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ABSTRACT: Binary-type diffractive optics elements (DOEs) are essential 
components when measuring flow fields. In this paper, a fabrication process 
for binary-type DOEs was proposed based on direct laser lithography. Two 
important points must be considered while fabricating DOE . The first was 
the blurring effect of the lithographic source beam, and the second was the 
internal spacing issue of the DOE. An effective means of reducing the blurring 
effect by adjusting the lithography exposure time was suggested. In addition, 
a method to check the internal spacing was also presented in this paper. A 
binary-type DOE was successfully fabricated using the proposed process and 
its optical performance was verified in comparison with the simulation results.

KEYWORDS: Binary Diffractive Optical Elements; Direct Laser Lithograph; Laser 
Writer; Schlieren Imaging Technique

1.0 INTRODUCTION

Diffractive Optical Elements (DOEs) are widely used in many areas. A 
computer generated hologram lens is indispensable for aspheric surface 
measurements [1-2]. Holographic optical elements are key components 
of heads-up displays. DOEs are also used in mobile phone cameras 
to spread multi-point IR beam spots or patterns onto an object. These 
spots due to DOEs are used for the 3-D measuring of objects [3-4] and 
in the autofocusing function of the phone camera lenses [5-6]. Some 
DOEs can be used to enhance the contrast of a display by blocking 
outside light from coming into the display. Moreover, a binary type 
DOE has been applied to the Schlieren imaging technique [7-8] which 
is known to be an effective means of observation in a homogeneous 
medium with density variations in optical devices. Figure 1 shows the 
basic experimental setup of Schlieren imaging.
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Figure 1: Typical configuration of Schlieren imaging, laser diode (LD) and collimator lens (CL) 
 

In this figure, a DOE converts a point of light into a structured light that visualizes the 
density change of a flow field. A binary-type DOE, as shown in Figure 1, is designed 
using an iterative Fourier transform algorithm [9-10]. In this paper, an effective 
fabrication method for the DOE involving the use of a direct laser lithographic 
technique is proposed [11-16]. 

 

Figure 2: Schematic configuration of the proposed direct laser lithographic system, laser power 
controller (LPC), mirror (M), quadrant detector (QD) and LD 

Figure 1: Typical configuration of Schlieren imaging, laser diode (LD) 
and collimator lens (CL)

In this figure, a DOE converts a point of light into a structured light 
that visualizes the density change of a flow field. A binary-type DOE, 
as shown in Figure 1, is designed using an iterative Fourier transform 
algorithm [9-10]. In this paper, an effective fabrication method for 
the DOE involving the use of a direct laser lithographic technique is 
proposed [11-16].

2.0 CONFIGURATION OF THE DIRECT LASER 
LITHOGRAPHIC SYSTEM

Our direct laser lithographic system consists of three major parts. The 
intensity of the laser light is stabilized at a level of 0.03% through the 
control of the laser power controller at the front part of the system 
[16]. The second part is composed of a device which functions as an 
autofocus system while automatically controlling the focal length of 
the objective lens by receiving a signal from a quadrant detector (QD) 
reflected from the surface of the specimen using a laser diode (LD). 
Third, the specimen is fixed and aligned on a precision stage and a 
tilt stage driven by an air-bearing linear motor on the X and Y axes. 
In addition, a shutter is inserted to control the exposure of laser beam 
from 0 V to 5 V transistor-transistor logic (TTL) signals shown in Figure 
2.
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Figure 2: Schematic configuration of the proposed direct laser 
lithographic system, laser power controller (LPC), mirror (M),  

quadrant detector (QD) and LD

3.0 FABRICATION PROCESS

Most types of direct laser lithography are suitable for fabricating in a 
line-by-line manner. Fortunately, most DOEs consist of narrow lines. 
The binary diffractive optical elements, however, requires a rectangular 
pattern. To address this requirement, fabrication procedure is suggested 
as illustrated in Figure 3. Each patch of rectangular patterns is written by 
the raster motion of the XY-stage with the shutter open at the beginning 
position (the green circle in Figure 3) and closed at the end position (the 
red circle in Figure 3). The laser source beam passes through the objective 
lens while the shutter is opening. Otherwise, the beam is blocked. After 
finishing a rectangular patch, the stage moves to the next pattern.
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Figure 3: Fabrication mechanism for the binary-type check pattern 
 

 

Figure 4: Three-dimensional measuring results of the (a) blurring effect and the (b) spacing 
between each pattern 
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Figure 4: Three-dimensional measuring results of the (a) blurring effect 
and (b) the spacing between each pattern

