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❙♦❧✉t✐♦♥ t♦ Pr♦❜❧❡♠ ❙❡t ✶✷
❖♣t✐❝❛❧ ❲❛✈❡❣✉✐❞❡s ❛♥❞ ❋✐❜❡rs ✭❖❲❋✮

Pr♦❜❧❡♠ ✶✿ ▼✉❧t✐✲♠♦❞❡ ✐♥t❡r❢❡r❡♥❝❡ ✭▼▼■✮ ❝♦✉♣❧❡r

❈♦♥s✐❞❡r ❛ ♠✉❧t✐✲♠♦❞❡ ✐♥t❡r❢❡r❡♥❝❡ ✭▼▼■✮ ❝♦✉♣❧❡r ❤❛✈✐♥❣ t✇♦ ✐♥♣✉t ♣♦rts ❛♥❞ t✇♦ ♦✉t♣✉t ♣♦rts✱ s❡❡
❋✐❣✳ ✶✳ ❚❤❡ ❞❡✈✐❝❡ s❤♦✉❧❞ ♦♣❡r❛t❡ ❛t ❛ ✇❛✈❡❧❡♥❣t❤ ♦❢ 1550 nm✳ ❆ss✉♠❡ t❤❛t t❤❡ ✇❛✈❡❣✉✐❞❡ ❝♦r❡ ♦❢ t❤❡
▼▼■ ❝♦✉♣❧❡r ✐s ♠❛❞❡ ♦❢ s✐❧✐❝♦♥ ✭n1 = 3.48✮ ❤❛✈✐♥❣ ❛ t❤✐❝❦♥❡ss h = 220 nm✱ ❛♥❞ t❤❛t ✐t ✐s s✉rr♦✉♥❞❡❞ ❜②
s✐❧✐❝♦♥ ❞✐♦①✐❞❡ ✭n2 = 1.44✮✳ ❚❤❡ ✇✐❞t❤ ♦❢ t❤❡ ▼▼■ s❡❝t✐♦♥ ✐s ✜①❡❞ t♦ w = 5µm✱ ❛♥❞ ✇❡ ♥❡❡❞ t♦ ❛❞❥✉st
✐ts ❧❡♥❣t❤ L✱ s✉❝❤ t❤❛t t❤❡ ♣♦✇❡r ❢r♦♠ ❛ s✐♥❣❧❡ ✐♥♣✉t ♣♦rt ✐s ❞✐✈✐❞❡❞ ❡q✉❛❧❧② t♦ t❤❡ t✇♦ ♦✉t♣✉t ♣♦rts✳

❋✐❣✉r❡ ✶✿ ▼✉❧t✐✲♠♦❞❡ ✐♥t❡r❢❡r❡♥❝❡ ❝♦✉♣❧❡r✿ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❣❡♦♠❡tr②✱ ❢r♦♥t ✈✐❡✇ ✭❛✮ ❛♥❞ t♦♣ ✈✐❡✇ ✭❜✮
♦❢ t❤❡ str✉❝t✉r❡✳

❛✮ ❘❡❞✉❝❡ t❤❡ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ str✉❝t✉r❡ t♦ ❛ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ♣r♦❜❧❡♠ ✐♥ t❤❡ x✲z ♣❧❛♥❡ ❜② ❛♣♣❧②✐♥❣
t❤❡ ❡✛❡❝t✐✈❡✲✐♥❞❡① ♠❡t❤♦❞ t♦ t❤❡ r❡❣✐♦♥s 1 ❛♥❞ 2✳ ❈❛❧❝✉❧❛t❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡✛❡❝t✐✈❡ ✐♥❞❡①❡s
n1e ❛♥❞ n2e ❢♦r t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❚❊ s❧❛❜ ♠♦❞❡s ✭❡❧❡❝tr✐❝ ✜❡❧❞ ♣❛r❛❧❧❡❧ t♦ t❤❡ x✲ ❛①✐s✮ ✉s✐♥❣ t❤❡
▼❛t❧❛❜ ❝♦❞❡ t❤❛t ②♦✉ ✇r♦t❡ ❢♦r s♦❧✈✐♥❣ Pr♦❜❧❡♠ ❙❡t ✹✱ ♦r t❤❡ ♦♥❧✐♥❡ s♦❧✈❡r ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ✇❡❜✲
s✐t❡ ❤tt♣✿✴✴✇✇✇✳❝♦♠♣✉t❛t✐♦♥❛❧✲♣❤♦t♦♥✐❝s✳❡✉✴♦♠s✳❤t♠❧✳ ◆♦t❡ t❤❛t t❤❡ str✉❝t✉r❡ ❤❛s ❛ ❤✐❣❤ ✐♥❞❡①
❝♦♥tr❛st✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ❡✛❡❝t✐✈❡ ✐♥❞❡① ♠❡t❤♦❞ ♣r♦✈✐❞❡s ❤❡r❡ ❛ ❣♦♦❞ ❡st✐♠❛t✐♦♥ ❛♥❞ ❛ st❛rt✐♥❣
♣♦✐♥t ❢♦r ❢✉rt❤❡r ♥✉♠❡r✐❝❛❧ ♦♣t✐♠✐③❛t✐♦♥✳

