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Abstract 

We present a photolithography scheme for ultra-tall, high-aspect-ratio microstructures. While increased height of 
microstructures can expand the design capability of various microdevices, it has been challenging to achieve the 
ultra-tall microstructure, 1 mm or higher, using a well-known negative photoresist, SU-8. One of the reasons is the 
high absorption rate of 365-nm ultra-violet light during the exposure process, although it used to be recommended 
for the SU-8 process. We report on optical characteristics of microlithography, in particular the 365- and 405-nm 
wavelengths, and present the lithography method for ultra-tall micropillars with a height of 1 mm or higher, called 
microtowers. While the 365-nm wavelength is experimentally validated with its high attenuation inside the SU-8, 
higher transparency of the 405-nm wavelength with a thicker SU-8 is reported to be suitable for ultra-tall micropillar 
structures. Assuming exposure time causes the color change of the SU-8, transparency of the SU-8 as a function of 
exposure time is measured with a thick SU-8. SU-8 microtowers with various heights are reported, including an array 
of 2000-µm-tall microtowers and a state-of-the-art 7000-µm microtower. To demonstrate usefulness of the proposed 
fabrication method, an array of 1000-µm-tall microtowers are successfully fabricated to form a 100-turn, 3-D toroid 
inductor. The fabricated inductor shows average inductance of 950 nH in the frequency range of 0.1 to 10 MHz, a low-
frequency resistance of 5.4 Ω at 0.1 MHz, and a quality factor of 22 at 60 MHz.
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Introduction
An epoxy-based negative photoresist, SU-8, has become 
widespread in microelectronics, and bio, optics, and 
radio-frequency (RF) research [1–6]. Relatively easy to 
use, SU-8 is chemically stable and well-known for its 
mechanical characteristics [7]. Moreover, high-aspect-
ratio structures in the hundredths micron scale have 
demonstrated how various microdevices keep the overall 
dimension of the microdevices small by effectively utiliz-
ing conventionally unused space. For example, an SU-8, 
pillar-framed metalized monopole antenna holds a small 
footprint area compared to a conventional 2-D printed 
design on a circuit board [8, 9]; while the expanded height 
of the antenna allows for more extensive frequency selec-
tion. We used an array of SU-8 pillars for micromachined 
3-D toroid inductors [10–13]. For these microinductors, 

we used 600- to 1000-µm support materials, including an 
SU-8 pillar array. However, performance of the antenna 
or the inductor could be expanded with a taller height 
and higher-aspect ratio of the SU-8 structures.

Two significant challenges arise when fabricating a 
1-mm or taller microstructure. The first is optical trans-
parency with 365-nm UV light. Shorter wavelengths 
attenuate faster in general, and the 365-nm UV light is 
mostly absorbed in a few hundredths of micron depth in 
the SU-8 as depicted in Fig. 1. It is advantageous to have 
this few hundredths micron thickness of SU-8 because 
most of 365-nm energy can quickly crosslink. How-
ever, it may not be suitable for the millimeter-scale SU-8 
process.

Another challenge is diffraction, as the tall SU-8 
structure typically requires high energy and thereby a 
long exposure time. Since most lithography systems 
emit polychromic light with peaks of 365  nm, 405  nm, 
and 436  nm, diffraction from different wavelengths 
with a long exposure may cause a crosslinking of SU-8, 
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producing an unwanted sidewall profile as described in 
Fig.  1. An SU-8 array with 2-mm height was fabricated 
using typical lithography as shown in Fig.  2. Approxi-
mately 20 J of UV energy (OAI, LS-30) was applied using 
the backside exposure scheme [14–16] with a 100-µ-hole 
photomask for the exposure. The fabrication result 
showed the bottom of the pillar had become much larger 
at nearly 480  µm, compared to the original photomask 
size of 100 µm. This was presumably caused by the mas-
sive energy absorption with multiple wavelengthes at the 
bottom as short wavelength diffractions were added [17]. 
Also, the curved sidewall of the pillar was formed.

