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Abstract

:

Ultraviolet (UV) light-emitting diodes (LEDs), as one of the more promising optoelectronic devices, are intrinsically limited by poor light extraction efficiencies (LEEs). To unlock the full potential of UV-LEDs, we propose a simple and effective strategy to promote the LEEs of UV-LEDs by screening and tailoring suitable optical structures/designs through rigorous numerical simulations. The photonic crystals (PCs) and/or nano-patterned sapphire substrates (NPSSs) equipped with the nano-pillar, nano-cone, nano-oval, and their derivates, are particularly investigated. The simulated results show that individual PC with an average transmittance of 28% is more efficient than that of individual NPSS (24.8%). By coupling PC and NPSS structures, a higher LEE with an average transmittance approaching 29% is obtained, much higher than that of the flat one (23.6%). The involved mechanisms are clarified and confirm that the promotion of optical performance of the nanostructured devices should be attributed to the widened response angles (from 0 to 60°), rather than the enhanced transmittances in the small angles within 30°.
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1. Introduction


Ultraviolet (UV) light-emitting diodes (LEDs) based on group III-nitrides, especially AlGaN, have gained increasing attention in the fields of water purification, sterilization, sensing, and plant lighting, etc., owing to their remarkable advantages of long lifetime, low power consumption, and the environmentally-friendly nature of the solid-state light source [1,2,3,4,5,6,7]. External quantum efficiency (EQE) produced from a combination of internal quantum efficiency (IQE) and light extraction efficiency (LEE) is a key indicator to evaluate the performance of UV-LEDs. It is, therefore, of great importance to increase EQEs to unlock the full potential of UV LEDs. However, the most reported EQEs of UV-LEDs are generally below 10%, much lower than that of their mainstream blue LED counterparts [8,9,10,11,12,13,14]. Advanced fabrication methods and designs have been intensively adopted and/or integrated to improve the crystal quality of AlxGa1-xN films, endowing a high IQE with the value exceeding 90% for the AlGaN-based UV-LEDs [15,16,17,18,19,20]. This means that the performance of UV-LEDs is intrinsically limited by the LEEs, rather than IQEs.



Generally, the poor LEEs can be attributed to the strong parasitic absorption of p-type GaN films, the undesired transverse magnetic (TM) polarization due to enhanced Al composition in the AlGaN multiple-quantum-wells (MQWs), together with the mismatched impedance between III-nitride and sapphire/air [2,21]. The first issue can be partially remitted by the regulation and modification of the related materials but usually at the expense of lowering IQEs. The high TM/TE light polarization ratio is an intrinsic nature of UV-LED, and can be modulated by controlling the strain state of the MQWs. The last one (i.e., the mismatched impedance) can be alleviated by the advanced optical designs, which are also considered to be a more efficient scheme to promote the LEEs and the EQEs of UV-LEDs. To address this issue, a great number of strategies including MQWs with nanostructured arrays [22,23,24,25], nano-patterned sapphire substrates (NPSSs) [26,27,28,29,30], photonic crystals (PCs) [31,32], etc., have been implemented. For instance, Guo et al. reported nanostructured MQWs textured with nanopillar or nanohole arrays by using a polystyrene sphere mask coupled with reactive-ion-etching (RIE) technology, demonstrating an improved performance with photoluminescence (PL) integral intensities for the nanopillar/nanohole structured devices are 8.01/4.06 times that of the flat counterpart [22]. Djavid et al. proposed a deep UV-LED featuring nanowire structures to promote the LEEs of TM polarized light in the lateral side emission, and numerically predicted a high LEE of 72% under the optimized structure designs [23]. Even though texturing MQWs with nanostructures is conducive to boosting the LEEs of UV-LEDs, the related electrical performance and the IQEs will be degraded due to the introduction of more defects during the fabrication of the nanostructured MQWs [22]. As a contrast, NPSS and PC structures could also provide excellent optical management without sacrificing electrical performance [27,32]. In addition, NPSS could relieve or release the stresses in the subsequent film deposition process and thus improve the film quality [33]. Dong et al. fabricated UV LEDs featuring NPSS structures by using UV light exposure and wet etching technology, showing an enhanced device performance with an EQE value of 3.45% [26]. Wang et al. introduced a moth-eye PC structure into UV-LEDs, which could effectively enhance light output power compared with the flat counterpart [32]. Zheng et al. proposed a double nano-pattern on the sapphire substrates, i.e., the nano-cone structures coated with the nano-structured fluoropolymer resin PCs, yielding a high light output power of 28.3% [11]. Additionally, Ooi et al. numerically investigated the microdome NPSS and PC structures for UV-LEDs and concluded that this type of design is predominantly beneficial in enhancing TM polarized output [34]. Although NPSS and PC structures have been widely confirmed to be conducive to the LEEs of UV-LEDs, their potential has not been fully explored yet. Moreover, the interplay between NPSS and PC structures towards the development of higher efficiency UV-LEDs is still not clear in the community.