❙♦❧✉t✐♦♥✿

❘❡❣✐♦♥ ✷ ✐s ❤♦♠♦❣❡♥❡♦✉s ✇✐t❤ n2e = n2 = 1.44✳ ❋♦r r❡❣✐♦♥ ✶ ✇❡ ❝❛♥ ❝❛❧❝✉❧❛t❡ t❤❡ ❚❊ s❧❛❜✲♠♦❞❡
✇✐t❤ h = 0.22 ➭♠✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛♥ ❡✛❡❝t✐✈❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ n1e = 2.814 ❢♦r r❡❣✐♦♥ ✶✳

❜✮ ❈❛❧❝✉❧❛t❡ t❤❡ ❜❡❛t ❧❡♥❣t❤ ✇❤✐❝❤ ✐s ❞❡✜♥❡❞ ❜②

Lπ =
4n1ew

2

3λ
, ✭✶✮

✇❤❡r❡ n1e r❡♣r❡s❡♥ts t❤❡ ❡✛❡❝t✐✈❡ ✐♥❞❡① ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❚❊ ♠♦❞❡ ♦❢ t❤❡ 220 nm t❤✐❝❦ s✐❧✐❝♦♥
s❧❛❜ ✇❛✈❡❣✉✐❞❡ ✐♥ r❡❣✐♦♥ ✶✳ ❍♦✇ ❧♦♥❣ s❤♦✉❧❞ t❤❡ 2× 2 ▼▼■ ❝♦✉♣❧❡r ❜❡❄

❙♦❧✉t✐♦♥✿

❋r♦♠ ❋✐❣✳ ✻✳✹ ✐♥ t❤❡ ❧❡❝t✉r❡ ♥♦t❡s ♦♥❡ ❝❛♥ r❡❛❞ t❤❛t ❢♦r ❛ ❝♦✉♣❧❡r ❧❡♥❣t❤ ♦❢ 3
2Lπ t❤❡ ✐♥♣✉t ♣♦✇❡r ♦❢

♦♥❡ ✐♥♣✉t ♣♦rt ✐s ❞✐str✐❜✉t❡❞ ❡q✉❛❧❧② ✐♥ ❜♦t❤ ♦✉t♣✉t ♣♦rts✳ ❚❤❡ ▼▼■ ❧❡♥❣t❤ ❝❛♥ t❤❡♥ ❜❡ ❝❛❧❝✉❧❛t❡❞
✇✐t❤✿

Lπ =
4n1ew

2

3λ
= 61.32 ➭♠,

L3dB =
3

2
Lπ =

3

2

4n1ew
2

3λ
= 91.98 ➭♠.

❝✮ ❲❤✐❝❤ ❛ss✉♠♣t✐♦♥s ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ ✐♥ ❞❡r✐✈✐♥❣ t❤❡ ❜❡❛t✲❧❡♥❣t❤ ✐♥ ❊q✳ ✭✶✮❄ ❲❤② ❞♦❡s n2e ♥♦t ♣❧❛②
❛♥② r♦❧❡❄

✶

http://www.computational-photonics.eu/oms.html
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❚❤❡ ✜rst ❛ss✉♠♣t✐♦♥ ♠❛❞❡ ✐s t❤❛t ❛ ✇❡❛❦❧② ❣✉✐❞✐♥❣ ✇❛✈❡❣✉✐❞❡ ✐s ❝♦♥s✐❞❡r❡❞✱ ✇❤✐❝❤ ❛❧s♦ ✐♥❝♦r♣♦r❛t❡s
t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ♥❡❣❧✐❣✐❜❧❡ ✐♥❤♦♠♦❣❡♥✐t✐❡s ❛♥❞ t❤❡r❡❢♦r❡ ❡♥❛❜❧❡s t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠♦❞❡s ✈✐❛
t❤❡ s❝❛❧❛r ✇❛✈❡ ❡q✉❛t✐♦♥✳