In this paper, a fabrication method of microtower 
structures is presented using the mercury-vapor lamp, 
UV lithography system. To selectively choose the UV 
wavelength, an acrylic plate was adopted as an optical 
filter, which passed the UV wavelength of approximately 
380  nm or longer [17, 18]. The attenuation of 405-nm 
UV light as a function of SU-8 thickness was explored. 
Also, the transparency variation of the 405-nm UV light 
as a function of exposure time was reported. Microtower 
arrays, with multiple heights from 1000 to 7000 µm, were 
fabricated with 405-nm exposure and compared to simi-
lar microtower structures with broadband UV exposure. 
We also demonstrated inclined 3-D microstructures 
using multidirectional UV lithography [19, 20]. The 3-D 

toroidal microinductors utilized the microtower struc-
tures at vertical winding as demonstrated. An array of 
1000-µm-tall, SU-8 microtowers was implemented for 
a 100-turn, 3-D microinductor. The fabricated induc-
tor was electrically characterized resulting in an average 
inductance of 950 nH in the frequency range of 0.1 to 
10 MHz.

Optical characteristics of UV lithography
The mercury-vapor lamp in a UV lithography system 
typically emits a broad spectrum of UV light with three 
different wavelength peaks including i-, h-, and g-lines 
(365  nm, 405  nm, and 436  nm, respectively). While the 
multipeaks of UV lights in the lithography system satisfy 
various photoresist processes, they often interfere with 
and result in an unwanted photoresist profile, in particu-
lar with thick photoresist fabrication. Figure  2 demon-
strates a 2-mm-thick, SU-8 film which was exposed to a 
UV lithography system (OAI-LS30). Note that SU-8 2025 
(MicroChem, Inc.) was used in this experiment. The pho-
tomask also served as a substrate for backside exposure. 
The bottom of the fabricated pillars formed to around 
400 µm, which had become nearly four times larger than 
that of the original 100-µm hole photo pattern. As the 
short wavelengths, near 365  nm, are quickly absorbed 
in the SU-8 film, the i-line and shorter wavelengths, 
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Fig. 1  Description of a short- and long-wavelength UV light propagation during the backside UV exposure for SU-8 pillar fabrication
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including diffracted energy, cause the larger geometry of 
the pillar structure. To cut off the i-line and shorter wave-
lengths to form a straight sidewall of the microstructures, 
a piece of an acrylic plate was adopted as an optical fil-
ter [17] and characterized the wavelength filtration as 
shown in Fig. 3. The transparency of the optical filter (a 

clear-cast acrylic sheet, McMaster-Carr) was measured 
in the wavelength range of 340  nm to 450  nm, using a 
spectrophotometer (Huanghua Faithful Instrument Co. 
Ltd). The filter showed a transparency of 50% or higher 
in the wavelength region of 395  nm to 450  nm, and it 
mostly cut off the wavelength under 375 nm. A spectrum 
of the UV wavelength in the lithography system (OAI, 
LS-30) was then measured. The i-, h-, and g-line peaks 
were shown as expected and as plotted in the triangle 
dots (gray). The optical filter was inserted under the UV 
light source and the spectrum was measured, resulting in 
clearly filtering out the i-line as shown in the red circle 
plot. As the g-line was considered as visible blue light, the 
SU-8 process with the introduced filter utilized the nar-
row band of UV at the 405-nm peak.

