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Double-functioned metalens inspired by compound eyes
for naked-eye 3D display with high efficiency, high
resolution, and large viewing range
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Micro-LED is one of the most promising technologies for naked-eye 3D display. However, due to challenges related to effi-
ciency, resolution, viewing range, and structure integration, the 3D micro-LED display is still at the conceptual stage. In this
work, we introduce a double-functioned metalens composed of highly symmetric unit cells into the 3D micro-LED system.
The nonpolarized spotlight generated by the micro-LED is collimated and deflected through the designed metalens. Inspired
by the compound eyes, metalens modules with varying deflection angles are spliced and penetrated together, enabling a
wide viewing angle without sacrificing resolution. Additionally, the viewing position can be dynamically adjusted using
adjustable subpixels. The results demonstrate that the proposed metalens and its optical system can reach a viewing angle
ranging from —41.5° to 41.5° and an adjustable optimum viewing distance from 25 to 75 cm. The deflection efficiency exceeds
80%, with a resolution of 910 PPI (pixels per inch). Our design shows great potential for naked-eye 3D display.
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1. Introduction

With the advancement of science and technology, the transition
from two-dimensional (2D) to three-dimensional (3D) display
technology has become an inevitable trend. Naked-eye 3D dis-
play, as one of the most prominent 3D technologies, enables
viewers to experience an exceptionally vivid visual experience
without wearing a pair of glasses. The naked-eye display system
consists of a 2D display panel with a light-controlling compo-
nent, such as a parallax barrier and a lenticular lens!' ™),
Among various 2D display technologies, micro-LED offers sig-
nificant advantages in high contrast, low power consumption,
and high response frequency!*~®!, making it an ideal technology
for naked-eye displays'’~"). However, the 3D micro-LED display
is still at the conceptual stage, limited by its intrinsic emission
properties of large divergence angles and noncoherence.
Engineered micro-LED systems with controllable luminescence
distribution and direction should advance the naked-eye 3D
micro-LED display.

Normally, micro-LED shows a Lambertian emission with a
wide divergence angle higher than +60°!"°), Engineered optical
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components, such as hemispherical lenses, microgratings, and
photonic crystals, are required to collimate the emitted light,
resulting in complex systems, bulky volumes, and low efficien-
cies!"' ' Resonant cavities incorporated with distributed
Bragg reflectors (DBRs) demonstrate a small beam divergence
(9°) while maintaining a size comparable to micro-LED!?),
Additionally, a resonant cavity can also be used to increase the
LED’s spatial coherence. However, the emission direction is sen-
sitive to the cavity length and emission wavelength, making it
highly angle-dependent!'®!. Metasurfaces, composed of periodic
similar structures, are capable of precise light manipulation.
Therefore, Kuznetsov proposed an optical system that combined
the resonant cavity with a specially designed metasurface to
obtain controllable photoluminescence direction!”). Further-
more, some research has developed optical systems that demon-
strate unidirectional emission with controllable full width at
half-maximum (FWHM) at arbitrary angles (for example, 10°,
20°, and 30°)*8). However, because of the utilization of the
cavity structure, the luminous efficiency of the resonant cavity
light-emitting diode (RCLED) is unsatisfying (8%), and the
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FWHM of the deflected light is still too large, resulting in
obvious cross talk!'”'!. Additionally, the cavity structure also
increases the difficulty in fabrication and integration with the
existing display panel. Therefore, achieving efficient collimated
and directional light without the use of a resonant cavity is the
key challenge.

Despite the issues arising from the instinct properties of
micro-LED, 3D optical systems face the problems of small
viewing angles and a limited observation range!®”’. To achieve
a large viewing angle, the current approach involves using sev-
eral subpixels to achieve a multiview, which sacrifices resolu-
tion'*"), Additionally, the optimum viewing distance is fixed*).
However, the observation position may vary greatly according to
different usage scenarios. Therefore, it is necessary to find a way
to dynamically control the deflective direction and the viewing
distance without sacrificing its efficiency and resolution.

