, (b) Graph 

showing the changes of temperature with and without the heat sink. 
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The red dots show the temperature of LEDs after installing the metal heat sink. Around 75 

degrees is observed for LEDs without a heat sink. It drops to only around 27 degrees with the help 

of a heat sink at a brightness level of 170. As the brightness level increases, the UV-LEDs consume 

more power, which increases the temperature. The use of a heat sink helps to keep the temperature 

under control. Even after setting the heat sink, some other small fans are also added for safe 

operations. 

5.5 Second version of the light source  

In the light source setup demonstrated with 400 UV-LEDs, a regular matrix arrangement 

was followed. This arrangement is good for getting a high intensity light source with a standard 

homogeneity. Since similar UV-LEDs are arranged in alternate rows and columns, a big gap 

remains after turning ON the similar LEDs only causing an additional contrast. This gap can be 

minimized, and the contrast can be further improved by using a more compact arrangement of the 

UV-LEDs. In this section, a second version of the light source setup has been discussed here where 

a more compact hexagonal honeycomb arrangement is demonstrated with the waveguide design, 

lens design and the collimation and homogeneity characterization. 

 

Figure 5.13  Light source arrangements (a) Matrix arrangement of UV-LEDs in parallel rows 

and columns, (b) Honeycomb arrangement of UV-LEDs. 
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5.5.1 Compact honeycomb arrangement 

With the aim of minimizing the contrast of the light source, the UV-LEDs have been 

arranged in alternate rows and columns in a zigzag pattern. The compact hexagonal arrangement 

has been inspired by the natural honeycomb structure. A honeycomb structure is such that each 

hexagonal unit connects to the adjacent units keeping no visible void in between them. Since a 

homogenous light source with minimum contrast is required for microlithography, the system has 

been adapted for hexagonal arrangement. Figure 5.13 (a) shows the regular arrangement of UV-

LEDs with circular waveguides in parallel rows and columns, where a gap remains in between the 

neighboring UV-LEDs. On the other hand, Figure 5.13 (b) shows the honeycomb arrangement of 

the UV-LEDs with hexagonal waveguides. Each alternate row compensates for the gap created by 

the previous row and thus keeps all the UV-LEDs close and minimizes the high contrast created 

by the voids. On the other hand, this arrangement facilitates the accommodation of a maximum 

number of UV-LEDs by minimizing the unused space in between the arrays. 

 

Figure 5.14 Lens design considerations and an illustration of the hexagonal lens. 
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5.5.2 Advanced hexagonal collimating structures 

Since a honeycomb arrangement has been considered for the light source, the collimating 

structures were designed to be hexagonal. The waveguides have been designed to mimic the 

honeycomb unit shape, and the corresponding lens is designed to fit inside the hexagonal 

waveguide perfectly.  

Figure 5.14 shows the design considerations of a hexagonal lens suitable for a honeycomb 

UV-LED light source. The diverging UV-LED beam hits the lens with a divergence angle of 62˚ 

which is shown in the image as the half angle of 31˚ for lens designing.  

PDMS (Polydimethylsiloxane) has been chosen as the lens material because of its high 

transparency to UV light [95], [96], convenience with fabrication process [97] flexibility with 

customization, and good collimation capability. Its angle of refraction inside the PDMS, which is 

59˚ has been taken as the lens curvature angle. The middle portion of the lens was made flat in 

correspondence with the UV-LED chip size to ensure better collimation. The diameter of the flat 

center and the width of the UV-LED chip both are 2.8 mm. As circular lenses leave a particular 

gap with the adjacent lenses in an array structure, a hexagonal offset with a height of only 500 

microns was added at the bottom so that the lenses can be arranged in a honeycomb structure with 

a minimum gap in between. The offset was made only 500 µm thin allowing the standard PDMS 

fabrication and minimizing the offset loss. The diameter of the lens has been taken considering the 

maximum distance in between the adjacent UV-LEDs.  

Equation (5.2) shows the calculation that has been used for determining the focal length- 

1

𝑓
=

(𝑛−1)

𝑟
    (5.3)       

Where f is the focal length, n is the refractive index and r is the radius of curvature for the 

convex part of the lens.  
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Figure 5.15 Waveguide (a) Cross-section of the waveguide with lens seat and UV-blocker, (b) 

UV- blocker, (c) Waveguide unit. 

 

The diverging light hits the lens on its focal point and is converted to collimated light 

beams. The radius of curvature has been determined considering the overall height and width of 

the lens as shown in equation (5.3). 

 

𝑟  = 
𝐻

2
+ 

𝑊2

8𝐻
          (5.4)         

Where H is the height of the convex part of the lens and W is the width of the convex part. 

Since these lenses are not available commercially, they were made with PDMS in the lab following 

the standard molding procedure.  

Here, in this design, a hexagonal waveguide was used to guide the light towards the lens 

and block any interference with the neighboring LEDs. Due to the hexagonal structure, each 

waveguide side was attached to another hexagonal waveguide.  
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The waveguide covers the LED and holds the collimating lens at its focal length. Figure 

5.15 (a) shows the cross-sectional view of the waveguide where the lens seat is extended up to the 

bottom to make the seat robust and make enough support while printing with the 3D printer. The 

lens seat was made with small extensions from the waveguide wall on the six corners only so that 

the illuminating area is minimally sacrificed. The UV blocker is placed at the bottom and is 

integrated with waveguide walls. The UV-LED light has some secondary diffractions along the 

width. 

Figure 5.15 (b) shows the design of the UV blocker to surround the UV-LED and block 

the unwanted diffractions. The UV blocker was made tapered from the bottom to perfectly fit the 

spherical LED shape. Figure 5.15 (c) shows a complete unit of the waveguide. The sidewalls of 

the waveguide comprise of 6 window like ventilators; these windows, along with the UV blocker 

gaps, create the path for airflow and prevent overheating internally. The waveguide walls are thick 

enough to print successfully but thin enough to minimize high contrast illumination. The optimized 

wall thickness between adjacent waveguides is only 500 microns. This gap between two adjacent 

collimated beams creates contrast in the light illumination. However, the high contrast illumination 

caused by these gaps gets homogenized due to the orbital rotation of the light source.  

5.5.3 Advanced collimation with customized lenses 

The lens is the primary collimating structure. Since a honeycomb structure was adopted, 

no commercial lenses met the requirements of the structure and the applications. As a result, a 

customized hexagonal lens was designed and fabricated in the lab. The lens parameters were 

calculated from equations 5.3 and 5.4 and a model was designed using AutoCAD 3D modeling. 

However, making a proper mold was quite challenging since the surface quality and precise control 

over the parameters are required.  
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Figure 5.16 Micromachined stainless steel lens mold, (inset- the fabricated hexagonal lens). 

 

Therefore a customized stainless steel mold was designed and was micromachined in 

collaboration with Samil Tech Inc. South Korea. This mold was used for the batch fabrication of 

lenses. Figure 5.16 shows the lens mold, which can fabricate 49 hexagonal lenses at a time. The 

inset of the image shows the fabricated hexagonal lens made with PDMS.  

 

Figure 5.17 collimation with hexagonal design (a) Divergent beam, (b) Illustration of the 

collimation with lens, (c) Collimation result. 
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Both the UV-LEDs used here in this system have a divergent beam that spreads out in the 

air medium with an angle of 62˚, and some diffracted beams are seen on the lateral sides of the 

UV-LED tip. A UV blocker was designed slightly taller than the UV-LED itself that surrounds the 

UV-LED, and the diffractions are blocked from affecting the main light beam. 

The actual value of the divergence was also measured utilizing the image analysis software 

tool ImageJ (2019) which is shown in Figure 5.17 (a). The measurement shows a divergence of 

62˚. The narrow waveguide path directs each light beam towards the respective lens, avoiding 

interference with other LED beams and accommodating the lens as shown in the illustration Figure 

5.17 (b). Figure 5.17 (c) shows the collimation achieved by using the hexagonal lens. The deviation 

was measured to be 3˚ only. 

5.5.4 Homogeneity with the honeycomb arrangement 

This version of the lithography system adopts a hexagonal honeycomb arrangement of the 

waveguides, and the gaps and the unusable voids created due to the matrix arrangement have been 

minimized. However, each waveguide separates the light emitted from its associated LED from 

the others. Also, since the waveguides are 3D printed, a minimum wall thickness of the waveguide 

is required for getting a feasible and robust structure to hold the lenses.  