Here, we propose a strategy to promote the LEEs of UV-LEDs by screening a large number of optical structures to build PCs, NPSSs, and their combinations. By implementing the rigorous numerical simulations, PCs and NPSSs equipped with the representative nanopillar, nano-cone, nano-oval, and their derivates, are investigated. The simulated results suggest that the introduction of PCs and NPSSs could boost the LEEs of UV-LEDs compared with the flat counterpart, in which devices with nano-cone configurations could achieve the highest LEEs. In terms of the LEEs, the individual PC designs are considered more efficient than the individual NPSSs, which, however, can be partially compensated by modifying refractive indexes of the NPSS interspace. Moreover, the angle-dependent transmittance curves point out that the improvement of the average transmittances due to PC or NPSS designs mainly comes from the expansion of critical angles other than the enhancement of the transmittances at small angles. The spatial electric-field distributions are also presented to address the related mechanisms of optical response, confirming that the improved optical performance in the large angles can be attributed to the change of direction of the incident light by inducing the high-order resonance modes.




2. Model and Simulation Methods


Figure 1a shows the simulated structure of UV LEDs, which is composed of a 2 μm thick sapphire substrate, a 3 μm thick AlN buffer layer, a 200 nm thick Al0.8Ga0.2N layer, a 1 μm thick Al0.7Ga0.3N, a 1 μm thick Al0.5Ga0.5N, and an MQW, where the Al0.8Ga0.2N and Al0.7Ga0.3N buffer layers are necessary to ensure the high-quality n-type Al0.5Ga0.5N films. Moreover, a series of nanopatterns including nano-cone, nano-pillar, nano-oval, truncated nano-cone (Tru. Cone), and their derived structures together with the flat counterpart are illustrated in Figure 1b. These patterned structures near and far from the AlN layers are defined as NPSSs and PCs, respectively. The period size, filling factor, and height of the nanopatterns are defined as P, ff, and H, respectively.



Here, the finite element simulations were implemented by solving the Maxwell’s equations based on the platform of COMSOL Multiphysics. The based equation is demonstrated as follows:


     ∇   ×   ( ∇   ×   E   )   −   k   0 2   ε r   E = 0     



(1)




where E is the electric-field intensity, k0 is the wave number of free space, and εr is the relative dielectric constant. By solving this equation, the electric-field distributions within devices can be obtained, and the optical performance including frequency-dependent absorption, reflection, and transmittance, can be thus extracted. The optical parameters of the involved materials including refractive indexes were extracted from literature [35,36]. The bottom and top boundaries were decorated by the perfect match layers (PMLs) whose thicknesses were fixed at 300 nm to limit the calculation region. The periodic boundaries in the lateral directions were adopted to minimize the calculation workload. A planar light source with a fixed wavelength of 280 nm and an incident angle of θ was employed for this simulation. It is worth noting that the power emitted from the light source is assumed to be the same in any direction, and the referenced transmittance value is an average collected from all emitted angles. This treatment may be different from the actual one, but it is still of reference value for evaluating the overall performance.




