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Digital image processing

DMD based lithography system provides the feasibility to achieve multi-point parallel direct writing exposure.
However, the distortion of the projection lens in a scanning lithography system not only deviates the vertical
size (vertical to the scanning direction), but also deviates the center position of an accumulated exposure point
from the ideal one. In this work, we report a simple and realizable imaging compensation method, demonstrate

as a combination of changing the magnification of the projection lens with loading an appropriately designed
mask on DMD to eliminate the effects induced by distortion. With this method, the maximum center deviation
of the accumulated exposure point is reduced from 4.3 pm to 1.45 pm, and the maximum size error is reduced
from 0.4 pm to 0.1 pm with a 0.03% distortion projection lens in simulation. Moreover, we demonstrated the
feasibility and effectiveness of the method experimentally by fabricating gratings with high geometry quality in
large areas. Therefore, such simple method may have practical significance for improving the lithography quality

of DMD-based system.

1. Introduction

Today, lithography techniques are indispensable in micro-fabri-
cation because they provide the feasibility to fabricate light weight,
integrated optoelectronic devices [1-4]. However, the difficulties in
photomask fabrication and their high maintenance costs restrict the
development of micro-processing technology. Under this scenario, num-
bers of maskless lithography technologies are proposed [5-10]. Among
these technologies, DMD based digital lithography presents interesting
benefits comparing with other alternatives. By introducing a DMD as a
dynamic photomask (by selectively reflecting the incident light), DMD
scanning lithography system is able to achieve multi-point parallel writ-
ing and large area processing [9,10]. In a DMD lithography system the
high-resolution projection lens is one of the most important components,
and its main function is to project the mask pattern onto the lithographic
substrate with a certain magnification [11,12]. However, even though a
large magnification can provide a high precision exposure, the distortion
of the projection lens deteriorates the quality of the final exposure
pattern. Moreover, it is difficult to design a projection lens that provides
a wide field of view without distortion [13,14]. Under the circum-
stances, two main methods, described as using a complex spherical and a
spherical lens contained optical system [15] or incorporating the camera
distortion and the irregular illumination into the motion model [16] are
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proposed to eliminate the lithography pattern quality reduction intro-
duced by the distortion. The first proposed method demands extremely
high calibration precision, leads to the increase in the system cost; the
second method requires a complex distortion transformation algorithm,
which reduces the efficiency of the lithography process.

In this work, firstly, we studied the error of loading and adjusting
of projection objective by ZEMAX. In actual installation, the manu-
facturing error and adjustment error of projection lens may introduce
the distortion of the projection lens and further deteriorate lithog-
raphy quality of DMD-based system. Then, we theoretically simulate
the offsets of size and location of each accumulated exposure point
from their desired value influenced by the distortion of the projection
lens. To address this issue, we adopt increasing magnification of the
photolithography lens to solve the problem of center aberration and
use imaging compensation method (loading an appropriately designed
mask) to reduce the size deviation of accumulated exposure point. With
our method, the maximum center deviation is reduced from 4.3 pm
to 1.45 pm, and the maximum size deviation is reduced from 0.4 pm
to 0.1 pm with a 0.03% distortion projection lens in simulation. At
last, we applied this correction method to the DMD based lithography
experiment and obtained gratings with high geometry quality and
surface quality.
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Fig. 1. Schematic illustration of DMD based lithography system.

Scanning

direction 2 |

DMD |

Exposed area }—

-

Platform moving
direction

Fig. 2. Schematic illustration of lithography process of DMD based lithography system.

2. Experimental setup and theoretical simulations

2.1. Experimental setup

The four main parts of the DMD based lithography system [17] are
the illuminating system: the DMD (spatial light modulator), the projec-
tion lens system, the illumination system, and the exposure platform.
Fig. 1 shows the layout of the DMD based lithography system. The laser
beam collimated by the collimation system and reflected to the DMD
panel by a reflecting mirror first. Afterward, the light reflected from the
DMD with digital lithography pattern is projected into the projection
lens. The reflecting light carries the generated dynamic lithography
pattern. Finally, the lithography pattern is projected to the substrate
on the precision moving platform with a certain magnification.

A DMD (digital micromirror) is a reflective light modulator. It is
consisted of numbers of micromirrors, each micromirror represents one
pixel. When a micro-mirror generates a rotation of +12 degree, the
illumination of this micro-mirror on the DMD is reflected into the
projection lens and a bright pixel is formed on the photoresist substrate.
When the micro mirror rotates a —12 degree, the light on the same point
in the DMD is not reflected into the projection lens and a dark pixel is
formed on the photoresist substrate, correspondingly.

