
 

𝑛𝑖

(𝑛𝑖 = 𝑛 = 𝑝)

𝑛 𝑝

𝑛 ≈ 𝑁𝐶 exp (−
𝐸𝐶 − 𝐸𝐹

𝑘𝐵𝑇
)        𝑝 ≈ 𝑁𝑉 exp (−

𝐸𝐹 − 𝐸𝑉

𝑘𝐵𝑇
)

𝑁𝐶 𝑁𝑉

𝑁𝐶 𝑁𝑉 𝐸𝐶 𝐸𝑉

exp(−(𝐸𝐶 − 𝐸𝐹)/𝑘𝐵𝑇) 𝐸𝐶 𝐸𝑉

𝑛𝑝 = 𝑁𝐶𝑁𝑉 exp (−
𝐸𝑔

𝑘𝐵𝑇
) = 𝑛𝑖

2

𝑁𝑑 𝑁𝑎 ≫ 𝑛𝑖



 

𝑉0

𝑉0 = −
1

2
𝐸0𝑊0 = −

𝑒𝑁𝑎𝑁𝑑𝑊0
2

2𝜖(𝑁𝑎 + 𝑁𝑑)

𝑁𝑎𝑊𝑝0 = 𝑁𝑑𝑊𝑛0

𝑉0 =
𝑘𝐵𝑇

𝑒
ln (

𝑁𝑎𝑁𝑑

𝑛𝑖
2 )

𝑉

𝑉0 𝑉

𝜏 𝐿 = √𝐷𝜏

𝐽𝐷 = 𝐽𝐷,ℎ𝑜𝑙𝑒 + 𝐽𝐷,𝑒𝑙𝑒𝑐 = 𝑒𝑛𝑖
2 (

𝑒𝐷ℎ

𝐿ℎ𝑁𝑑

+
𝑒𝐷𝑒

𝐿𝑒𝑁𝑎

) [exp (
𝑒𝑉

𝑘𝐵𝑇

) − 1]

𝑊𝑛, 𝑊𝑝 𝜏𝑒 , 𝜏𝑛

𝐽𝑟𝑒𝑐𝑜𝑚 =
𝑒𝑛𝑖

2
(

𝑊𝑝

𝜏𝑒

+
𝑊𝑛

𝜏𝑛

) exp (
𝑒𝑉

2𝑘𝐵𝑇
)

 

(𝑁𝑎 = 1018cm−3)

(𝑁𝑑 = 5 × 1015cm−3)

 



 

𝑛𝑖 = 𝑁𝐶𝑒
−

𝐸𝐶−𝐸𝐹𝑖
𝑘𝐵𝑇

𝑁𝑑 = 𝑛 = 𝑁𝐶𝑒
−

𝐸𝐶−𝐸𝐹𝑛
𝑘𝐵𝑇

𝑁𝑑

𝑛𝑖

=
𝑁𝐶𝑒

−
𝐸𝐶−𝐸𝐹𝑛

𝑘𝐵𝑇

𝑁𝐶𝑒
−

𝐸𝐶−𝐸𝐹𝑖
𝑘𝐵𝑇

= 𝑒
𝐸𝐹𝑖−𝐸𝐹𝑛

𝑘𝐵𝑇

𝐸𝐹𝑖 − 𝐸𝐹𝑛

𝑘𝐵𝑇
= ln

𝑁𝑑

𝑛𝑖

Δ𝐸𝑛 = 𝐸𝐹𝑛 − 𝐸𝑓𝑖 = 𝑘𝐵𝑇 ln (
𝑁𝑑

𝑛𝑖

) = 𝑘𝐵 293K ln (
5 × 1015cm−3

1 × 1010cm−3
) ≈ 0.33 eV

Δ𝐸𝑝 = 𝐸𝐹𝑝 − 𝐸𝑓𝑖 = −𝑘𝐵𝑇 ln (
𝑁𝑎

𝑛𝑖

) = −𝑘𝐵 293K ln (
1018cm−3

1 × 1010cm−3
) ≈ −0.47 eV

 

