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𝑔𝑐(𝐸) =
4𝜋(2𝑚𝑛

∗)3/2

ℎ3 𝐸 − 𝐸𝑐 (3.72)

𝑔𝑣(𝐸) =
4𝜋(2𝑚𝑝

∗)3/2

ℎ3 𝐸𝑣 − 𝐸 (3.75)

Density of state (DOS) function  
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𝑓𝐹(𝐸) =
1

1 + exp
𝐸 − 𝐸𝐹

𝑘𝑇

(3.79)

when 𝑇 > 0 K

𝑓𝐹(𝐸) ≠ 1, 𝑓𝐹(𝐸) ≠ 0

when 𝐸 = 𝐸𝐹

𝑓𝐹(𝐸) =
1

1 + exp( 0)
=

1

2

Fermi-Dirac distribution function
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𝑓𝐹(𝐸) =
1

1 + exp
𝐸 − 𝐸𝐹

𝑘𝑇

when 𝐸 − 𝐸𝐹 >> 𝑘𝑇 exp((𝐸 − 𝐸𝐹)/𝑘𝑇) >> 1

𝑓𝐹(𝐸) ≈
1

exp
𝐸 − 𝐸𝐹

𝑘𝑇

≈ exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
(3.80)

(3.79)

Boltzmann approximation
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Thermal Equilibrium Distribution of Electrons and Holes
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Thermal Equilibrium Distribution of Electrons and Holes
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Thermal Equilibrium Distribution of Electrons and Holes
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Thermal Equilibrium Distribution of Electrons and Holes
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Thermal Equilibrium Distribution of Electrons and Holes

𝑛(𝐸) = 𝑔𝑐 𝐸 𝑓𝐹(𝐸)

𝑝(𝐸) = 𝑔𝑣(𝐸)[1 − 𝑓𝐹 (𝐸)]

(4.1)

(4.2)
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𝑓𝐹(𝐸) =
1

1 + exp
(𝐸 − 𝐸𝐹)

𝑘𝑇

≈ exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
𝑔𝑐(𝐸) =

4𝜋(2𝑚𝑛
∗)3/2

ℎ3
𝐸 − 𝐸𝑐

𝑛0 = න
𝐸𝑐

∞

𝑔𝑐 𝐸 𝑓𝐹(𝐸)𝑑𝐸 (4.3)

Thermal equilibrium concentration of electrons

𝑛0 = න
𝐸𝑐

∞

𝑔𝑐 𝐸 𝑓𝐹(𝐸)𝑑𝐸 = න
𝐸𝑐

∞ 4𝜋(2𝑚𝑛
∗)3/2

ℎ3 𝐸 − 𝐸𝑐 exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
𝑑𝐸

The 𝒏𝟎 and 𝒑𝟎 Equations

Boltzmann approximation,  (𝑬c − 𝑬𝑭) >> 𝒌𝑻
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𝑓𝐹(𝐸) =
1

1 + exp
(𝐸 − 𝐸𝐹)

𝑘𝑇

≈ exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
𝑔𝑐(𝐸) =

4𝜋(2𝑚𝑛
∗)3/2

ℎ3
𝐸 − 𝐸𝑐

𝑛0 = න
𝐸𝑐

∞

𝑔𝑐 𝐸 𝑓𝐹(𝐸)𝑑𝐸 (4.3)

Thermal equilibrium concentration of electrons

𝑛0 = න
𝐸𝑐

∞

𝑔𝑐 𝐸 𝑓𝐹(𝐸)𝑑𝐸 = න
𝐸𝑐

∞ 4𝜋(2𝑚𝑛
∗)3/2

ℎ3 𝐸 − 𝐸𝑐 exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
𝑑𝐸

exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
= exp

−(𝐸 − 𝐸c + 𝐸c − 𝐸𝐹)

𝑘𝑇
= exp

−(𝐸 − 𝐸c)

𝑘𝑇
exp

−(𝐸c − 𝐸𝐹)

𝑘𝑇

𝑛0 = න
𝐸𝑐

∞ 4𝜋(2𝑚𝑛
∗)3/2

ℎ3
(𝐸 − 𝐸c)

1
2 exp

−(𝐸 − 𝐸c)