To solve the issues of efficiency, viewing range, resolution,
and structure integration, we present what we believe is a novel
approach utilizing a metalens with dual functionality in collima-
tion and deflection. Unlike conventional techniques, the metal-
ens is independent from the light source by avoiding the
resonance cavity, resulting in a simplification of the fabrication
process and increasing the probability of integration with the
existing 2D display. Inspired by the compound eyes, the metal-
ens integrated with one subpixel can achieve multideflection,
contributing to a large viewing angle without sacrificing resolu-
tion. Additionally, the viewing positions can be dynamically
adjusted by adjusting the images that the subpixels transmit.
Using the finite-difference time-domain (FDTD) method, the
performance of the micro-LED integrated with the metalens
is thoroughly analyzed. The simulation results demonstrate that
the optical system can achieve a viewing angle of —41.5° to 41.5°
and allows for dynamically adjustable viewing positions, with a
deflection efficiency exceeding 80%. Theoretically, our design
enables a feasible control of viewing position and excellent per-
formance in luminous efficiency, making it suitable for a highly
integrated micro-LED 3D display.

2. Design and Principle

2.1. Design principle of metalens-based naked-eye
3D display

The naked-eye 3D display proposed in this work consists of a
2D display panel and an “optical layer” with a metastructure.
Different from the lenticular-based 3D display, which directs
the light of neighboring sub-pixels into different directions by
adding cylindrical lens, the metalens-based 3D display can
deflect the light generated by the individual subpixel into differ-
ent directions, as shown in Figs. 1(a) and 1(b). Therefore, the
metalens-based 3D display offers higher resolution. In an
eight-view monochrome 3D display, for example, the original
eight subpixels of 2D display can only support a single pixel
for lenticular-based 3D display. However, a pair of subpixels
from 2D display contributes to one pixel for metalens-based
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Fig. 1. Schematics of (a) 3D display system based on lenticular lens, (b) 3D
display based on a metalens, (c] illuminance distribution varied with the view-
ing positions for subpixel 1and subpixel 2, and (d) calculation method of the
deflection angle for subpixels.

3D display, with subpixel 1 for the left-eye image and subpixel
2 for the right-eye image. The illuminance distribution varied
with the viewing position is illustrated in Fig. 1(c). The focal
points generated by subpixel 1 and subpixel 2 alternately exist in
space. The distance between the peaks of the focal points at
the optimum viewing distance (OVD) should fix the pupil
distance*?,

To ensure that the distance of adjacent peaks meets the pupil
distance, the deflection angle of the light generated from subpix-
els needs to be carefully controlled. Figure 1(d) demonstrates the
calculation method of the deflection angle for subpixel 1 and
subpixel 2 through a metalens,

{(9,11 = (=1)™ D arctan[M - (2n — 1) /2L] (1)
0% = (=1)"arctan[M - (2n — 1) /21]

where M is the pupil distance, L = OVD is the distance between
the display and the optimized observation screen, 6} is the
deflection angle of subpixel 1 through the metalens, and 62 is
the deflection angle of subpixel 2 through the metalens.
Therefore, the designed metalens should have a function of
multiple deflections. In an eight-view display, for example,
the metalens designed for subpixel 1 requires angular deflection
in —41.5°, —22°, 8°, and 33.8° while for subpixel 2, the deflection
angles are —33.8°, —8°, 22°, and 41.5° with a given L =25cm
and M = 65 mm.

2.2. Design of double-functioned metalens and bionic
compound eye metasurface for multiview display

The 2D display panel consists of numerous independently
driven LED chips. Each LED chip generates uncollimated and
noncoherent light, acting as a subpixel. Therefore, the meta-
lens not only needs to show a function of multideflection but
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Fig. 2. (a) Schematic of double-functioned metalens and bionic compound
eye metasurface for multiview display, and image designs for (b) optical sys-
tem with 2N subpixels, (c) optical system with four subpixels, and (d) optical
system with 12 subpixels.

also needs to solve the problem of collimation. Aiming at the
double function, the phase distribution of the metalens can be
calculated by combining the deflection with the collimation,

2 2r
CI)=<I>1+<I)2——7ﬂsm9 x—7( P f) 2)

where x is the coordinate position of the unit cell distribution, 1
is the working wavelength in the free space, which is 532 nm, f is
the focal length, and 0 is the deflection angle.

