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10 

 



11 



12 



13 



14 

(𝑅 − 𝑁𝐻2)

(𝑃𝑅3) (𝑂 = 𝑃𝑅3)

(𝑅 − 𝐶𝑂𝑂−) (𝑅 −

𝑆−) 𝐶𝑙− 𝑆2
−  𝑆𝑛𝑆4

4−



15 

𝑀(𝐶𝑂𝑂𝑅)2 𝑀𝐶𝑙2)

 



16 

 

Γ

±
± Γ

Δ
±



17 

𝑈(𝒓) = 𝑈(𝒓 + 𝑹)

(
−ℏ2 𝛻2

2𝑚
+ 𝑈(𝑟))𝜓(𝑟) = 𝐸 𝜓(𝑟) 

ψ(𝐫)

𝜓(𝑟) = 𝜙(𝑟) 𝑢(𝑟) 

𝑢(𝐫)

𝜙(𝐫)

𝜙(𝐫) = 𝑒𝑖𝒌∙𝒓

𝑚∗

(
−ℏ2 𝛻2

2𝑚∗
+ 𝑉(𝑟))𝜙(𝑟) = 𝐸 𝜙(𝑟) 

𝑉(𝒓)



18 

𝑉(𝑟) = {
0, 𝑟 ≤ 𝑎
∞, 𝑟 ≥ 𝑎

 

𝑉𝐶𝑆(𝑟) = {
0, 𝑟 ≤ 𝑎
∆𝑉, 𝑎 < 𝑟 ≤ 𝑎 + 𝑡
∞, 𝑟 > 𝑎 + 𝑡

 

𝜙𝑛,𝑙,𝑚(𝑟, 𝜃, 𝜑) = 𝑅𝑛𝑙(𝑟)𝑌𝑙
𝑚(𝜃, 𝜑) 

𝑌𝑙
𝑚(𝜃, 𝜑)

𝑅𝑛𝑙(𝑟) =
𝐶

𝑟
𝑗𝑙(𝑘𝑛,𝑙, 𝑟)

𝐸𝑛,𝑙 =
ℏ2𝛼𝑛,𝑙

2

2𝑀𝑎2
 

𝛼𝑛,𝑙
2

𝐸𝑛,𝑙 ∝ 𝑎
−2



19 

 

𝐷𝑂𝑆(𝐸)𝐵𝑢𝑙𝑘 ∝ (𝐸 − 𝐸𝐶𝐵)
1/2

3𝐷 𝐶𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡
⇒            𝐷𝑂𝑆(𝐸)𝑄𝐷 ∝ 𝛿(𝐸 − 𝐸𝑛,𝑙)

  

𝑉(𝒓) =

𝑉(𝑥, 𝑦) 𝐷𝑂𝑆(𝐸)𝑄𝑊𝑖𝑟𝑒 ∝ (𝐸 − 𝐸𝑐)
−1/2

𝑉(𝒓) = 𝑉(𝑥)



20 

𝑎𝑒𝑥𝑐

𝑎𝑒𝑥𝑐 = 𝜖
𝑚

𝑚𝑒
𝑎𝐵 

𝜖 𝑎𝐵

𝑎𝐵

 𝑎𝑒𝑥𝑐 > 𝑎 > 𝑎𝑒 , 𝑎ℎ

 𝑎𝑒 , 𝑎𝑒𝑥𝑐 > 𝑎 > 𝑎ℎ

 𝑎𝑒 , 𝑎𝑒𝑥𝑐 , 𝑎ℎ > 𝑎

𝑎𝑒 , 𝑎ℎ

(𝑎𝑒𝑥𝑐 = 5.6𝑛𝑚)

(∝ 𝑎−2)

(∝ 𝑎−1)



21 

(−
ℏ2𝛻𝑒

2

2𝑚𝑒
∗ −

ℏ2𝛻ℎ
2

2𝑚ℎ
∗ + 𝑉(𝑟𝑒) + 𝑉(𝑟ℎ) −

𝑒2

𝜖|𝑟𝑒 − 𝑟ℎ|
)𝛹𝑋(𝑟𝑒 , 𝑟ℎ) = 𝐸𝛹𝑋(𝑟𝑒 , 𝑟ℎ) 