𝑒𝑉0

𝑒𝑉0 + 𝐸𝑔 = 𝑎 + Δ𝐸𝑝 + Δ𝐸𝑛 + 𝑏 = (𝑎 + 𝑏) + Δ𝐸𝑝 + Δ𝐸𝑛 = 𝐸𝑔 + Δ𝐸𝑝 + Δ𝐸𝑛

𝑒𝑉0 = Δ𝐸𝑝 + Δ𝐸𝑛 ≈ 0.80 eV

 𝑉0 =
𝑘𝐵𝑇

𝑒
ln (

𝑁𝑎𝑁𝑑

𝑛𝑖
2 )

𝑒𝑉0 = 𝑉0 = 𝑘𝐵𝑇 ln (
𝑁𝑎𝑁𝑑

𝑛𝑖
2 ) = 𝑘𝐵293 K ln (

1018cm−3 ∗ 5 × 1015cm−3

(1 × 1010cm−3)2
) ≈ 0.80 eV

𝐸𝑔 

𝐸𝑔 

𝐸𝐹𝑖,𝑝 

𝐸𝐹,𝑝 𝐸𝐹,𝑛 

𝐸𝐹𝑖,𝑛 

𝑒𝑉0 𝐶𝐵 

𝑉𝐵 

Δ𝐸𝑝 

Δ𝐸𝑛 

𝐸𝐶 

𝐸𝐶 

𝐸𝑉 

𝐸𝑉 

𝑏 

𝑎 
p-side 

n-side 



 

 

𝑛𝑖 ≈ 1010cm−3 𝑁𝑎 = 1018cm−3

𝑁𝑑

mm2 𝜏

𝑁𝑑𝑜𝑝𝑎𝑛𝑡

𝜏 ≈
5 × 10−7

1 + 2 × 10−17𝑁𝑑𝑜𝑝𝑎𝑛𝑡

s

cm3

𝜇

𝑇

𝐷 = 𝜇𝑘𝐵𝑇   [m2/s]

𝜇𝑞 = 𝜇𝑞

cm−3 0 1014 1015
1016 1017 1018

𝜇𝑒 cm2V−1s−1

𝜇ℎ cm2V−1s−1

𝜇𝑒 cm2V−1s−1

𝜇ℎ cm2V−1s−1

𝜇𝑒 𝜇ℎ

 𝑁𝑑 = 1015cm−3 𝑁𝑎 = 1 × 1018cm−3

𝑁𝑎 ≫ 𝑁𝑑 𝑝+𝑛 𝑤𝑛 > 𝑤𝑝

𝜏ℎ

𝜏ℎ ≈
5 × 10−7

1 + 2 × 10−17𝑁𝑑

s

cm3
=

5 × 10−7

1 + 2 × 10−171 × 1015cm−3

s

cm3
≈ 490.2 ns

𝜏𝑒

𝜏𝑒 ≈
5 × 10−7

1 + 2 × 10−17𝑁𝑎

s

cm3
=

5 × 10−7

1 + 2 × 10−171018cm−3

s

cm3
≈ 23.8 ns

𝐷ℎ =
𝑘𝐵𝑇𝜇ℎ

𝑒
=

𝑘𝐵 ∗ 293 K ∗ 478 cm2V−1s−1

𝑒
≈ 12.069 

cm2

s

𝐷𝑒 =
𝑘𝐵𝑇𝜇𝑒

𝑒
=

𝑘𝐵 ∗ 293 K ∗ 280 cm2V−1s−1

𝑒
≈ 7.070 

cm2

s

𝐿ℎ = √𝐷ℎ𝜏ℎ = √12.069 
cm2

s
490.2 ns ≈ 24.3 µm

𝐿𝑒 = √𝐷𝑒𝜏𝑒 = √7.070 
cm2

s
23.8 ns ≈ 4.1 µm

𝐼𝐷 = 𝐴𝐽0 = 𝐴𝑒𝑛𝑖
2 (

𝐷ℎ

𝐿ℎ𝑁𝑑

+
𝐷𝑒

𝐿𝑒𝑁𝑎

) (exp [
𝑒𝑉

𝑘𝐵𝑇
] − 1)



