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Abstract: A flexible and efficient strategy, digital micromirror devices (DMD) based multistep
lithography (DMSL), is proposed to fabricate arrays of user-defined microstructures. Through
the combination of dose modulation, flexible pattern generation of DMD, and high-resolution
step movement of piezoelectrical stage (PZS), this method enables prototyping a board range of
2D lattices with periodic/nonperiodic spatial distribution and arbitrary shapes and the critical
feature size is down to 600 nm. We further explore the use of DMSL to fabricate microlens
array by combining with the thermal reflowing process. The square shape and hexagonal shape
microlens with customized distribution are realized and characterized. The results indicate that
the proposed DMSL can be a significant role in the microfabrication techniques for manufacturing
functional microstructures array.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Periodic/nonperiodic microstructures array has been extensively utilized in surface/interface
engineering, microelectromechanical systems (MEMS), microoptoelectromechanical system
(MOEMS), metasurface/metamaterials etc [1-6]. With different spatial distribution and shapes,
these microstructures array can realize variously functional devices, such as antireflective
surface, microlens array, metalenses, antiwetting surface and antimicrobial topography. Even
if recent technological advances have enables prototyping these microstructures array in high-
resolution or in large-area or in flexible spatial distribution, available fabrication strategies
cannot fabricate new designs with required feature sizes both rapidly and at low cost. For
instance, mask-based photolithography, nanoimprint lithography and microcontact printing are
suited to high-throughput manufacturing but they still require high resolution physical masks
[7-9]. And direct laser writing, electron-beam lithography, and ion-beam etching can offer high
resolution even beyond diffraction-limitation, while they are typically low production efficiency
and expensive [10—13]. None of these techniques above can efficiently and flexibly fabricate
user-defined microstructures array during the iterating new designs between theorical simulation
and actual manufacturing.

Recently, maskless photolithography has attracted widespread attention as it is an efficient
manufacture technology. For representative example, interference photolithography provides
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a facile, inexpensive, large scale-lithography. However, it is limited to fabricating periodic
structures array. As promising alternative, spatial light modulator-based projection lithography
especially DMD based lithography [14-22], due to the flexible pattern generation of DMD,
provides rapid processing speed and is suitable for manufacturing large-area periodic/nonperiodic
microstructures. Yet, the conventional DMD based lithography is still limited in the resolution
of submicron scale. To overcome this limitation, researchers have used high de-magnification
projection lens. However, there is a trade-off between exposure area and minimum feature size,
that is, to obtain the minimum width, the loss of exposure area needs to be considered. In
addition, the conventional DMD based lithography system is static, that is, the DMD device and
the exposure substrate are static. The spatial distribution or the period of the microstructures
array is constrained by the period of the DMD’s micromirrors. The customized distribution of
the microstructures array, for example, if the desired period of microstructures array is not the
integer times of the period of DMD’s micromirrors, it is impossible to be realized using the
conventional system. Therefore, it is highly desirable to develop a flexible lithography technique
that is capable to fabricate user-defined microstructures array rapidly and at low cost.

To address these challenges, we propose a new developed DMD based multistep lithography
(DMSL) technique, which combines the dose modulation, the high-resolution movement of PZS,
and the flexible pattern generation of DMD, to achieve user-defined microstructures array. We
demonstrate that the DMSL can be used to fabricate cross-shape array with 2D period, dots
matrix with hexagonal period and nonperiodic C-shape array. Furthermore, by combining with
thermal reflowing process, this work demonstrates the capability to fabricate functional microlens
array with user-defined shapes and periods.

