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Polarization Selective Transparent Electrode With
Patterned Metal for the 3D Display Pixel

Young Jin Jung

Abstract—We propose a polarization selective transparent elec-
trode (PSTE) utilizing a rectangular-shaped metal nano-wire struc-
ture. The performance of the PSTE was evaluated with simulation
based on finite element method (COMSOL Multiphysics). Para-
metric studies have been carried out to give a guide for geometric
parameter selection to meet the requirement of the target appli-
cation. According to the studies, 70 nm by 800 nm rectangular
metal grid, having a thickness of 100 nm and linewidth of 30 nm
were recommended to keep higher than 61% transmittance, 24 dB
extinction ratio, and lower than 5 (2/sq sheet resistance. As an
application of PSTE, a design idea about crosstalk reduction of
the passive stereoscopic 3D display is proposed by presenting its
pixel structure employing the proposed PSTE. The light extraction
efficiency of the proposed pixel employing PSTE structure was also
evaluated and compared to the structure employing the lossless ITO
(Indium Tin Oxide), by measuring extracted light output power
from incoherently distributed dipole sources excited in the emission
layer. Degradation of the extraction efficiency below 14 percent
point was expected compared to the lossless ITO for all the primary
color wavelength range.

Index  Terms—3D-display,
transparent electrode.

patterned metal, polarizer,

1. INTRODUCTION

ETAL wire-grid polarizers is consist of parallel metal
M wires spaced by a period of less than sub wavelength.
If the wire width is smaller than sub wavelength, free electrons
cannot oscillate in the perpendicular while it can oscillate along
wire direction. Therefore, perpendicularly polarized light (to
wire direction) can pass through the layer while parallel po-
larized light is reflected as flat metal surface when wire interval
is narrow enough. It has attracted much attention due to their
various advantages over absorptive polarizers based on PVA
(polyvinyl alcohol). Most of all, with its excellent compatibility
in integration with the fabrication process of semiconductor
devices, for example, embedded metal wire-grid polarizer in the
light emitting diode can be realized, for better optical efficiency
[11, [2]. In liquid crystal display applications, better efficiency
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display has been reported by reusing reflected unpolarized pho-
tons from the wire-grid polarizer [3], [4]. With its extreme device
tolerance for temperature and photon flux, applications for the
projection display also have been considered attractive [5], [6].
Not limited to the optical frequency and display application, it
is noted that wire grid polarizer structures also can are used in
the infrared/terahertz application with appropriate design of grid
periods [7]-[9].

On the other hand, there have been serious efforts on new types
of transparent electrodes to overcome ITO’s (Indium Tin Oxide)
mechanical stiffness hindering its applications for the flexible
devices [10]-[12], and as well to avoid the material supply-cost
issues of ITO [10]. Transparent electrodes based on CNT (carbon
nanotubes) [10], [13]-[16], graphene [10], [17]-[21] and metal
nanostructure (aligned wires or grid) [10], [13], [14], [22]-[29]
or their hybrid structures [17] has been studied as an alternative
to ITO. Among these alternatives, especially, metal nanostruc-
ture can give more functions (such as polarization control) by
designing metal pattern while overcoming ITO’s disadvantages
mentioned earlier [10], [13].

In this paper, motivated by the common factor between
two devices, specifically, the use of metals in the transparent
electrode and the metal wire-grid in the polarizer, we pro-
pose a device of integrated functionality: polarization selective
transparent electrode (PSTE). The domains of optimal design
for the PSTE are investigated utilizing FEM (Finite-Element
Method) in terms of transmittance, polarization extinction ra-
tio, and sheet resistance, by adjusting the period, aspect ra-
tio, fill factor and thickness of rectangular metal mesh. Out
of various possible applications of PSTE, crosstalk reduction
for the passive stereoscopic 3D display is proposed and ana-
lyzed. The extraction efficiency of the proposed display pixel
employing PSTE was also evaluated by comparing it with the
lossless ITO.

