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1. Introduction 
 

For the past few years, many researchers have attempted 

to develop wire grid polarizers (WGPs) in information 

displays and imaging devices because of their excellent 

theoretical polarization efficiency, brightness enhancement, 

and design freedom (Pate et al. 2006, Cho 2018, Simioniuc 

et al. 2018). The WGP structure centrally comprises of the 

sub-100 nm-sized parallel metallic gratings directly 

patterned on the substrate. WGPs can enhance the 

brightness of display by recycling the s-polarization light 

component, while conventional film polarizers absorb it 

(see Fig. 1). Since a WGP is fabricated directly onto the 

substrate through the thin-film process, it is substantially 

thinner and lighter than a conventional film polarizer. The 

major parameters of WGP structures, such as grating pitch, 

linewidth, and height of the grid elements, determine the 

performance (i.e., extinction ratio and transmittance, in 

particular) (Im et al. 2018, Qin et al. 2019, Wang et al. 

2021). To achieve sufficient polarization efficiency (PE) in 

the visible light wavelength regime, ultra-fine pitch and 

high aspect-ratio structures are required (Wu et al. 2013,  
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Yeon et al. 2013, Schlachter et al. 2016). Accordingly, the 

fabrication processes become more complex, especially 

when aiming for high optical performance and large area. 

Recently reported WGPs in the field of displays showed the 

performances no larger than 20,000:1 extinction ratio 

(which corresponds to 99.99% PE) or 40% transmittance 

because of the challenges to the fabrication of ultra-fine 

pitch gratings and structural defects caused by trimming or 

oblique deposition process (Wu et al. 2013, Yeon et al. 

2013). Moreover, the active width of a WGP panel has been 

usually smaller than 100-200 mm because the size of the 

master molds used for nanoimprint lithography are mostly 

limited within the 8 diameter. 

Addressing these issues, we present a highly scalable 

and reproducible WGP fabrication by using the UV roll 

nanoimprint lithography (R-NIL) on glass substrates for a 

commercially-feasible 10.1”-sized tablet panel. While many 

techniques involving such as solution processing and 

chemical etching are available for WGP fabrication (Kang 

et al. 2018, Verrier et al. 2015, Yamada and Ishihara 2016, 

Yamada and Yoshida 2020), the NIL-based approach has 

shown incomparable advantages involving precise and 

high-aspect ratio pattern definition, great reproducibility, 

fast processing speed, and so on (Chen et al. 2007, 

Schlachter et al. 2016, Shin et al. 2012, 2013, Yamada et al. 

2012). R-NIL can further extend the scalability and 

productivity of the NIL-based WGP fabrication by using a 

flexible roller mold (Ahn et al. 2007, Wu et al. 2013). In 

this work, we have developed the flexible R-NIL mold by 
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Abstract.  We present the high-brightness large-area 10.1” in-cell polarizer display panel integrated with a wire grid polarizer 

(WGP) and metal reflector, from the initial design to final system development in a commercially feasible level. We have 

modeled and developed the WGP architecture integrated with the metal reflector in a single in-cell layer, to achieve excellent 

polarization efficiency as well as brightness enhancement through the light recycling effect. After the optimization of key 

experimental parameters via Taguchi method, the roll nanoimprint lithography employing a flexible large-area tiled mold has 

been utilized to create the 90 nm-pitch polymer resist pattern with the 54.1 nm linewidth and 5.1 nm residual layer thickness. 

The 90 nm-pitch Al gratings with the 51.4 nm linewidth and 2150 Å  height have been successfully fabricated after subsequent 

etch process, providing the in-cell WGPs with high optical performance in the entire visible light regime. Finally we have 

integrated the WGP in a commercial 10.1” display device and demonstrated its actual operation, exhibiting 1.24 times 
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efficiency and transmittance of the developed WGPs in an in-cell polarizer panel achieve 99.995 % and 42.3 %, respectively. 
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replicating from the master mold formed on a Si wafer (300 

mm in the diameter) with the 90 nm grating pitch without 

recognizable seams between reticles. By using NIL, the in-

cell polarizer panels integrated with WGPs and metal 

reflectors have been demonstrated for the first time in the 

world. Additional brightness enhancement has been 

achieved through the light recycling effect in the non-

aperture area between the backlight unit and glass substrate. 
 