𝑘𝑇
exp

−(𝐸c − 𝐸𝐹)

𝑘𝑇
𝑑𝐸

The 𝒏𝟎 and 𝒑𝟎 Equations

Boltzmann approximation,  (𝑬c − 𝑬𝑭) >> 𝒌𝑻
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𝑓𝐹(𝐸) =
1

1 + exp
(𝐸 − 𝐸𝐹)

𝑘𝑇

≈ exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
𝑔𝑐(𝐸) =

4𝜋(2𝑚𝑛
∗)3/2

ℎ3
𝐸 − 𝐸𝑐

𝑛0 = න
𝐸𝑐

∞

𝑔𝑐 𝐸 𝑓𝐹(𝐸)𝑑𝐸 (4.3)

Thermal equilibrium concentration of electrons

𝑛0 = න
𝐸𝑐

∞

𝑔𝑐 𝐸 𝑓𝐹(𝐸)𝑑𝐸 = න
𝐸𝑐

∞ 4𝜋(2𝑚𝑛
∗)3/2

ℎ3 𝐸 − 𝐸𝑐 exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
𝑑𝐸

𝜂 =
𝐸 − 𝐸c

𝑘𝑇

exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
= exp

−(𝐸 − 𝐸c + 𝐸c − 𝐸𝐹)

𝑘𝑇
= exp

−(𝐸 − 𝐸c)

𝑘𝑇
exp

−(𝐸c − 𝐸𝐹)

𝑘𝑇

𝑛0 = න
𝐸𝑐

∞ 4𝜋(2𝑚𝑛
∗)3/2

ℎ3
(𝐸 − 𝐸c)

1
2 exp

−(𝐸 − 𝐸c)

𝑘𝑇
exp

−(𝐸c − 𝐸𝐹)

𝑘𝑇
𝑑𝐸

𝑑𝜂 =
𝑑𝐸

𝑘𝑇
𝜂

1
2 =

𝐸 − 𝐸c

𝑘𝑇

1
2

𝑛0 =
4𝜋(2𝑚𝑛

∗𝑘𝑇)3/2

ℎ3 exp
− 𝐸𝑐 − 𝐸𝐹

𝑘𝑇
න

0

∞

𝜂
1
2exp(−𝜂)𝑑𝜂

The 𝒏𝟎 and 𝒑𝟎 Equations

Boltzmann approximation,  (𝑬c − 𝑬𝑭) >> 𝒌𝑻
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Thermal equilibrium concentration of electrons

𝑛0 =
4𝜋(2𝑚𝑛

∗𝑘𝑇)3/2

ℎ3
exp

− 𝐸𝑐 − 𝐸𝐹

𝑘𝑇
න

0

∞

𝜂
1
2exp(−𝜂)𝑑𝜂

න
0

∞

𝜂
1
2exp(−𝜂)𝑑𝜂 =

1

2
𝜋

𝑛0 =
2(2𝜋𝑚𝑛

∗𝑘𝑇)3/2

ℎ3 exp
− 𝐸𝑐 − 𝐸𝐹

𝑘𝑇

𝑁𝑐 : effective density of states function in the conduction band

𝑛0 = 𝑁𝑐 exp
− 𝐸𝑐 − 𝐸𝐹

𝑘𝑇

𝑁𝑐 =
2(2𝜋𝑚𝑛

∗𝑘𝑇)3/2

ℎ3

The 𝒏𝟎 and 𝒑𝟎 Equations
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Boltzmann approximation,  (𝑬𝑭 − 𝑬𝒗) >> 𝒌𝑻

1 − 𝑓𝐹(𝐸) =
1

1 + exp
(𝐸𝐹 − 𝐸)

𝑘𝑇

≈ exp
−(𝐸𝐹 − 𝐸)

𝑘𝑇𝑔𝑣(𝐸) =
4𝜋(2𝑚𝑝

∗)3/2

ℎ3
𝐸𝑣 − 𝐸

𝑝0 = න
−∞

𝐸𝑣

𝑔𝑣 𝐸 [1 − 𝑓𝐹(𝐸)]𝑑𝐸 (4.3)

