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Today’s Discussion 

• MOS Capacitor (ideal model) 

– Flat band Voltage 

– Threshold Voltage 

– Capacitance 
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Ideal MOSFET Capacitor  
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oxide 

Silicon bulk 

gate contact 

substrate 

contact 



Ideal MOSFET Capacitor (Equilibrium)  
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𝑞 
choice of 𝑁𝐴 such that: 

𝑚 = 𝑠 

→ 𝐸𝐹𝑚 = 𝐸𝐹𝑠 

flat band condition 



Ideal MOSFET Capacitor (Accumulation)    
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Negative potential attracts 

holes to interface 

positive potential 

energy 

No current flow  

Fermi level is flat 



Ideal MOSFET Capacitor (Accumulation)    
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𝑝 = 𝑛𝑖 exp
𝐸𝑖 − 𝐸𝐹𝑠
𝑘𝐵𝑇

 



Ideal MOSFET Capacitor (Accumulation)  
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In accumulation: 
 

• The MOS capacitor is charged with electrons on 

the metal side and holes at the interface 

between p-type semiconductor and oxide. 

 

• The capacitance is related to the oxide layer 

 

 
Oxide capacitance (unit area) 

 

𝐶𝑖 =
𝜀𝑜𝑥
𝑑𝑜𝑥

 
 

 

𝑑𝑜𝑥 = thickness of oxide layer 
 



Ideal MOSFET Capacitor (Depletion)    
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Positive potential repels 

holes from interface 

negative potential 

energy 



Ideal MOSFET Capacitor (Inversion)   
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Even higher positive 

potential repels most 

holes and starts to 

attract electrons 



Ideal MOSFET Capacitor (Inversion)  
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Deep in strong inversion: 
 

• The depletion layer no longer responds to 

changes in the potential because of  screening 

due to the strong electron layer at the interface  

 

• The capacitance is again due only to the oxide 

 

 
Oxide capacitance (unit area) 

 

𝐶𝑖 =
𝜀𝑜𝑥
𝑑𝑜𝑥

 
 

 

𝑑𝑜𝑥 = thickness of oxide layer 
 



More detailed capacitance analysis 
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𝐶𝑖 =
𝜀𝑜𝑥
𝑑𝑜𝑥

 

𝐶𝑑 =
𝜀𝑠
𝑊

 

𝐶 = 𝐶𝑖𝐶𝑑 𝐶𝑖 + 𝐶𝑑  series of 𝐶𝑖 and 𝐶𝑑 

The MOS capacitance is the series of a fixed oxide (insulator) 

parallel plate capacitance, independent of voltage 

and of a voltage-dependent semiconductor depletion layer 

capacitance 

𝐶𝑑 =
𝑑𝑄

𝑑𝑉
=
𝑑𝑄𝑠
𝑑𝑠

 check if typo in 

your edition 



More detailed capacitance analysis 

12 

𝐶𝑑,𝐹𝐵 =
𝜀𝑠
𝐿𝐷

 

where 𝐿𝐷 is the Debye length 

Depletion capacitance model is approximate  

(it has highest error near flat band condition) 

A better model for flat band condition indicates:  

𝐶𝑑 =
𝜀𝑠
𝑊

 



MOS Capacitance Measurement 

13 𝐶𝑖 =
𝜀𝑜𝑥
𝑑

 𝐶𝑑 =
𝜀𝑠
𝑊

 

high frequency 

behavior 

depletion width does not 

change (low frequency) 

𝐶 = 𝐶𝑖𝐶𝑑 𝐶𝑖 + 𝐶𝑑  

oxide capacitance depletion capacitance 
series of 𝐶𝑖  and 𝐶𝑑 



MOS Capacitance Measurement 

14 

high frequency 

behavior 

Threshold voltage for 

strong inversion 
Voltage needed to reach 

flat band.  This is zero if 

𝐸𝐹𝑚 = 𝐸𝐹𝑠 

depletion width does not 

change (low frequency) 



Potential energy system of reference 
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𝑞 

𝑞(𝑥) 

−𝑞 

𝑥 
𝑞𝑆 



Potential energy system of reference 
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𝑞 𝑥 < 0    accumulation 

𝑞 

𝑞(𝑥) 

−𝑞 

𝑥 

𝑞𝑆 



Potential energy system of reference 
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𝑞 𝑥 > 𝑞𝐹    inversion 

0 < 𝑞 𝑥 < 𝑞𝐹    depletion 

𝑞 

𝑞(𝑥) 

−𝑞 

𝑥 
𝑞𝑆 

𝑞 𝑥 = 𝑞𝐹  (intrinsic) 



