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𝑅

ℎ 𝑛𝑑𝑖𝑠𝑘
𝑛𝑐𝑙𝑎𝑑 < 𝑛𝑑𝑖𝑠𝑘 𝑅 ≫ 𝜆 ℎ ≪

𝑅

2𝜋𝑛eff𝑅 = 𝑚λ

λ 𝑚

𝑛eff = 𝛽𝜆/2𝜋

𝑛clad < 𝑛eff < 𝑛𝑑𝑖𝑠𝑘)

𝛽

(𝒓,𝝋, 𝒛)
𝝋

𝒛

y

x

z

R

h

φ

r

𝑛𝑑𝑖𝑠𝑘

𝑛𝑐𝑙𝑎𝑑
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6  Nonlinear optical process 

 

𝑃⃗ (𝑡)

𝐸⃗ (𝑡)

𝑃⃗ (𝑡) = 𝜀0𝜒
(1)𝐸⃗ (𝑡)

𝜀0 𝜒(1)

𝑃⃗ (𝑡) = 𝜀0[𝜒
(1)𝐸⃗ (𝑡) + 𝜒(2)𝐸⃗ 2(𝑡) + 𝜒(3)𝐸⃗ 3(𝑡) + ⋯ ]

≡ 𝑃⃗ (1)(𝑡) + 𝑃⃗ (2)(𝑡) + 𝑃⃗ (3)(𝑡) + ⋯

𝜒(2) 𝜒(3)

𝑃⃗ 𝐿 𝑃⃗ 𝑁𝐿
𝑃⃗ (2)(𝑡)

𝑃⃗ (3)(𝑡)

 

∇⃗⃗ × 𝐸⃗ = −
∂𝐵⃗ 

∂𝑡

∇⃗⃗ × 𝐻⃗⃗ =
∂𝐷⃗⃗ 

∂𝑡

𝐵⃗ = 𝜇0𝐻⃗⃗ 𝐷⃗⃗ = 𝜀0𝐸⃗ +

𝑃⃗ 𝐻⃗⃗ 𝜇0
∇ × 𝐸⃗ 
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∇ × ∇ × 𝐸⃗ = −
∂

∂𝑡
∇ × 𝐵⃗ 

= −𝜇0
∂

∂𝑡
∇ × 𝐻⃗⃗ 

= −𝜇0
∂

∂𝑡

∂𝐷⃗⃗ 

∂𝑡

= −𝜇0 (𝜀0
∂2𝐸⃗ 

∂𝑡2
+
∂2𝑃⃗ 

∂𝑡2
)

𝜇0𝜀0 = 1/𝑐2 𝑐

∇ × ∇ × 𝐸⃗ +
1

𝑐2
∂2

∂𝑡2
𝐸⃗ = 𝜇0

∂2𝑃⃗ 

∂𝑡2

∇ × ∇ × 𝐸⃗ = ∇(∇ ⋅ 𝐸⃗ ) − ∇2𝐸⃗ 

∇ × ∇ × 𝐸⃗ = −∇2𝐸⃗ 

∇2𝐸⃗ −
𝑛2

𝑐2
∂2

∂𝑡2
𝐸⃗ =

1

𝜀0𝑐2
∂2𝑃⃗ 𝑁𝐿
∂𝑡2

𝑛

𝑖𝑡ℎ

𝜒(𝑚) 𝑚 𝑚 = 1,2,3…

𝑃𝑁𝐿
𝑖 = 𝜀0∑ 

𝑗,𝑘

𝜒𝑖𝑗𝑘
(2)
𝐸𝑗𝐸𝑘 + 𝜖0∑ 

𝑗,𝑘,𝑙

𝜒𝑖𝑗𝑘𝑙
(3)

𝐸𝑗𝐸𝑘𝐸𝑙 +⋯

𝑖, 𝑗, 𝑘, 𝑙 = 𝑥, 𝑦, 𝑧 𝜒(𝑚) 𝑚 + 1

𝜒(2) 3 𝜒(3) 4

𝜒(2)

𝜒(2)

𝑑𝑖𝑗𝑘 =
1

2
𝜒𝑖𝑗𝑘
(2)

1/2

𝑑𝑖𝑗𝑘 = 𝑑𝑖𝑘𝑗 3 × 6 𝑑𝑖𝑙

𝑑𝑖𝑙 = [

𝑑11    𝑑12    𝑑13    𝑑14    𝑑15    𝑑16
𝑑21    𝑑22    𝑑23    𝑑24    𝑑25    𝑑26
𝑑31    𝑑32    𝑑33    𝑑34    𝑑35    𝑑36

]
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𝑑𝑖𝑙 = [

𝑑11    𝑑12    𝑑13    𝑑14    𝑑15    𝑑16
𝑑16    𝑑22    𝑑23    𝑑24    𝑑14    𝑑12
𝑑15    𝑑24    𝑑33    𝑑23    𝑑13    𝑑14

]

𝑑𝑖𝑙

[

𝑃𝑥(2𝜔)
𝑃𝑦(2𝜔)

𝑃𝑧(2𝜔)

] = 𝜀0 [

𝑑11    𝑑12    𝑑13    𝑑14    𝑑15    𝑑16
𝑑21    𝑑22    𝑑23    𝑑24    𝑑25    𝑑26
𝑑31    𝑑32    𝑑33    𝑑34    𝑑35    𝑑36

]

[
 
 
 
 
 
 

𝐸𝑥(𝜔)
2

𝐸𝑦(𝜔)
2

𝐸𝑧(𝜔)
2

2𝐸𝑦(𝜔)𝐸𝑧(𝜔)

2𝐸𝑥(𝜔)𝐸𝑧(𝜔)
2𝐸𝑥(𝜔)𝐸𝑦(𝜔)]

 
 
 
 
 
 

𝜔

4̅3𝑚

3 𝑑14 = 𝑑25 = 𝑑36

[

𝑃𝑥(2𝜔)
𝑃𝑦(2𝜔)

𝑃𝑧(2𝜔)

] = 𝜀0 [

0    0    0    𝑑14    0    0
0    0    0    0    𝑑25    0
0    0    0    0    0    𝑑36

]

[
 
 
 
 
 
 

𝐸𝑥(𝜔)
2

𝐸𝑦(𝜔)
2

𝐸𝑧(𝜔)
2

2𝐸𝑦(𝜔)𝐸𝑧(𝜔)

2𝐸𝑥(𝜔)𝐸𝑧(𝜔)
2𝐸𝑥(𝜔)𝐸𝑦(𝜔)]

 
 
 
 
 
 

2𝜔

𝜔 4̅3𝑚

𝑃𝑧(2𝜔) = 2𝜀0𝑑14𝐸𝑥(𝜔)𝐸𝑦(𝜔)

 

