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ύЎᄔाύЎᄔाύЎᄔाύЎᄔा    

    ҁࣴࢂزճҔѳय़ݢ৖໒ݤ(plane wave expansion method)аϷ

ຬ඲਱(Supercell)ۺཷޑǴٰीᆉΒᆢӀη඲ᡏ(photonic crystal)ύޑ

લഐᄊ(defect state)ǶࣴޑزჹຝڀࢂԖલഐޑΟف඲਱Ӏη඲ᡏǴך

ॺа΢ॊБݤीᆉΑӀηૈ஥่ᄬǵૈᄊஏࡋϷ൑ϩթǴ٠௖૸લഐ

ᄊૈ໘ᆶલഐޑъ৩Ϸϟႝ߯ኧϐᜢ߯Ƕ೭໨ࣴزନΑԖշܭϩ݋җ

લഐᄬԋޑӅਁ๚Ǵ҂ٰ௢ቶԿх֖ᚆय़໺ሀޑीᆉࡕǴΨૈᔈҔܭ

 ΢ǶزࣴޑЈӀη඲ᡏӀᠼޜ

 

ᜢᗖӷᜢᗖӷᜢᗖӷᜢᗖӷǺǺǺǺӀη඲ᡏǵલഐǵຬ඲਱ 
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Abstract 

We employed the plane-wave expansion method and the concept of 

supercell to study the defect state in two dimension photonic crystal of 

hexagonal lattice. The defect is defined by a different radius or dielectric 

constant in an otherwise perfect photonic crystal. We calculated the band 

structures to see how the defect modes evolve with these parameters. The 

density of states was also worked out to estimate the corresponding Q 

factor, which can also be perceived in the localized field distribution. 

These approaches can be easily adapted to systems containing an arbitrary 

defect. They can be used to analyze the photonic crystal fiber after being 

extended to the off-plane calculations in the future. 

 

Keywords: photonic crystal, defect, supercell 
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΋΋΋΋ǵǵǵǵᙁϟᙁϟᙁϟᙁϟ    

ՖᒏӀη඲ᡏՖᒏӀη඲ᡏՖᒏӀη඲ᡏՖᒏӀη඲ᡏ????    

   ȨӀη඲ᡏȩࣁϟႝ߯ኧևຼය܄ᡂϯϐس಍Ǵ೯தࢂҗٿᅿа

΢ϐϟႝ׷਑ຼය܄௨ӈ܌ಔԋǴႝᅶݢӧس಍ύ೏ණ৔ࡕǴᓎ౗Տ

಍سӧݤኧ૰෧ǴคࡰυੋǴԶև܄ԋઇᚯ׎཮ݢϐႝᅶࢤݢ٤ࢌܭ

ϣ໺ሀǴӢԶӧᓎ᛼΢׎ԋႝکηຼޑය܄Տૈϔᜪ՟ૈޑሜ[1]Ƕ 

 

    Ӏη඲ᡏঁࢂཥӜຒǴՠ٣ჴ΢ǴԾฅࣚԐςӸӧڀӀη඲ᡏ่

ᄬϐس಍Ǵӵ᝜ނύޑೈқҡ(opal)ǵੇύੇޑԴႵ(seamouse)ي΢ޑ

ЛڈǴ೿ԖϤف(hexagonal)඲਱ޑ༾่ᄬǴӢԶڀԖ೽ϩӀηૈሜǹ

ќѦǴӧВӀΠՅறߝ᜽ޑጷጸǴવᆮᡒણΨڀԖӀη඲ᡏ่ᄬǴϸ

৔рٰޑӀጕᒿߏݢϷΕ৔ׯࡋفᡂǴև౜ᝨ઱Յற[2]Ƕ 

ӧΓ೷س಍Бय़Ǵ΢ШइӧӀᏢ΢൩ς࿶೏ᔈҔϐӭቫጢϟႝ፦

่ᄬǴ൩ࢂόשόԌޑ΋ᆢӀη඲ᡏǴѝࣽࢂᏢৎ΋ޔ҂аȨ඲ᡏȩ

Fig.1 (a)ႝ ηૈޑ஥่ᄬᆶ (b)Ӏηૈ஥่ᄬკϐҢཀკ 
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ډޔϐǶࡑ࣮ 1989ԃ YablonovitchаϷ Gmitter२ԛаᢕϾޑ Al 2O3