3. Results and Discussion


3.1. Light Extraction of PC Patterns


Firstly, the LEEs of the UV-LEDs with PC structures were investigated, as shown in Figure 2. Here, three typical PC structures, i.e., nano-cone, nano-oval, and truncated nano-cone, were considered. After careful observation, we can conclude from Figure 2a–c that: (1) the three related cases (i.e., nano-cone, nano-oval, and truncated nano-cone) have similar dispersion characteristics, where the average transmittance (Tra.) plateaus were marked by the black dotted lines; (2) UV-LED with PC-Cone has a slightly higher maximum Tra. value (~28%) than that of PC-Oval (~27%) and PC-Tru. Cone (~27.5%) cases; (3) H and P need to match each other to achieve the best optical response. In order to further optimize the optical performance of Tru. Cone structures, the relationship between structural parameters of fftop and ffbottom of Tru. Cone on Tra. was shown in Figure 2d, where the fftop and ffbottom are defined as the fill factors of top- and bottom-sizes. The detailed simulated results indicate that the best optical response occurs at fftop = 0 and ffbottom = 1, suggesting that as the PC structures for UV-LEDs, the nano-cone is better than the truncated nano-cone at the current system.



To further investigate the effect of structural parameters on the optical performance, the average transmittance Tra. under the various ff was checked, where the respective optimal period P and height H for all related cases were considered. Moreover, cases with inverted nano-oval and nano-cone structures were also included. As can be seen from Figure 3a, the presence of PC structures (i.e., ff > 0) could promote Tra. value compared with the flat counterpart (i.e., ff = 0). With the increase of ff from 0 to 1, Tra. values of PC-Cone, PC-Inv. Cone and PC-Inv. Oval structures have a monotonous increasing trend, yielding the best values at ff = 1. For the case of PC-Oval, it shows a higher Tra. than that of PC-Inv. Oval under 0 < ff < 0.75, but a lower Tra. under ff > 0.75. PC-Pillar shows a poor optical performance compared with other PC structures, especially for the case with a larger ff [37].



The results mentioned above are based on the average transmittance value. To further understand the light distribution of UV-LEDs with PCs, angle-dependent transmittance curves were then reviewed. It is obvious from Figure 3b that: (1) the flat case (black line) shows higher transmittances (>80%) under the response angle range (θ < 23°) but it has a small critical angle (~23°), yielding an average transmittance of 23.6%; (2) the introduction of PC structures would lower the response transmittance compared with the flat one in the small angles (θ < 23°), but the average transmittance of PC structures could be effectively improved by widening the response angles [32]. For comparison purposes, the difference in transmittance between PC structures and the flat counterpart was also plotted in Figure 3b, which clearly shows a negative and positive response at θ < 23° and >23°, respectively.



The spatial electric-field distributions were then conducted to clarify the underlying mechanism of optical response with PC structures. The representative PC structures were included, as shown in Figure 4. For the normal incident light (θ = 0°), as shown in Figure 4a, an alternating distribution of electric field strength for the flat case in the sapphire region can be observed, which is the typical feature of Fabry–Pérot mode [38]. In this case, light in the sapphire region can be effectively coupled to the air medium with a high transmittance even if the PC structures are absent. On the contrary, the presence of PC structure is adverse to light extraction. Although light for PC structures can be effectively emitted at certain angles and positions with the appearance of quite a lot of hotspots in the air, which are mainly caused by the formation of many high-order resonance modes, the presence of these hybrid resonance modes in the sapphire region also partially strengthens the confinement of light especially at the air/sapphire interface, leading to an increased reflection and thus a reduced transmittance.