𝑚 𝑚 + 1 𝜒(2)
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𝜔1 𝜔2

𝐸̃(𝑡) = 𝐸1𝑒
−𝑖𝜔1𝑡 + 𝐸2𝑒

−𝑖𝜔2𝑡 +

𝑃̃(2)(𝑡) = 𝜀0𝜒
(2)[𝐸1

2𝑒−2𝑖𝜔1𝑡 + 𝐸2
2𝑒−2𝑖𝜔2𝑡 + 2𝐸1𝐸2𝑒

−𝑖(𝜔1+𝜔2)𝑡

+2𝐸1𝐸2
∗𝑒−𝑖(𝜔1−𝜔2)𝑡 + ] + 2𝜀0𝜒

(2)[𝐸1𝐸1
∗ + 𝐸2𝐸2

∗]

±𝜔𝑛

𝑃̃(2)(𝑡) =∑  

𝑛

𝑃(𝜔𝑛)𝑒
−𝑖𝜔𝑛𝑡

𝜒(2)

𝑃(2𝜔1) = 𝜀0𝜒
(2)𝐸1

2             (SHG)

𝑃(2𝜔2) = 𝜀0𝜒
(2)𝐸2

2             (SHG)

𝑃(𝜔1 + 𝜔2) = 2𝜀0𝜒
(2)𝐸1𝐸2      (SFG)

𝑃(𝜔1 − 𝜔2) = 2𝜀0𝜒
(2)𝐸1𝐸2        

∗ (DFG)

𝑃(0) = 2𝜀0𝜒
(2)(𝐸1𝐸1

∗ + 𝐸2𝐸2
∗)  (OR)

SFG

  

  

  +  

 2

SHG

 2

 

 

  

THG

 

 

 

3 

 3
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𝜔

2𝜔 2𝜆2𝜔 =

𝜆𝜔 𝜆𝜔(2𝜔)

𝜔1

𝜔2 𝜔1 + 𝜔2

𝜒(3)

𝜔

3𝜔

𝐿

𝑧

𝜔1 𝑘𝜔 = 𝑛𝜔𝜔1/𝑐

𝜔2 = 2𝜔1 𝑘2𝜔 = 𝑛2𝜔𝜔2/𝑐

∂𝐸2𝜔(𝑧)

∂𝑧
=
𝑖4𝜋𝜔2

𝑐2𝑘2𝜔
𝜒(2)𝐸𝜔(𝑧)

2𝑒−𝑖Δ𝑘𝑧

𝐸𝜔(𝑧) 𝐸2𝜔(𝑧) 𝜔 2𝜔

Δ𝑘

Δ𝑘 = 𝑘2𝜔 − 2𝑘𝜔 =
2𝜔

𝑐
(𝑛2𝜔 − 𝑛𝜔)

𝑛𝜔 𝑛2𝜔
𝛥𝑘 = 0

𝐼2𝜔(𝐿) ∝ 𝐸𝜔
4(𝜒𝜔

(2)
)
2

𝐿2

∝ 𝐼𝜔
2(𝜒𝜔

(2)
)
2

𝐿2

𝜂𝑖𝑛𝑡 =
𝑃2𝜔
𝑃𝜔

𝜂𝑖𝑛𝑡 ∝ 𝐼𝜔(𝜒𝜔
(2)
)
2

𝐿2
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𝜂𝑛𝑜𝑟𝑚 =
𝑃2𝜔
𝑃𝜔2

Δ𝑘 ≠

0

𝐼2𝜔(𝐿) ∝
1

Δ𝑘2
𝐼𝜔
2(𝜒𝜔

(2)
)
2

sin2 
Δ𝑘𝐿

2

ℓ𝑐𝑜ℎ =
𝜋

Δ𝑘

ℓ𝑐𝑜ℎ 𝐼2𝜔 

 

∝ 4𝐿2/𝜋2



Linear and nonlinear characterization of monolithically integrated GaP microdisks on Si and GaP substrates 

12  Theory of WGMs in a microdisk 

4̅3𝑚

[001]

 

𝑳
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∇⃗⃗ 2𝐹 +
𝑛𝑑𝑖𝑠𝑘
2 𝜔2

𝑐2
𝐹 = 0

𝐹 = {𝐸⃗ , 𝐻⃗⃗ } ∇⃗⃗ 2 𝑐

(𝑟, 𝜑, 𝑧)

(
∂2

∂𝑟2
+
1

𝑟

∂

∂r
+

1

𝑟2
∂2

∂𝜑2
+

∂2

∂𝑧2
+ 𝑛𝑑𝑖𝑠𝑘

2 𝑘2)𝐹 = 0

𝑛disk
𝑛clad < 𝑛disk)

ℎ 𝑛disk

𝐸 𝐸

{𝐸r, 𝐸𝜑,𝐻z}

{𝐻r, 𝐻𝜑, 𝐸z}

𝐹z
{𝐻z, 𝐸z} 𝐹𝑧 =

𝑅(𝑟)𝛷(𝜑)𝑍(𝑧)

∂2𝑍

∂𝑧2
+ 𝑘2(𝑛disk

2 − 𝑛eff
2 )𝑍 = 0

𝑘

𝑍 𝑛eff
𝑍

 (𝑞)

d2Φ

d𝜑2
+𝑚2Φ = 0
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Φ(𝜑) = 𝑒±𝑖𝑚𝜑

𝑚

d2R

d𝑟2
+
1

𝑟

dR

d𝑟
+ (𝑘2𝑛eff

2 −
𝑚2

𝑟2
)R = 0

 (𝑟 ≤ 𝑅)

(𝑟 > 𝑅)

R(𝑟) = {
𝑁𝐽𝑚(k𝑛 𝑟)    𝑟 ≤ 𝑅

𝑁𝐵𝐻𝑚
(2)
(k𝑟)    𝑟 > 𝑅

𝑁 𝐵 = 𝐽𝑚(𝑘𝑛 𝑅)/𝐻𝑚
(2)
(𝑘𝑅)

𝐸⃗  𝐻⃗⃗ {𝐻𝑧 , 𝐸𝜑}

{𝐻𝜑, 𝐸z}

neff
jm(kneffR)

Jm(kneffR)
−
Ḣm
(2)(kR)

Hm
(2)(kR)

= 0               TM modes 

jm(kneffR)

Jm(kneffR)
− neff

Ḣm
(2)(kR)

Hm
(2)(kR)

= 0               TE modes

𝑘

𝜔

𝑛 𝑘

𝜆 =
2𝜋

Re (𝑘)

𝑘

𝑄𝑟𝑎𝑑 =
Re (𝑘)

2Im (𝑘)

𝑚

(𝑝)

𝐹𝑧

H𝑟 =
m

μ0𝑟ω
Ez

H𝜑 = −
i

μ0ω

∂E𝑧
∂r

            TM modes
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E𝑟 = −
m

𝜀0𝜀𝑟𝑟𝜔
H𝑧

E𝜑 =
i

𝜀0𝜀𝑟ω

∂H𝑧

∂r

         TE modes

(𝑚, 𝑝, 𝑞)

