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1. Absorption Spectra of Brilliant Yellow and PAAD-72 

The brilliant yellow and PAAD-72 are bought from Sigma-Aldrich and Beam Co respectively, 

and used without further purification. To measure the absorption spectra of brilliant yellow 

and PAAD-72, we spin-coated thin films of them on glass substrates with 1500 rpm. The 

PAAD-72 is used as received without dilution. As for brilliant yellow, we tried different 

concentrations and found that 0.5wt% in dimethylformamide (DMF) yields a good 

photoalignment with slightly longer exposure time than PAAD-72. The absorption spectra of 

these thin films were measured after 20 min baking on a 90°C hot stage. Both the brilliant 

yellow and PAAD-72 provide excellent planar alignments of LC molecules, which is in 

agreement with previous studies
1,2

.  

  

 
Figure S1. Absorption Spectrum. Measured absorption spectra for thin films of 

brilliant yellow and PAAD-72.  



   Submitted to  

 3 

2. Simulation Studies of Plasmonic Metamasks (PMMs) 

We have performed numerical simulations to optimize the PMM transmission and 

polarization contrast. To simplify the notation, the short axis of the nanoapertures is oriented 

along the x-axis and the long axis of nanoapertures is oriented along the y-axis. Accordingly 

the transmittance for polarization along the x-axis is referred to as the TM transmittance.  

Firstly, we compared square and triangular lattice of parallel rectangular nanoapertures. 

The results show that for the same size and periodicity of the nanoapertures and the same film 

thickness, the triangular lattice yields roughly 50% higher optical transmission and better 

polarization contrast in the wavelength range between 400nm and 600nm (Figure S2a-b). This 

can be attributed in one part to the fact that the nanoaperture density in the triangular lattice is 

 
Figure S2. Effects of the lattice and mask thickness. a, b) Exemplary TM transmission 

spectra (a) and polarization contrast spectra (b) for the triangular and square lattices of 

rectangular nanoapertures in a 150 nm thick metamask. c, d) TM transmission spectra (c) 

and polarization contrast spectra (d) for the triangular lattices of rectangular nanoapertures 

with different Al film thicknesses. In a-d) the nanoaperture size is fixed at 100 nm × 220 

nm, and the lattice constants are at 300 nm for both triangular and square lattices. 
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15% higher than that in the square lattice and in the other part to different plasmon coupling 

between neighboring apertures.  

Then we studied the effects of the mask thickness on the optical transmission and 

polarization contrast for the triangular lattices of parallel nanoapertures. We can see that there 

are two transmission peaks which exhibit different dependence on the film thickness (Figure 

S2c). With the increase of the mask thickness, the left peak remains in the same position 

while the right peak shifts to the left. This behavior suggests that the two peaks are caused by 

two different physical mechanisms. In contrast, the polarization contrast increases 

monotonically with the mask thickness at all wavelengths (Figure S2d). 

 
Figure S3. Effects of the periodicity and nanoaperture size/shape: a) Simulated TM 

transmission spectra for triangular lattices of parallel rectangular nanoapertures with four 

different periodicities. The polarization of the incident light is perpendicular to the 

nanoaperture. b) Simulated polarization ratio for the same nanoaperture parameters in a). 

The nanoaperture size in a) and b) is 100 nm × 220 nm. c, Simulated TM transmission 

spectra for nanoaperture length = 220 nm and width = 80 nm, 100 nm, and 120 nm. d) 

Simulated TM transmission spectra for nanoaperture width = 120 nm and length = 180 

nm, 200 nm, and 220 nm. The nanoaperture period is 300 nm in c) and d).  
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As a trade-off between the transmittance and polarization contrast, we fixed the mask 

thickness at 150 nm and explored the effects of the lattice period. For the nanoapertures of 

100 nm × 220 nm in size, we can see that with the decrease of lattice period, the transmittance 

for polarization perpendicular to the nanoaperture long axis (or TM transmission) goes up 

monotonically while the locations of both peaks shift to the shorter wavelengths and the 

polarization contrast exhibits minor increases (Figure S3a-b).  

