
Chapter1. The Devices: Diode and Chapter1. The Devices: Diode and 
MOS Transistors MOS Transistors 
(Chapter 3 in textbook)(Chapter 3 in textbook)(Chapter 3 in textbook)(Chapter 3 in textbook)

[Adapted from Rabaey’s Digital Integrated Circuits, ©2002, J. Rabaey et al.]
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Goal of this chapterGoal of this chapterGoal of this chapterGoal of this chapter
P t i t iti d t di f d iPresent intuitive understanding of device 
operation
Introduction of basic device equationsIntroduction of basic device equations
Introduction of models for manual 
analysisanalysis
Introduction of models for SPICE 
simulation
Analysis of secondary and deep-sub-
micron effects
Future trends
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SemiconductorsSemiconductors
Semiconductor: electrical conductivity greater than 
insulator, but less than conductor.insulator, but less than conductor.
Typical semiconductor materials: Si, Ge, GaAs, etc.
Transistors are built on a silicon (Si) substrateTransistors are built on a silicon (Si) substrate
Silicon is a Group IV semiconductor material
Forms crystal lattice with bonds to four neighborsForms crystal lattice with bonds to four neighbors

Si SiSi

Si SiSi

Si SiSi

Si SiSi
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Silicon MaterialSilicon Material

Pure silicon: very few free carriers, conducts poorly
Intrinsic Si (undoped):Intrinsic Si (undoped): 
n=p=ni=1.5×1010/cm3 (room temperature)
where n (p): free-electron(hole) concentration,
ni: intrinsic carrier concentration.
Adding dopants increases the conductivity

Group V dopants: contribute extra electron (n type)Group V dopants: contribute extra electron (n-type)
Group III dopants: contribute hole (missing electron, p-type)

As SiSi

Si SiSi

B SiSi

Si SiSi
-

+

+

-As SiSi

Si SiSi

B SiSi

Si SiSi
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DopantsDopants
Donor: impurity with valence ≥5 (e.g. P, As) => n-type with 
free electrons Assume doping concentration of donor as Nfree electrons. Assume doping concentration of donor as ND.
1). Concentration of free electrons in n-type material (nn):

nn=ND>>ni
2). Concentration of free holes in n-type material (pn)

pn=ni
2/ND

Acceptor: impurity with valence ≤3 (e.g. B) => p-type with 
free holes. Assume doping concentration of acceptor as NA.
1) Concentration of free holes in p-type material (p ):1). Concentration of free holes in p-type material (pp):

pp=NA>>ni
2). Concentration of free electrons in p-type material (np)

np=ni
2/NA
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pp--n Junctionsn Junctionspp

A junction between p-type and 
t i d t f t tn-type semiconductor forms a 

diode.
p-type n-type

anode cathode
Current flows only in one 
direction

anode cathode
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The DiodeThe Diode
B A SiO2

Al

p

n

A

Cross-section of pn-junction in an IC process 

p

A Al

A

n

B B
One-dimensional

representation diode symbolrepresentation diode symbol

Mostly occurring as parasitic element in Digital ICs
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Depletion RegionDepletion RegionDepletion RegionDepletion Region
hole diffusion

electron diffusion

p n

hole drift
l t d ift

(a) Current flow.

electron drift

Charge
Density

Distance
x+

-

ρ
(b) Charge density.