For the oblique angle incidence (here taking θ = 27° as an example), the similar Fabry–Pérot resonance for the flat one can be observed as shown in Figure 4b, but the light cannot be coupled out due to the total internal reflection, which is also one of the main reasons for the poor LEEs of UV-LEDs [39]. The electric-field distributions in Figure 4b hint that the light for PC structures can be effectively coupled out along the lateral region especially for the PC-Oval and PC-Cone structures, resulting in an increased transmittance under a relatively larger angle. It is noted that we can only observe a small amount of electric-field leakage for the PC-Pillar structure, which is also the main reason for the poor response of the PC-Pillar structure compared with other structures, as shown in Figure 3. Herein, we guess that the regular rectangular grating is not conducive to inducing resonance enhancement and promoting electric-field leakage under the oblique incidence.




3.2. Light Extraction of NPSS Patterns


The aforementioned simulation results have confirmed that the introduction of PC structures could effectively improve the LEEs of AlGaN-based UV-LEDs. As another promising alternative, NPSS structures have also been proved by a large number of experiments to be effective to promote the LEEs of UV-LEDs [40,41]. The relationship between the various NPSS structures and LEEs of UV-LEDs was then reviewed. The simulated results in Figure 5 show similar dispersion characteristics to that of the PC structures in Figure 2. Three obvious differences between NPSS and PC structures can be summarized: (1) compared to the isolated maximal Tra. distributions of PC structures, NPSS structures display many strip-shaped maximal Tra. distributions; (2) the three related NPSS structures have a lower maximum (~25%) than that of PC structures (~28%), meaning that in terms of the investigated optical designs, the LEEs of PC structures are better than that of NPSS structures; and (3) the LEEs of NPSS structures show a depauperate thermal distribution, especially for the cases with lower pitch P compared with the PC ones, suggesting that NPSS structures depend more on structural parameters to achieve high performance.



The impact of fill factor of NPSS structures under the respective optimal P and H on the optical performance was elaborated. The simulated results demonstrated in Figure 6a suggest that Tra. of all related cases has an upward trend with the increase of ff from 0 to 1 except for the NPSS-Pillar one, which is similar to that of PC ones as shown in Figure 3a. However, NPSS structures even with the best structural configurations, still show limited improvement in optical transmittance with the best value of less than 25%. We speculate that the poor optical performance may be due to the small difference in refractive index between the sapphire substrate (n = 1.82 at λ = 280 nm) and the AlN layer (n = 2.13 at λ = 280 nm). To unlock the potential of NPSS structures, filling NPSS structures with the pseudo materials with the fixed refractive index as the insert in Figure 6b that has been widely confirmed was investigated [41,42,43]. As shown in Figure 6b, two separate peaks (>26%) at n = 1.2–1.4 and 2.7–2.8 can be observed, meaning that the poor optical properties can be partially compensated by regulating the refractive index of NPSS interspace. In detail, the angle-dependent transmittances and the corresponding transmittance differences of the various NPSS structures were plotted in Figure 6c,d, respectively. Similar to the conclusions of PC designs, NPSS structures show the lower Tra. values but the widened response angles compared with the flat counterpart [28,42]. Here, it needs to emphasize that a higher Tra. in the large angle (~60°) can be seen, which means that the hybrid NPSS-Cone could tremendously broaden the response angles.



The spatial distributions of electric field intensities of the involved NPSS structures are shown to elaborate the mechanism of optical response under the various incident angles. Under θ = 0° as shown in Figure 7a, the incident light for all cases (except for the NPSS-Inv. Oval one) can be effectively coupled out, resulting in a relatively high Tra. as shown in Figure 6c. As θ increases to 23°, the results in Figure 6c reveal that a high Tra. can be well maintained for cases of NPSS-Inv. Oval and NPSS-Cone, and a low Tra. can be observed for cases of NPSS-Pillar and hybrid NPSS-Cone, which can be confirmed by the electric-field distributions in Figure 7b, with the appearance of the strengthened and weakened electric-field intensities, respectively. In addition, the NPSS design under θ = 50° is almost inoperative with the corresponding Tra. equals 0 except for the hybrid NPSS-Cone one. A reasonable explanation is that it is possible to improve the transmittance by altering the direction of light from the AlN layer to the sapphire layer.




