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Current lithography approaches underpinning the fa 'c:z)) of microfiuidic
uUc

devices rely on UV exposure of photoresists to definegne shures in these
materials. Conventionally, this objective is achidued with, gas, discharge mer-
cury lamps which are capable of producing high intensity yV radiation. How-
ever, these sources are costly, have a compayatively tlifetime, necessitate
reqular calibration, and require significant t%e.to rm up prior to exrposure
taking place. To address these limitationsn this p;ﬁr we exploit advances in
solid state sources in the UV range and describe d+fast and robust wafer-scale

laboratory exposure system relying entirely on YV-LED illumination. As an
illustration of the potential of this M rfast and low-cost microfluidic
device production, we demonstrate H’:fabrication of a 3D spray-drying
microfluidic device and a 3D doublejunc microdroplet maker device.

\ T
I. INTRODUCTION \

Photolithography techniques t rely on transferring small scale structures from pho-
tomasks onto flat substrates using light represent one of the main fabrication routes in
microelectronics andémicro-devices!2, including microfluidics®®. Generally, radiation in
the UV range is

activate photoresists and the illumination is achieved commonly
with gas-discharge la?aps i
e

g mercury vapour. Such sources produce a wide spectrum
of light and aé c d with filters to select the desired wavelength. Appropriate optics
can then be { to collimate the light over the entire exposure area. However, such lamps

ignificant«gime to warm up, have a limited life time of typically 2000 hours for

sources and require regular calibration.
In an a t to optimise the laboratory scale fabrication of microfluidic devices, we have
explored }olu igns to simplify the photolithography step by exploiting progress in solid-state
ces operating in the UV range. There are several requirements for a effective and
V #xposure source for lithography applications. Firstly, the light used for pho-
should be uniform ove a wafer scale to maintain compatibility with standard
er substrates and to ensure that each area is exposed to same dose of energy. Sec-
wthe emission spectrum should have a small bandwidth since the absorption in the
ph(ﬁfresist is wavelength dependent. Lastly, the illumination should be well collimated to
ensure sharply defined features in the fabricated microstructures. All of these features can
be achieved using light emitting diodes (LEDs) and UV transparent optical lenses. LEDs
“possess clear advantages over mercury lamps as they consume less electricity, they can be
turned on and off within seconds, their life time is 20,000 hours, and they are cheap and
extremely simple to use. However, until recently, the main limitation was their low power
in the UV spectrum which hindered their routine use for photolithography applications.

a) Authors to whom correspondence should be addressed. Electronic addresses: J.Charmet@warwick.ac.uk
and tpjk2@cam.ac.uk


http://dx.doi.org/10.1063/1.4976690

| This manuscript was accepted by Biomicrofluidics. Click here to see the version of record.
AllP :
Publishing

This technical limitation has been overcome by assembling several LED’s into arrays® . As
such, new generation LED light sources have a high power source with integrated heat sink
to keep the power at stable values, allowing their use for photolithography. We combine the
exposure system with a micrometer positioning stage to allow multilayer lithography to be
performed.

In view of the considerations above, we present here a highly versagile lab-scale UV-
LED based photolithography set-up, with a mask aligner comprised crometric XYZ
and rotation stages. The set-up addresses the main issues of conve tiorzl\ug'cury lamp
based mask aligners while retaining the resolution required for cghventional microfluidic
applications. In this paper we describe the entire set-up in section I and ifs characterisation
in section III. We show some examples of the features obtained, and in ticular, we show
PDMS based microfluidic devices fabricated with the set-up i 330‘510 V.