Further, to ensure a viewing angle larger than 40°, we inno-
vatively introduce a bionic compound eye metasurface, which
consists of several double-functioned metalens modules, as illus-
trated in Fig. 2(a). These metalens modules with different deflec-
tion angles are spliced and penetrated together, resulting in
multiple deflections of the original subpixel.

2.3. Design methodology of metalens for dynamically
controlled viewing distance

The designed metalens with a fixed deflection angle can only
ensure a well-performed 3D emission at a specific viewing dis-
tance. A slight deviation of the observation point will result in
serious cross talk and image shift. The acceptable offset of the
eye pupil distance is generally within 4 mm, and the tolerance
of the viewing distance is less than 6%2%!. However, the obser-
vation position may vary greatly according to the needs of differ-
ent situations, e.g., mobile phones, computers, and televisions,
varying from 20 to 100 cm.

In order to extend its application scope, 2N subpixels in the
2D display are combined to form one pixel in the 3D display, as
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shown in Fig. 2(b). Half of the subpixels transmit images for the
left eye, and the other half are for the right eye. The viewing
distance can be dynamically controlled by adjusting the im-
ages transmitted by each subpixel. For an optical system with
2N subpixels, the OVD can be varied from L to N-L. If N
can be decomposed into the product of several prime numbers,
N=n;-n, --- n,, where n; - n, --- n, are all prime numbers.
Then, any composite number N, composed of n; - 11, --+ n, can
be used to support an OVD.

Figure 2(c) shows an example of an optical system with four
subpixels, which can support two optimum viewing distances.
If subpixels 1 and 2 show images for the left eye and subpixels
3 and 4 display images for the right eye, the OVD is L; if sub-
pixels 1, 2, 3, and 4 are alternately arranged for left and right
eyes, the OVD is 2L. The deflection angles of subpixels 1
and 3 can also be calculated using Eq. (1). The additional
subpixels 2 and 4 can be calculated using Eq. (3),

0 =tarctan[M - (n —1)/2L]. (3)

Figure 2(d) demonstrates the design of an optical system with
12 subpixels, where N =1 -2 - 3. Therefore, the viewing dis-
tance can be set to L, 2L, 3L, and 6L. When the OVD = 2L,
the subpixels are alternately arranged for the left and right eyes
in groups of three. When the observation distance is 3L, two
adjacent subpixels are in one group. When the observation dis-
tance is 6L, adjacent subpixels are driven separately for different
eyes. The deflection angles of subpixels 1 and 6 can also be cal-
culated using Eq. (1). The additional subpixels can be deter-
mined using the equation below,

(4)

0 = +arctan[(3M - n — 5M) /6L]
0 =ztarctan[3M - n—7M)/6L)’

3. Results and Discussion

3.1. Double-functioned metalens with a specific deflection
angle

We use the FDTD method to simulate the deflection character-
istics of the designed metalens, accompanied by a micro-LED.
The unit structure of the metalens consists of a cylindrical struc-
ture made of GaN, with a refractive index of 2.4 at 1 = 532 nm, as
demonstrated in Fig. 3(a). The compensation phase and trans-
mission efficiency can be adjusted by varying the radius (R),
height (H), and period of the cylinder. As an artificial subwave-
length structure, the metasurface requires a period smaller than
the wavelength of the incident light'**). Thus, the designed unit
structure is set with period parameters of 400 nm. Additionally,
to suppress the diffraction effects, the diameter of the nanorods
should be less than half of the operating wavelength!?*).
Therefore, the radius parameter range is set from 40 to 150 nm.
Considering the limitations of fabrication technology, the height
parameter is set from 100 to 800 nm. The simulated phase and
transmission maps are shown in Figs. 3(c) and 3(d). The results
demonstrate that the phase can cover 2z with varied parameters
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Fig. 3. (a) Schematic diagram of the metalens integrated with micro-LED for
FDTD simulation; (b) numerical calculations for the transmittance and phase
shift as a function of the radius; (c) phase varying with radius and height;
(d) transmittance varying with radius and height; (e) comparison of the target
phase and the real phase.

for the designed unit, and the transmissions of most structures
exceed 0.8 with a height of 600 nm, as shown in Fig. 3(b).

