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Thick SU8 microstructures with high aspect ratio and good side wall quality were fabricated by ultraviolet (UV) li-
thography, and the processing parameters were comprehensively studied. It proves that the adhesion of SU8 on sili-
con (Si) substrates is influenced by Si-OH on the surface, and can be improved by the HF treatment. Cracks and de-
lamination are caused by large internal stress during fabrication process, and are significantly influenced by soft
bake and post-exposure bake processes. The internal stress is reduced by a low post-exposure bake exposure tem-
perature of 85 °C for 40 min. A three-step soft bake enhances the reflowing of SU8 photoresist, and results in uni-
form surface and less air bubbles. The vertical side wall is obtained with the optimized exposure dose of 800 mJ/cm?
for the thickness of 160 um. Using the optimized fabrication process combined with a proper structure design, dense
SU8 micro pillars are achieved with the aspect ratio of 10 and the taper angle of 89.86°. Finally, some possible ap-
plications of SUS8 in micro-electromechanical system (MEMS) device are developed and demonstrated.
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SUS8 is an ultra-thick, negative tone, epoxy-based and
near-ultraviolet (UV) (350—400 nm) photoresist, and its
low optical absorption in UV range allows high aspect
ratio patterning with smooth and near-vertical sidewalls.
Additionally, after development, it has a high thermal
and chemical stability due to the highly crosslinked ep-
oxy rings of the SU8 molecules''!. Thick SUS8 structures
have been widely used in micro-electromechanical sys-
tem (MEMS) and micro-opto-electromechanical system
(MOEMS) devices. For example, SU8 is used as a tem-
porary material for sacrificial etching of hollow
waveguides®, a photolithographic material for etch
masks”! electroplating!” and wafer bonding layers”..
SU-8 is also widely used as a structural material to build
MEMS devices, such as micro channels and mixers for
bio-MEMS'®”), micro actuators and sensors™” and tera-
hertz components!'”’.

Various exposure techniques for the fabrication of ul-
tra-thick SU8 microstructures with high aspect ratio,
including UV, X-ray, e-beam and proton beam, have
been demonstrated'''*!. UV lithography is by far the
most common exposure technique for patterning SU8 at
low cost. However, the applications of SU8 have some
severe problems. One of them is the large internal stress

generated during the lithography process, and the other
one is the poor adhesion on the substrates. Low
post-exposure bake (PEB) temperature (55 °C) can sig-
nificantly reduce the internal stress!'*, but it takes much
more processing time. Kyu-Youn Hwang et al''” exam-
ined the adhesion behavior of SU8 microstructures on
silicon (Si) and some other metal substrates, and the ef-
fect of the surface cleaning method on SU8 adhesion was
first introduced. Another problem on the fabrication of
high aspect ratio SU8 microstructures is that it is difficult
to have nice straight sidewall fabricated by UV lithogra-
phy compared with X-ray lithography. Also, the dimen-
sion changes from top layer to bottom layer by UV li-
thography, which influences the further application of
SU8 microstructures significantly. Jun Zhang et al!'®
developed a new diffraction-refraction-reflection model
to investigate the effect of exposure dose on the replica-
tion fidelity and the profile of SU8 microstructures. K. D.
Voral'” gave a theoretical investigation of influence of
parameters on the sidewall slopes and roughness of thick
SU8 microstructure. However, these SU8 microstruc-
tures were both fabricated by X-ray lithography or UV
lithography with a filter, and there is no exhaustive ex-
perimental analysis.
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The purpose of this work is focused on how to pro-
duce thick SU8 microstructures with high aspect ratios
and good sidewall profile using broadband UV lithogra-
phy. A comprehensive study of the fabrication of thick
SUS8 microstructures is investigated. The importance of
adhesion on fabricating high aspect ratio SU8 micro-
structures is discussed, and the factors causing cracks
and delamination are studied. Various processing pa-
rameters are optimized for obtaining the desired struc-
tures with accurate line width and good profile. Further-
more, the relationship between structure shape and fab-
rication process is analyzed. Finally, SU8 microstruc-
tures are used in the MEMS devices. The results shown
in this paper are useful to optimize the UV lithography
processes of SU8 photoresists and to improve the design
and fabrication efficiency of some microstructures for
MEMS applications.

10.16 cm <100> n-type Si wafers were used as sub-
strates. The used photoresist and developer were SUS§
2075 and SUS8 developer supplied by Nanjing Baisiyou
Company. For experimental purposes, a test mask was
made with several common shapes, such as squares,
hexagons, cylinders, line spaces and other partial closed
field structures.

