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Abstract
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This paper delves into the one-dimensional photonic crystals (PCs) privacy protection structure
(PPS), emphasizing a layered structure with polarization-independent angular response
characteristics tailored to meet the need for PPS in various situations. Introducing a specialized
design for photonic band gap (PBG), the PPS adheres to the principles of PBG. This design
comprises a host structure and an anti-reflection structure carefully selected within the yellow
light band (frequency range spans from 530 THz to 510 THz). The given PPS creates an angle
selection (AS) window exhibiting transmittance consistently above 0.85 within —29° to 29°
while ensuring transmittance drops to 0.1 within the —90° to —46° and 46°-90° range. This
arrangement effectively achieves the desired PPS. The effects of the host structure on the four
key parameters of refractive index and thickness of the two media on PPS properties were
studied in detail. The influence of these parameters mainly involves the transmittance of the

visible area, the AS, and the transmittance of the protected area.

Keywords: photonic crystals, photonic band gap, angle selection, privacy protection, yellow light

1. Introduction

Nowadays, information has become integral to daily life.
An increasing number of individuals find themselves com-
pelled to use electronic devices in environments devoid of
adequate protection, either due to job demands or specific
requirements [1-3]. However, in such open settings, ensur-
ing that individuals can utilize electronic products without
external interference, be it intentional or unintentional snoop-
ing, proves challenging through infrastructure alone [4, 5]. The
most optimal solution, therefore, lies in addressing the issue
directly at the screen level of electronic devices. The initial
attempts at anti-snooping measures primarily involved ultra-
fine shutter technology [6]. However, these methods exhibited

“ Author to whom any correspondence should be addressed.

several shortcomings. The anti-snooping device design origin-
ates from the concept of subjecting the computer screen to
extraordinary processing, ensuring it illuminates solely for the
user and remains impervious to external ‘borrowing’ by unau-
thorized individuals. This concept finds application in a broad
spectrum of areas, ranging from banking equipment like auto-
matic teller machines to commonly used consumer electronics
such as mobile phones and laptops [3, 4]. Responding to the
increasing market demand, angle-controllable display screens
have emerged as a focal point and a recent research direction
for major display companies [1, 3]. Currently, two prevalent
technical features address this issue: one way is surface-based
display solutions [7-9]. This involves applying a solid adhes-
ive or a physical card with an anti-glimpse film. The core tech-
nology often centers around ultra-fine shutter optical techno-
logy. In 2021, Li and Zhang introduced a polaroid structure
with a narrow viewing angle function. The innovation lay in

© 2024 0P Publishing Ltd
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replacing the upper protective layer in the polaroid with an
anti-snooping film devoid of pressure-sensitive adhesive [10].
The other way is liquid crystal display (LCD) angle adjustment
[11, 12]. Display solutions achieved by modifying the LCD
angle width have also been proposed. In 2019, Chen et al sug-
gested an anti-voyeurism display scheme utilizing a double-
layer LCD screen framework [13]. This approach disrupts the
display content at various viewing angles, effectively achiev-
ing anti-voyeurism objectives [14, 15].

Previous research in privacy protection structure (PPS)
includes various methods such as textured glass [16],
liquid crystal smart windows [17], double-response hydrogel
electrochromism [ 18], tunnel transmission windows [19], light
management films made of natural polymers with adjustable
fog properties [20], liquid crystal asymmetric transmission
windows [21, 22], among others. However, the conventional
anti-snooping designs suffer from two major drawbacks.
Firstly, due to inherent structural limitations, the transmission
rate often falls below 70%, leading to darker screens that may
impact eye health [21, 22]. Secondly, the transition range from
the visible area to the protected area is substantial, approxim-
ately 20°, thereby compromising the efficacy of PP. Moreover,
most anti-peep structures on the market offer a limited viewing
range of —20° to 20°, further restricting their usability [7].