—~

Il. UV-LED LITHOGRAPHY PLATFORM q@@s
We describe the building and operation of our l@ED graphy Platform shown in

Fig. 1 in following subsections A and B. ‘)
-
A. Optical set-up \\

The UV-LED(Thorlabs M365LP1) ottsputs maximum power of about 1000 mW when
driven by LED Driver (Thorlabs LEDD1B)%set on external trigger mode supplied with a
constant current of 1.2 amperes. Th is triggered by a general purpose input/output
(GPIO) pin from a Raspberry Pi si oam‘computelr7 connected to a 7 inch Touchscreen
Monitor for user input and contro 1 for details). A custom python based graphical
user interface (GUI) was degfe hat,allows the user to change the exposure time and
start the illumination. An em ]Q%'@gqtop button was also included. Even though Python
is not a real-time programming Yanguage, variability in the timing of the order of 1ms

characteristic of such s, does not represent an issue for exposure times in the range
tform,\the LED is positioned 210 mm from the bottom exposure

)

of seconds. In the
area (table level) ens fis positioned 60 mm from the LED (Fig.1). For single layer
patterning, whe

plane, but it isAnounted on/ﬂhe 90 mm high mask aligner when relative alignment of multiple
features is nécessary.

thy 60 miny (Thorlabs ACL7560U) as shown in Fig.2A. Geometric constraints

5o?{lim the diverging light from the LED, we use an aspheric condenser lens
16 divergence angle of light after the lens © can be approximated by the relation

eets theresolution of the exposure system. For our platform this value [~ 0.023 rad] is
omparagle ith commercial gas discharge mercury lamp based photolithography systems.
ﬁ

In r to characterise the uniformity of the illumination on a waver scale, we measured
theNintensity using a detector (Thorlabs S401C) connected to a power meter (Thorlabs
MA100A). The power of the light source is a important parameter which defines the ra-
diation dose that the photoresist is exposed to. Irradiance, the light energy at the wafer
“Strface has to be calculated to optimise the curing conditions and the light source has
thus in general to be calibrated to achieve reproducible results. In the case of a mercury
lamp, the intensity decreases over the life time of the lamp whereas it remains appreciably
constant for a LED. Upon calibration of our system - using the maximum power of the
LED driver - we have evaluated the uniformity of the beam by positioning the detector
over the active exposure area (approximately 100 mm?) and compared the results with a
conventional mercury lamp (Optical Associated Inc., 200 Watts NUV). Figure 2B and C
shows the power map (measured in mW) obtained on the active area. In this case, the


http://dx.doi.org/10.1063/1.4976690

| This manuscript was accepted by Biomicrofluidics. Click here to see the version of record.

AllP

Publishing

//3/\

FIG. 1. Des::‘r'{/iono% tem. A) Photograph of the UV-LED lithography platform describing
the main co We in the platform, B) Schematic of the Optical set-up.

detector wasel50 mm away from the light source. Our results show that the uniformity in
adignce 1Siomparable between the LED system and the commercial mercury vapour
based swystem./In particular, the exposure area achieved using our approach is sufficient to
niformly ose a standard 3 inch wafer. The collimation of the beam was also checked

measbﬂng the beam diameter at different heights (40 and 80 mm from the wafer level)
~wandwo major differences were observed.

S ~““Mask aligner
.

To allow the use of the exposure source for multi-layer lithography, we combine it with
a mask aligner. The mask aligner consist of micrometric X-Y-Z and rotation stages and a
holder for a quartz window as shown in Fig. 3.A. The mask alignment procedure consists
of 4 steps (Fig 3A-C), described below:

1. Positioning of the wafer on the micrometer stage. The wafer is held in place
at the centre of the stage using vacuum grease.
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FIG. 2. A) Figure illustrates ‘dia%glc angle of the LED after the collimating lens, B) 2D
map of lamp intensity, C) 2D map'ef L intensity at the wafer surface for a fixed height of 15cm
from the platforms.