𝑞 

𝑞(𝑥) 

−𝑞 

𝑥 

Strong inversion condition (definition)  
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We have strong inversion when the 

surface electron density equals the 

hole density in the bulk 

𝐸𝐹 = 𝐸𝑖 (intrinsic) 

𝑞𝑆 



𝑞 

𝑞(𝑥) 

−𝑞 

𝑥 

Strong inversion condition (definition) 
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𝑠 = 2𝐹 = 2
𝑘𝐵𝑇

𝑞
ln
𝑁𝐴
𝑛𝑖

 

Threshold for strong inversion: 
surface potential at onset of strong inversion 

𝑞𝑆 



𝑞 

𝑞(𝑥) 

−𝑞 

𝑥 

Strong inversion condition 
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𝑝𝑜 = 𝑁𝐴= 𝑛𝑖exp
𝐸𝑖 − 𝐸𝐹
𝑘𝐵𝑇

 

𝑞𝐹 = 𝐸𝑖 − 𝐸𝐹 = 
 

= 𝑘𝐵𝑇 ln
𝑁𝐴
𝑛𝑖
  

𝑛𝑠= 𝑛𝑖exp
𝐸𝐹 − 𝐸𝑖(0)

𝑘𝐵𝑇
= 𝑝𝑜 

𝑛 = 𝑝 = 𝑛𝑖 

𝑞𝑆 



Analytical model for 𝑛(𝑥) 
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𝑛𝑜 = 𝑛𝑖exp
𝐸𝐹 − 𝐸𝑖
𝑘𝐵𝑇

= 𝑛𝑖 exp −
𝑞𝐹
𝑘𝐵𝑇

 

away from interface 

𝑛 𝑥 = 𝑛𝑖exp
𝐸𝐹 − 𝐸𝑖 𝑥

𝑘𝐵𝑇
= 𝑛𝑖 exp −𝑞

𝐹 −  𝑥

𝑘𝐵𝑇
= 

 

= 𝑛𝑖 exp −𝑞
𝐹

𝑘𝐵𝑇
exp 𝑞

 𝑥

𝑘𝐵𝑇
= 𝑛0 exp 𝑞

 𝑥

𝑘𝐵𝑇
 

 

 

at any 𝑥  location 

𝒏𝒐 



Analytical model for 𝑝(𝑥) 
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𝑝𝑜 = 𝑛𝑖exp
𝐸𝑖 − 𝐸𝐹
𝑘𝐵𝑇

= 𝑛𝑖 exp
𝑞𝐹
𝑘𝐵𝑇

 

away from interface 

𝑝 𝑥 = 𝑛𝑖exp
𝐸𝑖 𝑥 − 𝐸𝐹
𝑘𝐵𝑇

= 𝑛𝑖 exp −𝑞
 𝑥 − 𝐹

𝑘𝐵𝑇
= 

 

= 𝑛𝑖 exp 𝑞
𝐹

𝑘𝐵𝑇
exp −𝑞

 𝑥

𝑘𝐵𝑇
= 𝑝0 exp −𝑞

 𝑥

𝑘𝐵𝑇
 

 

 

at any 𝑥  location 

𝒑𝒐 



Analytical model for E(𝑥) 
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𝑑2

𝑑𝑥2
= −

𝜌(𝑥)

𝜖𝑠
 

We do not know the exact behavior of (𝑥) but we know the 

relationship between charge and potential  

𝜌 𝑥 = 𝑞 𝑁𝐷
+ −𝑁𝐴

− + 𝑝(𝑥) − 𝑛(𝑥)  

with charge density 

Electric Field E = −
𝑑
𝑑𝑥

 

Poisson equation 



𝑞 

𝑞(𝑥) 

−𝑞 

𝑥 

Analytical model for E(𝑥) 

24 
E = −

𝑑
𝑑𝑥
= 0 (0) = 𝑠 

boundary 

conditions 

𝑞𝑆 



Analytical model for E(𝑥) 

25 
E = −

𝑑
𝑑𝑥
= 0 (0) = 𝑠 

𝑑2

𝑑𝑥2
=
𝑑

𝑑𝑥

𝑑

𝑑𝑥
= 

= −
𝑞

𝜖𝑠
𝑝𝑜 exp −

𝑞

𝑘𝐵𝑇
− 1 − 𝑛𝑜 exp

𝑞

𝑘𝐵𝑇
− 1  

 
𝑑

𝑑𝑥

𝑑

𝑑𝑥
= 

𝑑
𝑑𝑥

0

 𝑅𝐻𝑆



0

 

integrate 

𝑥 = 0 𝑥 → ∞ 

𝑁𝐷
+ −𝑁𝐴

− = 𝑛𝑜 − 𝑝𝑜 



Analytical model for E(𝑥) 
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Solution result: 