2. Methods
2.1. Experimental setup

The schematic of the proposed DMSL system is shown in Fig. 1. In this system, UV light source
with central wavelength of 405 nm is used, which is homogenized and collimated by customized
illumination system. After being collimated and expanded, the light beam illuminates on digital
micromirror device (DMD, Texas Instruments Inc.). The DMD used in this system consists
of an array of 1024x768 micromirrors with single pixel size of 13.68 um. Each mirror can be
switched between light reflecting “on” (+12°) and “off”” (—12°) directions which is modulated
by input pattern (Fig. 1(i)) to create specific spatial intensity profile (Fig. 1(ii)). After being
modulated, the pattern on DMD is projected through the de-magnified imaging system which
includes tube lens (1x, Edmund Optics) and objective (10x, Edmund Optics), and then projected
onto a glass substrate spin coated with 1 um thickness photoresist (S1813). The target glass
substrate is positioned on a piezoelectric stage (PZS). Here, the proposed system is different with
conventional DMD based projection lithography system where the target sample is positioned
on static stage. We take advantage of the high-resolution property of PZS (maximum moving
range 100 um, resolution 7 nm) to achieve multistep exposure (Fig. 1(iii)) through step movement
(which will be presented in detail in section 2.3). Besides, based on the dose modulation, the
feature size can be decreased to submicron resolution (which will be presented in detail in
section 2.2). With this exposure modality and taking use of flexible pattern generation of DMD,
we could achieve user-defined periodic/nonperiodic microstructures array.

2.2. Dose modulation to realize sub-pixel resolution

In the static DMD based projection lithography, the feature size is determined by the demagni-
fication ratio of the projection lens. For instance, if we use the same 10X objective as the one
used in the proposed system, the smallest feature size is 1.368 um in the static DMD system. To
achieve sub-pixel resolution, the objectives with higher demagnification ratio such as 20x are



Research Article Vol. 27, No. 22/28 October 2019/ Optics Express 31958 |

Optics EXPRESS

Piezeoelectric stage (PZS) (iv)Exposure Result (iii)l\lullistt‘p Exposure (ii) Intensity Distribution

P2 C C C
/? - .E PSF of one pixel
| l ) 1t

PZS multistep moving G

¢,
L,

Input pattern
ey put p:

DMD Pixel

Beam splitter

Mirror

Tube Lens

Tube Lens

CCD Camer

Fig. 1. Schematic of DMD based multistep lithography system including UV light source,
DMD, tube lens, beam splitter, mirror, objective, piezoelectric stage (PZS) and CCD camera.
User-defined dot array pattern (i) was inputted into DMD where each pixel corresponds to
intensity distribution (ii). Through multistep movement of PZS (iii), final exposed structure
(iv) was formed on the photoresist.

required. However, there is a tradeoff between the exposure area and the smallest feature size,
i.e., to obtain the possible minimum size, the loss of the exposure area needs to be considered.
In our proposed DMSL, the smallest feature size is not limited by the demagnification ratio of
projection optics. Considering the photoresist threshold is constant, the feature size could be
decreased through modulating exposure dose so that fabricating sub-pixel structures is feasible.
To investigate the relationship between dose modulation of each DMD pixel and the feature sizes,
the intensity profile of each DMD pixel could be simplified as a 2D Gaussian function.

I(X,y) — Ioe*[(f)%r(%)z] (1)

where I(x, y) is the intensity profile of each DMD pixel on photoresist, I is the peak intensity,
and a, b is the length and the width of each DMD pixel.
The final exposure dose on the photoresist is relative with the intensity profile and the exposure
time.
D=1I(x,y)xT (2)

where D is the exposure dose of each pixel, and T is the exposure time.

According to Eq. (1) and Eq. (2), we simulated the final exposure dose on the photoresist using
MATLAB software as shown in Fig. 2. Here, we assume that the threshold of the photoresist is
constant. The exposure dose above the threshold determines the feature size which is calculated
at the full width at half maximum (FWHM). The top view and side view in Fig. 2 show that the
width is gradually decreased as the exposure dose decreases. Based on this modality, it is feasible
that the feature size could be smaller than the size decided by the demagnification ratio.

