
Shiba et al. Micro and Nano Syst Lett             (2020) 8:5  
https://doi.org/10.1186/s40486-020-00107-y

LETTER

Multidirectional UV-LED lithography 
using an array of high-intensity UV-LEDs 
and tilt-rotational sample holder for 3-D 
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Abstract 

This paper presents a computer-controlled multidirectional UV-LED lithography system for 3-D microfabrication. The 
presented UV-LED system has adopted adjustable or programmable high-intensity UV-LEDs as a light source enabling 
for photopatterning both thin and thick SU-8 photoresist process. The prototype of the proposed system comprises 
5-by-5 surface-mounted type LEDs with customized collimation lens, a 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. An adjustable light intensity provides an ease of lithography both for a few micron feature size pattern-
ing and a millimeter thick photopatterning by providing optimal light exposure condition by considering diffraction, 
and absorption of the UV light. Together with the tilt-rotational sample holder, the multidirectional UV-LED lithogra-
phy can fabricate various 3-D microstructures in a wide range of the photoresist film thickness. The 3-D fabrications 
include an array of micro triangle slabs, 1-mm tall pillar array, the different scale same 3-D geometry structures on the 
same substrate.
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Introduction
Ultra-violet (UV) lithography has been a fundamen-
tal nano/micro patterning process and widely used in 
the industry and the research institutes for the past 
decades as the fabrication process is relatively simple 
with high repeatability, which is important for manu-
facturability. Recent UV lithography has advanced for 
patterning three-dimensional (3-D) nano/micro fabri-
cation by introducing a precise control of an automated 
mechanical system. Contact liquid photolithographic 
polymerization (CLiPP) demonstrated layer-by-layer 
photopatterning with a fine movement of the sample 
stage with x–y–z direction to form a 3-D microfluidic 

device [2]. In a similar way, a stereolithographic approach 
was also introduced for photopatterning of metal mold-
ing using a positive photoresist [3]. A focused UV light 
stayed at a fixed position with on-and-off function is 
synchronized with an x–y–z movable sample holder to 
draw a pattern by layers to form 3-D structure. A prism-
assisted lithography introduced to change the light expo-
sure angle to photopattern a slanted sidewall of the 3-D 
microstructure [4]. A backside UV exposure and multiple 
layer stacking method by the aid of a fine alignment sys-
tem was also introduced to form several hundred micron 
3-D structures for cell culture scaffold application [12]. 
Maskless lithography methods using digital micromir-
ror (DMD) and liquid crystal display (LCD) were also 
introduced and have become the basis of today’s DMD or 
LCD 3-D printer [11, 13].
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While a number of 3-D microlithography methods 
have utilized a layer-by-layer stage control to form a 3-D 
photopatternable structures, the nature of those fabrica-
tion methods is to have a number of layers which often 
prevent to have a smooth curved or inclined structures. 
Those sidewall stepping surfaces become more chal-
lenging to fabricate RF or optical microdevices as those 
multiple layered stepping structures are not suitable for. 
A multidirectional UV lithography has been introduced 
for 3-D microfabrication where a sample holder was tilt-
rotational to create smooth inclined 3-D microstructures 
with a single direct exposure [1, 14] as described in Fig. 1. 
Since the tilt-rotational sample holder could introduce 
various inclined angles tangent to the light source with 
a programmable control, various 3-D inclined structures 
such as horns, tilted pillar, and triangle shapes have been 
freely able to photopattern. This method was superior 
for the surface quality of 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 horns and 
a ribbon horn [7], and nanoscale 3-D structures [5] were 
presented as advanced 3-D structures. Also, introduc-
ing various refractive index mediums in the automated 
multidirectional lithography extended 3-D projectable 
volume by increasing the tilt-able angle [10] and millim-
eter height pillar were introduced by increasing the expo-
sure time by demonstrating 3-D toroid inductor [6].