 

= 1mm2𝑒(1 × 1010cm−3)2 (
12.069 

cm2

s
24.3 µm ∗ 1 × 1015cm−3

+
7.070 

cm2

s
4.1 µm ∗ 1018cm−3

) [exp (
𝑒0.6𝑉

𝑘𝐵 ∗ 298 K
) − 1] ≈ 11.21 mA

𝑉0 =
𝑘𝐵𝑇

𝑒
ln (

𝑁𝑎𝑁𝑑

𝑛𝑖
2 ) =

𝑘𝐵298 K

𝑒
ln (

1018cm−3 × 1 × 1015cm−3

(1 × 1010cm−3)2
) ≈ 0.769 V

𝑉0 − 𝑉 =
𝑒𝑁𝑎𝑁𝑑𝑤𝐷

2

2𝜖(𝑁𝑎 + 𝑁𝑑)
→ 𝑤𝐷 = √

2𝜖(𝑁𝑎 + 𝑁𝑑)(𝑉0 − 𝑉)

𝑒𝑁𝑎𝑁𝑑

𝑤𝐷 = √
2 ∗ 11.8𝜖0 ∗ (1018cm−3 + 1 × 1015cm−3)(0.769 V − 0.6V)

𝑒 ∗ 1018cm−3 ∗ 1 × 1015cm−3
≈ 0.47 µm

𝑤𝑛 𝑤𝑝 𝑁𝑑 𝑁𝑎

𝑁𝑎𝑤𝑝 = 𝑁𝑑𝑤𝑛    ∥    𝑤𝑝 + 𝑤𝑛 = 𝑤𝐷 → 𝑤𝑛 = 𝑤𝐷 − 𝑤𝑝

𝑤𝑝 =
𝑁𝑑𝑤𝐷

𝑁𝑎 + 𝑁𝑑

=
1 × 1015cm−3 ∗ 0.47 µm

1 × 1018cm−3 + 1 × 1015cm−3
≈ 0.47 nm

𝑤𝑛 = 𝑤0 − 𝑤𝑝 ≈ 0.47 µm

𝐼𝑅 = 𝐴𝐽𝑅 = 𝐴
𝑒𝑛𝑖

2
(

𝑤𝑝

𝜏𝑒

+
𝑤𝑛

𝜏ℎ

) (exp [
𝑒𝑉

2𝑘𝐵𝑇
] − 1)

= 1mm2
𝑒1 × 1010cm−3

2
 (

0.47 nm

23.8 ns
+

0.47 µm

490.2 ns
) (exp [

𝑒 ∗ 0.6V

2𝑘𝐵 ∗ 298K
] − 1)

𝐼𝑅 ≈ 0.093 mA

 𝑁𝑑 = 𝑁𝑎 𝑊  

𝜏𝑒 = 𝜏ℎ  

𝑁𝑎 = 𝑁𝑑 = 1018cm−3

𝜏𝑎 = 𝜏𝑑 ≈
5 × 10−7

1 + 2 × 10−17𝑁𝑎

s

cm3
=

5 × 10−7

1 + 2 × 10−171 × 1018cm−3

s

cm3
≈ 23.81 ns

𝐷ℎ = 𝐷𝑎 ≈ 12.069 
cm2

s
,   𝐷𝑒 = 𝐷𝑑 ≈ 7.070 

cm2

s

𝐿ℎ = √𝐷ℎ𝜏ℎ = √12.069 
cm2

s
23.81 ns ≈ 5.36 µm

𝐿𝑒 = √𝐷𝑒𝜏ℎ = √7.070
cm2

s
23.81 ns ≈ 4.10 µm

𝐼𝐷 = 𝐴𝐽𝐷 = 𝐴𝑒𝑛𝑖
2 (

𝐷ℎ

𝐿ℎ𝑁𝑑

+
𝐷𝑒

𝐿𝑒𝑁𝑎

) (exp [
𝑒𝑉

𝑘𝐵𝑇
] − 1)

