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Abstract: In this paper, a method of dose-modulated maskless lithography (DMML) with
high efficiency for the fabrication of a special compound-eyes array with enlarged field-of-
view is proposed. Before the fabrication process, practical measurements were primarily
conducted to quantify the dose-modulated effect. Next, a digital gray pattern, generated
according to the required exposure dose distribution of the design structure, was adopted
as a virtual mask to modulate the exposure depth point-by-point. In this way, the whole
exposure process requires only one-step. Besides, because the DMML uses sequential
gray-levels to modulate the exposure depth, the fabricated structure has a more continuous
profile surface. Combined with the thermal reflow process, and the pattern reversion process,
the compound eyes array was transferred to the planar polydimethylsiloxane films with high
quality. Subsequent tests reveal that the physical performance of fabricated compound eyes
array, including the surface profile and the rotated orientation, has a good agreement with
our design.

Index Terms: Maskless lithography, dose modulation, compound eyes, FOV.

1. Introduction

Natural insect eyes with special structures typified by dragon-fly [1], [2], arthropod [3] and fruit fly
[4] have become an attractive research due to their preeminent abilities such as low aberration
[5], moving detection [6], and wide FOV [7], etc. These compound eyes are usually made up of
thousands of small close-connected lens arranged on spherical surface [8], [9]. Micro optical devices
inspired by natural compound eyes show prominent function in various field such as imaging system
[10], antireflection materials [11], and medical instruments [12], etc.
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Fig. 1. The sketch of DMML. (a) The basic setups of lithography. (b) The exposure process based on
dose modulation.

Since the outstanding abilities and wide applications these compound eyes have, much attempts
have been paid to the fabrication methods of such biomimetic structures. Conventionally, the existing
routes prevailingly comprise the nanoimprint [13], soft lithography [14], and moving mask exposure
[15], etc. Micro compound eyes fabricated by the aforementioned methods exhibit special function.
However, a common feature leaded by the planar substrate of such compound eye arrays is the
lack of FOV. To solve this issue, on the basics of such fabrication methods, several supplementary
methods such as the thermomechanical deformation [13], [16] or the negative pressure [17], [18]
were adopted to bend the substrate for the purposes of changing the orientation of MLA and
expanding the FOV. Nevertheless, the fabrication process of such elements with enlarged FOV
requires complicated experiment setups and rigorous environments controls.

For the efficient 3D micro-manufacture, an innovative maskless lithography technology [19]-
[22] has been proposed to fabricate such structures like the Fresnel lens [21] and the hexagonal
compound eyes [22]. The designed structures were horizontally sliced into several layers; each layer
will be transformed into a virtual mask on the DMD chip to conduct the multi-layers lithography. Thus,
the extra cost on the physical mask and the misalignment errors in the fabrication of multi-layers are
reduced. Furthermore, to improve the accuracy of the surface profile of the fabricated structures,
new slicing strategies e.g., equal-height slicing strategy [23] and equal-arc-mean slicing strategy
[22] were presented. However, such methods required both the extra process of slicing layers and
the multiple exposure time.

In this work, a modified dose modulated maskless lithography (DMML) is proposed for the one-
step fabrication of a compound eyes array with enlarged FOV. The mechanism of dose modulated
effect by the DMD was primarily analyzed to quantify the relations among the grayscale of pixels on
the DMD, the corresponding exposure dose, and the corresponding exposure depth on photoresist.
Then, a digital gray mask, which contains 1024768 pixels, was generated to control the exposure
depth on the photoresist point-by-point. Finally the designed structure, a compound eyes array
with specific orientation and enlarged FOV, was built in a one-step and simple exposure process.
Because the DMML uses sequential gray-levels to modulate the exposure depth, the fabricated
structure has a more continuous profile surface. Besides, the extra processes such as slicing
processes or bending processes were also omitted.

