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͏ ᴙ: ┬͙ḛ̛ѻ╪₡ӥѤ ḛ̛ ѻ╪₡ӥ₮ ѻᵐ ♣͙♠, ᶹᵙ♠, ̛ ♠ Ἓ╙ ʺּ̆ת ▓

͙⁄ Ӱᾅ ᴆ╪ ụ‰⁄Ἄ ַא⅝  ─ ⁄ ▓ѻ. ┬͙ḛ̛ѻ╪₡ӥ╥ ‖╘ Ἓ̓ и╘ и╘ ᶘ 

ẋ Ἓ╙ ╪↔  ʺỮ ᾒ, ּשˆ ᾒ ͙͙ ụ‰⁄ҵ ┬͙ḛ̛ѻ╪₡ӥʺ Ợ↔Ӈ̆ ▓ѻ. ͎ױϮ 

ẕ╪ Д╘ ʻҵᴛ ḛụӇ͙⁄ ᵤ╘ ‚╥ ẕ╪ ╪↔▫⁄˭ ╬ᾏӇּת ΏѤѻ. ╪⁄ ♬ᶔ╖ᴛ Ϯ₡

Ѥ ẕ╥ ‚╪ ַא⅝ ҥ, ╪Ѥ ┬͙ḛ̛ѻ╪₡ӥ⁄Ἄ ַא⅝ ̛ ╬Ϯ אַ ╬⅝   ═╥ ♬ᶔ 

Ḣ ⁄ ҍ  ˃╙ ♠ Ѥ ˦╖ᴛ ּשʺᾎ  ὡ ▓ѻ. ╪⁄ ṕ ⁷̯⁄ἌѤ Chance, Prock and 

Silbey ᶛҨ╙ ╪↔  ᶔ Ữ ̯ⱳ⁄Ἄ╥ ♠ ӈ ♬ᶔ ̛  ═╙ ҍשּ Ͽ̆ ╪Ṓѻ‡‫

ӈ ̛  ═╙ ˇѤ ̯͙לⱳᵑ ⱠΌ ᶒ  Ḍ  ˺  ṪἍ╙ ╪↔  ⱳ ḓ̯ ͙ל ♠ 

ⱳᵑ ́ụ̯ ͙ל ♠ Ѥ Ḣḹᴝ⁄ ҍ  Ἄὥ ̆▫ ѻ.  

ᾔ Ͻᵦ: ┬͙ḛ̛ѻ╪₡ӥ, ̛  ⱳ, CPS, RCWA̯͙ל ,═ 

 

Abstract:  Organic light -emitting diodes (OLEDs) have distinct electrical, physical, and optical 

characteristics from light -emitting diodes, and thus occupy an important position in the display 

industry. Also, OLED is widely used in the field of virtual/augmented rea lity industry since a high 

contrast ratio and thin thickness can both be achieved. However, since the light emission occurs in 

a wide angle, a large amount of light is not recognized by the user. Therefore, the amount of light 

emitted perpendicular to the device surface is important. This value can be increased by maximizing 

the front direction of light extraction efficiency (LEE), which is one of the important factors in OLED. 

In this study, we optimize the front light extraction efficiency for the planar layered structures and 

for the periodically corrugated structures which is expected to result in higher light extraction 

efficiency. A model suggested by Chance, Silbey and Prock was employed to calculate the light 

extraction efficiency of a planer structu re, and rigorous coupled -wave analysis (RCWA) was used for 

the calculation of the periodically corrugated structure.  

Key Word: Organic Light -Emitting Diodes, Light extraction efficiency, Corrugation structure, Chance, 

Prock and Silbey, Rigorous coupled -wave analysis 
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♫ 1 ◌  Ἁᴚ 

 Ӱᾅ ᴆ╪Ѥ ♬Ṓᵑ ᾎʻ♠╖ᴛ ͙ ─  ◑ Ϯ╪ᶒ ◓ ᾅᵡ אַ  , Я ṩ, TV. ᶛ

ѱ  Ӯ╥ ˞╥ ҍṨṪ╥ ♣▫Ⱡ ⁄ Ợ↔Ӈ̆ ▓ѻ. Ӱᾅ ᴆ╪Ѥ Ẅג⇔̕ ◑  (Cathode Ray 

Tube, CRT)Ṩ   ♬ Ӱᾅ ᴆ╪(Liquid Crystal Display, LCD), נּגᵡ Ӱᾅ ᴆ╪ В (Plasma 

Display Panel, PDP)╙ ˞  ḛ̛ѻ╪₡ӥ(Light Emitting Diode , LED) ḓ ┬͙ḛ̛ѻ╪₡ӥ 

(Organic Light Emitting Diode , OLED)ͥ ḛ♣Ӈ‴ѻ. Ӱᾅ תּ ᴆ╪ʺ ♩  ḛ♣ӇᶔἌ Ữҵ, 

̛ ,♠͙♣ ╥ὡᶘ, ♣ᴏ ἵẋ ═, ╞҆ᾎʼ Ӯ ,פֿ ♠ Ἓ╪ ḛ♣ ₄╖ᶒ ӎΖ, Ӱᾅ ᴆ╪ 

ҍ ͙, ┬⁷Ἓ Ӯ╥ ᶹᵙ♠ ︣ҵ ḛ♣ ˭ Ӈ‴ѻ.    

 

1.1 ┬͙ḛ̛ѻ╪₡ӥ ḓ ̛  ═ 

┬͙ḛ̛ѻ╪₡ӥ (Organic Light Emitting Diode , OLED)Ѥ ♣ᵆʺ ╬ʺӇ‴╙ ԅ, ᾅᾅᴛ ẕ╙ Ͽ

Ѥ ┬͙ ʋ ↔ ╙פֿ  ẕ╙ ̯ ⱳ ϿṨ⁄Ἄ ḛỸᾎ Ѥ Ӱᾅ ᴆ╪╪ѻ. OLEDѤ ♣ᵆʺ ╬ʺӇּת 

Ώ╖ᶔ ┬͙ ḛ̛ ╪ ẕ╙ ỸἛ ͙ Ώ͙⁄ и╘ ự ᴏ̓ ᶘ ẋ ̋ ╪גᶒ ḥתּ  ╪ Ⱶ◓

Ώ╖ḃᴛ җ ‖╘ ʋ תּ ᵙ♠ Ἓ╙ ̋ ▫ ἵṊᴛ ̆תּ ♠╖ᴛ ẕ╙ Ͽ͙⁄ җ и╘ ֿפ╙ 

֞ .ѻבֿʺ  ┬⁷  ┬͙ ⁄ ҍ Ἄ Ӱᾅ ᴆ╪ ♣ ʺ ̯ Ṩפֿױ ὡ ▓Ѥ Ἓҵ ̋ Ӱᾅ ⁄͙תּ

ᴆ╪ ụ‰⁄Ἄ ̒ ̛Ḛ̆ ▓ѻ. ͎ Ϯ ḛ̛ױ ╪ ̯ ⱳ╥ ϿṨ⁄ Ⱶ◓ ͙⁄ ẕ╪ ̯ ⱳ ϿṨᴛ ̔

Ѥ ˿ ↕ʺ Ⱶ◓ ⁴ ḛ̛ ═╪ ˁ ἵ ˭ ӇѤ Ѿ♩╙ ̋ ѻ. Ӱᾅבֿ ᴆ╪⁄Ἄ╥ ḛ̛ ═╙ 
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Ϯ ϿѤ ַא⅝  ╬▫ᴛѤ ל░  ♣▫ҍẋ Ӱᾅ ᴆ╪ ḗ╖ᴛ ẖⱨϮ₡Ѥ ̛▫╥ ‚╙ ╥Ḉ Ѥ 

ΩṨ‚▫ ═╪ ▓ѻ. OLED╥ ˿ ↕, ▀ḙ♠╬ OLED ΩṨ‚▫ ═╘ 20%~25%♬ҵᴛ ͎ ѻ. [1] 

1.2 ̛  ═ Ữ╙ ─  Яᴏ 

OLED ΩṨ‚▫ ═╘ ϿṨ‚▫ ═̓ ̛  ═╥ ̏ ╖ᴛ ⁷̯ᵑ ╥תּͥ◓ Ѥҥתּ‡‫ 

 ϿṨ‚▫ ═╘ ╬̛ ḓ ⁸ Ἓ ⁷תּ ̛ (Thermally Activated. Delayed Fluorescence, TADF)͙

ὥ╙  ˞ ╥ 100%⁄ ̋ ͥ⇔ ˃ ╙ ͎ Ђ ὡ ▓˭ Ӈ‴ѻ. [2, 3]‡‫ ̯ Ϯױ ⱳ♠╬ ʊ Ⱡ⁄ ╥  

̛  ═╘ 20%~25%╙ ̋ ̯ ӈѻ. ╪⁄ ▀ḙ♠╬ Ữ ˭תּ ⱳ╥ OLED⁄ ⁴ױ ͙ ὥ╙ ♠↔

⁴ ̛  ═╙ Ữᾎ ᴎѤ Яᴏ╪ ▓‴ѻ.  

ᵡ╪ ᴛ ᴈּנ ‡ᴆ╪ (Microlens Arrays, MLA)╘ ͙  ΩṨ⁄ ὡ ~  ὡḥ ᵡ╪ ᴛḈ  Ѿ─╥ 

ᴈּנ ̯ⱳ ᵑ Ṩ ⁴ ͙ ⁄Ἄ ▐́ʻṒѻ  ʻҵᴛ ♣ ӇѤ ẕ╪ ♣ḙỢ Ӈּת Ώ̆ ͙  

ḗ╖ᴛ ḢỢӉ ὡ ▓ҵᴜ ⁴ ̛  ═╙ ˌἐ Ѥ Ḣḹ╪ѻ. ╪Ѥ ỮṨḛ̛ ḓ Ṩḛ̛ 

OLED⁄ ♠↔ ʺѫ  ̯ⱳ╪ѻ[4-6]. 