 

Figure 5.18 Honeycomb light source (a) Hexagonal honeycomb arrangement, (b) All UV-LEDs 

on while rotating, (c) Alternate arrays are on while rotating. 
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The waveguides are made around 500 µm thick, considering all these factors. These walls 

create dark regions on the light source. These gaps again create high contrast illumination on the 

substrate. As a result, the target gets exposed non-uniformly. For getting rid of that contrast, an 

orbital rotation is used. Figure 5.18 shows the AutoCAD drawing of the hexagonal light source at 

different operating states. Figure 5.18 (a) shows the light source when all the UV-LEDs are ON 

and there is no orbital rotation involved. Figure 5.18 (b) shows light source with the LEDs on and 

there is orbital rotation involved. Figure 5.18 (c) shows the light source when only the alternate 

UV-LEDs are on, and the light source is in orbital rotation. It seems that, even when the alternate 

UV-LEDs are in operation, all the gaps are covered by the motion due to the compact arrangement. 

Even after changing the LED orientation and using customized lenses, a rotational 

movement is required for obtaining homogeneity without compromising other optics. The matrix 

of the LEDs is made to rotate in continuous motion so that the gaps between adjacent collimated 

lights are covered. 

Figure 5.19 (a) shows the LEDs without rotation, Figure 5.19 (b) shows the distribution of 

light all over the area when kept in orbital motion. Both these images were captured with a digital 

camera (EOS Rebel T3i, Canon). A thin screen was placed in front of the light source to make the 

intensity suitable for a good image. A 6-second-long exposure was used to take the picture in 

Figure 5.19 (b) to complete one rotation. Figure 5.19 (c) shows the intensity distribution analyzed 

using ImageJ (2019) over the intensity lines drawn on the images shown in Figure 5.19 (a) (b). 

This uniformity test data has been taken by plotting a line through the central axis of the images. 

The graph for a stationary condition shows fluctuating values of the intensity, whereas the graph 

for the rotational movement shows almost a flat line over the target area. At stationary conditions, 

the highest intensity of around 277 mW/cm2 was achieved on the illuminated parts.  
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Figure 5.19  Homogeneity with honeycomb setup (a) Light source at a stationary position, (b) 

Light source with orbital movement, (c) Graphical analysis of the two states of the light source. 

 

The lowest intensity of around 90 mW/cm2 was achieved in the gaps giving a contrast of 

around 50%. The highest intensity measured at rotational movement is around 294 mW/cm2, and 

the lowest recorded intensity was around 284 mW/cm2 on the surfaces of LEDs and the gaps 

respectively giving a contrast of around 1.7% only.  Here, the intensity around the central axis is 

more while in rotation in comparison with the stationary setup, which is caused due to the 

overlapping of the compact UV-LEDs. Since the UV-LEDs are alternately and compactly arranged 
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in hexagonal form, each illuminated hexagon overlaps with all the adjacent ones while in rotation.  

The contrast was measured using the formula given below- 

𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 (%) =  
𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 − 𝐿𝑜𝑤𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 + 𝐿𝑜𝑤𝑒𝑠𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
× 100       (5.5) 

 

Therefore, the contrast is reduced to almost 1.7% with the orbital rotation. Including some 

measurement errors, the homogeneity obtained can be 1.7±%. Thus, the system is made 

homogenous, and other optical parameters are undisturbed. This homogeneity helps to get uniform 

microstructure all over the target area and a batch production of a similar structure is facilitated as 

well. 

5.6 Results 

5.6.1 Improved resolution with 365 nm UV-LEDs and high aspect ratio microfabrication 

Micro-patterning and 3D microstructure fabrications are the main functions of this 

multidirectional UV-LED lithography system. Resolution is one prime evaluating factor for a 

lithography system.  

 

Figure 5.20 Microfabrication (a) High-resolution patterning, (b) High aspect ratio micro tower 

fabrication. 
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Resolution is defined by the UV lithography's smallest pattern size that can be transferred 

on a mask. Since the wavelength, lenses and the collimating structures have been modified, an 

evaluation of the system has been represented again with a similar type of structures as the previous 

system. Figure 5.20 (a) shows high-resolution patterning as small as 1.4 µm. The same sample 

shows other sizes of patterns like 12 µm as well. This sample was spun at a speed of 3000 rpm on 

the spin coater and was baked for 5 minutes, later exposed under the UV-LED light source with 

an intensity of 15 mW/cm2 for 10 seconds. Figure 5.20 (b) shows the high aspect ratio micro-

towers as tall as 3.15 mm with an aspect ratio of 1:10. This sample was exposed with an intensity 

of 200 mW/cm2 for 15 minutes only. 

A resolution as high as 1.4 µm was achieved, and a high aspect ratio micro-tower as tall as 

3.15 mm has been shown here. However, the resolution and the aspect ratio are not limited to the 

displayed values only, it is possible to get better resolutions and taller structures as well with 

modifying some fabrication parameters.  

   

 

Figure 5.21 Surface quality (a) 3D vertical pillar printed using SLA printer (Formlabs), (b) 

Microfabricated pillar using multidirectional UV-LED lithography system. 
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5.6.2 Surface quality comparison with the existing 3D printing system 

3D printing technology is one prominent microfabrication field that can produce 3D 

structures with high resolutions and high aspect ratios using similar technology as lithography. 3D 

printing technology has advanced in terms of optics and 3D modeling designs and 

stereolithography (SLA) printers can give up to 25 microns resolution. However, the method of 

printing is layer by layer deposition, which gives nonuniform sidewalls on a vertical structure. 

Applied fields of microstructures like RF antennas, optoelectronic devices need uniformity of the 

structure and good surface quality to serve the purpose. In such cases, UV-LED lithography can 

be used to make microstructures without creating layers and with smooth sidewalls. 

Figure 5.21 shows a comparative study of the printing quality for a commercial 3D printer 

(SLA, Formlabs) and the programmable UV-LED lithography system discussed in this chapter. 

Figure 5.21 (a) shows one vertical pillar printed with the commercial 3D printer where the inset 

shows the layering effect on the sidewall. Figure 5.21 (b) shows the vertical pillar fabricated with 

the same parameters using the programmable UV-LED lithography. The inset shows the smooth 

finishing of the sidewall. The sidewall profile shows smooth quality, and these structures are more 

suitable for surface-sensitive applications.  

5.6.3 Large scale productions 

Lithography is popular in MEMS fabrication techniques because of its repeatability and 

mass production ability. Thousands of microstructures can be fabricated in a single substrate with 

a minimum amount of time. The system discussed in this chapter has 8 square inches of exposure 

area, which significantly benefits the batch production without repeating the exposure session. The 

homogenous exposure obtained through the orbital rotation of the light source gives uniformity in 

the shape and size of the microstructures fabricated and the bigger size of the light source gives 
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the ability to fabricate thousands of microstructures simultaneously with a single exposure. For 

example, figure 5.22 (a) shows a section of 10000 micropillars fabricated on a single substrate 

with a single exposure where the diameter was preserved to be at 20~22 microns, and the height 

was preserved to be at 197~203 microns.  

The system yielded around 90% of the pillars corresponding to the original design. Figure 

5.22 (b) compares the production of the stereolithography printers (SLA) and the UV-LED 

lithography system discussed here. The horizontal axis gives the number of pillars obtained, and 

the vertical axis gives the corresponding time required. The graph shows that for getting 1089 

pillars, the SLA printer requires around 114 minutes, the FDM printer requires around 60 minutes, 

and the UV-LED system requires only around 10 minutes. The time increases linearly with the 

numbers of pillars for the FDM and SLA printers, but the fabrication time remains constant for the 

UV-LED lithography system. In addition to that, there is no heating time required for lithography, 

unlike the SLA printer. Therefore, this lithography system is way faster than the 3D printers. 

 

 

 

Figure 5.22  Production yield (a) Batch production of 3D vertical microstructures, (b) Graph 

showing a comparison of the production yield of microstructures with time for 3D printers and 

the UV-LED lithography system. 
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5.6.4 Versatility of the system 

The programmable multidirectional UV-LED lithography system can fabricate complex 

3D microstructure by combining different commands for tilting and rotations. For fabrications, the 

standard SU8 2025 procedure has been followed. Initially, Chromium coated glass samples were 

micropatterned with a diameter of 30 microns for all the structures shown in Figure 5.23. SU8 

2025 was poured with a thickness of 500 µm to 700 µm. Depending on the thickness, the soft 

baking time was 3-5 hours. Backside exposure was performed on the samples, placing them on the 

tilt rotational sample holder disc. Post-exposure baking was done after exposing the samples from 

various angles. 

 Finally, the samples were developed using SU8 developer and cleaned for observation.  

 

 

Figure 5.23 Versatile microfabrication (a) Double inclined pillars, (b) Screwed vane structure, 

(c) 3D horn structure, (d) Quarter circle, (e) Double arrow, (f) 3 petal structures. 
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Figure 5.23 (a) shows the double inclined pillar structure, where two exposure was done at 

a tilting of 70˚ with a phase difference of 180˚. Fig 5.23 (b) shows the screwed vane structures 

which need simultaneous rotation and tilting, which is challenging to fabricate using motor 

controller commands, Figure 5.23 (c) shows a tapered horn-like structure that also needs 

simultaneous tilting and rotation, Figure 5.23 (d) shows a 3 petalled flower structure. The complex 

structures need precise control over the tilting angles and the rotation angles, and swift, smooth 

movement to ensure the structures' finishing. The programmable functions ensure these precise 

movements, are not achieved from a microcontroller or manual movements. Also, the uniformity 

and the batch production show this system's ability for higher production yields and repeatability.  

