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Multi-beam laser interference lithography (LIL) has become one of the most important techniques 
and shown significant advantages in the fabrication of micro- and nano-structures. Controlling inten-
sity ratio of optical distributions is a key issue in LIL for fabricating micro- and nano-structures. This 
paper presents an asymmetrical three-beam LIL system which effectively improves the intensity ratio 
of optical distributions. Comparing with the symmetrical three-beam interference, the asymmetrical 
three-beam LIL achieved the high intensity ratio of optical distribution when producing the similar 
interference pattern. In addition, this system also avoids modulation patterns in multi-beam LIL sys-
tems and reduces the difficulty of actual LIL processing. A fast Fourier Transform (FFT) analysis used 
to study the pattern distributions of the asymmetrical three-beam interference from frequency spectra 
which shows that the pattern with a high-intensity array can be obtained by adjusting the parameter 
settings of incident laser beams. The asymmetrical three-beam LIL system was verified through fab-
ricating patterns. The experimental results are in good agreement with the theoretical analyses.  
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1. Introduction 
Periodic micro- and nano- structures have attracted 

much attention due to their natural advantages in adjusting 
diffraction, wettability, anti-reflection, and structural color-
ation [1-3]. Typical fabrications of periodic and quasi-peri-
odic structures include metal-assisted chemical etching 
(MACE) [4], e-beam lithography (EBL) [5], ion beam li-
thography (IBL) [6], scanning probe lithography (SPL) [7], 
and laser-induced periodic surface structures (LIPSS) [8]. 
However, low throughput, high cost, and limited availability 
constrain scalable producing functional structures using the 
aforementioned approaches. Femtosecond lasers are com-
monly used to prepare micro- and nano-structures with the 
advantage of their minimal thermal effect [9-10]. But the 
technique essentially scans an object point-by-point by a fo-
cused femtosecond laser, which limits its processing effi-
ciency. Laser interference lithography (LIL) as an optical 
maskless lithography to record periodic patterns emerged as 
alternatives to traditional optical lithography for fabrication 
at low cost, large-scale and with high throughput. Depending 
on the morphologies of functional surfaces, periodic struc-
tures can be fabricated by designing appropriate configura-
tions of multi-beam LIL, leading to changes in specified 
properties of the material surfaces.  

Appropriate configuration of multi-beam LIL can be 
used to generate ordered structural morphologies, which is a 
major challenge for obtaining specified functional artificial 
materials. For example, two-beam LIL is an effective 
method for the preparation of periodic one-dimensional 
structures, which can easily control the period of structures 
from nanometers to micrometers for the purpose of adjusting 

structural colours [11-12] and wetting anisotropy [13-14]. 
Three-beam LIL can effectively form highly ordered super-
hydrophobic surfaces on silicon wafers [16-17]. Four-beam 
LIL was often used to manufacture multifunctional struc-
tures [18-20] and 3D photonic crystals [21-22]. Biomimetic 
structures were directly produced using six-beam LIL [23]. 
LIL is a versatile tool to make functional micro-and nano-
structures. Graus et al. [24] reported a direct laser interfer-
ence patterning for fabricating periodic magnetic nanostruc-
tures on Fe60Al40 films. Wang et al. [25] presented a laser-
interference-controlled electrochemical deposition method 
for direct fabrication of periodically micropatterned magnet-
ite (Fe3O4) nanoparticles. Patterns of structures rely on the 
parameters of coherent laser beams which controlled the op-
tical field distribution in LIL. Studying the theoretical model 
of light field distributions can accurately realize designed 
periodic structures and control their parameters, including 
the period, shape and distribution of the structures, which 
improves processing efficiency of fabricating functional ma-
terials [26-29]. In the previous work, we have discussed the 
effect of four-beam laser interference parameters on forming 
patterns and the modulation phenomenon [19, 30-31]. How-
ever, there are still many issues worthy of discussion and re-
search in multi-beam LIL, especially the intensity ratio of 
interference fields. On the other hand, the main difficulties 
in the construction of the spatial structure of the optical setup 
are to determine the positions of incident beams, including 
azimuth angles, incident angles, and polarization directions. 
Therefore, a simplified optics design of multi-beam LIL is 
important to implement industrial strategies.  
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In this paper, an asymmetrical three-beam LIL is pre-
sented for fabricating micro- and nano-structures. This de-
sign can form a higher intensity ratio of optical field distri-
butions when producing a similar interference pattern as that 
of the symmetrical three-beam interference. The optical field 
distribution of multi-beam interference depends on the num-
ber of superposed coherent beams and their configuration. 
In this work, impacts of various parameters of coherent 
beams on the optical field are studied to effectively control 
periodic structures with a high duty cycle and consistency 
via the asymmetrical three-beam LIL system. These theoret-
ical analyses are verified by experimental results, and FFT 
can analyze and further verify the structure in the frequency 
domain. The asymmetrical three-beam LIL system is simple, 
which reduces the difficulty of constructing the actual opti-
cal path and improves the control of the pattern of the light 
field.  