The core of privacy devices lies in effective angle selec-
tion (AS). Currently, three major principles govern this selec-
tion process. Three types of AS based on the photonic crys-
tals (PCs) principle include the Brewster angle, photonic band
gap (PBG), and gradient epsilon-near-zero (ENZ). First is
the Brewster angle, where in 2014, Shen et al utilized the
Brewster angle mode to achieve wide-band AS for TM wave,
albeit without AS for TE case [14]. The second principle
revolves around the PBG, aiming to impede light propaga-
tion within a specified range. In 2016, lizuka et al intro-
duced a region with very small wave vector dispersion in one-
dimensional (1D) PCs heterostructures to achieve AS [23].
The last principle involves gradient ENZ. In 2021, Xu et al
designed two wide screen directional transmitters using ENZ
to achieve high emissivity within a specific angle range [24]. In
recent years, scholars have proposed diverse designs to explore
optimal angular selection structures, encompassing Brewster
angle [14], anisotropic metamaterial [25], metamaterials [26],
Fabry—Perot resonance [27], and PCs [28], among others.
Currently, the PCs structure stands out as the most extensively
studied, offering a more ideal AS. The Brewster angle displays
a singular wavelength dependency and exclusively reflects TM
waves. Moreover, in multi-layered dielectric systems, such as
optical components with intricate coatings, the Brewster angle
may be subject to the influence of multiple layer interfaces.
ENZ materials have the drawbacks of high preparation diffi-
culty, wavelength dependence, optical losses, material selec-
tion constraints, and engineering complexity. PBG exhibits
frequency selectivity and tunable PBG width. In this mater-
ial, optical waves are unable to propagate within a specific
frequency range, known as the PBG, while propagation is
allowed at other frequencies. The width of the PBG, typically
adjustable by modifying the material’s geometric structure or
other parameters, demonstrates flexibility.

The human eye displays diminished sensitivity to yellow
light, rendering it relatively well-adapted [29, 30], its applic-
ation may impart a protective effect on the eyes, alleviat-
ing eye fatigue. In contrast to blue light, yellow light proves
more effective in mitigating glare issues [31]. Moreover, yel-
low light exhibits lower energy levels, leading to decreased
power consumption [32, 33], this is an advantage in environ-
ments emphasizing energy efficiency and environmental sus-
tainability. Applying yellow light PP technology to screens,
including those on electronic devices and digital billboards,
aims to provide users with a gentler visual experience [29,
30]. This technology, whether on computer monitors or out-
door displays, helps reduce light pollution and enhances ambi-
ent lighting’s positive impact on the environment [32, 33].
Additionally, in low-light or nighttime conditions, yellow light
PPS technology minimizes glare, improving users’ visual
adaptability, making it advantageous for tasks like nighttime
driving or aerospace activities [31].

The 1D PC consists of layers of materials with alternat-
ing refractive indices, exhibiting periodic changes in one dir-
ection. This structure creates a PBG for a specific range of
wavelengths, preventing the propagation of light within that
range. They are commonly used in the manufacture of optical
filters and mirrors, among other optical devices [34]. The PBG
refers to the band-like structure formed by the dispersion rela-
tion curves of electromagnetic waves under the modulation
of the periodic refractive index of the PC. The gaps between
these bands are called ‘photonic band gaps’. Photons whose
energy lies within these gaps cannot propagate through the
PC [35].

Based on the PBG principle, introducing a novel 1D PCs
designed to adhere to the display surface, providing anti-
prying functionality. PPS we have devised allows for AS
within the yellow light band, specifically in the frequency
range of 510 THz-530 THz. Within the range of —29° to 29°,
the transmittance consistently exceeds 0.9, while at angles ran-
ging from —90° to —46° and 46°-90°, the transmittance is
deliberately reduced to 0.1. The designing PCs boasts high
transmittance, and the transition angle range is limited to less
than 20°. This innovation addresses the drawbacks of tradi-
tional anti-peep structures, overcoming the challenges of low
transmittance and an extended visual range.

2. Model and numerical calculation method

In figure 1(a), devising PPS comprises an anti-reflection struc-
ture and a host structure. The PPS is composed of an anti-
reflection structure and host structure. The anti-reflection layer
consists of the red medium in the figure molybdenum diselen-
ide (np = 2.87) [36] and blue media glass aerogel (nc = 1.08)
[37, 38] formed by cross-stacking each other, their thicknesses
are respectively dc; = 96 nm and dp = 106 nm, and the
number of layers of it is m = 27. The special thing is that
for the anti-reflection structure located above, the thickness
of the glass aerogel in the top layer is dco = 48 nm and for
anti-reflection structures located underneath, the thickness of
the glass aerogel in the lowest layer is dcp = 48 nm. The
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Figure 1. (a) The given PPS with the following parameters: refractive indices of np = 2.63, nB = 1.44, nC = 1.08, nB = 1.45, nD = 2.87,
thicknesses of da = 173 nm, dg = 164 nm, dc = 96 nm, dp = 106 nm; and a total number of layers N = 119, with the number of layers in

the anti-reflection structure being m = 49. (b) Privacy protection effect.