𝒑 =  𝒎 =  𝟓  𝒑 =  , 𝒎 =   

TE (1,15), Re Er

TE (2,12), Re Er

https://www.siio.eu/index.html
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2 µ𝑚

 

 

𝑈 𝜔 𝑃

𝑄 ≡
𝜔 ⋅ 𝑈

𝑃

𝑈 = 𝑈0𝑒
−𝜔𝑡/𝑄 𝑈0

dU/dt = −𝜔𝑈/𝑄

2𝜋

𝑄 ≡ 2𝜋 ×

𝑄 =
𝜔

Δ𝜔
=

𝜆

Δ𝜆

𝜆 Δ𝜔 Δ𝜆
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𝑈(𝑡) = 𝑈0(𝑡0)𝑒
−𝑡/(𝑄/𝜔) = 𝑈0(𝑡0)𝑒

−𝑡/𝜏𝑝ℎ𝑜𝑡𝑜𝑛  

𝜏𝑝ℎ𝑜𝑡𝑜𝑛 = Q/ω = 1/Δ𝜔

𝜔

1/e

(𝑄𝑟𝑎𝑑)

(𝑄𝑎𝑏𝑠)

(𝑄𝑅)

(𝑄𝑏𝑢𝑙𝑘)

(𝑄𝑖)

1

𝑄𝑖
=

1

𝑄𝑟𝑎𝑑
+

1

𝑄𝑎𝑏𝑠
+

1

𝑄𝑅
+

1

𝑄𝑏𝑢𝑙𝑘

(𝑄𝑐𝑝𝑙)

1

𝑄𝑙𝑜𝑎𝑑𝑒𝑑
=

1

𝑄𝑖
+

1

𝑄𝑐𝑝𝑙

1

𝑄𝑙𝑜𝑎𝑑𝑒𝑑
=

1

𝑄𝑟𝑎𝑑
+

1

𝑄𝑎𝑏𝑠
+

1

𝑄𝑅
+

1

𝑄𝑏𝑢𝑙𝑘
+

1

𝑄𝑐𝑝𝑙

1

0.5

0
   e en t  (nm)

T
r 
n
sm

is
si
o
n
 (
 .
 
.)

FSR

FWHM

𝜆
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𝛽 = 2𝜋𝑛eff/𝜆

FSR =
𝜆2

𝐿𝑛𝑒𝑓𝑓
=

𝜆2

2𝜋𝑅𝑛𝑒𝑓𝑓

𝜆 𝐿 𝑅

𝑛eff

∂𝛽

∂𝜆
= −

𝑘

𝜆
𝑛eff,grp

𝑛eff,grp = 𝑛eff − 𝜆
∂𝑛eff
∂𝜆

𝑘 = 2𝜋/𝜆 𝑛eff,grp

FSR =
𝜆2

𝑛𝑒𝑓𝑓,𝑔𝑟𝑝L
=

𝜆2

2𝜋𝑅𝑛𝑒𝑓𝑓,𝑔𝑟𝑝

 

𝑉 =
∫ 𝑛𝑑𝑖𝑠𝑘

2 (r)|E(r)|2𝑑𝑉

𝑚𝑎𝑥[𝑛𝑑𝑖𝑠𝑘
2 (r)|E(r)|2]

∫ 𝑛𝑑𝑖𝑠𝑘
2 (r)|E(r)|2𝑑𝑉

𝑚𝑎𝑥[𝑛𝑑𝑖𝑠𝑘
2 (r)|E(r)|2]
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𝜂𝑒𝑥𝑡 ∝
𝑄𝑆𝐻𝑄𝑝

2

𝒱𝑝
(𝜒(2))

2
𝑃𝜔
𝑒𝑥𝑡

𝑄𝑝(𝑆𝐻) 𝒱𝑝

 

𝑔 𝜅

𝜅

𝑆𝑖𝑛 𝑆𝑜𝑢𝑡

𝑎(𝑡)

𝑑𝑎(𝑡)

𝑑𝑡
= −𝑖𝜔𝑎(𝑡) − (

𝜅

2
+
𝜅𝑒𝑥𝑡
2

)𝑎(𝑡) + κ𝑠𝑖𝑛(𝑡)

𝑠 (𝑡) = 𝑠𝑖𝑛(𝑡) − κ∗𝑎(𝑡)

 𝜅 = 𝑖 √𝜅𝑒𝑥𝑡

𝑆𝑖𝑛 ∝ 𝑒−𝑖𝜔̃𝑡

𝑎 =
𝑖√𝜅𝑒𝑥𝑡

−𝑖Δ + (
𝜅
2 +

𝜅𝑒𝑥𝑡
2 )

𝑠𝑖𝑛

𝑠 =
−𝑖Δ + (

𝜅
2 −

𝜅
2 )

−𝑖Δ + (
𝜅
2 +

𝜅
2 )

𝑠
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Δ = 𝜔̃ − 𝜔 (𝜔)

(𝜔̃)

|𝑎|2 =
4𝜅

4Δ2 + (𝜅 + 𝜅 )2
|𝑠 |2

𝑇

𝑇Δ =
|𝑠 |2

|𝑠 |2
=
4Δ2 + (𝜅 − 𝜅𝑒𝑥𝑡)

2

4Δ2 + (𝜅 + 𝜅 )2

Δ

𝑇on = (
1 −

𝜅
𝜅

1 +
𝜅
𝜅

)

2

= (
1 − 𝐾

1 + 𝐾
)
2

𝐾 = 𝜅 /𝜅

𝜅 + 𝜅 = 𝜅 (1 + 𝐾)

 

𝐾

Sin(t)

So  (t)

   

𝑎(𝑡)

𝑔

    

𝜅e  

𝜅in 
𝑥

𝑧

𝑦

−𝑧1

𝑧1

𝑧 = 0



Linear and nonlinear characterization of monolithically integrated GaP microdisks on Si and GaP substrates 

Theory of linear and nonlinear characterization of microdisks   21 

• 𝐾 < 1

κ < κ

0 < 𝑇𝑜𝑛 < 1

Q /2 < Q < Q  

• 𝐾 = 1 𝜅 =

𝜅 𝑆𝑜𝑢𝑡 = 0 𝑇𝑜𝑛 = 0

𝑄 = 𝑄i/2 = 𝑄cpl/2

• 𝐾 > 1

𝜅 > 𝜅 0 < 𝑇𝑜𝑛 <

1

𝑄 𝑄𝑐𝑝𝑙/2 𝑄𝑐𝑝𝑙

𝑔

𝑄

 

𝜅

𝜅

𝜅 = 𝑖
𝜔̃𝜀0
4

∫  
𝑧1

−𝑧1

d𝑧∬   d𝑥d𝑦(𝑛𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟
2 − 1)𝑒 ∗𝑟𝑒𝑠𝑒 𝑖𝑛𝑒

−𝑖𝛽𝑧

𝑒 𝑟𝑒𝑠(𝑥, 𝑦, 𝑧)

