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Three-dimensional microstructures of photoresist
formed by gradual gray-scale lithography approach
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We describe a simple and reliable approach, by employing a gradual gray-scale lithography
process, which is developed for the fabrication of continuous 3D microstructure. A matrix equation has been built to quantitatively calculate the pattern gray and exposure time by combining
the digital micromirror device (DMD) modulation characteristics. To avoid DMD pixel error
induced by sampling, we also propose a new quantifying method in accordance with DMD pixel
dimension to further improve the fabrication precision of the 3D photoresist profile. Finally,
different photoresist microstructures with continuous profile, including axicon array and microlens
array, have been successfully fabricated.
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1. Introduction
Three-dimensional (3D) microstructures are widely used in optical and optoelectronic
systems and devices [1–3], microelectromechanical systems (MEMS) and micro total
analysis systems (μTAS) [4–6] due to their superior performance, compact size and
easy integration. Obviously in the field of microfabrication, the ability to precisely
control 3D surface profile is of great importance. At present, there are already various
methods to fabricate 3D microstructures, such as reflow [7], direct writing by laser or
by e-beam [8–11] and gray-scale mask [12]. In the reflow approach for photoresist
pattern, it is difficult to control the surface profile accurately owning to the resist
island properties (surface tension of the melted phase, resist island diameter and
thickness, etc.) [13, 14]. Direct writing technique can overcome the drawbacks of
the reflow technique by directly producing gray-scale resist masks, however, it is time
consuming and expensive. As 3D microstructures become more complex, the mask
cost and cycle time have increased dramatically for direct writing and gray-scale mask
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techniques. As an inevitable developing trend of photolithography technology, optical
maskless lithography (OML) has become more and more important in both industrial
production and scientific research.
In recent years, many papers reported the SLM-based OML as well as our work
[15–18]. Liquid crystal device (LCD) or digital micromirror device (DMD) serves as
a dynamic mask instead of the traditional hard mask in the lithography system. LCD
or DMD consists of millions of pixels and it is real-timely controlled by computer.
This technique combines the flexibility of a programmable SLM-based system with
the parallelism of a projection lithography system. The SLM-based area-write technique overcomes the shortcoming of lower production capacity, higher production cost
and complicated process operation.
In this paper, a gradual gray-scale lithography approach is described to precisely
control the surface profile. In reference [19], a similar maskless gray-scale lithography
process based on DMD has been studied. The author qualitatively analyzed that
the variable pattern and exposure parameters of each layer can precisely control exposure. However, our work concentrates on the quantitative calculation of gray value and
exposure time according to the desired exposure dose. Combined with the DMD moda
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Fig. 1. Design process of 3D microstructure by using gradual gray-scale lithography.
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ulation characteristics, a matrix equation has been built to precisely calculate the pattern gray and exposure time. In addition, to avoid DMD pixel error induced by
sampling, we also propose a new quantifying method in accordance with DMD pixel
dimension to further improve the fabrication precision of the 3D photoresist profile.

2. Principle of gradual gray-scale lithography approach
2.1. Description of the method
Figure 1 illustrates the fabrication process of a 3D microstructure by using the gradual
gray-scale lithography approach. First, from the target profile (a), the desired exposure
dose distribution (b) is determined. Then considering the DMD modulation characteristics (c), example of 8-layered gradual gray-scale masks (d) are derived from the exposure dose distribution. Finally, superposition of multiple exposure dose from layered
patterns (e) is adopted to realize the microstructure profile.
In Figure 2, each layer of pattern is divided into two areas and they are filled with
different gray values. For instance, each layer of pattern includes the areas in circle
and outside circle and the diameter of circle accords with a changing regularity. From
pattern 1 to pattern 8, the gray values and the corresponding modulated light intensity
of two areas are defined in Table 1. There is an association between the gray value and
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Fig. 2. Schematic diagram of the gradual gray-scale lithography.
T a b l e 1. Gray values and corresponding modulated light intensity of two areas in pattern 1–8.
Pattern number
Gray value of area in circle
Corresponding intensity
Gray value of area outside circle
Corresponding intensity
Exposure time

1
a1
I1
b1
I1'
t1

2
a2
I2
b2
I2'
t2

3
a3
I3
b3
I3'
t3

4
a4
I4
b4
I4'
t4

5
a5
I5
b5
I5'
t5

6
a6
I6
b6
I6'
t6

7
a7
I7
b7
I7'
t7

8
a8
I8
b8
I8'
t8
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the modulated light intensity (see Fig. 1c). After the superimposed exposure of eight
layers of patterns, eight areas with different exposure dose are formed. From external
to internal, the exposure doses distribution of eight areas is as follows:
N