Thermal equilibrium concentration of holes

𝑝0 = න
−∞

𝐸𝑣

𝑔𝑣 𝐸 [1 − 𝑓𝐹(𝐸)]𝑑𝐸 = න
−∞

𝐸𝑣 4𝜋(2𝑚𝑝
∗)3/2

ℎ3 𝐸𝑣 − 𝐸 exp
−(𝐸𝐹 − 𝐸)

𝑘𝑇
𝑑𝐸

𝜂′ =
𝐸𝑣 − 𝐸

𝑘𝑇

exp
−(𝐸𝐹 − 𝐸)

𝑘𝑇
= exp

−(𝐸𝐹 − 𝐸𝑣 + 𝐸𝑣 − 𝐸)

𝑘𝑇
= exp

−(𝐸𝐹 − 𝐸𝑣)

𝑘𝑇
exp

−(𝐸𝑣 − 𝐸)

𝑘𝑇

𝑝0 = න
−∞

𝐸𝑣 4𝜋(2𝑚𝑝
∗)3/2

ℎ3 (𝐸𝑣 − 𝐸)
1
2 exp

−(𝐸𝐹 − 𝐸𝑣)

𝑘𝑇
exp

−(𝐸𝑣 − 𝐸)

𝑘𝑇
𝑑𝐸

𝑑𝜂′ = −
𝑑𝐸

𝑘𝑇 𝜂′
1
2 =

𝐸𝑣 − 𝐸

𝑘𝑇

1
2

𝑝0 =
4𝜋(2𝑚𝑝

∗𝑘𝑇)3/2

ℎ3 exp
− 𝐸𝐹 − 𝐸𝑣

𝑘𝑇
න

0

∞

𝜂’
1
2exp(−𝜂’)𝑑𝜂’

The 𝒏𝟎 and 𝒑𝟎 Equations
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𝑝0 =
4𝜋(2𝑚𝑝

∗𝑘𝑇)3/2

ℎ3
exp

− 𝐸𝐹 − 𝐸𝑣

𝑘𝑇
න

0

∞

𝜂’
1
2exp(−𝜂’)𝑑𝜂’

න
0

∞

𝜂′
1
2exp(−𝜂′)𝑑𝜂′ =

1

2
𝜋

𝑝0 =
2(2𝜋𝑚𝑝

∗𝑘𝑇)3/2

ℎ3 exp
− 𝐸𝐹 − 𝐸𝑣

𝑘𝑇

𝑝0 = 𝑁𝑣 exp
− 𝐸𝐹 − 𝐸𝑣

𝑘𝑇

𝑁𝑣 =
2(2𝜋𝑚𝑝

∗𝑘𝑇)3/2

ℎ3

Thermal equilibrium concentration of holes

𝑁𝑣 : effective density of states function in the valence band

The 𝒏𝟎 and 𝒑𝟎 Equations
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𝑛0 = 𝑁𝑐 exp
−(𝑬𝒄 − 𝑬𝑭)

𝑘𝑇

𝑝0 = 𝑁𝑣 exp
−(𝑬𝑭 − 𝑬𝒗)

𝑘𝑇

The 𝒏𝟎 and 𝒑𝟎 Equations

𝑁𝑐 : effective density of states function 

in the conduction band

𝑁𝑣 : effective density of states function 

in the valence band

𝑁𝑣 =
2(2𝜋𝒎𝒑

∗𝑘𝑻)3/2

ℎ3

𝑁𝑐 =
2(2𝜋𝒎𝒏

∗𝑘𝑻)3/2

ℎ3
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The 𝒏𝟎 and 𝒑𝟎 Equations

𝑚0 = Electron mass in free space = 9.109×10−31 kg
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𝑛0𝑝0 = 𝑛𝑖𝑝𝑖 = 𝑛𝑖
2 = 𝑁𝑐 exp

−(𝐸𝑐 − 𝐸𝐹)

𝑘𝑇
𝑁𝑣 exp

−(𝐸𝐹 − 𝐸𝑣)

𝑘𝑇

= 𝑁𝑐𝑁𝑣 exp
−(𝐸𝑐 − 𝐸𝑣)

𝑘𝑇
= 𝑁𝑐𝑁𝑣 exp

−𝐸𝑔

𝑘𝑇

The Intrinsic Carrier Concentration

The intrinsic carrier concentration (𝑛𝑖) of Si at room temperature 

are between 11010 and 1.51010 cm-3.