OLED  ϿṨ⁄ ụה ╙ ừ░ Ѥ ˦╖ᴛҵ ̛  ═╙ Ữᾎ  ὡ ▓ѻ. ụה ╥ ừ░

╙ Ἄ ḛ̛ ⁄Ἄ ỸἛӈ ẕ╪ ♬  ϿṨ⁄Ἄ ♣ḙỢ Ѥ ˦╙ ụה╙ Ἄ ᵢ╙ ὡ ▓

ѻ. ụה ╘ ♬ OLED  ϿṨ⁄ ẕ╙ ụהᾎ Ѥ ᶹֿפ╙ ừ░ Ѥҥ ╪Ѥ ϮЯ ░▫ [7], ϮЯ 

͙ӕ [8], ͙̑Ḣ∂ [9] Ӯ╪ ▓ѻ. ֞ ░ⱳᵑ ừ̯ ͙ל  ╖ᴛᾬ ϿṨ⁄Ἄ ♣ḙỢ Ѥ ẕ╥ ʻ

ҵᵑ ḕρ ὡҵ ▓ѻ. ͙ל ̯ⱳ╥ ˿↕ ụה ̓Ѥ Ҁᵙ ᶴ▬─♠╖ᴛ ẕ╥ Ḣ ╪ ḕϔѤ ˦╪ 

ῷѳ ♬ ♥ Ḣ өᴛ ẕ╥ ʻҵʺ ṉ ˭ ӈѻ. ֞ ͙┬ ⱳ╥ ˿↕ ͔ἶ̯̓ ͙ל   Ợ╪
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⁄Ἄ Ỹ͙Ѥ ᶔ נּגᶞ גᵙ  ᶛӥᴛ ἵᾒӇѤ ẕ╙ ̯ⱳ ḗ╖ᴛ ϿṒЂ ὡ ▓ѻ. [10]   

 ⱳ╥ ↔Ἓ ṪἍ̯ ͙ל 1.3

 ᵡ╪ ᴛ ᴈּנ ‡ᴆ╪, ụה ̯ ͙ל , ⱳ Ӯ ▀ḙ♠╬ Ữ ̯ ⱳ╥ OLED⁄ ♠↔ ⁴ ̛  

═╙ Ữᾎ Ѥ ͙ ὥ╪ u ╪ ḛ♣Ӈ̆ ▓╖Ϯ χ ╪ ᴛ ᴈּנ ‡ᴆ╪╥ ˿ ↕, ̯ ⱳ ḕʹ  ṨṪ╬ 

͙ ⁄ χ ╪ ᴛ ᴈּנᵑ ѻѤ ͙ ὥ╪͙⁄ ͙ ͙ ̆′ ὡ פֿ ╪ ⁄Ἄ╥ ҵ ̕ ɒ ӥ╥ ̔

Ѥ ẕᵣ╙  ὡ ▓ѻѤ Ѿ♩╙ ̋ ֞ .ѻבֿ  ụה ╥ ˿ ↕ҵ ụה ╪ ♠↔ӈ ╥ ҵ ̕ 

ᶛӥᴛ ̔ Ѥ ẕᵣ╙  ὡ ▓╖ᶒ ʺ♠╬ ụה ʋ ̑ ╬♠ʺ КѤ ╙פֿ ♬ ▬‰╪ ⅝

ѻ. ͎ ̯ ͙ל Ϯױ ⱳ╥ ˿ ↕ ҵ ̕ ɒ ӥᴛ ̔ Ѥ ẕỎ ῷѱג ͔ ἶ̓ ┬͙ ╥ ᶔ נּגᶞ 

ᵙג  ᶛӥᴛ ἵᾒӇѤ ẕҵ  ὡ ▓ѻ. ֞  ♬ᶔ⁄Ἄ╥ ̛ ⱳ̯ ͙ל ↕˿ ╥═ 

ᵑ ҵ░ ╖ᴛᾬ ѻᵐ ʻҵᴛ ḢỢӈ ẕ╪ ♬ᶔ╖ᴛ ᶛ╙ ὡ ▓ѻ. ╪⁄ ṕ бᶷ⁄ἌѤ ͙ל ̯

ⱳ ҵ░╙  ♬ᶔ ̛  Ữ╙ ᶜ ᴛ ѻ.  
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♫ 2 ◌  ᶑ ừ ̬Ɑ╢ ♩ᶑ ̘  ┬ ♅  

שּ░ ╙ⱳ╥ ↔Ἓ̯ ͙ל  ͙ ─ ἌѤ ᶔ Ữ ̯ⱳ⁄Ἄ╥ ♠ ӈ ♬ᶔ ̛  ═

(Light Extraction Efficiency, LEE)╙ ̯ ‒ ѻ. ╪ ░ⱳᵑ ҵ̯ ͙ל  ╙ ԅ ᶔ Ữ ̯ⱳ⁄

Ἄ╥ ♠ ӈ ♬ᶔ ̛  ═Ṓѻ и╘ ˃╙ ʺֿבѻᶔ ͙ל ̯ⱳʺ ↔Ἓ╪ ▓╛╙ ░ּש  

ὡ ▓ѻ. ╪⁄ ṕ ◑⁄ἌѤ Ữ♠╖ᴛ Ợ↔ӇѤ ̛  ᾎḀᴆ╪Ἢ ַא Ϯ╬ ┬  Ṫ ᾎʼ ₅

⁵ḹ(Finite-difference time-domain method, FDTD)Ṓѻ ὡᾕ~ ὡ  Ḥ ẖᵐ Chance, Prock and 

Silbey (CPS)ᶛҨ╙ ╪↔  ♬ᶔ ̛  ═╙ ́ụ  ˦╪ѻ. ֞  Ѿ▀ ◑̓ ѻַא ◑ҍ⁄Ἄ 

ᵰˌ ṉὡ ᾅ┘ ḓ 2  ͐Ợ⁄ ╥  ḕ⇔ӥ ♠  ͙ḹ (Bound Optimization BY Quadratic 

Approximation , BOBYQA)╙ ╪↔ ⁴ ̯ⱳᵑ ♠  ˦╪ѻ. 

 

2.1 Chance, Prock and Silbey ᶛҨ ḓ ┬  Ṫ ᾎʼ ₅⁵ḹ 

Chance, Prock and Silbey (CPS)ᶛҨ╘ ᶔ Ữ ̯ⱳ OLED⁄Ἄ ỸἛӈ ᾡ͏▫╥ ḢỢʻҵṊ 

♣͙◑╥ Ἕ͙ᵑ ṪἍ ⁴ ʻ ⁄Ἄ╥ ḙỢ₮ ̓═╙ ̆ᴎ ⁴ ̯ⱳ ḗ╖ᴛ ḢỢӇѤ ẕ╥ Ἕ

͙ᵑ ́ụ Ѥ ᶛҨ╪ѻ.[11] ᴆО Ḣ♬ᾏ╙  ʻ ⁄Ἄ╥ ḙỢ═̓ ̓═╙ ̯ ̆ ♣Ҁ

ᴑḹ (Transfer Matrix method, TMM) ╙ Ἄ ♬Ữ Ữ ╥ ♣͙◑╥ Ἕ͙ᵑ ̯ ⁴ ᾡ͏▫╥ 

ḢỢʻҵṊ ♣͙◑╥ Ἕ͙ᵑ ̯  ὡ ▓ѻ. ╪ ᶛҨ╙ Ἄ ♬ᶔ⁄Ἄ╥ ♣͙◑╥ Ἕ͙ᵑ ̯

⁴ ♬ᶔ ̛  ═╙ ̯  ὡ ▓ѻ.  
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 ͙Ⱶ╥ ̛  ᾎḀᴆ╪Ἢ╬ ┬  Ṫ ᾎʼ ₅⁵ḹ╖ᴛҵ ♬ᶔ ̛  ═╙ ̯  ὡ ▓Ѥҥ ╪ 

˿↕ ᶉᾎ╥ ͙ ḓ ♣  ᾎḀᴆ╪Ἢ╥ ͙⁄ ӻג ᾎḀᴆ╪Ἢ╥ ♬ ҵ₮ ᾎʼ╥ ᴆ╪ӥ ₡

 ́̕⁄ ▓͙⁄ ♬  ˺̓ᵑ ─ ἌѤ Ữ҉  ᾎʼ╪ ἵ⅝ӈѻ. ͎ᵝ 4.6  (a)Ѥ FDTD, CPS 

ᶛҨ╥ ́ụ ἶҵ₮ ́ụӈ ̛  ═˃╥ ẋ̪ᵑ ─  ͙ṕ♠╬ ♣ᶔ ḛ̛ ᶔ Ữ ̯ⱳ ₉

ᾎ╪ѻ. FDTD ᾎḀᴆ╪Ἢ╥ ˿↕ ♠  Ḣ ⁄ ὡֹו  Ḣ ╖ᴛ╥ ͙, ּס ̯ⱳ╥ ὡ Ḣ  ͙

⁄ ӻג ᾎḀᴆ╪Ἢ ᾎʼ ḓ ♬ ҵʺ Ҁתּג˭ ӈѻ. ╪⁄ FDTD╥ ˿↕ ̯ⱳ╥ ʺᴛ Ḣ  ͙

Ṋ ̛  ═╙ ̯  ͎ᵝ 2.1 (b)╥ ה ᾒἐ ͎מ ᴛ Ϯ Іѻ. CPS ᶛҨ⁄ἌѤ ̯ⱳ╥ ʺᴛ 

Ḣ  ͙ᵑ ᶴ ˭ ӎ̆ ́ụ╙ ḃᴛ ᾎḀᴆ╪Ἢ ͙ʺ ╥Ḉʺ ′ѻ. ͎ױϮ FDTD⁄Ἄ╥ 

͙₮ ẋ̪ᵑ ─  ᶛӧ ᾎḀᴆ╪Ἢ ͙⁄Ἄ ˉ╘ ˃╙ ˇҵᴜ ⁴ ṭ╘ự ♩ἐ ͎מ ᴛ Ϯ

Іѻ.   