Complex 3D microstructures are getting popularity in prominent sectors like 

microelectromechanical systems (MEMS), RF devices, biomedical devices. The 3D structures 

with different geometries can be useful for different applications. For example, the vertical straight 

microstructures with very high aspect ratios can be used as microfluidic devices [98] and bio-

inspired hair-like sensors [99] or band-specific frequency-selective devices depending on the 

parameters [100]. Tissue engineering is one major bioMEMS field where 3D tissue scaffolds are 

made mimicking the micro or nano-architecture of different tissues [40]. Since these tissues have 

complex and intricate shapes, it is hard to fabricate them without the help of precise and controlled 

technology. Another important field is the material engineering where complex and intricate 

geometric designs are utilized for tailoring targeted material properties [101]. The structuring 

flexibilities of the complex 3D structures highly benefit the mechanical properties and photonic as 

well as plasmonic responses. RF devices have strict performances based on their sizes and shapes. 

Therefore, the different shapes can be utilized for getting the desired filtering responses and 

antenna applications  [65]. However, the complex and intricate designs demonstrated here only 
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represent the ability of this lithography tool to fabricate microstructures as per the user’s 

requirement for different applications in the future. Since the scopes of microfabrication are 

expanding, this advanced lithography tool with versatile fabrication ability can be utilized for a 

wide range of applications with its customizable operations. 

With higher intensity, the energy required for a microfabrication can be achieved with a 

very short amount of time. The integrated tilt- rotational sample holder and automatic 

programmable operations make time efficient fabrications negating the need of additional 

equipment. The regional control of the wavelength and the intensity allows the fabrication of 

variety of microstructures with a single operation. With large area setup, maximum production 

yield is achieved with minimum amount of time.   

5.7 Performance analysis 

The programmable multidirectional UV-LED lithography system is an advanced 2D and 

3D microfabrication tool. The system has been designed and customized for a wide range of 

traditional and modern complex 3D microfabrication with simple optics and user-friendly 

functionality. This system has been designed for batch productions with high repeatability and is 

characterized for narrow bandwidth, collimation, homogeneity, and adjustable intensity. 

This dissertation focusses on the development of the UV-LED lithography system. This 

project started with an aim of replacing the hazardous mercury vapor lamps for lithography 

applications and using unique features of the UV-LEDs for making an advanced tool for 

lithography. Starting from the theoretical considerations and design of the single lens collimating 

structures all the way to the integration of the programmable multidirectional tilt-rotational system, 

this project made significant improvements in all the prototypes. The primary prototype with 100 

UV-LEDs had only one directional exposure system, where the system was optimized for standard 
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intensity, collimation, and homogeneity. The system was characterized for fundamental micro 

patterning and 3D microfabrication. The following prototype improvised significantly in terms of 

waveguide design, thermal control, regional control, and multidirectional exposure system. The 

final version of the multidirectional UV-LED lithography system has been established with all 

programmable functions, dual wavelength, adaptive intensity and integrated mask alignment and 

3D exposure system. Table 5.1 shows the comparative study of the improvisations achieved from 

different prototypes discussed so far.  

Table 5.1 comparison of the improvements on different UV-LED lithography systems 

discussed 

There are other research and commercial setups for lithography. Here, a comparative study has 

been presented in Table 5.2 where it shows the comparison of the size and intensity obtained from 

different UV-LED lithography setups. 

Setups 
 

Adjustable 

Intensity  

 

Wavelength 

 

Regional 

control 

 

Size 

 

Multidirectional 

exposure system 

 

Method of 

operation 

UV-LED 

lithography 

light source [87] 

Adjustable 

with dimmer 

switch 

405 nm Absent 5˝×4˝ Absent Manual 

The UV-LED 

lithography 

system with tilt 

rotational 

sample holder 

[62] 

Changing 

current and 

distance 

405 nm Present 2˝×2˝ Separately added Microcontroller 

operations 

The UV-LED 

lithography 

system with 

computer 

programmable 

functions [102] 

Programmed 405 nm+365 

nm 

Present 8˝×8˝ Integrated C++ 

programmable 
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Table 5.2 Comparison of different UV lithography systems 

 

 

Number Light source Intensity 

(mW/cm2) 

Exposure area Reference 

1 Q. L. Pham et al.  2 @ 365 nm 4ʺ [103] 

2 H. Takahashi et al. (UV-LED) 7 @380 nm  40×40 mm2 [52] 

3 M. K. Yapici et al. (UV-LED)  20 @380 nm  3ʺ×3ʺ [104] 

4 Midas-MDE-200SC (UV lamp)  25 @365 nm 12˝ [105] 

5 SPS-MDA400M (Mercury 

lamp) 

30 @365 nm 4˝ [106] 

6 Kloe-UV KUB 2 (UV-LED) 35 @365 nm 4˝ or 6˝ [107] 

7 J. W. Huang et al. (UV-LED) 35.6 @365 nm  8ʺ× 8ʺ [108] 

8 Tamarak 152 (UV lamp) 45 @405 nm, 

25 @365 nm 

4˝ [109] 

9 Idonus- EXP 100 (UV-LED) 50 @ 365 nm 100×100 mm2 [110] 

10 Quintel-NXQ200 (UV-LED)  75 @ 405 nm, 

31 @ 365 nm 

200 mm [92] 

11 E. D. Kurniawan et al. (UV-

LED) 

82 @394 nm 2×2 cm2 [111] 

12 Suss-MA300 Gen 2 (UV lamp) 90 @ 405 nm 12˝ [112] 

13 This work (UVLED)  425@405 nm  8ʺ× 8ʺ  

14 This work (UVLED) 258@365 nm 8ʺ× 8ʺ  
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Figure 5.24 shows a graph comparing the sizes and the intensities of the discussed 

lithography systems. Where the X-axis shows the serial number presented in the table, the primary 

Y axis shows the intensity expressed in mW/cm2 and the secondary Y axis shows the size of the 

presented lithography systems. It is seen that the intensity of the programmable multidirectional 

UV-LED lithography system is more than five times of the highest intensity presented so far. And 

the size of the light source demonstrated here the second largest among the existing setups. 

However, this size can be increased by adding up similar UV-LED matrices. The table and the 

graph show a direct comparison of the parameters that are in common with existing lithography 

systems. However, there are additional features of the UV-LED lithography system that are not 

common among the commercial lithography and haven’t been compared directly. 

 

 

 

Figure 5.24 Performance analysis of some of the prominent lithography systems. 
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5.8 Summary  

An advanced UV-LED lithography system has been represented in this article. Alternative 

arrays of very high-intensity UV-LEDs have been used here as the exposure system. It has been 

characterized for high and programmable intensity, collimation, homogeneity, light source 

reliability, thermal stability. The system has been compared to the commercial lithography systems 

to show its compatibility for microfabrication. The highest intensity recorded for this system using 

405 nm LEDs is 472 mW/cm2 and for 365 nm LEDs is 258 mW/cm2. The collimation obtained is 

within ±3˚, whereas the standard collimation for lithography is <5˚. The light source achieved 

around 1.5% homogeneity with an exposure area of 8 square inches. The UV-LED lithography 

system is unique because of its high-intensity exposure, simple and customized collimating lenses, 

huge exposure area with very high uniformity, high repeatability, tilt rotational sample holder with 

mask aligning functions, and computer control over each UV-LED. The overall system setup is 

simple yet capable of the most advanced 3D microfabrication. The system can fabricate 

traditionally fabricated several microns thin micropatterns and several millimeter-thick advanced 

3D microstructures. The highest resolution and tallest structures are shown to be 1.4 µm and 3.15 

millimeters but are not restricted to these values. It is possible to get batch production of 

microstructures within a small period with smooth surfaces and primordial parameters. The high 

aspect ratio vertical micropillars shown in different examples can be used as RF monopole 

antennas. Other 3D structures shown in the examples can be used as microfluidic devices, 

microturbines, RF devices, biosensors, and actuators.  