𝑛𝑖  =1.081010 cm-3 (Green, 1990)
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The Intrinsic Carrier Concentration

𝑛𝑖
2 = 𝑁𝑐𝑁𝑣 exp

−𝐸𝑔

𝑘𝑇

𝑁𝑣 =
2(2𝜋𝑚𝑝

∗𝑘𝑇)3/2

ℎ3

𝑁𝑐 =
2(2𝜋𝑚𝑛

∗𝑘𝑇)3/2

ℎ3

𝑛𝑖 = 𝑁𝑐𝑁𝑣 exp
−𝐸𝑔

2𝑘𝑇

ln 𝑛𝑖 = ln 𝑁𝑐𝑁𝑣 +
−𝐸𝑔

2𝑘𝑇

ln(𝑛𝑖) ∝ −
1

𝑇

𝑛𝑖GaAs < 𝑛𝑖Si < 𝑛𝑖Ge

𝐸𝑔GaAs
> 𝐸𝑔Si

> 𝐸𝑔Ge
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➢ 𝑚𝑝
∗ ≠ 𝑚𝑛

∗ 이므로 energy gap의 중앙에 위치하지 않는다.

➢ 𝑚𝑝
∗ > 𝑚𝑛

∗ 이면 중앙보다 약간 위

➢ 𝑚𝑝
∗ < 𝑚𝑛

∗ 이면 중앙보다 약간 아래

The Intrinsic Fermi Level Position

𝑛0 = 𝑛𝑖 = 𝑁𝑐 exp
−(𝐸𝑐 − 𝐸𝐹)

𝑘𝑇
= 𝑁𝑣 exp

−(𝐸𝐹 − 𝐸𝑣)

𝑘𝑇
= 𝑝𝑖 = 𝑝0

exp
−(𝐸𝑐 + 𝐸𝑣 − 2𝐸𝐹)

𝑘𝑇
=

𝑁𝑣

𝑁𝑐
=

𝑚𝑝
∗

𝑚𝑛
∗

3/2

𝑁𝑣 =
2(2𝜋𝑚𝑝

∗𝑘𝑇)3/2

ℎ3
𝑁𝑐 =

2(2𝜋𝑚𝑛
∗𝑘𝑇)3/2

ℎ3

−
𝐸𝑐 + 𝐸𝑣 − 2𝐸𝐹𝑖

𝑘𝑇
=

3

2
ln

𝑚𝑝
∗

𝑚𝑛
∗

𝐸𝐹𝑖 −
𝐸𝑐 + 𝐸𝑣

2
= 𝐸𝐹𝑖 − 𝐸𝑚𝑖𝑑𝑔𝑎𝑝 =

3

4
𝑘𝑇 ln

𝑚𝑝
∗

𝑚𝑛
∗

𝑘𝑇 = 0.026 𝑒V (𝑇 = 300 K)
𝐵𝑎𝑛𝑑𝑔𝑎𝑝 𝑜𝑓 Si = 1.12 𝑒V ≈ 43𝑘𝑇
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Dopant atoms and Energy levels
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Figure 4.4

Donor impurity atom has more electrons and

turns to fixed positive charge after activated.

Dopant atoms and Energy levels

P, As (Group 15 elements) = Donor = N type dopant
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Figure 4.4

Donor impurity atom has more electrons and

turns to fixed positive charge after activated.

Dopant atoms and Energy levels

P, As (Group 15 elements) = Donor = N type dopant

+

Concentration of donor atoms = 𝑁𝑑
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Figure 4.5

Dopant atoms and Energy levels

Ionization energy (or activation energy)
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Figure 4.6

Dopant atoms and Energy levels

Acceptor impurity atom has less electrons and

turns to fixed negative charge after activated.

