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Abstract: A two-dimensional (2D) pure polarization pattern via four-beam polarization 
interferometry of circularly polarized beams is demonstrated both theoretically and 
experimentally. The polarization orientation of the interference pattern is recorded by an 
azobenzene photoalignment layer and transferred to liquid crystal (LC), enabling the 
fabrication of a 2D liquid crystal (LC) chiral structure. This structure behaves as a 2D LC 
polarization grating (LCPG) that can generate multiple polarization-selective diffraction 
beams of orthogonal polarization states with high efficiency. This 2D LCPG provides an 
effective way to distribute an optical signal into multiple receivers by both incidence 
polarization control and external electric field, therefore offering potential applications on 
multi-channel optical communication and information processing. 
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1. Introduction 
The control of light polarization, which is of importance besides light intensity, has been 
utilized widely for various applications, such as polarization-based imaging systems [1], 
optical switching and isolating in information processing and optical communications [2]. 
Besides traditional polarization beam splitter, polarization grating (PG) shows great 
potentiality for polarization beam splitting [3] and polarization conversion [4]. The 1D PG 
can be obtained through interference of two coherent beams with equal intensity and 
orthogonal polarization states [5–7]. In particular, the interference of two orthogonally 
circularly polarized (CP) beams gives a uniform intensity distribution and a 1D modulated 
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linearly polarized (LP) light field with periodically varying polarization direction [7,8]. This 
polarization modulation can be recorded by polarization-sensitive materials [9–13]. 
Therefore, a spatially varying birefringence can be directly achieved by the photosensitive 
materials in volume or by a surface-aligning LC [14–16], making it a diffraction grating. By 
adjusting the phase retardation of the anisotropic material, the diffraction efficiency of the 0th 
and the 1st order can be tuned between 0% and 100% [16]. 

Besides 1D PG based on polarization holography [5–8,14–16], there were several reports 
about the 2D polarization structure, either by superposition of two 1D polarization patterns 
[17,18], or through multi-beam interference of LP or CP light [19–21]. However, the intensity 
modulations of the multi-beam polarization holography could cause either topological relief 
imposed 2D polarization structure of photo-sensitive polymers [19], or non-complete 
reorientation of the photosensitive material since null intensity areas existed in the 
interference field [20]. By introducing relative phases into four interferential CP beams, the 
intensity modulation could be suppressed, thus a 2D pure polarization microstructures was 
obtained [21,22]. However, the special relative phase arrangement makes it inappropriate for 
certain applications, and the usage of polymer makes the grating not tunable by electric field. 

Here a complete investigation of the both intensity and polarization distribution are 
discussed for interference of four symmetrically-positioned CP beams without introducing 
relative phase difference. Null intensity areas could be avoided, and a chiral polarization 
distribution is obtained with special polarization configuration. An azobenzene small 
molecule is used as photoalignment layer for the polarization information recording. The 
anchoring strength of the thin photoalignment layer is strong enough for LC with low light 
exposure, and it becomes saturated with stronger illumination [23,24]. Therefore, we can 
avoid the problem caused by intensity modulation of the 2D multi-beam holography, and thus 
demonstrate a 2D pure polarization microstructure based on interference of four 
symmetrically-positioned CP beams without relative phase. This method makes it easier to 
adapt to integrated optics such as fiber lasers and optical prisms [25–27]. Based on this 
method, a 2D polarization structure with intrinsic chiral property, i.e. a 2D chiral photonic 
crystal, can be obtained by photoaligned LC or LC polymer. This 2D polarization structure 
performs as a 2D LCPG that processes multiple CP diffraction beams in the 1st order with 
orthogonal polarization states and high efficiency, and the diffraction is polarization selective. 
Therefore, it provides an effective approach to distribute an optical signal into multiple 
receivers by polarization control of the incidence light, and the diffraction efficiency can be 
adjusted by external electric field. Both simulation analysis and experimental results are 
discussed in this paper, giving a complete investigation of the 2D polarization structure and 
grating property. 

2. Simulation and Experimental 
The four-beam polarization interference setup is built based on a 488 nm Ar+ laser with long 
coherence length on a floated optical table. The laser beam splits into two first, and then each 
beam splits into another two symmetrically [Fig. 1(a)]. In this symmetric optical 
configuration, no phase difference exists between each other. A pair of polarizer and quarter-
wave plate (QWP) is put in each arm to generate CP light, and a half-wave plate (HWP) is put 
before polarizer for light intensity control. The four beams converge symmetrically along the 
orthogonal planes with the same polar angle θ, which is chosen to be 3.5° for both simulation 
and experiment. The interference polarization distribution is recorded by a photosensitive 
sample at the interference plane, and the intensity distribution can be monitored by a charge-
coupled device (CCD) camera with proper optical magnification. 
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Fig. 1. (a) Schematic setup of the four-beam polarization interferometry. M: mirror; BS: beam 
splitter, P: polarizer. (b) Chemical structure of azobenzene photoalignment material SD1. 