Light-intensity attenuation through different SU-8 film 
thicknesses was also measured in the wavelength selec-
tion of i- and h-lines, using an intensity meter (G&R 
Labs, Model 202) as shown in Fig. 4. Multiple SU-8 sam-
ples with different thicknesses ranging from 300  µm to 
2.3  mm were tested. Intensity of the i-line through the 
SU-8 film was mostly attenuated near a 1-mm thick-
ness while the intensity of the h-line was still observed as 
around 65% of the original intensity. Note that a stand-
ard soda-lime glass (Telic Inc., 0.04” thick) was used as 

Fig. 2  Conventional lithography for 2000-µm-tall microtowers, resulting in an enlarged bottom and wavy sidewall

Fig. 3  UV wavelength spectrum measured under a standard UV 
exposure system: without filter (triangle), with filter (circle), and 
a spectrum measurement of the filter using a spectrum analyzer 
(diamond)
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a substrate for the SU-8 film, and the intensity attenua-
tion of the glass was compensated by measuring the light 
intensity without SU-8 film. Approximately 62% of the 
h-line intensity was shown to have a 2.3-mm-thick SU-8 
film while only 4% of the i-line was observed. The experi-
ment results indicated the h-line is suitable for the thick 
photoresist process.

The transparency variation of the SU-8 film during the 
UV exposure process was also observed. In the SU-8, 
the photoacid is produced during the UV exposure pro-
cess upon the absorption of light. The photoacid as a 
catalyst causes the crosslinking when the SU-8 film is 
heated above its glass transition temperature (Tg = 55°). 
This crosslinking of thin negative photoresist usually 
occurs during the post-exposure bake process. However, 
long UV exposure time of the thick SU-8 photoresist 
also causes a partial crosslinking of SU-8 during the UV 
exposure due to heat accumulation. Figure  5 shows the 
light-intensity degradation as a function of UV exposure 
time. SU-8 samples with film thicknesses of 0.35  mm, 
1.13 mm, and 2.36 mm were prepared. Each sample was 

exposed under the mercury-vapor lamp (OAI, LS-30) for 
around 3600 s and had its h-line intensity variation meas-
ured. The intensity of the 0.35 mm was observed around 
9 mW/cm2 after 3600 s of exposure, which is still a rea-
sonable intensity to activate the crosslinkers. The samples 
of 1.13  mm and 2.36  mm indicated the h-line intensity 
around 5 mW/cm2 after 2400 s and 1500 s of exposure, 
respectively.

Fabrication process
The fabrication process of the 2-mm-tall SU-8 structures 
has been described as follows. A backside UV exposure 
scheme was adopted in this fabrication [10]. A soda lime 
glass with chromium photomask patterns was prepared 
as a substrate as well as a photomask. The photomask 
design included 30-µm-hole-array patterns. An SU-8 
2025 was weighed and poured onto the substrate to pro-
ject the desired SU-8 thickness. Before the SU-8 pour-
ing, a 3-D printed bracket was placed on the edge of the 
substrate to prevent the photoresist from overflowing. 
Typically, less than a 2-mm-thick SU-8 process does not 
require the overflowing protection bracket. Also, an SU-8 
dry films can reduce the softbake process as long as the 
film thickness is suitable for the purpose of the SU-8 pro-
cess. A softbake was conducted at 95  °C for 15 h. After 
gently cooling down to room temperature, the sample 
was flipped and exposed to UV light. During the expo-
sure, a 6.25-mm-thick acrylic filter (Clear Cast Acrylic 
Sheet, McMaster-Carr) was placed on top of the sam-
ple serving as an optical filter. An approximate exposure 
energy of 290  J/cm2 was provided to fully activate the 
crosslinkers for the 2000-µm-tall microstructures. Post-
exposure bake was conducted at 95 °C for an hour, with 
a gentle temperature ramp-up and cool-down to room 
temperature. A developing process was followed. The 
sample was carefully placed into the developing solution 
(propylene glycol monomethyl ether acetate, MicroChem 
Corp.), where the photoresist side was face down to 
enhance developing quality and reduce developing time. 
No agitation was performed during the developing pro-
cess. The sample was rinsed with isopropyl alcohol (IPA) 
and dried to complete the pillar fabrication. Figure  6b 
shows 4-mm tall SU-8 pillar array with the same fabrica-
tion process mentioned previously.