II. CROSSTALK IN PASSIVE STEREOSCOPIC 3D DISPLAY AND
PROPOSED SOLUTION

Passive stereoscopic 3D display based on polarized light is
one of the most popular commercialized 3D displays. Com-
pared to the active time division 3D stereoscopic display, it
also has some distinctive advantages. A liquid crystal shutter
in glasses and the display-panel are not necessary, and a passive
stereoscopic 3D display does not experience the ambient sync
issues between 3D glasses and the display panel as a public
display [30]. However, one of the significant disadvantages of
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Fig. 1. (a) Schematic diagram of the passive 3D stereoscopic OLED display
pixels employing conventional transparent conductive electrode (ITO) and
illustration of their induced crosstalk. (b) Schematic diagram of the passive
stereoscopic 3D OLED display pixels employing proposed PSTE. Crosstalk is
not caused by the large distance between optical source and the retarder.

the commercial passive 3D display is the narrow vertical viewing
angle caused by crosstalk due to the gap between pixels and the
patterned retarder [31].

Fig. 1(a) shows the schematic diagram of the conventional
passive stereoscopic 3D display pixels. Each pixel for the left
and right eyes emits lights of orthogonal polarizations: usually
of right and left-handed circular polarizations, to cope with the
rotation of analyzing polarizers in the 3D eyeglass. As can be
seen in Fig. 1(a), the output state of the circular polarization is
usually achieved with the combination of a polarizer and pat-
terned retarder (quarter wave plate). Optical axis of the retarder is
patterned with 90 degrees offset aligned with corresponding eye
pixels. Thereby, each left and right eye pixels emit corresponding
circularly polarized light form the linealy polarized light [30],
[31]. In this case, the SOP (state of the polarization) of the output
is finally determined at retarder layer. It is worth mentioning
that, therefore, a large distance between emitters and retarders
causes crosstalk between left and right image as illustrated in
Fig. 1(a). The distance can be decreased by grinding glass as thin
as possible, but at the expense of extensive process and reliability
issues [30]. The spatial separation of light paths between left and
right pixels, with the use of partition walls (black matrix) of light
absorbing material [30] also can be used, but with the reduction
of the active area, and thus associated penalties in luminance
and resolution of the display.

Fig. 1(b) shows the operation principle of proposed 3D display
pixels to resolve the discussed difficulties in crosstalk, with the
use of polarization selective transparent electrode. PSTEs of
orthogonal linear polarizations are patterned on top of the left
and right eye pixels, respectively. Upon the emission through
each polarizer, each linearly polarized light is converted into left-
and right-handed circular polarization, after passing through a
simple retarder without patterning. If linearly -45° and +45°
polarized light are obtained from pixels for left and right eye re-
spectively with the help of patterned PSTE they can be expressed
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Fig. 2. Illustrations of OLED pixel structures (a) with conventional ITO, and
(b) employing proposed PSTE as transparent electrode.

as (1). with Jones vectors.

2l =)

V2 [l V2 [1

And ach polarization state after passing through the simple
retarder (quarter wave plate) can be expressed as (2) respectively.

ot ] = ][5 B )

“ vl

Therefore, left- and right-handed circular polarization can
be obtained for each left and right eye. In this arrangement,
meanwhile, it is possible to keep the final states of polarizations
for each eye at the same state as the conventional 3D display
pixels in Fig. 1(a), but since the split of polarization is achieved
at the PSTEs in emitters’ side, polarization crosstalk becomes
independent of the emitter-retarder distance.

Fig. 2 illustrates OLED pixel structures using conventional
ITO (corresponding to Fig. 1(a)) and employing proposed PSTE
(corresponding to Fig. 1(b)). We assume a rectangular mesh of
metal nanowires as the base design of transparent electrodes
[13], [22]-[25], and take its dimension down to sub-wavelength
scale to derive the functionality of a linear polarizer. Because
the patterns of the metal are small enough to treat it as a meta-
material, microscopic pattern can be modified while keeping a
role as an electrode.

ey

@)

III. DESIGN OF THE PSTE

To get an intuition about designing PSTE as an electrode
and at the same time as an optical polarizer for the target
application, electrical sheet resistance, optical transmittance,
and polarization extinction ratio (ER) were calculated.

A. Sheet Resistance

Fig. 3(a) illustrates the relationship between the sheet resis-
tance and the resistance of the general conductive sheet. And the
sheet resistance can be calculated as (3) [32].

p w
R = - = R—
ot l
where, R, R, and p are resistance measured along the length
direction, sheet resistance under measurement and resistivity of
the material, respectively. And, 7, w and / are the thickness, width,
and length of the structure, respectively.

3)
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Fig. 3. (a) Illustration about relation between resistance and sheet resistance
of general conductive sheet. (b) Schematic of the PSTE structure. (c) Illustration
about calculation of average sheet resistance along each axis from the unit cell
of structure of the PSTE.

