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𝜇

𝜈 𝐸

𝜈 = 𝜇𝐸



𝐽 𝑉

𝑉𝑏𝑖

 



𝐽 =
9

8
𝜀0𝜀𝑟𝜇

𝑉2

𝐿3

𝜀0 𝜀𝑟

𝜇 𝑉

𝐿

𝑉2 𝑉

𝐸~√𝑥 𝑝~
1

√𝑥



𝜇𝑃𝐹 = 𝜇(𝑇, 𝐸) = 𝜇0exp (−
Δ

𝑘𝐵𝑇
) exp(𝛾√𝐸)

𝜇0 Δ 𝑘𝐵

𝑇 𝛾



𝑊𝑖𝑗

𝑖 𝑗 𝜀𝑖 𝜀𝑗

𝑊𝑖𝑗 = 𝜈0 exp(−2𝛼𝑅𝑖𝑗) {
exp (−

𝜀𝑗 − 𝜀𝑖

𝑘𝐵𝑇
)

1

for 𝜀𝑗 > 𝜀𝑖

for 𝜀𝑗 < 𝜀𝑖

𝜈0 𝑅𝑖𝑗 𝑖

𝑗 𝛼 𝑘𝐵 𝑇

𝜌(𝜀)

𝜌(𝜀) =
1

√2𝜋𝜎
exp (

𝜀2

2𝜎2
)

𝜎 𝜀

–
𝜎2

𝑘𝐵𝑇



𝜇𝐺𝐷𝑀(𝑇, 𝐸) = 𝜇0 exp [− (
2

3
𝜎̂)

2

] × {
exp(𝐶(𝜎̂2 − Σ2)√𝐸) for Σ ≥ 1.5

exp(𝐶(𝜎̂2 − 2.25)√𝐸) for Σ ≤ 1.5

𝜎̂ ≡
𝜎

𝑘𝐵𝑇
𝐶 Σ

𝜎





𝑝

𝜇ℎ(𝑝, 𝑇) =  𝜇0 +
𝜎0

𝑒
(

(
𝑇0

𝑇 )
4

sin (𝜋
𝑇
𝑇0

)

(2𝛼)3𝐵𝑐
)

𝑇0/𝑇

𝑝
𝑇0
𝑇

−1

𝜇0 𝜎0

𝑇0

𝛼

𝐵𝑐



𝑎

𝜇(𝑇, 𝑝, 𝐸) ≈ 𝜇𝑝(𝑇, 𝑝)𝑓(𝑇, 𝐸) 

𝜇𝑝(𝑇, 𝑝) = 𝜇0(𝑇) [
1

2
(𝜎̂2 −  𝜎̂)(2𝑝𝑎3)𝛿] 

𝜇0(𝑇) = 𝜇0 [−0.42𝜎̂2] 

𝛿 ≡ 2 
ln(𝜎̂2 −  𝜎̂) − ln(ln(4))

𝜎̂2
 

𝑓(𝑇, 𝐸) = exp {0.44 (𝜎̂
3
2 − 2.2) [√1 + 0.8 (

𝐸𝑒𝑎

𝜎
)

2

− 1]} 

𝜇0 𝜎̂ =
𝜎

𝑘𝑇
𝑝 𝑎

𝑒



𝜇0 = 11000 m²/Vs 𝑎 = 1.6 nm

𝜎 = 0.14 eV 𝜇0(295 K) =

5.81 × 10−11m2/Vs

ln 𝜇  ~
1

𝑇2

𝜇ℎ = 𝜇0 exp (−
Δ

𝑘𝐵𝑇
)

Δ

𝑝 = 0 𝑝 = 1 × 1021m−3

1/𝑇2

1/𝑇



 



𝑛𝑡(𝜀) = (
𝑁𝑡

𝑘𝐵𝑇𝑡
) exp (

𝜀 − 𝜀𝑐

𝑘𝐵𝑇𝑡
)  

𝑛𝑡(𝜀) 𝜀 𝑁𝑡

𝑘𝐵𝑇𝑡 𝜀𝑐

𝐽 = 𝑁𝑐𝑒 𝜇 (
𝜀0𝜀𝑟

𝑒𝑁𝑡
)

𝑟+1

(
2𝑟 + 1

𝑟 + 1
)

𝑟+1

(
𝑟

𝑟 + 1
)

𝑟 𝑉𝑟+1

𝐿2𝑟+1
 

𝑁𝑐 𝑟 = 𝑇𝑡/𝑇



𝐽 = 𝑁𝑐𝑒 𝜇 (
𝜀0𝜀𝑟

𝑒𝑁𝑡 exp (
𝐸𝑡 − 𝐸𝑎

𝑘𝐵𝑇𝑡
)  

)

𝑟+1

(
2𝑟 + 1

𝑟 + 1
)

𝑟+1

(
𝑟

𝑟 + 1
)

𝑟 𝑉𝑟+1

𝐿2𝑟+1
 

𝐸𝑡 𝐸𝑎
𝜎2

2𝑘𝐵𝑇

𝑁𝑡 = 1 × 1023m−3

𝜎𝑡 = 0.1 eV 𝐸𝑡 = 0.7 − 0.8 eV



𝑁𝑡 𝑇𝑡

3 × 1023 m−3

𝐸𝑡

𝜎𝑡

 