༧׷ᇙբр༾ޑࢤݢݢΟᆢӀη඲ᡏ่ᄬǴ᛾ܴΑӀηૈ஥่ᄬޑӸ

ӧǴ٠௖૸ΑӀη඲ᡏᏹ௓Ӏ໺ሀޑёૈ[3]܄ǴᏢೌࣚωεᖐ׫ΕԜ

Бय़زࣴޑǶ 

 

Ӏη඲ᡏϐલഐᄊӀη඲ᡏϐલഐᄊӀη඲ᡏϐલഐᄊӀη඲ᡏϐલഐᄊ    

ӧӀη඲ᡏύЇΕ΋લഐǴӧӀηૈሜύ཮р౜΋ၨεૈޑᄊஏ

ӧӀηૈሜύ཮р౜લഐᄊǶલഐᄊ೯ࢂǴΨ൩ (Density of state)ࡋ

தԖଯ Qॶ(quality factor)ǵ࣬྽ઞऀޑ೸Ӏ᛼(transmission spectra)Ǵ

аϷԖޜ໔߳ज़܄Ǵ٠ЪᆶӀਁୃޑԖᜢǴӢԜёаҔբӅਁᏔǵୃ

ਁТǵӀᠼǴΨё೏٬ҔࣁӧҺՖ៻ԔΠ೿ό཮Ԗᒟ৔ཞ઻ޑӀݢᏤ

[4]ǴԶӀη඲ᡏӀᠼ(Photonic crystal fiber, PCF)[5]ΨёຎࣁԖલഐޑ

ᐉӛΒᆢӀη඲ᡏǶ 

ಔԋ܌ࢊϟႝࣁۓჹຝ೛ޑزԵǴஒࣴୖࣁॺаӀη඲ᡏӀᠼך

਑׷дځа܈ନ౽ࢊϟႝޑ಍ǴஒύЈس(඲਱فᆀΟ߫)඲਱فϤޑ

ǴӆᔈҔຬ඲܄੝ޑ඲਱فΟزॺӃࣴךжԶ೷ԋલഐ(defect)Ƕڗ

਱ޑ฼ౣٰीᆉځຬ඲਱ૈ஥่ᄬǶຬ඲਱ࢂ΋ᅿ٬Ҕၨεຼޑයٰ

Ԗज़ελ܈ѯǴ࿶த೏Ҕٰीᆉ֖લഐמ΋ᅿޑ՟คຼය߈

(finite-sized)ޑӀη඲ᡏǴӵԜ΋ٰߡёаճҔԜ඲਱༤ᅈ᏾ঁޜ໔Ƕ
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ϐࡕӧຬ඲਱ύЇΕ΋ঁલഐǴׯᡂલഐޑЁκǵ܈ރ׎ϟႝ߯ኧǴ

ᢀჸૈ஥่ᄬ(લഐᄊ)ޑᡂϯǴӧ҂ٰёஒள่ޑډፕᔈҔӧӀη඲

ᡏӀᠼޑᚆय़ૈ஥่ᄬीᆉ΢Ƕ 

 

    ݤϷीᆉБ܄಍੝سݤϷीᆉБ܄಍੝سݤϷीᆉБ܄಍੝سݤϷीᆉБ܄಍੝س

    ीᆉӀη඲ᡏϐӀηૈ஥่ᄬǴ཮ၮҔڰډᄊނ౛ύೀ౛ႝηޑ

ຼය܄ՏૈϔۺཷޑǴхࡴॹ඲਱ޜ໔(reciprocal lattice space)ǵѲٚ

స୔(Brillouin zone)ǵѲ܎ᇲڄኧ(Bloch function)ᆶഡҥယᙯඤ

(Fourier transform)[6]Ƕ 

    Ӏη඲ᡏຼځࡪය܄Ԗ΋ᆢǵΒᆢǵΟᆢϐϩ(ӵ Fig.2[7]܌Ң)Ǵ

ϩձжس߄಍ӧ΋ঁǵΒঁϷΟঁБӛ΢ڀԖຼය܄ǴԶךॺزࣴ܌

 ЬǶࣁӀη඲ᡏӀᠼǴӢԜа૸ፕΒᆢӀη඲ᡏޑΒᆢࢂޑ

 

