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Abstract
To simplify complex optical systems, a next-generation optical component which combines a refractive element and a diffractive
element is desirable. To fabricate these next-generation optical components, it is desirable to keep the focal point of the
lithographic lens focused on the curved surface. Keeping the focus constant is challenging for a laser process, as well as for
measuring and metrology systems. In this study, a coaxial confocal microscopic type commercialized displacement sensor was
used to make it easier to fabricate the pattern required for diffractive optical elements (DOEs) on a curved surface, using direct
laser lithography. The test results confirmed that a constant line width of 5 μm could be fabricated on a curved surface such as a
cylinder and convex lens using the proposed auto-surface tracking system, with a position error of 1 μm. The diffraction pattern
fabricated on the curved surface was analyzed for optical performance and compared with mathematical modeling.
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1 Introduction

As the use of integrated circuit devices based on optical de-
vices is increasing in various fields, such as semiconductors
and displays, precise manufacturing of these devices is re-
quired [1, 2]. To improve product performance, considerable
research has been conducted to develop optical elements [3, 4]
with various features that are capable of correcting aberrations
and performing complex functions [5, 6]. Among these are
hybrid optical elements, in which an existing refractive and
a diffractive optical element are combined [7–10]. Particularly
for smaller and more compact optical imaging systems, spher-
ical artificial compound eye optics are used [11]. While
manufacturing fine patterns on non-planar surfaces has been

studied for many years, it still has difficulties. Recently, soft
lithography [12, 13] and direct laser writing lithography
[14–18] have been used as methods to manufacture patterns
on curved surfaces, to produce hybrid optical devices.

Soft lithography requires a soft mask with a pattern design.
It is easy to use for mass production but has difficulty
manufacturing various types of patterns or patterns on a wide
area. In order to overcome these limitations, a laser direct
exposure method using a high magnification exposure lens
and a precision stage can produce a pattern on a large area
with low process cost.

In this study, we introduce an easier and simpler auto-
surface tracking system for patterning with a direct laser li-
thography on a curved surface.

It is difficult to maintain the line width of a pattern of
several micrometers on a curved surface at a constant quality.
The focus of the exposure lens must be maintained within the
depth of focus range over the entire working area to produce a
pattern with a constant line width. The auto-surface tracking
system introduced in this study is capable of direct laser li-
thography on a curved surface, with a driving range of
100 mm in the z-axis, using the signal of a displacement sen-
sor and an actuator.

In this study, we propose and verify an easy and simple
way of auto-surface tracking using a displacement sensor
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and actuator. According to the change in surface, the focal
position is kept constant while moving so that a line width
pattern of 5 μm is produced with a constant line width on
the curved surface. The position of the exposure lens is
measured in real time according to the change of the sur-
face, and the focal position is kept constant while moving.
As a result, it was confirmed that a pattern with a constant
line width of 5 μm could be manufactured on the curved
surface.

2 The modified direct laser lithographic
system and test of auto-surface tracking

Research has been conducted on ways of maintaining a con-
stant focal position during laser lithography using the thermal-
chemical reaction of a laser on a coated chrome substrate, as
shown in Fig. 1a. A laser is used as the light source to measure
the focal position, and a position close to the exposed position
is measured. This offset is necessary because when the laser
used for exposure is focused on the specimen, an oxide film of
chromium is immediately formed that prevents accurate mea-
surement. This is not a problem on a flat surface. However, as
shown in Fig. 1c, if the position used to measure the focal
position and the laser writing position on a curved surface
are different, a big error factor is introduced. To overcome
this, in this study, the system was improved so that the ex-
posed position and the measured position were on the same
optical axis, as shown in Fig. 2. In this way, the laser lithog-
raphy occurs on the upper surface of the chrome layer, and the
bottom surface of the chrome layer becomes the measurement
position of the autofocus system. A schematic diagram of the
system is shown in Fig. 2a, and the actual experimental picture
is shown in Fig. 2b.

The depth of focus is very short due to the high magnifica-
tion lens used in the direct laser lithographic system, accord-
ing to the following equation,

DOF ¼ 0:5
λ

NA2 ð1Þ

where λ is the wavelength of the source laser.
To manufacture a fine pattern on a wide area or to manu-

facture a pattern on a non-planar substrate for next-generation
optical devices, it is important to keep the focal position con-
stant. This system uses a commercially available displacement
sensor to keep the focal position constant in real time. The
displacement sensor used in this paper is Omron’s ZW-7000
model.