Considering the fabrication quality and design simplicity, the discussed UV-LED 

lithography system can replace the existing UV lithography systems with additional advanced 

performance. There are scopes for getting more advanced results in future fabrications as well. 
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These microstructures have potential uses in RF (Radio- Frequency) devices, bioMEMS devices, 

actuators, wearable devices, and many other vital sectors as they have smoother surfaces with 

higher aspect ratios. 
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Chapter 6 - Tiltable UV-LED lithography system for 3D 

microfabrication for solid and liquid photoresists3 

6.1 Introduction to tiltable UV-LED lithography 

This chapter presents the future direction of the research with the multidirectional UV-

LED lithography system. Most of the microstructures demonstrated so far are fabricated using 

negative tone photoresist SU8. With the development of new materials for 3D printing, many 

photopolymers are available nowadays to create different 3D structures. Photopolymer resins are 

used for stereolithography (SLA) 3D printing. Since stereolithography is the closest technology to 

photolithography, recent studies show the compatibility of such photopolymer resins for 

photolithography applications [114] [115] where the diffraction of UV light is utilized to form 

microneedles for bio applications. These resins are also chosen for their biocompatibility and 

higher young’s modulus value [116], [117]. Stable microstructures can be fabricated using only 

one-step exposure. This fabrication process is devoid of soft baking and post-exposure baking 

steps, requiring minimum time and equipment for 3D microfabrication. However, for the non-

baked photopolymer, the use of the tilt-rotational sample holder system can be inefficient since 

the sample is moved around in 3D spaces. The prevention of leaking or spilling of liquid resin is 

the primary challenge for this fabrication. Sugimoto et al. proposed the use of a rotated or inclined 

mirror instead of moving the sample itself for liquid resin exposure [118]. However, the reflection 

caused by these mirrors doesn’t ensure uniform illumination over the target area which causes less 

production yield. Rotating prism-assisted exposure has also been for similar microfabrication 

[119], [120] which needs the prism to be replaced every time for a change of the angle. Due to the 

 

3 This article is a reformatted and slightly modified version of our article [113] 
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use of additional optical aids, these methods are complicated, and it is hard to maintain accuracy. 

Although the multidirectional sample holder can also be used for liquid-state resin exposure [121], 

secured locking of the sample is challenging. Since the photo polymeric resins seem very 

promising for bio applications like drug delivery microneedles [122], microfluidic devices [123], 

RF antenna [124] with time-efficient fabrication procedure, a lithography system has been 

discussed here, making the liquid state exposure possible in multiple directions, keeping the 

sample at a stationary position [113]. The independent control feature of the UV-LEDs has been 

utilized here. UV-LEDs can be operated without being embedded into a PCB; it can be customized 

to be movable in 3D spaces. On the other hand, as the sample remains stationary, the non-

uniformity of the exposure due to the inclination is solved as well. 

6.2 Concept of the tiltable UV-LED lithography system 

The principle of this system is that the light source is made to tilt at different angles instead 

of making the sample to be tilted at multiple angles. The tiltable UV-LED lithography system 

prototype comprises a 7-by-7 array of 405-nm UV-LEDs. An orbital rotation of the UV-LED array 

provides a uniform light intensity. The fundamental advantage of the discussed system is to create 

3D light traces without the sample’s tilt-rotational movement, which can cause non-uniformity of 

the exposure over the target area and sample instability. The discussed tiltable UV-LED light 

source can directly pattern on a liquid photosensitive resin (SLA 3D printing resin) saving several 

hours per microfabrication process.  

A prototype has been designed with a simple 3D printed waveguide and a commercial 12-

mm diameter glass lens. The waveguides were customized to be tiltable using extended 3D printed 

rods to create light inclination between -70˚ to +70˚. The extended waveguide is connected to a 

pivot joint creating tilting angles along the ±X and ±Y directions.  
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Figure 6.1 Concept of the tiltable UV-LED lithography system. 

 

All the movements are motorized and controlled with a microcontroller. A schematic of 

the working principle of the tiltable UV-LED lithography system has been shown in Figure 6.1.  

Figure 6.1 (a) shows the array of 7 by 7 UV-LEDs to be stationary with zero-degree 

inclination. Figure 6.1 (b) shows the light source tilted on the +X axis, and Figure 6.1(c) shows 

the tilting in the -X-direction. The design considerations of the system are shown in the sections 

of this chapter and the system has been characterized for collimation, adjustable intensity, 

homogeneity, and uniformity. Examples of microfabrication capability have been shown with 

vertical pillars, inclined pillars, triangular slabs using traditional photoresist SU8, single and dual 

microneedles, and multi-angled petals using photo polymeric liquid resin (Surgical guide resin, 

Formlabs). The prototype has shown the unique ability to fabricate microstructures in both baked 
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and non-baked photoresists, which opens up the possibility to fabricate a lot more range of 

microstructures. 

6.3 Tiltable UV-LED lithography system design 

6.3.1 Optical setup 

A prototype of the tiltable UV-LED lithography system has been shown that can cover an 

exposure area of 3-inch2. A 3W high power UV-LED (Chanzon,10DGL-DZ-3W-405) was chosen 

as a light source with 405 nm wavelength since the 405 nm is suitable for thick photoresist 

processing. Since each LED must be set individually inside the waveguide for tiltable movements, 

the commercial (Chanzon) UV-LED was used instead of the PCB embedded LEDs. Each UV-

LED is collimated using a single lens and a conical 3D printed waveguide. Figure 6.2 (a) shows 

the side view of the waveguide designed in AutoCAD (2021), Figure 6.2 (b) shows the inside, and 

Figure 6.2 (c) illustrates the integrated lens collimating structure. For light collimation, a 12-mm 

base-diameter glass was positioned at the lens focal length distance above the LED.  

 

Figure 6.2 Waveguide design with lens housing (a) Side view, (b) Inside, (c) Lens and LED 

integrated. 
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The customized waveguide was designed to locate the LED inside with ventilation holes 

considering heat dissipation, wiring, and lens positioning. The sidewall of the waveguide is made 

tapered and slightly conical to mimic the path of the primary light propagation. A seat for placing 

the collimating lens was made on the waveguide by creating an extension on the inner wall of the 

waveguide. The waveguide was coated with an anti-reflection black color to block unnecessary 

light leaking. The waveguide is then extended to a holding rod for creating room for tilting 

movement up to 70 degrees. The overall waveguide is 3D printed using an SLA printer (Form 2) 

with a high-temperature bearable resin (FLHTAM01, Formlabs) which has a heat deflection 

temperature (HDT) of 238 °C at 0.45 MPa. 

6.3.2 Mechanical and electric setup 

The preciseness of the mechanical setup is as important as the optical setup since the tilting 

of the light source discussed here is controlled mechanically. Figure 6.3 shows the overall design 

of the tiltable UV-LED lithography system where the inset shows the unit of the waveguide and 

the pivot joint.  

 

Figure 6.3 The light source with the tilting arrangement (inset- Unit waveguide with pivot joint). 
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Each waveguide has a long rod, extended to have a horizontal bar at the end for holding 

two small bearings. This bar and the bearings are placed inside another 3D printed housing forming 

a pivot joint. Again, this housing is connected to a slotted frame with two more small bearings. 

These bearings enable x-axis and y-axis movement. The top which is also 3D printed provides the 

housing for all the LEDs, waveguides, and the electric wires. The electrical connections are 

provided with 38-gauge wires, which are convenient for this application because of their thinner 

diameter and flexibility. The wires are soldered on the metal legs of the UV-LED that extends up 

to the end of the top frame.  The wires travel through the wire slots printed on the waveguides. 

The wires are channeled from the frame connecting to the power supply. Since the waveguides tilt 

in X-Y directions, the straight wires can create friction while moving. Therefore, the wires were 

draped spirally along the long holding rod to create some spring effect with the help of heat 

treatment. The LEDs were arranged in a 7 by 7 matrix. Each row was connected in series, and all 

the columns were connected in parallel. Each LED was rated to be operated in the range of 400-

500 mA and 3-3.4 V. Two small cooling fans were integrated alongside the light source for keeping 

the temperature under control while in operation. 

The prototype was successfully built, as shown in Figure 6.4. The light source was housed 

inside a 3D-printed frame. The light source and the frame were suspended from an Aluminum 

extrusion. The light source is supported by a slider that is free to move along the X-axis when 

connected to a stepper motor and the tension is created by using a pulley and a belt. The Y-axis 

movement is controlled with the help of another stepper motor. A laser-cut acryl frame is placed 

under the 3D printed frame with holes to hold the waveguides in their respective holes while in 

motion; this is named the fixed frame. The fixed frame is designed so that the tilting restricts within 

±70˚.  
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Figure 6.4 Tiltable UV lithography system setup. 

 

All the motions are controlled using a microcontroller (EZaxis, Allmotion Inc.), and the 

software for controlling these commands was made in AllMotion (2020) software. Since this 

source is designed to be tilting, a direct orbital motion can not be applied for getting homogeneity. 

For creating the homogenous illumination, the whole setup including all the parts was made to 

rotate in orbital motion so that the gap between the adjacent UV illumination is covered up. A high 

torque 12 Volt DC motor was connected to one leg of the frame and the rotating connectors and 

bearings were connected to all the legs which helped the orbital rotation creating homogeneous 

light distribution over the target area. Depending on the weight of the overall setup, a stronger 

motor and a larger number of bthe earings might be added. For this prototype, the power supply 

was connected externally which can be integrated later with the system. 
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Figure 6.5 Collimation test result (a) Divergent illumination by the UV-LED, (b) Collimated 

light with lens and waveguide. 