2. Placement/of th)ei)& on the wafer. The acetate mask with the features to be

igh lution features, a chrome mask could also be used instead of the
ask tapped onto a quartz window.

ing of the mask on the wafer. The micrometer stage is brought down
?(is) that the mask is not in contact with the wafer any more and the X-Y and
tiog{stages are adjusted to align the registrations marks. The positioning takes
ufider a binocular. Once the alignment is satisfactory, the Z-stage is brought
into contact with the quartz window.

posure. Once the alignment steps are completed, the mask aligner is brought
5 under the UV-LED for exposure. After exposure, the Z-stage is brought back down
and the quartz window removed to release the wafer. The vacuum grease is removed
S from under the wafer before further processing.
-

I1l. CHARACTERISATION OF THE SET-UP

In this section, we discuss the characterisation of the set-up and show that the features
obtained compare well with those obtained using a conventional mercury lamp, but with
the advantages of low-cost, convenient and reliable operation characteristic of LED sources.
To validate the performance of the UV-LED lithography platform, we have micro-fabricated
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ake multilayer devices: A) Silicon wafer with cured structures and
0 the XYZ, 0 stage , B) Alignment marks on photomask attached
'bZ adjusting the translating and rotation knobs of the XYZ, 6 stage,
ith UV-LED light.

alignment marks ig att

to quartz plate dre ali
and C) Exposg¢'the wa

he desired patterns is then placed on the wafer and the whole assembly is
er our home built LED-lithography platform. Upon exposure, the UV light
exposed SU8 photoresist and the unexposed SUS is dissolved using appropriate
S ventskSuring the development step. After the post exposure bake, the SU8 patterns are
the wafer. The patterns obtained using our set-up were examined using Scanning
Ele%ron Microscope and compared with patterns generated using a gas discharge mercury
lamp.
LEDs present a range of advantages compared to mercury lamps. One of them is the
}ability of the light it produces. Owing to the very nature of mercury lamps — high current
intensities degrade the electrode — the intensity of the emitted light decreases over time
and as such the lamp should be calibrated regularly. There are a number of specific factors
that influence the resolution of the photolithography process. Resolution of features formed
through exposure through acetate film masks is commonly limited by the resolution of the
printing of the masks themselves, which is commonly of the order of 5-10um. However,
this can be improved by the use of chrome masks provided the application requires better
resolutions. Level of collimation of the light source plays a key role in the resolution of
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FIG. 4. Comzéison Uystructures obtained using a conventional mercury lamp and a LED.
The SEM miéro hs show channels (100 pm and 20 pym wide of 20 pum height) fabricated using
each light omse. scale bar is 100 pm.

osfire system. For our system, assuming feature size of the mask to be S, then
'n),size AS due to the level of collimation is given by AS=2d tan(©), where

nce between wafer and mask, and © is the divergence angle of the light.

- our system the values are 1 ym and 4 pm for resist thickness of 25 ym and 100 pm.

are the typical values that are obtained with lamp based systems. Figure 4 shows a

con§>arison between structures obtained using a mercury lamp and an LED. Consideration

of the micrographs reveals that the structures (100 pm and 20 gm wide channels of 20 pum
ht) are comparable.

™ The resolution of the printing on the acetate mask is visible at these scales through slight
corrugations in the sides of the channels, both in the UV-LED exposed devices as well as
the ones produced using conventional mercury lamp illumination. Channels with higher
resolutions could be obtained using high-resolution chrome mask. The features in Fig. 5.C
are typical of under exposure on the 20 pym wide channels. In particular, it can be seen
that the channels are wider at the top of the structure than at the bottom. This image
reveals that the mercury lamp used for the experiment needs calibration as its intensity
has decreased significantly since the last time it was calibrated. On the other hand, an
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FIG. 5. Evdzétion SUj/ features obtained using the UV LED. The scale bar of the SEM
micrographs is 2 m. Structures of 25 um height obtained after a 21 s exposure time at full
poser. B) ils of structures shown in (A). C) High aspect ratio structures (100 pm high, 20
pm wide) obtained after a 40 s exposure time at full power.

E&‘Atpu‘c is largely constant throughout its lifetime does not require frequent
alibration.“Jt can therefore be expected that, under the same conditions, we will obtain
re rea%ily the vertical wall structures observed in Fig. 4 with the UV LED set-up.

