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Abstract: Laser interference lithography is attracting increasing interest of researchers because of its high-efficiency 

and low-cost in fabrication of patterns. However, there are always operational errors in the set-up of interference systems, 

which have a significant effect on the final produced interference pattern. This paper has systematically investigated the 

influences of incident parameters including incident angle, azimuth angle and polarization angle on interference patterns. 

An algorithm has been proposed to extract interference fringes from complicated multi-beam interference patterns using 

the angular power spectral density (APSD) function. The incident parameters were calculated based on the data extracted 

from the APSD images. Simulations were carried out to validate the effectiveness of the proposed algorithm. 3-D 

periodic patterns were fabricated on silicon wafers using three-beam interference lithography. The topographies of the 

samples were measured using an optical profiler. Based on the established model, incident parameters of the interference 

system set-up were calculated. The computational results are in good agreement with the pre-set values. The results 

have demonstrated the validation of the developed algorithm for incident parameter identification of interference beams.  

1. Introduction 

Laser induced fabrication has long been used as one 

of the common methods to fabricate functional surfaces 

[1]. Among them, laser interference lithography is an 

efficient technique to fabricate periodic micro- and 

nano-structures. The fabrication speed can reach 0.9 

m2/min [2, 3]. The spatial resolution of structures can be 

achieved for a range from 300 nm to several microns [4, 

5]. Compared with another widely utilized technique, 

direct laser writing, which can only process structures 

as small as 25 μm [6], with a relative low speed of areal 

fabrication, depending on the structure size [2], laser 

interference lithography shows great superiority in 

structure size and processing efficiency. 

With laser interference lithography, structures can be 

processed on large areas with multiple exposure [3]. 

This paved the way for numerous applications including 

fabrication of hydrophobic surfaces [4, 7], anti-

reflective surfaces for solar cells [8-10], photonic 

crystals [11], micro lenses [12], substrates for growth of 

multi-scale structures [13, 14] and many other 

functional surfaces. With proper selection of different 

incident parameters, various patterns can be generated 

using laser interference lithography. 

Different types of laser interference system set-ups 

have been established, including diffractive optical 

elements (DOE) induced configurations [15, 16] and 

beam splitter induced configurations [17, 18]. For the 

DOE system configurations, the parameters of different 

incident beams can only be adjusted simultaneously by 

changing optical elements. In contrast to the DOE 

configurations, the beam splitter induced configurations 

offer the flexibility in adjusting and tuning the incident 

parameters through individual incident beams. 

However, in beam splitter configurations, position 

errors are very common due to the manual operations in 

the setting up process. A misalignment in the set-up may 

cause a distortion in the interference pattern [18, 19].  

For periodically patterned functional surfaces, a change 

in the period, size, shape or depth of the structures may 

all affect the practical performance [20]. Hence, it is of 

great importance to calibrate the incident parameters in 

order to minimise the influence of error in the set-up of 

the interference system. 

Efforts have been made to calibrate the incident 

parameters in two-beam interference systems by 

manually measurements of the structure period on the 

sample surfaces [21, 22], however, significant errors 

can exist in manual measurements. It is also a challenge 

to measure directly the complicated patterns generated 

by multi-beam interference. The Fast Fourier Transform 

(FFT) has been applied in the characterization of two-

beam interference patterns [3, 23]. By extracting other 

information from the angular power spectral density 

(APSD) image, which is generated from the FFT result, 

it is possible to calibrate the incident parameters in 

multi-beam interference. 

This paper analyses the generation process of the 

interference pattern, as well as the influences of incident 

angle, azimuth angle and polarization angle on the 

interference pattern. An algorithm is established to 

extract period, orientation and intensity of interference 

fringes from the interference pattern, and calculate the 

incident parameters of the laser beams with the APSD 

function. Simulation and experiment have been 

conducted to validate the established algorithm and 

technique. This method can be applied for interference 

system set-up calibration and alignment compensation. 

2. Theoretical modelling 

2.1 Generation of interference pattern 
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When laser beams with the same wavelength are 

incident at the same point on the sample surface from 

different directions, the beams interfere with each other 

and an interference pattern appears on the surface. It is 

necessary to investigate the generation of the patterns, 

and analyse the influence of different incident 

parameters, including incident angle  , azimuth angle 

  and polarization angle  . 

The intensity of a laser beam at the point ( , , )x y z  in 

an n-beam spatial interference can be calculated by [22] 
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where I is the intensity of the pattern, E  is the sum of 

the electric fields of all the incident laser beams, 

 ( 1, 2,  ,  )ia i n  are the amplitudes of the electric 

fields of the laser beams,  ( 1, 2,  , )i i n   are the 

initial phases of the laser beams, x y z   d i j k  

is the position vector of the point,  ( 1, 2,  , )i i nr  

are the propagation vectors and  ( 1, 2,  ,  )i i np  are 

the polarization vectors, which can be calculated from 

equations (2) and (3), respectively. 

sin cos sin sin cosi i i i i i          r i j k         (2) 
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2.2 Influence of incident parameters on interference 

pattern 

The incident parameters including incident angle, 

azimuth angle, polarization angle and initial phase may 

all affect the intensity distribution of the interference 

fringes. It can be observed from equation (1) that the 

interference components in multi-beam interference is 

the superposition of the interference components of 

each pair of incident beams. By investigating the 

relationship between different incident parameters and 

the interference pattern, incident parameters can be 

identified backwards from the interference pattern. This 

will provide valuable guidance in the calibration of the 

interference system. The period of the interference 

pattern (P) can be found by [21]  
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where λ  is the wavelength of the laser source, 

 ( 1,  2)i i   and  ( 1, 2)i i   are the azimuth angles 

and incident angles of the laser beams, respectively. 