𝑎(𝑡)𝑒 𝑟𝑒𝑠(𝑥, 𝑦, 𝑧) 𝑒 𝑖𝑛(𝑥, 𝑦)

𝛽

𝑛𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟 𝑒 𝑟𝑒𝑠
𝑒𝑖𝑚𝜑 𝑒−𝑖𝛽𝑧

𝑚𝜑 = 𝛽𝑧 𝜅

𝑄𝑐𝑝𝑙

𝑄cpl =
𝜔

𝜅𝑒𝑥𝑡
=

𝜔

|𝜅|2
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𝜔

(𝑝,𝑚) 𝑎(𝑡)

𝑎𝑐𝑤(𝑡) 𝑎𝑐𝑐𝑤(𝑡)

𝑇Δ = |1 + 𝑖√
𝜅𝑒𝑥𝑡
2

(
𝑎1
𝑠𝑖𝑛

−
𝑎2
𝑠𝑖𝑛

)|

2

𝑎1 𝑎2

𝑎1,2 =
±𝑖√

𝜅
2

−𝑖 (Δ ±
𝜅𝛽
2 ) + (

𝜅
2 +

𝜅
2 )

𝑠𝑖𝑛

𝜿𝜷/𝜿𝒊𝒏𝒕

Wavelength (nm)

N
o
rm

al
iz

ed
tr

an
sm

is
si

o
n
 (

a.
u

.)
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𝜔 − 𝜅𝛽/2 𝜔 + 𝜅𝛽/2 𝜅𝛽

𝑄𝛽

𝑄𝛽 =
𝜔

𝜅𝛽

• 𝑄𝛽 ≪ 𝑄

• 𝑄𝛽 ≫ 𝑄

𝜅𝛽 𝜅𝑖𝑛𝑡

𝜅𝛽 = 0) 𝜅 = 𝜅

𝜅𝛽/𝜅𝑖𝑛𝑡

 

 

𝐸𝑔𝑎𝑝) 2.24 𝑒𝑉 300 𝐾

(554 𝑛𝑚)

𝐸𝑔𝑎𝑝 = 1.42 𝑒𝑉
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24  Interests for monolithically integrated GaP/Si platform 

1.55 µ𝑚

0.8 𝑒𝑉

1.6 𝑒𝑉 

 𝟒̅

𝐹4̅3m

4̅ [001] 90°

(001)

4̅

http://web.tiscali.it/decartes/phd_html/node4.html
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4̅ 𝑅

ℓ𝑐𝑜ℎ =
2𝜋𝑅

4

( (2) ≠

0) 4̅

 (2)

𝑑14 = 𝑑25 = 𝑑36
4̅

𝐾± =
∓1

2𝜀0𝜔SH𝑛𝑝4
∫  

ℎ/2

−ℎ/2

𝑍̃SH𝑍̃𝑝
2∫  

𝑅

0

∫  
2𝜋

0

𝑑14(r)

× 𝑒i(Δ𝑚±2)𝜑𝑟𝜓̃SH (
𝑚𝑝

𝑟
𝜓̃𝑝 ±

d𝜓̃𝑝

d𝑟
)

2

d𝑟dφd𝑧

𝑍̃(𝑧) 𝜓̃(𝑟)

𝜔SH 𝑛𝑝

ℎ 𝑅

𝑚𝑝

𝑚𝑆𝐻

Δ𝑚 = 𝑚SH − 2𝑚𝑝

𝟗𝟎° 𝟒̅
(𝟎𝟎 )
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Δ𝑚 = ±2 Δ𝑚 = −2

𝑝

𝛥𝑚 = +2

𝛥𝑚 = −2 𝑝

±2𝜋

𝐸+ 𝐸−

𝑧 𝐸𝑧

(
𝑃+
𝑃−
𝑃𝑧

) = 𝜀0𝑑14 [
0 0 0 −𝑖 0 0
0 0 0 0 𝑖 0
𝑖 −𝑖 0 0 0 0

]

(

 
 
 

𝐸+𝐸+
𝐸−𝐸−
𝐸𝑧𝐸𝑧
𝐸−𝐸𝑧
𝐸+𝐸𝑧
𝐸+𝐸−)

 
 
 

𝐸𝑧 𝑃𝑧
𝐸+
2 𝐸−

2 𝐸+
2 𝐸−

2 +2

𝛥𝑚 + 2 = 0 𝑝 = 1 −2 𝛥𝑚 − 2 = 0

𝐾+

𝟒̅

z

x

y

[001]

    

 2

 2

 2

 2
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𝐾− 4̅ +

+2 𝛥𝑚 = −2

−2 𝛥𝑚 = +2

4̅

𝜂 = 𝑃in|𝐾− + 𝐾+|
2 ×

𝛼SH
2 (1 − |𝑡SH|

2)

(1 − 𝛼SH|𝑡SH|)
2
× [

𝛼𝑝
2 (1 − |𝑡𝑝|

2
)

(1 − 𝛼𝑝|𝑡𝑝|)
2 ]

2

𝑃in 𝛼p(SH)

𝑡𝑝(𝑆𝐻)

𝛼p(SH) 𝑡𝑝(𝑆𝐻)

𝑄 = 𝜋𝑚
√𝑦

1 − 𝑦

𝑦 𝛼 𝑄𝑖 |𝑡| 𝑄𝑐𝑝𝑙

𝛼p(SH) 𝑡𝑝(𝑆𝐻)

𝑬+ 𝑬−

|+⟩ |−⟩ |𝒛⟩

𝟎
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𝜂 ≈ 𝑃𝑖𝑛|𝐾|
2

𝑄𝑆𝐻𝑄𝑝
2

𝜋3𝑚𝑆𝐻𝑚𝑝
2

𝑄𝑝(𝑆𝐻)

|𝜆𝑝 − 2𝜆𝑆𝐻| = 0

 

𝑑14 = 28.5 𝑝𝑚𝑉−1 1.55 𝜇𝑚

119 𝑝𝑚𝑉−1

0.4 µ𝑚 5.5 µ𝑚 𝑑33 = 19.5 𝑝𝑚𝑉−1

1.313 𝜇𝑚

0.57 𝜇𝑚 11 𝜇𝑚 𝑑14 = 36.8 𝑝𝑚𝑉−1

1.064 µ𝑚 0.852 µ𝑚

𝑑14 70.6 𝑝𝑚𝑉−1 159 𝑝𝑚𝑉−1

 

𝑁

𝑁 = 𝑛0 + 𝑛2𝐼

𝑛0 𝑛2 𝐼

(𝑛0 > 3)

(𝑛2~10
−17m2 −1)
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 (3)

300 𝐾

𝒏𝟎 𝑬𝒈𝒂𝒑 (𝒆𝑽)

 . 𝟓𝟓 µ𝒎

   

   

   

   

   

   

 
 
  
 
 
  
 
 
  
 
 
 
 

               
               



Linear and nonlinear characterization of monolithically integrated GaP microdisks on Si and GaP substrates 
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∆𝐿𝑀=
𝑎𝑠 − 𝑎𝑓