At the surface where 𝑥 = 0,  s , Es 

is the Debye Length where 
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Absolute  

value 



Analytical model for E(𝑥) 
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Gauss Law at the Surface 

unit area 

1.0 cm2 

flux of the Electric Field 

through unit area  

= Electric Field itself 

charge neutral bulk 

space charge close to surface 

Space charge density 

per unit area 



Charge density distribution 
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charge neutral bulk 

Charge on 

metal plate 

semiconductor metal oxide 

Total charge in 

semiconductor Inversion electron 

charge 

Depletion layer 

Acceptor charge 

𝑊𝐷 



Charge density distribution 
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𝑥 

𝜌(𝑥) 

𝑑 

𝑑 = thickness of oxide 

Oxide capacitance (unit area) 
 

𝐶𝑖 =
𝜀𝑖
𝑑

 
 

Voltage across oxide  

𝑉𝑖 =
−𝑄𝑠
𝐶𝑖
=
−𝑄𝑠𝑑

𝜀𝑖
 

 

𝜀𝑖 𝜀𝑠 

Applied voltage  

𝑉 = 𝑉𝑖 + 𝑠 
 



Depletion Layer Width 

Similar to result for 𝑛+- 𝑝  junction 

𝑊 =
2𝜖𝑠𝑠
𝑞𝑁𝐴

    
 

At strong inversion, depletion region no longer 
grows, due to screening of interface electrons 

𝑊𝑚𝑎𝑥 =
2𝜖𝑠2𝐹
𝑞𝑁𝐴

= 2
𝜖𝑠𝑘𝐵𝑇 ln

𝑁𝐴
𝑛𝑖

𝑞2𝑁𝐴
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𝑺 < 𝟐𝑭 

strong inversion 

𝑆 = 2𝐹 



Depletion charge at threshold 

𝑊𝑚𝑎𝑥 =
2𝜖𝑠2𝐹
𝑞𝑁𝐴

 

 

𝑄𝐷 = −𝑞𝑁𝐴𝑊𝑚𝑎𝑥 = −𝑞𝑁𝐴
2𝜖𝑠2𝐹

𝑞𝑁𝐴
 

 

 

 𝑄𝐷 = −2 𝑞𝜖𝑠𝑁𝐴𝐹 
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strong inversion limit 

𝑆 = 2𝐹 



Threshold Voltage (ideal case) 

 

𝑉𝑇 = −
𝑄𝐷
𝐶𝑖
 +  2𝐹 
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Depletion 

layer  charge  

Strong inversion 

condition 
Voltage drop 

across oxide 

𝑄𝐷 = −𝑞𝑁𝐴𝑊 = −2 𝑞𝜖𝑠𝑁𝐴𝐹 
maximum 

value 

(Assuming that depletion charge dominates  𝑄𝑠 at threshold) 

Above, −𝑄𝐷 represents 𝑄𝑚 to give the potential drop across 

the oxide. 



Potential drop across the oxide 

𝑉𝑖 =  
𝑄𝑚
𝜖𝑜𝑥

𝑑

0

 𝑑𝑥 = 𝑄𝑚 
𝑑

𝜖𝑜𝑥
≈ −

𝑄𝐷
𝐶𝑖
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Voltage drop across oxide 

unit area 

oxide semiconductor 

Eox= 𝑄𝑚 𝜖𝑜𝑥  

Electric Field in the oxide is 

constant in absence of charge 

at threshold 

𝐶𝑖
−1 (per unit area) 

𝒅 

𝑄𝑚 ≈ −𝑄𝐷 
𝜖𝑜𝑥 = 𝜖𝑟𝑜𝑥𝜖0 



Electric Field distribution 
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𝑊 𝑑 

M O S 



Electric Potential distribution 
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𝑉 
𝑉𝑖 

𝑠 

𝒅 

M O S 

𝑊 



𝑞 

𝑞(𝑥) 

−𝑞 

Summary of conditions – surface potential 
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𝑞𝑆 
depletion 

0 < 𝑆 < 𝐹 

accumulation 

𝑆 < 0 

flat-band 

𝑆 = 0 

intrinsic 

𝑆 = 𝐹 

weak inversion 

2𝐹 > 𝑆 > 𝐹 

strong inversion 

𝑆 ≥ 2𝐹 