𝛹𝑋(𝑟𝑒 , 𝑟ℎ) =  𝜓𝑒(𝑟𝑒)𝜓ℎ(𝑟ℎ) 

𝐸𝑛𝑒,𝑙𝑒,𝑛ℎ,𝑙ℎ =
ℏ2

2𝑎2
(
𝛼𝑛𝑒,𝑙𝑒
2

𝑚𝑒∗
+
𝛼𝑛ℎ,𝑙ℎ
2

𝑚ℎ
∗ ) − 𝐶

𝑒2

𝑎𝜖
 

∝

|⟨𝜓𝑒|𝛆 ∙ �̂�|𝜓ℎ⟩|



22 



23 

|⟨Ψ𝐗|𝛆 ∙ �̂�|0⟩|
2

𝑙𝑒 = 0

𝑙ℎ = 1

𝐿𝑒 = 𝐿ℎ = 0 𝐹 =

 𝐹𝑒 + 𝐹ℎ  = (𝑙ℎ +  𝑠 + 𝐿ℎ )  +  (𝑙𝑒  +  𝑠 + 𝐿𝑒 )  =  2

1𝑆1 2⁄  1𝑆3 2⁄ 𝑛𝑒𝐿𝑒𝐹𝑒
𝑛ℎ𝐿ℎ𝐹ℎ



24 

 

𝑘𝑟 =
2𝜋

ℏ
|𝑉|2 𝜌 

|𝑉|2 = |⟨Ψ𝐗|𝛆 ∙ �̂�|0⟩|
2 𝜌

𝑘𝑟 ∝ |𝑓𝐿𝐹|
2𝑓 

𝑓𝐿𝐹

 



25 

 



26 

 



27 

 



28 



29 



30 



31 





33 



34 

 

 

 



35 

𝑃𝐿𝑄𝑌 =
𝜙𝑒𝑚

𝜙𝑎𝑏𝑠
≈

𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
. 

𝑃𝐿𝑄𝑌𝑥 = 𝑃𝐿𝑄𝑌𝑟𝑒𝑓 (
𝐴𝑟𝑒𝑓(𝜆𝑟𝑒𝑓)

𝐴𝑥(𝜆𝑥)
)(
𝐼(𝜆𝑟𝑒𝑓)

𝐼(𝜆𝑥)
)(

𝐸𝑥
𝐸𝑟𝑒𝑓

)(
𝑛𝑥
𝑛𝑟𝑒𝑓

)

2

 



36 

 
 
 
 
 

 



37 

𝐏(𝟑)(𝑡)  =  χ(3) 𝐄𝟑(𝑡)

𝐏(𝟑)

𝜟𝑨 = 𝑨∗ −𝑨 



38 

𝐴∗ 𝐴

𝐴 = −𝑙𝑜𝑔10 𝑇

α 𝑇 = 𝑒−𝛼𝐿

𝛼 =∑𝜎𝑘,𝑙(𝜆)

𝑘,𝑙

(𝑁𝑘 − 𝑁𝑙) 

𝑁𝑘 𝑁𝑙 𝜎𝑘,𝑙

𝑁𝑚

𝑁𝑚
∗ (𝑡) = 𝑁𝑚

 + 𝛥𝑁(𝑡). 

𝜏

∆𝐴(𝜆, 𝜏)

= −𝑙𝑜𝑔 (
∫ 𝐼𝑝𝑟𝑜𝑏𝑒(𝜆, 𝑡 − 𝜏) 𝑒𝑥𝑝(−∑ 𝜎𝑚,𝑙(𝜆)𝑚,𝑙 ∆𝑁𝑚(𝑡)𝐿)

 𝑑𝑡

∫ 𝐼𝑝𝑟𝑜𝑏𝑒(𝜆, 𝑡) 𝑑𝑡
) 

𝐼𝑝𝑟𝑜𝑏𝑒(𝑡)



39 

∆𝐴(𝜆, 𝜏) =
1

2.3
∑𝜎𝑚,𝑙(𝜆)

𝑚,𝑙

∆𝑁𝑚(𝑡)𝐿⨂ 𝑓𝑝𝑟𝑜𝑏𝑒 

𝑓𝑝𝑟𝑜𝑏𝑒

∆𝑁𝑚(𝑡)

 

∆𝐴

∆𝐴



40 

∆𝐴(𝜏)