The wafers were first cleaned by immersing in piranha
solution (H,SO4:H,0,=3:1, in volume) at 120 °C for
20 min followed by ten rinses of deionized (DI) water
each lasting 1 min. To dehydrate the wafer, the acid
cleaned wafer was then baked at 200 °C for 1 h in a
convection oven. To obtain the film thickness of about
160 pm, SU8 2075 was spun onto Si wafer with the
speed of 900 r/min. After the films were allowed to settle
for a few minutes to eliminate bubbles and improve sur-
face uniformity, they were heated with a controlled
three-step soft bake, as shown in Fig.1. Before ramping
to 65 °C, a 10 min stop is done at 50 °C to enhance the
reflow of photoresist. And then, they were baked at
65 °C and 95 °C for 8 min and 45 min, respectively. The
resulting films were then carefully cooled down to room
temperature (RT) with a slow cooling rate. Care must be
taken during heating and cooling ramps to avoid crack-
ing and edge beading due to internal stress within the
thin film. UV exposure of 288 W was applied to the
films using a broadband mask aligner via hard contact
mode for 35 s with the intensity of 23.3 mJ/cm? to induce
the crosslinking of SU8 photoresist. A controlled two-
step PEB was followed to selectively crosslink the ex-
posed portions of the film. The accurate ramp rate and
baked time were also shown in Fig.1. After the tempera-
ture was cooled down to 25 °C, the films were immersed
into SUS8 developer for 15 min, and then were rinsed into
isopropanol (IPA) and DI water to remove the residual
developer. Finally, the wafers were hard baked at 150 °C
for 1 h. Additionally, the wafers must be kept horizontal
in all the baking processes to prevent the non-uniformity
caused by reflow of SUS.
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Fig.1 Experimental procedure for soft bake and PEB
of the SU8

Because of the mismatch of the coefficient of thermal
expansion (CTE) between SUS films (50x10° /°C) and
the Si substrates (2.6x10° /°C), large internal stress will
produced during the SU8 fabrication process, which re-
sults in cracks and wrinkles in the fabricated SU8 micro-
structures. When working on a low adhesive surface,
large stress will also distort or even totally peel the SU8
patterns off the substrates. Attention must be taken to
avoid these adverse phenomena.

The strong adhesion of the SU8 photoresist onto a
solid substrate is a pre-requisite for using as a mold or a
structural element of the MEMS device. It is especially
important in generating microstructures with high aspect
ratio and small contact area for adhesion. Weak adhesion
always causes collapse and delamination.

Adhesion of SU8 depends on the substrate material,
but it can be improved in general by either modifying the
surface of the substrate or reducing the interfacial stress
during the process. The surface properties of Si wafer
were modified by employing different cleaning tech-
niques. The piranha solution cleaning technique was
firstly employed. It can eliminate the adsorbed organics
effectively. However, a thin chemical SiO, layer was
grown, and the Si surface is full of Si-O bonds. In con-
trast, after immersing the substrate in the piranha solu-
tion, a further HF treatment was performed, which can
etch the generated SiO, layer and make the Si surface
hydrophobic terminated with Si-H. Fig.2(a) and (b) show
the scanning electron microscope (SEM) micrographs of
20 um micro cylinder arrays cleaned with piranha and
piranha/HF, respectively. The results show that some of
the microstructures cleaned with piranha are collapsed
and peeled off at the edge of the array, but the micro-
structures cleaned with piranha/HF are stand well with-
out any collapsed and peeled region. It is indicated that
the hydrophobic treatment can enhance the adhesion of
SU8 with Si substrate, and can be used to fabricate mi-
crostructures with higher aspect ratio. That is because HF
treatment leads to the significant changes of the surface
properties by reducing polar component stemming from
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Si-OH groups and increasing the dispersion component,
which suggests that the interfacial surface properties de-
termine the adhesion properties between SU8 film and Si
surface.
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Fig.2 SEM micrographs of SU8 micro cylinder arrays
on Si substrate cleaned by (a) piranha and (b) pira-
nha/HF

Cracks and delamination always occur after develop-
ment, which are mainly caused by large internal stress
induced by the shrinking of SU8. When the SUS layer is
not freestanding, the resulting shrinking will be trans-
lated into tensile stress. The shrinking going from de-
veloper to IPA occurs relatively fast, and the stress is at
its highest in IPA. This is the main reason why cracks
and delamination tend to occur at this point.