2. The Principle of Dose-Modulated Effect
2.1 The Basic Setups and Principle

The basic experiment setups of DMML are shown in Fig. 1(a), of which the illumination system is
used to provide the UV light-field with high-homogeneity at the wavelength of 365 nm. The DMD
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chip (Wintech DLP 4100 0.7” XGA, USA) contains 1024 x 768 micro-mirrors with each one at a
size of 13.68 um x 13.68 um. This micro-mirror array can be regarded as a dynamic optic mask
for the reason that each mirror can be independently rotated +£12°, which represents the “ON” or
“OFF” status. Cooperated with a 6.75 x demagnifying optic projection lens, the minimum resolution
at the imaging plane is nearly 2 um.

Fig. 1(b) shows the basic principle of the dose-modulated effect. The DMD chip recognizes the
gray-levels among 0 255 on the digital pattern, and saves it as 8-bit binary data. Based on the
theory of pulse width modulation (PWM), the working time of each mirror can be independently
controlled according to the binary data. Thus, the UV light can be modulated with different intensity
by changing the grayscales on the digital pattern.

Because of the dose modulated effect aforementioned, the DMML uses a digital pattern, which
contains 1024 x 768 pixels, to modulate the exposure depth on photoresist to form the three
dimensional surface in a single step. Which means the DMD will modulate the whole light-field with
required exposure dose distribution according to the grayscale information. As a result, different
exposure depth appears in a single exposure process. This effect provides an efficient and low-cost
way for the fabrication of complicate three-dimensional structures.

2.2 Calibration of the Dose-Modulated Effect

To build the required micro-structures on the photoresist, the analyzation of the dose modulated
effect is essential. Only the relationships among the grayscale of pixels on DMD, the corresponding
exposure dose, and the corresponding exposure depth are quantified, can we use the DMML
method to form the continuous 3D structures in a one-step and simple way. Such effect can be
divided into two factors, i.e., the exposure dose modulation on the DMD and the corresponding
exposure depth on the photoresist.

Theoretically the relationship between the grayscale of pixel on DMD and its corresponding
exposure dose should be a linear ratio for that the DMD modulates the exposure dose according
to the PWM. However, little difference is always existed in the practical application among most
DMD. Thus, we primarily quantified the dose modulation effect of the DMD in our lab before the
fabrication process.

Generally, the exposure dose can be expressed by

E(.y)=10xy)xT (1)

where [ (x, y) represents the intensity of incident light and T means the exposure time. The calcu-
lation shows that the exposure dose is in direct proportion to the exposure intensity while T is a
constant. Therefore, the calibration of exposure dose can be replaced by the exposure intensity.

An ultraviolet intensity meter (UIT-250, USHIO Japan, Inc., Japan) was used to measure the UV
light intensity while changing the grayscale on the virtual mask. The experiment data was shown in
Fig. 2(a). Itis noted that the intensity of grayscale below 50 is basically 0 mW/cm2, while it increases
slowly for the lower gray levels. In contrast, the intensity increases rapidly for the grayscale over
160. This effect is due to the nonlinear control of PWM [24]. Besides, the error inflexion on the
curve may be caused by the coding mistake of this DMD chip. Therefore, we adopted the steady-
growing grayscale section from 50 to 150 (see Fig. 2(b)) to avoid the error section, which means
the exposure intensity from 0.1 mW/cm2 to 3.5 mW/cm2.

Since the exposure dose can be controlled by changing the grayscale on the virtual mask, the
properties of photoresist should be taken into consideration. The value of contrast y between the
exposure dose and the depth of photoresist [25] is shown below

— 1 _ D (X» Y)/Dtotal (2)
Y= InEy—InEp _ INE(X,y) — InEy

where 0 < D(x,y) < Tpp and Exy < E(x,y) < Eq.