    Ӏηૈ஥่ᄬीᆉБݤ౲ӭǴКၨதࣁޑـѳय़ݢ৖໒ݤ(plane 

wave expansion method, PWE)[8]ǵ໺ሀંତݤ(transfer matrix 

method)[9]ǴϷਔୱԖज़ৡϩݤ(finite difference time domain method, 

Fig.2 ӚᅿᆢࡋϐӀη඲ᡏҢཀკǹόӕᚑՅж߄όӕϟႝ׷਑ 
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FDTD)[10]Ƕځύаѳय़ݢ৖໒ݤന৒ܰϩس݋಍ނޑ౛ཀ఼Ǵӧำ

Ԅኗቪ΢Ψၨܰ΢ЋǴ܌аԜࣴز൩аѳय़ݢ৖໒ݤीᆉǵϩ݋Βᆢ

Ӏη඲ᡏૈ஥่ᄬ[11]ǶԜѦǴӀη඲ᡏޑϟႝϩѲڀѳ౽ჹᆀک܄

ਔ໔ϸᄽჹᆀ܄Ǿ฻Ǵ೭٤ჹᆀ܄ёᙁϯीᆉǴӕਔΨࣁϩ݋Ӏηૈ

஥่ᄬϐख़ा٩ᏵǶ 

 

ΒΒΒΒǵǵǵǵӀηૈ஥౛ፕӀηૈ஥౛ፕӀηૈ஥౛ፕӀηૈ஥౛ፕ    

                ीᆉႝᅶݢ໺ሀୢޑᚒǴךॺத٬Ҕଭլථ࠶ᅟБำԄ

(Maxwell’s equations)ǶӧคԾҗႝ಻ᆶႝޑࢬ௃ݩΠǴMKS ଭլޑڋ

ථ࠶ᅟБำԄӵΠǺ 

0),( =⋅∇ trD
vv

                                               (1) 

0),( =⋅∇ trB
vv

                                               (2) 

t

trB
trE

∂
∂−=×∇ ),(

),(
vv

vv
                                         (3) 

t

trD
trH

∂
∂=×∇ ),(

),(
vv

vv
                                         (4) 

ύEځ
v
ᆶH

v
ϩձжႝ߄൑کᅶ൑ǴD

v
ᆶB

v
ϩձжႝ߄೯ໆکᅶ೯ໆஏ

 Ƕࡋ

    ε೽ϩޑӀη඲ᡏឦߚܭᅶ׷܄਑Ǵ܌аёаޔௗᡣᅶᏤ౗฻ܭ

੿ޜᅶᏤ౗(permittivity of free space)0µ Ǵךॺа 0ε ж߄੿ႝޜ৒౗
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(permittivity of free space)Ǵ ( )ωε ,r
v

ж߄ϟႝڄኧ(dielectric function)Ǵ

ऩ ( )ωε ,r
v

ᒿᓎ౗ׯᡂόεǴ߾ᅶ೯ໆஏࡋᆶႝ೯ໆஏࡋё߄ҢࣁǺ 

( ) ( )ωµω ,, 0 rHrB
vvvv

=                                           (5) 

( ) ( ) ( )ωεεω ,, 0 rErrD
vvvvv

=                                         (6) 

 ЬБำԄǺޑᅶ൑܈చϩձѝ֖ႝ൑ٿډǴёளࡕа΢Ԅη᏾౛ע

{ } )()(
)(

1
2

2

rE
c

rE
r

vvvv

v
ω

ε
=×∇×∇                                    (7) 

)()(
)(

1
2

2

rH
c

rH
r

vvvv

v
ω

ε
=









×∇×∇                                   (8) 

    җܭӀη඲ᡏϐϟႝϩթڀԖޜ໔ຼය܄ǴջǺ 

)()( rTr
vvv εε =+                                               (9) 

ύځ 332211 auauauT
vvvv

++= ᆀࣁѳ౽ӛໆǴ ia
v ᆀࣁ୷ҁ඲਱ӛໆǴ iu Һࣁ

ཀ᏾ኧǴ࣬ჹϟႝڄኧޑॹኧҭຼࣁයڄኧǴջǺ 

)(

1

)(

1

rTr
vvv εε

=
+

                                            (10) 