2.3.  Multistep lithography based on the high-resolution step movement of PZS

To achieve arbitrary microstructures array with user-defined spatial distribution and customized
shape (including dot matrix in section 3.1, section 3.2 and continuous microstructures in
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Fig. 2. Simulation result of dose modulation. With decreasing exposure dose, the FWHM
of intensity profile above the photoresist threshold is decreased and the subpixel resolution
is realized.

section 3.3), we propose a multistep lithography technique that transfer the conventionally static
DMD lithography system to a dynamic lithography system by integrating the high-resolution
movement of PZS. The basic principle is shown in Fig. 3. Briefly, according to the desired
microstructures which are dots matrix or cross-shape microstructures array, we design and input
the initial pattern into DMD as the Fig. 3(A). Note that the actual intensity profile of each
DMD pixel (Fig. 3(B)) is simplified as the Gaussian intensity profile which was described in
section 2.2. For fabricating the microstructures array, the PZS is moved according to the desired
pattern. After one step movement with constant distance “d”, one pattern on DMD is exposed
on the photoresist (Fig. 3(C)). After multistep movement and the corresponding exposure until
passing through the moving path (the arrows in Fig. 3(C)) of desired pattern, the final intensity
profile formed on the photoresist via multistep exposure is the intensity accumulation from
the Gaussian intensity of each step (Fig. 3(C)). After the development of the photoresist, the
final microstructures are formed on the substrate (Fig. 3(D)). Figure 3(E) illustrates the actual
exposure results of the microstructures array. Note that the moving distance “d” of each step
determines the fabrication of continuous and discontinuous microstructures array. With large
moving distance, the discontinous microstructures are fabricated as the dots matrix shown in the
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Fig. 3. Schematic of multistep lithography. (A) Pattern on the DMD, which corresponds
to (B) intensity profile of each DMD pixel on the photoresist. With (C) PZS multistep
moving, the (D) multistep exposure is formed on the photoresist (E) are actual exposure
results characterized under Olympus bright-field microscope.
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Fig. 3(E)-(v). With small moving distance, the continuous microstructures are manufactured
as the cross-shape microstructure shown in the Fig. 3(E)-(vi) and the further exposure results
will be presented in section 3.3. Further exploration of the moving distance for realizing the
customized spatial distribution of microstructures array will be presented in section 3.1.

3. Fabrication of user-defined microstructures array by using DMSL with com-
bined techniques

To achieve the user-defined microstructures array, we combine three main techniques including
flexible pattern generation, multistep lithography and dose modulation into DMSL. The main
procedure for achieving the user-defined microstructures array based on the technique combination
is presented in the flow chart Fig. 4. Briefly, according to the desired microstructures array, we
firstly extract two important information, that are, the spatial distribution of the array which is
helpful to design the initial pattern for DMD, and the shape of microstructure which is fitted
in MATLAB to get the graphic function, y = f(x). The initial pattern and the graphic function
determine the digital mask on DMD and the moving path of PZS, respectively. Then we take
three applications as the examples to illustrate the techniques combination. In section 3.1, the
microdots matrix with user-defined periods is fabricated through the combination of flexible
pattern generation and the multistep lithography under large step movement. In section 3.2,
further integration of dose modulation into the combination in section 3.1 leads to submicrodots
matrix. In section 3.3, the microstructures arrays with user-defined shape and customized spatial
distribution are realized by the combination of flexible pattern generation and the multistep
lithography under small step movement. All details will be presented in the following sections.

Desired microstructures array

4
Spatial distribution of Shape of
the array microstructure
Matlab | Matlab ||

Initial pattern for Graphic function

DMD v=f(x) of the shape
Technique 1 1 (] Technique 2
Flexible pattern S . Multistep lithography
generation of DMD et uisskcon UMD Moving path of b2 Lo

Technique 3

1 Techniques combination in DMSL l’
0S¢ modulation
2 1=

Large step moving distance Smal moving distance  Large step moving distance

Microdots matrix a ’:":‘""i"di‘ Submicrodots matrix
with user-defined m:vm ur:c M'::‘::;.y with subpixel resolution
period in Section 3.1 shapesin section33 in section 3.2
Application Example 1 Application Example 2 Application Example 3

Fig. 4. Flow chart of techniques combination in DMSL and the application examples in
this paper. The blue charts illustrate the process of achieving user-defined microstructures
array. The red charts represent the three main techniques applied in the DMSL. The green
charts are the application examples in 3.1, 3.2 and 3.3.