∆𝐴(𝜆, 𝜏)

∆𝐴(𝜆)

|0⟩
 
⇒  |1𝑆⟩

∆𝐴(𝜆)

∆𝐴(𝜆)

~



41 

 

~



42 



43 

(휀 = 3.1𝑒𝑉) 𝑗 =
𝐸𝑝/𝜀

𝜋(𝑤/2)2
 

〈𝑁〉 = 𝑗 [
𝑝ℎ

𝑐𝑚2
] ∙ 𝜎[𝑐𝑚2] 

𝜎

𝑃(𝑁) = ⟨𝑁⟩𝑁
𝑒−⟨𝑁⟩

𝑁!
 

〈𝑁〉 = 1





45 

 

 
 
 
 



46 

𝐷(𝑛𝑚) = 59.608 − 0.5473𝜆 + 1.887 ∙ 10−3𝜆2 − 2.857 ∙ 10−6𝜆3

+ 1.629 ∙ 10−9𝜆4 

𝜆



47 

 



48 



49 



50 



51 





53 



54 

 

 

 



55 

(𝜌𝑋) (𝜌𝑖)

{
 
 

 
 𝑑𝜌𝑋

(𝑡)

𝑑𝑡
=∑(

𝑖

𝑣𝑑𝑡,𝑖𝜌𝑖(𝑡) − (𝑣𝑡,𝑖 + 𝑘𝑁𝑅 + 𝑘𝑅)𝜌𝑋(𝑡))

𝑑𝜌𝑖(𝑡)

𝑑𝑡
= 𝑣𝑡,𝑖𝜌𝑋(𝑡) − 𝑣𝑑𝑡,𝑖𝜌𝑖(𝑡)                                    

 

𝑣𝑡,𝑖(𝑣𝑑𝑡,𝑖)

𝑘𝑅 𝑘𝑁𝑅

I(t)

𝜒 = ∫ (𝐼(𝑡) − 𝐶 ∗ 𝑘𝑅𝜌𝑋([𝑘𝑅 , 𝑣𝑡,𝑖, 𝑣𝑑𝑡,𝑖], 𝑡))
2

𝑑𝑡
𝑡

0
, 



56 

 

𝑘𝑅

𝑘𝑅

𝑘𝑅



57 

𝑋 + 𝑁 

𝑘𝑡
→
←
𝑘𝑑𝑡

 𝑐. 

 

(k )t

(k )dt

{
  
 

  
 
𝑑𝜌𝑋
𝑑𝑡

=∑(

𝑖

− 𝑘𝑡,𝑖𝜌𝑋𝜌𝑁,𝑖 + 𝑘𝑑𝑡,𝑖𝜌𝐶) − (𝑘𝑅 + 𝑘𝑁𝑅)𝜌𝑋

𝑑𝜌𝑁,𝑖
𝑑𝑡

= −𝑘𝑡,𝑖𝜌𝑋𝜌𝑁,𝑖 + 𝑘𝑑𝑡,𝑖𝜌𝐶,𝑖                                            

𝑑𝜌𝑐,𝑖
𝑑𝑡

= 𝑘𝑡,𝑖𝜌𝑋𝜌𝑁,𝑖 − 𝑘𝑑𝑡,𝑖𝜌𝐶,𝑖                                              

 

. 

 

𝜌𝑋

𝜌𝑁

𝜌𝑐



58 

 



59 

 



60 



61 

 

ϕ~1 − 2 ∙

1016 [
ph

s∙cm2
] σ ~ 2 − 11 ∙  10−15 [cm2]

~100

D =

kBT

6πηRh
= 1.8 × 10−6  

cm2

s



62 

l1 = 0.12cm

τD = 5 × 10
2s

{
  
 

  
 
𝑑𝜌𝑋
𝑑𝑡

=∑(

𝑖

− 𝑘𝑡,𝑖𝜌𝑋𝜌𝑁,𝑖 + 𝑘𝑑𝑡,𝑖𝜌𝐶) − (𝑘𝑅 + 𝑘𝑁𝑅)𝜌𝑋

𝑑𝜌𝑁,𝑖
𝑑𝑡

= −𝑘𝑡,𝑖𝜌𝑋𝜌𝑁,𝑖 + 𝑘𝑑𝑡,𝑖𝜌𝐶,𝑖                                            

𝑑𝜌𝑐,𝑖
𝑑𝑡

= 𝑘𝑡,𝑖𝜌𝑋𝜌𝑁,𝑖 − 𝑘𝑑𝑡,𝑖𝜌𝐶,𝑖                                              

 



63 

𝑣𝑡 = 𝑘𝑡𝜌𝑥𝜌𝑁 = 𝑣𝑑𝑡 = 𝑘𝑑𝑡𝜌𝑐. 