ॺஒךीᆉӀηૈ஥่ᄬǴݤ৖໒ݢΑаӛໆѳय़ࣁ 1/ )(r
vε բഡҥယ

৖໒Ǻ 

∑ ⋅=
G

rGiG
r

)exp()(
)(

1 vvv

v κ
ε

                                     (11) 

ύځ 332211 bvbvbvG
vvvv

++= ᆀࣁॹ඲਱ӛໆǴ ib
v
୷ҁॹ඲਱ӛໆǴࣁᆀ߾

a
v
ǵb

v
ϐ໔ሡᅈىǺ 

kji

kj
i aaa

aa
b vvv

vv
v

×⋅
×

= π2                                           (12) 



三角晶格光子晶體缺陷態之研究 

                                    9       逢甲大學學生報告 ePaper(2011年) 

    )(G
v

κ ёճҔഡҥယޑ଍ᙯඤளډǺ 

rdrGi
rV

G V

vvv

v

v
)exp(

)(

11
)(

0

0

⋅−∫=
ε

κ                                 (13) 

0V жൂ߄Տ඲਱ϐᡏᑈǶ )(G
v

κ ኧϐϩթϷॹ඲਱ӛໆϐڄϟႝܭ،ڗ

ελǴک඲਱่ޑᄬԖࡐεϐᜢᖄ܄ǴӢԜᆀ่ࣁᄬ߯ኧ(structure 

factor)Ƕ 

    җႝܭᅶݢ཮೏Ӏη඲ᡏύևຼය܄ᡂϯϟႝ߯ኧණ৔ǴёճҔ

Ѳ܎ᇲচ౛(Bloch Theorem)ஒႝ൑ᆶᅶ൑ቪԋǺ 

∑ +=
G

rGkiGErE ])(exp[)()(
vvvvvvv

                                  (14) 

∑ +=
G

rGkiGHrH ])(exp[)()(
vvvvvvv

                                 (15) 

ஒ(11)ǵ(14)ǵ(15)ԄжΕ(7)ǵ(8)Ԅύуа᏾౛ǴёளǺ 

)()}(){()()(
2

2

GE
c

GEGkGkGG
nk

kn
nk

G

vvvvvvvvvv
vv

v

ωκ =′×′+×′+′−−∑
′

                (16) 

)()}(){()()(
2

2

GH
c

GHGkGkGG
nk

kn
nk

G

vvvvvvvvvv
vv

v

ωκ =′×′+×′+′−−∑
′

              (17) 

ύځ k
v
ӛݢޑಃ΋Ѳٚస୔(first Brillouin zone)ࢂ ǵໆn  ஥ኧ(bandૈࢂ

index)Ƕ(14)ǵ(15)Ԅࣁ฻ሽޑ(equivalent)ҁቻБำԄǴ 22 / c
nk
vω Ӆࣁ߾

ӕޑҁቻॶǶ 

    ΒᆢӀη඲ᡏ൩ځࢂϟႝڄኧӧঁٿᆢࡋ΢ຼڀය܄ǴԶഭΠޑ

΋ঁᆢࡋ΢ۓࣁॶǶऩךॺஒႝᅶݢϐ໺ሀ߳ज़ܭ xy ѳय़΢Ǵҗܭ

)(r
vε ᆶ z คᜢǴ߾ )(rE

vv
ᆶ )(rH

vv
ҭόᒿ z ື০኱ॶׯᡂǴёஒ߄ޣٿҢ
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ࣁ )(// rE
vv
ک )(// rH

vv
Ƕ 

    ஒ(3)ǵ(4)Ԅႝᅶ൑ΟঁБӛϩໆǴճҔ(5)ǵ(6)ԄޑᡂኧϩᚆǴ

ёளډаΠԄηǺ 

( )//2

2

//2

2

2

2

//

)(
)(

1
rE

c
rE

yxr zz

vv
v

ω
ε

=








∂
∂+

∂
∂−                                                                                                                     (18)    

( ) ( ) ( )//2

2

//
//////

)(
11

)(

1
rH

c
rH

yryxrxr zz

vv
vvv

ω
εεε

=








∂
∂

∂
∂+

∂
∂

∂
∂−                                                                     (19)    