After the multidirectional UV lithography scheme has 
adopted the UV-LEDs as its light source [9], the UV-LED 
based multidirectional UV lithography has continuously 
advanced including the features of the ease of individ-
ual LEDs switchings as well as UV exposure intensity 
variation from the recently updated report [8]. In this 
paper, higher light intensity and a low attenuation light 

collimation have advanced by adopting high-power sur-
face mount type LEDs and an individual one-lens with 
light waveguide for light collimation. Also, an orbital 
rotation of the entire light source provides uniform light 
distribution while the regional control of the light expo-
sure area is capable of creating various 3D microstruc-
tures. From the introduced system, the highest light 
intensity has been reported to be 200 mW/cm2, which 
is higher than any commercial lithography system. With 
a wide range of variable light intensity as well as a pro-
grammable lighting feature from the array of LEDs intro-
duce a single UV exposure for 3D microstructures which 
have a great potential for advanced sensors, RF/micro-
wave microdevices such as 3D antennas or waveguide, 
and bioMEMS including microfluidic channels or drug 
delivery devices.

System setup and characterization
The proposed system comprises a light source, a tilt-
rotational stage, and a computer control part as pre-
sented in Fig. 2. The light source includes UV-LEDs, lens, 
optical waveguide, and a heat sink. The 405-nm (h-line) 
peak LEDs (LEDUVA35T01VL00, LG) were chosen as 
the h-line were known as suitable for several hundred 
microns tall high aspect ratio SU-8 structures. Tradi-
tionally, the i-line of 365 nm has been used for the SU-8 
process because of the high absorption of the light and, 
thereby, the fast process. However, because of the high 
attenuation from the high absorption of the i-line, the 
i-line has been challenging to use for the multiple hun-
dreds micron thick SU-8 process. The h-line of 405 nm 
has a relatively low light absorption rate over the SU-8, 
however, it has better transparency suitable for the thick 
SU-8 process. The expected longer process time can be 
resolved by increasing the light intensity of the LEDs, 
which used to be challenging to the conventional mer-
cury-based UV lamp.

The LED has the length, width, and height as 3.4 mm 
by 3.4 mm by 3.4 mm and the beam angle was 55°. Each 
LED can handle the current up to 500 mA with 3.4 V for 
1.15 W. The wavelength of the LED was measured with 
an optical spectrum analyzer (BLUE-Wave, StellarNet 
Inc.) as presented in Fig. 3a. Figure 3b shows the 5 by 5 
matrix arrangement of the UV LEDs along with the cus-
tomized waveguides and the corresponding collimating 
lenses. The peak of the LED shows at 405 nm, and the 
50% intensity bandwidth ranged from 396 to 416 nm, 
which is a narrow bandwidth for eliminating the need of 
an expensive optical filter. To test the light exposure char-
acteristics with multiple LEDs as a group, 25 LEDs were 
mounted on a PCB in 5-by-5 matrix connection so as to 
control the light intensity, and the on–off switching of the 
individual LED. A customized optical waveguide and 25 
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Fig. 1 Description of multidirectional UV-LED lithography
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glass lenses were mounted on the PCB. A cabochon cut 
glass lens (PH PandaHall, Inc.) as shown in Fig.  4a 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. The cross-sectional 
view of one unit waveguide is demonstrated in Fig.  4b. 
The waveguide was designed to position the lens at the 
focal length for light collimation, block the side light 
leakage, and derive the air circulation for cooling during 
the operation. The designed waveguide was 3-D printed 
using a high-temperature resin, (RS-F2-HTAM-02, 
Formlabs) and colored with high-temperature black 
enamel paint (241169, Rust-Oleum).

The completed light source was mounted to an orbital 
rotational frame where the orbital length was set at 13 
mm. The tilt-rotational sample holder was located under 
the light source where two stepper motors were attached 
to a disc type sample holder to control tilt and rota-
tional motions. The light switch and the tilt-rotational 
sample holder were connected to a microcontroller unit 
(EZ4AXIS, All Motion, Inc.) with a computer. Since the 
light source has successfully implemented the array of 
25 LEDs, the size of the LED can be expanded by adding 
more LEDs as needed in the future.

