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Abstract: In this work, an effective method was presented to obtain a specific micro and 
nano dual-structures by amplitude modulation in multi-beam laser interference lithography 
(LIL). Moiré effect was applied to generate the amplitude modulation. The specific intensity 
modulation patterns can be obtained by the control of the parameter settings of incident laser 
beams. Both the incident angle and azimuth angle asymmetric configurations can cause the 
amplitude modulation in the interference optic field and the modulation period is determined 
by the angle offset. A four-beam LIL system was set up to fabricate patterns on photoresist 
and verify the method. The experimental results are in good agreement with the theoretical 
analysis. 
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1. Introduction

In the fabrication of micro and nano structures, LIL has become one of the most important 
technologies with significant advantages [1]. LIL can realize the fabrication of micro and 
nano periodic structures with high precision [2–4]. It is a parallel processing method and is 
more effective compared to other technologies such as FIBL (focused ion beam lithography), 
EBL (e-beam lithography) and SPL (scanning probe lithography). The common sequential 
technologies are hard to find the balance between the small processing scale and the 
processing speed. The LIL fabrication area depends on the laser beam size and intensity, and 
both the period and the feature size can keep precisely in a large area. In recent years, LIL has 
been reported for many applications with the direct or indirect method, such as photovoltaic 
cells, antireflection surfaces, hydrophobic surfaces, light-emitting devices, biosensors and 
magnetic dots [5–13]. Multi-beam LIL with the beam number over four has been reported for 
the direct fabrication of 2-D and 3-D photonic crystals [14, 15]. The LIL has shown great 
application potentials. 

The local optic field of the laser beam can be redistributed by interference among the 
coherent laser beams in the superposed area. Parts of the field are enhanced and others are 
eliminated from which an interference pattern is formed. The enhancement level depends on 
the number of superposed coherent beams and their parameters. The pattern can be more 
diversity by the factor configuration of the incident coherent beams. The optical field 
distribution of multi-beam laser interference can be considered as a line and dot pattern plus 
the amplitude modulation effect generated by additional incident coherent beams when the 
number of beams is more than three. The more beams superposed the more complex pattern 
will be formed. In this work, the modulation phenomenon and its application in the 
fabrication of micro and nano structures were discussed. Through a systematic analysis of 
interference of multiple coherent beams, we learned the mechanism of the intensity 
modulation phenomenon. Based on the analyzed knowledge, we employed a group of 
experiments to make verification and obtained special intensity modulation patterns by 
control the parameters of the incident laser beams. 

2. Optical design and simulation

For simplicity, all incident beams are considered to be plane waves with the same wavelength 
and intensity under the noncoplanar condition. The electric field distribution of the plane 
waves can be expressed as 

( )0expE A i K r eϕ = ⋅ + 
   

(1)
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where A  is the real amplitude, e
  is the unit vector of the polarization direction, 2 /K π λ=


 is

the wave vector, r


 is the position vector in the propagation direction, 0ϕ  is the initial phase,

and λ  is the laser wavelength. 
The intensity distribution of the multi-beam interference pattern is 

( ) ( )2
0 0 0 0 0

1

2 cos
N

j i j ij i j i j
j i j

I r E E E e K K r ϕ ϕ
= <

 = + − ⋅ + −  
  

(2)

It can be found from Eq. (2) that the intensity distribution relies on the spatial position vector, 
polarization direction and initial phase difference [16]. The final intensity I  is the 
superposition of multiple 1D two-beam interference patterns. All two-beam pairs can be 
coherent to each other and make the final interference pattern together when the polarization 
directions are not orthogonal. ( 1) / 2NC N N= −  is the number of interference beam pairs, 

and N  is the number of beams. 

Fig. 1. Schematic diagram of four-beam LIL configuration. Beam 1’ is the supposed beam 
vector with the azimuth angle adjustment. The right is the normal interference pattern in the Z 
= 0 plane. 

In this work, four-beam LIL was taken as an example to analyze the amplitude 
modulation phenomena in multi-beam LIL. The four-beam configuration as shown in Fig. 1 is 
a symmetrical setup against the Z-axis. The polarization of beams 1 and 2 was the TE mode 
and that of beams 3 and 4 was the TM mode. The incident angles of the four beams were 

1 2 3 4θ θ θ θ θ= = = = . The azimuth angles were 1 0ϕ =  , 2 180ϕ =  , 3 270ϕ =   and 4 90ϕ =  .

The simulation interference pattern is shown on the right in Fig. 1. The maximum intensity 
can be up to 216A  theoretically. The periods in the x and y directions are the same as 

2sinx yd d λ θ= = . 