There are two important points of view when creating a binary pattern. 
First, as shown in Figure 4 (a), the laser source beam often has a blurring 
effect because the beam exposure time increases at the corners of a 
rectangular patch. The stage should move more slowly at the corner than 
in other areas. These results are obtained using a commercial scanning 
type White-Light Interferometer (WLI) [17-18]. The second, as shown in 
Figure 4 (b), it is important to control the spaces between the patterns [19]. 
In this paper, the corners of the pattern blurred with various exposure 
times were tested and a process experiment to control the spaces between 
the patterns precisely was conducted. The lithographic beam had a line 
width and therefore, the writing position considering this width for a 
precise fitting of the size of the rectangular pattern was determined. The 
blurring effect of the pattern was also tested with various exposure times 
which were controlled by the shutter operation with a 0 V to 5 V external 
TTL signals, as shown in Figure 5. The blurring effect was gradually 
reduced as the exposure time of the laser source beam decreased from 20 
s to 0.02 s. The shutter used was a Thorlab SC10 model with a resolution 
of 1 ms and accuracy of 0.2 ms. 
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Figure 5: Experimental result of the blurring effect according to the exposure time; (a) 3D image 

of the fabrication result obtained by a scanning-type WLI, and (b) its photographic view 
 

Figure 6: Fabrication results of binary patterns with different exposure times of (a) 20 s, (b) 2 s 
and (c) 0.02 s 
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Figure 6 shows a series of rectangular patterns with different exposure 
times of 20, 2, and 0.02 s. As a result, it was possible to produce a 
fine rectangular pattern that minimized the blurring effect. As noted 
above, it is important to ensure accuracy of the spaces between the 
patterns. The experimental setup devised here is shown in Figure 7 to 
verify whether the distances among the patterns were acceptable or 
not considering the DOE. Figures 7 (a’) and (b’) demonstrate that the 
pattern was formed while exposing check patterns in a side-by-side 
arrangement. The fabricated DOE was irradiated with a He-Ne laser 
to confirm the diffracted pattern on the screen. Figure 7 (b) shows that 
unwanted diffraction lines are formed on the screen due to the incorrect 
spacing of the DOE patterns, as shown in Figure 7 (b’). However, these 
unwanted diffraction lines disappear when the DOE has the proper 
spacing, as shown in Figures. 7 (a) and (a’). In order to fabricate the 
DOE used in the Schlieren image, rectangular patches were fabricated 
with a 5 um linewidth using direct laser lithography method. A 25% 
of the linewidth was overlapped to determine the spacing of each 
rectangular patch. Based on this experiment, the process conditions to 
use when fabricating the binary-type DOE were determined.
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Figure 7: Experimental setup to verify the spaces between the patterns; (a) Diffraction image is 

formed on the screen due to (a’) the proper spacing of the DOE patterns, (b) unwanted 
diffraction image due to (b’) the incorrect spacing of the DOE patterns 
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Figure 7: Experimental setup to verify the spaces between the patterns; 
(a) Diffraction image is formed on the screen due to (a’) the proper 
spacing of the DOE patterns, (b) unwanted diffraction image due to  
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this experiment, the process conditions to use when fabricating the binary-type DOE 
were determined. 

 

 
Figure 8: Measurement result of the binary-type DOE as required by Schlieren imaging 

 

4.0      B I N A R Y - T Y P E  D O E  F A B R I C A T I O N  A N D  
V E R I F I C A T I O N  

 
Using the process conditions described above, the binary diffractive optical element 
required in the Schlieren image was fabricated. Figure 8 shows the result of the 
fabrication process. Each rectangular patch had a size of 10 μm x 10 μm, and the total 
size of the DOE was 310 μm x 310 μm. In order to verify the fabrication results, the 
image diffracted by the DOE was obtained in the experimental setup shown in Figure 
7. Figure 9 (c) shows a diffracted image formed on the screen by irradiating the He-Ne 
laser onto the DOE. It should be noted that there were no unwanted diffractive lines or 
pattern blurring. This result appears similar to the simulated image (desired image), as 
displayed in Figure 9 (b).  

 
Figure 9: Comparison between the simulation and experimental results; (a) the binary-type DOEs 
fabricate here, (b) its simulated diffraction image estimated using the Fast Fourier Transform and 

(c) the experimentally obtained diffraction image 
 

 

Figure 8: Measurement result of the binary-type DOE as required by 
Schlieren imaging

4.0 BINARY-TYPE DOE FABRICATION AND 
VERIFICATION

Using the process conditions described above, the binary diffractive 
optical element required in the Schlieren image was fabricated. Figure 
8 shows the result of the fabrication process. Each rectangular patch 
had a size of 10 μm x 10 μm, and the total size of the DOE was 310 
μm x 310 μm. In order to verify the fabrication results, the image 
diffracted by the DOE was obtained in the experimental setup shown 
in Figure 7. Figure 9 (c) shows a diffracted image formed on the screen 
by irradiating the He-Ne laser onto the DOE. It should be noted that 
there were no unwanted diffractive lines or pattern blurring. This result 
appears similar to the simulated image (desired image), as displayed in 
Figure 9 (b).
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5.0 CONCLUSION

In conclusion, an effective means of fabricating a binary-type DOEs is 
through a direct laser lithographic system. The DOE is used to measure 
a flow field by the Schlieren imaging technique. To fabricate the DOE, 
two key parameters are tested; the exposure time and the internal 
spacing of the DOE. By adjusting the exposure time according to the 
position of each rectangular patch, the blurring effect is successfully 
removed. In addition, the internal space also disappears. Overall, the 
binary diffractive optical element is fabricated using the proposed 
process and its optical performance is verified through a comparison 
with simulation results.
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