The curved specimen used in this study had a curvature
radius of 77.5 mm and a difference in height of 1.5 mm. The
measured results of the actual surface shape and the values of
the auto-surface tracking system are shown in Fig. 2c. As
shown in Fig. 2c, the black line is the result of measuring
the top surface of the chrome layer, and the data indicated
by black dots value is the result of measuring the bottom
surface of the chrome layer. The measurements confirm that
the relative position value to the inclined surface of 8 degrees
was almost constant. The difference between the measured
values on the top and bottom can be seen in Fig. 2d. It was
confirmed that the blue line was inclined due to an alignment
problem when measuring as the original data, and the inclined
value was removed, and the data was shown as a pink line.
There is an error value of Peak to Valley (PV) 20 μm near the
edge, but this appears to have occurred because the measured
profile point on the top and the point on the bottom surface
were not the same in the measurement system. The average
difference was confirmed to be 1.5 μm.

Fig. 1 Issue of auto-surface
tracking system for direct laser
lithography
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The automatic focusing device uses the signal of a com-
mercially available coaxial confocal microscope displacement
sensor for stable signal detection. Because the z-axis actuator
has a long travel distance of 100 mm, it is possible to realize a
fine pattern on a tilted and a curved surface while maintaining
a constant focal position on a plane. To do so, it is desirable
that the auto-surface tracking system is stable. As shown in
Fig. 3a, an experimental system was constructed to verify the
auto-surface tracking system. The chromium-based specimen
used in the experiment was attached to the stage to evaluate
stability when stopped, and it was confirmed that the auto-
surface tracking system works well when an oscillation is
introduced.

Figure 3b shows the test results checking the stability of the
auto-surface tracking system. The black line is the stability
when the specimen is fixed and the auto-surface tracking

system is stopped. It was confirmed that it had an error of up
to about 1 μm level. The blue line was determined to be an
error due to temperature or vibration in the laboratory envi-
ronment, and it was judged that the stability of the system was
within an acceptable range.

The performance of the autofocus system was analyzed by
changing the writing speed of the stage with the specimen
fixed, at a rate of 1 μm/s to 5 μm/s, as shown in Fig. 3c. The
system exhibited an error of 1 μm or less at 2.5 mm/s or less,
confirming that it operates within an acceptable error range.

To compare and verify the performance of the auto-surface
tracking system more accurately, comparative verification
was performed with a Renishaw’s XL-80 heterodyne laser
interferometer, with a resolution of 1 nm. The device config-
uration is shown in Fig. 4a. While moving the specimen
100 mm at intervals of 100 μm, it was used to determine

Fig. 2 a The modified system
configuration for pattern
fabrication on curved surface. b
Actual picture. c Test result of
auto-surface tracking system.
Measurement displacement of top
surface profile (black line) and
bottom surface profile (black dot).
d The difference between the
measured values
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whether the system could be operated at long-range distance.
The position value was repeatedly measured 10 times, and an
error value of Peak to Valley (PV) 500 nm or less was obtain-
ed. Five hundred nanometer was confirmed to be a stable
long-range auto-surface tracking system process condition,
with a value within the depth of focus of this system.

Experiments were then conducted with fabricated patterns
on inclined and curved surfaces using the stable process.

3 Results of the pattern fabrication

The process conditions of the direct laser lithographic system
during pattern fabrication were a writing speed of 3 μm/s and
a laser intensity of 15 mW. This process condition is suitable
for the use with an auto-surface tracking system, and a mini-
mum linewidth of 5μm can be stably fabricated. If the writing

speed is slower, a stable auto-surface tracking system can still
be used, but the line width is wider.

A pattern was fabricated on the tilted surface as shown in
Fig. 5a using the verified auto-surface tracking system.
Figure 5b, d shows the result of the pattern fabricated when
the auto-surface tracking system did not work well, and a
broken pattern can be observed. The results in Fig. 5c, e show
the systemwas able to fabricate a clean pattern when the auto-
surface tracking system worked well.

The pattern was fabricated using the auto-surface tracking
system process conditions described above and the direct laser
writing process conditions.