Vol. 11, No. 3, June 2019 2400110



IEEE Photonics Journal Dose-Modulated Maskless Lithography

o
w
i

(a)

= -
—_
o
~—
w
+

o

o

Exposure intensity (mW/cnf)
Intensity(mW/cn?)

e - L L L i i L L L L L
40 &0 a0 100 120 140 160 80 200 20 k=] &0 70 a0 80 100 N0 120 130 140 150

Grayscale Grayscale

(C) - . . (d}

Fig. 2. (a) Relationship curve between the grayscale on the virtual mask and the exposure intensity.
(b) Details of grayscale among 50-150 which shows nearly linear distribution. (c) Virtual gray masks for
the calibration between the exposure dose and the exposure depth. (d) The curve of exposure dose —
exposure depth.
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In this equation, D (x, y) and D, represent the exposure depth and the maximum thickness of
photoresist, respectively. The E means the minimum exposure dose to start the reaction, and E
is the clear dose to react all the photoresist completely.

The following equation can be derived from equation (2)

¥ X Dtotal
E(x,y)_exp( D(x.y) )+E,h (3)
From the equation above, while the exposure dose is greater than the exposure threshold E,
the photoresist will dissolve or solidify (depends on the properties of photoresist) in a nonlinear
way. To clearly ensure this nonlinear reaction, an experiment about the exposure dose and depth
was conducted. The AZ9260 positive photoresist was chosen as the recording materials coated
on silica wafer for it can be spun to the maximum thickness at 15 um. In the condition of 600 rpm
slow rotation speed for 8 s and 2000 rpm for 50 s, the thickness of photoresist was nearly 10 um.
Next the wafer was put on a hotplate at 110 °C for 4 minutes in the prebake process, and 10
minutes in the dark box to cool down the wafer to the room temperature. The testing digital virtual
grayscale masks were shown in Fig. 2(c), which contains several grayscale matrixes increased by
10 gray levels. The exposure time was fixed at 35 s for each virtual gray mask. Then the wafer
was immersed in the development liquid which comprising the development solution AZ400K and
the deionized water (1:1) for 45 s. The curve shown in Fig. 2(d), which illustrates the relationships
between the exposure dose and the exposure depth, was obtained by scanning the development
results under a step-profiler (DektakXT, Bruker, Karlsruhe, Germany) and smooth curve-fitting.
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Fig. 3. (a) 3D model of designed compound eyes with individual orientation. (b) The mathematical
model. (c) The required exposure depth on photoresist.

Combined with the relationship between grayscale on the virtual mask and the exposure dose
(Fig. 2(a)), the actual exposure depth on the AZ9260 photoresist related to arbitrary grayscale of
pixels on the DMD chip is confirmed. By precisely calculating the heights of each pixel on the
designed structure and transferring them into grayscale information, the digital gray-mask can be
generated and uploaded to the DMD, acting as a virtual mask to obtain the required distribution of
exposure dose.

3. Fabrication of the Compound-Eyes Array
3.1 Digital Gray-Mask Generating

To obtain the required exposure dose distribution, the surface profile of the designed structure
should be precisely calculated. Fig. 3(a) displays the sketch of the designed compound eyes, which
is composed of two outer tilted microlens and one middle microlens. Instead of bending the planar
substrate to change the orientation of MLA (aforementioned in Section 1), the symmetry axis of this
outer microlens has a direct rotated angle in the design (Fig. 3(b)), which means they can receive
information in a tilted angle.

