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Abstract. A multi-exposures with dose modulation method is presented to
fabricate SU-8 mold which is used for microfluidic channels. The method used a
maskless digital lithography device with a 405 nm LED source. Digital
micromirror device (DMD) maskless lithograph can reach higher precision to meet
the requirements of microfluidic chips. For a thick SU-8 layer, multi-exposures
with low dose method can effectively suppress the T-shaped structure formed due
to top overexposed and bottom underexposed. Two SU-8 molds were fabricated
with 55 pm and 25 pm in height in this work. The number of exposures is 62 and
55, respectively. The actual contour of SU-8 structures closely matches the design
contour. The PDMS microchannel structure was fabricated using the SU-8 mold.
The minimum width of a single microchannel achieved 10 pm. This method
provides a more flexible method for fabricating SU-8 molds with higher precision
and is well suited for on-chip cell isolation.

Keywords. Multi-exposures, Dose modulation, DMD, SU-8, PDMS
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1. Introduction

Microchannels have been widely used in microfluidics. Microfluidics offers the
possibility of system miniaturization and integration for the rapidly expanding field of
biomedical diagnostics, biological assays, and drug discovery[1-3]. A microfluidic chip
is a miniaturized system with microchannels that can transport trace reagents for
separation, treatment, and detection[4-6]. Microchannels are traditionally fabricated by
3D printing technology, which involves layer-by-layer stacking technology, for

1 Corresponding Author, Qiming CHEN, School of Mechanical and Electrical Engineering,
Guangdong Polytechnic of Industry and Commerce, Guangzhou, 510510, China; Email:
chgmpku@gdgm.edu.cn.



Q. Chen et al. / Multi-Exposures with Dose Modulation of SU-8 149

example, stereo lithography apparatus (SLA). The SLA performs layer-by-layer with a
certain thickness exposure curing of the photosensitive resin by the
electromechanically controlled, and layers are stacked to form a three-dimensional
structure. The structure exists problems such as edge discontinuities and overall
structural deformation because of the non-uniform release of intermolecular stress
between layers. The precision of traditional stereolithography is limited to 50 pm([7]
The size of common animal and human cells is between 10-40 pm. For example,
human mesenchymal cells have dimensions of around 20 um[8], while human cervical
carcinoma cells (HeLa cells) are about 10 um in size[9]. Microchannels fabricated by
traditional lithography cannot achieve such precision. Digital micromirror device
(DMD) maskless lithography techniques[10-12] have the advantages of greater
precision and lithographic flexibility in fabricating microchannels, which can meet the
requirement. In recent years, soft polymers have become the most popular materials for
microchannel fabrication due to their excellent chemical and physical properties as well
as their biocompatibility[13]. PDMS is one such polymer that has become a common
material for microchannel fabrication. This material has several distinct advantages,
including electrical insulation, nontoxicity, optical transparency and chemical
inertness[14]. During the fabrication process, a master mold fabricated from SU-8[15]
photoresist is usually prepared. The SU-8 exposure light source is usually the
high-power mercury lamp I-line (365 nm)[16-19] which has the disadvantages of high
power consumption, short life, large spectral range, pollution, etc. According to the
Beer-Lambert’s law[20], For a thick photoresist layer, when the high power UV light
illuminated from top to bottom, the intensity is weakened, therefore the top is easily
over-exposed and the bottom is underexposed. This situation leads to form a T-shaped
structure which reduced lithography quality[21-22]. LED light source is widely used in
maskless lithography system due to its advantages of single spectrum, long life, no
pollution, low power, and energy saving. Since DMD havs the best light transmission
efficiency for 400-420 nm wavelengths light [23], the generic light source of DMD
maskless lithography is a center wavelength of 405 nm LED light source.

In this article, we propose a method to fabricate the SU-8 mold by using the
multiple exposure with dose modulation method on one-time spin-coated photoresist.
This method effectively avoids the formation of T-shaped structures while improving
the precision of the microfluidic single channel. The actual contour of the
manufactured SU-8 structure closely matches the design contour, and the smallest
width of single PDMS microchannel fabricated by using this SU-8 structure reach 10
pm, which is a breakthrough.