ёஒ(18)ǵ߾৖໒Ǵݢॺஒբഡҥယ৖໒Ǵӆஒႝ൑ǵᅶ൑аѳय़ך

(19)ԄϩձϯࣁǺ 

)()()(
2

2

//

2

//////// GE
c

GEGkGG zz
G

vvvvvvvv

v

ωκ =′′+′−∑
′

                                                                                                (20)    

( ) ( ) )()()(
2

2

////////////// GE
c

GHGkGkGG zz
G

vvvvvvvvvv

v

ωκ =′′+⋅+′−∑
′

                                                                    (21)    

ύځ //k
v
ک //G

v
ж߄Ѭॺࣣࣁӧ xy ѳय़΢ޑӛໆǶҗ΢ӈΒԄǴݮ๱ό

ёऊϯѲٚస୔ޑᜐࣚׯᡂόӕϐ //k
v
ॶǴीᆉрჹᔈޑՅණᜢ߯Ǵ൩

ёளֹډ᏾ૈޑ஥่ᄬ[11]Ƕ 

 

ΟΟΟΟǵǵǵǵीᆉԖલഐϐΟف඲਱ीᆉԖલഐϐΟف඲਱ीᆉԖલഐϐΟف඲਱ीᆉԖલഐϐΟف඲਱ 

඲਱Ǵ؂ऩυਥ༝ف௨ӈԋΟࢊҗΒᆢϟႝ༝ࢂ಍سޑزॺࣴך    

඲਱Ǵҭջ΋ঁൂՏ඲झύ֖فԋΟ׎΋ಔǴύѧ֖Ԗ΋લഐǴࣁࢊ

Ԗӭਥϟႝ༝ࢊǶଷۓ΋૓༝ࢊъ৩ࣁ ar Ǵύѧલഐ༝ࢊъ৩ࣁ dr ځ)



三角晶格光子晶體缺陷態之研究 

                                    11       逢甲大學學生報告 ePaper(2011年) 

ύલഐΨёࣁБځ܈ࢊдόೕރ߾ϐϟႝࢊ)Ǵ༝ޑࢊϟႝ߯ኧࣣࣁ

aε Ǵङඳϟႝ߯ኧࣁ bε Ǵύѧલഐ༝ޑࢊϟႝ߯ኧࣁ dε ǴΛࣁϟႝࢊ

໔ຯǴൂՏ඲਱தኧ(lattice constant)ࣁ aǶӵ Fig.3܌ҢǶ 
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ಃ΋໘Ѳٚస୔ӵ Fig.4(b)܌ҢǴԶόёᙁϯѲٚస୔ࣁ MKΓ ൎԋ܌

 ୔ୱ[12]Ƕ׎فΟޑ

Fig.3 ϣ֖Οف඲਱௨ӈϟႝ༝ࢊϐ҅Ϥ׎فຬ඲਱Ǵ΋ঁൂ
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җܭຬ඲਱ύ֖ߚதӭਥϟႝ༝ࢊǴԶ
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թǶךॺஒ਱ᗺ೛ঁٿ۳ࣁӛໆԶϪޑ๯׎Ǵಔԋ΋ঁ๯׎඲਱Ǵӆ

ᄒ௞ӭᎩޑ೽ϩǴԋࣁ΋ঁ҅Ϥޑ׎ف඲਱ӵ Fig.5ǶࣁΑᗉխीᆉ

ਔ໔ၸߏǴډ٠ၲᆒዴޑीᆉǴךॺஒ Fig.5܌Ϫ؂ޑ΋ঁ๯׎਱ηǴ
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             (a)                            (b) 

Fig.4(a)җևΟف඲਱௨ӈޑϟႝ༝ࢊᆶύѧલഐ܌ಔԋޑຬ඲਱Ӏη

඲ᡏǶ(b)ಃ΋໘Ѳٚస୔Ǵҗ MKΓ ൎԋޑΟࣁ׎فόёऊϯѲٚస୔
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ѤѤѤѤǵǵǵǵ่݀ϩ่݀݋ϩ่݀݋ϩ่݀݋ϩ݋    

