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For polarization imaging, the wire-grid polarizer is one of the most popular devices. We designed and fabricated a pixel 
polarizer array (PPA) based on a wire-grid polarizer at 700–900 nm wavelength. We studied the influence of different 
structural parameters on the extinction ratio and transverse magnetic (TM) mode transmissivity of the system. Simulations 
of the PPA performance using the optimal structure were conducted and a complete PPA fabrication flow was introduced. 
The polarization characteristics and appearance of the PPA was observed using polarizing and scanning electron 
microscopies, which preliminarily confirm the accuracy of the design results and the feasibility of the processing technology. 
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1. Introduction 

Polarization, inherent property of light, represents an 

optical information dimension that is independent of 

intensity, wavelength, and coherence; it reflects the optical 

characteristics of a target from a new perspective. If 

polarization is combined with other features such as 

intensity, spectrum, and image, its attributes and behaviors 

can be more accurately understood because multiple 

dimensions of optical information are used together to 

represent the same target [1–7]. Polarization technology 

has been extensively applied for various target imaging 

detection fields. Time-sharing, separate amplitude, 

separate aperture, and separate focal plane type (SFT) 

polarizations are the different types of polarization optical 

imaging detection systems [8–10]. In the polarization 

imaging detection method, SFT polarization is a 

breakthrough, showing the advantages of good real-time 

imaging, small volume and mass, and compact structure. 

Moreover, the SFT optical system can simultaneously 

detect the target light information in four different 

polarization directions and obtain the intensity image, 

polarization-degree image, and polarization-angle image 

of the target. SFT polarization has been extensively used 

in microscopy, atmospheric monitoring, aviation and space 

target detection, and remote sensing [11–16]. For realizing 

SFT, two optical path structures are used: i) to integrate a 

pixel polarizer array (PPA) to form a polarizer array 

detector at a micro-distance before the conventional 

detector and ii) to use the principle of secondary imaging 

to place the PPA at the middle image plane of the optical 

system. PPA is the key component of the SFT optical 

system, regardless of the optical path structure. Therefore, 

the design and fabrication of PPAs has recently become a 

hot issue [17–22]. For the 700–900-nm wavelength range, 

PPA can be used in numerous applications to further 

improve the resolution and recognition ability of the target, 

such as transparent fog detection, fluorophores for 

biomedical imaging, and high-resolution imaging of space 

targets [23–30]; however, there are very few reports on the 

special design and fabrication of PPAs at 700–900 nm. 

In this study, we designed and fabricated a PPA based 

on a wire-grid polarizer at a wavelength of 700–900 nm. 

Section 2 presents the theoretical basis of design for the 

PPA. The metal-grating material, grating pitch, grating 

width, and grating height were analyzed and determined, 

and the performance of the PPA was simulated in Section 

3. Section 4 shows the fabrication flow and the overall 

appearance and polarization characteristics of PPA. 

Section 5 shows that the design results agree with 

technical specifications; moreover, the scope for a future 

research work is also discussed in this section. 

 
2. Theoretical basis of pixel polarizer array  
     design 
 

For developing more reliable and compact devices, 

PPAs are developed using nano-fabrication techniques and 

adjusted to be of “transmission type”. Fig. 1(a) shows the 

parameters and structures of the PPAs. The metal grating 

was fabricated on a substrate, e.g., silicon oxide sheet, 

which offers high transparent for 700–900-nm wavelength. 

The metal-grating parameters include the material, height 

( h ), width ( w ), pitch ( s ), period ( p ) parameters, and 

duty cycle ( /a w p ). Figure 1(b) shows the layout of 

the wire grid and the polarization characteristics of the 

PPA for an unpolarized electromagnetic wave at normal 

incidence. The wire grid is periodically arranged along the 
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X axis and the length direction is parallel to the Y axis. 

The transverse magnetic (TM) and transverse electric (TE) 

modes show electromagnetic waves whose electric-field 

vectors are parallel to the X and Y axes, respectively. The 

subwavelength metal grating allows most of the TM-

polarized light to pass through but strongly reflects the TE 

polarized one, acting as a linear polarizer rather than a 

diffraction grating. 