𝜌𝑋

𝑣𝑑𝑡

𝑣𝑡
∝
𝑘𝑑𝑡

𝑘𝑡
= 𝑅𝐷𝑇 . 



64 

 

 



65 



66 



67 

 



68 



69 

 



70 

 



71 



72 



73 



74 

 



75 



76 

 

〈𝑁〉 = 𝑗 ⋅ 𝜎 

〈𝑁〉 =

(0.8, 1.8, 3 𝑒 − ℎ)



77 

𝛥𝐴(𝜆) = −𝐺𝑆𝐵(𝜆) − 𝑆𝐸(𝜆) + 𝑃𝐼𝐴(𝜆) 

Δ𝑥𝑥

𝛥𝐴(𝜆) = −2𝐴(𝜆) + 𝐴(𝜆 +
ℎ𝑐

𝛥𝑥𝑥 
). 

|1𝑃 >



78 



79 

 

〈N〉 = σ ∙ j j [ph/cm2] σ [cm2]

𝑃(𝑁) =  − 〈𝑁〉𝑁𝑒−(〈𝑁〉)/𝑁!  

|∆A A⁄ |

|
∆𝐴

𝐴
|
𝑚𝑎𝑥

= 0.5 𝑃(1) + ∑𝑃(𝑖)

∞

𝑖=2

= 1 − 𝑒<𝑁>  (1 + 
< 𝑁 >

2
) 

|Δ𝐴 𝐴⁄ |𝑚𝑎𝑥 

 



80 

|Δ𝐴 𝐴⁄ |𝑚𝑎𝑥

σ

|∆A A⁄ |max 〈N〉

σ

σ

σ 〈N〉

σ

σ

σ ∙ j

|
∆𝐴

𝐴
|
𝑚𝑎𝑥

= 0.5 𝑃(1) + ∑𝑃(𝑖)

∞

𝑖=2

= 1 − 𝑒<𝑁>  (1 + 
< 𝑁 >

2
) 



81 



82 



83 



84 

 

𝑆𝑖(𝜆)

𝐼𝑖(𝑡) Δ𝐴(𝜆, 𝑡) =

∑ 𝑆𝑖(𝜆)⨂ 𝐼𝑖(𝑡)𝑖

𝑆𝑖(𝜆)



85 

Δ𝑥𝑥



86 

𝑅𝑥 =
Δ𝐴(𝑡=780𝑝𝑠)

Δ𝐴(𝑡=1𝑝𝑠)



87 

                

                



88 



89 

        



90 

 

∆A

(n)

𝒏 = −
1

𝜎𝑑
𝑙𝑛 (1 −

∆𝐴

𝐴
)

𝑇 = 𝐼 𝐼0⁄

𝛥𝑇

𝑇
=
𝑇𝑜𝑛 − 𝑇𝑜𝑓𝑓

𝑇𝑜𝑓𝑓
=
𝐼𝑜𝑛 − 𝐼𝑜𝑓𝑓

𝐼𝑜𝑓𝑓
 

𝐼𝑜𝑓𝑓 = 𝐼0𝑒
−𝜎0𝑁𝑑

𝐼𝑜𝑛 = 𝐼0𝑒
−[𝜎0(𝑁−𝑛)+𝜎𝑛]𝑑~𝐼0𝑒

−[𝜎0𝑁+𝜎𝑛]𝑑
 



91 

𝐼𝑜𝑛 − 𝐼𝑜𝑓𝑓

𝐼𝑜𝑓𝑓
= 𝑒−𝜎𝑛𝑑 − 1 =

𝛥𝑇

𝑇
 

 

𝑛 = −
1

𝜎𝑑
𝑙𝑛 (1 −

∆𝑇

𝑇
) 

 