B, Al (Group 13 elements) = Acceptor = P type dopant

−

Concentration of donor atoms = 𝑁𝑎
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Figure 4.7

Dopant atoms and Energy levels

Ionization energy (or activation energy)
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Ionization Energy

𝑘𝑇 = 0.026 𝑒V (𝑇 = 300 K)

Assume complete (=100%) ionization
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Extrinsic semiconductor

Figure 4.8 & Figure 4.9 

N type P type

𝐸𝐹 > 𝐸𝐹𝑖

𝐸𝐹 < 𝐸𝐹𝑖
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Extrinsic semiconductor

N type P type

Majority & Minority carrier concentration

𝑁𝑑 > 0, 𝑁𝑎 = 0 𝑁𝑑 = 0, 𝑁𝑎 > 0

Majority carrier: electron Majority carrier: hole

Minority carrier: hole Minority carrier: electron

𝑛0 ≈ 𝑁𝑑 ≈ (𝑛𝑖 + 𝑁𝑑)

𝑝0 = ?

𝑝0 ≈ 𝑁𝑎 ≈ (𝑛𝑖 + 𝑁𝑎)

𝑛0 = ?

𝑛𝑖 = 1.5 × 1010[𝑐𝑚−3]
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Extrinsic semiconductor

Figure 4.8 & Figure 4.9 

N type

𝐸𝐹 > 𝐸𝐹𝑖

𝑛0 = 𝑁𝑐 exp
−(𝐸𝑐 − 𝐸𝐹)

𝑘𝑇

𝑛0 = 𝑁𝑐 exp
−(𝐸𝑐 − 𝐸𝐹𝑖)

𝑘𝑇
exp

−(𝐸𝐹𝑖 − 𝐸𝐹)

𝑘𝑇

𝑛0 = 𝑁𝑐 exp
−(𝐸𝑐 − 𝐸𝐹𝑖 + 𝐸𝐹𝑖 − 𝐸𝐹)

𝑘𝑇

𝑛0 = 𝑛𝑖 exp
𝐸𝐹 − 𝐸𝐹𝑖

𝑘𝑇
≈ 𝑁𝑑
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Extrinsic semiconductor

Figure 4.8 & Figure 4.9 

P type

𝐸𝐹 < 𝐸𝐹𝑖

𝑝0 = 𝑁𝑣 exp
−(𝐸𝐹 − 𝐸𝑣)

𝑘𝑇

𝑝0 = 𝑁𝑣 exp
−(𝐸𝐹𝑖 − 𝐸𝑣)

𝑘𝑇
exp

−(𝐸𝐹 − 𝐸𝐹𝑖)

𝑘𝑇

𝑝0 = 𝑁𝑣 exp
−(𝐸𝐹 − 𝐸𝐹𝑖 + 𝐸𝐹𝑖 − 𝐸𝑣)

𝑘𝑇

𝑝0 = 𝑛𝑖 exp
𝐸𝐹𝑖 − 𝐸𝐹

𝑘𝑇
≈ 𝑁𝑎
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𝒏𝟎 = 𝑵𝒄 𝐞𝐱𝐩
−(𝑬𝒄 − 𝑬𝑭)

𝒌𝑻
𝒑𝟎 = 𝑵𝒗 𝐞𝐱𝐩

−(𝑬𝑭 − 𝑬𝒗)

𝒌𝑻

𝑛0 = 𝑁𝑐 exp
−(𝐸𝑐 − 𝐸𝐹𝑖)

𝑘𝑇
exp

−(𝐸𝐹𝑖 − 𝐸𝐹)

𝑘𝑇
𝑝0 = 𝑁𝑣 exp

−(𝐸𝐹𝑖 − 𝐸𝑣)

𝑘𝑇
exp

−(𝐸𝐹 − 𝐸𝐹𝑖)

𝑘𝑇

𝑛0𝑝0 = 𝑁𝑐𝑁𝑣 exp
−(𝐸𝑐 − 𝐸𝐹)

𝑘𝑇
exp

−(𝐸𝐹 − 𝐸𝑣)

𝑘𝑇
= 𝑁𝑐𝑁𝑣 exp

−𝐸𝑔

𝑘𝑇
= 𝑛𝑖

2

𝑛0𝑝0 = 𝑛𝑖
2 Mass-action law in thermal equilibrium

Extrinsic semiconductor

𝑛0 = 𝑁𝑐 exp
−(𝐸𝑐 − 𝐸𝐹𝑖 + 𝐸𝐹𝑖 − 𝐸𝐹)