After the incident angle of beam 1 is adjusted to 'θ , the beam pair in the X direction is 
asymmetric against the Z-axis that is the vertical axis of LIL fabrication plane. According to 
Eq. (1), the wave functions can be rewritten as 

1

2

3

4

exp( sin ')

exp( sin )

exp( sin )

exp( sin )

E A ikx

E A ikx

E A iky

E A iky

θ
θ

θ
θ

=

= −

=

= −









(3)

The interference intensity distribution I can be expressed as 
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2

4 2exp[ (sin sin ')] 2exp[ ( sin sin )]

2exp[ ( sin sin )] 2exp[ ( sin ' sin )]

2exp[ ( sin ' sin )] 2exp(2 sin )

ikx ik x y

I A ik x y ik x y

ik x y iky

θ θ θ θ
θ θ θ θ
θ θ θ

+ + + − 
 = + + + + 
 + − + 

 (4) 

It can be found from Eq. (4) that there are three spatial frequencies of the pattern in the X 
direction, which is equivalent to the superposition of two two-beam fringe patterns with 
different spatial frequencies. That will generate a Moiré pattern, as shown in Fig. 2(a). The 
periods of the four beam interference distribution pattern in the X direction are changed to 

/ (sin sin ')xd λ θ θ= + . There is an amplitude modulation in the X direction. The modulation 

frequency depends on the frequency bias of the two fringe patterns. The direction of 
modulation is vertical to the X-axis and the period is 

sin sin 'xp
λ

θ θ
=

−
(5)

Figure. 2(a) is the simulation result, in which the incident angle of beam 1 has an increase of 

1 1.8θΔ =  . The upper two images are 2-D intensity distributions and the lower two figures 

are the intensity curves at the position of Y = 0. The primary four-beam interference pattern 
has been modulated by beam 1 with a small change of its incident angle. 

Fig. 2. Simulation result of four-beam LIL in the Z = 0 plane. (a) The incident angle is adjusted 
to 'θ  and the lower figures are the intensity profiles in the X-direction. (b) The azimuth angle
is adjusted from beam 1 to beam 1’ position, and the beam configuration is shown in Fig. 1. 
The lower and right figures are the intensity profiles in the X- and Y-directions separately. 

The simulation result of the effect of incident angle offset on the modulation period as 
shown in Fig. 3. The incident angles changed from 2° to 60° and the angle offset changed 
from 0.1° to 58° with 0.1° step. The modulation period is very sensitive to the incident angle 
offset, which reduces rapidly with the offset increase. When the two incident angles of the 
asymmetric beams pair increase as shown in the figure, the same offset will lead to larger 
modulation periods. With a proper selection of the incident angles and angle offset, specific 
micro and nano dual-scale structures can be obtained. The modulation period can be widely 
adjusted in the range of hundreds of times of the standard interference period. If the beam pair 
is symmetrically configured against the Z-axis, there will be no amplitude modulation in the 
optical field. 
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Fig. 3. The effect of incident angle offset on the modulation period. The Z-axis shows the 
modulation period. The X-axis and Y-axis show the incident angles of the beam pair. 

It can be concluded from the above analysis that if there is a pair of asymmetric beams 
against to the Z-axis, the intensity modulation can be realized. Besides the incident angle, the 
azimuth angle can also lead to an asymmetric configuration. The azimuth angle of beam 1 is 
adjusted clockwise into the position of beam 1’ to study the variation of the interference field, 
as shown in Fig. 1. In this case, the wave function of beam 1’ is 

1 exp[ ( sin cos sin sin )]E A ik x yθ ϕ θ ϕ= − (6)

Other three beams’ vectors are the same as Eq. (3). The interference I can be expressed as 

2

4 2exp[ ( sin cos sin sin )] 2exp[ ( sin sin )

2exp[ ( sin cos sin (1 sin ))] 2exp(2 sin )

2exp[ ( sin sin (1 sin ))] 2exp[ ( sin sin )]

ik x y ik x y

I A ik x y iky

ik x y ik x y

θ ϕ θ ϕ θ θ
θ ϕ θ ϕ θ
θ θ ϕ θ θ

+ + + + 
 = + + + + 
 + + − + − 

 (7) 

The simulation result is shown in Fig. 2(b). An inclined line amplitude modulation can be 
seen in the figure. From the simulation, the azimuth angle variation introduces two changes to 
the interference pattern. Firstly, the fringe direction rotates / 2ϕΔ  as the same direction as 

beam 1. The period of the interference pattern in the X and Y directions can be calculated by 

sin (1 cos )

2sin sin sin

x

y

d

d

λ
θ ϕ

λ
θ θ ϕ

=
+

=
+

(8)

Secondly, there are modulation fringes on the interference pattern in Fig. 2(b). It can be 
understood by vector decomposition analysis. Beam 1’ can be decomposed along the X- and 
Y-axes. The modulation is the same as the situation caused by the incident angle variation.
Both directions will generate Moiré patterns. The periods are

sin (1 cos )

sin sin

x

y

p

p

λ
θ ϕ
λ

θ ϕ

=
−

=
(9)
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The two direction modulations can synthesize a tilted one, and the slope of the synthesized 
modulation is /y xK p p= . The period of the modulation pattern is 

2 2

x y

x y

p p
p

p p
=

+
(10)