 

͎ᵝ 2.1 (a) FDTD, CPS ẋ̪ᵑ ─  ♣ᶔ ḛ̛ ᶔ Ữ ̯ⱳ (b) FDTD, CPS⁄Ἄ╥ ̛  ═  

(b) 520nm ◑⁄Ἄ ᾎḀᴆ╪Ἢ ͙⁄ ӻᵐ FDTD, CPSŋ   ̛ ╘‫  ═ ẋ̪ 
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 . 2.1╘ ̛  ═╙ ┬  Ṫ ᾎʼ ₅⁵ḹ̓ CPS ᶛҨᴛ ̯ Ѥҥ ἵ⅝ӇѤ ᾎʼ╙ Ϯ Ё 

╪ѻ. ╪ᵑ  10ʈÍ╥ ᾎḀᴆ╪Ἢ ͙ᵑ ʺֿפ ԅ CPS ˺ ̓˃̓ 1.2% ♬ҵ╥ ╪ᵑ Ϯ Ͽ

Ѥ ˦╙ ╬  ὡ ▓̆, 15ʈÍ╥ ᾎḀᴆ╪Ἢ ͙ᵑ ʺּתᶔ CPS ˺ ̓˃̓ 1% ♬ҵ╥ ╪ᵑ Ϯ

ϿѤ ˦╙ ╬  ὡ ▓ѻ. ╪ԅ ʻʻ╥ ˿↕ CPS̋  1200Ḥ, 1800Ḥ җ ẖᵎ˭ ́ụ╪ ʺѫ

ѻ. ּ1% ,ס╥ ₡  Ͽ⁄ἌѤ CPS̋  ┬  Ṫ ᾎʼ ₅⁵ḹṒѻ 1800Ḥ ʺװ җ ẖᵎ˭ ́ụ╙  

ὡ ▓ѻ.  

 

. 2.1 520nm ◑⁄Ἄ ᾎḀᴆ╪Ἢ ͙⁄ ӻᵐ FDTD, CPS ᾎḀᴆ╪Ἢ╥ LEE˃ , ἵ⅝ ᾎʼ ẋ̪ 

╪ᵑ  CPS ᶛҨ╥ ́ụ ˺̓ʺ FDTD╥ ́ụ ˺̓₮ 1%╪Ͽ╥ ₡ ᵑ ʺֿבѻѤ ˦╙ ╬

₄╖ᶒ ́ụ ἶҵ╥ ᶔ⁄ἌѤ CPS ᶛҨ╪ FDTDṒѻ 1800Ḥ ʺװ җ ẖᵐ ˦╙ ╬  ὡ ▓

ѻ. ╪⁄ ᶔ ♠  ᾎḀᴆ╪Ἢ⁄ἌѤ CPS ɒ Ҩ╙ Ợ↔ ⁴ ♠ ᵑ ֿב  ˦╪ѻ. 
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2.2 Ѿ▀ ◑⁄Ἄ╥ 2ṉὡ ᶔ Ữ ̯ⱳ ♠  

CPS ᶛҨ╙ ╪↔ Ἄ ᶔ Ữ ̯ⱳ╥ ♬ᶔ ═╙ ̯  ὡ ▓ѻ. ╪⁄ ♠  ῼ̆ᵙּצ╙ 

CPSɒ Ҩ̓ ˺ ѻᶔ ᶔ Ữ ̯ⱳ╥ ♠ ӎΖᵑ Ђ ὡ ▓ѻ. ♣ᶔ ḛ̛ ᶔ Ữ ̯ⱳ‡‫

╥ ˿↕ Ag ╘ ╛͏ ╖ᴛ ♣͙♠ Ἓֿ͙־ ˭ ╙פ⁄ ӎΖᵑ ⱳ♥  ὡ ′ѻ. ╪⁄ ͎ᵝ 2.1 (a)

╥ ̯ⱳ⁄Ἄ ḕρ ὡ ▓Ѥ ṉὡѤ ḛ̛ ╥ ӎΖ, ᾡ͏▫╥ ὡֹו Ḣ  ─ ʺ ▓ѻ. ṉὡʺ ӎ ˌ

Ỏ╪͙⁄ ᵰˌ ṉὡ ᾅ┘╪ ʺѫ ѻ. ͎ᵝ 2.2Ѥ ͎ᵝ 2.1 (a)⁄Ἄ╥ ᶔ Ữ ̯ⱳ⁄Ἄ ḛ̛

╥ ӎΖ, ᾡ͏▫╥ ὡֹו Ḣ  ─  ṉὡᴛ ᵰˌ ṉὡ ᾅ┘  ˺̓╪ѻ. 520nm ◑⁄Ἄ ḛ̛ ╥ 

ӎΖʺ 380nm, ᾡ͏▫╥ ὡֹו Ḣ  ─ ʺ 201nm▀ ԅ 0.4523/sr╥ ♠ ӈ ♬ᶔ ̛  ═

╪ .Ɑѻ‡‫        

 

͎ᵝ 2.2 ᶔ Ữ ̯ⱳ⁄Ἄ ḛ̛ ╥ ӎΖ, ᾡ͏▫╥ ὡֹו Ḣ  ─ ⁄ ҍ  ♬ᶔ ̛  ═ 

 2 ṉὡ ♠ ⁄ ˢᵛ ᾎʼ╘  1.5ᾎʼ╪ᶒ  5500ˌ╥ CPS ́ụ╙ ₄ѻ. ͎ױϮ ᵰˌ ṉ
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ὡ ᾅ┘╙  ♠ Ѥ ṉὡ╥ ὡ⁄ ӻג ᾎʼ╪ ּתὡ♠╖ᴛ ּשʺ ˭ ӈѻ. ╪⁄ 3, 4 ṉὡ⁄ 

ҍ ἌѤ 100ᾎʼ, 7000ᾎʼ╪ ˢᵙ˭ ӈѻ. ╪⁄ ṉὡ╥ ὡʺ ּשʺ ᶔ ѻᵐ ♠  ͙ḹ╙ ҵ░

‒ ѻ. ѻᵐ ♠  ͙ḹ╘ 2.3⁄Ἄ ѻᴷ ˦╪ѻ.  

  

2.3 ѻṉὡ ᶔ Ữ ̯ⱳ╥ ♬ᶔ ̛  ═ ♠  

CPS ᶛҨᴛ ́ụ ᾎʼ╙ ˁἵᾎ ╖ᴛᾬ ᵰˌ ṉὡ ᾅ┘╙  ᶔ Ữ ̯ⱳ⁄Ἄ╥ ♠

ʺ ʺѫ Ɑּתᵣ 3, 4ṉὡ╥ ˿↕ ♠  ᾎʼ╪ ẋ–♠╖ᴛ ּשʺ ⁄ ӻג ᵰˌ ṉὡ ᾅ┘╥ Ѿ

♩╙ ͏ṓ  ⅝Ἓ╪ Ỹ˾ѻ. ╪⁄ ṕ ⁷̯⁄ἌѤ 2  ͐Ợ⁄ ╥  ḕ⇔ӥ ♠  ͙ḹ (Bound 

Optimization BY Quadratic Approximation , BOBYQA)╙ Ợ↔ ⁴ ♠ ᵑ ֿב ₄ѻ. BOBYQAѤ 

ѻ ∟ ᵰˌṉὡ ₅⁵⁄Ἄ ᶴ▬─♠╬ Ḣ  Ḿ ᵑ ἒ♬ ⁴ Ḿ Ữ╥ ♠♩╙ ◌ῷ ♠♩⁄Ἄ 

ѻᾎ ᶴ▬─♠╬ Ḣ  Ḿ ᵑ ◌ῷ ♠♩╙ Ѥ ˦╙ ḙṓ Ѥ ♠  ῼ̆ᵙּצ╪ѻ. [12] ╪Ѥ 

♠˃╙ ╘ ᾎʼ Ό⁄ ῷתּלᵣ ♠˃╪ ͏ҍ˃ ╘ ͏ἵ˃╪גѤ Ѿ♩╪ ▓ѻ. ͎ױϮ 

ᶔ Ữ ̯ⱳ╥ ♠ ╥ ˿↕ ͏ғ˃̓ ͏ἵ˃╪ ᵤּת Ώ͙⁄ ⁴ױ Ḵ╥ BOBYQAŋ   ♬

ᶔ ̛  ═╥ ҍ˃╙ ╙ ὡ ▓ѻ. ͎ᵝ 2.3╘ BOBYQAŋ  ♠↔ᾎ  4ṉὡ ᶔ Ữ ̯ⱳ

╪ѻ. ╪Ѥ ͎ᵝ 2.1 (a)⁄ ♣͙♠╬ ₅ ̛ Ώ̆ תּל ╙ ♠ ̓ᵑ ͏ҍ ᾎ  ὡ ▓Ѥ 

(Capping Layer, CPL)̓  ┬ᵙ ╪ ʺӈ ̯ⱳ╪ѻ. 
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͎ᵝ 2.3 4ṉὡ ᶔ Ữ ̯ⱳ. 

╪ ̯ⱳ⁄Ἄ╥ ʻ ṉὡѤ CPL ḓ ╛͏ ╥ ӎΖ, ḛ̛ ╥ ӎΖ₮ ḛ̛ ╥ и╪╪̆ ʻ ṉὡ

╥ Ḹ─Ѥ 10nm~150nm, 10nm~ 20nm, 30~600nm, 0~600nm ╪ᶒ ḛ̛ ╥ и╪Ѥ ḛ̛ ╥ ӎΖ

Ṓѻ ▬ῷ‒ ѻѤ Ⱡ ╪ ▓ѻ. ╪ᵑ BOBYQAᴛ ♠   ˺̓Ѥ ʻʻ╥ ӎΖʺ 88nm, 

17.8nm, 219nm, 162nm▀ ԅ╪ᶒ ♬ᶔ ̛  ═╥ ˃╘ 0.978/sr╪ Ϯ₣ѻ. ╪ᵑ  ѻṉὡ 

ᶔ Ữ ̯ⱳ╥ ♬ᶔ ̛ ╙ ̯ ⁄ ▓‡Ἄ ̯ⱳ╥ ṉὡ⁄ ӻג ᾎʼ╪ ּתὡ♠╖ᴛ ּשʺ Ѥ 

˦╙ Ḣּת  ὡ ▓ѻ. 