By utilizing the selected structures, the double-functioned
metalens for an eight-view display can be designed based on
Eq. (2), where the deflection angle can be calculated by Eq. (1).
The calculated deflection angles are listed in Table 1. To find the
specific unit cells fitting the equation, particle swarm optimiza-
tion (PSO) is employed. Figure 3(e) illustrates the target and real
phase of the designed metalens with a deflection angle of 8°.
The results demonstrate that the phase distribution of the
designed metalens matches well with the theoretical values.

To investigate the deflection performance, the simulation
model of the integrated metalens with micro-LED sources is fur-
ther developed, as shown in Fig. 3(a). The structure consists of
a 200 nm metal reflection layer (Ag) at the bottom, followed
by a 200 nm P-GaN layer, a 200 nm multiple quantum well
(MQW) layer, and a 3 pm N-GaN layer. An x-polarized dipole
was inserted to represent the light emission from MQWs. The
simulation range is 30pm X 30 pm X 7pum with perfectly
matched layer (PML) boundaries in all directions. Two monitors
were added to characterize the cross-sectional and top views of
the electric field distribution. Either the near-field propagation
or the far-field distribution is calculated with an additional
script.

The normalized intensity distribution of the electric field in
the x—z plane is shown in the first column of Fig. 4 with different
deflection angles. It is evident that the wavefront changes from a
curved surface to a planar surface by adding a metalens,
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Fig. 4. Simulated results of metalens with a specific deflection angle: normal-
ized intensity distribution of electric field in the x-z plane, normalized far-field
light intensity distribution, and their vertical cross section.

demonstrating efficient collimation. However, the collimated
performance of a large deflection angle is not as good as that
of a small deflection angle, due to the increased phase shift
and reduced selective structures in a 2z period. The deflection
performance can also be demonstrated by the x-z plane
electric field distribution, since the propagation direction is
perpendicular to the equal phase plane. The simulated deflection
angle matches well with the target one. The normalized far-field
light intensity distribution and its vertical cross section are illus-
trated in the second and third columns of Fig. 4, further con-
firming the good collimation and deflection effects of the
metalens.

To quantify the deflection efficiency, a defined parameter
Naef = Laer/Iin is calculated and shown in Table 1, where I
is the integrated light intensity within 20° around the target
deflection angle and I, is the total light intensity emitted from
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Table 1. Simulated Results of Metalens with a Specific Deflection Angle for Different Viewing Points.

Metalens for left eye Metalens for right eye

View 1 View 3 View 5 View 7 View 2 View 4 View 6 View 8
Deflection angle [°) —55 —22 8 33.8 —338 -8 22 45
Position at observation screen (mm) —223.65 —-98.25 3316 163.34 —163.33 3317 98.25 223.65
Deflection efficiency 67.42% 60.65% 91.04% 83.81% 80.19% 91.83% 64.84% 7.36%
the dipole. The results show that the deflection efficiencies for 8° In order to further reduce the pixel size and improve the res-
and 22° are over 80%, which dramatically decreases as the deflec-  olution, we propose a metalens design with module penetration,
tion angle increases. The deflection efficiency for the large angle ~ where the unit cells constituting the metalens with two different
can be further improved by reducing the period size. deflection angles are interspersed. Figure 5(d) shows the sche-

matic diagram of the module penetration. Four deflection angles
are separately obtained through two adjacent penetrated mod-
ules. The detailed design parameters of the modules for the pen-
etration metalens are given in Table 3. Module 1 is the metalens
Double-functioned metalenses with specific deflection angles ~ with deflection angles of +22° penetrated in a metalens with
are demonstrated in Sec. 3.1. However, single deflection is not
enough for a large viewing angle, and the increase of the viewing
angle is at the expense of resolution and integration. To solve the

3.2. Metalens for multiple viewing points based on
compound eye structure

() Before ratio adjustment After ratio adjustment
contradiction between large viewing angle and high resolution, a Yo gy SLT
compound eye structure was introduced to obtain an integrated S ER I I A I Y
multiple deflective metalens. The metalens modules with spe- 2 -

cific deflection angles are spliced and penetrated together, result-
ing in a multideflection of 8°, 33.8°, —41.5°, and —22° for
subpixel 1, and —33.8°, —8° 22° and 41.5° for subpixel 2,
respectively.