3. Experimental examination

For examination, an experimental LIL system was designed and built, the optical setup is 
shown in Fig. 4. A continuous diode pumped solid state laser (Changchun New Industries) 
with a single frequency and single transverse mode output was employed in the system. The 
laser wavelength was 360nm. A 30mm cage system (Thorlabs) was applied in the LIL 
system. Four coaxial thin beam splitters mounted on four hollow rotation stages and divide 
the laser beam into four arms. With the precise rotation around the Z axis of the four splitters 
separately, the azimuth angle was determined. The four incident laser beams were guided by a 
mechanical cage. The incident angle was co-determined by the length of the four arms and the 
height of the top mirrors. The incident beams filtered and expanded by spatial filters in the 
optical path. The initial configuration is shown in Fig. 1. The LIL system can realize the 
indirect micro and nano structure processing procedure through the use of photoresist as 
masks. The positive photoresist used in the experiment was AR-P 3740 (ALLRESIST), spin 
coated at 4000 rpm for 60s on the polished silicon surface. Then it was placed on a 100°C hot 
plate for 60s to remove the solvent. After that, it was exposed by the LIL system and 
developed for 60s using the developer (AR 300-26). After the cleaning and drying 
procedures, the surface morphology of the photoresist was characterized with the scanning 
electron microscope (FEI quanta 250). 

Fig. 4. The optical setup of the four-beam LIL. (a) Schematic diagram, (b) Photo of the cage 
system. 
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Fig. 5. Three symmetric configurations of four-beam LIL. (a) The LIL result when the four 

incident angles were 13.5° and the azimuth angles were 1 0ϕ = 
, 2 180ϕ = 

, 3 270ϕ = 

and 4 90ϕ = 
. (b) The incident angles were 1 2 15.5θ θ= = 

 and 3 4 13.5θ θ= = 
, and

the azimuth angles were the same as those in Fig. 1. (c) All incident angles were 13.5°, and the 

azimuth angles 3 4 20ϕ ϕΔ = Δ = 
 in the clockwise direction. 

In the symmetrical setup against the Z-axis configuration, there are three symmetrical 
cases as shown in Fig. 5. As shown in Fig. 5(a), the standard configuration without angle 
offset both in the two axis directions will not generate Moiré patterns. The interference 
pattern has maximum fringe visibility. Figure. 5(b) is the result of only changing incident 
angles of beam 1 and beam 2 from 13.5° to 15.5°, though the incident angles are different 
from the two beam pairs, that still a symmetrical setup to the Z-axis and no modulation 
generated. Figure. 5(c) shows another symmetrical beams configuration. The incident angles 
of the four beams remained the same and the azimuth angles of the beams pair of beam 3 and 
beam 4 were rotated 20° in the clockwise direction. It can be seen that the interference pattern 
also rotated but without any modulation. It can be concluded that among the three cases, in 
multi-beam LIL the opposite beam with a symmetrical configuration will not generate the 
modulation patterns although the incident and azimuth angles between the beam pairs are 
different. In Fig. 6(a), the incident angle of beam 1 is changed from 13.5° to 15.5°. The 
modulation with the period 10.7μm in the X direction can be seen clearly, and it is close to 
the theoretical result from Eq. (5). When the incident angles of beam 1 and beam 3 are 
changed to 15.5°, the synthesis modulation with the X and Y axis fringes is obtained as 
shown in Fig. 6(b). The azimuth angle bias influences the interference pattern that indicates in 
Fig. 6(c). As the azimuth change can be considered as the incident bias in the two-axis 
directions. As shown in Fig. 6(d), the synthesized LIL result with a clockwise rotation of 20° 
for beam 1 and a counterclockwise rotation of 20° for beam 4. 
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Fig. 6. Amplitude modulations generated by adjusting the incident angles and the azimuth 
angles separately. 

4. Conclusion

In this paper, the amplitude modulation phenomena in multi-beam LIL have been studied. 
Through the mathematical analysis, the amplitude modulation can be consider as a kind of 
Moiré phenomena, and it is generated due to that the opposite beam pair is asymmetric 
against the Z-axis. The four-beam LIL has been taken as an example to theoretically and 
experimentally explore the causes. Both the incident angle and azimuth angle asymmetries 
can cause the amplitude modulation and the modulation period is determined by the angle 
offset. The experiment results have shown good correspondence with the theoretical analysis 
and simulation. It is an efficient way to design multiscale micro and nano interference 
patterns in multi-beam LIL. The amplitude modulation presents a potential to fabricate multi-
scale periodic hierarchical structures with simple procedures. Through bionic research, it has 
been demonstrated that micro and nano two-tier structures play important roles in allowing 
lotus leaves to achieve both high apparent contact angles and low adhesion [17]. The moth 
eyes with multi-scale structures have excellent antireflection property over a wide range from 
UV to infrared and arouse widely interest [18]. Amplitude modulation can also find 
applications to create periodic line defects and wave guides in the fabrication of 2-D and 3-D 
photonic crystals to guide light from one location to another [19]. In the experiment, the 
modulation pattern is sensitive to the offsets of incident angles and azimuth angles. This 
raises a high requirement for the mechanical accuracy of a multi-beam LIL system to obtain 
fine micro and nano dual-scale structures. 
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