 

2.4 ựꜝ  Ⱡ  ⱳˠ⁄Ἄ╥ ᶔ Ữ ̯ⱳ ♠  

BOBYQAŋ   ѻṉὡ ᶔ Ữ ̯ⱳ⁄Ἄ╥ ♠ ʺ ʺѫ Ɑѻ. ͎ױϮ ♬ ◑⁄Ἄ╥ 

♠ ᵣ ʺѫ  Ỏ ѻַא ◑╙ ̆ᴎ  ♠ ᵑ ͙ ─ ἌѤ ̆ᴎ Ѥ ◑ ὡ⁄ ẋᴗ Ѥ 

ᾎʼ╪ ˢᵙ˭ ӈѻ. ʺᾎ̛ἐ╥ ◑ҍ⁵╪ – 400nm⁄Ἄ 700nm╬ ˦╙ ̆ᴎ ⁴ 1nm ʼ˶╖
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ᴛ ́ụ ѻᶔ ͙Ⱶ ♠  ᾎʼ╥ 300Ḥʺ ˢᵙ˭ ӇѤҥ ╪Ѥ ♠ ⁄ ⅝  ᾎʼ ═╙ 

Ữ҉  ˁἵᾎ ѻ. ╪⁄ MATLAB⁄Ἄ ᴑ ́ụ╙ ╪↔ ⁴ ᾎʼ̓ ♬ ◑ҍ⁵╥ ἐ Ἓ╙ 

Ⱡ˞ ₄̆ ʺᾎ̛ἐ ҍ⁵╥ ♬ᶔ ̛  ═╙ ♠ ⁄ ▓‡ ͙Ⱶ╥ Ѿ▀ ◑╥ ˿↕╥ 2

Ḥ╥ ᾎʼᵣ ἵ⅝Ӈ‴ѻ.  
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♫ 3 ◌  ♅  ᶑ̬ⱭṏѸ е╕ ♩ᶑ ̘  ┬╖ ˄ѡ  

1D, 2D ̬͖דⱭ ♫ῶ 

  

2◑⁄Ἄ ᶔ Ữ ̯ⱳ╥ ♬ᶔ ̛  ═╙ ♠ ̆ ♠  ͙ḹ╙ ♠ᵞ ₄ѻ. ᶔ 

Ữ ̯ⱳ⁄ἌѤ ҵ ̕ ɒ ӥ, ᶔ נּגᶞ גᵙ  ᶛӥ, ⁄Ἄ╥ ̛ ὡᴛ ╬  ᵤ╘ ẕ╪ ̯

ⱳ Ͽ⁄Ἄ ἵᾒӈѻ. ͙ל ̯ⱳѤ ҵ ̕ ɒ ӥ, ᶔ נּגᶞ גᵙ  ᶛӥᴛ ἵᾒӇѤ ẕ╙ 

 ὡ ▓˭ ל˭ Ӈ‡ ♬ᶔ ̛  ═╙ ᶔ ̯ⱳ⁄ ẋ ҍᾎשּ   ὡ ▓ѻ. ͎ױϮ ͙ל 

̯ⱳᵑ ҵ░ ˭ Ӈᶔ ᶔ Ữ ̯ⱳ⁄Ἄ ӇѤ ẕ╪ ♥╙  Ӈּת ᶣ Ѥ ˿↕ҵ 

▓͙⁄ ᶛӧ ˿↕⁄Ἄ ͙ל ̯ⱳ ҵ░╪ ♬ᶔ ̛ ҍᾎשּ ╙═  Ѥ ˦╘ ῷѱѻ. ͎ױḃᴛ 

̯ⱳ⁄ ♠ ͙לᵑ ҵ░ ⁄ҵ Ṭ̯ ̆ ᶔ Ữ ̯ⱳ⁄Ἄ╥ ♠ ̛  ═Ṓѻ җ и╘ 

̛ ҆ ѻ̆בֿʺ ╙═   ὡѤ ′ѻ. ╪ ◑⁄ἌѤ ͙ל ̯ⱳᵑ ҵ░ ⁴ ♬ᶔ ═╙ ּשҍ

ᾎ Ѥ Ḣḹ̓ ╪ᵑ  ♠ ӈ ͙ל ̯ⱳ⁄Ἄ╥ ̛  ═╙ ̯ ̆ ╪ ˃╪ ♠ ӈ 

ᶔ Ữ ̯ⱳ╥ ♬ᶔ ̛  ═Ṓѻ и▐╙ Ṓ▀ ˦╪ѻ.   

 

3.1 ♥ Ḣ♬ᾏ̓ u-K ͎מ  

͙Ⱶ╥ ᶔ ̯ⱳ⁄ἌѤ ḛ̛ ⁄Ἄ ♬  ʻҵᴛ Ϯ₣ ẕ╪ ♬ ʻҵᴛᵣ Ḣ Ӈ‴Ѥҥ ͎ 

╪┬Ѥ ʻ ⁄Ἄ ḙỢ ₮ ̓ ᵣ╪ Ⱶ◓ ̆ ╪ө╘ ▀♬  ʻҵᵣ╙ ʺּ͙ת ԅᶷ╪ѻ. ͎ױ
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Ϯ ᶔ Ữ ̯ⱳ⁄ ͙לᵑ ҵ░ ᶔ ḛ̛ ⁄Ἄ ♬  ʻҵᴛ Ϯ₣ ẕ╪ ⁴ױ ʻҵᴛ Ḣ Ӊ 

ὡ ▓ѻ. ╪Ѥ ͙ל⁄Ἄ╥ ẕ╪ ♥ ͙ ԅᶷ╬ҥ ╪ᵑ Ϯ ϿѤ ᾏ╪ ♥ Ḣ♬ᾏ╖ᴛ ᾏ 1̓ 

ˉ╪ Ϯ ϱѻ. ╪ ᾏ╙ ╪↔ ♥ṉὡᵑ ⱳ ͙ל ╥ⱳ̯ ͙ל ⁴ ᶔ ʻҵᵑ ṉ ᾎ  ὡ ▓ѻ. 

Î  ÓÉÎʃ Î  ÓÉÎʃ Ὧ ȟ   Ὧ ÉÓ ÉÎÔÅÇÅÒ          (1) 

─ Ͽ͙‡‫ ᵑ͙ל ╥♠ ἌѤ ̯ⱳʺ ḢỢ Ѥ ʻҵṊ ẕ╥ Ἕ͙ᵑ ῼῷ‒ ѻ. ᶔ╥ ˿↕

⁄Ѥ ḛ̛ ∟ ᴛ╖ר͙   ҍ Ἓ╙ ʺּתḃᴛ ḢỢӇѤ ẕ̓ Ữ ̯ⱳ╥ ὡֹו  Ḿ  ʼ╥ ʻ

ҵ╬ ̆ҵʻᵣ╪ ַא⅝ ̆ Ữ ̯ⱳ₮ ὡ  ᶔ ─⁄Ἄ╥ ʻҵ╬ Ḣ─ʻ╘ ˃╘ ₅  תּל ╙

ΏѤѻ. ᶔ Ữ ̯ⱳ╥ ˿↕ CPSŋ  ╪↔ ᶔ ḛ̛ ⁄Ἄ╥ ̆ҵʻṊ ̯ⱳ ḗ╖ᴛ Ḣ ӇѤ ⁄

Ўּת╥ Ἕ͙ᵑ ̯  ὡ ▓ѻ. [11] ╪ԅ, ẕ╥ Ἕ͙Ѥ ḛ̛ ⁄Ἄ╥ ̆ҵʻ╥ Ợ╬˃, ÓÉÎʃ ⁄ ҍ

Ἄ ♬ᵙӇѤҥ ╪⁄ Õ ÓÉÎʃ ᴛ ӎ‡ Õ⁄ ̕  ᾏ╖ᴛ ♬ᵙʺ ʺѫ ѻ. ֞  Õ⁄ ӻᵐ ẕ╥ 

⁄Ўּת ḌҵѤ +ᴛ Ӈᶒ ̯ⱳ⁄Ἄ Ϯ₡Ѥ ⁄Ўּת╥ ╘ ᾏ 2ᴛ ̯ ѻ. ╪ ԅ όבֿ ╘ 

EML ⁄Ἄ ̯ⱳ ḗ╖ᴛ Ϯ₤ ὡ ▓Ѥ ▐́ʻ╥ Ợ╬˃╪ѻ.  

᷿ όὑ Ὠόȟό ÓÉÎ—                (2) 

 u⁄ ӻᵐ +˃ מ͎  ╙ ʺ u-K ͎מ ╪ᶒ ╪ᵑ  ‡Ѣ ̆ҵʻ╥ ẕ╪ ̯ⱳ₮ ˺

⁴ ᵤ╪ Ḣ ӇѤּתᵑ ῼ ὡ ▓ѻ. ͎ᵝ 3.1╘ 2.2⁄Ἄ מ͎ ᶔ Ữ ̯ⱳ╥ u-K ♠ ╘‫ ╪

ѻ. ự ṨṪ╥ ₅⁵╘ EML ⁄Ἄ ̯ⱳ ḗ╖ᴛ Ϯ₤ ὡ ▓Ѥ ▐́ʻ ╪ ╥ ̆ҵʻ ₅⁵╪ᶒ 

ל ự ₅⁵╘ ▐́ʻ ╪Ữ, ḛ̛ ⁄Ἄ ♬ ̆ҵʻ╖ᴛ ḢỢӇѤ ẕ╥ ₅⁵╪̆ ự ṨṪ╘ 

ḛ̛ ⁄Ἄ ˁὅ ֿבҿ Ѥ ẕ╥ ₅⁵╪ѻ. 
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͎ᵝ 3.1. ͎ᵝ 2.2⁄Ἄ מ͎ ᶔ Ữ ̯ⱳ╥ u-K ♠ ╘‫  

ᾏ (1)⁄ ╥ ░ᵑ ҵ͙ל  ᶔ ♥╙  ♬ ʻҵᴛ ḢỢӇѤ ẕ╪ ѻᵐ ʻҵᴛ ṉ  ὡ ▓

˭ ӈѻ. ḛ̛ ₮ ̯ⱳʺ ˺ Ӈ‡ ʺ◑ ẕ╪ ˆ ˭ Ϯ₡Ѥ ʻҵ╥ ẕ╙ ♬ᶔ╖ᴛ ϿṒЂ ὡ 

▓ѻᶔ ♬ᶔ ̛ ʺשּ ╪═   ˦╪ѻ. ╪⁄ ṕ ⁷̯⁄ἌѤ u-K ͎מ ⁄Ἄ ʺ◑ ἡ ẕ╪ Ḣ

ỢӇѤ ʻҵᵑ ♥╙  ♬ᶔ Ḣ ╖ᴛ ḕρ ˦╪ѻ. ʺ♠╖ᴛ ♥ ὡ╥ ♥ҍ˃╪ ּשʺ

ὡᴜ ♥ ẋ═╪ ת‡ӥḃᴛ ♥ ὡѤ 1 ᴛ ӎ̆ ♠ ͙לᵑ ́ụ  ˦╪ѻ. ᾏ (1)╙ ♬

ᶔ Ḣ ╖ᴛ ♥ʻ⁄ ҍ Ἄ ῠᶔ ᾏ (3)̓  ˉѻ. ╪ᵑ ♬ᵙ ᶔ (4)̋  Ӈ̆ Ѿ▀ ◑╥ ˿↕ 

Î ȟ‗Ѥ ̆♬Ӈ‡ ▓╖ḃᴛ Õŋ  ╪↔   .Ђ ὡ ▓ѻ‡‫ ᵑ͙ל ♠ ⁴

      Î  ÓÉÎʃ ȟ   ḉʃ πȟὯ ρ      (3) 

ɤ
 

        (4) 

♠ ӈ ᶔ Ữ ̯ⱳ╥ ♠ ͙לᵑ ♠ ⁄І͙‡‫ ӈ ᶔ Ữ ̯ⱳ₮ ♠ ӈ ᶔ 
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Ữ ̯ⱳ⁄ ♠ ͙לᵑ ҵ░ ⁴ ♬ᶔ ̛  ═╙ ẋ̪  ˦╪ѻ.    