The cracks and delamination are significantly influ-
enced by soft bake and PEB processes. The most im-
portant function of soft bake is to remove the solvent
from SUS layer. High solvent content will result in low
strength of SUS8 films, which results in bending of
structures. Additionally, the low strength of SUS8 is an-
other factor of causing cracks!"®. In contrast, low sol-
vent content will cause higher internal stress during
heating and cooling procedures. Optimized soft bake
was chosen to let the resist dry enough but still with
some solvent for less internal stress and good mechani-
cal properties. Experimental results show that 45 min
soft bake at 95 °C is sufficient for 160 um-thick SU8
films. For good uniformity and flatness, an additional
bake at 55 °C for 10 min was used. The PEB process
has the most important influence on the crosslinking
and the shrinking of the SU8 film. On the one hand, the
polymerization of SU8 can not complete at the PEB
temperature less than 55 °C. On the other hand, higher
PEB temperature results in higher internal stress, and
makes the development hard. The recommended pa-
rameter of PEB process supplied by Microchem Com-
pany is 95 °C for 15 min. However, the cracks appear
after development, especially at the corners of SUS8
structures, as shown in Fig.3(a). Delamination of the
SU8 patterns also appears as shown in Fig.3(b), even
good cleaning is applied to improve the adhesion. When
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the PEB temperature is decreased to 85 °C for 40 min,
the microstructures can be well fabricated without any
cracks and deformation. The PEB time is also important
for the crosslinking of the SUS8 photoresist. As a
chemical reaction, the amount of the crosslinking is
determined by the PEB duration time at a given tem-
perature. Unfortunately, the photo-generated acid will
diffuse laterally during the PEB process, which can ruin
the structures and make the development hard. There-
fore, the shortest acceptable PEB time at a given tem-
perature is preferred.

(@ (b)

Fig.3 Micrographs of (a) cracks and (b) delamination
after development

The main aim of lithography is to accurately replicate
the mask features into the resist. For using as a master
mold for subsequent child mold generation, the profile
characteristics, such as taper angle of the sidewall, are
very important for the replication of microstructures.
Controlling the taper angle of sidewall to a small but
finite deviation from verticality is imperative for the use
of SU8 microstructure as a mold for high aspect ratio
replication.

In the experiments, “T-top” SU8 microstructures are
obtained because of the use of wideband UV source,
which results in line width difference and a slop profile.
Jun Zhang found that prebake time plays the key role in
the quality, both for resolution and aspect ratio. The ex-
posure time and the PEB time have little effect on SU8
resolution!™). In this article, some different results are
obtained. Experimental results indicate that the exposure
dose plays an important role in the line width and profile
of SU8 microstructure. At a low dose (500 mJ/cm?),
there is not enough photo-initialized acid to polymerize
the SU8, especially at the bottom. As a result, the under-
cuts easily appear, and the microstructures can be easily
washed away by the developer, as shown in Fig.4(a). On
the contrary, a high dose (1 100 mJ/cm?) results in the
expanded structures and slope sidewalls, as shown in
Fig.4(b). The optimized exposure dose is 800 mJ/cm’
with the SUS thickness of 160 um, and the obtained cyl-
inders are shown in Fig.4(c). The SEM micrographs
show the nearly vertical sidewall and slight undercut.
The diameters of the micro cylinders are 45.6 um and
44.8 um at the top and bottom, respectively, and the ta-
per angle is 89.86°.
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Fig.4 SEM micrographs of SU8 microstructures obtained
with different exposure doses of (a) 500 mJicm? (b)
1100 mJ/cm? and (c) 800 mJ/cm?

Other problems related to profile are local non-uni-
formity and air bubbles of the SUS8 layer, as illustrated in
Fig.5. On a non-uniform surface, air will introduce an-
other refractive surface, and light is bended to other re-
gions which are not planned to be exposed, as line a
shown in Fig.5. Lines b and d show the path of the light
without refraction, and line ¢ shows the refractive effect
of an air bubble.
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Fig. 5 Schematic diagram of the influence of non-
uniformity and air bubble on the SU8 exposure

The diffraction, refraction and reflection significantly
affect the SU8 profile, especially the taper angle, micro-
channel width and roughness. To obtain uniform SUS8
layers without air bubble, the wafers are kept horizontal
in all the baking processes. After spin coating, the films
are allowed to settle for a few minutes to eliminate bub-
bles and improve surface uniformity. The three-step soft
bake process is another efficient way to improve surface
uniformity and eliminate air bubbles. Fig.6 show the
SU8 microstructures fabricated with different soft bake
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processes. The traditional two-step soft bake causes the
non-uniformity of SUS8 layers, and some craters or waves
are obviously seen on the SUS surface. Consequently,
the fabricated micro pillars have rough profiles, espe-
cially on the top, as shown in Fig.6(a). The improved
three-step soft bake allows the reflow of SU8 under T,
(glass transition temperature), and the surface of SUS8
film is improved. The obtained micro pillars have good
shape and smooth profile, as shown in Fig.6(b).

