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The purpose of this research is to demonstrate a methodology for etching silicon to
particular required depths that can be used when designing structures to manufacture
microneedles. A photolithography technique was demonstrated using gradation exposure
and deep-reactive-ion etching (DRIE). The entire photolithography process was carried
out in two steps: (i) a photoresist pattern was transferred onto silicon dioxide using a
layout mask, and (ii) a silicon mold was formed using exposure through the use of a
gradation mask and DRIE. A digital gradation mask design that included 16 scales
was proposed. The exposure time and thickness of the photoresist were optimized
experimentally under 102 different conditions. The aspect ratio of the resist reached 19:1
and the maximum etched depth was 285 pm under conditions of 6 s exposure time and
3 um thickness of the photoresist. It was demonstrated that the slopes formed by deep
etching ranged between 0-285 pum, which is needed for microneedles to be realised by
DRIE and grey-scale technology.

1. Introduction

Microneedles, which can be used for painless drug delivery or for the semi-invasive
collection of blood samples, are being investigated for clinical use.(V The stratum
corneum of human skin has a thickness of 60-200 um,® so the length of the micro-
needles needs to surpass this layer by 10-15 um for drug delivery and by 200-400 um
for sample collection.®

The development of micro-electromechanical systems (MEMS) has provided tools for
highly precise, reproducible, and scalable methods to fabricate structures of micrometer
dimensions.® Thus, this lithography-based approach can be used to produce microneedle
arrays. Previously, fabrication techniques to manufacture needles out of silicon, metal,
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polymer, and glass have been reported, which can be used to form large two-dimensional
arrays.® It is necessary that the microneedles are manufactured using materials that are
superior in terms of biological safety, such as biodegradable plastic, because the risk
that they could break cannot be completely overlooked. Silicon is convenient to use as a
mold for polymer needles for hot embossing techniques or for nanoimprinting.®”

To fabricate microneedles, both deep etching to more than 200 um depth and the
realisation of inclined shapes with angles between 12—18° to the vertical are required
simultaneously. Deep-reactive-ion etching (DRIE) can be used to transfer photoresist
structures into silicon wafers. In particular, the Bosch process, named after the German
company Robert Bosch GmbH, is suitable for perpendicular deep etching.® The
principal benefit is anisotropic etching when transferring a photoresist pattern onto
silicon.® A perpendicular deep-etching process has been reported with an aspect (height/
width) ratio (etch selectivity) of over 80:1.09 On the other hand, grey-scale technology
can be used to manufacture inclined shapes, and this has been used for large-area
processes.(!'"' However, the reported etched depths that have been achieved when using
grey-scale technology only range within 1-10 pum. As a feasibility study, we have tried
to evaluate the effect of exposure time to etched depth on DRIE.('® At this moment, the
optimized fabrication condition cannot be found because the photoresist thickness was
not evaluated yet.

The purpose of this paper is to propose a practical photomask patterning method for
slope formation by deep etching. DRIE and grey-scale technology are adopted in order
to realise both deep etching to more than 200 pm depth and inclined shapes that can be
used for manufacturing a silicon mold for the formation of micro-needles.

2. Materials and Methods

2.1  Photomask

A sixteen-scaled grey-scale mask design was proposed to achieve the desired
gradation exposure (Fig. 1). The grey-scale mask was pixelated in 4 x 4 grids with a
pitch of 0.5 um. The case where all the grids were black was set as scale 0, and the case
where all the grids were white was set as scale 16. The sixteen-scaled gradation was
expressed by reversing one grid at a time. The grey-scale masks were fabricated using
an electron beam lithography mask writer (JBX-9300FS, JEOL Ltd., Japan), which was
capable of writing nanometer-sized features.

Figure 2 shows the design of a layout mask, which includes both an etched depth
evaluation area (100 x 100 um?) and an aspect ratio evaluation area (12 x 500 um?). The
ratio of the etched depth to the mask width was defined as the aspect ratio. Seventeen
sets of these layout masks were prepared on a silicon wafer. The grey-scale masks were
set on each layout mask.

2.2 DRIE

Figure 3 shows the manufacturing process of a test piece for slope-form deep etching.
The wafer was coated with a positive-type photoresist (OFPR-800, Tokyo Ohka Kogyo
Co., Ltd., Japan) using a spin coater (ASC-4000, Actes Inc., Japan). The photoresist was
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the test piece for slope-form deep etching.
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Fig. 2. A pattern of layout mask used for the evaluation of both the etched depth and aspect ratio
on a test piece for slope-form deep etching. (a) Designed layout mask and (b) Fabricated layout mask.
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Photolithography of the test piece for slope-form deep etching including a two-step

exposure process (a) process using the layout mask and (b) process using the gradation mask.

exposed to a pattern using the layout mask and a mask aligner (MA6, Suss MicroTec
KK, Japan). The silicon was liquid (wet)-etched to remove the unprotected oxide. The
photoresist was removed from the substrate using a resist stripper.