 

3.2 1D ͙ל ̯ⱳ⁄Ἄ ♥⁄ ╥  front LEE ּשʺ 

2.2⁄Ἄ ᶔ Ữ ̯ⱳ⁄Ἄ Ḣ ♠ ╘‫ Ѥ ẕ╥ ∟˞ᵙ◑ Ἕ͙ᵑ ̯ ᶔ ͎ᵝ 3.2 (a)╪ᶒ 

♬ᶔ ̛  ═╘ 0.4523/sr╪ѻ. ♠ ᶔ Ữ ̯ⱳ⁄ ♠ ͙לᵑ ҵ░ ͙ ─  ͎ᵝ 3.1

╥ u-K ͎מ ⁄Ἄ Kʺ ҍʺ ӇѤ Õŋ  ̯ ᶔ Õ πȢωυ╪ѻ. ᾏ (4)ŋ ̯ ᵑ͙ל ♠   ᶔ 

ɤ σπτÎÍʺ Ϯ₡˭ ӈѻ. ͎ױϮ ͙לᵑ ҵ░ ˭ ӇᶔἌ u-K͎מ ʺ ṉ ̆ ╪⁄ ӻ͙ל ג

ʺ ḈἝ ˭ ṉ ͙⁄ ɤ σπτÎÍṨ͐⁄Ἄ 1 ∟ ᵰˌ ṉὡ ᾅ┘╪ ⅝ ѻ. ╪ᵑ  ╘‫ 

Ѥ ɤ͙ל ♠ ςωπÎÍ╪̆ EML, ‚͏ ˿́ᶔ⁄Ἄ 50nm╥ ֿב ᵑ ҵ͙ל ╥ ╬ᶒ Ợתּʺ ╙

░  ̯ⱳʺ Ḣ Ѥ ẕ╥ ∟˞ᵙ◑ Ἕ͙ᵑ ̯ ᶔ ͎ᵝ 3.2 (b)₮ ˉѻ. ẕ╪ ♬ᶔ⁄ ᶛ╪Ѥ ˿

╪ ֨ᴔ ˭ Ṓ╪ᶒ ∟˞ᵙ◑⁄Ἄ ♥ᴛ ╬   ╥ ẕ╥ ╞︡╙ ̕  ὡ ▓ѻ. ╪ ԅ

╥ ♬ᶔ ̛  ═╘ 0.7307/sr╖ᴛ ♠ ӈ ᶔ Ữ ̯ⱳ╥ ♬ᶔ ̛  ═Ṓѻ 66.5%җ 

и╖Ϯ ♣  ̛  ═╘ ᶔ╥ ˿↕Ṓѻ 21% ϻ╘ 16.9%ᵑ ʺֿבѻ. ╪Ѥ ͙ל ̯ⱳᵑ  

♬ᶔ ̛ ᾎʺשּ ╙═   ѻᵐ Ḣ ⁄Ἄ ḢỢӇѤ ẕ╪ ˁἵ ѻ̆ Ἅ  ὡ ▓ѻ.  
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͎ᵝ 3.2 (a) ♠  ᶔ ̯ⱳ, (b) 50nm╥ ֿב Ѥ 1תּʺ ╙  ◑ⱳ⁄Ἄ╥ ẕ╥ ∟˞ᵙ̯ ͙ל ∟

1 ̛ ⱳ╥ ♬ᶔ̯ ͙ל  ╙░ⱳ╥ ҵ̯ ͙ל ∟  ═╪ ♠ ӈ ᶔ Ữ ̯ⱳ╥ 

♬ᶔ ̛  ═Ṓѻ и˭ Ϯ ϶╙ ╬  ὡ ▓ѻ. ╪Ѥ ͙ל ̯ⱳ╥ ↔Ἓ╙ Ϯ Ͽᶒ 1

∟╥ ˿↕ ♠ ӈ ᶔҍẋ 66.5% җ и╘ ♬ᶔ ̛  .ѻרὡ ▓╛╙ Ṓ⁴ פֿʺ ╙═ 

 

3.3 2D ͙ל ̯ⱳ⁄Ἄ ♥⁄ ╥  front LEE ּשʺ 

1 ░ᵑ ҵ͙ל ∟  ˦╖ᴛ ♠ ӈ ᶔ Ữ ̯ⱳ╥ ♬ᶔ ̛  ═Ṓѻ и╘ ♬ᶔ ̛

 ═╙ ʺ︠╙ ╬ ₄ѻ. ╪ ˿↕ ♠ ♬ᶔ ̛  ͙ל .ҍ 66.5%₄ѻ ╘═ʺשּ ╥═ 

̯ⱳ╥ ҵ░╙  ♬ᶔ ̛ ʺשּ ╪═  ╖ḃᴛ 2 ░ᵑ ҵ͙ל ∟ ˭ Ӊ ˿↕ ♬ᶔ ̛

 ═╙ җ ּשʺᾎ  ὡ ▓╛╙ ┬  Ṗ ὡ ▓ѻ. ╪ ♥⁄ἌѤ 2 ░ᵑ ҵ͙ל ∟ ⁴ 1 ∟ 

̛ ἌṒѻ җ  ♬ᶔ⁄͙ל  ═╙ .Ђ ˦╪ѻ‡‫ 
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 3.2⁄Ἄ₮ ᵡ מ͎ ᶔ Ữ ̯ⱳ╥ u-K ♠ ╘‫ ᴛ 2.2⁄Ἄתּʺ ⁄Ἄ Kʺ ҍʺ ӇѤ 

Õ πȢωυ⁄ ҍ Ἄ ♠ ͙לᵑ ̯ ᶔ ɤ σπτÎÍʺ Ϯ₣ѻ. ͙ל ᶛ‚╘ 2 ∟ Ợ╬ ὡ╥ Ợʻ 

ᶒ ╪Ѥ ᾏ (5)╥ ᴛ Ϯ╪ ͙ל Ϯ˭ ӈѻ. 

Ú ÃÏÓÙ ÃÏÓØ       (5) 

Ú Ѥ ͙ל ̯ⱳ⁄Ἄ╥ ♬ ─ ⁄Ἄ╥ и╪╪̆ AѤ ͙ל ̯ⱳ╥ ֿב ╪ᶒ ɤѤ ͙ל, ØȟÙѤ 

ᶔ Ữ ̯ⱳ₮  ᶔ⁄Ἄ╥ ꜝ ╪ѻ. 2 ∟⁄Ἄ Õ πȢωυ⁄ ҍ ┘ᴛ ᾅ╖ר͙ ᵑ͙ל   

בֿ Ѥ 296nm╪ᶒ 50nm͙ל ♠ ̓˺ Ѥ ̯ⱳ⁄Ἄ╥ ẕ╥ ∟˞ᵙ◑ Ἕ͙Ѥ ͎ᵝ 3.3תּʺ ╙

ᴀ Ϯ ϱѻ. ♬ᶔ ̛  ═╘ 1.3854/sr ╖ᴛ ᶔ⁄Ἄ╥ ♠ ̛  ═╥ 3Ḥ ╪Ữ╪ѻ. 1

ⱳ╥ ˿↕ ͎ᵝ 3.2̯ ͙ל ∟ ᴀ 2ˌ╥ ᵣ╪ ᶛ▀ ὡ ▓‴╖Ϯ 2 ∟╖ᴛ ◑ ˭ Ӈᶔ 

җ ᵤ╘ ὡ╥ ᵑ ♥╙  ַאᾔ╖ᴛ ᶛ╙ ὡ ▓ѻ. ͎ᵝ 3.3 ̯ⱳ╥ ˿↕ Ợʻ ͙ל ᴛ 

ᾔ Ḣאַ ʺ ╥ˌ4  ╖ᴛ ᶛ⁴ ♬ᶔ ̛  ═╙ Ữᾍᾎ ѻ. ͎ױϮ Ợʻ ͙ל ̯ⱳʺ ῷ

ѳ ┴ʻ ͙ל ̯ⱳ╥ ᵑ ʺֿבѻᶔ 6ˌ╥ ᵑ ᶛ╙ ὡ ▓ѻ. ╪⁄ ┴ʻ ͙ל ̯ⱳ╥ Ợ╬ 

↔♠ ⁄ⱳ╥ ᾏ╘ ᾏ (6)ʺ Ӈᶒ ╪ᵑ ᶔ ̯ⱳ̯ ͙ל   ˺̓Ѥ ͎ᵝ 3.4₮ ˉѻ.   