The light interference can be simulated through Matlab®. ˆ exp{ }i i iE Ap ik r= ⋅




  is the 
electric field of each beam with the same intensity, A is the amplitude and ˆ ip  is the 

polarization vector with ˆ (1, ) / 2T
LCPp i=  for left circularly polarized (LCP) light and 

ˆ (1, - ) / 2T
RCPp i=  for right circularly polarized (RCP) light respectively. The propagation 

vectors of the four symmetric beams are 1 [sin , 0]k k θ=


, 2 [-sin , 0]k k θ=


, 3 [0, -sin ]k k θ=


, 

and 4 [0, sin ]k k θ=


, where 2 /k π λ= . The z-component is neglected and only the 
interference pattern on the x-y plane will be discussed. The sum of the vector fields of the four 

beams is 4
1( , ) ( , )i iE x y E x y== ∑

 

, and the intensity distribution is 
2

( , ) ( , )iI x y E x y=


. To 
explore the polarization state, the electric field of interference can be expressed as 

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



, which is elliptically polarized (EP) in general and can be fully 
characterized by its ellipticity, orientation angle and helicity [28]. An auxiliary parameter γ is 
introduced as the ratio of the y- to x-component, /y xi i i

y x yxA e A e A eδ δ δγ = = . The orientation 

angle ψ is calculated as 2tan 2 2Re[ ] / (1- )ψ γ γ= . The ellipticity is the minor to major axis 
ratio of the polarization ellipse / tanb a χ= , where χ is the ellipticity angle determined by 

2sin 2 2 Im[ ] / (1+ )χ γ γ= − . The helicity of the ellipse is indicated either by angle χ or δ. The 
angle χ is in the range of [-π/4, π/4], and δ can be adjusted to the range of [-π, π]. If 
0 / 4χ π< ≤  or 0 δ π< < , it is right-handed polarized. If / 4 0π χ− ≤ <  or 0π δ− < < , it is 
left-handed polarized. When 0χ = , the EP light degenerates to LP, and when / 4χ π= ± , it 
is CP light. 

An azobenzene sulfonic dye SD1 (DIC Inc.) is used as the photoalignment material for the 
interference pattern recording [Fig. 1(b)] [22,23]. To get a photoalignment layer, the SD1 
powder is dissolved in N,N-dimethylformamide (DMF) at a concentration of 1 wt% and spin-
coated on glass substrate at 3000 rpm for 30 s, which is then soft-baked at 100 °C for 10 min 
for solvent evaporation, giving a 10 nm-thick solid film. After exposure to the interference 
pattern with 80 mW/cm2 recording intensity for 5 min, the polarization orientation is recorded 
by the photoalignment layer. A layer of LC polymer UCL017 (DIC Inc., Δn = 0.17) is then 
spin-coated on top, whose thickness can be adjusted to achieve desired phase retardation 
value. The LC directors will follow the director distribution of SD1 molecules due to the 
anisotropic anchoring effect, and an additional deep UV polymerization process fixes the LC 
director distribution to make it a solid microstructure without disturbing the patterned 
alignment. The 2D LC pattern can be visualized under polarized optical microscopy (POM). 
The local transmitted light intensity of LC between crossed polarizers is 
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2 2
0 sin (2 )sin ( / )I I ndϕ π λ= ∆ , where Δnd is the LC phase retardation and φ is the director 

azimuthal angle. 
A 457 nm solid state laser is used as probe beam to investigate the diffraction property of 

the 2D polarization microstructure. The probe beam is LP, which could change to LCP or 
RCP by going through a QWP with its fast axis + 45° or −45° to the polarization direction. 
The polarization of the diffracted light by the LCPG is checked by a rotating polarizer, and 
the helicity of the CP light is checked by going through a QWP and a polarizer with the 
polarization axis + 45° or −45° to the fast axis of the QWP based on Jones calculus. For 
simulation, the grating diffraction can be obtained by Fourier transform of the transmitted 
electric field through the LCPG ( , ) ( , )out inE x y T x y E=

 

. T(x,y)is the transfer matrix of a wave 
plate TWP with spatially varying director field φ(x,y), ( , ) [- ( , )] [ ( , )]WPT x y R x y T R x yϕ ϕ= , 
where R[φ(x,y)] is the rotation matrix. 