 

 
(a) 

 

 
(b) 

 

Fig. 1. (a) Plane diagram and (b) three-dimensional diagram   

of the PPA parameters and structure (color online) 

 

TM transmissivity (TMT) and extinction ratio (ER) 

are the two most important parameters for evaluating the 

performance of PPA. ER is the ratio of the TMT to TE 

transmissivity (TET) of PPA, expressed as: 

 

1010log ( )
TMT

ER
TET

                     (1) 

 

When the grating period is greater than the incident 

light wavelength, since the grating has multi-order 

diffracted waves, the grating can only be used as a 

diffraction grating, not as a polarizer. When the period of 

the grating is close to the incident wavelength, the grating 

is in the resonance region, and its reflectivity and 

transmittance will change drastically. This phenomenon is 

called Rayleigh anomalies [31]. When the grating period is 

much smaller than the incident light wavelength, the 

grating has only zero-order diffraction wave, the 

equivalent refractive index of the sub-wavelength metal 

grating can be approximately calculated using the 

equivalent medium theory, and the polarization 

characteristics of the metal grating can be analyzed. By 

solving the boundary conditions of Maxwell's equations, 

the equivalent refractive index of TM-polarized light 

TMn and TE-polarized light TEn on subwavelength metal 

gratings can be obtained [32]: 
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where 

Mn  is the refractive index of the metal material and 

Sn  is the refractive index of the substrate material. 

According to the rigorous coupled-wave theory (RCWA) 

[33], the Y electric field component of the electromagnetic 

wave in the grating region (in Fig. 1(b), the Y direction is 

perpendicular to the cross-section) can be written as: 
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where 

iT  represents the transmission amplitude 

corresponding to the ith-order diffraction electromagnetic 

wave and 
Xk  and 

Zk  correspond to the wave vector 

components in the X and Z directions in Fig. 1, 

respectively. 
Xk  and 

Zk  are expressed as: 
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where 
0k  is the wave vector of the incident light in 

vacuum. By solving the magnetic field component of the 

Maxwell equation, the diffraction efficiency of the TM 

mode can be finally obtained as: 
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From Eq. (7), we can find that the TM diffraction 

efficiency can be effectively improved by adjusting 
iT  

and
Zk . Because the TMT and ER values are positively 

correlated with TM diffraction efficiency, we need to 

optimize the selection of the metal material and geometric 

parameters of the metal grating to obtain high polarization 

performance of PPA. 
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3. Pixel polarizer array design 
 

We used the ER and TMT parameters to evaluate the 

performance of the PPA. Previous studies show that 

increasing the ER value when it is greater than 16.5 dB 

only has a small effect on the polarization-imaging 

accuracy of the system [34]. To guarantee a good 

fabrication performance of the PPA, the design index of 

this study is that the ER value should be higher than 20 dB 

and the TMT should be higher than 80%. This will be 

realized by designing various wire-grid parameters for the 

PPA. 

 

 

3.1. Metal-grating material and pitch 

 

Based on theory of finite difference time domain 

(FDTD) of vector electromagnetic wave, for the 700–900-

nm wavelength, the ER characteristics of Al, Ag, and Au 

under different grating pitches were simulated. The 

substrate was an optical parallel plate made of silicon 

dioxide; the substrate thickness was 2 mm, the duty cycle 

was 50%, and the grating height was 100 nm. Fig. 2 shows 

the ER simulation results and Table 1 shows the 

corresponding ER value range. The ER value of Al, which 

has the highest ER at a grating pitch of 100 nm, is better 

than that of the other metal materials.  

        
                                                           Wavelength (m)                                                                           Wavelength (m) 

 

(a)                                                                                           (b) 

 

       
                                                            Wavelength (m)                                                                         Wavelength (m) 

(c)                                                                                (d) 

 

Fig. 2. FDTD simulation of the ER results for different metal materials and grating pitches in the case of  

(a) 100, (b) 110, (c) 120, and (d) 130 nm (color online) 

 

Table 1. ER value range of different metal materials and grating pitches 

 

Grating 

pitch 

ER value range 

Al Ag Au 
100 nm [22.2, 24.5] dB  [14.1, 15.9] dB  [15.1, 17.0] dB  

110 nm [21.5, 23.7] dB [13.4, 14.7] dB  [14.3, 15.4] dB  

120 nm [20.2, 22.0] dB [13.5, 14.8] dB  [14.1, 15.6] dB  

130 nm [18.8, 20.3] dB [13.7, 14.6] dB  [14.3, 15.4] dB  
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3.2. Grating width 