Ú ÃÏÓÙ ÃÏÓ Ù
Ѝ
Ø ÃÏÓ Ù

Ѝ
Ø       (6) 
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͎ᵝ 3.3 50nm╥ ֿב Ѥ 2תּʺ ╙ ∟ (a) Ợʻ ͙ל, (b) ┴ʻ ͙ל ̯ⱳ⁄Ἄ╥ ẕ╥ ∟˞ᵙ◑ 

┴ʻ ͙ל ̯ⱳ⁄Ἄ╥ ♬ᶔ ̛  ═╘ 1.1543/sr ╖ᴛ Ợʻ ͙ל ̯ⱳ⁄Ἄ╥ ̛  ═

Ṓѻ ϻ╘ ˃╙ Ṓ╬ѻ. ╪Ѥ ͎ᵝ 3.3 (b)⁄Ἄ ╬  ὡ ▓Ѥҥ ♬ᶔ⁄Ἄ╥ ẕ╥ ∟˞ᵙ◑ Ἕ͙

̛ ╥ʻҵ⁄Ἄ ─ל ʺ  ═Ṓѻ ϻѻ. ּס, ┴ʻ ͙ל ♠ ↕˿ ╥͙ל⁄Ἄ Ḻ‡ϱ ͙לᵑ 

╪↔ ₄͙ ᶷ⁄ ♬ᶔ ̛  ═╪ Ợʻ̯ⱳ⁄Ἄ╥ ♬ᶔ ̛  ═Ṓѻ ϻ˭ Ϯ₵ѻ̆ 

Ἅ ʺѫ ѻ.  

 1, 2 ♠ ⱳѤ̯ ͙ל ∟ ӈ ᶔ Ữ ̯ⱳ⁄ ͙לᵑ ʺ  ̯ⱳ╪ѻ. ╪⁄ ♠ ͙לᵑ 

̯ ⁄ ▓‡ ᶔ Ữ ̯ⱳ╥ u-K ͎מ ╥ K╥ ˃⁄ ҉ Ѥ uᵑ ♥╙ ╪↔  ♬ᶔ╖

ᴛ ṒϿѤ Ḣᾏ╥ ͙ל ♠ ╪ѻ. ṕ бᶷ⁄ἌѤ ╪ᵑ  ╪ҿ Ḣᾏ(Peak Shift Method)̆ג 

ᶘᶘ  ˦╪ѻ. ᶔ Ữ ̯ⱳ╥ u-K ͎מ Ѥ ∟  ҍ Ἓ╖ᴛ 1 ∟╖ᴛ ͎ᵜ ὡ ▓╖Ϯ ͙ל

ʺ ҵ░Ӈᶔ 1 ∟ Õ⁄ ҍ מ͎  ᴛ ͎ᵜ ὡ ′ѻ. ּס, ÕȟÕ  ӎˌ╥ ṉὡ⁄ ӻᵐ Kᵑ ͎ᴎ‒ 

ѻ.  ͎ᵝ 3.2, 3.3╪ ÕȟÕ ӎˌ╥ ṉὡᴛ ͎ᵛ K͎מ ╪ѻ. ᶔ ̯ⱳ⁄ἌѤ ͎ᵝ 3.4 (a)╥ ⅍
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מ͎  ₮ ˉ╪ ♬ᶔ╙ ͙ר╖ᴛ ∟ ╥ ҍ Ἓ╙ Ṓ╪Ѥ u-Kʺ Ϯ₡˭ ӇϮ ̯͙לⱳ⁄ἌѤ 

♥╥ ₅ ╖ᴛ u-K ͎מ ⁄Ἄ ♬ᶔ╖ᴛ Ϯ₣ ẕ╪ ♥╪ ӇѤ ÕȟÕ⁄Ἄ ∟ ╖ᴛ ⁄Ўּתʺ 

ỸἛӈѻ. ͎ᵝ 3.4 (b), (c), (d)╥ ⅍ מ͎  ө╘ ʻ ͙ל ̯ⱳ⁄Ἄ ♬ᶔ ̛  ═⁄ ₅ ╙ 

 ,ѻ. ͎ᵝ 3.4 (a)רҵᵑ Ṓ⁴רˌ תѤ ÕȟÕ╙ ₄̆ (ˤ╘ ♩) ╪ ʻҵ╥ ẕ╪ ϿѤ ⁄Ўּל

(b), (c), (d)╥ ₡ᵐ מ͎  Ѥ ʻ ̯ⱳ╥ ẕ╥ ∟˞ᵙ◑╙ Ϯ Ёѻ. ʻ u-K ͎מ ╥ Ợʻ Ữ▫ 

ϿṨ╥ u-K ˌרҵѤ ʻ ̯ⱳ╥ ẕ╥ ∟˞ᵙ◑̓ ҍ╞ӈѻ.   

 

͎ᵝ 3.4 (a) ♠  ᶔ ̯ⱳ, (b) 1 ⱳ (c) 2̯ ͙ל ∟ ∟ Ợʻ ͙ל (d) 2 ∟ ┴ʻ ͙ל ̯ⱳ

╥ u-K ˌרҵ (ꜝ) ḓ ẕ╥ ∟˞ᵙ◑ (↕) 
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̘ Ɑ ṆὝ₫ ♩ᶑ̬ ͖ד  ◌ 4 ♫  ┬ ừ̒̒˾ ṧἊ 

  

 ╪ҿ Ḣᾏ╘ ♥ Ḣ♬ᾏ╙ ͙ḙ╖ᴛ ̯ⱳ⁄ ӻᵐ ♥ ═⁄ ҍ  ♬Ṓᵑ ʺּתּ▓ ̆ת 

Ώ͙⁄ 3◑⁄Ἄ╥ ♬ᶔ ═ ♠ ⁄ἌѤ ̯ⱳ ṉὡʺ ṉ ⁄ ӻג ♥ ═╘ ṉ ΏѤ תּ

ѻ̆ ʺ♬ ₄ѻ. ͎ױϮ ᾒⱠᴛѤ ̯ⱳʺ ṉ ⁄ ӻג ♥ ═╪ ḕϔ˭ ӈѻ. ּס, ♬ᶔ 

═⁄ ̕⁴ Ѥ ṉὡʺ ʺӈѻ. ♥ ═⁄ ₅ בֿ ╥ⱳ̯ ͙ל Ω⁄ҵ╪ ͙ל Ѥ ṉὡѤל ╙

─ ⱳʺ ҵ░ӇѤ̯ ͙ל ,  ѻ. ╪ ◑⁄ἌѤ ̯ⱳ ṉὡʺ ‡Ԑ ᴛ ♬ᶔ▓ ʺ ╥͙ל ,

̛  ═⁄ ₅ ᵑ ṪἍתѤּל ╙  ˦╪ѻ.  

̛ ⱳ ṉὡ₮ ♬ᶔ̯ ͙ל  ═╥ Ữ́̕̕ᵑ ṪἍ ͙ ─  ͙ṕ ᶔ Ữ ̯ⱳѤ ͎ᵝ 

4.1̓ ˉѻ. ỮṨḛ̛ ̯ⱳᴛ Ữ ╘ ᵒ(┬ᵙ)ʺ ᶴ  ▓ѻ̆ ʺ♬ ₄╖ᶒ ᵒ ῷמѤ 

ᾎḽ╪Ἢ  (Passivation)╪ Ⱶ◓ ̆  (CPL), ╛͏, ḛ̛ , ‚͏╖ᴛ ╪ᴴ‡ⱨ ▓ѻ. ╛͏

╘ ♣͙♠╬ Ἓ╖ᴛ ╬  ӎΖᵑ 12nmᴛ ̆♬ ₄╖ᶒ ᾎḽ╪Ἢ ╘ 1000nmᴛ ̆♬ ₄ѻ. 

╪ ᶔ Ữ ̯ⱳ⁄Ἄ╥ ̯ⱳ ṉὡѤ  ӎΖ, ḛ̛  ӎΖ ḓ ḛ̛  и╪╪ѻ.  

 

͎ᵝ 4.1 ͙ל ̯ⱳ ṉὡ₮ ♬ᶔ ̛  ═╥ Ữ́̕̕ᵑ ṪἍ ͙ ─  ͙ṕ ᶔ Ữ ̯ⱳ 
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ⱳ╥ ṉὡө╥ ṉ̯ ͙ל ᴛ ╬  ♬ᶔ ̛  ═╥ ṉ ᵑ ṪἍ ͙ ─ ἌѤ Ѿ▀ ◑╪

ῷѳ ♬ ◑ҍ⁵⁄Ἄ ◑Ṋ ♬ᶔ ═╥ ‚Ữ╙ ṪἍ ‒ ѻ. ╪⁄ ╪ ◑⁄ἌѤ 410nm⁄

Ἄ 510nmỢ╪╥ ◑ҍ⁵⁄Ἄ ◑Ṋ ♬ᶔ ═╥ ͙ᴛ Ữ́̕̕ᵑ ṪἍ  ˦╪ѻ.  

 

̛ ṉὡ₮ ♬ᶔ ͙ל ⱳ⁄Ἄ̯ ͙ל 4.1  ═ Ữ́̕̕ ṪἍ 

⅝אַ ◑ʺ Ѥ ♥⁄Ἄ͙ל  ṉὡ╪ѻ. ♥ ʻҵ ḓ ♥ ═╪ ₅ ⁄͙ל ╙ Ḛ╖ḃᴛ ל

͙ʺ ṉ ⁄ ӻג ♬ᶔ ̛  ═╪ ‡֒˭ ṉ Ѥּתᵑ ṪἍ  ⅝ʺ ▓ѻ. ╪ ♥⁄ἌѤ ḛ̛

̓ ‚͏  Ợ╪⁄ 50nm╥ ֿב ░ⱳᵑ ҵ̯ ͙ל Ѥתּʺ ╙ ₄ѻ. ╪ ♥⁄ἌѤ 460nm⁄Ἄ 

╥ ̳♥ᵉ╪ 1.89╪ᶒ ♬ᶔ ̛  ═╙ ♠ Ѥ ̯ⱳ ṉὡѤ  98nm, ḛ̛  

303nm, ḛ̛  и╪ 152nm▀ ˿↕╪ѻ. ╪ ̯ⱳ⁄Ἄ ♠ ͙לᵑ ́ụ ͙ ─ Ἄ ͎ u-K ╘‫

מ Ѥ ͎ᵝ 4.2 (a)₮ ˉѻ.  11ˌ╥ ╪ ꜗ╘ ө╪ ▓ѻ. u-K ͎מ ᵑ  ♠ בֿ‡‫ 

מ͎ ⱳ⁄ ♠↔Ӈᶔ u-K̯ ʺ͙ל Ѥ 250nm╪Ϯ͙ל ʺ ṉ Ӈ‡ ♠ ͙לʺ ḕϔ˭ ӈѻ. ╪

ᵑ ̆ᴎ ⁴ ♬ᶔ ̛  ═╙ ҍ Ѥ ͙לᵑ ─ ͙‫ Ἄ 230nm⁄ἌṨ  250nmỢ╪╥ 

מ͎ Ṋ ẕ╥ Ἕ͙◑ ╥͙ל ᵑ ͎ᴕѻ. ֞  ᶔ⁄Ἄ╥ ◑Ṋ ẕ╥ Ἕ͙ ͎מ  ʺ͙ל ₮

ҵ░ӈ ̯ⱳ╥ ◑Ṋ ♬ᶔ ̛  ═₮ ẋ̪  ˦╪ѻ. ͎ᵝ 4.2 (b)Ѥ ᶔ⁄Ἄ╥ ◑Ṋ ẕ╥ 

Ἕ͙ ͎מ ╪ᶒ 460nm⁄Ἄ 0.8011/sr╙ ʺֿבѻ.  
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͎ᵝ 4.2 (a) ͙ל₮ ♬ᶔ ̛  ═╥ Ữ̕ ́̕ ṪἍ╙ ─  ̯ⱳ╥ u-K ͎מ , (b) ◑Ṋ 

