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MOS Transistor Symbol 
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nMOS Transistor Terminal Voltages 
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nMOS in cutoff operation mode (1/2) 
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QN (y) = Cox [VGC (y) - VT ]

VGC (y) = VG - V(y)
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I y (y) = ID (y) =QN (y) W vy (y)

vy (y) = μ Ey (y)
charge  
per area 

carriers  
velocity 

carriers mobility 
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pMOS Transistor 
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I-V Characteristics (nMOS) 
• In Linear region, Ids depends on 

– How much charge is in the channel? 

– How fast is the charge moving? 
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Channel Charge 

• MOS structure looks like parallel  
plate capacitor while operating in  
inversion:  
– Gate – oxide – channel 

• Qchannel = C*V 

• C = Cg = oxWL/tox = coxWL 

• V = Vgc – Vt = (Vgs – Vds/2) – Vt 

c
ox

 = 
ox

 / t
ox 
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• Charge is carried by e  

• Carrier velocity v  proportional to lateral  
E-field between source and drain 

• v  = μE   (μ called mobility) 

• E = Vds/L 

• Time for carrier to cross channel: 
– t = L / v 
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ID =QN (y) W vy (y)
vy (y) = μ Ey (y)

Ey (y) =
dV (y)

dy

QN (y) = Cox[VGS V (y) VT ]

IDdy = μ Cox W [VGS V (y) VT ] dV

ID dy
0

L

= μ Cox W [VGS V (y) VT ] dV
0

VDS

ID = μ Cox
W

L
VGS VT

VDS
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• If Vgd < Vt, channel pinches off near drain 
– When Vds > Vdsat = Vgs – Vt 

• Now drain voltage no longer increases current 
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nMOS I-V Summary 

• first order (Shockley model) transistor models (ideal 
models) 
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I-V characteristics of nMOS 
Transistor 
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Example 

• 0.6 μm process from AMI Semiconductor 
– tox = 100 Å 

–  μ = 350 cm2/(V*s) 

– Vt = 0.7 V 

• Plot Ids vs. Vds 

– Vgs = 0, 1, 2, 3, 4, 5 

– Use W/L = 4/2 
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• All dopings and voltages are inverted for 
pMOS 

• Mobility μp is determined by holes 
– Typically 2-3x lower than that of electrons μn 

– 120 cm2/V*s in AMI 0.6 mm process 

• Thus pMOS must be wider to provide same 
current 
– In this class, assume μn / μp = 2 
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pMOS I-V Summary 

• first order (ideal) transistor models (a.k.a. Shockley 
model) 
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I-V characteristics of pMOS 
Transistor 
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MOS Transistor’s Capacitances 
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bottom junction cap.  

per area 

Side wall junction cap.  

per perimeter 
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Gate Capacitance 

In reality the gate overlaps source and  
drain. Thus, the gate capacitance should  
include not only the intrinsic capacitance  
but also parasitic overlap capacitances: 

Cgs(overlap) = Cox W Lov 

Cgs(overlap) = Cox W Lov 
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Detailed Gate Capacitance 
Capacitance Cutoff Linear Saturation 

Cgb (total) C0 0 0 

Cgd (total) CoxWLov C0/2 + CoxWLov CoxWLov 

Cgs (total) CoxWLov C0/2 + CoxWLov 2/3 C0+ CoxWLov 

Source: M-S Kang, Y. Leblebici, 
             CMOS Digital ICs, 3/e, 

             2003, McGraw-Hill 
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Cov GS = CGSO W

Cov GD = CGDO W

Cov = Cov' W
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AS =W Ldiff

PS =W + 2Ldiff

AD =W Ldiff

PD =W + 2Ldiff
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Pass Transistors 

• nMOS pass transistors pull no higher than VDD-Vtn 

– Called a degraded “1” 

– Approach degraded value slowly (low Ids) 

• pMOS pass transistors pull no lower than |Vtp| 
– Called a degraded “0” 

– Approach degraded value slowly (low Ids) 
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Transmission gate ON resistance 
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Tri-state Inverter 

If the output is tri-stated but A toggles,  
charge from the internal nodes (= caps)  
may disturb the floating output node 

56 



•

–

–

•

–

–

–

•

–

57 



• Capacitance 
– C = Cg = Cs = Cd = 2 fF/μm of gate width 
– Values similar across many processes 

• Resistance 
– R  6 K *μm in 0.6um process 
– Improves with shorter channel lengths 

• Unit transistors 
– May refer to minimum contacted device (4/2 ) 
– or maybe 1 μm wide device 
– Doesn’t matter as long as you are consistent 
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