Electrical
xField ξ

(c) Electric field

P t ti l
V

(c) Electric field.

x

Potential

W2-W1

ψ0 (d) Electrostatic
potential.
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PN JunctionPN JunctionPN JunctionPN Junction
Built-in potential of PN junction:  ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=Φ 20 ln

i

DA
T n

NNV

where the thermal voltage VT: VT=kT/q, in it, 
k: Boltzmann constant, k=1.38×10-23 m2·kg·s-2·K-1, 
q: electron charge, q=1.6×10-19C.
At room temperature (T=300K), VT=0.026V.
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ReversedReversed biased Diode: Depletion Widthbiased Diode: Depletion WidthReversedReversed--biased Diode: Depletion Widthbiased Diode: Depletion Width
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Forward BiasForward BiasForward BiasForward Bias

W
2)

pn0p n
(W

n

Lp

np0

0 x-W1 W20
n-regionp-region

diffusion

Typically avoided in Digital ICs

© Digital Integrated Circuits2nd Devices

Typically avoided in Digital ICs

Reverse BiasReverse BiasReverse BiasReverse Bias

pn0

np0

x-W1 W20
n-regionp-region

diffusion

The Dominant Operation Mode
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ForwardForward--biased Junctionbiased Junctiono a do a d b ased Ju ct ob ased Ju ct o
Drift current: current flow due to concentration gradient of the 
minority charge near junctiony g j
Forward-bias current under forward-bias voltage VD:

Small-signal model of forward-biased diode
1) Incremental resistance r1). Incremental resistance rd

2). Depletion capacitance Cj: for depletion width 
change and immobile charge change in 
depletion regiondepletion region.

3). Diffusion capacitance Cd: for minority carrier 
concentration change close to junction.

i i i f di d ( ifi d f i h l )
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: transition time of diode (specified for a given technology)

Reverse Reverse Bias DiodeBias Diode
Th id l di d ti (f b th f d dThe ideal diode equation (for both forward and reverse-
bias conditions) is:

I = I (e VD/ φT 1)
+

VID = IS(e VD/ φT – 1)
where   VD is the voltage applied to the junction

a forward bias lowers the
-

VD

a forward-bias lowers the 
potential barrier allowing
carriers to flow across the 2.5carriers to flow across the                                                      
diode junction
a reverse-bias raises the                                                       

1.5

potential barrier and the                                                         
diode becomes non-conducting

0.5

φT = kT/q = 26mV at 300K
IS is the saturation current of the diode

-0.5
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

VD (V)
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Diode CurrentDiode CurrentDiode CurrentDiode Current
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Models for Manual AnalysisModels for Manual AnalysisModels for Manual AnalysisModels for Manual Analysis

ID = IS(eVD/φT  – 1)
+ +

ID

VD

+

VD

+
+
–

VDon

– –

(a) Ideal diode model (b) First-order diode model
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Junction Junction Depletion Depletion CapacitanceCapacitanceJunction Junction Depletion Depletion CapacitanceCapacitance
• Depletion capacitance: capacitance due to varying charge 

storage in depletion regionsstorage in depletion regions.
• Reason: bias voltage changes =>junction widths change 

=>charge in depletion region changes => capacitance effect. g p g g p
• Depletion capacitance:

Cj0: depletion capacitance per unit area at VR=0.
If NA>>ND (one-side diode):
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Junction CapacitanceJunction CapacitanceJunction CapacitanceJunction Capacitance
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Diffusion CapacitanceDiffusion CapacitanceDiffusion CapacitanceDiffusion Capacitance
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Secondary EffectsSecondary EffectsSecondary EffectsSecondary Effects
0 10.1

I D
(A

)

0

–25.0 –15.0 –5.0 5.0
VD (V)

–0.1
0

D ( )

Avalanche Breakdown
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Diode ModelDiode ModelDiode ModelDiode Model

RSRS

+

ID CD
VD

-
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SPICE ParametersSPICE ParametersSPICE ParametersSPICE Parameters
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Device: The MOS TransistorDevice: The MOS TransistorDevice: The MOS TransistorDevice: The MOS Transistor

Polysilicon Aluminum
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Device:  The MOS TransistorDevice:  The MOS TransistorDevice:  The MOS TransistorDevice:  The MOS Transistor

Gate oxide

Polysilicon

+
Source Drain Field-Oxide

(SiO )+

Polysilicon 
Gate

n+

p substrate p+ stopper

(SiO2)n+

p

Bulk contact

p+ stopper

Bulk contact

CROSS SECTION of NMOS Transistor
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CROSS-SECTION of NMOS Transistor

What is a Transistor?What is a Transistor?What is a Transistor?What is a Transistor?