 
2. Optical design and simulation  

For simplicity, all incident beams are considered to be 
plane waves with the same wavelength and intensity, and the 
general form of n-beam interference can be described as the 
superposition of electric field vectors of the incident beams 
( 1E


, 2E


, … , and nE


).  
The electric field distribution of the nth plane wave is 

expressed as:  
( )0nnnnn tωrKeAE ϕ+⋅−⋅⋅⋅= 

cos ,                        (1) 

where An is the amplitude, ne  is the unit polarization vector, 

nK


 is the wave vector, r  is the position vector in the propa-
gation direction, ω is the frequency, and ϕ0n is the initial 
phase.  

In Eq. (1), r and nK


 and ne  can be obtained by:  

( )zy,x,r = ,                                                            (2) 

( )nnnnnn θk,θk,θkK cossinsincossin ⋅−⋅⋅⋅⋅= φφ


,  (3) 















⋅−
⋅−⋅⋅−
⋅+⋅⋅−

=

nn

nnnnn

nnnnn

n

ψθ
,ψψθ
,ψψθ

e
cossin

sincoscossincos
sinsincoscoscos

φφ
φφ

 ,              (4) 

where k is the wave number and k = 2π/λ (λ is the wave-
length of incident beams), θn, φn and ψn are the incident an-
gle, the azimuthal angle, and the polarization angle of nth 
incident beam, respectively. It can be found from Eq. (3) that 
a wave vector is independent of the polarization mode of co-
herent beams.  

The intensity distribution of multi-beam interference 
pattern can be written as [30]:  
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where jiij eee 
⋅= .  

It can be seen from Eq. (5) that the intensity distribution 
relies on the spatial position vectors, polarization directions 
and initial phase difference.  

Schematics for three-beam interference configurations 
are conceptually illustrated in Figure 1. There are four cases 
of the polarization modes in the symmetrical three-beam in-
terference (Figure 1a), including TE-TE-TE, TM-TM-TM, 
TE-TM-TE and TM-TE-TM. According to Eq. (4), Table 1 
shows the polarization modes and the corresponding polari-
zation vectors.  

 

 
Fig. 1 Two spatial distributions of three-beam interference. (a) 

The symmetrical three-beam interference configuration with the 
azimuthal angles of 0°, 120°, and 240°; (b) The asymmetrical 

three-beam interference configuration with the azimuthal angles 
of 0°, 90°, and 180°.  

 

Table 1 Polarization modes and corresponding polarization vectors of the symmetrical three-beam interference. 

Polarization 
modes Polarization vectors 
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It is assumed that amplitudes of each beam are identical, 

initial phases are 0, and incident angles are θ1 = θ2 = θ3 = θ. 
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The intensity distributions of the symmetrical three-beam in-
terferences in different polarization modes can be expressed 
as:  
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Figure 2 shows the simulation results via MATLAB. Ac-
cording to the results shown in Figures 2a-b, it is obvious 
that the simulated patterns are little different between TE-
TE-TE mode and TM-TM-TM mode when the incident an-
gles are 20°. In the case of TE-TE-TE mode, the maximum 
intensity is not affected by the incident beam angles from Eq. 
(6). It can be seen from Figures 2c-d that there are identical 
distributions of dots in the TE-TM-TE mode and TM-TE-
TM mode. From Eq. (8), theoretically, the maximum inten-
sity is close to 7.5A2 for the TE-TM-TE mode.  

 

 
Fig. 2 Simulation results of symmetrical three-beam interference 

in Z = 0 plane (θ = 20°).  
 

In the asymmetrical three-beam interference (Figure 1b), 
there are three cases of polarization modes because two 
beams perpendicular to each other cannot interfere [29]. The 
polarization modes are TE-TM-TE, TM-TE-TM, and TM-
TM-TE. Table 2 shows their corresponding polarization vec-
tors. 

 

 

Table 2 Polarization modes and corresponding polarization vectors of the asymmetrical three-beam interference. 