 

2. Theoretical model for bright enhancement in the 
display panel 

 

Architecturing the in-cell WGP in conjunction with the 

metal reflector is the key feature of the high-brightness 

display panels developed in this study. The film polarizer 

and dual brightness enhancement film (DBEF) in the 

conventional panels (Fig. 1(a)) are replaced to the wire grid 

polarizer and the metal reflector in the in-cell polarizer 

panel. The Al reflector can enhance the brightness through 

recycling of light in the non-aperture area as schematically 

shown in Fig. 1(b). 

The bright enhancement features for conventional film-

based and WGP/reflector-based panels are comparatively 

analyzed through the detailed theoretical calculations. The 

governing equations for the brightness enhancement of the 

conventional panel are derived as follows: 

𝑇𝑇𝑜𝑡𝑎𝑙,𝑅𝑒𝑓. = 𝑇𝑟 + 𝛼𝑅𝑟𝑇𝑟 + 𝛼2𝑅𝑟
2𝑇𝑟 +⋯ 

=
𝑇𝑟

(1 − 𝛼𝑅𝑟)
 

(1) 

𝐸𝑅𝑒𝑓. =
𝑇𝑡𝑜𝑡𝑎𝑙,𝑅𝑒𝑓.

𝑇𝑟
=

1

(1 − 𝛼𝑅𝑟)
 (2) 

where TTotal, Ref. is the intensity of the light passing through 

the conventional panel with a film polarizer, and ERef. 

denotes the brightness enhancement which is estimated to 

be ~1.3 in the presence of a DBEF. 

The model equations for the brightness enhancement of 

the in-cell polarizer panel, on the other hand, are derived as 

follows: 

𝑇
𝑇𝑜𝑡𝑎𝑙,

𝑊𝐺𝑃

𝑀𝑅

 

= 𝐴𝑇𝑊𝐺𝑃 + (𝛼𝐴𝑅𝑊𝐺𝑃 + 𝛼(1 − 𝐴)𝑅𝑀𝑅
′ )𝐴𝑇𝑊𝐺𝑃  

+((𝛼𝐴𝑅𝑊𝐺𝑃 + 𝛼(1 − 𝐴)𝑅𝑀𝑅
′ )𝛼(1 − 𝐴)𝑅𝑀𝑅

′ ) 𝐴𝑇𝑊𝐺𝑃  

+((𝛼𝐴𝑅𝑊𝐺𝑃 + 𝛼(1 − 𝐴)𝑅𝑀𝑅
′ )𝛼𝐴𝑅𝑊𝐺𝑃) 𝐴𝑇𝑊𝐺𝑃 +⋯ 

=
𝐴𝑇𝑊𝐺𝑃

1 − [𝛼𝐴𝑅𝑊𝐺𝑃 + 𝛼(1 − 𝐴)𝑅𝑀𝑅
′ ]

 

(3) 

𝐸𝑊𝐺𝑃

𝑀𝑅

=

𝑇
𝑇𝑜𝑡𝑎𝑙,

𝑊𝐺𝑃

𝑀𝑅

𝑇𝑊𝐺𝑃

 

=
𝐴

1 − [𝛼𝐴𝑅𝑊𝐺𝑃 + 𝛼(1 − 𝐴)𝑅𝑀𝑅
′ ]

 

(4) 

where TTotal, WGP/MR and A are the intensity of the light 

passing through the WGP and metal reflector  and the 

aperture ratio, respectively. It is a function of the aperture 

ratio (A) unlike the case with film polarizer and DBEF. 

EWGP/MR. denotes the brightness enhancement by the metal 

Table 1 parameters for brightness enhancement model 

Parameters Symbol Value 

Transmittance of film polarizer Tr 0.42 

Reflectance of the film polarizer (DBEF) Rr †0.45 

Recycling efficiency of back light unit α ‡0.51 

Transmittance of WGP TWGP 0.42 

Reflectance of WGP RWGP 0.44 

Reflectance of metal reflector R'MR 0.9 

†Rr is calculated from the typical brightness enhancement with DBEF 1.3. 

‡α is calculated by comparing the metal black matrix and organic black 

matrix on the glass with the backlight unit. The reflectance from the 

organic black matrix is supposedly near zero. 