𝑎𝑠

𝑎𝑠 𝑎𝑓

 (5.43 A°)

(𝐀°) ∆𝑳𝑴
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90 𝑛𝑚 45 − 95 𝑛𝑚

64 𝑛𝑚

 

• 

• 
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32  Polar on non-polar epitaxy: Anti Phase Domains 

< 0.1° > 1°

  𝟎

(a)

(b)

APBs

APDs
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(𝐶𝛼/𝛽)

𝛼

𝛽 𝐶𝛼/𝛽 𝛽 𝛼

𝛼 𝛽

• 

10 𝑛𝑚 

𝟔 𝟎 ℃
𝜶 𝜷

 
 
/ 

 . 𝟓

 . 𝟎

𝟎. 𝟓

 
 /         

 𝟒 𝟓 𝟔  
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< 10 𝑛𝑚

 

• (𝐶𝑊) (ℒ𝑐)

• (𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛)

(ℒ𝑐)

𝑃(𝑟) +1 −1

𝑟

𝒈 = (𝟎𝟎 )

𝟓𝟎 𝒏𝒎
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+1

−1

(𝑓𝑠)

𝑃(𝑟)

𝐹(𝑃(𝑟))(𝑓𝑠) =
1

𝜋

𝐴
2𝜋𝐶𝑊

𝑓𝑠2 + (
1

2𝜋𝐶𝑊
)
2

1/𝜋𝐶𝑊

𝐴exp(−|𝑥|/ℒ𝑐)

𝐹 (𝑓𝑠) = ∫  
+∞

−∞

𝐴𝑒
−
|𝑥|
ℒ𝑐𝑒−𝑖2𝜋𝑓𝑠𝑥𝑑𝑥 =

2𝐴
ℒ𝑐

(
1
ℒ𝑐
)
2

+ (2𝜋𝑓𝑠)2

1/𝜋ℒ𝑐

𝐹𝐴𝑃𝐷(𝑓𝑠) =
𝐵

√(2𝜋𝑓𝑠)2 + (
1
ℒ𝑐
)
2

√3/𝜋ℒ𝑐 𝐵

ℒ𝑐 = 𝐶𝑊 × √3
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±1

𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛 = 〈𝑃(𝑟)〉

𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛 = −1 𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛 = +1

𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛 = 0

𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛 = ±1

 (2)

 

4̅ 4̅

𝑑14

𝑑14(𝑟) = 𝑑14 × 𝑃(𝑟)

𝜑

𝐾̃± =
∓1

2𝜀0𝜔SH𝑛𝑝4
∫  

ℎ
2

−
ℎ
2

𝑍̃SH𝑍̃𝑝
2∫  

𝑅

0

∫  
2𝜋

0

𝑑14(𝑟, φ)

× 𝑒i(Δ𝑚±2)φ𝑟𝜓̃SH (
𝑚𝑝

𝑟
𝜓̃𝑝 ±

d𝜓̃𝑝

d𝑟
)

2

d𝑟dφd𝑧

𝜂 = 𝑃 |𝐾̃− + 𝐾̃+|
2
×
𝛼SH
2 (1 − |𝑡SH|

2)

(1 − 𝛼SH|𝑡SH|)
2

× [
𝛼𝑝
2 (1 − |𝑡𝑝|

2
)

(1 − 𝛼𝑝|𝑡𝑝|)
2 ]

2

ℎ𝐴𝑃𝐷
ℎ 𝑧
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𝐾̃± =
∓1

2𝜀0𝜔SH𝑛𝑝4
∫  

ℎ
2

−
ℎ
2

𝑍̃SH𝑍̃𝑝
2∫  

𝑅

0

∫  
2𝜋

0

𝑑14(𝑧, r, φ)

× 𝑒i(Δ𝑚±2)φ𝑟𝜓̃SH (
𝑚𝑝

𝑟
𝜓̃𝑝 ±

d𝜓̃𝑝

d𝑟
)

2

d𝑟dφd𝑧

𝑑14(𝑧, r, φ)

4̅

25 𝜇𝑚2

ℒ𝑐 = 10 ±

𝐏𝐀𝐏𝐃,𝐦𝐞 𝐧 𝟎  
𝐏𝐀𝐏𝐃,𝐦𝐞 𝐧

 𝟎−  𝐦𝐖− 𝟒̅
𝓛𝐜

~ 𝟎 𝐧𝐦 ~𝟒 µ𝐦
 𝟎 %

(a) (b)

𝐏𝐀𝐏𝐃,𝐦𝐞 𝐧 𝓛 (nm)

η
(𝒎

 
−
 
)

η
(𝒎

 
−
 
)

 
 
 
 
,m

e
a
n
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38  Polar on non-polar epitaxy: Anti Phase Domains 

2 𝑛𝑚, 𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛 = 0.5 ± 0.1 𝑛𝑚) ℒ𝑐 𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛

4̅ 𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛

1 0.1 10 %

±1

ℒ𝑐 (< 100 𝑛𝑚

> 1500 𝑛𝑚)

ℒ𝑐 𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛

4̅

4̅

 

𝑑14(𝑟, 𝜑) 4̅

Δ𝑚 ± 2 −𝑀𝐴𝑃𝐷 = 0 𝑀𝐴𝑃𝐷 𝑑14(𝑟)

𝓛  . 𝟎  µ𝒎
  𝟖 𝒏𝒎 |𝚫𝒎| = 𝟖

𝓛 

𝑷𝑨𝑷𝑫,𝒎𝒆𝒂𝒏 = 𝟎
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4̅

ℒ𝑐
|Δ𝑚| = 8

4̅ 10−5 𝑚𝑊−1 ℒ𝑐~50 𝑛𝑚 10−4 𝑚𝑊−1

ℒ𝑐~200 𝑛𝑚

4̅

𝛥𝑚

𝟒̅
𝟒̅

𝟒̅
𝟒̅
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40  Deeper insight on optical losses in GaP/Si microdisk 

 

(𝑄𝑟𝑎𝑑) (𝑄𝑆)

(𝑄𝑅)

(𝑄𝐴𝑃𝐷)

1

𝑄𝑖
=

1

𝑄𝑟𝑎𝑑
+

1

𝑄𝑆
+

1

𝑄𝑅
+

1

𝑄𝐴𝑃𝐷

𝑄𝑟𝑎𝑑 𝑄𝑅 𝑄𝐴𝑃𝐷

𝑄𝑆

 

k

𝑄𝑖)

m 𝑛 = 𝑛1/𝑛2
𝑛1 = 𝑛𝑒𝑓𝑓 𝑛2 = 𝑛𝑎𝑖𝑟

k 𝑋 =

2𝜋𝑟𝑛1/𝜆 𝑄𝑖

  𝑛
𝐽𝑚
′ [𝐴𝑋]

𝐽𝑚[𝐴𝑋]
−
𝐻𝑚
′(2)[𝐴𝑋/𝑛]