Thus, the projection lens projects the graphical information created
by the DMD onto the photoresist substrate, in the form of a quantized
pattern with bright and dark pixels. In the real implementation, the
moving platform is moving at a constant speed while the DMD device
stands stationary. The graphic data are introduced into the DMD line by
line to realize the scrolling update of the graph displayed in the DMD.
All micro-mirrors in the DMD are flipped to form a corresponding frame
with each line of data inputted. The principle of scanning lithography
is demonstrated in Fig. 2 by a simple example with DMD consisting a

5 x 5 pixel mesh. The white pixels represent an “ON” status mirror, and
the black pixels represent “OFF”. The gray square corresponds to the ex-
posed area, and the white square corresponds to the unexposed area. In
step t1, the lithography pattern of a rectangular with 5 pixels in the first
column is introduced into the DMD; the corresponding exposure pattern
projected by the lens on the substrate is obtained with a certain exposure
dose. Then, the next rectangular pattern with 5 pixels in the second
column is introduced into the DMD. Meanwhile, the platform moves a
distance of one projected pixel size with the same scroll direction, the
corresponding exposure pattern on the substrate is reinforced with the
same exposure dose as step t1. At last, the accumulated exposure point
(the black rectangular in t5) on the substrate got the sum of energy of
those “on” pixels along column in scanning direction.

2.2. Theoretical design and simulations

Assuming that a micromirrors array of M x N (M is the number of
rows and N is the number of columns) is used in a DMD as shown in
Fig. 3. We set the center of the DMD array as the coordinate origin, the
scroll direction (scanning direction) as x direction, the direction which
is perpendicular to the scroll direction as y direction. The magnification
of the projection lens is 8. So the size of the projected image of the every
micromirror is fd.

DMD scanning exposure is equivalent to N pixels scanning at the
same time. The total dose received by the accumulative exposure point
on the substrate can be calculated by Eq. (1).

m=M/2
Hy= Y 1, (xy) Tm#0,n#0) €3]

m=—(M/2)

Here, T is the time for one micromirror scroll. I, is the irradiance at
the substrate of a single micromirror. (%, y) is the coordinate of a certain
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Fig. 3. Schematic illustration coded pattern of the DMD micro-mirrors.

image point. Due to the limitation of the lens, the irradiance is illustrated
as a Gauss function shown as the following equation:

Im,,(x,y)=10~exp{—[(§)2+(;—;)2]} @

Here, I, is the peak intensity of the pixel, a and b are the Gauss radii in
two perpendicular directions. Actually, the lithography system works
as the continuous scanning mode. Energy distribution of every pixel
I,,,(x,y) under scanning modes an integral of the energy distribution
function of the corresponding micro-mirror under static mode when the
stage is moving with time T. Therefore, the real exposure dose a single
pixel receives is expressed as follow without considering the aberration
of project lens:

1,,(x.y) = /OT Iy exp [(%)2 ¥ (%)2] () 3

Here, v is the moving speed of the exposure platform, ¢ is the exposure
time. So the shape of the accumulated exposure point is an ellipse.

In fact, the project lens aberrations such as distortion also introduce
an error causing the position of non-coincidence. The offset of a DMD
pixel image from its ideal coordinate are expressed as 4,,,x and 4,,,y
in two directions. The total dose received by the accumulate exposure
point can be written as:

x=M/2

T
H,(x,y)= 2 / 1., (x +ot+A4,,x,
m=—(M/2) 70

Y+ Ap,y)d (@) (m#0,n #0)

4

Considering the offset error, the non-coincidence of the central
coordinate in X direction will result in the changing of the parallel
size and the position, while the Y direction central coordinate non-
coincidence changes the vertical size of the lithography pattern. For the
sake of the deviation in X direction is mainly caused by the relative
movement between the platform and the micromirror, the X offset error
can be ignored, Eq. (4) can be written as Eq. (5):

m=M/2 T

H(x»= Y

m=—(M/2) /0

L, (x+vt,y+ A,,y)d () (m#0,n#0) 5)

As one of the most critical components in a lithography system,
the projection lens determines the image quality of the accumulated
exposure points. What is more, the developing demands in micro-
fabrication by using lithography technology not only prefer a high-
resolution projection lens to achieve a high integration on the chip,
but also require a small optical aberration to decrease the pattern
aberration during the lithography process. However, considering the
error appears in the fabrication of the lens used in the projection optical
system and the error generated in the projection lens adjustment, a well
performance projection lens is difficult to achieve. Under this scenario,
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the optical aberration, especially the optical distortion, will deteriorate
the exposure pattern quality.