main structure of the PPS is shown in green medium lith-
ium cesium borate (ng = 1.44) [39] and orange media zinc
selenide (nay = 2.63) [40], their thicknesses are da = 173 nm
and dg = 164 nm. Among them, the thickness of the zinc sel-
enide in the uppermost and lowest layers of the host structure
is half the thickness of the other zinc selenides d, = 86.5 nm.
The number of layers of the host structure is 21, and the num-
ber of layers of the PPS is 119. The total media arrangement of
PPS is C2(DC1)12DC2A2(BA1)9BA2C2(DC1)12DC2. The sur-
rounding of the entire PPS is water (ng = 1.33) [41].

For TE and TM waves incident along the +z-axis on the
PSS, visible and protected areas are formed. In figure 1(b), the
black angular range (—90° to —46° and 46°-90°) delineates
the protected area, where transmittance is practically zero,
rendering objects behind the PSS invisible. The red angular

range (—46° to 46°) denotes the visible area, demonstrat-
ing high transmittance within this angle range, enabling the
observation of objects behind the structure. Within the vis-
ible area, a section of the yellow angular range (—46° to —29°
and 29°-46°) is defined as the transition area. In this angular
range, certain frequencies in the yellow light spectrum exhibit
high transmittance, while for other frequencies in the yel-
low light spectrum exhibit, transmittance is essentially zero.
Concurrently, for specific angles within this range, both TM
and TE waves display high transmittance, whereas for other
angles within this range, the transmittance is essentially zero.

The energy transfer between dielectric layers can be cal-
culated by the transfer matrix method (TMM) [42]. For each
layer of dielectric, the transfer matrix can be described as (TE
wave) [42]
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The characteristic matrix of the PC is [42],

where,

YTE: =

mll ml2
~ |m21 ml1

] =M;M,M;- - - My. 3)

For either TE wave or TM one, the reflection and transmis-
sion coefficients can be expressed as, respectively [42],

(m1l+ml2-~)yo — (m21 +m22-) @
=
(m11 +ml2-~9)vy0 — (m21 +m22 - ~p)

2
P 5
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where for TM wave vy = , /%Cg’;‘e and for TE wave 9 =

\/%no cosf, o is permittivity of vacuum, p is permeability

of vacuum, ny is refractive index of water.
Thus, reflectance and transmittance can be represented
separately [42],

R=|r? ©)
T=|iP. )

We employ impedance matching theory for analysis. The
normalized surface impedance is defined as the ratio of the
impedance of the entire structure to the impedance of the
vacuum wave, as detailed in [23] and [43],

Zesi .
Zi =Zreft +JZictt =
0

14+r
1 . (8)
—r

In this context, Z0 = |EO| / |HO| = +/(110/€0) represents the
vacuum wave impedance [23], with a typical value of approx-
imately 377 (2 [44, 45]. Z0 = |EQ| / |HO| = \/(po0/€0) denotes
the effective impedance of the PPS. Through analysis, optimal
impedance matching occurs when the real and imaginary parts
of the normalized surface impedance closely approach 1 and
0, respectively. This configuration minimizes reflection to the
greatest extent.

3. Analysis and discussion

The PPS boasts a distinctive design, characterized by the
incorporation of an anti-reflection layer. PPS media lacking
this anti-reflection layer are structured as A>(BA)’BA,. In
figure 2(a), it is evident that PPS without the anti-reflection
layer structure, operating at 510 THz, exhibits a remark-
ably high transmittance of TM waves (>0.85) in the protec-
ted area (angle range greater than 38° and less than —38°),
with the transmittance of TE waves essentially at 0.1. A sim-
ilar phenomenon is observed in figure 2(b) at 530 THz. To
address this, devising an anti-reflection layer structure denoted
as C,(DC))"?DC,. Incorporating this structure at both ends
of Ay(BA|)°BA; results in a new PCs medium arrangement:
CL(DC)'?DC,LA,(BA)°BA,C(DC)2DC,, constituting the
final PPS. As depicted in figure 2(c), the addition of the anti-
reflection layer structure results in the transmittance of TE and
TM waves approaching 0.1 at angles greater than 37° and less
than —37°. Meanwhile, the transmittance of TM and TE waves
at angles from —29° to 29° is consistently above 0.9, with
transition regions at —37° to —29° and 29°-37°. The incid-
ent TM and TE waves on the PPS create an AS window of
—37° to 37°, forming a visual area and effectively serving
as PP. Similarly, at 530 THz in figure 2(d), an AS window
ranging from —46° to 46° is established. At angles greater
than 46° and less than —46°, the transmittance approaches
0.1, while at —36° to 36°, the transmittance is consistently
above 0.85.