𝐻𝑚
(2)[𝐴𝑋/𝑛]

= 0                  TM modes

 
𝐽𝑚
′ [𝐴𝑋]

𝐽𝑚[𝐴𝑋]
− 𝑛

𝐻𝑚
′(2)[𝐴𝑋/𝑛]

𝐻𝑚
(2)[𝐴𝑋/𝑛]

= 0                  TE modes

𝐴 = (1 − 𝑖/2𝑄𝑖)

(𝑄𝑟𝑎𝑑) 𝑋

1.55 𝜇𝑚 250 𝑛𝑚

𝑛𝑒𝑓𝑓 = 2.5 ~2 𝜇𝑚 𝑋~20

𝑄𝑟𝑎𝑑 106 𝑛𝑒𝑓𝑓 = 1.5
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~3.5 𝜇𝑚 𝑋~21 𝑄𝑟𝑎𝑑

102

𝑛𝑒𝑓𝑓

𝑄𝑟𝑎𝑑

TE mode

Q
ra
d

Q
ra
d

 orm  i ed r di s

 orm  i ed r di s

TM mode
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42  Deeper insight on optical losses in GaP/Si microdisk 

 

𝑍

(𝑋𝑝)

𝑹,𝝋, 𝒁

𝒏 𝒏 ±𝚫𝑹(𝑿𝒑)

𝑅 𝑋p

 

  

𝜑

 

𝑆𝑐
+∆R (𝑋𝑝)

−∆R (𝑋𝑝)

𝑛1

𝑛2
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( ) (𝑆𝑐)

𝐶(𝑋𝑝) =  2𝑒
−𝜋(

𝑋𝑝
𝑆c

)
2

𝐶(0) =  2 𝑆𝑐 √𝜋/4 n 2 = 1.064

𝐿

𝑒𝑥𝑝(−𝛼𝐿)

𝑄𝑅 =
𝑛𝑒𝑓𝑓.𝑔𝑟𝑝𝑘

𝛼𝑅

 𝛼𝑅

𝑑 𝜆

𝑸𝒓𝒂𝒅 𝑸𝑹

𝝀 =  . 𝟓𝟓 µ𝒎 𝒅 =  𝟎𝟎 𝒏𝒎 𝒏 =  𝑺 =  𝟓 𝒏𝒎
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44  Deeper insight on optical losses in GaP/Si microdisk 

𝑄𝑅
𝑇𝐸/𝑇𝑀

=
1

16𝜋3

3𝑚 (1 −
1
𝑛2
)
2

𝜉2ℓcΓ𝑧𝛿

𝜉 = 𝑛1 /𝜆

ℓc = 𝑛1𝑆c/𝜆 Γ𝑧

𝛿 = 𝑑/𝜆 𝑚 𝑄𝑅

𝑄𝑟𝑎𝑑

𝑄𝑟𝑎𝑑 𝑄𝑅

𝑄𝑟𝑎𝑑

𝑄𝑅

 

2 %

10 %

(a) (b)
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𝛼𝐴𝑃𝐷

𝑄𝐴𝑃𝐷 =
𝑛𝑒𝑓𝑓.𝑔𝑟𝑝𝑘

𝛼𝐴𝑃𝐷

4̅

4̅
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1.4 − 3 µ𝑚 0.75 − 1.4 µ𝑚
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48  Evanescent field coupling techniques 

(a) (b) (c)

Resonator Resonator Resonator

Dimpled fiber 

taper

GaP

Si
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𝟖 µ𝒎

𝟖𝟎 µ𝒎 𝑺𝒊 𝑵𝟒

 𝟓 µ𝒎

(a) (b)

(c) (d)
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[
𝐽𝑚
′ (𝑇)

𝑇𝐽𝑚(𝑇)
+

𝐾𝑚
′ (𝑆)

𝑆𝐾𝑚(𝑆)
] [

𝐽𝑚
′ (𝑇)

𝑇𝐽𝑚(𝑇)
+

1

𝑛𝑐𝑜

𝐾𝑚
′ (𝑆)

𝑆𝐾𝑚(𝑆)
] = (

𝑚𝛽

𝑘𝑛𝑐𝑜
)
2

(
𝑉

𝑇𝑆
)
4

𝑇 = (d/2)(𝑘2𝑛𝑐𝑜
2 −𝛽2)1/2 𝑆 = (d/2)(𝛽2 − 𝑛𝑐𝑙

2𝑘2)1/2 𝑉 =

(2π/λ)(d/2)(𝑛𝑐𝑜
2 − 𝑛𝑐𝑙

2)1/2 𝐽𝑚 𝐾𝑚
𝑚

𝑑/2 𝛽

𝑘

𝑛𝑐𝑜 𝑛𝑐𝑙 𝜆

𝑉

𝑉

𝛽

𝑚
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𝑚

TE0𝑗 TM0𝑗 𝑚 = 0 HE𝑚𝑗 EH𝑚𝑗 𝑚 > 0

𝑗 𝐻𝐸11

𝑛𝑐𝑜 − 𝑛𝑐𝑙 ≪

1 𝑛𝑐𝑜 ≈ 𝑛𝑐𝑙
𝛽

𝐻𝐸𝑚+1,𝑗 𝐸𝐻𝑚−1,𝑗

𝐿𝑃𝑚𝑗

𝐻𝐸11 𝐿𝑃01

β

𝑛𝑒𝑓𝑓 = 𝛽/𝑘

𝑉 < 𝑉0 = 2.405

𝑉0
𝑑𝑐

𝑯𝑬  

𝑹

 
𝒛

(a
.u

.)

 

          d = 1µm
  d = 0.5µm
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𝑑𝑐 =
2.405𝜆

𝜋√𝑛𝑐𝑜2 − 𝑛𝑐𝑙
2
  

𝜆 = 1.55 µ𝑚

𝑛𝑐𝑜 = 1.45 𝑛𝑐𝑙 = 1 𝑑𝑐 < 1.145 µ𝑚

𝑑𝑐
𝐻𝐸11

𝑑𝑐
𝑑𝑐 ~ 𝑉2

𝑛𝑒𝑓𝑓~𝑛𝑐𝑜 𝑛𝑒𝑓𝑓 𝑛𝑐𝑙

𝑑𝑐

𝑑𝑐 ~0.570 µ𝑚

𝜆 = 0.78 µ𝑚

𝑑𝑐

𝐻𝐸11

𝐻𝐸11
𝐻𝐸11

𝑆𝑧
𝑅 𝑅

𝑟 𝑑/2 𝑅 = 1

ϕ 𝒛

x

y

z
r

 

𝒅/ 

𝒏  

𝒏  
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𝜂𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 = 1 − (
∫  
𝜋

−𝜋
∫  
+∞

𝑑/2
𝑟𝑆𝑧𝑑𝜙𝑑𝑟

∫  
𝜋

−𝜋
∫  
+∞

0
𝑟𝑆𝑧𝑑𝜙𝑑𝑟

)