 

 6.4 Characterization 

For building, this unique prototype of the tiltable UV-LED lithography system, the type 

and the design of the light source is very different from the previously discussed lithography 

systems. Therefore, all the standard characterizations have been thoroughly performed. This 

prototype has been characterized for single-lens collimation, Adjustable intensity, homogenous 

light distribution, and uniform light distribution all over the target.  

6.4.1 Collimation with bigger lens and conical waveguide 

The surface-mounted device (SMD) type UV-LED has been used as the light source and 

12 mm convex glass cabochons (PendaHall) has been used as the collimating aid. Figure 6.5 shows 

the light collimation result, where Figure 6.5 (a) shows the light propagation from the LED chip 

without the waveguide and the lens, and Figure 6.5 (b) shows the collimated light after having the 

single lens on top of the LED chip seated inside the 3D printed waveguide. The original light beam 

shows propagation with an angle of around 120˚.  
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Figure 6.6 Change of intensity with the change of distance and direct current. 

 

The degree of the light propagation angle was analyzed using ImageJ (2020) software 

which shows a deviation of 3.6˚ after the addition of the lens and waveguide, which is suitable for 

the typical microlithography. 

6.4.2 Variable intensity with tilt functions 

Figure 6.6 shows the intensity variation caused by the linear distance between the light 

source and the target and the variation of the driving current. The highest light intensity of 320 

mW/cm2 was observed at the 400 mA/LED while the intensity was decreased linearly with the 

increase of the distance. Also, the driving current showed the variable intensity for a programmable 

UV exposure. The graph in Figure 6.6 shows the variation of intensity from 6 mW/cm2 to 320 

mW/cm2 with the change of current in between 100-400 mA per UV-LED and linear distance of 

1 to 10 cm.  

 6.4.3 Homogeneity keeping the tilts intact 

The gap between the adjacent UV-LEDs was 17.5 mm, which was calculated to 

accommodate the 12 mm lens for collimation and a room for 70 degrees tilting on both sides. This 
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gap creates a contrast with the illuminated parts of the light source. An orbital movement was 

introduced on the whole setup instead of just the light source, as the light source is already set for 

tilting. Therefore, the Aluminum extrusions of the frame were set for the orbital motion with the 

help of a high torque DC motor. The motor torque is important since only one motor is responsible 

for creating the movement on this heavy arrangement, unlike the previous setups where only the 

light source was rotated. 

 

 

Figure 6.7 (a) Light source without rotation, (b) Light source with rotation, (c) Graphical 

comparison of intensity profile with and without rotation. 
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Figure 6.7 (a) shows the light source at its stationary condition, Figure 6.7 (b) shows the 

light source at its rotating condition, and Figure 6.7 (c) graphically explains the comparison 

between ‘no rotation’ and ‘with rotation,’ resulting in high-intensity contrast in Figure 6.7 (a) and 

uniform intensity in Figure 6.7 (b). The light source without rotation gives a highest of 307 

mW/cm2 and a lowest of 69 mW/cm2 giving a contrast of 63%. On the other hand, the light source 

with motion gives a contrast of around 5%. 

This analysis was done using ImageJ software by drawing a line through the center of the 

images, and the images used in Figures 6.7 (a) and 6.7 (b) were captured using a digital camera 

(EOS Rebel T3i, Canon). 

6.4.4 Comparison of uniformity with the existing tiltable systems 

Since most of the multidirectional UV lithography systems utilize the tilting of the sample, 

it becomes a significant concern to keep the sample secured with the movements. Significantly, 

the liquid resins have the ultimate risk of spilling and leaking if kept unsecured. Therefore, this 

system has adapted the self-tilting function keeping the sample stationary.  

 

Figure 6.8 Comparison of intensity distribution for an inclined light source with the tiltable 

sample holder. 
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Figure 6.8 shows a graph comparing the intensity distribution for the two different setups. 

The plots in orange dots show how the intensity variation at the nearest point, the mid-point, and 

the farthest point for a definite tilting angle when the sample is placed on a tilting sample holder. 

On the other hand, blue color lines show how the intensity drop is significantly less for the 

nearest, mid-point, and farthest points with the tiltable light source arrangement. Compared to the 

sample tilting method, the overall intensity is well preserved in the tilting light source. The 

deviation for the intensity between the nearest and the farthest point for tiltable sample holder is 

around 88% whereas, the deviation for the discussed system is around 4% only. This is the most 

unique characteristic observed in the discussed tiltable UV-LED lithography system and it gives a 

lot of opportunities to fabricate complex 3D microstructures in a non-complex manner with higher 

fabrication possibilities. 

6.5 Fabrication method  

6.5.1 Solid photoresist microfabrication 

The solid-photoresist fabrication here means the fabrication done with soft-baked 

photoresists. This procedure follows the standard steps of organic cleaning, soft baking, UV 

exposure, post-exposure baking, and developing. An example fabrication process of a dual inclined 

pillar or ‘V’ 3D microstructure using SU-8 is as shown in Figure 6.9 (a-e). Here the viscous 

negative photoresist SU8 2025 was poured on the sample by following a pre-measured weight vs. 

thickness ratio. The samples were soft baked on a hotplate at a temperature of 95˚ for a few hours 

Figure 6.9 (a). Then, the sample was placed upside down under the exposure system, and the light 

was tilted to +70˚. It was exposed for 10 minutes with an intensity of 120 mW/cm2 for a thickness 

of around 300 µm as shown in Figure 6.9 (b). Similarly, the light was tilted to -70˚ and exposed 

for another 10 minutes as shown in Figure 6.9 (c).  
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Figure 6.9 Fabrication of SU8 structure: (a) Soft bake, (b) Inclined UV exposure at +ϴ, (c) 

Inclined UV exposure at -ϴ, (d) post-exposure bake, (e) Developing, (f) Fabrication result. 

 

After exposure, the sample was done post-exposure baking at a temperature of 95˚ for 30 

minutes as shown in Figure 6.9 (d) followed by developing for 15 minutes in fresh SU8 developer 

with mild agitation, Figure 6.9 (e). After developing, the sample was dried with airflow carefully.  

A scanning electron microscope (SEM) image of the fabricated ‘V’ 3D microstructure has 

been shown in Figure 6.9 (f). This microfabrication takes several hours of soft baking depending 

on the photoresist thickness, and around 1 hour of post-exposure baking is done for completing 

the cross-linking. This method is time-consuming but is the standard method of SU8 

microfabrication. 

6.5.2 Liquid State microfabrication 

For the liquid resin exposure, commercial 3D printing resin (Surgical guide, Formlabs) has 

been used instead of SU8. First, a 3D-printed rectangular reservoir was printed and filled up with 

clear resin until the resin reaches the reservoir wall height.  
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Figure 6.10 Microfabrication results (a) SU8 vertical pillars, (b) SU8 dual Inclined pillars, (c) 

SU8 3D triangle, (d) Liquid resin vertical microneedle, (e)Liquid resin dual microneedle, (f) 

Liquid resin multi-angled petal.  

 

Next, the photopatterned mask was placed upside down above the resin reservoir so that 

the patterned side of the mask touches the resin and there is no air gap between them. Then the 

sample was exposed for 1 min at an intensity of 45 mW/cm2 at +60˚ and -60˚ respectively to give 

a dual inclined microneedle.  

After exposure, the mask was gently detached from the reservoir to form the structures on 

the mask. Then, the sample was developed in IPA for 5 minutes with mild agitation.  

6.6 Microfabrication results 

The fabricated results show several examples of both the solid-photoresist exposed samples 

and liquid photoresist exposed samples. Figure 6.10 shows the various microfabrication examples 

of the discussed system. Figure 6.10 (a) shows some examples of the high aspect ratio vertical 
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pillars. Figure 6.10 (b) shows the ‘V’ microstructures with an inclination of ±70˚ with a phase 

difference of 90˚. Figure 6.10 (c) shows the triangle slab which involves the continuous movement 

of the light source from -70˚ to +70˚. Figure 6.10 (a-c) used SU8 2025 as the photoresist. Figure 

6.10 (d -f) shows the examples of liquid state exposure for vertical, dual inclined, and multi-angled 

petal structures. 3D printer resin (Surgical guide, Formlabs) has been used as the photoresist. These 

structures show sharp tips instead of flatheads because the light traverses through the liquid resin 

in a conical way, unlike SU8 due to diffraction occurring through the liquid. If the exposure is 

more, then light passes through the already crosslinked structure forming secondary harmonics 

where the initial crosslinked structure works as a waveguide for the incoming light [125]. Figure 

6.10 (d) shows a high aspect ratio vertical needle with multiple harmonics. Figure 6.10 (e) shows 

dual microneedles inclined at an angle of 65˚. Figure 6.10 (f) shows how the orientation of the 

microneedle changes with the change of inclination and exposure dose.  