𝐴 = − ln 𝑇

𝛥𝐴

𝐴
=
𝐴𝑜𝑛 − 𝐴𝑜𝑓𝑓

𝐴𝑜𝑓𝑓
 

 

𝐴𝑜𝑓𝑓 = 𝜎0𝑁𝑑

𝐴𝑜𝑛 = [𝜎0(𝑁 − 𝑛) + 𝜎𝑛]𝑑~[𝜎0𝑁 + 𝜎𝑛]𝑑
 

𝛥𝐴

𝐴
=
𝜎𝑛𝑑

𝜎0𝑁𝑑
 

𝑛 =
𝛥𝐴

𝜎𝑑
 

 



92 

𝑛(𝑡) =  
∆𝐴(𝑡)

𝜎1𝑆 𝑑
 

𝑑𝑛

𝑑𝑡
=  𝛼𝑛 +  𝛽𝑛2 + 𝛾𝑛3 + 𝛿𝑛4 +⋯   



93 

∆A1S ∝ 〈n1Se〉 

α

α



94 





96 

 

{
0 =∑(

𝑖

𝑣𝑑𝑡,𝑖𝜌𝑖(𝑡) − (𝑣𝑡,𝑖 + 𝑘𝑁𝑅 + 𝑘𝑅)𝜌𝑋(𝑡))

0 = 𝑣𝑡,𝑖𝜌𝑋(𝑡) − 𝑣𝑑𝑡,𝑖𝜌𝑖(𝑡)                                     

 

𝜌𝑖 =
𝑣𝑡,𝑖

𝑣𝑑𝑡,𝑖
𝜌𝑋

𝑘𝑁𝑅 =∑(𝑣𝑡,𝑖 − 𝑣𝑑𝑡,𝑖)

𝑖

 

 



97 

[∑(𝑣𝑡,𝑖 − 𝑣𝑑𝑡,𝑖)

𝑖

+ 𝑘𝑅] 𝜌𝑋 = 0 

𝑘𝑅 =∑(𝑣𝑑𝑡,𝑖 − 𝑣𝑡,𝑖)

𝑖

= −𝑘𝑁𝑅 

𝑃𝐿𝑄𝑌 =
𝑘𝑅

𝑘𝑅 + 𝑘𝑁𝑅

 
⇒ 𝑃𝐿𝑄𝑌

 
→∞

𝑃𝐿𝑄𝑌 =
𝑘𝑟

∑ 𝑘𝑖𝑖

𝜌𝑋 𝜌𝑖

[
𝜌�̇�
𝜌�̇�
] = [

−(𝑘𝑟 + 𝑘𝑛𝑟 + 𝑣𝑡) 𝑣𝑑𝑡
𝑣𝑡 −𝑣𝑑𝑡

] 

 

𝑃𝐿𝑄𝑌 =
𝑘𝑟  ∫ 𝜌𝑥(𝑡)𝑑𝑡

∞

0

𝜌𝑥(0)
 

 



98 

α

 



99 



100 

 



101 

 



102 



103 



104 



105 



106 

 



107 

 



108 



109 



110 

∆𝐴𝐵1 ∝ 〈𝑛𝑒〉



111 

 



112 



113 

  

                

 

    

    

    

 

        

        

    

 

        

        



114 



115 



116 

 

−∆𝐺 [~800 𝑚𝑒𝑉] > 𝜆[~400 𝑚𝑒𝑉]



117 



118 

𝑘𝐸𝐸𝑇 =
9000 (𝑙𝑛 10) 𝜅2 𝑄𝑌

128 𝜋5𝑛4 𝑁𝑎 𝜏𝑑𝑟6 
∫ 𝐹𝐷(𝜆)𝜖𝐴(𝜆) 𝜆

4 𝑑𝜆
∞

0

 

𝜏𝐷

𝑟−6

𝑘𝐸𝐸𝑇  (𝑁 − 18) = 1 ∙ 10
−5 𝑝𝑠−1

𝑘𝐸𝐸𝑇  (𝑆 − 3) = 3 ∙ 10
−5 𝑝𝑠−1 𝑘𝐸𝐸𝑇  (𝑆 − 18) = 3 ∙ 10

−6 𝑝𝑠−1
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𝑟𝑄𝐷 = 2.1𝑛𝑚 (𝑙𝑂𝐿𝐴 = 1.5𝑛𝑚, 𝑙𝑃𝑇 = 0.4𝑛𝑚)