A Switch! An MOS TransistorA Switch! An MOS Transistor

VGS ≥ VT

Ron

|VGS|

o
S D

© Digital Integrated Circuits2nd Devices

Power Supply Voltage for Power Supply Voltage for CMOSCMOSPower Supply Voltage for Power Supply Voltage for CMOSCMOS
• GND = 0 V
• In 1980’s VDD = 5VIn 1980 s, VDD  5V
• VDD has decreased in modern processes

– High VDD would damage modern tiny transistorsDD
– Lower VDD saves power

• VDD = 3.3V, 2.5V, 1.8V, 1.5V, 1.2V, 1.0V, …
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MOS Transistors MOS Transistors --
T  d S b lT  d S b lTypes and SymbolsTypes and Symbols

D

G

D

G

S

G

S

G

D D

NMOS Enhancement NMOS Depletion

G G B

S S

PMOS Enhancement NMOS with
Bulk Contact
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MOS transistorsMOS transistors:: Types and SymbolsTypes and SymbolsMOS transistorsMOS transistors:: Types and SymbolsTypes and Symbols

C l d b l f h l t i tCommonly used symbols for n-channel transistor

Commonly used symbols for p-channel transistors• Bulk connection:
NMOS: bulk is generally connected to the lowest voltage 

level available in the circuit (Gnd for digital VLSI V for analoglevel available in the circuit (Gnd for digital VLSI, -Vss for analog 
VLSI).

PMOS: bulk is generally connected to the highest voltage 
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g y g g
level in the circuit (Vdd for digital VLSI, +Vss for analog VLSI)

The NMOS Transistor Cross SectionThe NMOS Transistor Cross Section
n areas have been doped with donor ions 
(arsenic) of concentration ND - electrons 
are the majority carriersare the majority carriers 

Gate oxidePolysilicon 
W

n+
Source Drain Field-Oxide

(SiO )n+

GateW

n+

p substrate p+ stopper

(SiO2)n+
L

Bulk (Body)

p+ stopper

p areas have been doped with acceptor
ions (boron) of concentration NA - holes 
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are the majority carriers 

Switch Model of NMOS TransistorSwitch Model of NMOS Transistor
We can view MOS transistors as electrically controlled 
switches

Gate| VGS |
Voltage at gate controls path from source to drain

Source
(of carriers)

Drain
(of carriers)(of carriers) (of carriers)

Open (off) (Gate = ‘0’) Closed (on) (Gate = ‘1’)

RRon
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| VGS | < | VT | | VGS | > | VT |

Switch Model of PMOS TransistorSwitch Model of PMOS TransistorSwitch Model of PMOS TransistorSwitch Model of PMOS Transistor
Gate| VGS |

Source Drain
(of carriers) (of carriers)

Open (off) (Gate = ‘1’) Closed (on) (Gate = ‘0’)

Ron

| VGS | > | VDD – | VT | | | VGS | < | VDD – |VT| |
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Threshold Voltage ConceptThreshold Voltage Conceptg pg p

S D

G
VGS +

S D

-

n+n+

p substrate
depletion 
regionn channel

B
D l ti i d id f bil i (h l )Depletion region: area devoid of mobile carriers (holes)
Inversion region: n-channel region under oxide
The value of VGS where strong inversion occurs is called the 
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threshold voltage, VT

The Threshold VoltageThe Threshold Voltage
VT = VT0 + γ(√|-2φF + VSB| - √|-2φF|)where

V is the threshold voltage at V = 0 and is mostly aVT0 is the threshold voltage at VSB = 0 and is mostly a 
function of the manufacturing process

Difference in work-function between gate and substrate g
material, oxide thickness, Fermi voltage, charge of impurities 
trapped at the surface, dosage of implanted ions, etc.