 

 

reflector. Consequently, the brightness enhancement (BEICP) 

of the in-cell polarizer panel compared to that of the 

conventional panel is as follows; 

𝐵𝐸𝐼𝐶𝑃 =
𝑇𝑇𝑜𝑡𝑎𝑙,𝑊𝐺𝑃/𝑀𝑅

𝐴𝑇𝑇𝑜𝑡𝑎𝑙,𝑅𝑒𝑓.

=
𝑇𝑊𝐺𝑃(1 − 𝛼𝑅𝑟)

[1 − {𝛼𝐴𝑅𝑊𝐺𝑃 + 𝛼(1 − 𝐴)𝑅𝑀𝑅
′ }]𝑇𝑟

 
(5) 

Fig. 1(c) shows the prediction of brightness 

enhancement based on the light recycling model enabled by 

the WGP and reflector, where the brightness enhancement 

is plotted as a function of the aperture ratio. The brightness 

enhancement of ~20% is estimated for the aperture ratio of 

42.9% in this study. The related parameters used in the 

above analysis are listed in Table 1. The analysis indicates 

that the reflector-integrated WGP additionally enhances 

brightness above the DBEF-based performance, and the 

level of enhancement increases with decreasing aperture 

ratio. Therefore, it suggests that the reflector-integrated 

WGP architectures reversely utilize the relatively low 

aperture ratio which used to be the constraint in 

conventional operation of high-resolution panels. 

 
 
3. Design and optimization of master mold and roll 
nanoimprint lithography 

 

3.1 Design and fabrication of a nanoimprint master 
mold 

 

A rigorous coupled-wave analysis (RCWA) model (G-

Solver, ver. 5.2) was adopted to determine the WGP period 

that can meet the satisfactory extinction ratio (i.e., larger 

than 20,000) and balanced transmission throughout the 

entire visible light wavelength. Figs. 2(a) and (b) show the 

extinction ratio and transmission plots for three visible light 

wavelengths representing red (750 nm), green (550 nm), 

and blue (380 nm), for the 1500 Å -high, 1:1 duty (i.e., ratio 

of linewidth to spacing) gratings with varied WGP pitches. 

As shown in Fig. 2(a), the WGP pitch should be below 100 

nm to achieve the extinction ratio of 20,000 when the Al 

grating height is 1500 Å . Fig. 2(b) reveals that the WGP 

pitch needs to be ~100 nm to balance the color transmissions 

of red, green, and blue with less than 10 % discrepancy. For  
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reliable semiconductor photolithography, we have decided 

the final WGP pitch to be 90 nm. 

PE and optical transmittance are two most important 

factors determining the WGP performance in the display 

panel. For applying to a commercial display, we aim that 

the WGP can achieve 99.99 % or higher PE and 42 % or 

higher transmittance. Notably, the higher the grating, 

generally the better the PE (Verrier et al. 2015). However, 

the fabrication difficulty generally increases for higher 

aspect-ratio gratings. Hence, an optimal grating height 

should be defined by considering both perspectives. Fig. 2(c) 

shows the contour simulation result of transmission as well 

as PE of the 90 nm-pitch WGP; it suggests that the 

performance greater than 99.99 % PE and 42 % 

transmittance be expected for the Al grating with the height 

between 1700 Å  and 2100 Å . Here, the acceptable linewidth 

range extends as the grating height increases; for instance, 

the linewidths of the 1700 Å - and 2100 Å -high gratings 

should be 50-52.5 nm (~2.5 nm margin) and 42.5-50 nm 

(~7.5 nm margin), respectively, to satisfy PE > 99.99 % and 

transmittance > 42 %. The larger margin for linewidth 

variation can lead to more reasonable and reliable 

fabrication. This let us consider the aspect ratio of WGP 

grating may be 4 or higher during the fabrication, as will be 

actually demonstrated later in this paper. 

Fabrication of the above designed structure as the 

flexible R-NIL master mold is one of the most elaborated 

parts in this study. An immersion lithography (Immersion 

Scanner 1950i, ASML, Netherland) was applied to fabricate 

the original master on a Si wafer (300 mm in the diameter).  