𝜂𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟
1.55 µ𝑚 20 %

𝑑𝑐~1 µ𝑚

 

𝑑0
𝑛𝑐𝑙 = 1

 
𝐞
 
 𝐞
  
 
 

  (µ𝐦)
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𝐻𝐸11 𝐿𝑃01

𝛺(𝑧)

Ω( ) =
d

2
( ) ×

(𝛽1( ) − 𝛽2(𝑧))

2𝜋

𝛽1(𝑧) 𝛽2(𝑧) 

(𝑑/2)(𝑧)

𝐻𝐸11
𝐿𝑃01

𝐻𝐸1j 𝐿𝑃0j

𝐻𝐸12 𝐿𝑃02

𝐿𝑃11

𝒁 𝜴(𝒛)

𝒅/ (𝒛) 𝒁 ≈ 𝒅/ (𝒛)/𝜴(𝒛) 𝜴(𝒛) ≪  
𝒛

Unstretched
fiber

Unstretched
fiber

Transition
region

Transition
region

Taper waist

𝑑0

𝑑

2

𝒁 

𝛺

 

x
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≥104)

μ

880 88 × 10

500 𝜇𝑚 50 𝜇𝑚

 

5 𝑐𝑚

50 𝑚𝑚

1 𝑚𝑊

1550 𝑛𝑚
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5 𝑚𝑚

1200 °𝐶

1100 °𝐶 1700 °𝐶

0.3 𝑚𝑚/𝑠

(~20 𝑠) 1 𝑚𝑚/𝑠

𝑑𝑐
1550 𝑛𝑚

> 50 %

80 − 95 %

Flame

TS

FH

Fiber

SERVOSERVO

FH

TS

PC

Oscilloscope

PDFC FC 

TS
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𝑑0 𝐿

𝑡 𝑣

𝑑 = 𝑑0𝑒
−
𝑣𝑡
𝐿

𝟒𝟗 𝒔

 
 
 𝐦

 
  
 𝐞
 
  
  
𝐧
 𝐦

  
  
 
𝐧

𝐏    𝐧    𝐦𝐞( )

𝟒𝟔 𝟒 𝟒𝟖 𝟒𝟗 𝟓𝟎

𝟎. 𝟎

𝟎.  

𝟎. 𝟒

𝟎. 𝟔

𝟎. 𝟖

 . 𝟎
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𝑉0 = 2.405

𝑛𝑐𝑜 = 1.45

𝑑𝑐 = 1.130 µ𝑚
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𝜆 = 1.55 µ𝑚 37.53 𝑠

𝑑𝑐
0.565 µ𝑚 𝜆 = 0.775 µ𝑚

41.00 𝑠

𝐻𝐸11
0.565 µ𝑚

1

1.130 µ𝑚

 

>

80 %

 ~5 𝑐𝑚

3 𝑐𝑚

MT

Mold

Fiber
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125 𝜇𝑚

 

FH FH

Mold

MT

Fiber

TS TS

FH FH

Flame

Fiber

PD
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1.5 − 1.6 µ𝑚

750 − 800 𝑛𝑚

2 − 3.5 µ𝑚

 

4̅
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50 ×

50 𝑛𝑚

0.2 𝑛𝑚

1 𝑚𝑊 (< 200 𝑘𝐻𝑧)

1510 − 1583 𝑛𝑚

8.1 𝑝𝑚

OSA

PM

TL PC

MS

FCFC

C

C

BS

Microdisk
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130 𝑛𝑚

250 𝑛𝑚

  𝝁𝒎

Nano precision cube

Sample support

Dimpled fiber taper U-support

Microscope objective
Dimpled fiber taper

Micro precision linear stage
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104

103

130 𝑛𝑚

𝑛𝑒𝑓𝑓 = 2 104 − 105

2 µ𝑚

10000

𝑝 = 1

𝟒. 𝟓 µ𝒎
  µ𝒎  . 𝟓 µ𝒎
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1

𝑞 = 1 1550 𝑛𝑚

270 𝑛𝑚 250 𝑛𝑚

𝑄𝑟𝑎𝑑 102

106 2 µ𝑚

1 µ𝑚

𝑝 = 2 𝑚 =

20 1579 𝑛𝑚

𝑝 = 2

𝑝 = 1

𝒑 =  𝒑 =  
𝒑 =  
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~ 1.8 µ𝑚

𝑝 = 2

𝑝 = 3

1544.48 𝑛𝑚 ~1.1 𝑛𝑚

1550.88 𝑛𝑚
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63 𝑛𝑚

32 𝑛𝑚

0.95 ± 0.01
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2 µ𝑚

∆𝜆

𝛿𝜆𝑙 𝛿𝜆𝑟
𝑄𝑙 = 11338

𝑄𝑟 = 16353 𝛿𝜆𝑙 = 139 𝑝𝑚 𝛿𝜆𝑟 = 96 𝑝𝑚

Qβ)

Qβ =
𝜆

∆𝜆

𝜆 Qβ = 7510

∆𝜆 = 210 𝑝𝑚 Qβ
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775 𝑛𝑚 𝑑𝑐 = 0.565 µ𝑚

3 1 𝑛𝑚 0.2 𝑛𝑚 0.07 𝑛𝑚

1 𝑛𝑚

 

2 µ𝑚

3

OSA

PM

BS

PC MS

FCFC

CMicrodisk
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2 − 2.25 µ𝑚 0.07 𝑛𝑚

102 − 103 3600

2.25 µ𝑚

 𝛌  𝐦 𝐐  𝐦 𝐦  𝐦 𝛌 𝐇𝐆 𝐐 𝐇𝐆 𝐅𝐖𝐇𝐌 ∆ ∆𝐧  𝐦

𝛌  𝐦 (𝒏𝒎)

𝐐  𝐦 

𝐦  𝐦 𝝀𝑺𝑯𝑮(𝒏𝒎)

𝑸𝑺𝑯𝑮

(𝝀𝒑 −

 𝝀𝑺𝑯) ±𝜟(𝒏𝒎) (|𝜟|/

𝑭 𝑯𝑴) ∆𝒏 𝒓𝒎
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0.58 0.34 𝑛𝑚

1400 2300

  µ𝒎
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(ℒ𝑐)

90 ± 5 𝑛𝑚 250 ± 60 𝑛𝑚

(𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛) 0.3

65 % +1

35 % −1

𝑃𝐴𝑃𝐷,𝑚𝑒𝑎𝑛

0.3

90 𝑛𝑚

10−3 m −1 𝑄𝑖 = 𝑄𝑐𝑝𝑙 = 104

 

37

2 − 3.5 µ𝑚 1.6 × 104
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59 𝑝 = 1

(Q < Q

(𝑄̅)