These microstructures have potential uses in different fields of MEMS. For example, the 

vertical pillar, the inclined pillar, and the triangular slabs can be used as RF MEMS like frequency-

selective devices. The microstructures made out of the liquid resin can give sharp tips and several 

harmonics due to the light propagation profiles through the liquid resin. These sharp needles can 

be used as microneedles for different kinds of sensing applications like pH sensors, Oxygen 

sensors for human bodies. These microneedles can also be used for skincare patches. 

6.7 Summary 

A novel tiltable UV-LED lithography system has been demonstrated. A new approach 

towards complex 3D microfabrication with simpler optics and 3D printed structures has been 

shown as a prototype of a 7×7 matrix of 405 nm UV-LEDs. The system has been designed as an 

independent tool for multi-angled lithography exposure along both X and Y axes. This system is 
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devoid of the complications and limitations of the 3D printing models in terms of warming up, 

resolution, and expensive tools. The system has been characterized for collimation and controlled 

tiltable movement. Good collimation was achieved with the 3D printed waveguides and 

commercial lenses with a deviation of ±3.6˚. Adjustable intensity option has been included for 

making use of a various range of intensities for versatile applications. The highest intensity as 

shown by the system has been recorded at 320 mW/cm2, which is superior to typical commercial 

lithography systems. The uniform distribution of intensity was realized by utilizing orbital motion. 

The system has been shown to be suitable for both solid and liquid states of photoresist exposure. 

Examples of microfabrication have been shown for vertical and inclined SU8 structures. These 

microstructures can be applied in the fields of antenna and other RF device fabrications. The liquid 

resin microstructures show the potentiality to be used as microneedles which is a demanded tool 

for both skincare and drug delivery approaches. This system shown here only demonstrates a small 

prototype and the results shown here are only for demonstration purposes and will be improvised 

further. The findings of this system will be utilized for making an advanced tiltable UV-LED 

lithography system in the future. 
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Chapter 7 - 5G frequency-selective device fabrication utilizing 

micromachined 3D microstructures 4 

7.1 Introduction 

RF devices are one of the most versatile applications of MEMS. Frequency selective device 

(FSD) is a form of RF device that shows the reflectivity or absorption at specific resonant 

frequencies depending on the parameters. The major application of frequency selective devices 

include millimeter-wave devices [126], high-power microwave devices [127], devices made for 

security purposes [128]. Military communication [129] [116], miniaturized communication 

devices [130]. The traditional frequency-selective devices are typically 2D and the target structures 

are embedded in nature. This kind of structure lacks the flexibility of parameters and face 

significant tangent losses because of the conductive surfaces' embedded nature [131] [132].  

 In the early 2000s, the use of polymer core metal-coated microstructures was proposed by 

Yoon et. al. for RF device applications [133]. It is observed that the current in a metal structure is 

mainly confined on the outer periphery of the metal conductor due to the skin effect. Therefore, if 

polymer structures are coated with metal, they can act as conductors and work as RF devices. 

Using this principle, the application of metalized SU8 microstructures was demonstrated to be 

working as an RF device. Since these structures are not embedded in the substrate but rather allow 

air space around them, they were termed as air-lifted microstructures. This air-lifted characteristic 

improves the quality of the RF device by minimizing the dielectric loss caused by the embedded 

substrate material, and it also minimizes the coupling effect between the adjacent elements. This 

novel invention created a wide range of scopes for utilizing polymer-based microstructures. With 

 

4 This chapter is a reformatted and slightly modified version of our article [100] 
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the evolution of complex 3D microfabrication technology, 3D frequency-selective devices are 

getting more attention because of the greater flexibility of various parameters and minimum 

dielectric effects [134], [135]. 3D airlifted polymer pillar arrays have been demonstrated as a 

successful application for terahertz devices [136], [137]. Application of airlifted structures has also 

been demonstrated for satellite communication devices [100].  

The 5G network is now dominating the industries of mobile and wireless communication. 

[138], [139]. 5G networks can be used in other emerging fields like energy harvesting,  vehicular 

networks [140], [141]. 5G networks are also considered to have potential uses in the highly 

sensitive security sectors like military communication networks [142], [143]. 

 This chapter highlights the application of airlifted 3D microstructures in the field of 5G 

(fifth generation) communication devices. Since 24-30 GHz is the most licensed and deployed 5G 

spectrum in the world, the 5G devices require a length or height of around 3.12 mm to 2.5 mm. 

These ultra-tall microstructures need very high intensity which is not available in the existing UV 

lithography systems. On the other hand, the UV-LED lithography system has demonstrated the 

ability to fabricate around 3.15 mm tall microstructures so far. Therefore, the multidirectional UV-

LED lithography system has been utilized for 5G device fabrication. The 3D microstructures are 

metalized to be applied as the frequency-selective device.  

 The 3D frequency-selective devices are used in different signals based on their sizes and 

shapes. In this chapter, vertical pillar array has been demonstrated for frequency selective device 

for 5G applications. 

7.2 Concept of 3D micromachined frequency-selective device 

A periodic array of conductive elements placed on a conductive surface is used as a 

frequency-selective device (FSD). The FSD either absorbs or reflects the incident signal based on 
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the parameters of the device. Freestanding periodic structures generally absorb some signal acting 

as band-stop filters while periodic apertures act like bandpass filters by reflecting certain signals. 

Here, the application of free-standing 3D microstructures has been demonstrated to show the 

practical application of the 3D microfabricated structures.  

The concept is that the electric currents are stirred up on the periodic elements when an 

incident plane wave hits the periodic element. In the case of FSD, infinite arrays of the periodic 

structures are considered. Being illuminated by the plane wave, each unit of the infinite array acts 

like an RLC circuit. For a planar array of elements, the R, L and C are series-connected. The 

inductor element and the capacitor element values are a function of the frequency for which the 

device is targeted. And the resonant frequency is defined by the equation, 

                                                      𝑓 =  
1

2𝜋√(𝐿𝐶)
                  (7.1) 

 The vertical component of the incident EM wave couples with the length of the periodic 

structure, and the horizontal component of the EM wave couples with the period between the 

adjacent structures. This interaction is maximally achieved when the length is equivalent to quarter 

wavelength and the period is equivalent to the half-wavelength corresponding to the target 

frequency. Frequency selective devices are commonly designed in this way. 

 Here, the 5G frequency range is targeted for the frequency selective application, and 28 

GHz is considered the central frequency. Therefore, the periodic structures are designed in 

correspondence with 28 GHz. The concept of using the 3D vertical structure as the frequency 

selective device has been shown in Figure 7.1. Here the transmitted signal hits the vertical pillar, 

and the pillar absorbs the frequency corresponding to its height and shape and reflects the other 

frequencies as it. Here, both the pillar and the substrate on which the pillars are standing must be 

electrically conductive. 
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Figure 7.1 working principle of the micromachined air-lifted 3D frequency-selective device. 

 

The microstructures are designed with a height of one-quarter of the wavelength 

corresponding to the target frequency. For 28 GHz, the corresponding wavelength is 10.7 mm from 

the standard frequency and wavelength relationship, and the quarter of the wavelength is 2.675 

mm. Therefore, the height of the 3D pillars will be 2.675 mm. The broadband signal propagates to 

the airlifted pillar array with a specific incident angle. The resonance frequency is also a function 

of the incident angle since the variation of this angle affects the real-time parameters. The vertical 

and horizontal electric fields are coupled with the quarter wavelength pillar structure and the half-

wavelength pitch of the pillar array, respectively. The change of the incident angle affects the pillar 

height that results in shifts the resonant frequency.  
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7.3 Design of airlifted 3D microstructure 

This study focuses on the design considerations of the frequency-selective 3D 

microstructure arrays tuned to different frequencies in the range of (24-30 GHz) for 5G 

applications. An array of high aspect ratio vertical pillars and bowties are represented as the 3D 

microstructure arrays for frequency-selective devices application. Implementation of polymer core 

3D microstructures has been shown in RF MEMS utilizing the multidirectional lithography system 

[102]. The 3D microstructures need to be electrically conductive for RF application. However, 

metal microstructure fabrication with microscopic resolution and a high aspect ratio is complicated 

and expensive. On the other hand, polymer-based microstructures fabrication is time-efficient and 

cost-effective. If thick enough metal coating is applied corresponding to the target frequency, the 

metal-coated polymer acts the same way as a solid metal conductive pillar. Figure 7.2 (a) shows 

the concept of a solid metal pillar, and Figure 7.2 (b) shows the concept of a metal-coated polymer 

conductive pillar. This kind of de makes the whole process easier as well as the electric field effect 

increases since the resistance becomes lower due to less amount of metal.  