Polarization 
modes Polarization vectors 

TE-TM-TE ( )0,1,01 −=−TEe , ( )222 sin,cos,0 θθ −−=−TMe , ( )0,1,03 =−TEe  

TM-TE-TM ( )111 sin,0,cos θθ −−=−TMe , ( )0,0,12 =−TEe , ( )333 sin,0,cos θθ −=−TMe  

TM-TM-TE ( )111 sin,0,cos θθ −−=−TMe , ( )222 sin,cos,0 θθ −−=−TMe , ( )0,1,03 =−TEe  

 
The interference intensity distributions of the symmet-

rical three-beam interference in different polarization modes 
can be expressed as:  
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Figure 3 shows the simulation results via MATLAB. In 
the asymmetrical three-beam interference, the maximum in-
tensity is close to 9A2 for the TE-TM-TE and TM-TE-TM 
modes at small incident angles. This indicates that the asym-
metrical configuration with the azimuth angles of 0°, 90°, 
and 180° has a higher intensity ratio of optical distributions 
than the symmetrical three-beam interferences. Besides, the 
intensity of TM-TE-TM modes is more sensitive to the inci-
dent angle offset than that of TE-TM-TE mode, as shown in 
Figure 4. The incident angles (θ) were changed to 45° and 
70°, respectively. Figures 3b, 4b and 4d show that the pattern 
periods are changed. The interference patterns are obviously 
different.   

The pattern periods along the x and y axes are computed 
by:  

θ
λ

θθ
λ

sin2sinsin 31
=

+
=xd ,                                       (13) 

θ
λ

θ
λ
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==yd .                                                     (14) 

The above formulas clearly show the influence of the in-
cident angle on the periods of patterns. dy in the y direction 
is independently changed by changing the incident angle of 
Beam 2 with the azimuth angle of 90°. In the TM-TM-TE 
mode (Figure 3c), the polarization directions of Beam 1 and 
Beam 3 (Figure 1b) are perpendicular to each other, and 
Beam 2 interferes with these two beams respectively and su-
perimposed to form a chain-like pattern with a maximum in-
tensity of ≈ 5A2.  
 

 
Fig. 3 (a-c) Simulation results of asymmetrical three-beam inter-
ference in Z = 0 plane (θ = 20°). (d-e) The frequency spectra of 

(a) and (b), respectively.  
 

 
Fig. 4 Simulation results of asymmetrical three-beam interference 
with different incident angles in Z = 0 plane. (a-b) θ = 45°; (c-d) θ 

= 70°.  
 

In general, multi-beam interference can generate evenly 
distributed periodic patterns. However, in practice, ampli-
tude modulation effects are almost unavoidably introduced 
in interferogram because of a misaligned azimuth angle [19] 
or unequal incident angles of coherent beams [30], which is 
not desired for many applications [32-34]. In the interfer-
ence of three non-coplanar beams, a misaligned azimuth an-
gle of coherent beams affects the distribution of dots, and the 
unequal incident angles can change the periods of the pat-
terns. There is no doubt that the asymmetrical three-beam 
LIL avoids modulated interference effects.  
 
3. Experiment 

The asymmetric three-beam LIL system was designed 
and built, and Figure 5 schematically depicts the optical 
setup. The light source of the system is a diode-pumped 
solid-state laser (MSL-FN-360-S, CNI) with a wavelength 
of 360 nm and a power of 80 mW. These beams were split 
via two beam splitters, quarter-wave plates and polarizers 
were used to precisely control the powers of the three beams 
and their polarization modes. The azimuth angles were 0°, 
90°, and 180°, determined by the splitters. Three mirrors di-
rectly guided the incident angles of coherent beams. The in-
cident angles were 13.5°. Therefore, the design of the optical 
path controlled the parameters of LIL. The power of the laser 
beams was measured with a photodiode power sensor 
(S120VC, Thorlabs).  

The positive photoresist (AR-P 3740, Allresist) was 
spun on a silicon wafer at 4000 rpm to produce a 1.4 μm 
thick film, and was soft-baked for 1 min at 100°C. After ex-
posed to the LIL with the dose of 40-80 mJ·cm-2, the peri-
odic structure was generated during the developing process 
in a developer (AR 47, Allresist) for 1 min. After the clean-
ing and drying, the morphologies of the samples were char-
acterized via the scanning electron microscope (SEM, 
Quanta250, FEI), as shown in Figures 6a-b.  
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Fig. 5 Schematic diagram of the asymmetric three-beam LIL. (a) Schematic diagram: B, beam splitter; M, mirror; W, quarter-wave plate; 

P, polarizer; and L, lens. (b) Photo of the asymmetric three-beam LIL system. 
 
