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MOSFETs  



n - channel p - channel

functions as a switch~ 1 billion /chip

MOSFETs  
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p-Si

SiO2/HfO2

polysilicon

TiN (CVD)
30–70 μ·cm  Conductive diffusion barrier

photoresist

CVD: SiH4 @ 580 to 650 °C
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Etch poly and TiN
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Etch back to leave 
only sidewalls



p-Si

polysilicon
gate
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p-Si

polysilicon
gate

n+ n+

TiSi2 (metal)

Salicide (Self-aligned silicide)

Transition metal (Ti, Co,W) is 
deposited (CVD). During a high 
temperature step is reacts to a 
silicide (TiSi2). No silicide is 
formed on nitride or oxide.



CMOS Complementary Metal Oxide Semiconductor 

Source: Fransila

NMOS is n-channel so it should be in a p-well



MOS capacitor 



no depletion layer

eV 

Accumulation 

oxidemetal semiconductor

0-tox

NA



Flat band voltage 
no depletion layer

eVfb

NA

If s = m , the flatband voltage is the zero bias voltage 



Depletion 



Zero bias 

Can be in accumulation or depletion depending on workfunctions

em

Al 4.1 eV
p+ poly 4.05 eV
n+ poly 5.05 eV

oxidemetal semiconductor

0-tox



Weak Inversion 
Majority carriers at x = 0 change from p to n

n > p 
at the interface



n = NA

Threshold voltage 

Strong inversion: n = NA at x = 0, the semiconductor-oxide interface



Inversion 

n > NA at x = 0, the semiconductor-oxide interface



MOS capacitor 

accumulation
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charge density (depletion) 

−𝑡𝑜𝑥 < 𝑥 < 0 

𝜌(𝑥) = 0

𝑥𝑝 < 𝑥

𝜌(𝑥) = 0

0 < 𝑥 < 𝑥𝑝 

𝜌(𝑥) = −𝑒𝑁𝐴
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xp

electric field (depletion) 
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0 < 𝑥 < 𝑥𝑝 𝑥𝑝 < 𝑥

𝐸(𝑥) = 0

𝐸(𝑥) =
−𝑒𝑁𝐴

𝜀𝑠
𝑥 − 𝑥𝑝



electric field (semiconductor oxide interface) 
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E is decreased by a factor 
of the dielectric constant
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εs = 12ox = 4
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xp

electric field (depletion) 
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0 < 𝑥 < 𝑥𝑝 𝑥𝑝 < 𝑥

0
−𝑒𝑁𝐴

𝜀𝑠
𝑥 − 𝑥𝑝

−𝑡𝑜𝑥 < 𝑥 < 0 𝑥 < −𝑡𝑜𝑥 

0

=
𝑒𝑁𝐴𝑥𝑝

𝜀𝑜𝑥

𝜀𝑆

𝜀𝑜𝑥
𝐸 𝑥 = 0+𝐸 𝑥 :



electrostatic potential (depletion) 

0 -tox 0
x

xp

φp

0 < 𝑥 < 𝑥𝑝 𝑥𝑝 < 𝑥−𝑡𝑜𝑥 < 𝑥 < 0 𝑥 < −𝑡𝑜𝑥 

φ 𝑥 :

VIB

Vox,o

φgate

φB

φ

𝜑𝑝 +
𝑒𝑁𝐴

2𝜀𝑠
𝑥 − 𝑥𝑝

2φgate φp

𝜑𝑝 +
𝑒𝑁𝐴𝑥𝑝
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+
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n = NA at threshold

𝑛 =
𝑛𝑖

2

𝑁𝐴
= 𝑁𝑐 exp

𝐸𝐹 − 𝐸𝑐

𝑘𝐵𝑇

at the interface, n = NA

𝑁𝐴 = 𝑁𝑐 exp
𝐸𝐹 − 𝐸𝑐

𝑘𝐵𝑇

𝐸𝐹 − 𝐸𝑐 = 𝑘𝐵𝑇 ln
𝑛𝑖

2

𝑁𝐴𝑁𝑐

𝐸𝐹 − 𝐸𝑐 = 𝑘𝐵𝑇 ln
𝑁𝐴

𝑁𝑐

𝑒𝑉𝐼𝐵 = 𝑘𝐵𝑇 ln
𝑁𝐴

𝑁𝑐
− 𝑘𝐵𝑇 ln

𝑛𝑖
2

𝑁𝐴𝑁𝑐

Band bending at inversion  

far on the p side

VIB is the voltage between the 
semiconductor-oxide interface 

and the body 

eVIB



eVIB

at the semiconductor-oxide interface

the depletion width remains constant in inversion

strong inversion



Depletion width in inversion  

𝑉𝐼𝐵 =
𝑒𝑁𝐴𝑥𝑝

2

2𝜀

𝑥𝑝(max) =
2𝜀𝑉𝐼𝐵

𝑒𝑁𝐴
= 2

𝜀

𝑒2𝑁𝐴
𝑘𝐵𝑇 ln

𝑁𝐴

𝑛𝑖

𝑒𝑉𝐼𝐵 = 2𝑘𝐵𝑇 ln
𝑁𝐴

𝑛𝑖

The depletion width remains constant in inversion  



Depletion width  



Electric field at semi-oxide interface at strong inversion

𝐸𝑠 = 2
𝑉𝐼𝐵

𝑥𝑝(max)
=

2𝑉𝐼𝐵

2𝜀𝑉𝐼𝐵
𝑒𝑁𝐴

= 2
𝑁𝐴

𝜀
𝑘𝐵𝑇 ln

𝑁𝐴

𝑛𝑖

𝐸𝑜𝑥 =
𝜀

𝜀𝑜𝑥
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2𝜀

𝜀𝑜𝑥
2

𝑁𝐴

𝜀
𝑘𝐵𝑇 ln

𝑁𝐴

𝑛𝑖

VIB = Esxp/2 = area 
of the triangle 

𝑒𝑉𝐼𝐵(strong inversion) = 2𝑘𝐵𝑇 ln
𝑁𝐴

𝑛𝑖

-tox 0 x
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Threshold voltage 

𝑉𝑇 = 𝐸𝑜𝑥 strong inversion 𝑡𝑜𝑥 + 𝑉𝐼𝐵 strong inversion + 𝑉𝐹𝐵

𝑉𝑇 =
2𝜀𝑡𝑜𝑥

𝜀𝑜𝑥

𝑁𝐴𝑘𝐵𝑇 ln
𝑁𝐴
𝑛𝑖

𝜀
+ 2

𝑘𝐵𝑇

𝑒
ln

𝑁𝐴

𝑛𝑖
+ 𝑉𝐹𝐵

𝜀𝑡𝑜𝑥

𝜀𝑜𝑥
𝐸𝑖𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

𝑉𝐼𝐵

Small VT requires a small tox and a large ox. 

eVIB



http://nano.boisestate.edu/research-areas/gate-oxide-studies/

High-k dielectrics



MOS capacitance  
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CCD devices  

Silicon dioxide
+ + + + + + + + + + +

+10 V

p-silicon
-

-
-

-
- -

-
-

-
-

-

- fixed acceptors
mobile electrons-

Silicon dioxide
+ + + + + + + + + + +

+10 V

p-silicon
- - - - --

- - - - -



https://en.wikipedia.org/wiki/Charge-coupled_device#/media/File:CCD_charge_transfer_animation.gif

CCD devices  
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