❚❤❡ s❡❝♦♥❞ ❛ss✉♠♣t✐♦♥ ♠❛❞❡ ✐s t❤❛t ♦♥❧② ♠♦❞❡s ❢❛r ❢r♦♠ ❝✉t✲♦✛ ❛r❡ ❝♦♥s✐❞❡r❡❞✱ ❧❡❛❞✐♥❣ t♦ t❤❡
❛♣♣r♦①✐♠❛t✐♦♥ um = w

2

√

n2
1ek

2
0 − β2

≈ (m+1)π2 ✳ ❋♦r ❧❛r❣❡ V = w
2

2π
λ

√

n2
1 − n2

2✱ t❤✐s ❛♣♣r♦①✐♠❛t✐♦♥
✐s ✈❛❧✐❞✱ ✐✳❡✳✱ t❤❡ ✇❛✈❣✉✐❞❡ t❤✐❝❦♥❡ss ✐s ❧❛r❣❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✇❛✈❡❧❡♥❣t❤✳ ❋✐❣✉r❡ ✷ s❤♦✇s s♦❧✉t✐♦♥s
❢♦r t❤❡ ❡✐❣❡♥✈❛❧✉❡ ❡q✉❛t✐♦♥ ♦❢ ❛ ✇❛✈❡❣✉✐❞❡✱ ✇❤❡r❡ ✐♥t❡rs❡❝t✐♦♥s ♦❢ t❤❡ ❝✉r✈❡s ②✐❡❧❞ s♦❧✉t✐♦♥s ❢♦r um✳
❆s ✐t ❝❛♥ ❜❡ s❡❡♥✱ t❤❡s❡ ❛♣♣r♦❛❝❤ ♠✉❧t✐♣❧❡s ♦❢ π

2 ❢♦r ❧❛r❣❡ ✈❛❧✉❡s ♦❢ V ✳ ❙✉❝❤ ♠♦❞❡s ❞♦ ♥♦t ❡①t❡♥❞
✐♥t♦ t❤❡ ❝❧❛❞❞✐♥❣ ♠❛t❡r✐❛❧✱ ✇❤✐❝❤ ✐s ✇❤② n2,e ❞♦❡s ♥♦t ♣❧❛② ❛ r♦❧❡✳

❋✐❣✉r❡ ✷✿ ❙♦❧✉t✐♦♥s ❢♦r ❡✐❣❡♥✈❛❧✉❡ ❡q✉❛t✐♦♥ ♦❢ ❛ ✇❛✈❡❣✉✐❞❡✳ ❘❡❞ ♠❛r❦❡❞ ❛r❡ s♦❧✉t✐♦♥s✱ ✇❤♦s❡ ❝♦rr❡s♣♦♥❞✲
✐♥❣ ✈❛❧✉❡s ♦❢ um ❛r❡ ❝❧♦s❡ t♦ ♠✉❧t✐♣❧❡s ♦❢ π

2 ✳

❞✮ ❆♣♣❧② ❛❣❛✐♥ t❤❡ ❡✛❡❝t✐✈❡✲✐♥❞❡① ♠❡t❤♦❞ t♦ t❤❡ s❧❛❜ ✇❛✈❡❣✉✐❞❡ ❞❡✜♥❡❞ ❜② n1e ❛♥❞ n2e ❢♦r ❝❛❧❝✉❧❛t✐♥❣
t❤❡ q✉❛♥t✐t② β0 − β1✳ ❈♦♠♣❛r❡ t❤❡ r❡s✉❧t ✇✐t❤ t❤❡ ✈❛❧✉❡ ❣✐✈❡♥ ❜② t❤❡ ❡q✉❛t✐♦♥

β0 − βm =
m(m+ 2)π

3Lπ

, ✭✷✮

✇❤✐❝❤ ❤❛s ❜❡❡♥ ❛ss✉♠❡❞ ✐♥ ❞❡r✐✈✐♥❣ t❤❡ ✐♠❛❣✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ▼▼■ ❜❛s❡❞ ♦♥ t❤❡ ❜❡❛t✲❧❡♥❣t❤
Lπ✳

❙♦❧✉t✐♦♥✿

❚❤❡ str✉❝t✉r❡ ❞❡✜♥❡❞ ❜② r❡❣✐♦♥ ✶ ❛♥❞ r❡❣✐♦♥ ✷ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❚▼ ♠♦❞❡s ✇✐t❤ t❤❡
❡✛❡❝t✐✈❡ ✐♥❞❡① ♠❡t❤♦❞✳ ❚❤✐s s❡❝t✐♦♥ ♥♦✇ ✐s ❤✐❣❤❧② ♠✉❧t✐♠♦❞❡✱ ❛♥❞ ✇❡ ❣❡t ❢♦r t❤❡ ✜rst t✇♦ ♠♦❞❡s✿

❚▼✵✿ β = 11.5420
1

➭♠
, ne = 2.8473,

❚▼✶✿ β = 11.4913
1

➭♠
, ne = 2.8348.