(𝑑𝑃𝐶𝐵𝑀 = 1𝑛𝑚) 𝑟𝑜𝑢𝑡 = 𝑟𝑄𝐷 +

𝑙𝑂𝐿𝐴 +
𝑑𝑃𝐶𝐵𝑀

2
= 4.1𝑛𝑚 𝑟𝑜𝑢𝑡 = 𝑟𝑄𝐷 + 𝑙𝑃𝑇 +

𝑑𝑃𝐶𝐵𝑀
2
= 3𝑛𝑚

𝑆𝑜𝑢𝑡 = 4𝜋 𝑟𝑜𝑢𝑡
2

𝑆𝑃𝐶𝐵𝑀 = 𝜋 (
𝑑

2
)
2

𝑁𝑚𝑎𝑥,𝑂𝐿𝐴 = 270 𝑁𝑚𝑎𝑥,𝑃𝑇 = 144
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(𝐸𝑏)

𝐸𝑏 ∝
𝜇

휀2
 

 

(𝑘𝑏𝑇298𝐾~26𝑚𝑒𝑉)

𝐸𝑏 ≤ 𝑘𝑏𝑇298𝐾

𝐸𝑏 ≥ 𝑘𝑏𝑇298𝐾
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(∝ 𝑛2) (∝ 𝑛)
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140 
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142 
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τn

τn τ 
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-
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∆𝑁

𝑁
~
1

√𝑁
 

(1𝑓𝑙 = 1𝜇𝑚3)

𝑛𝑀 − 𝜇𝑀

𝛿𝐼(𝑡) 〈𝐼(𝑡)〉

𝛿𝐼(𝑡) = 𝐼(𝑡) − 〈𝐼(𝑡)〉

𝐺(𝜏) =
〈𝛿𝐼(𝑡) ∙ 𝛿𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
 

𝜏

𝛿𝐼(𝑡) =  𝛽 ∫𝐹(𝑟) ∙ 𝑆(𝑟) ∙ 𝛿(𝜎 ∙ 𝑃𝐿𝑄𝑌 ∙ 𝐶(𝑟, 𝑡))𝑑𝑟

 

𝑉

 

𝛽 F(r) S(r) 

𝛿(𝜎 ∙ 𝑄𝑌 ∙ 𝐶(𝒓, 𝑡))

𝜎
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𝐹(𝑟)

𝐹0
∙ 𝑆(𝑟) ~ 𝑊(𝑟) = 𝑒

−2
𝑥2+𝑦2

𝑟0
2
𝑒
−2
𝑧2

𝑧0
2
 

 

𝜂0 = 𝐹0 ∙ 𝛽 ∙ 𝑃𝐿𝑄𝑌 ∙ 𝜎

𝛿(𝜂 ∙ 𝐶(𝒓, 𝑡)) = 𝐶𝛿𝜂 + 𝜂𝛿𝐶 ~ 𝜂𝛿𝐶

𝐺(𝜏) =
∬𝑊(𝑟)𝑊(𝑟′)〈𝛿𝐶(𝑟, 0)𝛿𝐶(𝑟′, 𝜏)〉 𝑑𝑟𝑑𝑟′

(〈𝐶〉 ∫𝑊(𝑟)𝑑𝑟)2
 

〈𝛿𝐶(𝑟, 0) 𝛿𝐶(𝑟′, 𝜏)〉 = 〈𝐶〉
1

(4𝜋𝐷𝜏)−
3
2⁄
∙ 𝑒−

(𝑟−𝑟′)2

4𝐷𝜏  

𝑉𝑒𝑓𝑓 =
(∫𝑊(𝒓)𝑑𝒓)2 

∫𝑊2(𝒓)𝑑𝒓
= 𝜋

3

2 ∙ 𝑟0
2 ∙ 𝑧0 . 

𝐺(𝜏) =
1

𝑉𝑒𝑓𝑓 〈𝐶〉
∙
1

1+
𝜏

𝜏𝑑

∙
1

√1+(
𝑟0
𝑧0
)
2 𝜏

𝜏𝑑

. 