2. Experimental Section
2.1. Graphic Design

Figure 1 shows a diagram of the DMD digital lithography device. The main
components are the DMD chip, the light source and the reflection device. The light
source is a 405 nm LED. This light source is converted into the exposure light with
high collimation and uniform illumination by a series of condenser lens. Then the
exposure light is projected onto a DMD microchip through a reflecting mirror. The chip
is made by Texas Instruments. DMD chip has a full-field resolution of 2048x1024
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pixels. The size of the single micromirror is 10.8x10.8 pm?2. The rotation angle of the
DMD is 7.125°. After the DMD chip and a microlens array (MLA) deflection, the
exposure light is focused by the objective lens and projected onto the substrate.
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Figure 1. Diagram of DMD maskless lithography device.

Considering cell isolation applications, two types of splitter microfluidic channels
were designed as shown in figure 2 using a software called L-Edit. Figure 2(a) is a
splitter named pattern A with four branch channels. The linewidths of the four channels
are 10, 20, 30, and 40 um; The diameters of the corresponding four reservoirs are 20,
30, 40, and 50 pum respectively. Figure 2(b) is a splitter named pattern B with a main
channel that narrows from 40 pm to 10 pm. The size of the four reservoirs is the same
with pattern A.

(a) 4 branches splitter. (b) Main channel narrowing splitter

Figure 2. The schematic of the digital mask patterns
2.2. Exposure Principle and Process

As shown in figure 3, the fabrication process of three-dimensional PDMS microfluidic
channels involves spin coating, soft bake, optical exposure, baking, development,
molding and thermal crosslinking. EPON Resin SU-8 series photoresists are
spin-coated in thicknesses ranging from 25 pum to 225 um. The photoresist is EPON
resin by the type SU-8 2050. The thickness of the spin coating corresponds to the depth
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of the micro channel. The channel 55 um in deep is close to the size of the cell, which
is a suitable depth. The photoresist we used is SU-8 which is a kind of negative
photoresist. The spin coated thickness ranges from 25 pm to 150 um. The substrate we
used is a Cr plate (2 inchx2 inch, 1 inch=2.54 cm). To allow more uniform coating of
the SU-8 photoresist on the substrates, both substrates were pretreated by baking at
120°C for 10 minutes, followed by cooling for 5 minutes. After that, one sample was
first spin-coated with the photoresist at 600 rpm for 10 s, then spin-coated at 2600 rpm
for 40 s. Next, the sample was soft baked as shown in figure 3(a) in order to improve
the adhesion. Finally, the substrate was cool for 30 minutes. A layer of approximately
55 pm in thickness SU-8 was obtained. As a comparison, another sample was
spin-coated 40 s at 4000 rpm, the rest of the process was the same as above. We obtain
a SU-8 layer 25 um in thickness.
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(a) spin-coating, (b) exposure, (c) bake, (d) development, (¢) molding, (f) thermally crosslinking

Figure 3. Schematic diagrams of processing flows of three-dimensional PDMS microfluidic channel

For a negative photocurable resin, it has exposure thresholds Ew and Ec Eg is
defined as the minimum exposure dose required for the initial reaction of the resin. E.
is the exposure dose required for maximum curing height. There is a contrast y value,
which is related to the exposure dose and the thickness of the photoresist, as shown in

Eq (1)[24]. ) .

" InEc-InEy,  H[INE-InEg]

Y ey
where 0<h<H, Exw<E<E.. h and H represent the exposure height and theoretical the
maximum height, respectively. From Eq. (1), we derive he following equation:

h
E =exp (H—Y + InEy) )

Eu and E. of the SU-8 series photoresist are 150 mJ/cm? and 350 mJ/cm?, respectively.
The contrast vy is equal to 1.18. The maximum theoretical spin coated height H is 225
pm. The relationship between h and the required exposure dose E can be calculated
according to Eq. (2). The result is shown in figure 4. When h=55 pm, the theoretical
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calculated exposure dose is 184.4 mJ/cm?. When h=25 um, the calculated exposure
dose is 164.7 mJ/cm?.