It is worth mentioning that the PSTE is not an isotropic meta-
material for its electric properties due to its anisotropic structure
as shown in Fig. 3(b). Therefore, the average sheet resistance
of the PSTE is direction dependent. Fig. 3(c) illustrates how to
calculate average sheet resistance along x-axis direction (R,,)
and y-axis direction (R,,) by measuring the resistance of unit
cell of PSTE. And the resistance of unit cell along each axis (R,
Ry) can be calculated from the resistivity of the material. Unit
cell structure can be treated as serially connected rectangular
slab resistors and the resistance of unit cell can be calculated
as (4), (5).

tw Pw_ta: P tl Pw_tif

RZE: _— = — e _—
(i) re (5) =2 (550 )
@)

t P, —t p (t, Pyt

R, — y y “ly\ _ P [ly y — Ly

v p&ﬁ%)+p<txw L\ 4

5)

Where, 1., t,, and ¢, are the linewidth along x, y-axis direction
and the thickness of the metal respectively, P, P, are the period
of mesh along each axis, and p is the resistivity of the metal (Al)
used for the electrode (in this study, p = 2.733 x 1078 Qem
[33]). Therefore, the sheet resistance can be calculated as (6),

(7) with (3).
Ry =Ry = Ly 6
Py tzpy (Py - ty ) ( )
_pP, (t, P, —1,
= — (L4 L = 7
Fay = R P P, (ch * ty @

Fig. 4 shows the calculated sheet resistance R, and R, as a
function of period P, and P,, with thickness (,) and linewidth
(t; = t,) detuning. As can be seen in Fig. 4, the sheet resistance
along each axis (R, Rys) is mainly determined by the period
of the metal grid (P, P,) along the orthogonal axis at a fixed
metal linewidth and thickness. And, lower sheet resistance can
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Fig. 4. (a) and (b) shows sheet resistance along x-axis (Rys) and y-axis (Rys)
respectively as a function of mesh period (P, P,) and thickness (z,) at fixed
linewidth (7, = t,, = 30 nm). (c) and (d) shows sheet resistance along x-axis
(Rzs) and y-axis (Rys) respectively as a function of mesh period and linewidth
at fixed thickness (r, = 100 nm).

be achieved by increasing thickness or linewidth as can be seen
in Fig. 4, but it may reduce transmittance as will be shown in
the following chapter.

It is emphasized that resistance less than 10 /sq can be
achieved when linewidth >30 nm and thickness >100 nm while
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measurements

(a) Transmittance and ER as a function of metal linewidth, thickness and angle of incidence and (b) as a function of wavelength. (ER=

10log10[TTE/TTM] dB where T is TE wave transmittance and 777 is TM wave transmittance). (c) Simulation setup for the calculation of the transmittance of

PSTE.

keeping period below 1000 nm. And, it seems comparable to the
high-quality ITO with the same thickness when considering the
typical resistivity of ITO is ~107° to 1072 Qem [34].

B. Optical Transmittance and Polarization Extinction Ratio

Transmittance, and polarization ER must be optimized si-
multaneously by determining geometric parameters while con-
sidering fabrication tolerance to meet the needs of the target
application. To observe optical transmittance and polarization
ER simultaneously, FEM (Finite Element Method, COMSOL)
was utilized while changing the geometric parameter of the
structure. Fig. 5(c) illustrates the simulation setting for the