8 × 103

25 − 75 %

𝑄𝑟𝑎𝑑
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𝑄𝑆, 𝑄𝑟𝑎𝑑, 𝑄𝑅 𝑄𝐴𝑃𝐷

𝑄𝑆
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𝑋𝑝 = 𝑅𝜑

𝑅 𝜑

5 𝑛𝑚

𝑄𝑅

3 × 104

1.57 µ𝑚

𝑆𝑐,𝑠ℎ𝑜𝑟𝑡 = 70 ± 5 𝑛𝑚
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𝑆𝑐,𝑙𝑜𝑛𝑔 = 650 ± 50 𝑛𝑚

 𝑠ℎ𝑜𝑟𝑡 =  𝑙𝑜𝑛𝑔 = 5 𝑛𝑚

 𝑐𝑜𝑚𝑏 7 𝑛𝑚 5 −

7 𝑛𝑚 5 𝑛𝑚

7 𝑛𝑚 30 𝑛𝑚

𝑄𝑅 𝑆𝑐

2 µ𝑚

 = 5 𝑛𝑚

𝑄𝑅

105 104

105
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104 𝑄𝑅 𝑆𝑐,𝑙𝑜𝑛𝑔

100 − 150 𝑛𝑚

 

𝑸𝑹 𝑺 
𝑸𝒊

𝑸̅ 𝑸𝒊

𝜶𝑨𝑷𝑫 =  . 𝟓  𝒎− 
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8 × 103

0.7 𝑒𝑉

1.55 µ𝑚 0.8 𝑒𝑉

𝜀

0.1

~1.7 𝑒𝑉 717 𝑛𝑚

~2.5 𝑒𝑉 497 𝑛𝑚

1.55 µ𝑚

𝛼𝐴𝑃𝐷 = 2𝜋 × 𝐼𝑚(𝜀)/𝜆𝑛𝑒𝑓𝑓.𝑔𝑟𝑝 1 𝑐𝑚−1

8000 𝑚𝑚−1

𝑄𝑖

𝛼𝐴𝑃𝐷

𝜞
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1

𝑄𝑖
=

1

𝑄𝑟𝑎𝑑
+

1

𝑄𝑅
+

𝛼𝐴𝑃𝐷
𝑛𝑒𝑓𝑓.𝑔𝑟𝑝𝑘

𝛼𝐴𝑃𝐷 ~2.5 ± 0.2 𝑐𝑚−1

𝑄̅ 𝑄𝑖 𝑆𝑐,𝑙𝑜𝑛𝑔

10𝛼𝐴𝑃𝐷/  n 10) 10 ± 1 𝑑𝐵 𝑐𝑚−1

𝑄𝑖 4.5 × 104

104

𝑄𝑟𝑎𝑑 > 106

𝑄𝑠~10
6

 = 1 𝑛𝑚 𝑆𝑐 =
75 𝑛𝑚

𝑄𝑅~10
4

− 105

𝑆𝑐,𝑠ℎ𝑜𝑟𝑡 = 70 𝑛𝑚 𝑆𝑐,𝑙𝑜𝑛𝑔 =

650 𝑛𝑚  𝑐𝑜𝑚𝑏 = 7 𝑛𝑚

𝑄𝐴𝑃𝐷~10
4

𝛼𝐴𝑃𝐷 = 2.5 𝑐𝑚−1

= 8000 𝑚𝑚−1
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𝑘𝑒𝑐 = 𝐼𝑚(𝜀)/2𝑛𝑒𝑓𝑓.𝑔𝑟𝑝  550

2 𝛼𝐴𝑃𝐷 = 4𝜋𝑘𝑒𝑐/𝜆

0.775 µ𝑚 1100 1.55 µ𝑚

𝑄𝑆𝑡 775 𝑛𝑚 1100

1.55 µ𝑚 𝑄𝑆𝑡(775 𝑛𝑚) = 250

~103
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Titre : Caractérisation linéaire et non linéaire de microdisques GaP monolithiquement intégrés sur 
substrats Si et GaP 

Mots clés : Microrésonateurs GaP, photonique intégrée III-V, photonique silicium, domaines 
antiphase, pertes GaP/Si, SHG 

Résumé : Cette thèse porte sur la 
caractérisation linéaire et non linéaire de 
microdisques de GaP intégrés sur substrats Si 
et GaP. Nos mesures de transmission optique 
dans les bandes SWIR et NIR démontrent que 
ces structures sont adaptées à l’étude de 
processus nonlinéaires tel que la génération de 
seconde harmonique (SHG). L'analyse 
statistique des facteurs de qualité permet 
d’identifier diverses pertes optiques affectant les 
microdisques GaP/Si à polarité cristalline 
aléatoire. Si la contribution principale aux pertes 
optiques reste la rugosité latérale des disques, 
une contribution non-négligeable provient de 
l’absorption par les parois d’antiphases (APBs) 
générées dans le GaP lorsqu’il est épitaxié sur 
Si, limitant le facteur de qualité de ces dispositifs 
à quelques dizaines de milliers. 

Concernant les expériences d’optique non 
linéaire, un processus SHG basé sur un quasi-
accord de phase strict est démontré pour la 
première fois, dans les microdisques GaP/GaP. 
Nous démontrons ainsi que, malgré les 
facteurs de qualités modestes de nos 
structures, l’optimisation des processus 
nonlinéaires dans les microdisques III-V est 
encore possible via la sélection rigoureuse du 
processus d’accord de phase. Dans le cas des 
des microdisques GaP/Si présentant un 
polarité cristalline aléatoire, la réponse 
nonlinéaire montre un comportement 
prometteur d’up-conversion à haute puissance, 
même s’il est difficile à ce stade de confirmer le 
processus en jeu. 

 

Title : Linear and nonlinear characterization of monolithically integrated GaP microdisks on Si and 
GaP substrates 

Keywords : GaP microresonators, III-V integrated photonics, silicon photonics, antiphase domains, 
GaP/Si loss, SHG 

Abstract : This thesis investigates the linear 
and nonlinear characterization of monolithically 
integrated suspended GaP microdisks on Si and 
GaP substrates. In the linear studies, 
transmission measurements in the SWIR and 
NIR bands found microdisks suitable for the 
second harmonic generation (SHG). The 
statistical analysis of quality factors measured in 
the SWIR band identifies various optical losses 
affecting GaP/Si microdisks with random crystal 
polarity. If the main loss contribution still remains 
sidewall roughness scattering, the absorption by 
antiphase boundaries (APBs) in the GaP layer is 
found to be non-negligible, with limit quality 
factors between 10 000 and 100 000. 

In the nonlinear optics experiments, a strict 
quasi-phase-matching based SHG process is 
demonstrated for the first time, in GaP/GaP 
microdisks for a pump in the telecom 
wavelength. Despite  the modest quality factors 
of our structures, we thus demonstrate that 
optimization of the nonlinear conversion 
efficiency in III-V microdisks is still possible 
through the careful selection of the phase 
matching scheme at play in the nonlinear 
process. The nonlinear response of GaP/Si 
microdisks with random crystal polarity 
indicates promising nonlinear behavior towards 
high power frequency upconversion, despite 
the uncertainty on the process at play. 

 