V i th b lk ltVSB is the source-bulk voltage

φF = -φTln(NA/ni)  is the Fermi potential (φT = kT/q = 26mV at 
300K is the thermal voltage; NA is the acceptor ion concentration; 
ni ≈ 1.5x1010 cm-3 at 300K is the intrinsic carrier concentration in 
pure silicon)

γ = √(2qεsiNA)/Cox is the body-effect coefficient (impact of 
changes in VSB) (εsi=1.053x10-10F/m is the permittivity of silicon; 
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g SB) ( si p y ;
Cox = εox/tox is the gate oxide capacitance with εox=3.5x10-11F/m)

The Body EffectThe Body Effect

0.85
0.9

VSB is the substrate 

0.75
0.8

0.85 S
bias voltage (normally 
positive for n-channel 
d i ith th b d

0 6
0.65

0.7 devices with the body 
tied to ground)

0 5
0.55

0.6
A negative bias 

causes VT to increase 

0.4
0.45

0.5
from 0.45V to 0.85V

-2.5 -2 -1.5 -1 -0.5 0
VBS (V)
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Long Channel Long Channel II V RelationV Relation (NMOS)(NMOS)Long Channel Long Channel II--V RelationV Relation (NMOS)(NMOS)
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MOSFET Operating RegionsMOSFET Operating Regions
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Transistor in Linear ModeTransistor in Linear Mode
Assuming VGS > VT

S
D

G
VGS VDS

ID

n+n+

ID

V(x)- +

x

B

When VGS>VT, and VDS<VGS-VT, a current flows from drain to source
The current is a linear function of both VGS and VDS
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VoltageVoltage--Current Relation: Linear ModeCurrent Relation: Linear Modegg
For long-channel devices (L > 0.25 micron)

When VDS ≤ VGS – VT

ID = k’n W/L [(VGS – VT)VDS – VDS
2/2]GS S S

where
k’ = μ C = μ ε /t = is the processk n =  μnCox = μnεox/tox = is the process 
transconductance parameter (μn is the carrier 
mobility (m2/Vsec))mobility (m /Vsec))
kn =  k’n W/L is the gain factor of the device

F ll V th i li d dFor small VDS, there is a linear dependence 
between VDS and ID, hence the name resistive

li i
© Digital Integrated Circuits2nd Devices

or linear region
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VoltageVoltage--Current Relation: Saturation ModeCurrent Relation: Saturation Modegg
For long channel devices

When VDS ≥ VGS – VTWhen VDS ≥ VGS VT

ID’ = k’n/2 W/L [(VGS – VT) 2]
i th lt diff th i d dsince the voltage difference over the induced 

channel (from the pinch-off point to the source) 
i fi d t V Vremains fixed at VGS – VT

However, the effective length of the conductive 
channel is modulated by the applied VDS, so

ID = ID’ (1 + λVDS)D D ( DS)
where λ is the channel-length modulation (varies 
with the inverse of the channel length)
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with the inverse of the channel length)

Transistor in SaturationTransistor in SaturationTransistor in SaturationTransistor in Saturation
VGS

VDS > VGS VT

S

G

D

VDS > VGS - VT

n+n+

S D

VGS - VT
+- VGS  VT

Pinch-off
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CurrentCurrent Voltage RelationsVoltage RelationsCurrentCurrent--Voltage RelationsVoltage Relations
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Current DeterminatesCurrent DeterminatesCurrent DeterminatesCurrent Determinates
For a fixed VDS and VGS (> VT), IDS is a function 

fof
the distance between the source and drain – L
the channel width – W
the threshold voltage – VT

the thickness of the SiO2 – tox

the dielectric of the gate insulator (SiO2) – εox

the carrier mobility
– for nfets:  μn = 500 cm2/V-sec
– for pfets:  μp = 180 cm2/V-sec
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Long Channel ILong Channel I--V Plot (NMOS)V Plot (NMOS)