♬ᶔ ̛ מ͎ ═   

25nm╥ ֿב ᶒ 230nm⁄ἌṨתּʺ ╙  250nmּ͙ͥל ╥תᵑ ḛ̛ ̓ ‚͏  Ợ╪⁄ ҵ░  

̯ⱳ⁄Ἄ╥ ◑Ṋ ♬ᶔ ̛  ═╘ ͎ᵝ 4.3̓ ˉѻ. ╪ ͎ᵝ⁄Ἄ ♥Ḣ♬ᾏ╙  ̯  

╬ ╙▐Ѥ 235nm͙ל ♠ ╥Ѥ 250nm₄╖Ϯ 460nm⁄Ἄ͙ל ♠  ὡ ▓ѻ. ╪Ѥ ͙לᵑ ҵ

░ ⁄ ӻג u-K ͎מ ʺ ḕϖ Ỏ ῷѱג ♥ ═ҵ ṉ Ἄ ḛỸ Ѥ Ữ╖ᴛ Ỹʻ  ὡ ▓

ѻ. ֞ ̛ Ṋ ♬ᶔ◑ גⱳʺ ҵ░ӊ⁄ ӻ̯͙ל   ═╥ ˃╪ ♠ự ╪ ӊ╙ ╬  

ὡ ▓ѻ. ╪⁄ ͙Ⱶ⁄ 460nm⁄Ἄ ˃╙ ʺⱨ‒  250nm ͙ל ̯ⱳ╥ ♬ᶔ ̛  ═Ṫ

ʺ 485nm⁄Ἄ ˃╙ ʺֿבѻ.    



- 22 - 

 

 

͎ᵝ 4.3 ᶔ ḓ 230nm⁄Ἄ 250nmּ͙ͥל ╥ת╥ ◑Ṋ ♬ᶔ ̛  ═ Ṫ  

 

בֿ ⱳ⁄Ἄ̯ ͙ל 4.2  ṉὡ₮ ♬ᶔ ̛  ═ Ữ́̕̕ ṪἍ 

בֿ  ṉὡѤ ♥╥ ʻҵṒѻѤ ♥ ═⁄ җ  ₅ ╙ Ḉ  ˦╖ᴛ ₉Ữӈѻ. ֿב ⁄ ӻᵐ 

♥ ═╥ ṉ ᵑ ṪἍ ͙ ─  4.2⁄Ἄ╥ ♠  ᶔ ̯ⱳ⁄ 10nm⁄Ἄ 100nm╥ ֿב ╙ ʺ

ᵑ ḛ̛͙ל 245nm ̆תּ ̓ ‚͏  Ợ╪⁄ ҵ░  ̯ⱳᵑ Ợ↔ ₄ѻ. ͎ᵝ 4.4Ѥ ʻ ̯ⱳ⁄Ἄ

╥ ♬ᶔ ̛  ═ Ṫ ᵑ Ϯ Ёѻ.  
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͎ᵝ 4.4 ᶔ ḓ 10nm⁄Ἄ 100nmּͥבֿ ╥ת , 245nm ͙ל╥ ◑Ṋ ♬ᶔ ̛  ═ Ṫ  

ʻ ̯ⱳ⁄Ἄ╥ ♬ᶔ ̛  ═ Ṫ ╥ ˿ Ἓ╙ Ṓᶔ ֿב ╪ ṉ ⁄ ӻג ◑Ṋ ♬ᶔ ̛

 ═╥ ˃╥ ͙Ѥ ṉ Ϯ ◑ ╪ҿ╘ ͙ל╥ ṉ ⁄ ẋ  ˞╥ ′╛╙ ῼ ὡ ▓ѻ. ֿב

⁄ ӻᵐ ˃╥ ͙ᵑ ṪἍ Ṓᶔ 10nmṨ  50nmּͥבֿ ╥ת  Ḹ─⁄ἌѤ ֿב ʺשּ ╪ ⁄ 

ӻג ╥ ͙ҵ Ɑּתᵣ ֿב ╪ 100nmᴛ ּשʺ ˭ Ӈᶔ ˃╪ ͕˶  ϻῷּתѤ ˦╙ 

╬  ὡ ▓ѻ. ╪Ѥ ♥ ═╪ ▀♬ ֿב בֿ Ѥתּͥ ʺשּ ╪ ⁄ ӻשּ גʺ ѻʺ ╪ ⁄Ѥ 

ˁἵ ╙ ╥Ḉ ѻ. ♬ ֿב  ╪Ữ⁄Ἄ ֿב ╪ ˁἵ Ѥ ╪┬Ѥ u-K ͎מ ⁄Ἄ ᶔ Ữ⁄ ẋ

Ḉ ʺ͙ל  Ѥ ₅ ╪ җ Ἄ ͙ל ̯ⱳʺ җ ╪Ữ ᶔ Ữ ̯ⱳ⁄Ἄ╥ u-K ͎מ ╥ ẕ╥ 

Ἕ͙ Ṫ ᵑ ӻᵎּת Ώ╛╙ ╥Ḉ ѻ.     

  



- 24 - 

 

 

̛ ᶛ‚̓ ♬ᶔ ͙ל ⱳ⁄Ἄ̯ ͙ל 4.3  ═ Ữ́̕̕ ṪἍ 

♥ ═⁄ ₅ בֿ ,͙ל Ѥ ṉὡ⁄Ѥל ╙ Ỏ ῷѱ͙ל ג╥ ҵ ▓ѻ. ◓ּ͙ͥל ╥ת

╥ Ѥ Ợ╬ ὡ╥ ₄╖Ϯ ̑♬ ╘ ╪ᴝ♠ ́ụ⁄Ѥ ́Ѿ ╥ ͙ל ̯ⱳʺ җ Ⱡ▬ 

ḓ Ἅ╪ ↔╪ ѻ. ╪⁄ ╪ ♥⁄ἌѤ 4.1⁄Ἄ╥ 50nm╥ ֿב  Ѥתּʺ ᵑ͙ל 235nm ̆תּʺ ╙

Ợ╬ ╥ ͙ל ̯ⱳ₮ ́Ѿ ╥ ͙ל ̯ⱳ╥ ◑Ṋ ♬ᶔ ̛  ═╙ ẋ̪  ˦╪ѻ. 

͎ᵝ 4.5Ѥ ̯ⱳ⁄ ҍ  Ợ╬ ὡ ḓ ́Ѿ ὡ ͙ל ̯ⱳ⁄ ҍ  ◑Ṋ ♬ᶔ ̛  ═╪ѻ.  

 

͎ᵝ 4.5 Ợ╬ ὡ ḓ ́Ѿ ὡ ͙ל ̯ⱳ⁄ ҍ  ◑Ṋ ♬ᶔ ̛  ═ 

Ợ╬ ὡ ͙ל ̯ⱳ╥ ˿↕ 427nm. 439nm 464nm⁄Ἄ ˃╙ ʺּתѤ ḙᶔ ́Ѿ ὡ ͙ל ̯ⱳ

Ѥ 426nm, 433nm, 469nm⁄Ἄ ˃╙ ʺֿבѻ. ӎ ̯ⱳ╥ ˃╥ ─ ʺ ѻᵐ ╪┬Ѥ ̯ⱳᵡ
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ѻ ♥ ═╪ ♠ ӇѤ ◑╪ ѻᵎ͙ ԅᶷ╪ᶒ u-K ͎מ ʺ ṉ ӇѤ ♬ҵʺ Ҁל ♠ ג

͙ҵ ⱳ͔῭ ṉ ˭ ӇѤ ˦╪₉ ̆גỮ  ὡ ▓ѻ.  

 

─ ░ҵ ͙ל ⱳ⁄Ἄ̯ ͙ל 4.4 ₮ ♬ᶔ ̛  ═ Ữ́̕̕ ṪἍ 

Ѥ ḛ̛͙ל ᶛӧ ╥תּͥ◓ ̓ ‚͏  Ợ╪⁄ ҵ░Ӈ‴Ѥҥ ͙לʺ ҵ░ӇѤ ─ ʺ Ҁתּג

˭ Ӈᶔ ♥ ═ҵ ṉ ˭ Ӈ̆ ◑Ṋ ♬ᶔ ̛  ═ Ṫ ҵ Ҁפֿג ˦╪ѻ. ḛ̛ ̓ 

‚͏  Ợ╪⁄ ͙ל ̯ⱳᵑ К╘ ̯ⱳ₮ ̓ ᾎḽ╪Ἢ  Ợ╪⁄ ͙ל ̯ⱳᵑ К╘ ̯ⱳᵑ 

ẋ̪ ─ ⱳʺ ҵ░ӇѤ̯ ͙ל ⁴ ⁄ ӻᵐ ◑Ṋ ♬ᶔ ̛  ═ Ṫ ᵑ ṪἍ  ˦╪ѻ. 