Results and applications
Fabrication results of microtowers are presented, includ-
ing a state-of-the-art 7-mm microtower, diamond-shape 
1500-µm-long pillar array, and 2-mm microtower based 
on a 100-turn toroidal inductor. The 7-mm-tall micro-
tower was fabricated with the following steps. A square 
photomask pattern with 900-µm sides was prepared for 
backside exposure. A 7-mm-tall, 3-D-printed bracket was 

Fig. 4  UV Transparency over the SU-8 film thickness
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Fig. 6  Array structures of 2000-µm-tall and 4000-µm-tall microtowers; an acrylic filter applied during the UV exposure. Smooth, straight side wall 
was fabricated
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placed on top of the photomask. An SU-8 was poured and 
baked for approximately 18 h. The sample was exposed to 
the UV light with the acrylic filter for 850  J/cm2 where 
the h-line intensity was around 50  mW/cm2 with the 
283 min exposure time. An additional fan was provided 
during exposure to keep the sample cooled down as a 
long time exposure might cause an accumulated heat 
causing a crosslinking of SU-8. Post-exposure baking 
was conducted at 95 °C for an hour with gentle tempera-
ture raise-up and -down. The sample was developed for 
an hour in the SU-8 developing solution and rinsed with 
IPA to complete the fabrication. The 7-mm-tall micro-
tower was successfully fabricated as shown in Fig. 7. To 
illustrate the versatility of the fabrication, the multidirec-
tional UV lithography scheme [11] was adopted for the 
fabrication of a diamond-shape, 1500-µm-long tower 
array as shown in Fig.  8. An array of a 100-µm-hole 
photo pattern was used for the fabrication. During the 
UV exposure, three inclined incident exposure angles of 
+ 45°, 0°, and − 45°, respectively, were made by tilting the 
sample. An SEM image of the fabricated diamond shape 
in Fig. 8 formed with the structural SU-8 half flare angle 
of 25° which was as predicted by the Snell’s law [11] with 
an assumption for the refractive index of the SU-8 as 1.67 
at an air medium. The maximum half flare angle of the 

definable SU-8 is slightly less than 35°, however it could 
be improved to near 60° by adopting a refractive index 
matching medium as such glycerol [21]. Despite small 
artifacts shown in this figure, the fabricated structure has 
great potential for use as a microfilter in microfluidics.

The proposed microtower fabrication method was 
applied to a fabrication of 3-D toroidal inductors where 
the high-aspect-ratio microtower structures will benefit 
the microdevice performance. Figure 9 shows an opti-
cal microscope image of the 100-turn toroid inductors. 
The fabrication sequence of the 100-turn toroid induc-
tor comprises two major steps: microlithography of 
SU-8 pillar mold and electroplating for bottom, verti-
cal and top windings. A polar array of 1-mm tall SU-8 
pillars were fabricated on a glass substrate as previ-
ously described in the fabrication process session [10]. 
The next step is the fabrication of bottom, vertical and 
top windings. A seed metal layers of titanium (Ti) and 
copper (Cu) were deposited on surface of SU-8 pillars 
as well as the substrate for 30 nm and 500 nm respec-
tively by DC sputter machine. The metal coated sam-
ple was spray-coated with NR9-1500PY, a removable 
negative photoresist from Futurrex, Inc. for 20 µm and 
baked at 115 °C for 3 min. The sample was UV-exposed 
to open up the bottom and the vertical winding area 