The exposure dose J is defined as:

J=IeT (3)

In the formula, I represents the light intensity, T represents the exposure time. We
create a multi-exposure with dose modulation method which is equivalent to using low
light intensity and increasing the exposure time to let the exposure dose reach the
value.
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Figure 4. The relationship between exposure dose and height of SU-8 series photoresist.

The maximum exposure dose is 3 mJ/cm? at once time in our device. In order to
verify the calculation results, 55 pm thick sample was repeat-exposed 62 times and 25
pm thick sample was repeat-exposed 55 times, as shown in figure 3(b). during the
repeat-exposed process, Each SU-8 sample remains in the same position. The sample
does not need to be taken out and the position offset is negligible.

After exposure, the substrates were post-baked 1min at 65°C ,then heated to 95°C
for 15 min as shown in figure 3(c), and then soaked in the developer solution for 6 min.
Finally, the samples were hard baked 30 min at 150°C and nitrogen dried for increasing
stiffness. The designed graphics are saved as shown in figure 3(d).

2.3. Microchannel Fabrication

After that, the PDMS microfluidic channels were made using molding and thermal
cross-linking technology. First, curing agent and PDMS were mixed in a 1:10 ratio. In
order to mix well, the mixture was left for 5 min. And then degassed in a vacuum
chamber for 30 min. After that it was poured onto two SU-8 molds and solidified in an
oven at 70°C for 24 h, as shown in figure 3(e). Both PDMS membranes with micro
channels were gently peeled from the molds as shown in figure 3(f). Both PDMS
membranes were ultrasonically cleaned using N, N-dimethylformamide for 5 minutes.
Finally, both membranes were glued to two slides.
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3. Results and Discussions

To evaluate the morphologies and heights of the molds, both SU-8 molds were
investigated using 3D laser-scanning confocal microscopy (LSCM). A set of LSCM
results of SU-8 mold fabricated by repeat-exposed 62 times are presented in figure 5.
The laser image of pattern A is presented in figure 5(a). One can see that the pattern is
convex and intact. Figure 5(b) showed a 2D optical image of the full pattern A. The
mold is nearly 1 mm in length and 500 microns in width. The edge of the silhouette is
also very sharp. This SU-8 mold is ideal for fabricating PDMS microfluidic chips. the
height of SU-8 corresponds to the depth of the microchannel. Therefore, the height was
measured. The result is presented in figure 5(c). In figure 5(c), one can see that the
mold is 55 pm in height which is consistent with the calculated result as presented in
figure 4. Additionally, each channel’s height is nearly the same, which demonstrates
that the multi-exposure process was successful. The widths of the channels are 10, 20,
30, and 40 pm, and the interval between each channel is 30 um which is the same as
the virtual mask. Figure 5 (d) is the laser image of the 3D structure of the SU-8 mold
fabricated with pattern B. The mold is convex, and the edge of the profile is smooth.
Height measurement results are shown in figure 5(e) and 5(f) The same colors in 5(e)
represent the same heights. The green line indicates the measuring line. The height is
55 um as required. From the results above, it is clear that the sidewalls are almost
vertical and no “T” shape. The profile is clearly outlined at the convex and concave
corners. This indicates that the multi-exposure method effectively prevents the
formation of the T-shaped structures.
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Figure 5. LSCM images of the repeat-exposed 62 times SU-8 mold, for pattern A: (a) 3D image, (b) 2D
image, (c) height measurement for pattern B: (d) 3D image, (e) 2D image, (f) height measurement
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The morphological characteristics of the PDMS microchannels fabricated by the
SU-8 mold above were also investigated by using LSCM, as demonstrated in figure 6.
The laser image of the 3D structure of the PDMS microfluidic channel is presented in
figure 6(a). It can been seen that the channels are concave and clear. The PDMS
microfluidic chip is an inverse pattern. Figure 6(b) displayed a PDMS microfluidic
channels 2D image. One can see that the pattern has been copied perfectly. Every
microchannel is clear and no impurities. The depths of the channels were measured
using LSCM, as shown in figure 6(b) and 6(c). The result in figure 6(c) told that the
depths of the four channels are found to be exactly at 55 pm except for the narrowest
channel in which some impurities remain. Figure 6(d) is the laser image of the 3D
structure of the pattern B microchannel. The pattern is convex, the edge of the profile is
smooth. Figure 6(e) and 6(f) show the depth measurement of the mold. From figure
6(f), one can see that the main channel narrows and has a depth of 55 pm. The results
showed that we successfully fabricated PDMS microchannels.
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Figure 6. LSCM image of two kinds of 55 um deep PDMS microchannel, for pattern A: (a) 3D image, (b)
2D image, (c¢) depth measurement, for pattern B: (d) 3D image, (e) 2D image, (f) depth measurement