Fabrication process
The fabrication process for 3-D SU-8 photoresist includes 
sample cleaning, photoresist coating, softbake, UV expo-
sure, post-exposure bake, and development as it is briefly 
described with the corresponding fabrication result in 
Fig. 5. Although each process for SU-8 fabrication looks 
the same as the conventional procedure, there are a few 
different treatment ways for processing the thick SU-8 
photoresist such as 1000 µm or thicker. The conven-
tional spin coating process is often not practical because 
the most amount of the applied photoresist to the sub-
strate used to be a waste when it spins out and more 
waste for the thicker photoresist process. Furthermore, 
the achievable thickness by the spin coating method is 
limited to a couple hundred unless running multiple 
spinning process. One of the practical solutions for the 
thick film coating is to use a dry SU-8 film where the 
pre-manufactured film needs to be attached to the sub-
strate. Although the dry SU-8 film process is convenient 
and saves the long softbaking time, the preset thickness 
of the film may not always be well aligned to the thick-
ness that the user requires in various applications. As an 
alternative way of the thick SU-8 film coating, a weigh 
and pour method is introduced as shown in Fig. 5A(a). A 
conventional liquid SU-8 (2025) was weighed and poured 
on a substrate to coat a final SU-8 thickness of 1200 µm. 
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Fig. 2 System setup
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A plastic wall was placed on the substrate before apply-
ing the SU-8 to prevent the overflowing. The overflowing 
barrier wall was 3-D printed using a stereolithography 
type printer (Form 2, Formlab, Inc.) where the acrylic 
resin has 100% fill inside the structure and can bear with 
95 °C. The wall is also advantageous for estimating the 
final SU-8 film thickness during the softbaking process. 
The substrate later was also served as the photomask as 
a backside UV exposure scheme. Since the SU-8 2025 
includes more solvent (around 75%) than the photoresist, 
the initial poured amount of the SU-8 resulted in taller 
than 1200 µm, and it gradually reduced as the solvent 
evaporated. The softbake time and temperature were set 
at 12 h and 95 °C respectively. To demonstrate an exam-
ple of 3-D exposure scheme, two inclined pillars like 
‘V’ shape and a reverse triangle slab were UV-projected 
through a single micro hole showing in Fig. 5A(b–d). The 
405-nm UV light source was chosen, and the light inten-
sity from the 1-inch distance was set at 194 mW/cm2. The 
first inclined pillar was exposed for 30 min where the tilt 
position of the sample holder was set at 60° as shown in 
Fig. 5A(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 Fig. 5A(c). The sample holder has again rotated 
for 120° again for the exposure of the reverse triangle 
slab. The continuous UV exposure was performed while 
the rotation angle oscillates from + 20° to − 20° for 60 
min as shown in Fig. 5A(d). The sample was bake at 95 °C 
for the post exposure bake for an hour and cooled down 
to room temperature after baking as shown in Fig. 5A(e). 
Then the samples were dipped into the SU-8 developer 
solution (MicroChem, Inc.) for 45 min and cleaned with 
isopropyl alcohol to complete the fabrication, as shown 
in Fig. 5A(f ). During the development process, the SU-8 
photoresist side was facing down to accelerate the pro-
cess as the unexposed SU-8 was fell down by gravity dur-
ing the developing process. The sample was cleaned with 
isopropyl alcohol (IPA) and dried to complete the fabri-
cation. Figure 5B shows an SEM image of the fabricated 
3-D structure where the fabrication process followed 
from Fig. 5A. The 3-D structure shows two inclined pil-
lars with one reverse triangle shape from one 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 where it caused by the overexposure dose. 
The measured height of the 3-D structure was 1200 µm, 
which was well aligned with the predicted height.