Fig. 7  Seven-millimeter-tall pillar
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at an intensity of 20 mW/cm2 for 15 s, and followed by 
a post-exposure bake at 95  °C for minutes. The sam-
ple was soaked in RD-6 developer (Futurrex, Inc.) for 
90  s and rinsed with deionized (DI) water to be ready 
for an electroplating. The bottom and vertical wind-
ing were simultaneously electroplated for 30  µm in a 
commercial electrolyte (Copper Mirror Plating Solu-
tion, Shor International, Co.) with a current density of 
20  mA/cm2. The NR9-1500PY and the seed metal lay-
ers were removed by acetone, hydrochloric solution 
and hydrofluoric acid respectively to complete the bot-
tom and the vertical windings. Non-photopatternable 
SU-8 (EPON, Miller-Stephenson, Inc.) was filled up as a 
thick sacrificial layer to the height of the vertical wind-
ings to form a planar surface. After a 500-nm seed Cu 
layer was deposited by an e-beam evaporator, S1805, a 
positive photoresist (Shipley LLC.), was spray coated 
for 15 µm. An electroplating mold for the top winding 
was patterned by UV exposure and developed (MF-319 
developer, Shipley LLC.). Cu was electroplated through 
the positive photoresist mold for 30 µm. The photore-
sist mold, Cu seed layer, and the SU-8 filler were etched 
out by acetone and hydrochloric acid to complete the 
fabrication of the toroid inductor. Figure 9a shows the 
bottom, inner vertical, and outer vertical windings with 
two measurement pads. In Fig.  9b, the inner vertical 
winding has the smallest microtower diameter of 30 µm 

with a 1000-µm height. Figure 9c shows the outer verti-
cal winding of the inductor. A total of 200 microtow-
ers had to fabricate without any failure to complete 
one inductor. Note that SU-8 microtowers were coated 
with 30-µm-thick copper for use as electroplating, so 
the size of the image may look more substantial than 
30  µm. Figure  9d shows completed 100-turn toroidal 
inductors in batch.

Fabricated 100-turn toroidal inductors were electri-
cally characterized as shown in Fig.  10. Characteriza-
tion data includes inductance, ac resistance, and quality 
factors over the frequency range of 0.1–100  MHz. Fig-
ure 10a shows the inductance and the quality factor over 
0.1–100 MHz. An average inductance of 950 nH for the 
100-turn inductor was observed. The quality factor in the 
same graph shows a peak of 22 at 60  MHz. Figure  10b 
shows the AC resistance measurement over the fre-
quency range of 0.1–100 MHz. Since the 100-turn induc-
tor has longer and narrower conductive lines, the AC 
resistance appeared relatively high around 5.4  Ω. After 
10 MHz, the AC resistances were rapidly increased due 
to the skin-depth effect and the resonance frequency. As 
the toroid microinductors has been utilized as a passive 
component for a small power converters [22–24], the 
fabricated inductor shows excellent potential for min-
iaturization of a power inductor in microfeature size 

Fig. 8  Diamond-shaped, 1500-µm-long, tower array with potential use of a microfilter device
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without sacrificing its performance and, thereby, reduc-
ing the volume of the small power converter.

Conclusion
A fabrication scheme of a high-aspect-ratio, tall micro-
structure in the height range of 1000 to 7000  µm was 
introduced. A microstructure with high-aspect-ratio 
and taller than 1000  µm is named as a microtower, 
since fabrication of the structure requires a narrow-
band single-peak wavelength during the exposure. A 
spectrum of the UV exposure with an acrylic filter was 
verified to eliminate the i-line and showed approxi-
mately 60% transparency to the h-lines. Since the 
SU-8 was designed to be crosslinked under UV range, 
the wavelength region at the h-line was assumed to be 
reactant to the SU-8. To prove the concept, an array of 
2000-µm-tall microtowers were successfully fabricated 
with a smooth straight sidewall, while a 1000-µm-tall 
microtower array showed wavy sidewalls without 
using the acrylic filter during UV exposure. As an 
alternative 3-D UV exposure scheme, a 1500-µm-long 
inclined microtower was successfully demonstrated, 
validating the batch fabrication as well as the process 
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compatibility with multidirectional UV lithography. A 
100-turn toroidal microinductor was fabricated and 
electrically characterized. Vertical windings were fabri-
cated based on the proposed fabrication scheme with 
1000-µm height. An average inductance of 950 nH in 
the frequency range of 0.1–10 MHz was observed, with 
a low-frequency resistance of 5.4 Ω and a peak quality 
factor of 22 at 60 MHz.
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