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A B S T R A C T

We report a novel beam homogenizer for digital micromirror device lithography system. Such a beam
homogenizer contains only one random freeform microlens array (rfMLA). And the rfMLA consists of different
freeform microlenses. By the individual design and irregular arrangement of the microlenses, efficient and
uniform beam shaping results have been obtained, and the interference patterns in particular are greatly
weakened. Compared with traditional beam homogenizer, the energy efficiency has been increased from
62.00% to 69.70%, and the uniformity for incoherent light and coherent light have been improved from
91.93% to 97.60% and from 79.00% to 94.33%, respectively. rfMLA has great potential for enhancing the
performance of DMD lithography system and other optical systems, particularly for the homogenization of the
beam and the integration of the system.

1. Introduction

Lithography technology, as one core factor in the production of
integrated circuits, has influence on the development of information
technology. With the continuous improvement of integrated circuits,
the requirements for lithography technology have been also increased.
In lithography technologies [1–4], digital micromirror device (DMD)
lithography technology has been widely used because of mask-less,
short response time, and low cost [5–8]. The light source of DMD
lithography system is usually semiconductor laser. The beam which
comes from the laser tube is coupled to one end of the fiber optic and
emitted from the other end. For the following reason, the beam must be
homogenized before it arrives at the DMD. One is the inconsistent opti-
cal resolution of the lithography pattern resulted from the nonuniform
spot on the DMD [9], the other is the Gaussian intensity distribution of
the beam emitted from the fiber optic.

In many beam homogenizers [10–13], microlenses array (MLA) is
a common beam homogenizer. A traditional MLA beam homogenizer
which is composed of a Fourier lens and two identical regular MLA
is often called tandem microlens array (tMLA). There are some dis-
advantages when tMLA apply to DMD lithography system. (i) Due to
its excessive number and volume of the components, it is difficult
to integrate; (ii) because DMD is in the direction not perpendicular
to the optical axis of the beam homogenizer, the uniformity is poor;
(iii) the interference patterns on the DMD are obvious and regular
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because of the periodic structure of tMLA and the coherence of the
laser. Rotating or moving elements were used to average the inter-
ference patterns [14]. Wippermann et al. [15] used chirped microlens
in a wedge configuration to reduce interference patterns. These two
methods can only solve the problem of interference patterns, however,
the other two problems are still not solved.

In this paper, we propose a novel beam homogenizer based on
random freeform microlenses, called random freeform microlens array
(rfMLA). The number of the rfMLA components is minimized and the
integration is highly increased. Along with the number reduction, the
energy loss caused by the absorption and reflection of the lenses is also
reduced. rfMLA is made up of multiple freeform sub-lenses. The rear
surface of per sub-lens is a freeform surface, and the front surface is a
rectangular. Based on correspondence energy relationship, per freeform
surface is designed to achieve a highly uniform homogenized spot on
the DMD. Each rectangle is designed to be different and random to
break the periodic structure of the MLA, and the purpose of weakening
the interference patterns is achieved. The outstanding beam shaping re-
sult of the rfMLA has been verified by simulation. The energy efficiency
is 69.70%, and the uniformity for incoherent light and coherent light
of this novel beam homogenizer are respectively 97.60% and 94.33%.

Although the freeform surfaces was limited due to manufacturing
difficulties in the past, 3D printing technology (femtosecond laser
direct writing) has developed rapidly, and a wide variety of micro and
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Fig. 1. Schematic diagram of DMD lithography system.

nano optical elements have been successfully demonstrated in recent
years [16–20]. As long as the design is reasonable, the freeform surface
can be completely processed by the current technology. And this paper
only focuses on the design method and the application of freeform
surfaces.