Result
The proposed system has been characterized for light 
collimation, light intensity, and uniformity of the light 
distribution, and demonstrated several 3-D microstruc-
tures using SU-8 photoresist.

Figure 6 shows the result of the light collimation test. 
5 LEDs with the collimation lens were placed in one 
row and a white screen was vertically set to see the light 
propagation as presented in Fig. 5(left). In a dark room, 
the 5 LEDs were powered up and projected the light 
through the white screen. The five columns of lights were 
observed as shown in Fig. 5(right). The collimation angle 
was measured at the sidewall of the light propagation 
column using a software, ImageJ (NIH) and showed the 
measurement angle within 5°, which is acceptable for the 
photolithography purpose.

Figure 7 shows the measurement result of the UV-LED 
light intensity and the associated thermal effect on the 
LED. As the adjustable intensity of the light source was 
considered as an important feature for the proposed sys-
tem, the light intensity was measured via applying dif-
ferent amounts of the current per each LED as shown in 
Fig. 7a. The maximum allowed current for each LED was 
indicated as 500 mA, however the maximum applied cur-
rent in this experiment was limited up to 320 mA, which 
was noted as a rated current from the manufacturer. The 
applied current was increased in every 8 mA, and then 

Fig. 3 LED light source, a 405 nm LED spectrum (inset: the SMD led), 
b assembled light source
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the light intensity was measured at the distance of 20 
mm, 40 mm, 60 mm, and 120 mm. At the distance of 20 
mm, the light intensity was reached at 200 mW/cm2 at 
200 mA, so did the same at the distance of 40 mm at 280 
mA where the range of the intensity meter (Model 202, 
G&R Labs) was up to 200 mW/cm2 at the same scale. 
The light intensity at the distance of 120 mm still showed 
above 100 mW/cm2 which is still high enough for mil-
limeter thick SU-8 process. The distance of 120 mm also 
secures for the space of the tilt-rotational sample holder 
where the plate diameter was around 750 mm. The meas-
ured data of the variable light intensity and the different 
distance data can be a reference later for the programma-
ble light exposure process.

Thermal behavior of the LED was observed while the 
applied current to each LED was increased up to 320 
mA with every 8 mA step. The first observation was con-
ducted without any heat management tool. Starting from 
a room temperature, each LED was heated up to 129.7 
°C at the 320 mA. The same test was performed after 

adding an aluminum heatsink (BNTECHGO, Inc.) to the 
backside of the UV-LED PCB board. The heat increment 
was proportional to the applied current amount and the 
highest temperature was observed at 87.3 °C. Based on 
the recommended temperature for the LED from the 
manufacturer, the 87.3 °C was marginally acceptable. 
An external fan was added, and the same temperature 
experiment was conducted. While observing the slow 
increment of the temperature, the highest temperature 
was 48 °C at 320 mA. Assuming that the optical tempera-
ture can be different from different models and manufac-
ture, the heat sink and the speed adjustable cooling fan 
can operate the LEDs at the recommended range of the 
temperature.

The light source of the system was designed to have an 
orbital rotation, which is advantageous for programmable 
LED control as the location of each LED has a regional 
rotation without changing the position with neighbored 
LEDs while providing uniform light intensity over the 
substrate. Figure 8 shows the comparison of the UV-LED 
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Fig. 4 Designs of a lens and b waveguide
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Fig. 5 a Fabrication process and b the fabricated 3D structure
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light intensity distribution with and without orbital ora-
tion. The 5-by-5 UV-LED light source is designed to 
rotate with an orbital axis for uniform distribution of the 