3.3. Light Extraction of PC and NPSS Patterns


In the last section, PC and NPSS structures equipped in one device are considered and the optical properties of these related structures are summarized in Figure 8a. Compared with the individual PC or NPSS structures, PC and NPSS combined structures (marked by the yellow squares) could promote [34], but only to a small extent, the entire transmittances, which is particularly relevant for the cases with Tru. Cone and Cone structures. The hybrid NPSS and PC equipped with nano-cone structures (marked by the red square) could further improve the optical performance with the best Tra. value approaching 29%. The curves of angle-dependent Tra. were illuminated in Figure 8b, which shows the similar curve-response behavior as the individual PC and NPSS structures, i.e., the reduced maximal values but the widened response angles.



In addition, the spatial distributions of electric field intensities of the two related cases under two representative angles are demonstrated in Figure 8c. At θ = 27°, the PC and NPSS combined structures could effectively promote the emission of the incident light, while the LEEs of the combined PC and hybrid NPSS structures are suppressed due to the direction change of resonance modes. However, this change is beneficial to the emission of higher angle light as can be confirmed by the results at θ = 50°. In a word, PC, NPSS, and their combination can improve the LEEs of UV-LEDs, but the improved efficiencies depend on the specific structures, and the mechanisms of LEE improvement can be attributed to the enhancement of light emission in a certain angle range owing to the excitation of resonance models. Here, we need to emphasize that this work is to promote the light extraction efficiency of UV-LED by coupling more light energy from the device through the optical structure design and optimization, with the purpose of providing effective optical management schemes and strategies for experiments. However, a real EQE also needs to consider the internal quantum efficiency, which is closely related to the film quality and preparation process. From the viewpoint of simulation, this does not belong to optical simulation category, which is required to synchronous couple the electrical module to perform carrier transport and excitation processes. Although it is challenging especially for this type of nanostructured UV-LED devices, more demonstrative achievements are highly expected in the future.





4. Conclusions


In this study, we numerically investigated the LEEs of UV-LEDs featuring PCs, NPSSs, and their combinations with the purpose of screening suitable optical designs with high LEEs. The typical structures including nano-pillar, nano-cone, nano-oval, and their derivates, were reviewed. The simulated results reveal that: (1) the presence of PC or NPSS designs could effectively promote the LEEs of UV-LEDs compared with the flat counterpart, but devices equipped with PC structures show higher LEEs than that of NPSS ones in terms of the involved optical structures; (2) the poor LEEs of NPSS ones could be partially compensated by filling the fictitious materials with the suitable refractive indexes in the NPSS interspace; (3) nano-cone configurations with the optimized structural parameters show the best optical performance compared with other related structures; (4) the combined PC and NPSS structures with the best configurations suggest a high transmittance of ~29%, which is much higher than that of the flat counterpart (23.6%); and (5) the improved average transmittances for the cases with PC or NPSS structures should be attributed to the widened response angles, rather than the enhanced transmittances in the small angles. The underlying mechanism of optical enhancement for devices with PC or NPSS structures was clarified by reviewing the spatial electric-field distributions, revealing that the high-order resonance modes induced by the introduced nano-structures could alter the direction of incident light and thus widen the response angles. The simulated results demonstrated in this study containing the optical structural selection, the performance evaluation, and the related mechanism revelation, provide a valuable reference to design PC and NPSS structures for high LEE UV-LEDs.
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Figure 1. (a) Schematic diagram of the simulated structure of UV-LEDs. (b) The involved nanopatterns for NPSSs and PCs. 






Figure 1. (a) Schematic diagram of the simulated structure of UV-LEDs. (b) The involved nanopatterns for NPSSs and PCs.