proposed PSTE. Normally incident plane wave was excited in
the organic layer, and the intensity of the transmitted light was
measured in the glass layer. Space between metal wire grids
was filled with organic material. For the fast convergence of
the calculation, the initial solution of FEM was obtained from
the dielectric structure without metal, and then the scattered
field was calculated thereafter with the given PSTE structure
under study. Periodic boundary conditions were set for four
side surfaces perpendicular to the PSTE. And, PML (Perfectly
Matched Layer) boundary conditions were used for the top and
bottom surfaces of the simulation space. Tetrahedral mesh type
was used with the grid size of less than 20 nm for metal, and
50 nm for other regions.
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Left of Fig. 5(a) shows the simulation result of transmittance
and ER for the three primary colors and each polarization, on
the normal incidence of a plane wave, as a function of the metal
linewidth (¢, = t, = 10 ~ 70 nm) at fixed thickness (¢, =
100 nm) and period (P,, = 70 nm, P, = 800 nm) of PSTE. As can
be observed from the results, there existed a trade-off between
ER and transmittance, for the increase of metal linewidth. For
increased metal linewidth, increased suppression of TM mode
and higher ER was obtained. However, it should be noted that
increased thickness results in a reduction of the polarization
matched light transmittance (TE mode). Right of the Fig. 5(a)
shows the transmittance and ER as a function of the metal
thickness (¢, = 10 ~ 120 nm) at fixed linewidth (¢, = t, =
30 nm) and period (P, = 70 nm, P, = 800 nm) of PSTE. The
tendency of transmittance and ER with thickness variation is
similar to the case of linewidth variation but a slower change of
transmittance and ER is observed in the case of the linewidth
variation. Transmittance is decreased by loss inside the metal
slit and assisted by plasmonic transmission through aperture
opening. Losses are nearly proportional to the metal thickness
and aperture opening is affected by linewidth variation. As can be
seen, transmittance and ER is widely and easily adjustable with
geometric parameters to achieve the performance for target ap-
plication. But, in the case of PVA based polarizer, it is somewhat
difficult to design because material treatments or mechanical
stretching are required.

Angular dependency of the transmittance and ER for the three
primary colors are shown in the lower side of the Fig. 5(a).
Definitions of oblique angles (6, and 6, are oblique angles
to the x-axis and y-axis respectively) are shown in the right
bottom corner of the Fig. 5(a). In the study, geometric parameters
were set as t, = 100 nm, ¢, = 7, = 30 nm, P, = 70 nm, and
P, = 800 nm where the common trend of the performance is
actively changing. There are fluctuations of the TE transmittance
~7.4% (blue)/~19.3% (green)/~11.4% (red) and ER ~4.3 dB
(blue)/~1.9 dB (green)/~5.4 dB (red) with the variation of 6,
from 0° to 50° (total internal reflection occur above critical
angle 58° and surface treatment is required for wider viewing
angle in practical application). And there are fluctuations of the
TE transmittance ~16.2% (blue)/~30.9% (green)/~26.5% (red)
and ER ~3.8 dB (blue)/~2.6 dB (green)/~3.8 dB (red) with the
variation of ¢, from 0° to 50°.

As a point of view of 3D crosstalk, commercial companies
set viewing angle of the display within 3D crosstalk of 7% [30].
And the 3D crosstalk can be defined as leakage over signal as
illustrated in the right side of Fig. 5(a) [35]. It can be said that
~11.5 dB is the minimum ER of the PSTE to meet crosstalk
below 7% when considering (8). In this study, ER is above
23 dB at given geometric parameters as can be seen in Fig. 5(a).
Therefore, the PSTE can expend viewing angle until other issues
such as total internal reflection are happened. It can give much
advantage when 16° viewing angle of conventional 3D display
is considered [30]

leakage — Trym

<% ()
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TABLE I
PARAMETERS FOR THE CALCULATION
PARAMETERS VALUES PARAMETERS VALUES
436 nm ,
t.  10~70 0.57-i5.14)
Metal : o Relative (Blue) ( ' )
linewidth permittivity 546 nm . )
t,  10~70 nm of AL[36]  (Green) (0.95-i6.36)
Metal &= (n-ik)* 700 nm . N
thickness t. 10~120 nm (Red) (1.66-i8.04)
Metal P, 60~ 800 nm Glass 1.5
pattern .
period P, 60~200nm Re.fractwe Organic 1.77
’ index
Organic layer 250 nm ITO 1.94
thickness
ITO thickness 100 nm FEM Mesh type Tetrahedral
Glass thickness 100 nm Metal regions <20 nm
mesh size
Cathode Dielectric regions
substrate 100 nm mesh sizi <50 nm
thickness (41)

To show the wavelength dependency of PSTE, Fig. 5(b)
shows the transmittance and ER as a function of the wavelength
(425 ~ 700 nm) at arbitrary reliable geometric parameters. In
the study, geometric parameters were set as £, = 100 nm, ¢,
=t, = 30 nm, P, = 70 nm, and P, = 800 nm. With the given
geometric parameters, the transmittance of polarization matched
light (TE-mode) higher than around 61% and ER higher than
24 dB is achievable for all the visible wavelength ranges.