𝐽 = 𝐽𝑛 + 𝐽𝑝 

𝐽𝑛 = 𝑒𝜇𝑛[𝐸(𝑥), 𝑛(𝑥), 𝑇]𝑛(𝑥)𝐸(𝑥) + 𝑒𝐷𝑛

𝜕

𝜕𝑥
𝑛(𝑥) 

𝐽𝑝 = 𝑒𝜇𝑝[𝐸(𝑥), 𝑝(𝑥), 𝑇]𝑝(𝑥)𝐸(𝑥) − 𝑒𝐷𝑝

𝜕

𝜕𝑥
𝑝(𝑥)

𝜀0𝜀𝑟

𝑒

𝑑𝐸(𝑥)

𝑑𝑥
= 𝑝(𝑥) − 𝑛(𝑥) − 𝑛𝑡(𝑥) 

1

𝑒

𝑑𝐽𝑛

𝑑𝑥
=  −

1

𝑒

𝑑𝐽𝑝

𝑑𝑥
= 𝐵𝑝(𝑥)𝑛(𝑥)

𝐽𝑛 𝐽𝑝 𝐸(𝑥)

𝑥 𝑛(𝑥) 𝑝(𝑥)

 𝑛𝑡 𝐷𝑛 𝐷𝑝

𝐵

𝐷 =
𝜇𝑘𝐵𝑇

𝑒

 𝐵𝑝(𝑥)𝑛(𝑥)



𝑟𝑐 =
𝑒2

4𝜋𝜀0𝜀𝑟𝑘𝐵𝑇

𝑅𝐿 = 𝐵𝐿𝑛𝑝

𝐵𝐿 =
𝑒

𝜀0𝜀𝑟
[𝜇𝑛(𝑛, 𝐸, 𝑇) +  𝜇𝑝(𝑝, 𝐸, 𝑇)]

𝑉𝑂𝐶

𝑉𝑂𝐶



𝐵𝑆𝑅𝐻 =
𝐶𝑛𝐶𝑝𝑁𝑡

𝐶𝑛(𝑛 + 𝑛1) + 𝐶𝑝(𝑝 + 𝑝1)

𝐶𝑛 𝐶𝑝

𝑛 𝑝

𝑝1𝑛1 =

𝑁𝐶𝑉 exp (−
𝐸𝑔

𝑘𝐵𝑇
) = 𝑛𝑖

2 𝑁𝐶𝑉 𝑛𝑖
2

1

𝑒

𝑑𝐽𝑛

𝑑𝑥
=  −

1

𝑒

𝑑𝐽𝑝

𝑑𝑥
= 𝑅 = (𝐵𝐿 + 𝐵𝑆𝑅𝐻)(𝑛𝑝 − 𝑛𝑖

2)

𝑉𝑂𝐶

𝐶𝑝 ≪ 𝐶𝑛

𝐶𝑝 =
𝑞

𝜀
𝜇𝑝

𝑅𝑆𝑅𝐻 =
𝑞

𝜀
𝜇𝑝𝑁𝑡𝑝 

𝜇𝑛(𝑛, 𝐸, 𝑇) 𝜇𝑝(𝑛, 𝐸, 𝑇)



 

 𝐸(𝑥, 𝑡)

𝜕𝐸(𝑥, 𝑡)

𝜕𝑡
= 𝐷

𝜕2𝐸(𝑥, 𝑡)

𝜕𝑥2
−

𝐸(𝑥, 𝑡)

𝜏∞
(1 +

𝑥0
3

𝑥3
) + 𝑅𝐿



𝑥 𝐷

𝜏∞

𝑥0

𝐷 𝜏∞

2.2 × 10−7m2/s 600 ps

𝑥0

𝑥0 = 10 nm

𝑁𝑡



𝑁𝑡 = 3 × 1023m−3



 







 







 



 

𝑀𝑤 = 370 000
g

mol
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𝐽 =  
9

8
𝜀0𝜀𝑟𝜇

𝑉2

𝐿3





σ

5 × 10−11 m²

Vs

𝜇0  =

 11000 
m²

Vs
𝑎 =  1.7 nm 𝜎 =  0.14 eV

𝑎 =  1.7 nm

𝜎 =  0.14 eV 𝜇0

𝜇0



𝜎

 

σ

𝑉2

𝐿3

𝑉𝑟+1

𝐿2𝑟+1

𝑟

𝑟

𝐿9

𝐿9



𝑁𝑡 ,

𝐸𝑡 𝜎𝑡

𝑁𝑡 = 1.0 × 1023 m-3 𝐸𝑡 = 0.7 eV

𝜎𝑡 = 0.05 eV

𝐸𝑡 = 0.7 eV 𝜎𝑡 = 0.05 eV
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𝐽 𝐿 𝑉





𝑱 𝑽



𝐷 = 1.3 ×

10−7  
m

s
 𝜏 = 630 ps

 𝑥0

𝜇ℎ,𝑃𝐹𝑂 = 1 × 10−15 m2

Vs

𝜇0,𝑀𝐸𝐻−𝑃𝑃𝑉 = 5 × 10−11 m2

Vs
 

𝑥



𝜇ℎ,𝑃𝐹𝑂 =  𝜇0 exp(𝛾√𝐸)

𝜇0 𝛾

𝐸

𝜇0 = 1 × 10−15 m2

Vs
𝛾 = 1.3 × 10−3 (

m

v
)

1/2 

𝑥



𝑥 <  42.5 nm
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