In the design of module splicing, metalens modules with dif-
ferent deflection angles are assembled and arranged from left to
right. Each metalens module is cut and spliced within the same
coordinate system, with an equivalent area of 15 pm X 30 pm at
first. The normalized far-field light intensity distribution and its

Supndg

After ratio adjustment

A Rgeye
I

e
Ee——
——

vertical cross section are simulated for the designed splicing R NI
metalens. Figure 5(b) illustrates the multiple deflection angles, (@) Before ratio adjustment  After ratio adjustment
with an extremely high deflection intensity at 8° and several pin - e, »
impure peaks. L P o R ey iy I
To improve the uniformity of the deflection intensity for dif- 5 - i~

ferent viewing points, the size of each module was carefully
adjusted. Table 2 shows the detailed design parameters of the
module size for the splicing metalens before and after area ratio
adjustment. The intensity will be reduced if the area of the mod-
ule is reduced. Therefore, we reduced the area of the module for
angles of +22° from 15pm X 30pm to 10pm X 30 pm and ®
reduced the area of +8° from 15 pm X 30 pm to 9 pm X 30 pm.
Figure 5(c) shows the simulated results of the adjusted structure.
It is obvious that the uniformity of the deflection intensity is sig-
nificantly improved. The deflection efficiency of individual
angle and the total deflection efficiency are also calculated
and are listed in Table 2. The results demonstrate that the total Fig. 5. Schematic diagram of (a) module splicing and module penetration
deflection efficiency exceeds 80%. The pixel size of the optical ~ metalens; simulation results of module splicing metalens (b) before ratio
system with the adjusted splicing metalens is 51 pm X 30 pm,  adjustment and (c) after ratio adjustment; simulation results of module pen-
and the resolution is 602 PPI (pixels per inch). etration metalens (e) before ratio adjustment and (f) after ratio adjustment.
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Table 2. Design Parameters and Simulated Results of Multideflected Metalens by Module Splicing.

Metalens for left eye

Metalens for right eye

Deflection angle (°) 8° -22° 33.8° —415° —-8° 22° —-33.8° 415°
Splicing (before ratio  Area of meta-lens modules (um x pm)  15x30 15x30 1Bx30 1Bx30 1Bx30 1Bx30 1Bx30 1Bx30
adjustment) Deflection efficiency 28%  1646%  888%  619%  2756%  1595%  896%  6.06%
Total deflection efficiency 59.53% 58.53%
Splicing (after ratio Area of metalens modules (pm x um) 9 x 30  9x30 R”x30 1Bx30 9x30 12x30 Bx30 1HBx30
adjustment) Deflection efficiency 1856%  1938%  T.05%  2133% VA% A% 2309%  1618%
Total deflection efficiency 76.32% 75.81%
Table 3. Design Parameters and Simulated Results of Multideflected Metalens by Module Penetration.
Metalens for left eye Metalens for right eye
Module 1 Module 2 Module 1 Module 2
Deflection angle [°) -22° 33.8° 8° —115° -8° 415° 22 -33.8°
Penetration (before ratio  Area of metalens modules (pm x pm) 15 x 30 15 x 30 15 x 30 15 x 30
adjustmen] Quantitative proportion of unit cells 11 11 11 11
Deflection efficiency 15.95%  19.04% 30.8% 13.33%  2986%  1278%  16.06% 19.34%
Total deflection efficiency 79.12% 78.04%
Penetration (after ratio Area of metalens modules (pm x pm) 15 x 30 15 x 30 15 x 30 15 x 30
adjustmen] Quantitative proportion of unit cells 43 2:3 2:3 43
Deflection efficiency 19.38%  17.05%  1856%  21.33% 17.49% 16.18%  1749%  23.09%
Total deflection efficiency 76.32% 75.81%

deflection angles of +33.8°, while module 2 is the metalens with
deflection angles of +8° penetrated into deflection angles of
+41.5°. The size of module 1 is 10 pm X 30 pm, while the size
of module 2 is 15 pm X 30 pm. Each module contains an equal
number of unit cells for different angles. The normalized far-
field light intensity distribution and its vertical cross section
are simulated for the designed penetration metalens. Figure 5(e)
illustrates multiple deflection angles, with the deflection inten-
sity at 8° being twice as high as for other deflection angles.