 

The ER and TMT characteristics for different grating 

widths were simulated at wavelengths of 700–900 nm. The 

grating pitch and the height were 100 and 160 nm, 

respectively. Fig. 3 shows the simulation results are shown 

in, where we can clearly observe the following points: 

1. The ER value at short wavelengths is better than 

that at long wavelengths. If the wavelength is varied from 

700 to 900 nm, the ER value first monotonically increases, 

then reaches a maximum (near 750 nm), and finally 

monotonically decreases. When the grating width is 44 nm, 

the ER value reaches the maximum in the whole range of 

700–900 nm. 

2. The TMT value monotonically decreases, and the 

longer the wavelength, the lower the TMT value. 

Furthermore, when the grating width is 40 nm, the TMT 

value reaches a maximum in the whole range of 700–900 

nm. Note that the TMT value at a grating width 44 nm is 

1.5% lower than that at 40 nm. 

 

 
(a) 

 

 

(b) 

Fig. 3. (a) ER and (b) TMT simulation results for different 

grating widths (color online) 

 

 

Considering that a wide grating width is conducive to 

ensuring a high machining accuracy, if there is only a 

small difference in TM transmissivity between grating 

widths of 40 and 44 nm, the 44-nm width (with higher ER 

value) was preliminarily selected as the fabrication 

parameter. 

 

3.3. Grating height 

 

Furthermore, the ER and TMT characteristics were 

simulated for different grating heights. The grating pitch 

and width were 100 and 50 nm, respectively, and the 

simulation heights were 100, 120, 140, 160, 180, and 200 

nm. Fig. 4 shows the simulation results where we can 

summarize the experimental results as follows: 

1. For different grating heights, the ER value first 

monotonically increases with the wavelength to a 

maximum, then monotonically decreases to a minimum, 

and finally increases again monotonically. The higher the 

grating height, the longer the wavelength corresponding to 

both maximum and minimum. 

2. For grating heights of 100, 120, and 140 nm, the 

TMT value decreases with increasing wavelength. For 

grating heights of 160, 180, and 200 nm, the TMT value 

monotonically decreases within the 700–850-nm 

wavelength range and then monotonously increases 

between 850 and 900 nm. 

 

 
Wavelength (m) 

(a) 

 
Wavelength (m) 

(b) 

 

Fig. 4. (a) ER and (b) TMT simulation results for different 

grating heights (color online) 
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Considering that both ER and TMT values are good at 
a grating height of 120 nm and that a low grating height is 
conducive to ensuring a high machining accuracy, the 
height of 120 nm was preliminarily selected as the 
fabrication parameter. 

 
3.4. Fine simulation of the PPA characteristics 
 
The PPA fabrication parameters were selected based 

on the abovementioned optimization. These include Al as 
the metal-grating material, a grating pitch of 100 nm, a 
grating width of 44 nm, and a grating height of 120 nm. 
Fig. 5 shows the simulation results for the ER and TMT of 
the PPA in which we could clearly observe the following 
behavior: 

1. The maximum ER value is ~24.2 dB at a 
wavelength close to 800 nm, and the minimum value is 
~23.6 dB at a wavelength close to 700 and 900 nm. In the 

wavelength range of 700–900 nm, the ER value is 
symmetrical. 

2. The relationship between the TMT value and the 
wavelength shows a parabolic shape, which is 
axisymmetric when the wavelength is 800 nm. The TMT 
reaches a minimum value of ~89.0% at a wavelength close 
to 800 nm, a maximum value of ~90.7% at a wavelength 
of ~700 nm, and a high TMT value of 90.6% at a 
wavelength of ~900 nm. 

3. Although the relationship between the ER and 
TMT values and the incident wavelength is complex in 
shape, the overall variation range is small (ER: [23.6–24.2 
dB], TMT: [89.0%, 90.7%]). Therefore, the PPA prepared 
using these structure parameters is insensitive to the 
radiation wavelength. The design results completely meet 
the requirements of the design indicators. 