 

 

 

Figure 7.2 Comparison of solid and metal coated pillars (a) Solid metal pillar, (b) Metal coated 

polymer pillar. 
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The image theory has been followed for designing the FSD here. The height of the 3D 

structure has been chosen to be λ/4 which creates a mirror image from the reflection of it from the 

conductive base. On the other hand, the pitch/period between two adjacent 3D pillars has been 

decided to be λ/2, to complete the circuit loop. The change of height above λ/4 reduces the power 

radiation and change in the design of the infinite ground affects the radiation pattern. Therefore, 

maintaining the parameters is important. Figure 7.3 shows the parameters considered for the FSD 

design. 

 

Figure 7.3 Parameter consideration for 3D vertical pillar designing. 

 

Another essential parameter is the thickness of the metal coating, which needs to be 

considerably thicker than the skin depth of the metal at the target frequency. The skin depth of any 

metal can be calculated using the formula- 

                                                                  𝛿 = √
𝜌

𝜋𝑓0µ𝑟µ0
                (7.2) 

Where, 

δ = Skin depth 

f0 = Corresponding frequency 

ρ = Resistivity 
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µr = Relative permeability 

µ0 = Permeability of free space 

 Here, Copper has been chosen as the coating metal, and the target frequency for the 

application is 28 GHz. Therefore, using equation 1, the skin depth of copper at a frequency of 28 

GHz is obtained to be 0.390 µm. Now, to make the coating act as a solid metal, the coating 

thickness should be several times the skin depth. Therefore, the layer deposited by sputtering or 

electroless plating is not enough. Additional electroplating is required for getting enough metal 

thickness. After a thick metal layer is deposited on the polymer core pillar, it can function as an 

airlifted pillar array for FSD application. 

7.4 Fabrication method 

The previous chapters discussed the microfabrication with both nonbaked and baked 

photoresists using UV-LED photolithography. The liquid resin has been used to fabricate the 

airlifted microstructures considering the ease of fabrication and time efficiency.  

 The samples used for the microfabrication are micropatterned Chromium glasses. Standard 

organic cleaning with acetone, methanol, and Isopropanol is performed before fabrication. A resin 

repelling Teflon film is used on a non-reflecting surface so that the structures do not get stuck on 

the surface after crosslinking. The desired thickness of the 3D printed frame, which is 2.675 mm 

in this case, is placed on the Teflon to mark a boundary for the resin. The resin is then directly 

poured on the Teflon so that the resin reaches the height of the frame. After filling up with the 

resin, the patterned glass mask is placed on the frame keeping no air gap between the resin and the 

mask. The four sides of the mask were covered with black tape so that no light can leak through 

the gaps and crosslink the resin from the sides. Finally, UV light is directly exposed to the sample.  
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UV light creates harmonics due to diffraction effects inside liquid resin and sharp tips with 

instant exposures [122]. However, if the thickness is restricted and the sample is exposed for a 

long time with longer wavelengths, the energy gets distributed sidewise and covers up the 

harmonics to form cylindrical structures.  Figure 7.4 shows the steps involved in the FSD 

fabrication. Figure 7.4 (a) shows how the resin is placed into the enclosed area of the frame on a 

Teflon film. Figure 7.4 (b) shows how the structure forms with continuous UV exposure. After the 

sample is exposed, it is gently flipped, and the Teflon film is peeled off from the surface carefully. 

After that, the sample is developed in fresh Isopropanol with mild agitation keeping the sample 

upside down to expedite the development which is shown in Figure 7.4 (c).  

 

Figure 7.4 Fabrication procedure of 3D microstructure. 
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After developing, the frame is removed and cleaned with fresh IPA. Next, the sample is 

dried and is ready for metallization, as shown in Figure 7.4 (d). For metallization, the sample is 

first sputtered with Titanium for obtaining good adhesion and then sputtered with copper, as shown 

in Figure 7.4 (e). Next, the sample is electroplated using Copper Sulphate solution to get the 

desired metal thickness. After electroplating, the sample is ready for analysis for frequency 

selective functions, as shown in Figure 7.4 (f).  

7.5 Characterization 

5G network is the most popular cellular network in the present world. This is called the 

fifth-generation network for the cellular networks, which came into public use in 2019. The use of 

this band has spread out in most of the mobile operating networks because of more incredible 

download speeds and greater bandwidths. The frequency range, which falls between 24-47 GHz, 

has been considered the 5G frequency range. With the explosion of the 5G networks and the 

availability of gigabytes per second download speed, most cellular network companies are shifting 

their networks to 5G. However, from the wide range of frequencies between 24-47 GHz, 24 to 

29.5 GHz frequencies have been chosen to be the most licensed frequency range. Therefore, this 

frequency range was for the frequency-selective devices, and initially, 28 GHz has been targeted. 

The design and the frequency selective functions are simulated first using HFSS software and later 

verified using a network analyzer optimized for analysis in the range of 500MHz-40 GHz. The 

pattern size was chosen for fabrication on a glass substrate by selecting a lithographically possible 

aspect ratio.  

7.5.1 HFSS simulation 

The parameters and responses of the frequency selective device have been characterized 

first by simulating using Ansys HFSS software. HFSS is 3D finite element-based electromagnetic 
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simulation tool. A frequency-selective device is a device with an infinite array of periodic 

structures. It is impossible to simulate infinite numbers of elements using simulation software. 

Therefore, one unit cell was analyzed for frequency-selective devices to check the characteristics 

and behavior in a specific environment. In this case, a Floquet port simulation has been utilized 

for the single-cell simulation. A boundary is assigned for the unit cell, and the input signal direction 

is assigned. 

And for getting the simulation for the Floquet port, the following differential equation is 

used- 

                                                    
𝑑

𝑑𝑡
𝛿𝑥(𝑡) =  

𝛿𝑓(𝑥,𝑡)

𝛿𝑥
|𝑥 = 𝑥𝑝              (7.3) 

                                                     𝛿𝑥(𝑡) =  𝐴(𝑡, 𝑥𝑝)𝛿𝑥(𝑡)                   (7.4) 

Where, 𝐴(𝑡, 𝑥𝑝)  =  
𝛿𝑓(𝑥,𝑡)

𝛿𝑥
|𝑥 = 𝑥𝑝  is the time varying matrix and is periodic in nature. 

This theory when applied to the unit cell of the periodic structure, realizes the function for an 

infinite area. 

 For Floquet port analysis, the sweep of the frequency was set from 24 GHz-30 GHz. The 

target frequency was set to be 28 GHz. And the inclination of the incident angle was assigned from 

1 to 10 degrees.  

7.5.2 VNA analysis  

For all these experiments done with vector network analyzer, An Anritsu (37269D) 

network analyzer has been used which has a frequency range of 400 MHz to 40 GHz range. 5G 

frequency range is chosen as the target frequency and the network analyzer has been calibrated in 

the range of 24 to 30 GHz. The S21 parameter represents the power received at port 2 relative to 

the port 1. Here the ports are represented as the transmitter and the receiver and has been equipped 

with two identical standard gain horn antennas.  
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These horns have been designed using the standard parameters and printed with a metal 

3D printer. In this case, two standard gain WR-28 horn antennas have been used with a nominal 

gain of 15 dB [144]. This means each horn antenna has been designed to represent a response at 

around a value of 15 dB. The practical value of the gain can vary by a value of ±5 dB. These 

standard gain antennas show nominal gains strictly corresponding to their deigning parameters 

with little variations caused by surface roughness and other fabrication error [145], [146], [147]. 

The transmitter gain is the ability of the transmitting antenna to convert the input power into radio 

waves in a particular direction. On the other hand, the receiving antenna gain is the ability of the 

antenna to convert the radio wave coming from a particular direction into electric power. The use 

of identical transmitter and receiver horn antenna for measuring the transmission loss or S21 was 

demonstrated in magnetic MEMS reconfigurable frequency selective devices [148], multiband and 

dual polarized frequency selective devices [149]. The S21 response depends on the gain of the 

transmitter and the receiver. The mutual coupling between two antennas over an infinite ground 

plane placed at a separation higher than the far-field distance can be computed by using modified 

Friis transmission equation and S21 is given by-  

𝑆21(𝑑𝐵) = 𝐺𝑡(𝑑𝐵) + 𝐺𝑟(𝑑𝐵) − 𝐹𝑆𝑃𝐿          (7.5) 

where Gt is the transmitting antenna gain, Gr the receiving antenna gain, and FSPL the free space 

path loss given by  

                                            𝐹𝑆𝑃𝐿 =  −27.6 + 20𝑙𝑜𝑔𝐷 + 20𝑙𝑜𝑔𝐹           (7.6)    

where D is the distance in meter, and F is the frequency in MHz [150]  

Here, the distance between the two antennas is around 0.2 meter and the target frequency is around 

28000 MHz. Therefore, FSPL= -47.37 

The gain of the antennas is 15 dB. Therefore, S21 = -17.37 dB 
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Figure 7.5 Experimental setup for an FSD resonance testing. 