From the SEM images, the experimentally obtained 

structures exhibit good agreement with the corresponding 
simulated results (Figures 3a-b). However, it is not enough 
to analyze the structure which is consistent from the spatial 
structures. FFT analysis converts a structure from its space 
domain to the frequency domain [35], so that we can accu-
rately study features of the period structures fabricated via 
the asymmetric three-beam LIL.  

As shown in Figures 6c-d, the frequency spectra show 
the frequency distributions of the periodic structures. Com-
paring the spectrogram of Figure 3d, it can be found that the 
frequency distribution of the structure (Figure 6a) and the 
frequency spectrum of the simulated pattern (Figure 3a) are 
basically the same. According to Equations (13) and (14), 
the theoretical periods of the interference pattern are dx = 
0.771 µm and dy = 1.542 µm. From the SEM image (Figure 
6a), the periods of the structure in x and y directions are 
0.771 µm and 1.516 µm, respectively, measured by SEM. It 
means that the actual incident angle of Beam 2 is 0.233° la-
ger than the theoretical value. In the case of TM-TE-TM 
mode, there is a slight deviation between Figures 3e and 6f, 
mainly because the incident angle of Beam 2 is slightly 
smaller than that of the other two beams in the asymmetric 
three-beam LIL system. From the SEM image (Figure 6b), 
the periods of the structure in the x and y directions are 0.747 
µm and 1.557 µm, respectively. Compared with the theoret-
ical analyses, the error of Beam 2’s incident angle is -0.132°, 
and error of Beam 1 and Beam 3’s incident angle is 0.443°. 
The slightly different incident angels do not generate modu-
lation interference patterns in either the TE-TM-TE or TM-
TE-TM mode, which further proves the asymmetrical three-
beam can avoid the modulation effect.  

 

 
Fig. 6 SEM images of periodic structures fabricated by asymmet-
ric three-beam LIL with the TE-TM-TE mode (a) and TM-TE-TM 
mode (b) and their frequency spectra (c-d), scale bar = 1 µm. (e) 
and (f) are the schematic diagrams of frequency spectra corre-

sponding to (c) and (d), respectively.  
 

The asymmetrical three-beam interference with the TE-
TM-TE mode forms a higher intensity ratio of optical distri-
bution compared to the symmetrical three-beam interference 
with the TE-TM-TE mode, as shown in Figure 7a, and the 
incident angles are 13.5°. The optical distributions were 
clearly recorded on photoresist. In comparison, the ad-
vantage of the asymmetrical three-beam interference is self-
evident from the cross-section SEM images of structures 
(Figures 7b-c), which can effectively obtain structures with 
a higher duty cycle at the same radiation energy. This design 
of the asymmetrical optical path can also be used to laser 
interference patterning for directly processing on various 
metals and semiconductors.  
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Fig. 7 (a) Intensity curves along the corresponding lines in the in-
sets; the insets are optical patterns of the symmetrical 3-beam in-
terference with the TE-TM-TE mode (i) and the asymmetrical 3-

beam interference with the TE-TM-TE mode (ii), respectively. (b-
c) The SEM images of the photoresist samples generated at the 
same exposure dose (60 mJ·cm-2): (b) and (c) correspond to (i) 

and (ii), respectively. Scale bar = 1 µm.  

 
4. Conclusions 

In this work, we propose an asymmetrical design of 
three-beam LIL. The system is simple with respect to the 
design of optical paths, and is able to effectively control the 
formation of interference patterns so that makes it easier to 
fabricate the periodic structures with high duty cycles. The 
asymmetric three-beam interference (0°, 90°, 180°) with the 
TE-TM-TE mode can form interference patterns with a max-
imum intensity of 9A2 which is higher than the symmetric 
three-beam interference (0°, 120°, 240°). The asymmetrical 
three-beam LIL system has been built, and the experiment 
results have exhibited good correspondence with the theo-
retical analyses and simulations, verified by SEM images 
and FFT analyses. The simple design of the multi-beam LIL 
has great advantages for fabricating periodic structures. The 
system construction is simple and it can effectively adjust 
various parameters for accurately controlling the features of 
periodic structures. In addition, the asymmetrical three-
beam LIL also avoids modulation patterns in multi-beam 
LIL systems, and reduces the difficulty of processing be-
cause it can form an optical field distribution with a high in-
tensity ratio as the exposed tool, which is used for lager-area 
fabrication of functional surfaces, such as structural colour 
[11-12], anti-reflection [16-17], super-hydrophobicity [36-
37], and surface-enhanced Raman scattering (SERS) [38-39].  
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