light intensity. The axis length was designed as 13 mm 
to cover the entire exposed area. The images were cap-
tured using a camera (EOS Rebel T3i, Canon) for manual 
exposure mode for 8 s. To present and measure the inten-
sity of the light, a thin white screen was placed in front 
of the UV-LED array. Figure 8a shows the light-on image 
of the 5-by-5 UV-LED array. Exposed areas were shown 
in the area where the lenses were placed. High contrast 
between the exposed area and the non-exposed area was 
found. Figure  8b shows the light exposure image with 
the orbital rotation. The exposed area was slightly larger 
than the image shown in Fig. 8a due to the rotation and, 
as expected, the image shows the uniform distribution of 
the light exposure area. The captured images of Fig. 8a, b 
were further analyzed with the intensity contrast through 
the black line drawn at the center of the image. Using a 
software, ImageJ, the light intensity contrast profile was 
plotted as shown in Fig.  8c. The blue dots (no rotation) 
shows the high-intensity contrast ranging from 0.45 to 
0.95 while the red dots (with rotation) show a relatively 
uniform light distribution.

To provide the same LED intensity from the multiple 
LEDs, the provided power to each LED can be adjustable. 
This feature is advantageous because a number of LEDs 
possibly show a slight difference in the intensity by man-
ufacturing. On the other hand, the system can provide 
regional high contrast light distribution aiming non-uni-
form light distribution as needed. For example, micropat-
terning the photoresist with various height requires 
locally differentiated light intensity. This advanced 
feature has great potential as the next generation of 

Screen

UV-LED with 
Collimation lens

Collimated Light

Fig. 6 Light propagation, a waveguide with lens and collimation: The collimation angle was observed with 5°

Fig. 7 UV-LED light source characteristics: a light intensity via applied 
current per led at a different distance, and b temperature variation 
over the applied current with different cooling methods
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the microlithography system to create a variety of 3D 
microstructures.

Figure  9 shows a transparency data of the SU-8 with 
various thicknesses in the range of 0.5 mm to 7 mm. In 
the conventional SU-8 photolithography, the thickness 
of the SU-8 has been typically utilized in a few microns 
to hundreds of microns because of the fabrication chal-
lenges such as long exposure time, low UV light intensity, 

and a long softbake time and incompatibility of a few 
millimeter thick SU-8 casting. However, the UV-LED 
with very high intensity can resolve some of the major 
challenges for the millimeter range SU-8 process. Since 
lithography is a light exposure process in particularly 
important with the light propagation through the pho-
toresist, the SU-8’s transparency characteristics via UV 
exposure time in millimeter thick range was conducted. 

Fig. 8 Light uniformity test result: a the led light source without rotation, b with rotation, and c the light intensity distribution graph from (a) and 
(b)
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In the experiment, the thick SU-8 (SU-8 2025) sample 
was cast on a clear glass substrate and softbaked at 95 °C 
for 10–15 h, depending on the thickness. The baked SU-8 
sample was assumed that most solvents were evapo-
rated. The sample was placed underneath of the UV-LED 
(405 nm) and measured the light intensity at the oppo-
site side of the sample with the intensity meter (Model 
202, G&R Labs). The graph shows that the light inten-
sity maintained for the first 10 s and started to degrade. 
Most samples showed a similar attenuation rate of the 
light intensity in the exposure time range of 10 to 100 as 
the intensity dropped with 30 to 40% after 100 s expo-
sure. The light intensity was significantly dropped after 
1000 s (about 17 min), where 10% or lower to the original 
intensity remained. 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 s (10 min) where the 
light intensity still shows higher than 10 mW/cm2 which 
can still derive the SU-8 crosslinking reaction.