 

 

 

The minimum feature size achievable in this lithography is 

36 nm at 193 nm exposure wavelength and 1.35 numerical 

aperture (NA). Figs. 3(a) and (b) show the optical and 

scanning electron microscopy (SEM) images of the 

fabricated 300 mm-diameter Si master mold. The in-depth 

critical dimension (CD) analysis imaging discloses that the 

nanograting dimensions are 108.31 nm in the height and 

45.05 nm and 52.8 nm in the half and bottom linewidths, 

respectively (Figs. 3(c) and (d)). 

By performing the ‘tiling’ process using this Si master 

on a flexible polyethylene terephthalate (PET) film, we 

could fabricate the large-area flexible mold for the 

subsequent R-NIL process (Figs. 3(e) and (f)). In the tiling 

process, the Si master was first replicated onto a PET film 

through the UV imprinting using a UV-curable, optically-

transparent resin such as polyurethane acrylate (PUA). The 

PET replica was then repeatedly stamped in a slightly 

overlapped fashion on the large-area PET film coated with 

PUA. A careful control of resin dispensing and mold 

contacting and rolling conditions enables the seam 

minimization, as demonstrated in Fig. 3(g). Further details 

of essential principle and experimental control of the tiling 

process can be found elsewhere (Kwak et al. 2015). Briefly 

here, once the first-round stamping and resin curing were 

done, the second-round stamping were performed side by 

side, each following the sequence of the PUA resin 

dispensing, PET mold contacting and rolling, UV curing, 

and demolding; this job could be repeated until the total 

tiled area reaches at the desired level, for instance, large 

enough to cover the 10.1” display panel area. 

 

Fig. 1 Schematic structures of liquid crystal displays (LCD) with (a) conventional absorptive film polarizer and (b) 

WGP embedded with a metal reflector; (c) Prediction of brightness enhancement as a function of the aperture ratio for 

conventional and Al reflector-integrated WGP panels 

 

Fig. 2 Extinction ratio (a) and transmission (b) of the 1500 Å -high, 1:1 duty gratings with different pitches for three 

wavelengths of 380, 550, and 750 nm; (c) Contour plot of polarization efficiency (PE) and transmission (T) 

depending on the linewidth and height of a 90 nm-pitch WGP 
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Table 2 Parameters and levels for design of experiments 

Parameters Unit Level 1 Level 2 Level 3 

Roll Pressure [kPa] 100 300 500 

Roll Speed [mm/s] 0.5 1.0 5.0 

Dispensing Volume [µl] 10 15 30 

 

Table 3 Sample configuration in the l9 orthogonal array 

experiment using taguchi method 

Experiment 

No. 

* Variable (parameters) 

Roll Pressure Rolling Speed Dispensing Volume 

1 100 0.5 10 

2 100 1.0 15 

3 100 5.0 30 

4 300 0.5 15 

5 300 1.0 30 

6 300 5.0 10 

7 500 0.5 30 

8 500 1.0 10 

9 500 5.0 15 

 

 

3.2 Optimization of the roll nanoimprint lithography by 
Taguchi method 

 

We can the estimate residual layer thickness (RLT; hf 

[m]) in the R-NIL process, based on the polymer flow’s 

squeeze model (Ahn and Guo 2009, Reddy and Bonnecaze 

2005, Rowland et al. 2005) given as Eq. (6): 

ℎ𝑓 = (
2𝐹

𝜇𝑎2𝐿𝑉
+
1

ℎ0
2)

−1/2

 (6) 

where  [cP], a [m], L [m], and F [N] represent viscosity 
and contact length for the direction perpendicular to the 
rolling direction, contact length for the rolling direction, and 
applying force from a roll, respectively. ho [m] and V [m/s] 
denote initial thickness and roll velocity in the rolling 
direction. This equation indicates that main parameters of a 
R-NIL process are initial coating thickness, pressure, and  

 

 

roll velocity. Therefore, in this study, variables and levels 

for experimental design are used in the RLT optimization as 

shown in Table 2. The RLT has been an important factor in 

NIL because it can affect the profile and uniformity of 

critical dimension of linewidth after post dry etching 

process. Of note, we used a NIP-K28 resin (Chemoptics, 

Korea, =8 cP, surface tension=47 mN/m) for our R-NIL 

process. 

