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Abstract: Holographic lithography is widely used as an effective approach for two-

dimensional (2D) photonic crystal fabrication. However, for the fabrication of 2D 

polarization structures based on photoaligned liquid crystals (LCs), holographic lithography 

method is limited. The fabrication requires full coverage of light intensity, 2D chiral 

distribution and continuously varying polarization direction, which could be hardly 

guaranteed by multi-beam interference of circularly polarized light (CPL). Herein, we 

introduce a linearly polarized light (LPL) into a three-CPL interference configuration to 

improve the interference field and fulfill the critical requirement. The introduced LPL 

intensity is chosen to be 1/5 of the CPL to guarantee both full coverage of light intensity and 

well photoalignment defined LC directors. Moreover, the introduction of the weak LPL into 

multiple CPL interference is shown to give little disturbance to the desired diffraction 

properties. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
Light polarization, as another light parameter besides intensity and phase, has attracted 

intensive attention [1–3]. Efficient control of light polarization is of particular importance for 

various applications, such as imaging, display, optical communications and so on [1–5]. In 

particular, polarization grating (PG) shows great potentiality for beam splitting, polarization 

conversion and beam steering applications [6–10]. Studies show that two orthogonally 

polarized CPL interference gives a uniform intensity and one-dimensional (1D) periodically 

varying linear polarization distribution [6,7]. This polarization modulation can be recorded by 

polarization-sensitive materials [11–14] and transferred to LC to give a 1D PG. The 

continuous LC director distribution locally modifies the polarization state of light, so that it 

has the polarization selective diffraction property and could reach 100% diffraction efficiency 

on the first order at half-wave condition [7]. Therefore, the 1D PG has attracted intensive 

attention and been studied extensively [8–10]. 

However, there were only limited reports of 2D PGs, which could be fabricated either by 

superposition of two 1D PGs [15,16], or through multi-beam polarization interference [17–

20]. For the first kind of 2D PGs, the structure design is limited. For the second kind of 2D 

PGs, the polarization structure and diffraction pattern should have rich diversity and be more 

attractive. However, different from the traditional multi-beam holographic lithography which 

has been widely used for the 2D binary grating and photonic crystal/quasicrystal fabrications 

[21–23], the requirement for 2D polarization structure realization is much more critical [24]. 

Firstly, the null intensity area should be avoided in the interference field, or else the 
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photosensitive materials cannot be completely oriented [19,20]. Secondly, the polarization 

direction should have 2D chiral distribution and vary continuously in the whole area, which is 

required for 2D PG to give high efficient and polarization selective diffraction. The 

continuous polarization direction distribution is also required by LC material due to the 

energy minimization requirement [25]. Otherwise, the LC directors cannot follow the desired 

polarization distribution, and defects and undefined orientations at the sudden-change area 

will occur. Therefore, the interference configuration should be carefully selected or modified 

for both the intensity and polarization direction distribution requirements. However, almost 

all the previous studies didn’t consider both requirements simultaneously, and only poor 2D 

diffraction properties were demonstrated [17–20]. In our recent study, we explored the multi-

CPL interference field and found that the interference of four CPL with RCP-RCP-LCP-RCP 

configuration (RCP: right circularly polarized; LCP: left circularly polarized) could satisfy 

both requirements, and a 2D PG with high diffraction efficiency and polarization selectivity 

has been demonstrated [24]. However, only limited 2D PGs could be obtained through this 

method since the two conditions could be hardly satisfied at the same time based on 

simulation results, which we have tested from three-beam to nine-beam interference. 

Herein, we found that the polarization distribution of multi-CPL-interference field could 

be modified by introducing a weak LPL into the interferometry. For example, the polarization 

orientations of the three-CPL interference field have sudden changes. However, by 

introducing a weak LPL intoa fourth arm, the polarization distribution could be modified, 

making the polarization direction to be more continuous. Using weak LPL modified multi-

CPL polarization interferometry, the obtained 2D liquid crystal polarization grating (LCPG) 

has similar diffraction property as expected for the multi-CPL case as long as the added beam 

stays weak. The diffraction keeps high efficiency, polarization selective and good diffracted 

CPLquality with orthogonal polarizations. Our proposal may provide another perspective to 

overcome the critical requirement for 2D polarization structure fabrication, and may be 

extended to sub-micron scale to provide an effective way for polarization photonic crystal 

fabrication. 