The second photoresist layer was exposed for various times (6, 9, and 12 s) at an
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intensity of 47.9 mW/cm? using the gradation mask. DRIE was performed for 120 min
using a Si DRIE system (MUC-21, Sumitomo Precision Co., Ltd., Japan). Finally,
the photoresist was removed using acetone and the SiO, was removed using hydrogen
fluoride. The thickness of the photoresist was set to 3 or 7 um (Table 1).

2.3 Measurement

The arithmetic average roughness, Ra, and etched depth, d, were measured using a
noncontact three-dimensional displacement measuring system (NH-3SP, Mitaka Kohki
Co., Ltd., Japan). A total of 102 measurements of the etched depth were carried out
for the 17 grey-scale levels, 2 different thicknesses of the photoresist, and 3 different
exposure times.

3. Results and Discussion

Figure 4 shows a measured result of the surface roughness of the test piece in the
roughness evaluation area under the condition of 3-pm-thick photoresist, 6 s exposure
time, and scale 7. The Ra ranged between 1.59—1.87 pm in the etched depth evaluation
area (Fig. 4), and 4 was 189 um under these conditions. The variation of Ra over d
was calculated to be 1% or less. The variations of Ra were kept under 1% in all of the
experimental conditions. It was revealed that the etched bottom was formed evenly.

The absolute values of etched depth were greater than 250 pm under each condition.
A linear approximation expression for the etched depth was calculated using the least-

Table 1
Conditions of spin application of photoresist and bake length of a test piece for slope-form deep
etching.

Thickness of photoresist ~ Spin application ~ Prebake time Postbake time
(rpm) min. (120 °C) min. (120 °C)
3 um 2,000 6 12
First application 2,000 3
7 pm* — 12
pm Second application 3,000 10
“Two coats
Width, w (um)
40 80 120
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Fig. 4. Measured result of the surface roughness of the test piece in the etched depth evaluation
area.
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squares method between the point at which the etched depth begins to change and the
point at which it reaches 90% of the saturation value. It was clear that the slope between
the etched depth and the scale of gradation could be made smaller by shortening the
exposure time [Fig. 5 (a)]. However, the slope was decreased in proportion to the
thickness of the photoresist; the slope of the 7-pm-thick photoresist showed 33.5 [Fig.
5 (b)]. Then, the slope was minimized under the condition of 6 s of exposure time and
3 um thickness of the photoresist. In summary, it was shown that the etched depth was
287 um at 11 scales; thus, a rate of 26 um/scale was realised under this condition. The
linear approximation equation between the etched depth, d, and the scale of gradation, S,
is shown as follows:

d=29.15-11.3 (um). (1)

The aspect ratio was evaluated using the aspect ratio evaluation area. The width
remained approximately constant without depending on the etched depth in DRIE. Then,
the aspect ratio ranged between 18.3 and 18.8 in the aspect ratio evaluation area. The
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Fig. 5. Measured photoresist profile using the sixteen-scaled gradation mask and DRIE. (a)
3-um-thick photoresist and (b) 12 s exposure time.



36 Sensors and Materials, Vol. 26, No. 1 (2014)

300
. d=-1.158+39.78
g
=3
<~ 200
e
&
<
2 100
=
2
m

0/X
1 3 5 7 9 11
Scale, S

Fig. 6. Approximation of relationship between etched depth and scale of gradation exposure and
photomask patterning for a slope form (6 s and 3 pm).

aspect ratio was not affected by the exposure time or the thickness of the photoresist.
The maximum etched depth showed 225 pum, then the width was 12 um. Thus, the
aspect ratio was calculated up to 225:12 = 19:1. Since the mask width was as narrow
as 12 pm, it was considered that a microloading effect was one of the reasons why the
aspect ratio did not reach 80:1.0519 When the aspect ratio increases, the etching rate falls
and both relations will not show a direct proportion.

To consider the microloading effect, a quadratic approximate equation can be used.
Under the condition of 6 s exposure time and 3 pm thickness of photoresist, the quadratic
approximate equation between d and S can be shown as follows (Fig. 6):

d=—1.152+39.7 S (um). )

The etched depth can be controlled between 0-285 pum by applying eq. (2) for the
patterning of the gradation mask. This characteristic is suitable for the manufacture of a
silicon mold to produce microneedles.

4. Conclusion

A sixteen-scaled grey-scale mask design to be used for gradation exposure was
proposed and the exposure time and thickness of the photoresist were optimized in
DRIE. The aspect ratio of the resist reached 19:1, indicating that the etched depth could
be controlled between 0-285 pm. Thus, a quadratic approximate equation was drawn
experimentally, which is suitable for the manufacture of a silicon mold to form micro-
needles.
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