2. Principle and methods

DMD lithography system includes the semiconductor laser, the fiber
optic, the beam homogenizer, the mirror, the spatial light modulator
(DMD), the projection lens and the three-dimensional moving platform,
as shown in Fig. 1. The beam from the laser tube is coupled to one
end of the fiber optic and emitted from the other end. The beam from
the fiber optic can be seen as a point light source with a divergence
angle 𝛼 and a Gaussian intensity distribution. The emitted beam is
homogenized by the beam homogenizer and forms a homogenized spot
on the DMD. DMD is a rectangle consisting of millions of square mi-
cromirrors. Each micromirror controlled by computer has three states
‘‘reset’’, ‘‘on’’ and ‘‘off’’. When DMD is not working, each micromirrors
are in the ‘‘reset’’ state. When DMD is working, each micromirrors are
in the ‘‘on’’ or ‘‘off’’ state. The micromirror deflects +12◦ when the
micromirror is in the ‘‘on’’ state. The tiny spot on the micromirror
will be reflected into the projection lens and image on the lithography
substrate. This is equivalent to forming a corresponding tiny bright spot
on the lithography substrate. The micromirror deflects −12◦ when the
micromirror is in the ‘‘off’’ state. The tiny spot on the micromirror will
be reflected to other positions without entering the projection lens.
This is equivalent to forming a corresponding tiny dark spot on the
lithography substrate. By the control of each micromirror, different
patterns can be formed on the lithography substrate.

2.1. The basic design parameters of fMLA

The divergence angle of the point light source can be expressed:

sin 𝛼 = 𝑁𝐴 (1)

Here, NA is the numerical aperture of the fiber optic.
On the lithography substrate, different energy of each tiny bright

spot can result in inconsistent optical resolution of the lithography
pattern [9]. In order to obtain a good lithography quality, the following
two conditions need to be satisfied:

(i) the uniformity of the homogenized spot on the DMD is usually
required to be above 90%;

(ii) each tiny spot reflected by the micromirror can be collected by
the projection lens, when in the ‘‘on’’ state.

For the first condition, we use fMLA as a beam homogenizer. For
easy analysis, we replace the DMD with its image which is symmet-
rical about the mirror. The angle between the vertical plane of the
homogenizer’s optical axis and the DMD (the image of the DMD) is
𝜑. The schematic diagram of the fMLA is shown in Fig. 2. The fMLA
is a square consisting of N ∗ N, a total of N2 sub-lenses. The beam
from the light source is split into N2 sub-beams by the fMLA, and one
sub-lens corresponds to one sub-beam. As long as the number of sub-
lenses is sufficient, the intensity of each sub-beam is considered to be
uniform. The front surface of each sub-lens is a rectangle and the rear
surface is a freeform surface. By the design of freeform surfaces, all sub-
beams are deflected and eventually superimposed on the DMD so that
the uniformity is further improved [21]. The fMLA not only can split
the beam, but can also deflect the sub-beams. Thus, Gaussian beams or
other types of nonuniform beams can be homogenized with only one
fMLA without a collimating lens and a Fourier lens. The side length of
the fMLA is given by:

𝑃 = 2𝑙1 tan 𝛼 (2)

Here, 𝑙1 is the distance between the light source and the fMLA. Substi-
tuting Eq. (1) into Eq. (2), the side length of the fMLA can be derived
as:

𝑃 = 2𝑙1

√

𝑁𝐴2

1 −𝑁𝐴2
(3)

The second condition is satisfied, as long as:

𝛾 < 𝜃 (4)

Here, 𝛾 is the diffusing angle in diagonal direction for the beam from
the DMD, and 𝜃 is the largest collection angle of the projection lens.
We firstly calculate 𝛽 the diffusing angle in y direction for the beam
from the DMD. Based on the law of reflection, the diffusing angle in y
direction for the sub-beam emitted from the top sub-lens is also 𝛽, and
it is given by:

tan 𝛽 =
𝑃 + 𝑇𝑦 cos𝜑
2𝑙2 + 𝑇𝑦 sin𝜑

(5)

Here, 𝑙2 is the distance between the fMLA and the image of DMD, and
𝑇𝑦 is the width of the DMD. Note that the size of one sub-lens is ignored
compared with the fMLA.