In this case, we mainly focus on the fabrication imprecision intro-
duced by the optical distortion in the projection lens, represented as the
radial displacement of the image point from its ideal paraxial position.
Considering most optical systems share rotational symmetry structure,
we establish a polar coordinate system in the imaging plane. In this case,
the distortion of any point (1, #) can be defined as Eq. (6) [18]:

q() = # - 100%. (6)

Here, L represents the distance from any actual image point to the
center of the coordinate system and 1 represents the distance from the
ideal image point to the center of the field of view. In fact, the distortion,
demonstrated in a polynomial, can be described as:

q) = a;? + ayl* + az1® + -, %)

Here, a;,a;,4a3...... is the distortion coefficient. The quadratic
function can satisfy the experimental requirements, so Eq. (7) can be
written as:

q) = a1 ®)

The absolute distortion is defined as 4/, so the absolute distortion in
the polar coordinate can be written as:

Al=a;-P 9

In order to obtain the offset of the accumulate exposure point in the
vertical direction (represented as 4,,,), the coordinate transformation
should be applied from the polar coordinate to the Cartesian coordinate.

A, = Al - cos 6. (10)

According to the rows and columns of the image point corresponds
to each micromirror as coded in Fig. 3, 1 and 6 can be expressed as:

1= (m+n?)" . pd, an

cosf = — 1 12)

Vm? + n?

Here, m and n are the row and column corresponding to the accumu-
late exposure point, g is the magnification of the projection lens. In this
case, the offset of a single micromirror image in the vertical direction
can be described as:

Ay =ay (m* +n%) -n- - d> 13)

By introducing Eq. (5), the distribution of the exposure dose received
by any accumulated exposure point, can be obtained. Due to the
optical distortion existing in the projection lens, a central offset is
appeared in the accumulated exposure point. In fact, not only the central
coordinate, but also the image vertical size appears a deviation between
the ideal pattern and the distortion contained pattern. In this case,
the above-mentioned deviations directly reduce the accuracy and the
consistency of the accumulated exposure points. Hence, in order to
improve the central coordinate offset, a method described as changing
the magnification of the projection lens, is proposed. When the change
of the magnification of the projection lens is 4, a vertical offset of a
micro-mirror image point 4y, is generated. It can be described as:

Ay =AB-1-cosf. 14

Considering Eq. (11) and Eq. (12), the vertical offset A4y, can be given
as:

Ayp=n-Af-d. 15)

The distortion introduced by the projection lens generates a central
position offset in the accumulated exposure point. The offset is demon-
strated in Eq. (13). What is more, more central position offset of the
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accumulated exposure point is introduced by changing the magnifica-
tion of the projection lens. The corresponding offset is demonstrated in
Eq. (15). Note that the total central offset in any accumulated exposure
point is influenced by the two above-mentioned offsets. Hence, the final

vertical offset of each micromirror image point is shown as follow:
Ay=Anm+Ayp=a1(m2+n2)‘n-ﬁ3‘d3+Aﬁ-n~d. (16)

According to Eq. (16), for a certain distortion, the vertical offset can
be reduced by selecting an appropriate magnification. Thereby, we can

obtain an optimized offset of each micromirror image point and improve
the center position error of the accumulated exposure point by changing
the projector magnification.

However, this method can be hardly applied to correct the size of the
accumulated exposure point, especially its vertical size. So we propose
another method to correct it by loading an appropriately designed mask.
The mask patten can make some micro-mirrors in each column turned
off forever. So the energy of the accumulated exposure point is reduced
to ensure its ideal size.
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In order to maintain an invariable magnification during the lithog-
raphy system calibration and the focusing process, a double-sided
telecentric lens which provides a 1x magnification with the working
wavelength ranges from 403 nm-407 nm, is employed as the projection
lens. The projection lens proposed is simulated by Zemax, the distortion
curve is represented in Fig. 4(a), which is almost zero in the whole aper-
ture. However, in the real implementation, the lens fabrication error and
the adjustment error will introduce a distortion into the projection lens,
lead to a reduction in the lithography pattern quality. The distortion
curve with considering the errors is shown in Fig. 4(b), the maximum
distortion is 0.03%. An unpleasant distortion deterioration, which leads
to a quality reduction in the exposure pattern, is presented from the
comparison between the two distortion curves.