In this study, an improved direct laser lithographic system
was developed by combining a direct laser lithographic sys-
tem with an auto-surface tracking system that measures the
position of the lithographic lens in real time and maintains a
constant focal position. Using the stable process conditions
with the direct laser lithographic system, a pattern of 5 μm
was fabricated on the surface of a cylinder lens and a convex
lens having a radius of curvature of 77.5 mm. Figures 6 and 7
show the results, as measured by a white light interferometer.

As shown in Fig. 8, a grating pattern was fabricated on a
lens with a diameter of 30 mm and a radius of curvature of
77.5 mm by the proposed process method in this paper.

4 Optical imaging performance and theory
of the fabricated DOEs

When a pattern of diffractive optical elements is fabricated on
a curved surface, the incident light is refracted and diffracted
at the same time (Figure 9).

Fig. 3 Test scheme for verification of auto-surface tracking system, (b)
stability, and (c) writing speed test result

Fig. 4 a Heterodyne laser interferometer measurement system for
comparative verification of auto-surface tracking system. b Long-range
displacement test
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Fig. 5 Result of the fabricated patterns on the tilted specimen at 5 degrees. a System setup of tilted specimen; fabricated pattern (b) without the auto-
surface tracking system and (c) with the auto-surface tracking system. d, e Each 1-axis profile

Fig. 6 Result of fabricated pattern
on the cylindrical lens surface. 3D
image of (a) the line pattern and
(b) its 1-axis profile. 3D image of
(c) the circular pattern

Fig. 7 Result of fabricated pattern
on the convex lens surface; 2D
image of a the line pattern, b its 1-
aixs profile, and c 3D image
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As shown in Fig. 9, mathematical modeling of the process,
where the incident parallel light is refracted by the lens and the
refracted light is diffracted by the pattern, is expressed in the
following equation.

U 1 x1; y1ð Þ ¼ eijkz1

jλ
∬

þ∞
−∞ δ ξ; ηð Þ � e

jk
2z1

x−ξð Þ2þ y−ηð Þ2
h i

dξdη ð2Þ

U 2 x2; y2ð Þ ¼ U1 x1; y1ð Þ � P x1; y1ð Þ � e −jk
2 f x2þy2ð Þ½ � ð3Þ

U 3 x3; y3ð Þ ¼ U2 x3; y3ð Þ �M x2; y2ð Þ ð4Þ

U4 υ; νð Þ ¼ eijkz

jλz2
e

jk
2z2

x2þy2ð Þ
h i

∬
þ∞
−∞U3 x3; y3ð Þe

−jk
z2

υ−xð Þ2þ ν−yð Þ2
h i

dxdy

ð5Þ
where U1 is the transmitted function that is incident and δ is
the Dirac-delta function, P is the function refracted by the lens,
and M is the function of the diffraction mask pattern being

fabricated. Using the defined function, mathematical model-
ing was performed to obtain the final diffracted image by
Fraunhofer diffraction.

Figure 10a, b shows the simulation results obtained from
calculations based on the theory, and Fig. 10c, d shows the
experimental results. The indicated part is the 0th order beam
of the diffracted beam generated by internal reflection in the
optical system. As the beam was concentrated at the focal
position, the radial diffraction pattern was confirmed, and
the diffraction pattern was confirmed on the defocused image
at the defocus position. The produced pattern was verified
through a similar tendency.

5 Conclusion

In this study, we used an auto-surface tracking system to fab-
ricate patterns on tilted and curved surfaces by direct laser
lithography. The auto-surface tracking system was easily
and simply applied to a direct laser lithographic system using
a coaxial confocal microscope displacement sensor. The auto-
surface tracking system had a position error within 1 μm at a
writing speed of 3 μm/s, which was acceptable, with a line
width of 5 μmwith an error of about 1%. In addition, stability
of the auto-surface tracking system was tested with a hetero-
dyne laser interferometer, and the exact error was compared
and verified.

By using the proposed method, various patterns were
fabricated on a cylindrical lens with a curvature of 75
mm, a convex lens, and a tilted specimen. In our case, it
was confirmed that a pattern with a line width of 5 μm
was stably fabricated. We expect that the proposed meth-
od can fabricate patterns on various curved surfaces at
low cost and wide area.

Fig. 8 Result of patterning on a
lens with a 30 mm diameter and
77.5 mm radius of curvature. a
Photographic view of the grating
pattern (b) at the center point and
(c) at the edge point

Fig. 9 Concept for mathematical modeling
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