The middle microlens of this compound eye (Fig. 3(b)), playing a role as a support structure, can
be calculated by the bottom diameter d and maximum height h

h2 4 02\ ? h? + o
zo(x,y)=\/( - )—xz—y2—< - )+h )

The outer tilted microlens can be regarded as a curve surface, generated by cutting the upper
part of a sphere with an inclined plane. Thus, the mathematical equation contains the radius r, the
linear parameter k and b

{21 ()= V=X "

z1(X,y) > kx+b

The rotated angle of outer microlens can be calculated as
k
0 = arctan — (6)
B

where B8 means the stretching parameter, calculated by the ratio between the ideal size of a single
pixel in simulation and the actual exposure size of a single point on the photoresist. In this dose
modulated maskless lithography method, the single pixel will be shrank to 2 um (the minimum
resolution). The linear parameter k is decided as 0.1. Therefore, the rotate angle 6 should be 2.86°
according to the eq. (6), which is basically satisfied to verify our fabrication method.
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Fig. 4. (a) Gray-pattern of single compound eyes and the whole gray-mask at size 1024 x 768.
(b) Cross-sectional grayscale information of single gray-pattern. (c) Exposure dose distribution of single
gray-pattern.

To avoid the cross-talk caused by the adjacent microlens, the focal length of the inner and outer
lens requires a little difference. In this design, the bottom diameter d and the maximum height h
of the inner microlens were 200 um and 3 um respectively. The radius r of the outer microlens
was calculated as 544 um. The ideal focal length should be 1.9 mm for the outer microlens
and 5.8 mm for the middle microlens. Based on the design data, simulated result of the expo-
sure depth on photoresist was worked out through MATLAB (Ver.7.1, Natick, USA) and displayed
in Fig. 3(c).

According to the quantification data of dose modulated effect aforementioned in Section 2.2,
the required exposure depth can be represented by specific grayscale information in the DMML.
In this way, the whole structure was transferred into a gray pattern. Following the pattern was
expanded to 1024 x 768 size to fit the number of micro-mirrors on the DMD (Fig. 4(a)). Each pixel
on this pattern will influence the exposure depth independently. Fig. 4(b) exhibits the cross-sectional
grayscale information of the single digital pattern and Fig. 4(c) shows the simulated exposure dose
distribution.

3.2 Fabrication Process

Since the designed digital gray pattern was generated and uploaded to the DMD chip as a
virtual lithography mask, the fabrication process was basically the same as the experiments
aforementioned (see section 2.2). Explicit procedures are displayed as 3D models in Fig. 5. The
whole compound eyes array was transferred to photoresist in a single step due to the modu-
lated dose distribution. Note that the optical field is formed by pixels, it still shows stairs under
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Fig. 5. Fabrication process which contains: (a) exposure process with modulated dose distribution,
(b) development, (c) thermal reflow on a hot plate, (d) reversing pattern by PDMS, and (e) peeling off
the PDMS film.

step-profiler. Therefore, we adopted the thermal reflow method (110 °C on the hotplate with full
contact for 3 minutes) to slightly optimize such issue after the exposure process (see Fig. 5(c)).
At the end of the fabrication procedure, polydimethylsiloxane (PDMS, mixed by prepolymer:
curing agent = 1: 10) was used to reverse the pattern. After solidifying in the oven at 75 °C
for 1 h and in the room temperature for 3 h to release bubbles, the PDMS film was peeled off from
silica wafer with the thickness at nearly 6 mm (Fig. 5(d) and (e)).

4. Results and Discussions

In order to verify the fabrication result of the DMML, several experiments were conducted to quantify
if the physical performance of the fabricated compound eyes is coincident with our design or not.

Fig. 6(a) displays the pictures of the fabrication result. The precise surface profile under step-
profiler is shown in Fig. 6(b), which contains three cross-sectional curves: the exposure curve, the
thermal reflow curve, and the design curve. The exposure profile and the design profile are similar
at the outer surface, which means this method exhibits an excellent ability on the fabrication of
continuous 3D surface. The main deviation appears in the middle part, which should be the reason
that the middle part has a smoother surface than the outer part, and less gray-levels were applied
in the digital gray pattern. In summary, the resulting profile of the fabricated compound eyes is
basically consistent with our design profile.