The least squares method is used to fit the distortion data, according
to Eq. (8), the distortion of the projection lens is given as:

q() = =5 % 10782 a7

The DMD implemented in the lithography system, containing a 1920
+ 1080 micromirrors array with a micromirror size of 10.8 pm, is
provided by Texas Instruments. As shown in Fig. 3, the number of the
DMD micromirror array row is numbered m, ranging from —960 to 960;
the numbered of the DMD micromirror column array is n, ranging from
—540 to 540. By considering Egs. (5) and (16), the total dose received
by the cumulative exposure points can be given as:

M) L
H,=1/v- Z / Iy - exp (— { [(x+AL>/a]2+

-(M/2) 70 as)
[(y+a] (m2+n2) cn-d +A[7~n-d)-b_l]})
(m+#0,n+#0)

Based on Eq. (18), the energy distribution of each accumulated expo-
sure point by considering the distortion can be simulated. Therefore, the
center coordinate and the vertical size of the corresponding accumulate
exposure point can be calculated. Fig. 5 (al)-(a6) show simulation
results of the exposure position relative to the ideal position before being
corrected, it is obvious that the exposure deviation becomes greater
when the further away from the center position. In order to decrease the
deviation, we first adopt the method of increasing the magnifications
of the projection lens and the calculated results were shown in Fig. 5
(b1)-(b6), center position offsets got a significant reduction meanwhile
vertical position offsets did not decrease obviously. Hence, we introduce
another error compensation method by loading the designed special
mask to further reduce the vertical error, Fig. 5 (c1)-(c6) show that
center position offset and vertical position offsets both have been
corrected after increase the magnification and loading the special mask.

Fig. 6(a) and (b) show the tangible changed values of center position
offsets and vertical position offsets after increase the magnification and
loading the special mask by simulation. Before being corrected the
center position offset at 900th exposure pixel is 4.3 pm, after increase
the magnification and loading the special mask the center position offset
at 900th exposure pixel is down to 1.45 pm. And the maximum vertical
position offsets is reduced from 0.1 pm to near 0 with a 0.03% distortion
projection lens in simulation.

Shown in Fig. 7 is our designed lithography mask which contains
1920 = 1080 pixels (corresponding to the DMD micromirror array).
Here, we first encode the micromirror array in the DMD, then simulate
the corresponding intensity distribution of a column of micro-mirrors,
then simulate the corresponding intensity distribution after shutting
down part of the micro-mirrors; continually optimize the number and
location of closed micro-mirrors until center position offsets and vertical
position offsets of the column micro-mirrors are corrected. The black
area, which refers to the DMD micromirrors with the “OFF” status,
reflects no exposure light to the substrate and provides no exposure
dose. DMD based lithography system will lose a little bit of the laser
energy when add this mask, but this does not affect overall processing
efficiency.
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3. Experimental results

In the front we have carried out theoretical simulation of the error
compensation of DMD based lithography system, the errors can be
effective eliminated by increasing the magnification of the projection
lens and loading an appropriately designed mask on DMD. At last, we
fabricated gratings using DMD scanning lithography assist with our error
compensation method. Here, a laser with a wavelength of 405 nm is
chosen as the light source, and a projection lens with a magnification of
one is used as the projector, the scanning speed of the moving platform
was 20 mm/s, the SU8 photoresist coated on the substrate is used as
the photosensitive material. Fig. 8(a) and (b) are optical microscope
photos of fabricated gratings in the center position and farthest away
from the center position, respectively. Gratings in the area of center
position exhibit excellent consistency and uniformity of cycles. Fig. 8
(b) shows gratings fabricated without error corrected and with error
corrected using increasing the magnification of the projection lens and
loading designed mask, it is obvious that gratings have shifted to the
center position by about 3 pm after error compensation compared with
gratings fabricated without error corrected. The experimental results are
in agreement with the simulations that the center position offset at 900th
exposure from 4.3 pm down to 1.45 pm after error corrected using the
imaging compensation method. Gratings will remain uniform in large
areas after error compensation indicating the effectiveness of our error
compensation method. The experiments did not show vertical position
offsets because it was too small. Both experimental and theoretical re-
sults show the effectiveness of our method for improving the lithography
quality of DMD-based system, our method may also have referential
value in the field of liquid crystal spatial light modulator (SLM) based
systems because the similar way of controlling light [19,20].

4. Conclusion

In this paper, the exposure errors introduced by the projection
lens distortion in a DMD based lithography system, was studied first.
A method to eliminate the errors, demonstrated as the combination
of increasing the magnification of the projection lens with loading
an appropriately designed mask on DMD, was provided afterward.
By increase the magnification of the projection lens by 0.00023, the
center position of the accumulated exposure point was well corrected.
However, the size of the accumulate exposure point was not significantly
enhanced by introducing this method. Furthermore, we corrected the
vertical size of the accumulate exposure point by loading a software
mask. The simulation results proved that the maximum central offset can
be reduced from 4.3 pm to 1.45 pm, and the maximum size error can be
reduced from 0.4 pm to 0.1 pm. Finally, we demonstrated effectiveness of
the error compensation method experimentally by fabricating gratings
with high consistency and uniformity in large areas. Our method could
be used for improving the lithography quality of DMD-based system.
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