(@ (b)

Fig.6 SU8 micro pillars fabricated by traditional
two-step soft bake and (b) three-step soft bake

For studying the effect of structure shape on the fabri-
cation of SU8 microstructures, a test mask was made
with several common shapes, such as independent
squares, hexagons, cylinders, line spaces, interdigital,
holes with different shapes, channels and some other
partial-closed field structures. All of these structures are
arranged in the array with different gaps. The results
show that the cylinders need higher exposure dose and
longer development time compared with other standard
open field structures, due to partial exposure by diffract-
ing light from nearby mask patterns. Because of the
small contact area of the micro pillars, they need good
adhesion and high mechanical properties to prevent be-
ing washed away by developer and water, so higher ex-
posure doses are used, and the development time is con-
trolled strictly. Fig.7(a) and (b) illustrate the micrographs
of micro cylinders and micro holes under the same fab-
rication parameters. It is obviously that the micro cylin-
ders have good shape, but the micro holes have some
residual at the corner of holes.

Furthermore, the development time is varied for dif-
ferent structures as shown in Fig.8. The raised structures
(micro square, cylinders and line spaces) need the short-
est development time because of the large contact area
with developer. The concave structure (holes and chan-
nels) and partial-closed field structures (spirality) need
longer development time and hard to be developed
clearly. The residual can be found at the edge of SU8
structures as illustrated in Fig7.(c). Experimental results
also show that the SUS8 structures are sensitive to the
gaps. The bigger the gap, the easier the fabrication is.
And there is a minimum space with the given thickness.
When the space is smaller than this minimum value, it
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can not be separated even developed for a long time. For
the microstructure with the thickness of 160 um, the
minimum gap is 15 pm. However, small pillar is hard to
be fabricated because of the small contact area with the
substrate. In our experiment, the minimum pillar ob-
tained without collapse and deform is 15 pm with the
thickness of 160 um and the gap of 15 um, and the as-
pect ratio is better than 10.

Fig.7 The SEM micrographs of (a) micro cylinders
with good shape, (b) micro holes with residual at the
corner of holes and (c) partial-closed field structure
with residual at the edge under the same fabrication
parameters
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Fig.8 The development time of different structures
with different thicknesses

SU8 has been widely used in our laboratory. For ex-
ample, SU8 microstructures were used as etch mask in
micro energy harvester, microstructures in supercapaci-
tor and intermediate layers for wafer bonding. Here, de-
tail results are given in the microfluidic device.

Replication rather than direct patterning is rapidly be-
coming the industry standard for the fabrication of
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polymeric microfluidics substrate because of low cost,
ease of fabrication and desirable properties of polymers.
For repeatedly using, the SU8 microstructures were
firstly fabricated on Pyrex 7740 glass by standard UV
lithography. Then, polydimethylsiloxane (PDMS) was
pouring onto the substrate and solidified at 95 °C for
more than 2 h. Finally, PDMS detached from the sub-
strate and bonded with another glass substrate for further
fluidic analysis. Two-phase transport characteristics were
verified using this chip. The experimental apparatus are
shown in Fig.9(a). The DI water was injected in the inlet
channel by micro-injection pump, and the flow process
of the liquid phase in the pore network channel was re-
corded by Sony DCR-PC110Ecamera. Fig.9(b) shows
the experimental and numerical results of two-phase flow
in bilayer pore network. The good conformity between
experimental and numerical results shows that the fabri-
cated SU8 micro-modes have little line width difference
and smooth surface. Furthermore, this micromode can
withstand more than 20 times repeated use.
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Fig.9 (a) Schematic diagram of two-phase transport
experimental apparatus using SU8 as the molds; (b)
Experimental (left) and numerical (right) results of
two-phase flow in bilayer porous network
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Using conventional UV lithography, SU8 microstruc-
tures with good adhesion and vertical side wall were fab-
ricated. The results show that the optimized process pa-
rameters and the proper structure design make the fabri-
cation of SU8 microstructures with high aspect ratio fea-
sible. The adhesion of SUS8 films on Si substrate is in-
fluenced by the existence of Si-OH on the surface, and
can be improved by the HF treatment. Cracks and de-
lamination are caused by large internal stress during fab-
rication process, and are significantly influenced by soft
bake and PEB processes. Exposure plays an important
role in the line width and profile of SU8 structures. Low
exposure dose results in undercut, and high exposure
dose causes expanded structures and slope sidewalls. By
applying a three-step soft bake and a PEB at low tem-
perature (85 °C) with long time (40 min), the cracks and
delamination are eliminated. The optimized exposure
dose is 800 mJ/cm® with the SU8 thickness of 160 pm.
Dense SU8 micro pillars are achieved with the aspect
ratio of 10. The fabricated SU8 microstructures show a
strong adhesion to Si substrates without any collapse,
and have good profile with the taper angle of 89.86°.
Some possible applications of SU8 in microfluidic sys-
tems and MEMS devices are also illustrated.
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