In Eq. (5), the side length of the fMLA and DMD are respectively
replaced by their diagonal lengths, and the diffusing angle in diagonal
direction for the beam from the DMD can be given by:

tan 𝛾 =
𝑃 ′ + 𝑇 ′ cos𝜑
2𝑙2 + 𝑇 ′ sin𝜑

(6)

With:

𝑃 ′ =
√

2𝑃 (7)

𝑇 ′ =
√

𝑇 2
𝑥 + 𝑇 2

𝑦 (8)

Here, 𝑇𝑥 is the length of the DMD. Substituting Eqs. (3), (7) and (8) into
Eq. (6), the diffusing angle in diagonal direction for the beam from the
DMD can be derived as:

tan 𝛾 =
2𝑙1

√

2𝑁𝐴2

1−𝑁𝐴2 +
√

𝑇 2
𝑥 + 𝑇 2

𝑦 cos𝜑

2𝑙2 +
√

𝑇 2
𝑥 + 𝑇 2

𝑦 sin𝜑
(9)

2.2. Design method of freeform surface

The light from the point light source is refracted when it passes
through the front and back surfaces of the sub-lens and finally illumi-
nates the DMD. Dividing the freeform surface and the image of DMD
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Fig. 2. Schematic diagram of fMLA.

Fig. 3. Schematic of energy grids on the freeform surface and the image of DMD.

equally into M ∗ M a total of M2 energy grids, as shown in Fig. 3. The
energy grids’ intersecting coordinate of the 𝑖th column and the 𝑗th row
on the freeform surface can be expressed as dij(dxi, dyj, dzij):

𝑑𝑥𝑖 = 𝑋0 +
𝑖
𝑀

𝑑𝑥 (10)

𝑑𝑦𝑗 = 𝑌0 +
𝑗
𝑀

𝑑𝑦 (11)

𝑑𝑧𝑖𝑗 = 𝑧𝑖𝑗 (12)

Here, 𝑋0 is the distance between the sub-lens and the 𝑦-axis, 𝑌0 is the
distance between the sub-lens and the 𝑥-axis, 𝑑𝑥 is the length of the
sub-lens, 𝑑𝑦 is the width of the sub-lens, 𝑧𝑖𝑗 is the height of the freeform
surface, 𝑖 = 1, 2, 3…𝑀 , and 𝑗 = 1, 2, 3…𝑀 .

The energy grids’ intersecting coordinate of the 𝑖th column and the
𝑗th row on the image of DMD can be expressed as tij(txi, tyj, tzij):

𝑡𝑥𝑖 =
( 𝑖
𝑀

− 0.5
)

𝑇𝑥 (13)

𝑡𝑦𝑗 =
(

𝑗
𝑀

− 0.5
)

𝑇𝑦 cos𝜑 (14)

𝑡𝑧𝑖𝑗 = 𝑙2 −
(

𝑗
𝑀

− 0.5
)

𝑇𝑦 sin𝜑 (15)

There is a one-to-one correspondence between dij and tij. Establish
partial differential equations based on the Snell’s law and the energy
conservation law, and all the energy grids’ intersecting coordinates on
the freeform surface can be obtained by solving the numerical solution
of the partial differential equations. And then the freeform surface can
be obtained by fitting all intersecting coordinate into a smooth surface.
The shape of freeform surfaces at each locations is different, and Fig. 4
shows one of all freeform surfaces.

2.3. Design method of sub-lens space distribution

According to the distribution patterns of the sub-lenses, fMLA can
be classified into two type, one is the periodic freeform microlens array
(pfMLA) and the other is irregularly distributed rfMLA.