[image: Crystals 12 01601 g001]







[image: Crystals 12 01601 g002 550] 





Figure 2. The average transmittances (Tra.) as functions of period P and height H for (a) nano-cone patterned PC (PC-Cone), (b) nano-oval patterned PC (PC-Oval) and (c) truncated nano-cone patterned PC (PC-Tru. Cone) cases. Here, ff was fixed at 1 for cases of PC-Cone and PC-Oval, and ffbottom (fftop) was fixed at 1 (0.3) for the case of PC-Tru. Cone. (d) Tra. of PC-Tru. Cone case under the various ffbottom and fftop, where the best point was marked by triangle. 
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Figure 3. (a) The average transmittance Tra. of the related cases as a function of fill factor ff, where the respective optimal period P and height H were adopted. (b) The dependence of incident angle θ on transmittance Tθ. The difference between PC structures and the flat counterpart ΔTθ was also presented as a comparison. 
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Figure 4. Normalized distributions of electric-field intensities for the related PC structures under two typical angles, i.e., θ = (a) 0° and (b) 27°. 
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Figure 5. The dependence of the period P and height H on the average transmittances for (a) the inverted cone-shape patterned NPSS (NPSS-Inv. Cone), (b) inverted oval-shape patterned NPSS (NPSS-Inv. Oval), and (c) inverted truncated cone-shape patterned NPSS (NPSS-Inv. Tru. Cone) structures. Here, ff was fixed at 1 for cases of NPSS-Cone and NPSS-Oval, and ffbottom (fftop) was fixed at 0.95 (0.2) for the case of NPSS-Tru. Cone. (d) The average transmittances of NPSS-Inv. Tru. Cone structure under the various ffbottom and fftop. 
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Figure 6. (a) The average transmittance Tra. for the five related cases under the different fill factors, where the respective optimal period P and height H were adopted. (b) The average transmittance Tra. of the three related cases as a function of refractive index n, where the NPSS structures were filled by the pseudo materials with the fixed refractive index. Incident angle-dependent (c) Tra. and (d) Tra. difference for the related cases. 
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Figure 7. Normalized distributions of electric-field intensities for the four involved NPSS structures under three typical angles, i.e., θ = (a) 0°, (b) 23°, and (c) 50°. 
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Figure 8. (a) A summary of Tra. distributions for the three related cases with the different configurations. (b) Incident angle-dependent Tra. of the three representative cases. (c) Normalized distributions of electric-field intensities for the two related structures under θ = 27° and 50°. 






Figure 8. (a) A summary of Tra. distributions for the three related cases with the different configurations. (b) Incident angle-dependent Tra. of the three representative cases. (c) Normalized distributions of electric-field intensities for the two related structures under θ = 27° and 50°.



[image: Crystals 12 01601 g008]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
S —
NPSS-Pillar ~ NPSS-Inv. Oval NPSS -Cone Hybnd NPSS Cone





media/file4.png
2500
28.0%
1700 -
g
£1300 S
< i
900
500
| 23.5%
100 =— : : : '
50 350 650 950 1250 1550
(C) H (nm)
Tra.
27.5%
[ ]
i O\ - [235%
50 350 650 950 1250 1550

H (nm)

2500
27.0%
1700
\§i1300
A
900
500
23.5%
100 - - - -
50 350 650 950 1250 1550
( d) H (nm)
1.0
PC-Tru. Cone
Tra.
0.8 28.0%
0.6
&
82
=04
0.2
23.5%
080 02 04 06 08 10

bottom





nav.xhtml


  crystals-12-01601


  
    		
      crystals-12-01601
    


  




  





media/file16.png
(©)