̓ ᾎḽ╪Ἢ  Ợ╪⁄ ͙ל ̯ⱳ⁄ КѤ ╪┬Ѥ Ϯ╥ ͙ל ̯ⱳʺ ѻᵐ Ữ ̯ⱳ╥ 

ᵑ ḕξ˭ ּת Ώ͙ ─ Ἄ╪ѻ. ᵣ– ḛ̛ ̓ ╛͏  Ợ╪⁄ ͙לᵑ ҵ░ ₄ѻᶔ ╛͏ ╥ 

‖╘ ӎΖ ԅᶷ⁄ ╛͏ ̓  Ợ╪⁄ ᶔ Ữ ̯ⱳʺ ῷѳ ѻᵐ ̯ⱳ ʺ Ỹ˾╙ ˦╪

ѻ. ╪⁄ ͙ל ̯ⱳʺ ҵ░ӇѤ ─  ṉὡᵣ╙ ╬ ͙ ─  ẋ̪̱╙ ̓ ᾎḽ╪Ἢ  

Ợ╪⁄ ͙לᵑ ҵ░  ̯ⱳᴛ ₄ѻ. ͎ױϮ ◓ ͙ל ̯ⱳʺ ҵ░ӇѤ ᶔ Ữ ̯ⱳѤ 

̓ ᾎḽ╪Ἢ ╥ ̳♥ᵉ˃╥ ╪ʺ ּת Ώ͙⁄ ͙לᵑ ҵ░ ҵ ╪ʺ ′╙ ˦╪גѤ ˦

╪ ₉Ữӈѻ. ╪⁄ ╪ ♥⁄Ἄ╥ ̯ⱳ⁄ ҍ Ἄᵣ 460nm⁄Ἄ ╥ ̳♥ᵉ╙ 2.3╖ᴛ ♬ ₄

ѻ. ╪⁄ ṉ ӈ u-K ͎מ  ḓ ◑Ṋ ♬ᶔ ̛  ═ Ṫ Ѥ ͎ᵝ 4.6̓ ˉѻ.  
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͎ᵝ 4.6 ╥ ̳♥ᵉ╪ 2.3╬ ̯ⱳ╥ (a) u-K ͎מ  ḓ (b) ◑Ṋ ♬ᶔ ̛  ═ Ṫ  

╥ ̳♥ᵉ╪ ḕϕ ̯ⱳ⁄Ἄ CPSŋ  ╪↔ ⁴ 460nm╥ ◑⁄Ἄ ᶔ Ữ ̯ⱳ╥ ♬ᶔ ̛

 ═╙ ♠  ̯ⱳ ṉὡѤ  173nm, ḛ̛  308nm, ḛ̛  и╪ 152nm╪̆ ╪ 

ӎΖ╥ ᶔ Ữ ̯ⱳ⁄ ͙לᵑ ҵ░  ˦╪ѻ. ╪ ˿↕ ᶔ Ữ ̯ⱳ⁄Ἄ╥ ♬ᶔ ̛  

═╘ 0.9412/sr╪ѻ. ḛ̛ ̓ ‚͏  Ợ╪⁄ ͙ל ̯ⱳᵑ К╘ ̯ⱳѤ 4.1-3⁄Ἄ ѻᴴ‴╖ḃᴛ 

̓ ᾎḽ╪Ἢ  Ợ╪⁄ ͙ל ̯ⱳᵑ К╘ ̯ⱳ⁄ ҍ Ἄ ◑Ṋ ♬ᶔ ̛  ═ Ṫ  ŋ

Ἅ  ˦╪ѻ. ͎ᵝ 4.7╘ ̓ ᾎḽ╪Ἢ  Ợ╪⁄ 30nm ֿב , 210nm⁄Ἄ 260nm ͙לᵑ 

ҵ░  ̯ⱳ⁄Ἄ╥ ◑Ṋ ♬ᶔ ̛  ═ Ṫ ╪ѻ. 4.2⁄Ἄ₮ Ҁᵙ ͙לʺ ṉ ⁄ ӻג 

˃̓ ╥ ─ ʺ ˭ ṉ Ώ╛╙ ῼ ὡ ▓ѻ. ╪Ѥ ̓ ᾎḽ╪Ἢ תּ  Ợ╪⁄ ҵ░ӈ 

ⱳѤ ̯ⱳ⁄Ἄ ʽ̯ ͙ל Ѥ ⁄Ўּת₮╥ ˺ ╪ ˭ ╪ᴴ‡ּתּת Ώῷ ̯ⱳ⁄Ἄ ʽ Ѥ ⁄Ўּת

ᵑ Ḣ ᾎ  ὡ ′╛╙ ╥Ḉ ѻ. u-K ͎מ ⁄Ἄ ʻʻ╥ ˃╘ ḛ̛ ⁄Ἄ ḛụӇѤ ẕ╥ 

♬ ʻҵ⁄ ҉ Ѥ ẕ╬ҥ ╪ ˃ө⁄ ҍ╞ Ѥ ̯ⱳ⁄Ἄ╥ ⁄Ўּת ᶛӥʺ Ⱶ◓ ѻ. ╪Ѥ 

͎ᵝ 4.8⁄Ἄ ᴀ Ϯ ϮѤҥ ʻ ͎ᵝ╥ ₡ᵐ ⁄ἌṨ  ᴜự ₅⁵╪ ‚͏ ל , ự ₅⁵╪ ḛ
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̛ , Яהự ₅⁵╪ ╛͏ , Ṓגự ₅⁵╪ , Ṫ ự ₅⁵╪ ᾎḽ╪Ἢ , ѥự ₅⁵╪ 

ᵒ ╪ѻ.  ╪ҿ Ḣᾏ╖ᴛ ʺ◑  ᵑ ♬ᶔ╖ᴛ ₦͙˭ ӇѤҥ 11Ḵ  ˃╪ ʺ◑ 

 ˃╖ᴛ ╪ ʻҵ⁄ ҉ Ѥ ẕ╙ ♥╙  ♬ᶔ╖ᴛ ₦͛ѻ. ͎ױϮ 11Ḵ  ⁄ ҍ╞Ӈ

Ѥ ̯ⱳ⁄Ἄ╥ ⁄Ўּת ᶛӥᵑ Ṓᶔ ҍṨṪ╥ ⁄Ўּתʺ ḛ̛ ⁄ ︡♠Ӈ‡ ▓ѻ. ╪⁄ ̓ 

ᾎḽ╪Ἢ  Ợ╪⁄ ͙לᵑ ҵ░ ⁴ҵ ⁄Ўּת ᶛӥ ˺ ╪ ▀‡Ϯּת Ώ˭ ӈѻ. ╪ ˿↕ ⁄Ў

˺ ᶛӥ תּ ╪ ▀‡Ϯּת Ώ͙⁄ ֿב ⁄ ҍ  ◑Ṋ ♬ᶔ ̛  ═ Ṫ  ֞  ẋᾌ  ˺̓ᵑ 

Ṓ╬ѻ.    

 

͎ᵝ 4.7 30nm ֿב , 210nm⁄Ἄ 260nm╥ ͙לᵑ ̓ ᾎḽ╪Ἢ  Ợ╪⁄ ҵ░  ̯ⱳ╥ 

◑Ṋ ♬ᶔ ̛  ═ Ṫ  
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͎ᵝ 4.8 ╥ ̳♥ᵉ╪ 2.3╬ ̯ⱳ╥ u-K ͎מ  ⁄ ҍ╞ Ѥ ̯ⱳ⁄Ἄ╥ ⁄Ўּת ᶛӥ 
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̘ Ɑ›Ἁ╢ ♩ᶑ̬ ͖ד  ◌ 5 ♫  ┬ ♅  

 3◑, 4◑⁄ἌѤ ♠ ӈ ᶔ Ữ ̯ⱳ⁄ ͙לᵑ ҵ░ ⁴ ♬ᶔ ̛  ═╙ ♠ ₄ѻ. 

░ⱳᵑ ҵ̯ ͙ל Ϯױ͎ ⁴ ♬ᶔ ̛  ═╙ ҍ ͙ ─ ἌѤ ᶔ Ữ ̯ⱳ╥ ̯ⱳ 

ӎΖ ṉὡҵ ♠  ̓♬⁄ К‡ OLED╥ ᶛӧ ᶹᵙ♠ ṉὡᵑ ̆ᴎ ‒ ѻ. ◓ּͥתѤ ᶔ 

Ữ ̯ⱳ ╪Ω⁄ ͙ל ̯ⱳ⁄Ἄ ♬ᶔ ̛  ═╙ ́ụ  ԅ ┬  Ṫ ᾎʼ ₅⁵ḹ (FDTD)ŋ  

Ợ↔ ₄ѻ. ╪⁄ ́ụ ᾎʼ╪  ͙ל ̯ⱳ⁄ ҍ  ♬ᶔ ̛  ═╙ ́ụ Ѥ ᾎʼ╪ ἵ 

13ᾎʼṨ  ҍ 3▀ּͥת ˢᴕѻ. ᾎʼ♠╬ ╪┬ᴛ ┬  Ṫ ᾎʼ ₅⁵ḹ╖ᴛѤ OLED╥ ᶛӧ 

ᶹᵙ♠ ṉὡᵑ ̆ᴎ ⁴ ♠ ᵑ ּת ᶣ ╖Ϯ ṕ ⁷̯ᵑ ֿב ᶔἌ ὡ Ṫ Ό⁄ ♬ᶔ ̛  

═╙ ́ụ Ѥ ╙ ˌḛ ₄̆ ╪ᵑ  ♣  ṉὡᵑ ♠  ὡ ▓˭ Ӈ‴ѻ. ╪ ◑⁄ἌѤ 

♬ᶔ ̛  ═ ́ụ ⁄ ҍ Ἄ ἒᶘ ̆ ♬ᶔ ̛  ═ ́ụ ⁄ ⁴ױ ♠  ͙ḹ╙ 

♠↔ ⁴ OLED╥ ♬ᶔ ̛  ═╙ ♠  ˦╪ѻ.        

 

5.1  Ḍ  ˺  ṪἍ (Rigorous coupled -wave analysis, RCWA) 

 Ḍ  ˺  ṪἍ (RCWA)Ѥ ͙ל ̯ⱳ⁄Ἄ ♥ ═╙ ́ụ ⱳ̯ ͙ל Ѥ ╪ѻ. [13]ל 

ᵑ ᵙ⁄ ṉ ⁴ ♣͙◑ ḓ ▫͙◑╥ ˿́ ⱳˠ̓ ͙לᵑ  ̆╓˃╙ ̯  ♣͙◑╥ Ἕ͙

ᵑ ́ụ, ░Ợ ⁄ ҍ  ♥ ═╙ ́ụ ↔╪ Ѥ ╪ѻ. ╪ᵑל  ╥◑͙♣ ╥Ἄ⁄͙ל ⁴

♥ ́ὡᵑ ῼ ὡ ▓ѻ.  