 

 

      
                                                        Wavelength (m)                                                                                Wavelength (m) 

(a)                                                                                          (b) 

 

Fig. 5. (a) ER and (b) TMT simulation results for the PPA (color online) 

 
4. PPA fabrication flow and results 
 
The technology of electron beam exposure was 

adopted. Fig. 6 shows the specific fabrication flow is 
shown in. Considering the requirement for a conductive 
substrate for the electron beam exposure technology, the 

PPA was fabricated by first coating the substrate with an 
Al film, then rotating the photoresist, followed by 
exposure, development, and metal etching.  

 

 

 
Fig. 6. The specific fabrication flow of PPA (color online) 
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Substrate coating was accomplished using magnetron 

sputtering vapor deposition. To prevent contamination 

from affecting the formation of the Al coating, the 

substrate was thoroughly cleaned before coating. Fig. 7 

shows the coating results, and the surface of the parallel 

flat silicon dioxide plates forms a reflection mirror.  
 

 
 

Fig. 7. Sample of an Al film obtained by magnetron sputtering 

(color online) 

 

 

The RAITH150 two electron beam exposure system 

was used. Fig. 8 shows the layout of the PPA lithography, 

designed using L-Edit. A single polarization unit is 

composed of four polarization pixels in the polarization 

directions of 0°, 45°, 90°, and 135°, which is utilized to 

calculate the Stokes vectors. The size of each pixel is 13 

m × 13 m (including the spacing between pixels), and 

the size of the single polarization unit is 26 m × 26 m, 

as shown in Fig. 8(a). Fig. 8(b) shows the overall layout of 

the PPA. Since this is the first fabrication and considering 

the process time and cost, the fabrication size was selected 

as 2.6 mm × 2.6 mm. 

 

 

 

 
(a)                                        (b) 

Fig. 8. The layout for lithography: (a) polarization pixel layout and (b) overall layout of the PPA (color online) 
 

The PPA was prepared as per the abovementioned 

design parameters and fabrication flow. A scanning 

electron microscope was used to observe the fine 

appearance of the PPA at magnifications of about 3,000 

and 10,000 times. Fig. 9 shows the observation results, and 

the overall appearance of the grating is good; therefore, the 

feasibility of the fabrication technology and process has 

been preliminarily demonstrated. 

 

 

 
(a)                                                               (b) 

Fig. 9. SEM observation results at magnifications of about (a) 3,000 and (b) 10,000 times (color online) 
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The PPA was amplified by 50 and 100 times using a 

Nikon polarizing microscope and the polarization 

performance was preliminarily judged, as shown in Fig.10. 

For polarized incident light from the same beam, the PPA 

forms a total of four transmissivity values (different colors 

represent different TM transmissivity). The transmissivity 

values show a periodic distribution, which is similar to that 

of the polarization pixel layout, preliminarily proving the 

modulation effect of the PPA on the incident polarized 

light and the functional characteristics of the device. 

 

 
(a) 

 
(b)  

 

Fig. 10. Polarizing microscopy observation results at 

magnifications of (a) 50 times and (b) 100 times (color 

online) 

 
5. Conclusion 
 

Recently, the design and fabrication of PPAs has 

become a hot topic. Based on the theory of vector 

electromagnetic wave FDTD, this study analyzes the 

influences of the grating metal materials, grating pitch, 

grating width, and grating height on the ER and TMT 

values at 700–900 nm and obtains the optimal PPA design 

parameters. The performance simulation of the whole PPA 

is completed with ER values ranging from 23.6 to 24.2 dB 

and TMT values ranging from 89.0% to 90.7%. The 

design results completely meet the requirements of the 

design indicators. By using the electron beam exposure 

and magnetron sputtering coating technology, a PPA with 

a total size of 2.6 × 2.6 mm was fabricated. The feasibility 

of the fabrication technology and flow, modulation effect, 

and functional characteristics of the PPA have been 

preliminarily demonstrated using observations by 

polarizing and scanning electron microscopy. Furthermore, 

based on the SFT method, the fabricated PPA will be used 

for polarization imaging. The polarization-direction 

information, measured simultaneously at 0°, 45°, 90°, and 

135°, will be used to obtain intensity, polarization degree, 

and polarization-angle images of the target. The 

polarization performance of the PPA will be further 

confirmed and the polarization-imaging effect of the target 

will be studied. Next, we will complete the fabrication of a 

full-size PPA, which will eventually provide core 

hardware support for polarization detection technology 

based on the SFT method. 
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