To improve the uniformity of the deflection intensity for dif-
ferent viewing points, the proportion of the penetrated unit cells
for different angles is carefully adjusted. Table 3 shows the
detailed design parameters of the module size for the penetrated
metalens before and after area ratio adjustment. The intensity
will be reduced if the number of unit cells is reduced.
Therefore, we reduce the ratio of the unit cells for angles of +8°
and +41.5° from 1:1 to 2:3 under a constant area. Additionally,
the ratio of unit cells for angles of +22° and +33.8° is also

adjusted from 1:1 to 4:3, contributing to an enhancement of
the intensity of angles of +22°. Figure 5(f) shows the simulated
results of the adjusted structure. The uniformity of the deflection
intensity is significantly improved. The deflection efficiency of
individual angle and the total deflection efficiency are all calcu-
lated and listed in Table 3. The results demonstrate that the total
deflection efficiency approaches 75%, which is smaller than the
spliced metalens. However, the pixel size is significantly reduced
to 25 um X 30 pm with a resolution of 910 PPL

The above results show that either the splicing or the penetra-
tion metalens structure can achieve an efficient multiple deflec-
tion, resulting in a viewing angle of 41.5° with a PPI of 910. The
viewing angle can be further increased by adding metalens mod-
ules with larger deflection angles. However, the light source in
the previous simulation was represented by an x-polarized
dipole, which was not conformed with the real case. The lighting
mechanism of the LED is the spontaneous emission via the
recombination of electrons and holes, which can be treated as
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Fig. 6. Calculated far-field intensity distributions with x-polarized,
y-polarized, and z-polarized dipoles as well as the average intensities of the
incoherent dipoles.

the superposition of electromagnetic point dipole sources. The
average electromagnetic field intensity of an ensemble of inco-

herent, isotropic dipole emitters in a small spatial volume can be
calculated by!**!

1
|E|2 =§(|Ex|2 + IEy|2 + |Ez|2)> (5)

where E,, E,, and E, are the electromagnetic fields generated by
a single dipole along the x, y, and z axes, respectively. To analyze
the performance more accurately, the far-field intensity distri-
bution with y-polarized and z-polarized dipoles, as well as the
average intensity of the incoherent dipoles, are also calculated,
as shown in Fig. 6. The results for the x-polarized and y-polar-
ized dipoles are nearly identical, as the unit cells constituting
the metalens are symmetric. However, a distinct difference in
deflection efficiency is observed with a z-polarized dipole.
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Despite this, the electric field intensity for a z-polarized dipole
is an order of magnitude lower than that for x- or y-polarized
dipoles. Consequently, the average intensity follows the same
trend as that for the x-polarized dipole, demonstrating efficient
multiple deflection.

3.3. Dynamically controlled observation position
by separating subpixels

To generate a dynamic adjustable observation position, we use
2N subpixels to form one pixel in a 3D display image. To elabo-
rate on the design method and performance of the metalens,
N =2and N = 3 are selected as examples. For N = 2, the deflec-
tion angles of the metalens for subpixel 1 are —41.5°, —22°, 8°,
and 33.8°% the angles for subpixel 2 are —37.9°, —14.6°, 14.6°, and
37.9% the angles for subpixel 3 are —33.8°, —8°,22°, and 41.5°% the
angles for subpixel 4 are —27.5°, 0°, and 27.5°. Table 4 shows the
detailed information of the designed metalens for N = 2. There
are eight viewing points when OVD = 25 cm, in which subpixels
1 and 2 show images for the left eye and subpixels 3 and 4 display
images for the right eye. There are 15 viewing points when
OVD = 50 cm, in which subpixels 1, 2, 3, and 4 are alternately
arranged for the left and right eyes. Figure 7(a) demonstrates the
far-field luminous intensity distribution of the designed metal-
ens/micro-LED optical systems with N = 2. The results show a
high deflection efficiency of the designed metalens, with negli-
gible cross talk at different viewing points and distances. The
light intensity at the middle point is higher than the viewing
point with a larger viewing angle, which is beneficial to improve
the utilization efficiency at the central view.