𝜏𝑑

𝜏𝑑 =
𝑟0
2

4𝐷
𝑉𝑒𝑓𝑓 〈𝐶〉 = 〈𝑁〉
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τcorr 

𝑅𝐻

𝑅𝐻 =
𝑘𝑏𝑇

6𝜋𝜂𝐷𝐷
 

𝜂𝐷

𝜏𝑑 𝑅𝐻
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𝑟0 𝑧0

𝛿𝜂 = 0

𝐺(𝜏)

𝐺(𝜏) = 𝐺𝑑𝑖𝑓𝑓(𝜏) ∙ 𝐺𝑝ℎ𝑒𝑛(𝜏) 

𝐺𝑝ℎ𝑒𝑛(𝜏)

 

8
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9

             𝐷𝑖
𝑟𝑜𝑡 = 

𝑘𝐵𝑇

𝑓𝑖
       (𝑖 = 𝑥, 𝑦, 𝑧) 

𝑓𝑥 =
16𝜋𝜂(𝑎𝑦

2 + 𝑎𝑧
2)

3(𝑎𝑦
2𝑄 + 𝑎𝑧

2𝑅)
𝑓𝑦 =

16𝜋𝜂(𝑎𝑥
2 + 𝑎𝑧

2)

3(𝑎𝑥
2𝑃 + 𝑎𝑧

2𝑅)
𝑓𝑧 =

16𝜋𝜂(𝑎𝑥
2 + 𝑎𝑦

2)

3(𝑎𝑥
2𝑃 + 𝑎𝑦

2𝑄)
 

ɳ 𝑎𝑖

𝑃 = ∫
𝑑𝑠

√(𝑎𝑥
2 + 𝑠)3(𝑎𝑦

2 + 𝑠)(𝑎𝑧
2 + 𝑠)

∞ 

0

𝑄 =  ∫
𝑑𝑠

√(𝑎𝑦
2 + 𝑠)3(𝑎𝑥

2 + 𝑠)(𝑎𝑧
2 + 𝑠)

∞ 

0

𝑅 = ∫
𝑑𝑠

√(𝑎𝑧
2 + 𝑠)3(𝑎𝑦

2 + 𝑠)(𝑎𝑥
2 + 𝑠)

∞ 

0

 

 𝐷0
𝑟𝑜𝑡 = 1 3⁄ ∑ 𝐷𝑖

𝑟𝑜𝑡3
𝑖=1

𝑅 = √
3𝑘𝐵𝑇

4𝑐 𝜂𝜋𝐷0
𝑟𝑜𝑡 

3

 

𝐷𝑡𝑟𝑎𝑠𝑙 =
𝑘𝐵𝑇

6 𝜋𝜂𝑅
 

 

𝐷𝑠𝑙𝑖𝑝
𝑡𝑟𝑎𝑠𝑙 = 672 𝜇𝑚2𝑠−1 𝐷𝑠𝑡𝑖𝑐𝑘

𝑡𝑟𝑎𝑠𝑙 = 513 𝜇𝑚2𝑠−1
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𝐷𝑠𝑡𝑖𝑐𝑘
𝑡𝑟𝑎𝑠𝑙

𝜏𝐷

𝑤0 = √4𝐷𝑠𝑡𝑖𝑐𝑘
𝑡𝑟𝑎𝑠𝑙𝜏𝐷

 

(100𝜇𝑚)
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152 

 



153 

μ

(𝐿 = 3.1 ± 0.4𝑛𝑚)

𝑎𝐵 = (2.1 − 2.5 𝑛𝑚)

ε
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𝐸𝑏𝑎𝑛𝑑 𝑒𝑑𝑔𝑒 = 𝐸𝑏𝑢𝑙𝑘 +
ℎ2

8𝑅2
⋅
1

𝜇
−

1.8𝑒2

4𝜋𝜖𝑃𝑆𝐾𝑅
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‐
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𝑅𝐻 = 4.9 ± 0.8 Å

𝑅𝐻 = 5.4 ± 0.7 Å



172 

 

 In order to demonstrate that such poor emission originates from bulkier carbon cores, 

FCS experiments were performed exciting the samples, Cit-CD and Arg.CD, at 488nm 

(CW Ar+ laser), using Alexa488 dye as standard, with reported hydrodynamics radius of 