❲❡ ❝❛♥ ✉s❡ t❤✐s t♦ ❝❛❧❝✉❧❛t❡ β0 − β1 = 0.0507 1
➭♠

✳ ❯s✐♥❣ ❊q✳ ✷ ❛♥❞ t❤❡ r❡s✉❧t ❢r♦♠ ❜✮ ✇❡ ❝❛♥ ✇r✐t❡
m(m+2)π

3Lπ

= 3π
3Lπ

= 0.0512 1
➭♠

✳ ❆s ✐t ❝❛♥ ❜❡ s❡❡♥✱ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❡✛❡❝t✐✈❡ ✐♥❞❡① ♠❡t❤♦❞ ❛♥❞ t❤❡

❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ ♠♦❞❡s ❢❛r ❢r♦♠ ❝✉t✲♦✛ ②✐❡❧❞ s✐♠✐❧❛r r❡s✉❧ts✱ ❞✐✛❡r✐♥❣ ❜② ❛♣♣r♦①✐♠❛t❡❧② ✶✪✳

❡✮ ❲❤✐❝❤ ✈❛❧✉❡ ♦❢ w s❤♦✉❧❞ ②♦✉ ✐♥s❡rt ✐♥ ❊q✳ ✭✷✮ ✐♥ ♦r❞❡r t♦ ❣❡t ❛ ♣❡r❢❡❝t ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ✈❛❧✉❡ ♦❢
β0 − β1 ❝❛❧❝✉❧❛t❡❞ ❜② ♠❡❛♥s ♦❢ t❤❡ ❡✛❡❝t✐✈❡✲✐♥❞❡① ♠❡t❤♦❞❄

✷



◆❡s✐❝✴❚r♦❝❤❛✴❑♦♦s ❲❙ ✶✺✴✶✻

❙♦❧✉t✐♦♥✿

❯s✐♥❣ ❊q✳ ✭✶✮ ❛♥❞ ❊q✳ ✭✷✮ ✇✐t❤ β0 − β1 = π
Lπ

✱ ✇❡ ❝❛♥ ❝❛❧❝✉❧❛t❡ t❤❡ ✇✐❞t❤✿

w =

√

3πλ

4n1e(β0 − β1)
= 5.03➭♠✳

❙✉♣♣❧❡♠❡♥t❛r② ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❧❡♥❣t❤ ♦❢ ❛ ✸❞❇✲❝♦✉♣❧❡r

❚❤❡ ❧❡♥❣t❤ ♦❢ ❛ ✸❞❇✲❝♦✉♣❧❡r ✐s ❣✐✈❡♥ ❜②✿

L3dB =
3

2
Lπ.

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥✱ ✐t ✐s ❣♦✐♥❣ t♦ ❜❡ s❤♦✇♥ ✇❤② ❛❢t❡r t❤✐s ♣r♦♣❛❣❛t✐♦♥ ❞✐st❛♥❝❡ t❤❡ ♣♦✇❡r ♦❢ ❛♥
✐♥❝♦♠✐♥❣ s✐❣♥❛❧ ✐s s♣❧✐t ❡q✉❛❧❧② ✐♥t♦ t✇♦ ♣❛rts✳ ❋♦r ❛ ♣r♦♣❛❣❛t✐♦♥ ✐♥t♦ z✲❞✐r❡❝t✐♦♥ ❛♥❞ ❛♥ ♦r✐❡♥t❛t✐♦♥ ♦❢
t❤❡ ♣♦rts ♦❢ ❛ ▼▼■✲❝♦✉♣❧❡r ❛❧♦♥❣ x✲❞✐r❡❝t✐♦♥ t❤❡ ✜❡❧❞ ✐♥s✐❞❡ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