Although the profile surface of the fabricated result is similar to the design data, we still did other
experiments to verify the optical abilities. We have introduced that the focal length of the middle
microlens and the outer microlens should keep little difference to avoid the optical cross-talk. In this
design, the ideal focal length is 1.9 mm for the outer microlens and 5.8 mm for the middle microlens.
The test platform shown in Fig. 7 was used to test this data. The object was illuminated by a white
light source; then the light was focused by the compound eyes. A microscope lens (Nikon, Plan
flour, 10X/0.3, WD = 16 mm, Japan) captured the virtual images and transferred them to the CCD
camera (WAT-902 H).

The quartz glass with line pattern shown in Fig. 8(a) was used as object, of which the yellow
part is coated with opaque chromium layer. The distance (/) between the lithography mask and the
compound eyes array was nearly 200 mm. From the lens imaging equation (eq. 7), the imaging
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Fig. 6. (a) Fabrication result and magnifying picture under a microscope. (b) Profile surface under
step-profiler with: exposure curve, thermal reflow curve, and design curve.
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Fig. 8. (a) Lithography mask applied as an object with minimum features at 160 um. And patterns
captured by (b) middle microlens and (c) outer microlens.
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(a)

(b)

Fig. 9. Images captured at different angle by: (a) the middle microlens, (b) the right microlens, and
(c) the left microlens.

length (I) of the outer microlens and the middle microlens were calculated as nearly 1.8 mm and
5 mm, respectively.

= @)

By moving the microscope lens along the axis of the optical system, the clearest pattern was
captured at nearly d = 17 mm (Fig. 8(b)) for the middle microlens and nearly d = 20.5 mm for
the outer microlens (Fig. 8(c)), in which the distance d contains the image distance of fabricated
compound eyes array and the working distance of the microscope lens. The deviation between the
ideal data and the actual result is in the range of focal depth.

Furthermore, we set up another imaging experiment to verify the rotated orientation of the outer
microlens. A hand-cut letter ‘M’ was used as the observed object placed at 200 mm in front of the
fabricated compound eyes. Thus the gap between two adjacent microlens (nearly 200 um) was
inconsequential. In this experiment, we tested the angle that half of the letter ‘M’ can be seen to
evaluate this rotated angle.

Final experiment results of the same ommatidium are shown in Fig. 9. The angle of half of the
letter ‘M’ can be clearly seen through the middle microlens is approximately £15.6° (Fig. 9(a)).
The symmetrical data means that the middle microlens has a similar performance with the normal
microlens. Besides, the angle is nearly from —11.4° to +18° for the right microlens (Fig. 9(b)) and
nearly from —17.7° to +12.1° for the left microlens (Fig. 9(c)), which means that the whole view
angle is from —17.7° to +18°. It can be deduced that the orientation of each outer microlens was
rotated for nearly 3° around the vertical optic axis, which was basically the same with our design.
The experiment data revealed that the fabricated planar compound eyes exhibits specific orientation
and it should have an enlarged FOV.

5. Conclusion

In this work, a DMML method is proposed to fabricate a special compound eyes array with specific
orientation on a planar substrate. For the precise fabrication of such structure, we quantified the
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relationships among the grayscale on the virtual mask, the exposure dose and the exposure depth.
Then, we generated a virtual mask, which contains 1024 x 768 pixels, to control the exposure depth
on the photoresist point-by-point to form the required structure. In this way, the compound eyes, with
an aperture at nearly 300 um, a maximum height at nearly 6 um, and enlarged FOV, was transferred
on the photoresist with a continuous surface in one-step exposure, which avoids the complicated
fabrication setups and rigorous environments. The surface profile of the fabricated compound eyes
measured by step-profiler has a great agreement as our design. Additionally, PDMS was adopted
to reverse the model pattern on wafer for the further optical experiment, including focal length and
rotated orientation; the final results show little aberration with the ideal data, which represent that
the dose-modulated lithography is effective and convenient for the fabrication of continuous surface
such as this compound eyes with enlarged FOV or other mirco-devices with complicate surface.
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