∑

f (k) =

I'i t i +

i = k+1

k

∑ Ii ti ,

k = 1, 2, ..., N

(1)

i=1

where k represents the area number from external to internal, N is the number of layered
patterns. According to Eq. (1), the desired exposure dose distribution can be obtained
by appropriately choosing the gray values and the exposure time of each pattern. For
simplicity, each layer of pattern is assumed to have the same exposure time. Thus,
Eq. (1) becomes
⎛ N
⎞
k
⎜
f (k) =
I'i +
Ii ⎟ t
⎜
⎟
i=1 ⎠
⎝i = k+1

∑

∑

(2)

According to a target 3D profile, we can obtain the desired exposure dose function
E (x, y). Then it is quantified into N values from E1 to EN in a certain way. We make
Eq. (2) equal to Ek (k = 1, …, N ), Ii and I'i can be solved and the corresponding gray
values can be obtained. The solving solution can be written as
E
AI + BI' = --------t
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where:

(3)

EN – 1
N×1

EN

N×1

In order to realize a liner change of exposure dose for all the exposed areas,
the gray values in circles should be the same and the gray values outside circles should
be the same as well for all the patterns, namely I1 = I2 = ... = IN , I1' = I2' = ... = IN' . If
a nonlinear change of exposure dose is needed, the one is given a fixed value and
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the other changes in a certain way. The above analysis indicates that the gradual gray-scale lithography approach is suitable for both linear and nonlinear surface profile.
In particular, since 3D surface profile can be transformed into the exposure
distribution, the quantification of exposure dose is actually the quantification of surface
profile. When DMD displays the quantified size, the DMD pixel error appears due to
the pixel structure, which should be considered during the mask design.
2.2. DMD pixel error
When the designed mask is sampled by DMD pixel size, the non-integer pixel error
has arisen, namely the DMD pixel error. The DMD pixel error causes a deviation
between the designed size and the fabricated size, which has a great influence on
the quality and performance of microstructures.
Tx

Ty
Wy

Δdy
Δdx

W Fig. 3. DMD pixel error.

Wx

Figure 3 illustrates the DMD pixel error induced by sampling. If we suppose that
the mask critical dimension (CD) is Tx×Ty and the DMD pixel is Wx×Wy, we can obtain
Eq. (4) based on the sampling theory
Tx
W x ≤ ----------- ,
2

Ty
W y ≤ ----------2

(4)

Thus, when we design the mask CD, the pixel dimensions of DMD should be
considered. And the DMD pixel error can be expressed as
mod ( T x ⁄ Wx )
mod ( Ty ⁄ Wy )
Δ d = 2 Δ d x × 2 Δ d y = ------------------------------------- × -------------------------------------

β

β

(5)

where β is the reduction factor of reduction lens.
In one dimension, Eq. (5) becomes
mod ( T x ⁄ Wx )
Δ d x = ------------------------------------

β

(6)
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Fig. 4. Curve of DMD pixel error.

The relation between DMD pixel error and DMD pixel dimension or reduction
factor β can be simulated by Eq. (6), as shown in Fig. 4. Figure 4 shows that DMD
pixel error increases with the reduction factor of reduction lens. When the reduction
factor is greater than 10, the variation in DMD pixel error tends towards stability. In
addition, DMD pixel error also increases with the increasing of DMD pixel dimension.
It is worth notice that when the mask CD is an integer multiple of DMD pixel
dimension, the DMD pixel error must be zero. Consequently, the DMD pixel error can
be avoided if we design the mask CD as an integer multiple of DMD pixel dimension.
In the following sections, we detailedly describe the design process based on the abovementioned rule.
2.3. Layered pattern design for various microstructures
2.3.1. Design for axicon with a linear surface profile

Axicon, with a linear surface profile, can be used to convert a parallel laser beam into
a ring, to create a non-diffractive Bessel beam or to focus a parallel beam into long
focus depth. During the process of profile quantification, unlike the traditional
constant-height quantification, each quantitative radius is just an integer multiple of
DMD pixel in order to avoid the DMD pixel error as shown in Fig. 5. The 16 isopachous
layers with different diameters are adopted to approximate the linear profile. The radius
variation between two adjacent layers is the same, namely Δr1 = Δr2 = … = Δr15.
The desired exposure dose distribution of an axicon with diameter of 64 μm is shown
in Fig. 6. Correspondingly, the exposure dose is divided into 16 isopachous layers.
According to the conclusions in Section 2.1, the gray values in circles should be
the same and the gray values outside circles should be the same as well for all the patterns, so there are only two variables in Eq. (3). The exposure dose is just quantified
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Fig. 5. Process of profile quantification.
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Fig. 6. Exposure dose distribution of axicon.