 

The FSD is placed in between these horn antennas as shown in Figure 7.5 and the signal 

sent by the transmitter is modified or changed after interacting with the FSD. This modified signal 

is received by the receiver in the form of the S21 response., therefore, the values demonstrated in 

the data are standard and limited by the transmitter and receiver capacity.  

7.6 Results 

The primary application of frequency selective devices is in making filters. The vertical 

micropillar has been demonstrated as the single frequency band-stop filter, the simulation and 

experimental results have been shown in the following sections. 
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The vertical pillar has been made in a cylindrical shape with a diameter of 200 microns and 

a height of 2.7 mm giving an aspect ratio of 1:13. Figure 7.6 (a) shows the single unit of the vertical 

pillar, Figure 7.6 (b) shows two adjacent pillars with quarter-wavelength height and half-

wavelength period, Figure 7.6 (c) shows one 4-inch device with arrays of vertical pillars. The 

floquet port was analyzed for a single unit of the vertical pillar to show the infinite array response. 

Figure 7.7 Shows the Floquet port simulation where one unit of a vertical pillar has been 

taken for analysis. The height is taken to be equal to quarter wavelength and the boundary area is 

equivalent to half wavelength. 

 

 

Figure 7.6 Frequency selective device (a) Unit vertical pillar, (a) two adjacent pillars, (c) 4 -inch 

device.  
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The incident EM is directed towards the unit cell from the floquet port assigned on the top 

of the boundary. Since perpendicular incident wave doesn’t give any resonance, the floquet port is 

simulated with an inclination of several degrees of inclinations. Figure 7.7 (a) shows the S21 

parameter of the pillar at a frequency of 27.78 GHz which is slightly lower than the expected 28 

GHz resonance. Here, the calculated pillar height corresponding to 28 GHz is 2.675 mm. However, 

due to some fabrication error, the obtained height is 2.7 mm which gives a resonance at 27.78 

GHz. Several resonances are obtained i.e., at 6˚, 7˚, 8˚ and 9˚ incident angles, but the highest S21 

response is obtained at 8˚ inclination and the value is -14.87 dB. The resonance spreads over a 

width of around 100 MHz, showing a narrow bandwidth filtering response. Figure 7.7 (b) shows 

the E-field magnitude distribution over a single pillar and Figure 7.7 (c) shows the vector of the 

E-field over the vertical pillar. 

 

 

Figure 7.7  HFSS simulation for the vertical pillar (a) HFSS simulation for a unit vertical pillar 

cell using Floquet port showing the S21 response, (b) The E-field distribution over the unit pillar, 

(c) The E-field vector over the vertical pillar. 
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Figure 7.8 shows the graphical representation of the frequency selective response obtained 

from the quarter wavelength pillar device. Here, the bandwidth ranging between 26 to 30 GHz has 

been shown to be sent from the transmitter end of the network analyzer. A plane copper plate was 

taken as the reference and the signal was normalized for every change for the incident angle. After 

hitting the pillar device, it gives the most attenuations in the range between 27.75 GHz to 27.85 

GHz for incident angles between 6˚ to 10˚. Here, as the incident angle increases from 6˚ to 10˚, 

the resonant frequency shifts to higher values. At an incident angle of 6 degrees, it gives a 

resonance at 27.78 GHz corresponding to the pillar height of 2.6975 mm, at 7 degrees and 8 

degrees it gives 27.8 GHz corresponding to 2.6957 mm, and at 9 and 10 degrees, it gives 27.82 

GHz corresponding to a height of 2.694 mm. The band starts from around 27.75 GHz and ends at 

around 27.85 GHz giving a span of 100 MHZ. The highest S21 value is achieved at 27.8 GHz, 

which is -16.45 dB. At 27.78 GHz and 27.82 GHz, the S21 achieved are -14.17 dB and -12.71 

respectively. With some fabrication deviations, the result shows good correspondence with the 

calculated and the simulated data.  

 

 

Figure 7.8 Graph showing the response with the pillar frequency-selective device (inset- 

magnified view of the resonant frequencies). 
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Table 7.1 Comparison between the simulated and the experimental result for the 3D 

vertical pillar FSD 

Parameters Simulation Experimental result 

Resonance frequency 

(GHz) 27.78  27.8 

Incident angle 8˚  8˚ 

S21(dB) -14.87  -16.45 

Bandwidth (MHz) 100 100 

 

Table 7.1 shows the comparison table between the simulated and the experimental data. 

Lower values of incidence didn’t give any significant attenuations since the transmitted 

signal interferes with received ones because of the close distance between the transmitter and the 

receiver and doesn’t interact with the pillar. As a result, most signals are reflected as it is. On the 

other hand, when the incident angle crosses the flare angle of the transmitter itself it doesn’t 

respond to the FSD signal which again doesn’t give any significant resonance. 

 7.7 Summary 

3D micromachined air-lifted vertical pillar arrays have been fabricated and characterized 

as frequency-selective devices in the 5G frequency range. The multidirectional UV-LED 

lithography system has been used for fabricating the microstructures. This chapter shows a good 

example of both the high intensity light source as well as liquid state resin microfabrication. The 

fabrications are both time and cost-effective and have application in the most popular 5G devices. 

The vertical pillar arrays have been characterized for frequency selective functions at a frequency 

of around 27.78 GHz with a width of 100 MHz. Where a similar conducting plate without the 

pillars reflected every frequency that it received. The process can be useful for monopole antenna 

fabrication, and other satellite communication applications. This study shows the potentiality of a 

variety of complex microstructures to be used for different MEMS applications 
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Chapter 8 - Conclusion 

The UV-LED lithography system demonstrated the highest intensity available among the 

commercially available lithography systems and the research setups available so far by utilizing 

the single-lens collimation. The 405 nm UV-LED showed an intensity of 472 mW/cm2 and the 365 

nm UV-LED showed an intensity of 258 mW/cm2. Previously the highest intensity available from 

a 405 nm UV lithography system was 90 mW/cm2 and for a 365 nm, it was around 50 mW/cm2. 

Therefore, the demonstrated UV-LED lithography system has an intensity that is more than five 

times that of the available lithography systems and the mask aligners. This high intensity enables 

the fabrication of the high aspect ratio and tall microstructures which were not possible using the 

low-intensity lithography systems. Tall microstructures (1 mm or taller) and high aspect ratio 

microstructures (1:10 or higher) have applications in different applied fields like RF devices and 

microfluidic devices. High aspect ratio fabrications improve the performance of semiconductor 

devices by reducing the short channel effects.  For RF antennas and filters, a desired height or 

length of the structures corresponds to a target frequency. Therefore, the physical parameters are 

important for a required response. Frequency-selective devices in the range of Ku- band, 5G 

frequency ranges, millimeter-wave ranges require structures with several millimeter heights where 

the airlifted tall structures help reduce the dielectric losses. In addition to that, the taller structures 

add up certain designing flexibilities and expand the performance capabilities in microdevices.  

The combination of the high intensity and the creation of 3D traces using the tilt-rotational 

sample holder has added another unique feature of this system that does not exist in commercial 

lithography systems. The complex 3D structures have applications in cell mimicking devices, 

frequency, and polarization selective devices (PFSS). Complex 3D microstructures with high 

aspect ratios have potential uses in RF MEMS like band-specific filters 
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The programming function enabled this system to create 3D microstructures with one 

single exposure which is done in several steps or manually with additional customization in the 

existing lithography systems. There are no commercial systems available for complex 3D 

microfabrication using lithography. This UV-LED lithography system can create high-resolution 

patterns as small as 1.4 µm, high aspect ratio microstructure as high as 1:40, millimeter tall 

microstructure as tall as 3.14 mm, and complex 3D microstructures with small diameters like a flat 

bowtie, bipod and tripods, circular horn and tapered horn, dual arrow, petal structures.  

This research indicates the future direction of the UV-LED lithography system where the 

light source is made self-tiltable. This method can open up the opportunity for more versatile 

microfabrication with varieties of photoresists. 

A practical implementation of the microstructure using lithography has been shown in the 

5G frequency selective device. The parameters and the shapes of the microstructure can be 

customized for other frequencies as well. Following the similar fabrication method, the 

microstructures can be applied to other RF devices. 

This research has focused on the development of a lithography system utilizing UV-LEDs. 

While replacing the Hg vapor lamps, this system contributes to alleviating the health hazards 

involved with Hg lamps and creates an environment-friendly lithography system. The combination 

of high intensity and multidirectional functions with customized programs enables this system for 

high resolution, high aspect ratio and complex 3D microfabrication which have potential uses in 

semiconductor devices, RF MEMS, and biomedical fields.  
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