2.�Simulation and experimental
The simulation was done through Matlab. The electric vector of each interferential beam

can be expressed as ˆ exp{ }i i i iE A p ik r= ⋅
�� �

, where Ai is the amplitude and ˆ ip  is the polarization

vector. The propagation vector is [-sin ,0]i ik k θ=
�

, where 2 /k π λ= . The light interference on 

the x-y plane can be calculated as 4

1( , ) ( , )i iE x y E x y== �
� �

and 
2

( , ) ( , )I x y E x y=
�

 for the electric 

field and intensity distribution respectively. To obtain the polarization distribution, the 

electric vector can be expressed as a general form of elliptically polarized light (EPL)

( , ) ( , )yx ii T
x yE x y A e A e δδ=

�
, where the polarization ellipticity, orientation and helicity can be 

fully characterized [26]. The ellipticity is the ratio of minor to major axis of polarization 

ellipse / tanb a χ=� , where � is the ellipticity angle determined by

2
sin 2 2 Im[ ] / (1+ )χ γ γ= − . The polarization orientation can be expressed by angle �:

2
tan 2 2 Re[ ] / (1- )ψ γ γ= , where the auxiliary parameter is /y xi i i

y x yxA e A e A eδ δ δγ = = . The

helicity of the ellipse can be indicated either by the sign of angle � or �. If either one is 

positive, the light is right-handed polarized. If either one is negative, the light is left-handed 

polarized. In particular, when / 4χ π= ± , it is CPL; when 0χ = , the EPL degenerates to LPL. 

The interference setup was built based on a 488 nm Ar+ laser with long coherence length 

on a floated optical table. The four beams converged symmetrically along the orthogonal 

planes with the same polar angle � (~2.4°) using beam splitters in symmetric arrangement. A 
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pair of polarizer and quarter-wave plate (QWP) was put in three arms to generate CP light, 

and another polarizer was used in the other arm to get LP light. To control the light intensity 

of each beam, a half-wave plate (HWP) was applied before each polarizer. During the light 

interference experiments, the CPL intensity was kept at 16 mW/cm2 each, while the LPL 

intensity was adjustable and the recording time varied from 3 to 10 minutes correspondingly. 

An azobenzene sulfonic dye SD1 (DIC Inc.) was used for interference pattern recording 

[27].The SD1 material was dissolved in N,N-dimethylformamide (DMF) at a concentration of 

1 wt% to spin-coat on a substrate, and followed by soft-baking at 100 °C for 10 min for 

solvent evaporation. After interference light exposure, the polarization orientation was 

recorded by the photoalignment layer. Then a layer of LC polymer UCL017 (DIC Inc., �n = 

0.17) was spin-coated on top. The LC directors would follow the director distribution of SD1 

molecules due to the anisotropic anchoring effect. An additional deep UV polymerization was 

used to fix the LC director to make it a solid film, where the deep UV could not disturb the 

patterned alignment. In this process, the LC polymer thickness could be adjusted by solution 

concentration, coating speed, or using multiple LC polymer layers. On the other hand, to 

fabricate a tunable 2D LCPG, a 2 �m-thick ITO glass cell with SD1 inter coating on both 

substrates was used. A nematic LC material HM2 with high birefringence �n = 0.37 was 

filled into the photo-patterned cell by capillary action [28]. The local transmitted light 

intensity of LC under polarized optical microscopy (POM) is 2 2

0 sin (2 )sin ( / )I I ndϕ π λ= Δ , 

where �nd is the LC phase retardation and � is the azimuthal angle. 

The diffraction property of the 2D PG fabricated by LC polymer was investigated by the 

different probing beams and polymer thicknesses to get different phase retardations. For the 

LC cell investigation, a632.8 nm He-Ne probing laser was used to avoid pattern erasing, and a 

sinusoidal ac voltage was applied to adjust the LC phase retardation. The probe beam was LP 

in general, which could be changed to LCP or RCP by a QWP with its fast axis + 45° or −45° 

to the polarization direction. The polarization ellipticity of the diffracted light was 

characterized by a rotating polarizer. The helicity was checked by a QWP and a polarizer with 

the polarization axis + 45° or −45° to the fast axis of the QWP based on Jones calculus. For 

diffraction simulation, Fourier transform was applied for the transmitted electric field through 

the LCPG where ( , ) ( , )out inE x y T x y E=
� �

. ( , ) [- ( , )] [ ( , )]WPT x y R x y T R x yϕ ϕ= is the transfer 

matrix of a LC wave plate TWP with spatially varying director field �(x,y), and R[�(x,y)] is the 

rotation matrix. 

3. Results and discussion 
For multi-beam interference method for 2D LC polarization structure fabrication, two 

conditions need to be satisfied using photosensitive materials [24]. Firstly, null intensity area 

should be avoided, so that the photosensitive material could be photo induced all over the 

interference area. Secondly, the polarization direction should have 2D chiral distribution and 

vary continuously in the whole area, so that it can be fully transferred to LCs using 

photoalignment method. If there is a sudden change in the polarization orientation, random 

orientations and defects may be induced, and the expected polarization structure and 

diffraction property can be hardly obtained. 

Figure 1 shows the simulation result of three-CPL interference. Although the light 

intensity covers the whole area [Fig. 1(b)], the polarization directions have sudden changes in 

y-direction, which is realized by gradually changing ellipticity as shown in Fig. 1(c). Let we 

neglect the elastic energy requirement of LC material first and assume the LC directors could 

be completely aligned perpendicularly to the long axis of the polarization ellipses and the 

ideal 2D polarization structure could be well obtained. Four 1st order scattered spots with 

polarization selectivity are expected as shown in Figs. 1(e) and 1(f). This diffraction property 

will be used for comparison with the modified case later. However, due to the elastic 

requirement of LC material, LC directors cannot follow the sudden change of polarization 
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