𝐼𝐷 = 1mm2𝑒(1010cm−3)2 (
12.069 

cm2

s
5.36 µm ∗ 1018cm−3

+
7.070 

cm2

s
4.1 µm ∗ 1018cm−3

) [exp (
𝑒0.6𝑉

𝑘𝐵 ∗ 298 K
) − 1]

𝐼𝐷 ≈ 0.033 mA



 

𝑉0 =
𝑘𝐵𝑇

𝑒
ln (

𝑁𝑎𝑁𝑑

𝑛𝑖
2 ) =

𝑘𝐵298 K

𝑒
ln (

1018cm−3 × 1018cm−3

(1 × 1010cm−3)2
) ≈ 0.9461 V

𝑤𝐷 = √
2𝜖(𝑁𝑎 + 𝑁𝑑)(𝑉0 − 𝑉)

𝑒𝑁𝑎𝑁𝑑

𝑤𝐷 = √
2 ∗ 11.8𝜖0 ∗ (1018cm−3 + 1018cm−3)(0.9461 V − 0.6V)

𝑒 ∗ 1018cm−3 ∗ 1018cm−3
≈ 30 nm

𝑤𝑝 = 𝑤𝑎 =
𝑤𝐷

2
≈ 15 nm

𝐼𝑅 = 𝐴𝐽𝑅 = 𝐴
𝑒𝑛𝑖

2
(

𝑤𝑝

𝜏𝑒

+
𝑤𝑛

𝜏ℎ

) (exp [
𝑒𝑉

2𝑘𝐵𝑇
] − 1)

= 1mm2
𝑒 ∗ 1010cm−3

2
 (

15 nm

23.81 ns
+

15 nm

23.81 ns
) (exp [

𝑒 ∗ 0.6V

2𝑘𝐵 ∗ 298K
] − 1)

𝐼𝑅 ≈ 0.12 mA

 

𝐴 = 10−4cm2

𝑁𝑎 = 1017cm−3 𝑁𝑑 = 1015cm−3

𝜏𝑛 = 0.1 µs 𝜏𝑝 = 10 µs

𝜇𝑝 = 200 cm2V−1s−1 𝜇𝑛 = 1300 cm2V−1s−1

𝜇𝑛 = 700 𝜇𝑝 = 4500

𝑁𝑎 ≫ 𝑁𝑑 𝐽𝑑𝑖𝑓𝑓 ≫ 𝐽𝑟𝑒𝑐𝑜𝑚𝑏 → 𝐽 ≈ 𝐽𝑑𝑖𝑓𝑓

𝐽 = 𝑒𝑛𝑖
2 (

𝐷ℎ

𝐿ℎ𝑁𝑑

+
𝐷𝑒

𝐿𝑒𝑁𝑎

) (exp [
𝑒𝑉

𝑘𝐵𝑇
] − 1)

𝐷𝑝 =
𝑘𝐵𝑇𝜇ℎ

𝑒
=

𝑘𝐵 ∗ 293 K ∗ 4500 cm2V−1s−1

𝑒
≈ 115.56 

cm2

s

𝐷𝑛 =
𝑘𝐵𝑇𝜇𝑒

𝑒
=

𝑘𝐵 ∗ 293 K ∗ 700 cm2V−1s−1

𝑒
≈ 17.98 

cm2

s

𝐿𝑝 = √𝐷𝑝𝜏𝑝 = √115.56 
cm2

s
∗ 0.1 µs ≈ 34 µm

𝐿𝑛 = √𝐷𝑛𝜏𝑛 = √17.98 
cm2

s
∗ 10 µs ≈ 134 µm

𝑉 = ±0.5 V



 

𝐼𝐷(𝑉 = 0.5𝑉) = 𝐴𝐽

= 10−4cm2𝑒(1010cm−3)2 (
115.56 

cm2

s
34 µm ∗ 1017cm−3

+
17.98 

cm2

s
134 µm ∗ 1015cm−3

) (exp [
𝑒0.5V

𝑘𝐵298K
] − 1)

𝐼𝐷(𝑉 = 0.5𝑉) ≈ 768.2 nA

𝐼𝐷(𝑉 = −0.5𝑉) ≈ −2.694 ∗ 10−15A ≈ −0.0027 pA