Figure 7 is a set of LSCM graphs of 55 repeat-exposures. The laser image of the
3D structure of type A is presented in figure 7(a). One can see that the pattern is convex.
Figure 7(b) displayed the full 2D optical image of type A. Every microchannel is clear.
The result of the height measurement is presented in figure 7(c). In figure 7(c), one can
see that the SU-8 mold is 25 um in height which is consistent with the calculated result
as represented in figure 4.The result demonstrates that the repeat exposure process was
successful. The widths of the channels are 10, 20, 30, and 40 um, and the interval
between each channel is 30 um which is the same as the virtual pattern. Figure 7(d) is
the laser image of the 3D structure of pattern B mold. The height of the entire mold is
uniform as indicated by the color. Figure 7(e) and 7(f) show the height measurements
of the mold. The sidewalls are also vertical and no “T” shape.
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Figure 7. LSCM images of the repeat-exposed 55 times SU-8 mold, for pattern A: (a) 3D image, (b) 2D
image, (c) height measurement for pattern B: (d) 3D image, (e) 2D image, (f) height measurement

Figure 8(a) is a laser image of the PDMS microchannels fabricated by the SU-8
mold with 25 pm in height. It can been seen that t the channels are clear. Figure 8(b) is
a 2D graph of the microchannels. Every channel is clear and no impurities. The depths
of the channels were measured using LSCM, as shown in figure 8(b) and 8(c). The
result in figure 8(c) told that the depths of the four channels are found to be exactly the
same at 25 um. Figure 8(d) is the laser image of the 3D structure of pattern B
microchannel. The pattern is convex, and the edge of the profile is smooth. Figure 8(e)
and 8(f) display the depth measurement of the microchannel. From figure 8(f), one can
see that the main channel has a depth of 25 pm.

We also did a comparative experiment. For a SU-8 layer with 25 pm in thickness,
when exposures number is less than 55, the bottom of SU-8 is underexposed, resulting
in the pattern detachment during development. When the number of exposures is
more than 55, the top of SU-8 is overexposed and a T-shaped structure appears. These
results demonstrate that the minimum number of exposures is the same as we
calculated. Therefore, we summarize the relationship between the number of exposures
and the desired SU-8 thickness, as shown in figure 9. When the thickness of SU-8
increases, we can find the corresponding exposure times to fabricate high-quality SU-8
molds.
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Figure 8. LSCM image of two kinds of 25 um deep PDMS microchannels, for pattern A: (a) 3D image, (b)
2D image, (c) depth measurement, for pattern B: (d) 3D image, (e) 2D image, (f) depth measurement

%0

Height(jum}

40 50 60 0 80 20 100 110 120
The number of exposures

Figure 9. The relationship between number of exposures and height of SU-8 series photoresist.

4. Conclusions

A dose-modulated multi-exposures method on one-shot spin-on photoresist was
developed to fabricate SU-8 molds by DMD maskless lithography with the light source
405 nm in wavelength. PDMS microchannels were then fabricated using SU-8 molds.
We reach the following conclusion: the generation of T-shaped structures is effectively
avoided by the method of multi-exposures; the width of a single channel reaches 10 pm
through DMD maskless lithography and we find the relationship between the number
of exposures and the thickness of SU-8. This method provides a more flexible method
for fabricating the SU-8 mold with higher precision and will have a wide range of
applications in the field of microfluidics.
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