2.3.1. pfMLA
For sub-lenses which are regularly distributed, the front surface of

each sub-lens is designed to be a same square and the rear surface is
designed to be a freeform surface. There is a symmetry relationship

Table 1
System parameters.

Parameters Value

Wavelength 405 nm
The numerical aperture of the fiber optic 0.22
The material of the lenses Silica
The size of the DMD 20.736 mm ∗ 11.664 mm
The largest collection angle of the projection lens 10◦

The angle between the vertical plane of the
homogenizer’s optical axis and the DMD

24◦

between every two 𝑦-axis symmetric sub-lenses. Therefore, only the
sub-lenses on the one side of the 𝑦-axis need to be designed. The design
model of pfMLA is shown in Fig. 5. (a). The side length of the square
is given by:

𝑑 = 𝑃
𝑁

(16)

2.3.2. rfMLA
For sub-lenses which are irregularly distributed, the front surface of

each sub-lens is designed to be a different rectangle and the rear surface
is designed to be a freeform surface. There is no symmetry between all
sub-lenses, and all sub-lenses need to be designed. The length and the
width of each rectangle are respectively satisfied:

𝑑𝑥 = 𝑑 + 𝑅 × 0.2𝑑 (17)

𝑑𝑦 = 𝑑 + 𝑅 × 0.2𝑑 (18)

Here, R is a random value ranged from −1 to 1. The length and width
of each sub-lens are different and random ranged from 0.8d to 1.2d.
The model of rfMLA is shown in Fig. 5(b).

3. Simulation

The system parameters for designing the beam homogenizer are
shown in Table 1. The material of fMLA is silica, which can be pro-
cessed by femtosecond laser direct writing. Once processed, it can be
used as a substrate for bulk copying with UV-cure polymer, and pro-
duction costs will be greatly reduced. Moreover, the thermal stability
of silica is good, it can work in the temperature range of 10–80 degrees,
and the applicable laser power density can reach 50 W/cm2. In order
to achieve the desired uniformity, we used 8 ∗ 8 a total 64 sub-lenses.
If the optical system has higher uniformity requirements, we could use
more sub-lens numbers. The distance between the light source and the
fMLA is 10 mm in order to be easy to integrate. Based on Eq. (3),
the side length of the fMLA can be calculated as 4.51 mm. So as
to obtain a good lithography quality, the diffusing angle in diagonal
direction for the beam from the DMD is 8◦. According to Eq. (9), the
distance between the fMLA and the image of DMD can be obtained to
be 88.76 mm.

On the basis of the above-mentioned parameters, the sub-lenses at
each position are designed and finally assembled into fMLA, as shown
in Fig. 5. tMLA and fMLA are simulated by the optical software ZEMAX,
their optical pathway diagrams are shown in Fig. 6.

The irradiance maps of the homogenized spot simulated by three
beam homogenizers are shown in Fig. 7. From Fig. 7(b) and (c), it
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Fig. 4. The design shape of one freeform surface.

Fig. 5. The design model of (a) pfMLA and (b) rfMLA.

Fig. 6. Optical pathway diagrams of (a) tMLA and (b) fMLA.

can be known that the homogenized spot simulated by the pfMLA
and rfMLA has weak energy at the edge position. This is caused by
the design errors. The size of the homogenized spot can be designed
to be appropriately larger than the size of the DMD, so that DMD
can be located at black frame position which is relatively uniform in
Fig. 7. From Fig. 7(a), it can be found that the size of the homogenized
spot simulated by the tMLA can also be designed to be appropriately
enlarged to ensure that the homogenized spot can completely cover
the DMD. This is caused by the DMD which is not perpendicular to
the homogenizer’s optical axis. Obviously, enlarging the spot size will
result in some energy loss.

As can be seen from Fig. 7, pfMLA improves the beam shaping result
for incoherent light, but the beam shaping result for coherent light is
poor. Because pfMLA has serious periodicity, there are still obvious
regular interference patterns. However rfMLA significantly improves
the beam shaping result for both coherent light and coherent light, and
the interference patterns are greatly weaken.