3.1. Fabrication of microdots matrix with user-defined period

We demonstrated in section 2.3 that DMSL can be exploited to realize customized periodic
microstructures array by taking use of the flexible generation of DMD and the high-resolution
movement of PZS. Here, we fabricate microstructures array with arbitrary hexagonal period. The
further explanation on how to fabricate it is shown in Figs. 5(A) and 5(B). Note that the pitch
size of the grid in these figures represents the period of DMD pixels which is “D” (1.368 um).
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The interval between the two adjacent dots represents the desired period which is d. Here we
design the desired microstructures array with “d” as 3 um. Then we obtain the initial pattern
as these black points Ag_¢ in Fig. 5(A) for the digital mask shown on DMD. To guarantee the
periodic property of microstructures array, the relationship between DMD pixel period “D” and
the desired period of microstructures array “d” needs to follow Eq. (3).

N1 X d = N, x D (along y direction) 3)
N3 x V3d = Ny x D (along x direction)

Where Ny, N,, N3 and N4 should be integer, d is the moving distance of PZS and is defined as the
desired period, and D is the period of DMD pixel, which is 1.368 um here.
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Fig. 5. (A) and (B) schematic of multistep lithography to achieve dots matrix and (C)-(E)

the brightfield images of the actual exposure results with different periods. Scale bar: 3 um.

We first make PZS implement multistep movement in x and y directions by using the arrows in
Fig. 5(A) as the moving path. With each step movement, the corresponding exposure experiment
is implemented on the substrate. The all dots matrix presents the exposure results. And further

step movement is necessary for realizing hexagonal periodic microstructures array. Thus, we

move the initial position of Ag, ¢ by @and‘z—1 on x and y directions, respectively. Then the PZS

is implemented the multistep movement following the same moving path as Fig. 5(A) on x and y
directions until finishing all desired microstructures fabrication. Finally, we obtained a hexagonal
period of microstructures array with a preset period of 3 um (Fig. 5(B)). With this modality, we
have implemented the actual exposure experiments on the glass substrate with 1 um thickness
positive photoresist (S1813). We realized the periodic microstructures with different hexagonal
periods (3 um, 3.5 pum and 4 um) in Figs. 5(C)-5(E).

3.2. Fabrication of submicrodots matrix with subpixel resolution

In section 3.1, we have demonstrated the fabrication of customized hexagonal microdots matrix
with feature size around 1.3 pm. Here, we further explore the DMSL fabrication technique by
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combining with the dose modulation technique described in section 2.2 by using 10X objective
lens. The quantified relationship between the exposure dose and feature size is presented in
Fig. 6(A) where we modulate the dose through tuning the exposure time and the UV light source
intensity. As Fig. 6(A) shows, the feature size is increased to almost 1.8 um with increasing the
exposure dose. And the smallest feature size is down to 0.6125 um with decreasing the exposure
dose. This size is almost half of the critical feature size (1.368 um) of which fabricated by using
conventional DMD lithography system. Figure 6(B) presents the actual exposure results on the
photoresist, which are characterized by Olympus brightfield microscope. Figs. 6(C) and 6(D) are
the SEM images of the micro/submicro dots matrix under 1.4 mW with 2 s and 1 s respectively.
Therefore, these results indicate that the dose modulation is an efficient method for achieving
sub-pixel resolution without losing the exposure area. It is expected that further dose modulation
can be helpful to realize smaller feature size.
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Fig. 6. (A) The diagram of feature size and exposure dose (intensity and exposure time).
(B) Brightfield microscope images of micro/submicro dots matrix with different intensity
and exposure time. (C) and (D) Micro/submicrodots matrix fabricated under 1.4 mW, 2 s/1 s
exposure dose and characterized by SEM. Scale bar: 10 um.