Ϫ਱ᗺኧаϷѳ܌ॺӧᒧ᏷ךǴࡋΑଓ؃ीᆉໆϿԶόѨᆒྗࣁ

य़ݢኧਔѸ໪ڗளש૱Ƕޜ໔܌Ϫ਱ᗺኧа Ϫ਱܌Ǵ྽ྗࣁ187750

ᗺኧࣁ 30100Ǵᇤৡςௗ߈ 0.054%ǴԶѳय़ݢኧҞа Ǵѳྗࣁ1687

य़ݢኧࣁ 967ਔǴᇤৡςௗ߈ 0.29%ǴԏᔙԿёௗޑڙጄൎǴ܌аӧ

аΠޑीᆉа೭٤ॶ଺ࣁीᆉ୷ྗǶ 

Fig.6(a)ࢂа΢ॊޜ໔਱ᗺኧϷѳय़ݢኧीᆉளૈޑډ஥่ᄬ

კǴҗܭᅶ൑ୃཱུӧԜୖኧΠૈޑ஥่ᄬ٠ؒԖ୼εૈޑሜаᢀჸલ

ഐᄊǴӢԜӧԜൔ֋ύѝගϷႝ൑ୃཱུޑ௃ݩǶךॺҗԜკёᢀჸډ

ႝ൑ୃཱུϯӧᓎ౗ 1.590~2.623ϐ໔Ԗ΋ঁૈሜǶFig.6(b)ࢂуΕ΋ঁ

લഐ܌ࡕள่݀ޑډǴӧૈሜύр౜Α΋ঁલഐᄊǶҗܭ඲਱தኧᆶ

ॹ඲਱தኧޑ४ᑈࣁ΋ۓॶǴӧ೭္ޑຬ඲਱ϐ඲਱தኧࣁϟႝࢊ໔

ຯޑ 6७ǴѲٚస୔ᆶϟႝ༝ࢊъ৩཮ᡂࣁ 1/6ǴՅණԔጕזࡐ߇שǴ

ӢԜૈሜᆶલഐᄊޑՏ࿼཮ӧൂՏΟف඲਱ϐૈሜ 6७ଯޑӦБǶ 
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Fig.7ǶԜ่݀ᆶୖԵЎ᝘[4]ϕ࣬КၨǴҗૈܭ஥่ᄬीᆉБݤόӕ
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ᡂϯǴҗޑ 1=bε ᡂԿׯ 20=bε ǴΨё࣮рલഐᄊ཮ᒿ๱લഐϐϟႝ߯

ኧԶᡂǴӵ Fig.8܌ҢǶவ Fig.7ᆶ Fig.8ё࣮рલഐᄊёϩԋ᎞߈Π

Бૈ஥ࡼޑηࠠ(donor-type)Ϸ᎞߈΢Бૈ஥ڙޑηࠠ(acceptor- 

type)Ǵᜪ՟ъᏤᡏ㯉ᚇޑ௃׎Ƕ 

(a)                                         (b) 

Fig.6 (a)ࣁคલഐϐຬ඲਱܌ीᆉрႝޑ൑ୃཱུૈ஥่ᄬკǺ 2.0=ar ̻Ǵ

13=aε Ǵ 1=bε Ƕ(b)ࣁӧຬ඲਱ޑύѧЇΕ΋ঁલഐ่݀ޑǶલഐ༝ޑࢊъ৩ࣁ

3.0=dr ̻Ǵӧૈሜύр౜΋ঁલഐᄊǶ 
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ϐࡕǴךॺीᆉԜຬ඲਱س಍ૈޑᄊஏࡋ(DOS)Ǵӵ Fig.9 ܌ҢǶᆶ

ૈ஥่ᄬკჹྣࡕёளޕӧ࣬ჹᔈૈࣁሜޑӦБό཮ԖૈᄊӸӧǴԶ

ჹᔈډલഐᄊޑՏ࿼߾཮р౜΋ঁಒԶଯޑঢ়ॶ(peak)ǴϸᔈΑલഐ

ᄊԖᓎቨઞǵૈᄊஏࡋଯޑ੝܄Ƕ 
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ՏૈܭሜύલഐᄊՏ࿼р౜Α΋ঁಒԶଯޑঢ়ॶǶ 

DOS[a.v.] 
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