B Flat
~__NPSS  Double Side
PC | Hybrid Double Side

Sapphire

0=27°

Pillar Oval Cone

15 0° _15°

50°

0

60° -60°

- 75° -75°

- 90° -90°
—Flat —Double side —Hybrid Double side

Double side Hybrid Double Side





media/file2.png
(a) | Q( (b)
UV Detection

Sapphire (2 pm) -T_
Flat Cone

Pillar Inv. Cone

Tru. Cone Oval

Inv. Tru. Cone  Inv. Oval

UV Emission





media/file5.jpg
@

Tra. (%)

o PCPillar

PC-Cane

—e—PC-Oval -~ PC-Inv. Cone

<o PC-Inv. Oval

Flat 23.6%

-15°0° 150
©) 109 0 B S0
st a5

90°

00 02 04

06
N

08 10

—Flat —PC-Pillar —1

—pC-Cane





media/file3.jpg
(@)

2500

1700

o0

%

©,

T
27.0%

30 e 90 150 1350 Yo e 90 Ds 1550
H (o) d H (o)
[C
o8]
5 B 235%
T — og
e w0 0 150 0 02 04 06 08 Lo





media/file1.jpg
()
UV Detection

Sapphi

UV Emission

(b)
P
T H
Flat Cone
Pillar Inv. Cone
Tru. Cone Oval
Inv. Tru. Cone  Inv. Oval





media/file7.jpg





media/file10.png
(b)

2500

2100
1700

§§1300
R

r

50 350 650 950 1250 1550 650 950 1250 1550

( C) H (nm) H (nm)
‘ Tra.

25.0%

50 350 650 950 1250 1550 %.O 0.2 0.4 0.6 0.8 1.0
H (nm) bottom






media/file12.png
@) 255 (b) g

- NPSS-Pillar NPSS-Cone ~—— Hybrid NPSS-Pillar

—O0—NPSS-Oval NPSS-Inv. Cone —O— Hybrid NPSS-Inv. Oval

==0-=NPSS-Inv. Oval Hybrid NPSS-Cone

25.0F I
26
K245 S u-u-u-u- o/o\af:\)
< = 24} ?'/{G (™
E £
= 240 i Sapphire
22t AIN
Refractive index n
23.5¢ Hybrid NPSS
1 1 1 1 1 1 20 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.0 1.4 1.8 2.2 2.6 3.0
VA n
(C) 100 ¢ (d) 100
Q? 75} 2 50
S 60° < -60°
\; 50 i > O [
S B~
25} 75 <50} -75°
0

90° -100* -90°
—Flat —NPSS-Pillar —NPSS-Inv. Oval —NPSS-Cone






media/file9.jpg
T,
lw
5

—
Mo ey o0 a0 1ss0 0wy sz i
© (o) @

%S0 60 os0 2% 1550
“H (am)






media/file0.png





media/file14.png
NPSS-Cone Hybrivdle;S-S-Cone

NPSS-Inv. Oval

NPSS-Pillar





media/file8.png
PC-Cone

:.. :
,__p ?:;.

.é..a .3 1) ,a,___

i

i)

Inv. Oval

|
o

| &

oLC=0

PC

il

illar

P

PC

Flat

(2)
1
(b)





media/file11.jpg
©

T,

®) o

25

100
7]
50)
25|

TSP NP Con

e PSSOl
PSS Ovl

o NPSS . Cone

Tra. (%)

o Nes e
o b NPSS.v Ova

T b NPSS Cone

00 02 04 06 08 10 ZUItl 14 18 22 26 30
7 .
v

L L
v £

5
\75° <.s0]
w0






media/file6.png
(a)

291

28¢

27¢

Tra. (%)
S

25¢

241

23

~— PC-Pillar PC-Cone
—0-— PC-Oval PC-Inv. Cone
-=0-= PC-Inv. Oval
- o”"
—e
00 02 04 06 08 1.0

—PC-Pillar —PC-Inv. Oval —PC-Cone





media/file15.jpg
s
NPSS . Double Side
Y

Pillar Oval Cone

Double side Hybrid Double Side

Flat —Doubleside. —Hybrid Double side