φ(x, y, z) =
∑

m

amΨm(x, y) exp

(

j
m(m+ 2)π

3Lπ

z

)

exp (jβ0z) ,

✇❤❡r❡ am ❛r❡ t❤❡ ♠♦❞❡ ❝♦❡✣❝✐❡♥ts✱ Ψm(x, y) ❛r❡ t❤❡ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥s ✐♥ x✲ ❛♥❞ y✲❞✐r❡❝t✐♦♥ ❛♥❞ β0 ✐s
t❤❡ ♣r♦♣❛❣❛t✐♦♥ ❝♦♥st❛♥t ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♠♦❞❡✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s②♠♠❡tr② ♦❢ t❤❡ ♠♦❞❡✱ t❤❡ t❡r♠

exp
(

j
m(m+2)π

3Lπ

3
2Lπ

)

❣✐✈❡s ❞✐✛❡r❡♥t r❡s✉❧ts✿

m ❡✈❡♥ : exp
(

j
m(m+2)π

3Lπ

3
2Lπ

)

= 1, Ψm(x, y) = Ψm(−x, y),

m ♦❞❞ : exp
(

j
m(m+2)π

3Lπ

3
2Lπ

)

= j, −Ψm(x, y) = Ψm(−x, y).

❋♦r t❤❡ ❡✈❡♥ ♠♦❞❡s✱ Ψm(x, y) · 1 ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s ❢♦❧❧♦✇s✿

Ψm(x, y) · 1 =
1− j

2
Ψm(x, y) +

1 + j

2
Ψm(x, y)

=
1− j

2
Ψm(−x, y) +

1 + j

2
Ψm(x, y).

❋♦r t❤❡ ♦❞❞ ♠♦❞❡s✱ Ψm(x, y) · j✱ ✐t ❤♦❧❞s✿

Ψm(x, y) · j = j

(

1 + j

2
Ψm(x, y) +

1− j

2
Ψm(x, y)

)

=
j − 1

2
Ψm(x, y) +

j + 1

2
Ψm(x, y)

= −

1− j

2
Ψm(x, y) +

j + 1

2
Ψm(x, y)

=
1− j

2
Ψm(−x, y) +

j + 1

2
Ψm(x, y).

❙♦ ✐♥ ❢❛❝t✱ t❤❡ ❡✈❡♥ ❛♥❞ t❤❡ ♦❞❞ ♠♦❞❡s ❤❛✈❡ t❤❡ s❛♠❡ ♣r❡❢❛❝t♦rs ❛♥❞ t❤❡ ✇❤♦❧❡ ✜❡❧❞ φ(x, y, 3
2Lπ) ❝❛♥ ❜❡

✇r✐tt❡♥ ❛s✿

φ(x, y,
3

2
Lπ) =

∑

m

am

(

1− j

2
Ψm(−x, y) +

j + 1

2
Ψm(x, y)

)

exp

(

jβ0
3

2
Lπ

)

=

(

1− j

2
φ(−x, y, 0) +

j + 1

2
φ(x, y, 0)

)

exp

(

jβ0
3

2
Lπ

)

.

❆s ✐t ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ t❤❡ ❧❛st r❡s✉❧t✱ t❤❡ ✐♥✐t✐❛❧ ✜❡❧❞ ❛t ❛ ♣♦s✐t✐♦♥ x′ ✐s s♣❧✐t ❡q✉❛❧❧② ✐♥t♦ t❤❡ ♣♦s✐t✐♦♥s
x′ ❛♥❞ −x′✱ ✇❤❡r❡ ❢✉rt❤❡r ✇❛✈❡❣✉✐❞❡s ❛r❡ ❧♦❝❛t❡❞ t♦ ❝♦✉♣❧❡ ❧✐❣❤t ✐♥ ❛♥❞ ♦✉t ♦❢ t❤❡ ▼▼■✲❝♦✉♣❧❡r✳

◗✉❡st✐♦♥s ❛♥❞ ❈♦♠♠❡♥ts✿

❆❧❡❦s❛♥❞❛r ◆❡s✐❝ P❤✐❧✐♣♣ ❚r♦❝❤❛
❇✉✐❧❞✐♥❣✿ ✸✵✳✶✵✱ ❘♦♦♠✿ ✷✳✸✷✲✷ ❇✉✐❧❞✐♥❣✿ ✸✵✳✶✵✱ ❘♦♦♠✿ ✷✳✸✷✲✷
P❤♦♥❡✿ ✵✼✷✶✴✻✵✽✲✹✷✹✽✵ P❤♦♥❡✿ ✵✼✷✶✴✻✵✽✲✹✷✹✽✵
❛❧❡❦s❛♥❞❛r✳♥❡s✐❝❅❦✐t✳❡❞✉ ♣❤✐❧✐♣♣✳tr♦❝❤❛❅❦✐t✳❡❞✉

✸