The orientation of the fringes can be expressed by the 

azimuth angle of the pattern (  ), which can be 

expressed as 
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The pattern intensity is determined not only by the 

intensity of the laser source, but also by the polarization 

directions of two laser beams, which are defined as 

polarization vectors ( p ), and can be calculated with 

equation (3). The intensity of the interference 

component (A) is defined as 

 1 2 1 22A a a p p                        (6) 

3. APSD function and simulation of incident 

parameters calculation 

As explained above, all multi-beam interference 

patterns can be treated as the superposition of the 

interference fringes of each pair of laser beams. 

However, since for an n-beam interference pattern the 

number of interference components is given by: 

( 1)

2

n n
N


  and the interference components 

overlap with each other, it is not always that straight-

forward to measure the period, orientation or relative 

intensity of each interference component. 

In order to extract all the interference components, 

the Angular Power Spectral Density (APSD) function 

was introduced. Fig. 1(a) is a simulated laser intensity 

distribution for a 3-beam interference pattern, with the 

laser source wavelength λ=1064 nm  and the other 

parameters of 1 3   , 2 4   , 3 5   , 1 0   , 

2 120   , 3 240   , 1 2 3 0      . Fig. 1(b) 

shows the corresponding APSD image, where the three 

peaks in the red circle represent the three interference 

components. To extract the information of each 

interference component, a circular scan was performed 

across the APSD image, as shown in Fig. 1(c). The 

maximum intensity along each orientation during the 

scanning process was recorded and is shown in Fig. 1(d). 

Then the corresponding period of each peak was read 

from the distance between the peak and the centre of the 

APSD image. A two dimensional Gaussian window was 

applied to each peak and the sum of the heights under 

the peak is recorded as the relative intensity of that 

interference component. An equation set can be 

generated using the period, orientation and relative 

intensity of each interference component based on 

equations (4)-(6). By solving the equation set, the 

incident parameters including the incident angle and 

azimuth angles of all the incident beams can be obtained. 
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Fig. 1 A three-beam interference pattern and APSD analysis. 

(a)  Simulated laser intensity distribution of 3-beam laser 

interference. (b) APSD image of the pattern in (a). (c)  The 

scanning process of the peaks in the APSD image. (d)  The 

orientations of the peaks in (b). 

The simulations were conducted for four interference 

patterns, which were all generated by three-beam 

interference. All the polarization angles were selected to 

be transverse magnetic (TM). The incident parameters 

are listed in Table 1 and the interference patterns Nos. 

1-4 are shown in Fig. 2(a)-(d). 

Table 1 Incident parameters used to generate interference 

patterns 

No. 
1  

2  
3  

1  
2  

3  

1 5.0 5.0 5.0 0 120 240 

2 7.0 2.0 6.0 0 120 240 

3 5.0 5.0 5.0 10 127 235 

4 5.3 7.4 3.9 308 103 24 

APSD images were used to extract the interference 

components for all of the interference patterns, the 

obtained period, orientation and relative intensity of 

each component are listed in Table 2. 

Then the incident parameters were calculated and are 

shown in Table 3. It can be observed that the 

identification of incident parameters is accurate, the 

error of incident angle is smaller than 0.1˚ and the error 

of azimuth angle is smaller than 1˚. The results show the 

effectiveness of the developed model in identifying 

incident parameters. 

 

Fig. 2 Simulated results of three-beam laser interference 

patterns. (a)-(d) Simulated patterns corresponding to Nos. 1-

4.  

Table 3 Calculated incident parameters (˚) 

No. 
1  

2  
3  

1  
2  

3  

1 4.95 5.04 4.96 -0.2 119.7 239.7 

2 7.08 1.98 6.01 0.1 120.1 240.7 

3 4.99 5.01 5.08 9.5 127.0 235.3 

4 5.26 7.41 3.93 307.9 102.9 23.9 

4. Experimental validation and discussion 

A three-beam interference system was built up using 

a Q-switched high-power Nd:YAG laser source with a 

wavelength of 1064 nm, pulse duration of 7 ns, 

frequency of 10 Hz, and Gaussian beam of 6 mm in 

diameter. Fig. 3(a) is a photograph of the laser 

interference lithography system and Fig. 3(b) shows the 

schematic diagram of the set-up. In the diagram, HR 

represents a high reflective mirror, BS represents a 

beam splitter, P and Q are polarizers and quarter-wave 

plates respectively. The laser source was split into three 

laser beams by two beam splitters. The intensity of each 

laser beam was adjusted by changing the 

Table 2 Parameters of the interference components 

No. Period ( / mP  ) Orientation ( /  ) Relative intensity (I) 

 Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 

1 7.04 7.11 7.11 -90.00 -150.15 150.15 322.74 323.43 321.52 

2 8.44 5.40 7.52 -105.68 -152.33 167.85 328.46 306.87 317.96 

3 6.58 7.14 7.57 -147.36 158.20 90.87 426.08 280.39 189.61 

4 4.94 7.94 10.63 113.27 133.07 -92.44 570.25 127.11 160.17 
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angles between Q and P. In this experiment, the 

intensity of each laser beam was set at 30m J/cm2 for 

every pulse (monitored by a Coherent LabMax-TOP 

laser power and energy meter). Finally the three laser 

beams were focused onto the same point on the sample 

substrate. All the incident angles were set as 4˚ and the 

azimuth angles were 0˚, 120˚ and 240˚. The polarization 

modes were all TE. A polished silicon wafer was chosen 

as the sample substrate. The silicon wafer was cut and 

washed with ethanol and deionized water in an 

ultrasonic bath, and dried with nitrogen. The sample 

substrates were exposed for 1s (300 mJ/cm2), 2s (600 

mJ/cm2) and 3s (900 mJ/cm2), respectively. After 

fabrication, the samples were measured with a Bruker 

Contour GT 3D optical profiler, it is a white-light 

interferometric microscope with a lateral resolution of 

0.26 μm.  The objective used in the experiment was a 

50x lens. The camera in the profiler was a 640×480 

standard monochrome camera.  

 

Fig. 3 Photograph (a) and schematic diagram (b) of the three-

beam laser interference system 

The theoretical pattern of interference intensity is 

shown in Fig. 4(a). The periods of the interference 

components were all calculated to be 8.81 μm. The 

orientations of the interferences were 30˚, 150˚, and 

270˚. The intensities of the components were exactly all 

identical. Compared with the simulated laser intensity, 

the structures on sample surfaces shown in Figs. 4(c), 

(e), and (g) (exposed for 1s, 2s and 3s, respectively) 

have larger periods. This is mainly caused by 

misalignment of the incident parameters. The APSD 

images of the sample surfaces were generated and 

shown in Figs. 4(d), (f) and (h). The peaks in the circles 

represent the three interference components for each 

sample surface. After extracting the position and 

amplitude of the peaks the incident angle and azimuth 

angle of each incident laser beam was calculated and 

listed in Table 4. It can be observed from the results that 

the incident angles of laser beam Nos.1 and 2 in the 

three samples were all close to 3.5˚, while the incident 

angles of laser beam No. 3 were around 3.8˚. The 

calculated azimuth angles of the incident laser beams in 

the three samples also showed high consistency. For 

incident beams the average incident angles were 

calculated as 3.45˚, the azimuth angles were calculated 

as 3.58˚, 3.77˚, and 0.32˚, 120.38˚, and 239.31˚. The 

simulated interference pattern using the calculated 

result is shown in Fig. 4(b), in which the period and 

distribution of the pattern is in good agreement with the 

experimental result. 

 

Fig. 4 Simulated interference intensity pattern, experimental 

topographies and their APSD images. (a) Simulated 

theoretical pattern. (b)  Simulated pattern using calculated 

parameters. (c)–(h) 3D topographies and APSD images of 

sample Nos. 1-3. 

5. Conclusion 

An algorithm for incident parameter identification of 

laser interference beams has been established. The 

methodology for extracting interference fringes from 

complicated multi-beam interference patterns based on 

the APSD function has been developed. The algorithm 

could be used to calculate the errors in the interference 

system set-up that may lead to significant pattern 

deformations. The developed algorithm has been 

validated through both computational simulations and 

experimental testing. The 3D patterns fabricated by 

three-beam interferences on the silicon wafer samples 

were measured by optical profiler and then compared to 

the computational calculations based on the developed 

model. The good agreement between the results 

indicates that the proposed algorithm is effective for the 

incident parameter identification. 

file:///G:/Users/la-u1666589/AppData/Local/Youdao/Dict/Application/7.5.0.0/resultui/dict/
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Table 4 Calculated incident parameters 

Sample 

No. 

Exposure 

time (s) 

Peak 

No. 

Period 

( / mP  ) 

Orientation 

( /  ) 

Relative 

intensity (I) 
Beam 

No. 

Incident angle 

( /  ) 

Azimuth angle 

( /  ) 

1 1 1 9.57 -174.51 2.44 1 3.51 0.14 

2 9.72 127.09 2.44 2 3.63 119.86 

3 10.06 -115.02 2.41    3 3.73 240.00 

2 2 1 9.55 151.48 8.39    1 3.51 0.40 

2 9.55    -151.48    8.69     2 3.55 119.99 

3 10.00     -90.00 8.39    3 3.84 239.61 

3 3 1 9.84 -122.12 1.32 1 3.35 0.42 

2 10.15 119.17 1.27 2 3.56 121.25 

3 9.80 180.00 1.13 3 3.73 238.32 
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