When the TE wave is incident on the PPS with the medium
arrangement of C,(DC; Y2DC,AL(BA)’BA,C,(DC)2DCy,
the transmittance-angle relationship at 510 THz and 530 THz
is depicted in figure 3(a). Transmittance approaches 0.1 at
angles greater than 38° and less than —38°, while within
the —29° to 29° angle range, the transmittance consistently
exceeds 0.9. In figure 3(b), for TM waves incident on the same
PPS structure, whether at 510 THz or 530 THz, the trans-
mittance exceeds 0.85 within the —34° to 34° angle range
and drops below 0.1 for angles greater than 46° and less
than —46°. Figure 3(c) vividly demonstrates the AS effect
at a wave frequency of 510 THz. A visible area is formed
approximately from —38° to 38°, with transition areas at —38°
to —29° and 29°-38°, while angles greater than 38° and
less than —38° constitute the protected area. In figure 3(d),
with a wave frequency of 530 THz, a visible area is estab-
lished from —46° to 46°, with transition areas at —46° to
—38° and 38° to 46°, while angles greater than 46° and
less than —46° form the protected area. In conclusion, for
both TE and TM waves at 510 THz and 530 THz, the
final visible region spans from —46° to 46°, encompassing
transition areas from —46° to —29° and 29°-46° angles
greater than 46° and less than —46° constitute the protected
area.

The PPS designed primarily employs the PBG
principle [23]. The dispersion relation of 1D period is as
follows [46]

A "B

1
coskd = cosdpcosdp — — ( ) sindgsind,  (9)
2\n8  7Ma
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Figure 2. Relation between transmittance and angle, when PPS without the anti-reflection layer structure (A, (BA1)9BA2), (a) at 510 THz,
and (b) at 530 THz. When PPS with the anti-reflection layer structure (C2(DC1)2DC,A2(BA1)’BA2C2(DC1)2DCy), (c) at 510 THz, and
(d) at 530 THz. The blue line corresponds to a frequency of 530 THz, while the red line represents 510 THz.

where,

5A = _gy/sAdACOSQA
Cc

w0 , for TE wave
53 = _*\/EBdB COS@B
C

Using the example of a TE wave at 530 THz, figure 4(a)
illustrates that at the 30° viewing angle, when kd is greater
than 0, indicating a state outside the PBG, there is transmit-
tance. Similarly, at the 60° viewing angle with kd equal to 0,
it signifies a position outside the PBG, resulting in transmit-
tance. In figure 4(c), when the 6 is 30°, the transmittance of
the TE wave is present and exceeds 0.85. However, at 60°, the
transmittance of the TE wave essentially approaches 0. For the
TM wave, as shown in figure 4(b), at a —30° viewing angle, kd
is greater than 0, allowing light transmission as it is not within

€0

Ya =4/ —V/Eacosba YA
Ho
€0

B =,/ —+/€Bcosbp VB
Ho
[

0 VER
Lo cOSOa
“ Vo
o cos g

the band gap. In figure 4(c), transmittance is observed at 30°,
exceeding 0.85. However, at 60°, where kd equals 0, it falls
within the band gap, resulting in no transmission, consistent
with the observed transmittance of 0° at 60° in figure 4(c). By
observing the normalized impedance in figure (d), it can be
found that for TM waves, the real part of the impedance basic-
ally tends to 1 and the imaginary part tends to 0 at about —46°—
46°. Similarly for TE waves, the real part of the impedance
tends to 1 and the imaginary part tends to 0 at about —38°-38°.
The PPS structure can be seamlessly applied to the surfaces of

and for TM wave
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(d) at 530 THz.

displays, images, or other information carriers. In the direction
perpendicular to the PPS stack, background light is allowed to
pass through, facilitating the observer’s view of the informa-
tion. As the tilt angle increases, the visibility of the information
gradually diminishes. When the angle between the tilt angle
and the anti-snooping film plane reaches a specific value, the
information becomes fully shielded. This prevents observers
from other directions from accessing the information, ensur-
ing robust PP.