0.58nm41  (Fig. 8.8).
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〈𝜏𝑋〉

〈𝜏𝑋〉

Γ𝑟 Γ𝑛𝑟

〈𝜏𝑥〉
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𝛤𝑟

𝛤𝑛𝑟,𝑖(𝑖 = 1, . . , 𝑛) 

𝛤𝑛𝑟,𝑖

𝜏𝑥𝑖 𝜏𝑥𝑖 =
 𝜏𝑟 ∙ 𝜏𝑛𝑟,𝑖

(𝜏𝑟 +𝜏𝑛𝑟,𝑖)
𝜏𝑟 = Γ𝑟

−1

τ𝑛𝑟𝑖 = Γ𝑛𝑟,𝑖
−1

𝐼𝑃𝐿(𝑡) = ∑ 𝐴𝑖
𝑛
𝑖=1 ⋅ 𝑒

−
𝑡

𝜏𝑥,𝑖 𝐴𝑖

𝑞𝑖 =
𝜏𝑥𝑖

𝜏𝑟 

𝑃𝐿𝑄𝑌 =∑ 𝑘𝑖𝑞𝑖
𝑛

𝑖=1
=
1

𝜏𝑟
∑ 𝑘𝑖𝜏𝑥𝑖

𝑛

𝑖=1
=
〈𝜏𝑥〉

𝜏𝑟
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𝑘𝑖 = (𝐴𝑖)
−1

𝜏𝑟 =
〈𝜏𝑥〉

𝑃𝐿𝑄𝑌
=
1

𝛤𝑟
 

Γ𝑟  

Γ𝑟

〈𝜏𝑥〉

Γ𝑟,𝑑𝑖𝑝 ∝ 𝐸𝑒𝑚|𝝁|
2 𝐸𝑒𝑚

|𝝁|

|𝝁|2 ∝
𝑚𝑜

2
𝐸𝑝 𝒌 ⋅ 𝒑

γ
Γ𝑟,𝑑𝑖𝑝 ∝   𝑓𝛾(𝑡)𝐸𝑔𝐸𝑝
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{
 
 

 
 𝑑𝜌𝑋

(𝑡)

𝑑𝑡
=∑(

𝑖

𝑣𝑑𝑡,𝑖𝜌𝑖(𝑡) − (𝑣𝑡,𝑖 + 𝛤𝑁𝑅 + 𝛤𝑅)𝜌𝑋(𝑡))

𝑑𝜌𝑖(𝑡)

𝑑𝑡
= 𝑣𝑡,𝑖𝜌𝑋(𝑡) − 𝑣𝑑𝑡,𝑖𝜌𝑖(𝑡)                                    

 

𝜌𝑋(𝑡) 𝜌𝑖(𝑡)

𝑣𝑡,𝑖(𝑣𝑑𝑡,𝑖)

𝜏𝑥,3
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189 

𝜌𝑥(𝑡), 𝜌1(𝑡), 𝜌2(𝑡)
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  Γ rad [MHz] υ t,1 [MHz] υ t,2 [MHz] υ dt,1 [MHz] υ dt,2 [MHz] PLQY R DT 
         

PD-20  46,3 15  85  65 ± 4 5,8 
PD-30  37,6 15  81  56 ± 4 5,6 
PD-40  14,2 12 7 36 10 41 ± 3 3,0 

PD-50  7,4 9 3 26 37 38 ± 3 2,7 

PD-60  4,0 10 5 24 10 23 ± 2 2,4 

         

  k1 k2 k3 τx,1 (ns) τx,2 (ns) τx,3 (ns) <τx> 
         

PD-20  65 35  9,9 21,9  14 
PD-30  50 50  8,7 21,3  15 
PD-40  32 63 5 10,6 31,5 118,2 29 

PD-50  54 41 5 16,0 42,3 120,0 52 
PD-60  14 58 28 9,1 40,7 126,3 60 
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192 

𝑅𝐷𝑇 =
𝑣𝑑𝑡1
𝑣𝑡1

𝑅𝐷𝑇
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~
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80
𝜇𝐽

𝑐𝑚2
@ 3.1𝑒𝑉

~

±
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𝜏𝑠 =

2 ± 0.5 𝑝𝑠 𝜏𝑠 = 3 ± 0.5 𝑝𝑠

𝜏𝑙 = 26 ± 3 𝑝𝑠



198 

 



199 



200 



201 



202 



203 



204 



205 



206 



207 



208 