3.3 Fabrication of periodic/nonperiodic microstructures array with user-defined shape

In section 2.3, we have presented that the DMSL can be used to fabricate continuous microstruc-
tures array when the moving distance of each step is small enough. Here, we implement DMSL
under micron-scale step movement and combines it with the flexible pattern generation of DMD
to realize user-defined periodic/nonperiodic microstructures. For this target, we firstly optimize
the moving distance through MATLAB simulation (Figs. 7(A)-7(D)) using the Gaussian model
in section 2.2 and actual exposure experiments (Figs. 7(E)-7(H)) during which the exposure
intensity and the exposure time are fixed at 1.4 mW and 1 s respectively. We found that the
optimum distance is 1.1 um with which the fabricated line is continuous, and the width of the line
is 0.6806 um which is only increased by 0.07 um compared with the feature size which the single
DMD pixel exposed and got (0.6125 um). Therefore, we will use this distance, the exposure
intensity and the exposure time to fabricate the microstructures in this section and section 4.
After the optimization of the step moving distance, we use the optimized parameter to fabricate
the customized microstructures array. Based on the flow chart in Fig. 4, we first get the initial
pattern (inset in Figs. 8(A) and 8(E)) on DMD according to the spatial distribution of the desired
microstructures array. And then the graphic function of the desired microstructure y = f(x)
provides the moving path of PZS as the arrows in Figs. 8(A) and 8(E). With all the information
above, we implemented the simulation using MATLAB based on the Gaussian model described
in section 2.2 and the results are presented in Figs. 8(B) and 8(F). Then we fabricated the
periodic microstructures array. The length and the width microstructures with cross-shape are
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Fig. 7. Simulation (A-D) and fabrication (E-H) of lines pattern with different moving step
(1.3um, 1.2 um, 1.1 um and 1.0 pm). Scale bar: 10 um.

5.0468 um. The actual exposure results were characterized under brightfield microscope and
SEM in Figs. 8(C) and 8(D) respectively. There is a thicker profile at the concave corners of
the cross-shape structures compared with the simulated results. This results from the intensity
overlapping among adjacent exposure dots. Here we combine the flexible pattern generation of
DMD and further exploit the DMSL to fabricate the nonperiodic microstructures array with C-
shape. The intial pattern of nonperiodic distribution is automatically obtained through customized
random function programmed in MATLAB (Fig. 8(E)). The graphic function of the C-shape is
fitted using MATLAB polynomial function which is f(x) = x> — 4.104x + 4.104 (0 < x < 4.104).
By using this function as moving path (Fig. 8(F)), we realized the desired microstructures as
shown in Figs. 8(G) and 8(H). The length and width of the C-shape microstructure are 5.6216 um
and 4.2925 um, respectively.
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Fig. 8. User-defined period and nonperiodic microstructures arrays fabricated by DMSL with
combined techniques. (A) and (E) initial pattern and moving path. (B) and (F) the exposure
results are simulated in MATLAB. (C) and (G) the actual exposure results characterized
under Olympus microscope. (D) and (H) the acutal exposure results characterized under
SEM. Scale bar: 20 um.

4. Fabrication of user-defined microlens array

Based on the technique combination in the proposed DMSL, we have demonstrated the capability
of DMSL to fabricate arbitrary microstructures array. Here, we explore the DMSL further and
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combine it with thermal reflowing process to achieve functional microlens array. Compared with
the microlens array fabricated by using the conventionally static DMD lithography, the period
of microlens array fabricated by our proposed DMSL will be not constrained with the period
of DMD’s micromirrors as described in section 3.1. Furthermore, with the integration of dose
modulation, we can decrease the size of the gap between two microlens so that achieve high
fill-factor microlens array [23]. With the combination of the flexible pattern generation of DMD
and the multistep lithography by using PZS, we can realize customized spatial distribution of
microlens array and user-defined shape of microlens.