Figure 5 explores the impact of ny on PPS performance.
As np decreases from 2.63 to 2.6, a gradual shrinkage of the
visible region occurs within the 510-530 THz range. Taking
510 THz as an example, for TE waves, the visible region con-
tracts from —29°-29° to —27.9°-27.9°. A similar trend is
observed for TM waves, transitioning the visible region from
—34°-34° to —33.3°-33.3°. Considering both TE and TM
waves, the visible region shifts from —34°-34° to —33.3°—
33.3°. Conversely, as na gradually increases to 2.73, the vis-
ible region expands. Using 530 THz as an example, for TE
waves, the visible region expands from —38°-38° to —39°—
39°. Similarly, for TM waves, the visible region broadens from
—46°-46° to —48°-48°. Considering both TE and TM, the
visible region expands from —46°-46° to —48°—48°. Thus,
an elevation in na gradually enlarges the visible region, while
a reduction in n, contracts the angle window.

The impact on ng on the performance of the PPS is detailed
in figure 6. As ng decreases from 1.44 to 1.4, a gradual
reduction in the visible region is evident across the 510—
530 THz range. Using 510 THz as an illustration, for TE
waves, the visible region contracts from —29°-29° to —25.9°—
25.9°. Similar trends are observed for TM waves, with the
visible region transitioning from —34°-34° to —31.3°-31.3°.
Considering both TE and TM cases, the visible region shifts
from —34°-34° to —31.3°-31.3°. Conversely, with ng gradu-
ally increasing to 1.52, the visible region expands. Taking
530 THz as an example, for TE waves, the visible region
expands from —38°-38° to —38.7°-38.7° and further extends
to —42.1°-42.1°. Similarly, for TM waves, the visible region
broadens from —46°-46° to —46.5°—46.5° and further to
—49.4°-49.4°. Considering both TE and TM, the visible
region expands from —46°—46° to —46.5°-46.5° and further
to —49.4°-49.4°. Consequently, an increase in np leads to a
gradual enlargement of the visible region, while a decrease in
ng results in a reduction in the angle window.

Figure 7 delves into the impact of d4 on PPS performance.
As dj decreases from 173 nm to 170 nm, a gradual reduc-
tion in the visible region is observed within the 510-530 THz
range. Using 530 THz as an example, for TE waves, the visible
region contracts from —38°-38° to —33.1°-33.1°, and TM
waves exhibit a similar phenomenon, with the visible region
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Figure 4. (a) Dispersion distribution of the PPS influenced by angle regulation under the TM wave. (b) Dispersion distribution of the PPS
influenced by angle regulation under the TE wave. (c) Plot illustrating the relationship between angle and transmittance at 530 THz. The
blue dotted line corresponds to an angle of 30°, the orange line to 60°, and the blue solid line to the frequency of 510 THz, when the
medium is arranged Cg(DCl)12DC2A2(BA1)9BA2C2(DC1)12DC2. (d) Distribution of the real and imaginary parts of the surface effective
impedance. (Since TE and TM waves are completely symmetrical on both sides of 0°, to make the phenomenon more obvious, only TM
waves are drawn at —90° and only TE waves are drawn at a positive angle).

transitioning from —46°—46° to —40.2°-40.2°. Considering
both TE and TM, the visible region shifts from —46°—46°
to —40.2°-40.2°. Conversely, as da gradually increases to
183 nm, the visible region expands. At 510 THz, for TE
waves, the visible region expands from —29°-29° to —31.5°—
31.5° and further extends to —35.4°-35.4°. Similarly, for TM
waves, the visible region broadens from —34°-34° to —38.6°—
38.6°and further to —42.9°-42.9°. Considering both TE and
TM, the visible region expands from —34°-34° to —38.6°—
38.6° and further to —42.9°-42.9°. Therefore, as d4 gradually
increases, the visible region also enlarges, while a decrease in
da leads to a reduction in the angle window.