Figure 10 presents some conventional microstructures 
using the introduced UV-LED systems to shows that the 
UV-LED systems can fabricate the small feature size pat-
terns as well as high aspect ratio pillars. Figure 10a shows 
an SEM image of multiple lines. The narrow lines are 3.5 
µm, and the wide lines are 8 microns, where the patterns 
were made of SU-8. Since many photopattern sizes with 
the 365 nm or 405 nm lights used to be a few microns or 
larger, the demonstrated 3.5 µm feature size shows good 
compatibility with the conventional UV lithography uses. 
Figure 10b shows the high-aspect-ratio SU-8 pillar where 
the diameter of the pillar was 20 µm, and the height of 
the pillar was 700 µm. The aspect ratio of this pillar is 35, 

which used to be hard to fabricate unless the UV light 
source has high intensity and high light collimation qual-
ity. Figure 10c shows a 3-mm tall SU-8 pillar array. The 
height of the SU-8 pillar shows extremely tall as com-
pared 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 fab-
rication, a total UV-exposure time of 10 min was applied 
at 200 mW/cm2 where the exposure time is still practi-
cal, and yet the extended height of the SU-8 structure 
can have a great potential for RF/microwave antenna or 
microfluidic channel applications. Figure  10d shows an 
array of SU-8 micropillars. The 30-µm diameter with 400 
µm tall SU-8 pillar was uniformly fabricated to show the 
batch process. More than 2000 pillars are presented in 
the SEM image.

Figure  11 shows various 3-D SU-8 structures fab-
ricated using the UV-LED light and the tilt-rotational 
stage. Figure 11a shows an array of ‘chained triangular 
slab’. An array of a 30-µm hole on a chromium glass 
was utilized as a substrate as well as a backside expo-
sure photomask. 300-µm thick SU-8 was coated on the 
substrate and baked for 95 °C. The tilt-rotation sam-
ple 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. Fig-
ure 11b 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 

Fig. 9 Through SU-8 Transparency and attenuation tests
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the stationary rotation angles of 0°, 120°, and 240° for 
360 J/cm2 respectively. The inclined angle of each pil-
lar was measured as 67° from the ground, which was 
well aligned with the prediction from the Snell’s law 
with a refractive index of 1.67 for SU-8. The length of 
the inclined pillar was measured at 2.2 mm. Figure 11c 
shows 3D SU-8 petal structures with different sizes 
on the same process. The size differences were caused 
by the different size of the photomask patterns, which 
would differentiate the applied UV exposure energy. 
The height of the large petal SU-8 structure shown in 
Fig. 11c (left) was 1.5 mm while the height of the small 
petal SU-8 structure was measured as 200 µm. The pre-
sented 3-D structures have great potential.

Conclusion
A high-intensity UV-LED lithography system was pre-
sented for the fabrication of millimeter tall 3-D micro-
structures. The presented light intensity showed around 
200 mW/cm2, where the h-line of the UV light is trans-
parent to several millimeter thick SU-8 photoresists 
enabling millimeter-scale 3-D microlithography. The 
uniqueness of the 5-by-5 LED array light source includes 
collimated lenses with customized light waveguide, and 
the whole light source has an orbital rotation for uniform 
light distribution as well as regional light on–off/intensity 
control for various photopatterning capability. The tilt-
rotational sample holder creates 3-D light traces into the 
photoresist for 3-D microfabrication.

Since the introduced UV-LED system has high-
intensity 3-D projectable collimation light for both the 
conventional photoresist process and the advanced 
millimeter thick SU-8 process, test microlithography 

Fig. 10 Small feature size, and high aspect ratio pillar, millimeter tall high aspect ratio pillar: a 3.5 and 8 micron lines, b high aspect ratio micropillar, 
c 3-mm tall micropillar, d more than 2000 micropillar array
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structures including a few micron small feature size of 
SU-8 patterns, high aspect ratio SU-8 structures, and 
millimeter tall SU-8 structures were successfully fabri-
cated and demonstrated.

These unique 3-D microstructures with expanded 
height in millimeter-scale expanded design of pho-
topatternable 3-D microstructures with the high-
intensity UV-LED exposure process and have great 
potentials in device fabrication of RF- and Bio-MEMS 
fields. Also, as the proposed system showed the sim-
plicity of the light source with a relatively small dimen-
sion, it can be used as a modular-based light exposure 
system to create a complex light exposure system for 
more freedom of 3D microfabrication capability in the 
future.
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