For N = 3, 6 subpixels join into one pixel in 3D display. There
are eight viewing points when OVD = 25 cm, in which subpixels
1, 2, and 3 show images for the left eye and subpixels 4, 5, and 6
display images for the right eye. There are 22 viewing points
when OVD =75cm, in which subpixels 1, 2, 3, 4, 5, and 6
are alternately arranged for the left and right eyes. Figure 7(b)
demonstrates the far-field luminous intensity distribution of
the designed metalens/micro-LED optical systems with N = 3.
The deflection intensity remains high, but it shows more

Table 4. Design Parameters and Simulated Results of Multideflected Metalens with N = 2.

Metalens for subpixel 1

Metalens for subpixel 2

Metalens for subpixel 3 Metalens for subpixel 4

Deflection angle (°) -5 =22 8 338 =319 46
Position at =223 -98 33 163 —195 —65
0VD = 25 cm (mm)

Viewing point (8] 5(L) 9(L)  13(L) 2(L) 6(L)
Position at —445  —196 66 326 -390 —130
0VD =50 cm (mm)

Viewing point 1(L) 5L 9lL) 13y 2(R) 8(R)
Deflection efficiency (%) 140 249 320 170 14.9 30.2

w6 79 -3¥38 -8 2 45 -25 0 25
65 195 163 -3 98 23  -130 0 130
o) wU 3R 7R MR BRI 4R} B8R 12(R)
130 390 -36 66 196 446  —260 0 260
R wWR 3 0 nl sl sR) O BR] 2(R)

295 224 16.8 24 247 142 19 3711108
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Fig. 7. Far-field luminous intensity distributions of the designed metalens/
micro-LED optical systems with (a) N=2and (b) N = 3.

e
b
i

(a) o T
"é 034
g
™
= 02
=
~ 0
0.0
0 5 10 15
Viewing point
N e N i . S s 4o
0 cisvmrgen T () srcwmn (1) 1 o () b -

Fig. 8. (a) Calculated cross talk degrees for different viewing points with N =
3and 0VD =75 cm; (b)-(i) MTF values of the metalens with the same specific
deflection angles.

noticeable cross talk between the left-eye and right-eye images,
particularly for the central view. The cross talk degree can be
quantified using'*®

Ligw+L Lpgw + L
crosstalk(L) = —XW T KK - crogstalk (R) = ~REW - ZRKK
twk — Likk rwk — Lrrx

(6)
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View 1
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Fig.9. Calculated images at different viewing points for N=3and V0D =75 cm.

where Ljxyy is the intensity at the left view when the subpixels
for the left eye are all off, L;y is the intensity at the left view
when the subpixels for the right eye are all off, L; -« is the inten-
sity at the left view when all of the subpixels are all off, Ly is
the intensity at the right view when the subpixels for the right eye
are all off, Ly is the intensity at the right view when the sub-
pixels for the left eye are all off, and Ly is the intensity at the
right view when all of the subpixels are all off. Figure 8(a) shows
the calculated cross talk degrees for different viewing points. The
highest cross talk degree is 0.35.

To evaluate the cross talk effect more visually, we use com-
puter graphic techniques to generate retinal images viewed from
various viewing angles with N = 3 and OVD = 75 cm!*”?®], The
images consist of the letter “L” and the letter “R,” as shown in
Fig. 9. It shows obvious cross talk for view 11 and view 12, which
can be reduced by further increasing the size of the metalens.
In order to further evaluate the overall performance of the opti-
cal system, we employ the modulation transfer function (MTF),
which quantifies the imaging system’s ability to reproduce con-
trast at different spatial frequencies””*". Higher MTF values
indicate better contrast reproduction and sharper images.
Figures 8(b) to 8(i) show the MTF values for the metalens with
the same specific deflection angles. The MTF value exceeds 0.2 at
a spatial frequency of 200 cycles/mm, indicating the capability of
the metalens to achieve high-quality eyepiece performance.

4. Conclusion

In summary, we have presented a double-functioned metalens
that has functions of collimation and deflection. The FDTD
method was employed to simulate the deflection characteristics
of the metalens accompanied by the micro-LED. The results of
the metalens with a specific deflection angle show an efficient
collimation effect and an average deflection efficiency over
80%. The integration of the multiple metalens module by splic-
ing and penetration can result in multiple deflection angles while
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