One the other hand, a 2 μm-thick ITO glass cell with SD1 inter coating on both substrates 
is also exposed to the interference pattern with the same illumination condition, and then a 
nematic LC material HM2 with high birefringence Δn = 0.37 [29] is filled into the patterned 
cell by capillary action. A 632.8 nm He-Ne laser is used as probe beam to investigate the 
diffraction property of the tunable grating to avoid pattern erasing, and a sinusoidal ac voltage 
is applied to the cell to adjust the LC phase retardation. 

3. Results and Discussion 
For interference of four symmetric CP beams with the same intensity and no relative phase 
difference, there are four different combinations of CP light helicities as listed in Table 1 and 
shown in Fig. 2(a). Other CP light combinations give similar results with only pattern 
rotation, flipping or polarization reversion. In contrast to the two CP beam interference whose 
intensity is constant [5,6,14–16], the intensity distribution of the four CP beam interference is 
not uniform in our configuration [Figs. 2(b) and 2(c)]. In case 1, the intensity maxima are 
located on a 2D square lattice with periodicity √2Λ, where / 2sinλ θΛ = . In case 2, the 
maximum intensity areas get elongated in the x-direction. In case 3, the intensity distribution 
is a 2D square lattice with periodicity Λ. In case 4, the intensity distribution becomes 1D 
stripes oriented at 45°. The intensity maximum (Imax) and minimum (Imin) of different cases 
are listed in Table 1. In case 1, 3 and 4, the intensity minimums are zero, while Imin = A2 in 
case 2 and thus no null intensity areas exist in the interference field. Figure 2(c) shows the 
experimental intensity distributions, consistent with the simulation results. 

Table 1. Comparison of Four Symmetric CP Beam Interference with Different 
Polarization Configurationsa 

Case Configuration Imin/Imax
 Polarization Polarization Orientation 

1 RCP-RCP-RCP-RCP 0/16A2 CP / 
2 RCP-RCP-LCP-RCP A2/10A2 EP continuous 
3 RCP-LCP-RCP-LCP 0/8A2 EP 90° jump 
4 LCP-LCP-RCP-RCP 0/8A2 LP continuous 

aA2 is the light intensity of one of the four interference beam. 
Besides intensity, the polarization distribution of the interference field is of particular 

interest [Fig. 2(d)]. In case 1, there is no polarization modulation, which is the same as 
incidence. Contrarily, modulated LP light with periodically varying polarization direction as 
the 2-beam PG is obtained in case 4, with a 45° rotation and √2Λ as the periodicity. For the 
other two cases, the interference electric field is EP where the ellipticity and orientation are 
position-dependent. In case 3, the orientations of the polarization ellipses are either 0° or 90° 
in the adjacent squares with periodicity Λ. The 90° orientation jump is realized by gradually 
changing ellipticity. In case 2, however, both the ellipticity and orientation of the ellipse 
change continuously and gradually with position. 
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Fig. 2. Interference of four symmetric CP beams with different polarization configurations. (a) 
Schematic diagrams of the four-beam arrangement. (b) Simulated intensity distribution of the 
interference pattern. (c) Experimental intensity distribution. (d) Simulated polarization 
distribution of the interference field. Different colors indicate different polarization states. 
Blue: left-handed polarization; Red: right-handed polarization; Black: linear polarization. 

As known, when exposed to LP light, the azobenzene molecules align perpendicularly to 
the polarization direction [30]. If the excitation light is EP, azobenzene molecules will then 
align perpendicularly to the long axis of polarization ellipse with strong enough exposure 
dosage [31]. Based on the discussion above, case 2 is suitable for photoalignment of LC, 
since the orientation of polarization ellipse varies continuously in the x-y plane and the 
intensity distribution has no null area. Therefore, the polarization orientation can be fully 
recorded by the azobenzene photoalignment material in this case. We use a thin layer of SD1 
azobenzene material for the polarization pattern recording (“case 2” omitted). Average 
exposure dosage of 24 J/cm2 is used to ensure that strong anchoring can be induced even at 
the minimum intensity area (6 J/cm2) while the alignment of maximum intensity areas (60 
J/cm2) gets saturated [22,23]. Then a layer of LC polymer is spin-coated on top and then UV 
cured to obtain a uniform solid film with periodically varying director field. The LC textures 
from both simulation and experiment are shown in Figs. 3(a) and 3(b) under POM. The LC 
directors are perpendicular to the long axis of the polarization ellipse, which is visualized in 
Fig. 3(c) corresponding to Fig. 2(d) in case 2. A periodic 2D pure polarization structure with 
intrinsic chiral property, i.e. a 2D chiral photonic crystal, is thus obtained by photoaligned 
LC. 
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Fig. 3. 2D LC chiral texture observed under POM (case 2). (a) Simulated LC texture. (b) LC 
texture realized experimentally. (c) Simulated LC texture with director configuration (green 
short lines) in one period. 