We also investigated the effect of nanoaperture size on the optical transmission (Figure 

S3c-d). We found that the left peak is insensitive to the aperture size variation while the right 

peak exhibits strong dependences on the nanoaperture size. In particular, the right peak shifts 

to a shorter wavelength when the nanoaperture width is increased and to a longer wavelength 

when the nanoaperture length is increased.  

To illustrate the capability of PMMs in generating complex polarization patterns, we 

simulated arrays of nanoapertures which are oriented to form 1/2 and -1/2 defects (Figure S4). 

This is similar to the PMM shown in Figure 3a. We illuminated the mask with circular 

polarized light and calculated the polarization directions in a plane located at 500 nm above 

the Al film. It can be seen that the local polarization of the transmitted light is perpendicular 

 
Figure S4. Exemplary Polarization Patterns: a) Schematic metamask where the 

nanoapertures form two -1/2 and two +1/2 defects. Here the period of the triangular 

lattice is 270 nm, the size of the nanoapertures is 100nm × 220nm, and the boundary 

condition is periodic. B) Calculated local polarization directions (white rods) at a plane 

located 500nm above the Al mask. The background color represents local optical 

transmittance.  
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to the local nanoaperture orientations; the transmitted optical field thus forms optical vortices 

centered at the disclinations cores. The electrical field strength at the centers of these vortices 

defect centers is minimal. This is expected because the vortices are singular lines where the 

polarization directions are undefined and the intensities should be zero. 

 

3 Physical Mechanisms for the Enhanced Optical Transmissions 

Given the subwavelength sizes of these nanoapertures, the optical transmissions 

approaching 50% are extraordinary. Since the first observation of the extraordinary optical 

transmission
3,4

, extensive theoretical and experimental studies revealed that the resonant 

excitations of surface waves and cavity modes are two major physical mechanisms
5-9

. There 

are studies dedicated to the extraordinary optical transmission through rectangular hole 

arrays
10-14

, which involves lattices, materials and aperture sizes different from those used in 

our metamasks.  Here we discuss the physical mechanisms behind these two peaks in the 

simulated optical transmission spectra. 

The properties of the left peak in transmission spectra, namely its dependence on arrays 

periodicity and its insensitivity to the nanoaperture size (width, length and depth) suggest that 

the extraordinary high optical transmission originates from the excitation of surface waves. 

Theoretical studies show that both cylindrical waves and surface plasmon waves contribute to 

the transmission. Particularly, we found that the wavelength of the left transmission peak is 

corresponding to the excitation of surface plasmon waves in the metal-SiO2 interface or 

 dmdma   , where a is the triangular lattice period, εm is the permittivity of Al, 

and εd is the permittivity of SiO2. 

The dependence of the right peak on nanoaperture size (width, length and the mask 

thickness) indicates that cavity resonances are responsible for the transmission enhancements. 

Meantime, the variation of the peak wavelength with the periodicity suggests that these cavity 

modes are coupled. The nanoaperture can be considered as a rectangular waveguide in Al 
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where the confinement of two long Al walls leads to a propagating gap plasmon wave which 

is a TM wave
15-17

. Given that the two short sides of Al walls are parallel to the electrical field 

of the gap plasmon wave, their confinement induces a TE waveguide mode, or sets a wave 

vector kx along the long axis of the aperture. For the lowest cavity mode the electrical field 

perpendicular to the long axis can be expressed as
15-17

:  

       zzik
x

wywy
y exkcosee~E    

                             (S1) 

where the first term is due to the surface plasmon waves at two long walls, the second term 

originates from the first TE mode, the third term indicates the propagation in the channel 

direction, and the nanoaperture width is assumed to be 2w. Denoting the wave vector of light 

in air as k0 and the vector of the gap surface plasmon wave as kgsp, we have  222
0 ikk gsp  . 

222
zxgsp kkk  . The dispersion relation for the anti-symmetric gap surface plasmon can be 

expressed as
15,18

: 

22
0

22
022

0

gspdm

gspmD
gspd

kk

kk
kkiwtanh


















                              (S2) 

where εm is the permittivity of Al, εd is the permittivity of the dielectric material in the gap 

which is 1 for air. The waveguide condition for the TE mode can be expressed as
15

: 

 

x

mz
x

k

kkm
lktan

2
0

2

2

1  








 
                                       (S3) 

where 2l is the nanoaperture length, and m = 1 for the lowest TE mode. 