Fig. 7. The irradiance maps on the DMD simulated by (a) tMLA, (b) pfMLA, and (c)
rfMLA. The left side is the incoherent irradiance maps. The right side is the coherent
irradiance maps.
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Table 2
Energy efficiency and uniformity of the homogenized spot.

Homogenizer Deviation Energy
efficiency

Uniformity for
incoherent light

Uniformity for
coherent light

tMLA Nothing 62.00% 91.93% 79.00%
pfMLA Nothing 69.48% 97.66% 88.77%
rfMLA Nothing 69.70% 97.60% 94.74%
rfMLA Decentering 30 μm about x-axis 69.55% 97.36% 94.71%
rfMLA Decentering 30 μm about y-axis 69.58% 97.41% 94.25%
rfMLA Decentering 30 μm about z-axis 69.72% 97.60% 94.33%
rfMLA Tilting 1◦ about x-axis 69.77% 96.98% 93.32%
rfMLA Tilting 1◦ about y-axis 69.83% 97.50% 94.37%
rfMLA Tilting 1◦ about z-axis 69.60% 97.56% 93.66%
rfMLA The wavelength is 380 nm 67.60% 97.66% 94.03%
rfMLA The wavelength is 520 nm 69.74% 97.41% 93.29%

In order to further quantify the beam shaping result, the image of
DMD is divided into multiple units, and the uniformity is defined by:

𝜀 =

⎛

⎜

⎜

⎜

⎜

⎝

1 −

√

√

√

√

√

∑𝑛
𝑖=1

(

𝐸𝑖 − 𝐸
)2

𝑛𝐸2

⎞

⎟

⎟

⎟

⎟

⎠

× 100%, (19)

Here, n is the number of units, 𝐸𝑖 is the irradiance of each unit, and 𝐸̄
is the mean value of all 𝐸𝑖.

Considering the Fresnel loss, the MLA is not coated and the trans-
mittance is 92%. Other lenses are coated with an anti-reflection film
and the transmittance are 98%. The energy efficiency and uniformity
of the homogenized spot simulated by three beam homogenizers are
show in Table 2.

Limited by the precision of the mobile platform and some un-
avoidable operational errors, the real position of the homogenizer will
deviate from the ideal position, and this will cause an adverse effect
for the beam shaping result. Table 2 also shows the energy efficiency
and uniformity of homogenized spot for tilting rfMLA 1◦ about the 𝑥-
axis, 𝑦-axis, and 𝑧-axis respectively or decentering rfMLA 30 μm about
the 𝑥-axis, 𝑦-axis, and 𝑧-axis respectively. This assembling tolerance
can be achieved completely by the mechanical structure. And fMLA is
a refractive homogenizer, which is not very sensitive to wavelengths
like the diffractive element. Its suitable wavelength range is relatively
large. It has a good beam shaping result in the wavelength range of
380–520 nm.

One thing to note is that the specific fMLA is usually not suitable for
other optical systems. Of course, according to different correspondence
energy relationship, an arbitrary shape of the homogenized spot can be
designed.

4. Conclusions

We report a novel beam homogenizer for DMD lithography system.
It exhibits a good optical performance. Compared with the tMLA, the
energy efficiency and the uniformity for incoherent light and coherent
light have been improved from 62.00% to 69.70%, from 91.93% to
97.60%, and from 79.00% to 94.33%, respectively. It is worth noting
that the novel beam homogenizer has only one component, and the
distance between the light source and the fMLA can be designed to be
very short. This provides great convenience for integration. In produc-
tion, the beam homogenizer can be made into a ‘‘hat’’ by 3D printing
technology and worn directly on the fiber optic in the future. Our
research provides a feasible way for the integration of DMD lithography
system and other optical systems, which has great practical value.
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