𝑘𝑇
𝑝0 = 𝑁𝑣 exp

−(𝐸𝐹 − 𝐸𝐹𝑖 + 𝐸𝐹𝑖 − 𝐸𝑣)

𝑘𝑇

𝒏𝟎 = 𝒏𝒊 𝐞𝐱𝐩
𝑬𝑭 − 𝑬𝑭𝒊

𝒌𝑻
𝒑𝟎 = 𝒏𝒊 𝐞𝐱𝐩

𝑬𝑭𝒊 − 𝑬𝑭

𝒌𝑻

:np product is always constant at thermal equilibirim state
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𝑛0𝑝0 = 𝑛𝑖
2

Mass-action law in thermal equilibrium

Extrinsic semiconductor

𝑛0 ≈ 𝑁𝑑

𝑝0 =
𝑛𝑖

2

𝑛0
=

𝑛𝑖
2

𝑁𝑑

N type P type

𝑛0 =
𝑛𝑖

2

𝑝0
=

𝑛𝑖
2

𝑁𝑎

𝑝0 ≈ 𝑁𝑎
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Extrinsic semiconductor

N type P type

Majority & Minority carrier concentration

𝑁𝑑 = 1016, 𝑁𝑎 = 0 𝑁𝑑 = 0, 𝑁𝑎 = 1016

Majority carrier: electron Majority carrier: hole

Minority carrier: hole Minority carrier: electron

𝑛0 ≈ 𝑁𝑑 ≈ (𝑛𝑖 + 𝑁𝑑)

𝑝0 =

𝑝0 ≈ 𝑁𝑎 ≈ (𝑛𝑖 + 𝑁𝑎)

𝑛0 =

𝑛𝑖 = 1.5 × 1010[𝑐𝑚−3]
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Charge Neutrality

𝑝0 − 𝑛0 + 𝑁𝑑 − 𝑁𝑎 = 0

𝑝0 = 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑚𝑜𝑏𝑖𝑙𝑒 𝑐ℎ𝑎𝑟𝑔𝑒𝑠

𝑛0 = 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑚𝑜𝑏𝑖𝑙𝑒 𝑐ℎ𝑎𝑟𝑔𝑒𝑠

𝑁𝑑 = 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑓𝑖𝑥𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒𝑠

𝑁𝑎 = 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑓𝑖𝑥𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒𝑠

𝑛0𝑝0 = 𝑛𝑖
2

𝑚𝑎𝑠𝑠 − 𝑎𝑐𝑡𝑖𝑜𝑛 𝑙𝑎𝑤
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Charge Neutrality
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Degenerated semiconductor

𝑓𝐹(𝐸) =
1

1 + exp
(𝐸 − 𝐸𝐹)

𝑘𝑇

≈ exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇

Boltzmann approximation,  (𝑬c − 𝑬𝑭) >> 𝒌𝑻 Boltzmann approximation,  (𝑬𝑭 − 𝑬𝒗) >> 𝒌𝑻

1 − 𝑓𝐹(𝐸) =
1

1 + exp
(𝐸𝐹 − 𝐸)

𝑘𝑇

≈ exp
−(𝐸𝐹 − 𝐸)

𝑘𝑇
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Degenerated semiconductor

✓ Non-degenerate semiconductor: 𝐸𝐹 is at least 3kT

below 𝐸𝑐 and at least 3kT above 𝐸𝑣. ✓ Solid solubility in Silicon: ~1020 is maximum.

✓ Density of Si atoms: ~5×1022

𝑁𝑑 & 𝑁𝑎 ≤ 1020

𝑁𝑑 & 𝑁𝑎 = 1015~1020
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𝑁𝑑 > 𝑁𝑎 n-type

𝑁𝑎 > 𝑁𝑑 p-type

𝑁𝑎 = 𝑁𝑑 intrinsic

Compensated semiconductor



Semiconductor Devices, Prof. SEYONG OH Neaman, Semiconductor Physics and Devices 40

 MOSFET   CMOS 

Compensated semiconductor
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General theory of 𝒏𝟎 and 𝒑𝟎