Analytical expressions for the resonant condition of these modes inside the nanoapertures 

are difficult to derive since these nanocavities are coupled. A quantitative description of the 

cavity resonant conditions requires the microscopic theory which takes into account both the 

cavity modes and their coupling
6,19

, which we leave for future studies.  
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4 PMMs and Photopatterning 

Additional PMMs and their uses for photopatterning of different defect clusters and defect 

arrays are included here. Figure S5a-e presents the PMM and the photopatterned pair of +1/2 

and -1/2 charge defects. Figure S6a-e presents the PMM and the photopatterned butterfly of 

one +1 and two -1/2 defects. Figure S7a-e presents the PMM and the photopatterned flower of 

one +2 and four -1/2 defects. Figure S8 presents the PMMs and the photopatterned defects 

arrays with (+3/2, -3/2) charges and (+2, -2) charges.    

 

 

 

 

 

 

 
Figure S5 │ Plasmonic photopatterning of a (1/2, -1/2) defect pair. a) SEM image of a 

plasmonic mask with a cluster of 2 topological defects. For imaging clarity, the defect 

spacing is reduced in comparison to the real mask in b). b) Transmission optical image of 

the plasmonic mask under illumination of non-polarized white light. c) Measured 

polarization field for the plasmonic mask where the background color represents 

polarization contrast as indicated by the colored scale bar. d) Cross-polarized optical 

microscope of the 2 defects patterned with the mask. e, PolScope measured molecular 

director field. The scale bars in a-e) are 1 μm, 2 μm, 2.5 μm, 20 μm and 5 μm respectively. 

The LC cell gap is about 2 μm.  
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Figure S6. Plasmonic photopatterning of a three defect butterfly. a) SEM image of a 

plasmonic mask with a cluster of 3 topological defects. For imaging clarity, the defect 

spacing is reduced in comparison to the real mask shown in b). b) Transmission optical 

image of the plasmonic mask under illumination of non-polarized white light. c) 

Measured polarization field for the plasmonic mask where the background color 

represents polarization contrast as indicated by the colored scale bar. d) Cross-polarized 

optical microscope of the 3 defects patterned with the mask. e, PolScope measured 

molecular director field. The scale bars in a-e) are 1 μm, 5 μm, 5 μm, 15 μm and 10 μm 

respectively. The LC cell gap is about 2 μm. 
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Figure S7. Plasmonic photopatterning of a 5 defect flower. a) SEM image of an 

illustrative plasmonic mask with a cluster of 5 topological defects. For imaging clarity, 

the defect spacing is reduced in comparison to the real mask in b). b) Transmission 

optical image of the plasmonic mask under illumination of non-polarized white light. c, 

Measured polarization field for the plasmonic mask where the background color 

represents polarization contrast as indicated by the colored scale bar. d) Cross-polarized 

optical microscope of the 5 defects patterned with the mask. e) PolScope map of the 

local optical axis of the LC cell (director field). The scale bars in a-e are 2 μm, 10 μm, 5 

μm, 25 μm and 10 μm respectively. The LC cell gap is about 2 μm. 



   Submitted to  

 11 

 

 

 

 

 

 

 

 

 

  

 
Figure S8. Plasmonic patterning of defect arrays. a,b) SEM images of illustrative 

plasmonic masks for (+3/2, -3/2) and (+2, -2) topological defect arrays. The defect 

spacing is reduced from the real masks (shown in c-e) for imaging purpose. c, e) 

Transmission optical images of the plasmonic masks under illumination of non-

polarized white light. d, f) Measured polarization fields for the plasmonic mask c) and 

e) where the background color represents polarization contrast as indicated by the 

colored scale bar. g,i) Cross-polarized optical microscopic images of liquid crystal 

textures patterned with the masks in c) and e). h, j) The LC director fields in g) and i) 

measured by a PolScope. The scale bars are 1 μm in a) and b), 2.5 μm in d), f), h) and 

j), 5 μm in c), 10 μm in e), g), and 25 μm in i). The LC cell gap is about 2 μm. 
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