Now the NIL process parameter values can be optimized 

in order to improve the process quality. Among various 

experimental design methods, the Taguchi method utilizes a 

special design of orthogonal arrays that allows to study the 

whole parameter space with a reduced number of 

experiments (Taguchi 1990), which has been effective in 

many diverse studies (Gulcan and Karahan 2021, Zhang et 

al. 2021, Nezadi et al. 2021, Prusty et al. 2015). Table 3 

shows sample configuration in the L9 orthogonal array 

using Taguchi experimental design for the RLT 

optimization. 

Fig. 4 represents the influences of the roll pressure, 

rolling speed, and dispensing volume, explained in terms of 

S/N (signal-to-noise ratio) (Fig. 4(a)) and average RLT 

value (Fig. 4(b)) calculated through the Taguchi method. 

Here the RLT could be optimized such that it would be 

uniform and minimal. In the Taguchi method, the S/N ratio 

is a logarithmic function used to optimize fabrication 

process or product design, minimizing the variability. The 

formula for the smaller-is-better S/N ratio using base 10 log 

is: 

𝑆

𝑁
= −10𝑙𝑜𝑔 (

1

𝑛
∑𝑦𝑖

2

𝑛

𝑖=1

) (7) 

where n is the number of responses in the factor level 
combination. yi denotes the results of the i-th performance 
characteristic value. The S/N ratio can be also understood as 
the inverse of variance. Namely, the maximization of S/N 
ratio allows reduction of the variability of the process 
against undesirable changes in neighboring environment 
(also named uncontrollable factors or factors of noise). To 
minimize variability, the level of factor which produces the 
greatest value of S/N ratio must be chosen. 

 

Fig. 3 Optical image (a) and SEM image (b) of a 300 mm-diameter Si master mold for NIL; An inset to (b) shows the 

perspective SEM view; Enlarged SEM images of (c) cross-sectional view and (d) top view for CD analysis; Scheme 

(e) and actual system (f) of the R-NIL process, where the large-area flexible mold fabricated by the tiling process with 

minimal seams (g) is employed 
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Accordingly, the levels of parameters of roll pressure, 

roll speed, and dispensing volume are chosen to be 500 kPa, 

0.5 mm/s, and 30 l, respectively. Notably, roll speed is not 

a main parameter in the S/N ratio but a critical factor in the 

average value. It suggests that the roll speed can be used as 

control parameter which can control mean value without 

variability of data distribution. Figs. 5(a)-(b) show the RLT 

distributions in NIL before and after applying Taguchi 

method, respectively. Here RLT measurements were 

conducted for multiple points (up to 18) evenly picked up 

from the entire NIL-ed area. The RLTs are calculated to be 

310±59 Å  and 70±16 Å  in the cases before and after 

applying optimization of factors, respectively. The optimal 

linewidth is given as 54.1 nm in average and the standard 

deviation is 0.95 nm in the optimization condition as shown 

in Fig. 5(c). 
 

 

4. Development and characterization of the large-
area high-brightness display panel 

 

By using the above optimized design and implementation 

of the R-NIL process, the display panel with the in-cell 90 

nm-pitch WGP embedded with a metal reflector is 

developed. The fabrication procedure is schematically 

shown in Fig. 6. The front surface was vacuum-deposited 

with 200 nm-thick Al and 15 nm-thick Ti. A 20 nm-thick 

silicon oxide (SiO2) was then coated by chemical vapor 

deposition onto the Ti layer, which functions as a hard mask 

for subsequent metal (Al and Ti) etching steps. The UV R-

NIL process was performed (EVG® 7200 LA, EV Group; 

Fig. 3(f)) to form the 90 nm-pitch resist grating patterns 

with the thickness of ~100 nm. As previously investigated  

 

 

 

through the Taguchi method, the R-NIL process was 

optimized in terms of the dispensing volume, rolling speed, 

and roll pressure, to ensure a uniform and thin residual layer, 

as thin as 5.1 nm in average. This residual layer of a UV 

resist was then removed by the CF4 plasma etching to 

expose the SiO2 layer between the resist grating lines. After 

etching of the oxide by using a C4F8 plasma, a 

photolithography was performed to cover the non-aperture 

area, which eventually is left behind as the reflector. Lastly, 

using the SiOx pattern as a hard mask, a chlorine-based dry 

etch process was performed to etch all through the metal 

layers (Al and Ti) to form the Al-based WGP and reflector. 

Additional oxide etch process, named the breakthrough (BT) 

step, could be applied to remove the SiO2 layer off the 

metal layers. 