5 shows typical SUS structures of droplet maker devices (see!®'!! for examples of
expariments exploiting this technology) obtained with the UV LED set-up. Structures of
5 fim height, obtained using a 21 s exposure at full power are shown in Fig. 5.A and
Fig. 5.B. It can be seen that the structures are well resolved in this case and compare well
“With features obtained using conventional mercury lamps (see Fig 4). In order to verify the
efficiency of the system, we have tested high aspect ratio structures. Channels of 20 um
width and 100 gm height can be seen in Fig. 5.C. In this case, a 40 s exposure time at full
power was necessary to obtain well resolved features. Shorter exposure time (and hence a
lower UV dose) resulted in thinner structure that collapsed under their own weight (not
shown). If SUS is underexposed, it is slightly softer'? and, therefore, the structure may
collapse. The hard baking time has to be longer than usual to attain a reasonable strength.
The height of the 100 um channels is best seen from the collapsed evaluation feature at the
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FIG. 6. SEM
B) show PD ell aligned channels obtained using the alignment procedure detailed
in the pap, of droplet maker device. D) water-ethanol droplets were formed using a
block-coplymer surfactant. The scale bar is 100 pym.

botto {thymage.

-

"2 OFLUIDIC DEVICES

N

have designed double junction droplet maker shown in Fig. 6.A to demonstrate the
functionality of the PDMS casted devices made with the SU-8 masters fabricated using our
set-up. The microfluidic channels were treated with Aquapel (PPG Industries) by filling
the channels with the solution as received and subsequently washing them with isopropanol
prior to the experiments to remove the debris. The treatment improved the wetting of
the channels with fluorinated oil'3. Ethanol and water solutions were mixed on chip to
form a solution of 10% (v/v) ethanol in water, and microdroplets were formed in an oil
phase of Fluorinert FC-40 (Sigma-Aldrich) and 2.0% (w/w) block-copolymer surfactant.
Such two component mixer on chip devices have been previously used to study peptide self-
assembly!41°. Fig.6.B shows the droplet maker while in operation and the two phase mixing
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within the droplet. As a second example, we have fabricated a non-planar microfluidic device
with a 3D junction. By exploiting the alignment procedure described above, we fabricated
two layer lithography masters for the replication of PDMS devices. Figure 6 C,D shows
an example of a PDMS replica layer obtained from a master fabricated using a two mask
process. The first side of a two-layer 3D flow focusing device is in nature very similar
to devices which have been previously used to produce double emulsion/droplets!®. The

micrograph (Fig. 6.C,D) shows that the thin (20 pym wide, 25 pm hi h\il;ailel is well
Th

positioned with respect to the thick channels (50 pm wide, 50 pm high). ugged edges
seen on the PDMS replica are due to the low resolution of the ac atg}asks. dditional
irregularities can be due to the fact that we have a 2-layers master. Tu this case, it is more
difficult to remove uncured photoresist (from the second layer) dur evelopment step.
This situation is clearly seen at the intersection between th d large channels in
(Fig. 6.D). It can also be observed with conventional mask aligners/lamps. In addition,
such variations do not affect significantly the performance of mictofluidic device in the
cases presented since we are operating in a laminar regi e. In casean application requires
higher resolution channels, a high-resolution mask should be chosen. Taken together, these
results demonstrate the potential of our LED exp@e system for single and double layer

UV lithography. ‘)
L

V. CONCLUSIONS

Photolithography, a common patterni gtex&que used in microfabrication, traditionally
relies on the use of gas discharge mercury ps with limited reliability and lifetime. In this
paper we have presented a simple aind.robustphotolithography set-up, comprised of a UV-
LED platform with micrometric positigning.stages. The resolution of the features obtained
by the platform match that of t required for microfluidics applications. In addition, the

system does not suffer from the d ack ‘@f conventional gas discharge lamps used in mask
aligners that need frequent €alibratign. “Che use of LEDs, allows for a robust and reliable
processing. The alignment pro %&ﬂesen‘ced, here by using a combination of micrometric
positioning stage, was used to produce 2 layer masters. Using soft-lithography, we have
reproduced the negatixe res into PDMS and shown that the devices compare well with

: tional mercury lamp and mask aligner. In summary, LED
tential to provide the basis for reliable, robust micrometer

exposure platfor
size lithography,
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