The periodic 2D chiral structure could diffract light as PG. The diffraction has several 
diffraction orders, as shown in Fig. 4. The 0th order is in the center, keeping the original 
propagating path. The 1st order consists of six diffraction spots with equal intensity, which 
occupies most of the diffraction energy. The 2nd order possesses 4 diffraction spots, which 
are much dimmer around the 1st order. There are even higher orders that can be neglected due 
to extremely low diffraction efficiency. Figures 4(a)-4(c) show that the diffraction efficiency 
η varies with LC phase retardation, and the detailed dependence of the first three orders is 
plotted in Fig. 4(d). The maximum diffraction happens at half-wave condition ( / 2nd λ∆ = ), 
where the 1st order occupies about 85% of the total energy. These properties are valid at least 
from UV to microwave range, as long as the LC material keeps anisotropic and not absorbent 
[32–34]. 

 

Fig. 4. Diffraction of the 2D LCPG with different LC phase retardation based on simulation 
(case 2). (a)-(c) Diffraction intensity distribution. The 0th, 1st and 2nd orders are marked 
respectively in (c). (d) Diffraction efficiencies of the 0th, 1st and 2nd orders from both 
simulation and experiments. 

The diffraction of the 2D LCPG is expected to be polarization sensitive due to its chiral 
property. The simulation result shows that the unpolarized or LP light can be diffracted into 
all the orders [Fig. 5(a)], while CP light is mainly diffracted into the positive or negative 
orders depending on its helicity [Figs. 5(b) and 5(c)]. There is very weak energy leakage of 
the diffracted light to the other side, which can be barely seen in Figs. 5(b) and 5(c). The 
leaked power of the 1st order is about 1.27% of the main opposite ones (contrast ratio ~79) 
from simulation based on Fourier transform. The light polarization can be monitored by the 
phase difference δdiff between the y- and x-component of the diffracted electric vector, which 
keeps unchanged regardless of phase retardation [Figs. 5(d) and 5(e)]. With CP incident light, 

                                                                                                  Vol. 26, No. 6 | 19 Mar 2018 | OPTICS EXPRESS 7689 



the diffraction is pure CP with opposite helicity to the incidence, where RCP has δdiff = -π/2 
and LCP has δdiff = π/2. If the incident light is LP, which can be split into a pair of LCP and 
RCP light, the 1st order diffractions are the superposition of that from LCP and RCP light. 
Therefore, the diffraction of LP light is nearly CP due to the weak diffraction leakage, which 
is indicated by the small difference of δdiff compared to ± π/2 as shown in the inset of Fig. 
5(e).The small energy leakage is probably because that the 2D LCPG is constructed by 
photoalignment technology, which can only record the polarization orientation, and thus the 
complete recovery of the interference field is not obtained. However, the leaked energy is low 
enough to be neglected in practical application. 

 

Fig. 5. Polarization investigation of the 2D LCPG diffraction (case 2). (a)-(c) Simulated 
diffraction intensity with different polarization incidence at half-wave condition. (d) and (e) 
The simulated phase δdiff of the main 1st order beams. Inset: normalized δdiff of diffractions 
from CP and LP light. (f)-(h) Experimental diffraction with different polarization incidence on 
the 2D LCPG (d ~1.3 μm). The diffraction efficiencies are measured and marked in the figure. 
(i) Polarization measurements (normalized intensity vs. polarizer angle) of the 1st order of LP 
(open symbols) and CP incidence (closed symbols) respectively from experiments. (j) 
Schematic illustration of the 2D LCPG diffraction with different incident polarization. 