Fig. 7 demonstrates the fabrication results. Fig. 7(c) 

shows the 90 nm-pitch Al WGPs having the 51.4 nm 

linewidth and 2150 Å  height (~4.2 aspect ratio) in the 

aperture area in a panel. Figs. 7(a)-7(b) show the SEM 

images of metal reflectors next to Al WGPs in the same 

panel pixel. Fig. 8(a) exemplifies the actual display 

operation (10.1”, WQXGA (Wide Quad Extended Graphics 

Array; 2560 × 1600 resolution) employing the in-cell 

polarizer panel incorporating WGPs and metal reflectors, 

implemented to a commercial product for the first time in 

the world. Figs. 8(b)-8(c) show the transmittance and PE of 

the fabricated WGPs before and after the BT step. We can 

verify that the BT step affects the WGP linewidth which 

controls the transmittance and PE. This characterization 

result also indicates that the variation of the WGP linewidth 

is reduced when the BT step is skipped. More importantly, 

it could be confirmed that the BT-applied WGPs with the 

linewidths of 50-54 nm in average and the Al height of  

 

  

Fig. 4 (a) S/N ratio and (b) average value of the RLTs calculated through the Taguchi method 

 

Fig. 5 RLT distribution in NIL (a) before and (b) after applying the Taguchi method (unit = [Å ]); The SEM images for 

each case are shown in the bottom; (c) Gaussian distribution of linewidths after applying the Taguchi method-based 

design of experiment (optimized condition) 
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Fig. 6 Schematic diagram of the fabrication process of 

the in-cell WGP embedded with a metal reflector 

 

 

Fig. 7 SEM images of the fabricated in-cell WGP 

structures integrated with reflectors: (a) overview in a 

panel pixel, (b) WGP-reflector border area, and (c) 

enlarged view showing the WGP nanostructure 

 

 

~2150 Å  lead to the performances of PE greater than 99.99% 

transmittance higher than ~42%. 

Namely, the PE, contrast ratio, and transmittance could 

finally achieve 99.995% (40,000:1 extinction ratio), 1,004:1, 

and 42.3%, respectively, in the actual display panel 

operation. The latter corresponds to 1.24 times enhancement 

of brightness at 522 nit. As a comparison, the average 

performance of the conventional panel employing the 

absorptive film polarizer and DBEF was 422 nit and 

contrast ratio of 925:1. The enhanced brightness and 

performance by integrating the WGP and reflector in the 

panel corroborates the prediction presented in Fig. 1(c). The  

 

 

 
Fig. 8 (a) Operation image of the developed in-cell 

polarizer panel in a commercial 10.1 PLS mode display 

device (WQXGA; 2560 × 1600 resolution). The upper-

right white reflection is from the ambient lighting; 

Transmittance (b) and polarization efficiency (c) of the 

WGPs with and without a breakthrough (BT) step 

application 

 

 

current study may thus be practically applied to the 

industrial manufacturing of high-brightness large-area 

displays, which is indeed on the way. 

 

 

5. Conclusions 
 

In summary, we have developed the large-area in-cell 

polarizer panel integrating the NIL-ed WGPs and metal 

reflectors for the first time in a commercially-feasible level, 

which achieves the brightness enhancement of 1.24 at 522 

nit and the contrast ratio of 1,004:1. The Taguchi method-

optimized R-NIL process enables the scalable and uniform 

fabrication of 90 nm-pitch Al gratings of the ~4.2 aspect 

ratio with the residual layer controlled to be as thin as 5.1 

nm. The subsequent photolithography along with etching 

processes can create the reflector-integrated WGP structure 

in the same panel pixel. We have demonstrated that the in-

cell polarizer panel with a metal reflector can enhance the 

brightness by recycling the light reflection, compared to the 

DBEF-incorporated conventional film polarizer-based panel, 

where the levels of enhancement increases with decreasing 

aperture ratio. Therefore, the architecture developed in this 

(b)(a) Actual operation in 10.1” 2560x1600 display
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(b)(a) Actual operation in 10.1” 2560x1600 display
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(b)(a) Actual operation in 10.1” 2560x1600 display
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Taguchi method-optimized roll nanoimprinted polarizer integration in high-brightness display 

work can address the critical issues in the high-resolution 

display that requires the brightness compensation as 

lowering the aperture ratios. 
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