To observe the dependency on mesh period (P, P,) or duty
cycle, a transmittance of the polarization matched light (TE
mode), ER and sheet resistance were plotted simultaneously in
Fig. 6 for the three primary colors respectively as a function
of the period at the fixed metal thickness (f, = 100 nm) and
linewidth (z,, = t, = 30 nm). Transmittance was plotted with the
color-map. ER and sheet resistance was plotted with the red and
blue lines, respectively. Sheet resistance only along x-direction
was plotted because it is always larger than that of y-direction
in the region of interest (P, > P).

Geometric parameters can be selected to meet the overall
performance requirements of the target application by referring
to the presented study results while considering fabrication
tolerance. For example, to keep transmittance higher than 61%,
ER higher than 24 dB and sheet resistance below 5 ()/sq, it
is recommended that P, < 70 nm and P, < 800 nm at given
thickness and linewidth (7, = 100 nm, ¢, = ¢, = 30 nm).

C. Extraction Efficiency

Upon the parametric studies on the electrical and optical
properties of the PSTE structure, its light extraction efficiency
in an integrated OLED device was also estimated, assuming
parameters listed in Table I. To take account of the incoherent
Lambertian properties of OLED light, random phase, polariza-
tion, and location of each dipole source must be considered in
the simulation. Random phase characteristics can be imitated by
preventing coherent interference between nearby dipole sources.
Therefore, only one dipole source must be excited at once



2500107

(a) Blue (436 nm)

(b) Green (546 nm)

IEEE PHOTONICS JOURNAL, VOL. 13, NO. 5, OCTOBER 2021

(c) Red (700 nm)

0.8
600 B Transmittance (arb. unit)
Sheet resistance (/sq)
7 S00F ER (dB) 0.6
= —
= 400
0.4
300
200 0.2
100
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200 L
Px(nm) Px(nm) Px(nm)

Fig. 6.

Transmittance of polarization matched light (TE mode), ER and sheet resistance for the three primary colors as a function of the period (P, Py) at fixed

thickness (¢, = 100 nm) and fixed linewidth (#,, = £, = 30 nm) of patterned metal. Transmittance was plotted with the color-map, ER and sheet resistance is plotted

on the same layer with the red and blue lines, respectively.
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efficiency of the OLED employing PSTE and lossless transparent electrode.

for each calculation of simulation. In addition, the extraction
efficiency of each dipole source depends on its located position
because the light from each dipole undergoes a different path
while escaping from the OLED structure. Therefore, indepen-
dent simulation must be carried out for all possible combi-
nations of polarization and location. And the contribution of
each dipole must be combined in a super-positional manner. In
the simulation, x- and y-polarized current dipole sources were
distributed in the active layer. And, they are placed 50 nm above
the cathode with 10 nm and 100 nm intervals for x-axis and
y-axis respectively as shown in Fig. 7(a) and (b). Dipole sources
placed in a unit period is enough to estimate efficiency of the
entire surface of the emission layer for the symmetricity. The
extracted light from z-polarized light is negligible because the
main radiation direction is parallel with the x-y plane and it is
hard for z-polarized light to escape from the surface.

Fig. 7(c) shows the obtained OLED extraction efficiency of
the polarization matched light employing the proposed PSTE

at three different primary colors, and it is compared with the
extraction efficiency employing lossless ITO with refractive
index of 1.94. Geometric parameters of PSTE were assumed as
t,=100nm, t, =t, = 30 nm, P, = 70 nm, and P,, = 800 nm. As
can be seen in Fig. 7(c), degradations of the extraction efficiency
were below 14 percent point for all the primary color wavelength
range.

IV. CONCLUSION

The PSTE having dual functions of transparent electrode and
polarizer was proposed by adjusting the mesh size of the metal
nano-wire transparent electrode. The transmittance of each po-
larization, ER and sheet resistance of the PSTE were evaluated
with varying of geometrical parameters and wavelength. And,
parametric studies have been carried out to give a guide for geo-
metric parameter selection to meet the requirement of the target
application. As an application of the PSTE, the way to reduce
the 3D-crosstalk of passive stereoscopic 3D OLED display was
also introduced by utilizing the PSTE instead of the conventional
transparent electrode. The extraction efficiency of the proposed
3D OLED display pixel structure was also evaluated comparing
with the conventional OLED pixel structure employing a lossless
ITO. The author expects that the proposed PSTE can be not
only an alternative of ITO material overcoming the drawback
of high cost and limited supply of indium but also be the dual
functional optoelectronic component which can be employed
various application where polarization selectivity required at the
transparent electrode layer.
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