To confirm the simulation result, the diffraction of the 2D LCPG is investigated 
experimentally [Figs. 5(f)-5(i)]. The helicity of the diffracted light can be checked by going 
through a QWP and a polarizer at ± 45° based on Jones calculus. Upon 457 nm laser 
incidence, the LCP light is mainly diffracted into the three −1st orders on the left which are 
RCP [Fig. 5(g)], and the RCP incident light is mainly diffracted into the three + 1st orders on 
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the right that are LCP [Fig. 5(h)]. The leaked 1st order light on the opposite side is small 
compared to the main ones from experiment as marked in the figure. For LP light incidence, 
the six main 1st order diffraction spots are observed [Fig. 5(f)]. The polarization of the 
diffracted light is checked by a rotating polarizer, as shown in Fig. 5(i), indicating the 
diffracted beams are near CP. The diffracted light ellipticity with LP light incident is smaller 
(0.82/0.88 for LCP/RCP diffracted light respectively) compared to that of CP incidence 
(0.94/0.94 for LCP/RCP diffracted light respectively) due to the energy leakage, which are 
basically consistent with the simulation results. But the measured light ellipticity is actually 
smaller than expected, and the measured diffraction efficiencies of the 1st order are also 
lower than the simulation result [Fig. 4(d)]. The maximum diffraction efficiency η ± 1 is found 
to be ~70% of the total power from experiment, which is lower than the expected value of 
85%. Although the imperfect incident CP probing light and the scattering from LC polymer 
could lower the diffraction efficiency and cause the imperfect CP diffracted light, the 
discrepancies are mainly due to optical misalignment of the multi-beam interference setup. 
Simulation shows that a small misalignment of one beam in the interference setup will cause 
the diffraction efficiency drop significantly, for example, a 0.35° misalignment lowers the 1st 
order diffraction to 73%, and the misalignment also lowers the ellipticity of diffracted light 
with LP incidence (results not shown). This small misalignment is hard to be completely 
avoided in our experiments by hand adjustment. However, integrated optical systems using 
fiber lasers or optical prisms could improve the results [24–26]. The polarization selective 
multi-channel diffraction property of the 2D LCPGs, as schematically illustrated in Fig. 5(j), 
shows great potentiality for applications in optical communications [2], quantum computing 
[35,36] and optical security industries [37]. In addition, the complex PG structures may be 
extended to nano-scale with larger interferential polar angle, providing an effective way for 
chiral photonic crystal/quasicrystal fabrications. 

On the other hand, if a nematic LC is filled into a four-beam interference patterned cell 
instead of using LC polymer, an electrically switchable 2D LCPG could be constructed. The 
LC effective birefringence Δneff can be controlled continuously by applied ac voltage, and 
thus the diffraction efficiency η is adjustable. Here, a nematic LC with high birefringence is 
used to allow wide adjustable range in a thin cell. The electro-optical behavior of a 2D LCPG 
is shown in Fig. 6. The diffraction efficiency of the 1st order η ± 1 at off state is low since the 
effective phase retardation (Δneffd) is near λ. As voltage increases, Δneff decreases. When 
Δneffd reaches λ/2, η ± 1 is maximum and η0 is minimum. Then η ± 1 decreases with voltage 
until Δneff approaching to 0, where the diffraction is mainly to the 0th order. Here η ± 1 is 
lower than that of LC polymer film on one photo-patterned substrate. This is firstly due to the 
undefined pretilt angle of LC, which causes defects and thus decreases the diffraction 
efficiency with applied voltage. Secondly, there is small difference of the interference pattern 
at the front and back substrates of the cell due to the cell gap. The two mismatched patterns 
cause the binary grating effect, and therefore lead to higher order diffractions and the non-
vanishing 0th order at half wave condition. This effect becomes more serious if the cell gap 
gets thicker [15]. However, these problems could be further optimized, for example, by using 
smaller interference polar angle and smaller cell gap, or by introducing uniform pretilt angle 
after pattern recording [38]. 
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Fig. 6. Diffraction of the 2D LCPG as a function of applied electric field (f = 1kHz). (a) 
Diffraction efficiencies of the 0th and 1st order as a function of applied electric field. (b) and 
(c) Diffraction patterns at different voltages respectively. A uniformly aligned nematic LC cell 
is used as 100% efficiency reference. All given voltages are peak to peak values. 

4. Conclusion 
In conclusion, a 2D pure polarization structure with intrinsic chiral property has been 
demonstrated through a four-CP-beam interferometry. The four CP beams are symmetrically 
arranged without relative phase difference between each other. The interference with different 
polarization configurations is discussed, where an EP electric field with periodically changing 
polarization orientation without intensity null is chosen to induce anisotropic anchoring of the 
azobenzene photoalignment layer, and then transferred to LCs. The resulting 2D LCPG has 
multiple diffraction spots in the 1st order with high efficiency. The diffraction is polarization 
selective and the diffracted beams have orthogonal CP polarization states, providing an 
effective way to distribute an optical signal into multiple channels by polarization control of 
the incident light. On the other hand, the multi-beam interference with any polarization 
configuration can be predicted based on the simulation method, and different polarization 
structures could be realized experimentally through multi-beam polarization interference 
based on photoalignment technology. 
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