𝑛0 =
𝑁𝑑 − 𝑁𝑎

2
+

𝑁𝑑 − 𝑁𝑎

2

2

+ 𝑛𝑖
2

1
2

𝑝0 =
𝑁𝑎 − 𝑁𝑑

2
+

𝑁𝑎 − 𝑁𝑑

2

2

+ 𝑛𝑖
2

1
2

N type P type

𝑁𝑑 = 1016, 𝑁𝑎 = 1013 𝑁𝑑 = 1013, 𝑁𝑎 = 1016

Majority carrier: electron Majority carrier: hole

Minority carrier: hole Minority carrier: electron

𝑁𝑑 − 𝑁𝑎 ≫ 𝑛𝑖

𝑛0 = 𝑁𝑑 − 𝑁𝑎 ≈ 𝑁𝑑 𝑝0 = 𝑁𝑎 − 𝑁𝑑 ≈ 𝑁𝑎

𝑝0 =
𝑛𝑖

2

𝑁𝑑
𝑛0 =

𝑛𝑖
2

𝑁𝑎

𝑁𝑎 − 𝑁𝑑 ≫ 𝑛𝑖
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Carrier concentrations according to Temperature(T)

𝑛0 =
𝑁𝑑 − 𝑁𝑎

2
+

𝑁𝑑 − 𝑁𝑎

2

2

+ 𝑛𝑖
2

1
2

𝒏𝒊 = 𝑁𝑐𝑁𝑣 exp
−𝐸𝑔

2𝑘𝑻Freeze-out

Fully ionized
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𝑛0 = 𝑁𝑐 exp
−(𝐸𝑐 − 𝐸𝐹)

𝑘𝑇

= 𝑛𝑖 exp
𝐸𝐹 − 𝐸𝐹𝑖

𝑘𝑇

𝑝0 = 𝑁𝑣 exp
−(𝐸𝐹 − 𝐸𝑣)

𝑘𝑇

= 𝑛𝑖 exp
𝐸𝐹𝑖 − 𝐸𝐹

𝑘𝑇

Position of Fermi Energy Level



N type P type
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𝑛0 = 𝑁𝑐 exp
−(𝐸𝑐 − 𝐸𝐹)

𝑘𝑇

= 𝑛𝑖 exp
𝐸𝐹 − 𝐸𝐹𝑖

𝑘𝑇

Position of Fermi Energy Level

𝐸𝑐 − 𝐸𝐹 = 𝑘𝑇 ln
𝑁𝑐

𝑛0

𝐸𝐹 − 𝐸𝐹𝑖 = 𝑘𝑇 ln
𝑛0

𝑛𝑖

𝐸𝐹 − 𝐸𝑣 = 𝑘𝑇 ln
𝑁𝑣

𝑝0

𝐸𝐹𝑖 − 𝐸𝐹 = 𝑘𝑇 ln
𝑝0

𝑛𝑖

𝑝0 = 𝑁𝑣 exp
−(𝐸𝐹 − 𝐸𝑣)

𝑘𝑇

= 𝑛𝑖 exp
𝐸𝐹𝑖 − 𝐸𝐹

𝑘𝑇

N type P type
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𝐸𝐹 = 𝐸𝐹𝑖 − 𝑘𝑇 ln
𝑝0

𝑛𝑖

Variation of EF with Doping Concentration and Temperature 

𝐸𝐹 − 𝐸𝐹𝑖 = 𝑘𝑇 ln
𝑛0

𝑛𝑖

𝐸𝐹𝑖 − 𝐸𝐹 = 𝑘𝑇 ln
𝑝0

𝑛𝑖

N type

P type

𝐸𝐹 = 𝐸𝐹𝑖 + 𝑘𝑇 ln
𝑛0

𝑛𝑖

𝒏𝟎 ≈ 𝑵𝒅

𝒑𝟎 ≈ 𝑵𝒂
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Variation of EF with Doping Concentration and Temperature 

𝐸𝐹 − 𝐸𝐹𝑖 = 𝑘𝑇 ln
𝑛0

𝑛𝑖

𝐸𝐹𝑖 − 𝐸𝐹 = 𝑘𝑇 ln
𝑝0

𝑛𝑖

𝑛𝑖 = 𝑁𝑐𝑁𝑣 𝑒𝑥𝑝
−𝐸𝑔

2𝑘𝑇
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An important point is that, in thermal equilibrium, the Fermi energy level is 

a constant throughout a system. 

Fermi level at equilibrium state
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