Fig. 7. The 16 layers of axicon array masks.

into two values to solve Eq. (3). The solutions of Eq. (3) are light intensities, the gray
values should be calculated according to the characteristics of DMD optical modulation. To achieve approximately continuous surface profile, 16 layers of masks have
been designed for the fabrication of 10×13 axicon array (given in Fig. 7).
2.3.2. Design for microlens with a nonlinear surface profile

Microlens with a nonlinear surface profile, are important integrated optical components for light focusing, array illumination, imaging, display, and optical data storage.
The profile quantization of microlens is shown in Fig. 8. For microlens with a diameter
of 64 μm, it is divided into 16 layers with unequal height. The height of each layer
can be calculated through the corresponding radius rh which is an integer multiple of
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Fig. 8. Process of profile quantification.
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Fig. 9. Exposure dose distribution of microlens.

Fig. 10. The 16 layers of microlens array masks.

DMD pixel. Thus, 16-layered exposures (in Fig. 9) are used to achieve approximately
continuous surface profile. I1 = I2 = ... = I16 is assumed and Eq. (3) has sixteen variables. In order to solve the sixteen variables, the exposure dose of microlens is
quantified into sixteen values from E1 to E16. In order to avoid DMD pixel error,
the quantification in accordance with diameter is performed instead of the quantification according to vector height. Figure 10 shows the 16 layers of masks to be used
for the fabrication of 10×13 microlens array.

3. Experiments and results
To verify the gradual gray-scale lithography method, 3D lithography experiments for
an axicon array and a microlens array have been performed. Figure 11 shows
the DMD-based digital lithography apparatus for 3D microfabrication developed in
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our laboratory. It mostly consists of a UV source (200 W mercury lamp), a DMD chip
(13.68 μm×13.68 μm), a reduction lens (14×) and a 3D translating stage. The image
displayed by DMD takes place of the traditional hard mask. A photoresist coated
substrate is placed on the 3D translating stage. When DMD operates, the light reflected
off micromirrors is projected onto the substrate through the 14× reduction lens.
An example of the fabrication process is as follows. The positive photoresist of
GP28-100 is spin-coated on a silicon substrate with a thickness of about 6 μm. Then
the substrate is soft baked for 20 min at 90 °C. Following exposure, the resist is

W Fig. 11. DMD-based digital lithography system.

a
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Fig. 12. Fabrication results of axicon array: SEM photograph (a, b), optical microscopy photograph (c, d).
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Fig. 13. Fabrication results of microlens array: SEM photograph (a, b), and optical microscopy
photograph (c, d).

developed in 0.4% NaOH and 0.1% NaOH developer for 45 s and 30 s, respectively,
at room temperature.
In the experiments, the layered patterns including 16 masks in Figs. 7 and 10 were
exposed on the photoresist-coated silicon substrate. For the axicon, the total time for
the exposure of 16 layers was about 880 s and each layer is 55 s. For the microlens,
the total time was 1280 s and each mask is 80 s. Figure 12 shows the fabrication results
of axicon array. Figures 12a and 12b show a scanning electron microscopy (SEM)
photograph of fabricated photoresist patterns of arrayed 64 μm diameter axicon.
The photographs of the axicon array measured by an optical microscope are shown in
Fig. 12c with an enlarged portion in Fig. 12d. The photoresist patterns of microlens
array measured by SEM and optical microscopy are shown in Fig. 13. The designed
space between adjacent 64 μm diameter axicons or microlenses is 8 μm. It can be seen
from Figs. 12 and 13 that the fabricated profiles are smooth and uniform. The experimental results reveal that the proposed approach is quite accurate and valid for
the fabrication of continuous 3D profile.

4. Conclusions
This paper reports a simple and reliable approach for the fabrication of continuous
3D microstructure by using a gradual gray-scale lithography process. We have also
built a theoretical model for the design of gradual gray-scale masks. Considering
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DMD pixel error, a new quantifying method in accordance with DMD pixel dimension
is presented to promote the fabrication precision. Experimental results prove that our
approach of gradual gray-scale lithography can yield a smooth and uniform profile of
different 3D microstructures. However, the fabricated size of microstructures is limited
to the resolution of our lithography system (approximate to 1 μm) and the new
quantifying method. So the fabricated diameters of axicon and microlens are more
than 30 μm. Future work will be concentrated on the promotion of fabrication accuracy
and the fabrication of complex aspheric and rotationally asymmetric microstructures.
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