Examining the influence of dg on PPS performance,
figure 8 portrays a gradual reduction in the visible region
within the 510-530 THz range as dg decreases from 164 nm to
156 nm. Using 530 THz as an example, both TE and TM waves
experience a contraction in the visible region, with TE waves
narrowing from —38°-38° to —32.4°-32.4° and TM waves
transitioning from —46°—46° to —40°—40°. Considering both

TE and TM, the visible region shifts from —46°-46° to —40°—
40°. Conversely, with dp gradually increasing to 175 nm, the
visible region expands. At 510 THz, TE waves exhibit an
expansion from —29°-29° to —30.8°-30.8°, further extend-
ing to —32.9°-32.9°. Similarly, for TM waves, the visible
region broadens from —34°-34° to —38.2°-38.2° and fur-
ther to —40°-40°. Considering both TE and TM, the visible
region expands from —34°-34° to —38.2°-38.2° and further
to —40°—40°. Consequently, as dg gradually increases, the vis-
ible region enlarges, while a decrease in dp leads to a reduction
in the angle window.

The discussion results of the above four parameters (n4, 14,
da, dp) are summarized in tables 1 and 2, and the impact of
each parameter on PP performance can be clearly seen.

It can be summarized in tables 1 and 2 that for the increase
of the four parameters (na, na, da, dg), the scope of the visible
area will gradually increase, and for the decrease of the four
parameters (na, na, da, dp), the scope of the visible area will
gradually decrease. The size of the visible area of the PSS can
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Table 1. Effects of increasing main parameters on performance.

Effect of parameter increase
on visual area range

Parameter increase visual range
(510 THz)

Parameter increase visual range
(530 THz)

na = 2.63-2.6
na = 1.4-1.52
da = 173-183 nm
dg = 164—-156 nm

Increase
Increase
Increase
Increase

[—34°, 34°] ~ [—40.5°, 40.5°]
[—34°,34°] ~ [—41.8°, 41.8°]
[—34°, 34°] ~ [—42.9°, 42.9°]
[—34°, 34°] ~ [—40°, 40°]

[—46°, 46°] ~ [—48°, 48°]

[—46°, 46°] ~ [—49.4°, 49.4°]
[—46°, 46°] ~ [—49.6°, 49.6°]
[—46°, 46°] ~ [—47.2°-47.2°]

Table 2. Impact of major parameter reduction on performance.

Effect of parameter reduction
on visual area range

Parameter reduced visual range
(510 THz)

Parameter reduced visual range
(530 THz)

na = 2.63-2.6
na = 1.4-1.52
da = 173-183 nm
dg = 164-156 nm

Decrease
Decrease
Decrease
Decrease

[—34°, 34°] ~ [—33.3°,33.3°]
[—34°,34°] ~ [—35.6°, 35.6°]
[—34°,34°] ~ [—32.1°,32.1°]
[—34°,34°] ~ [—30.9°,30.9°]

[—46°,46°] ~ [—41.6°,41.6°]
[—46°,46°] ~ [—42.5°,42.5°]
[—46°, 46°] ~ [—40.2°, 40.2°]
[—46°,46°] ~ [—40°, 40°]

References

be adjusted by changing four parameters to achieve different
angle ranges of PP.

4. Conclusion

Sum up, it achieved a remarkable transmittance of greater than
0.85 in the visible area (—29° to 29°) and 0.1 in the protected
area (—90° to —46° and 46°-90°), also effectively confines
the transition angle range to less than 20°. The anti-reflection
performance is influenced by the four parameters (nc, np, dc,
dp). Different combinations of these parameters yield vary-
ing effects. The impact of these parameters primarily involves
the transmittance magnitude in the visual area, AS, and trans-
mittance magnitude in the protected area. This groundbreak-
ing innovation transcends the limitations of conventional anti-
peep structures [7, 21], successfully surmounting challenges
related to low transmittance and an extended visual range,
and carries substantial practical value in fields that demand
unique perspectives or specific light wave requirements. In
the foreseeable future, we anticipate that this technology will
play a pivotal role in areas such as PP, information security,
military applications, and surveillance systems within high-
security environments. Furthermore, this innovative techno-
logy may find applications in optical communication, virtual
reality, and augmented reality, presenting more advanced and
flexible solutions to these domains.
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