According to the flow chart in Fig. 4, we extracted the initial pattern as the dots matrix shown
in Figs. 9(A), 9(E) and 9(I) and the moving path of PZS as the arrows shown in these figures
respectively from the desired microlens array. Based on the Gaussian model in section 2.2, we
simulated the exposure results using MATLAB software. The results are presented in Figs. 9(B),
9(F) and 9(J). The actual exposure results are implemented on glass substrate with spin-coated
positive photoresist. The exposure experiments under the same exposure intensity 1.4 mW and
exposure time 1s used in section 3. And the exposed substrate is developed in 5%o (w/v) NaOH
solution for 3 seconds to remove the reacted photoresist. After the development, the exposed
substrate is characterized under Olympus bright-field microscope as shown in Figs. 9(C), 9(G)
and 9(K). Then the developed substrate is inverted on the hot plate under 180 ° C with 20 s for
the thermal reflowing process [24]. The fabricated microlens arrays after the thermal reflowing
process are characterized under SEM. We found that the gap between the microlens is covered
after the thermal reflowing even if there was the gap 0.7486 um before thermal reflowing process
as shown in Figs. 9(C) and 9(G). Thus, the fill factor of the microlens array is almost 100% as
shown in Figs. 9(D) and 9(H). We realized the square-shape, hexagonal shape microlens array
with period 9.576 um and 6.81 um respectively by combing the flexible pattern generation with
multistep lithography. Furthermore, we exploited the techniques combination and achieved the
microlens array with customized spatial distribution according to the university LOGO “NENU”
as shown in Fig. 9(L).

Fig. 9. Fabrication of microlens array with user-defined shape (square-shape, hexagonal
shape) and customized spatial distribution (2D period, hexagonal period and nonperiod).
(A), (E) and (I) represent the initial pattern on DMD. (B), (F) and (J) presents the simulated
exposure results using Gaussian model. (C), (G) and (K) presents the exposed substrate
before thermal reflowing process characterized under Olympus bright-field microscope. (D),
(H) and (L) present microlens arrays after thermal reflowing process characterized under
SEM. Scale bar: 50 um
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To further verify the functionality of these fabricated microlens array, the characterization
was implemented by using positive and negative photomask “A”, pinhole and resolution test
target, respectively. We characterized their optical imaging quality by using Olympus bright-field
microscope where we put the three targets above the light source as shown in Fig. 10(A). The
microlens arrays perform sharp imaging under positive and negative photomask as shown in
Figs. 10(B) and 10(C). And the periodic microlens array and nonperiodic microlens array
“NENU” shows very good focusing property as the focal spot image in Figs. 10(D) and 10(E).
Furthermore, the microlens array shows a great resolving property as it can resolve the resolution
test target with 12.7 1Ip /mm, as shown in Fig. 10(F). All these results above indicate that the
proposed DMSL can be used to fabricate customized functional microlens array and might be
exploited in the future for manufacturing other functional microstructures array.

Objective
Lens

(A)

Sample

Fig. 10. Imaging quality characterization of user-defined microlens array. (A) Schematic of
the characterization system using Olympus microscope. (B) Imaging quality of square-shape
microlens array with 2D period array characterized by using positive photomask. (C)
Imaging quality of Hexagonal shape microlens array with hexagonal period. (D) and (E)
Focus spot image characterized by using pinhole. (F) Resolution test characterized by 12.7
Ip/mm resolution target. Scale bar: 50 um

5. Conclusion

In this paper, we proposed a new developed DMSL dynamic lithography system for efficient
fabrication of user-defined microstructures array. By combing the flexible pattern generation
of the DMD with the high-resolution movement of PZS, the proposed DMSL enabled rapid
prototyping customized periodic/nonperiodic microstructures arrays. We further integrate the
dose modulation technique in DMSL to achieve subpixel resolution which is down to 600 nm
without sacrificing the exposure area. Moreover, combined with thermal reflowing process,
DMSL was applied in fabricating high fill-factor microlens array with user-defined shape and
spatial distribution. We characterized the imaging quality of these microlens arrays. The results
of characterization demonstrate that the DMSL can be a promising technique for fabricating
user-defined and functional microstructures array.
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