5

6 X 10-4

VGS = 2.5VVDS = VGS - VT

4

5 VDS  VGS VT

3
VGS = 2.0V

Linear Saturation

1

2 VGS = 1.5V

0

1

0 0 5 1 1 5 2 2 5

VGS = 1.0V

0 0.5 1 1.5 2 2.5
VDS (V)

NMOS transistor 0 25um L = 10um W/L = 1 5 V = 2 5V V = 0 4V

cut-off
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NMOS transistor, 0.25um, Ld = 10um, W/L = 1.5, VDD = 2.5V, VT = 0.4V
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Velocity SaturationVelocity Saturationyy
For long channel device: carrier velocity increases linearly with E-field: 

vn=-µnξ(x)=µn(dV/dx)
For transistors with very short channel length (short channel devices)For transistors with very short channel length (short-channel devices), 

when E-field along the channel reaches a critical value ξc, the velocity of 
carriers saturates due to scattering effects (collisions suffered by 

i )carriers). 
n(

m /
s)

υ t = 10 m/s5

υ n υsat = 10 m/s
Constant velocity

Constant mobility (slope = µ)

© Digital Integrated Circuits2nd Devicesξ (V/µm)ξc= 1.5

PerspectivePerspectivepp
For short channel transistor, due to velocity saturation:
Transistor enters saturation before VDS reaches VGS-VT. Short-channel 

devices experience extended saturation region and tend to operationdevices experience extended saturation region, and tend to operation 
more often in saturation conditions.

Saturation current IDSAT shows linear dependence to VGS instead of 
d d d i l h l d i Thi d th t fsquared dependence in long-channel device. This reduces the amount of 

current a transistor can deliver for a given control voltage. 

ID
Long-channel deviceLong channel device

Short-channel device
VGS = VDD
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VDSVDSAT VGS- VT

Velocity Saturation EffectsVelocity Saturation Effects
10 For short channel devices 

and large enough V V

VDSAT < VGS – VT so 

and large enough VGS – VT

DSAT GS T 
the device enters  
saturation before VDS

0

reaches VGS – VT and 
operates more often in 
saturationsaturation

IDSAT has a linear dependence wrt VGS so a reduced DSAT as a ea depe de ce t GS so a educed
amount of current is delivered for a given control 
voltage
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Short Channel EffectsShort Channel Effects

10

Behavior of short channel device mainly due to
5

Velocity saturation  
– the velocity of the 

i t t dcarriers saturates due 
to scattering (collisions 
suffered by thesuffered by the 
carriers)

0
0 1.5 3

ξ(V/μm)
ξc=

For an NMOS device with L of .25μm, only a couple of volts 
difference between D and S are needed to reach velocity 
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VoltageVoltage--Current Relation: Velocity SaturationCurrent Relation: Velocity SaturationVoltageVoltage Current Relation: Velocity SaturationCurrent Relation: Velocity Saturation
For short channel devices

Linear: When V ≤ V VLinear:  When VDS ≤ VGS – VT

ID = κ(VDS) k’n W/L [(VGS – VT)VDS – VDS
2/2]

where
κ(V) = 1/(1 + (V/ξcL)) is a measure of the degreeκ(V)   1/(1  (V/ξcL)) is a measure of the degree 
of velocity saturation

Saturation:  When VDS = VDSAT ≥ VGS – VT

I (V ) k’ W/L [(V V )V V 2/2]IDSat = κ(VDSAT) k’n W/L [(VGS – VT)VDSAT – VDSAT
2/2]
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Short Channel IShort Channel I--V Plot (NMOS)V Plot (NMOS)
2.5 X 10-4

VGS = 2.5VEarly Velocity
Saturation

2

VGS = 2.0V

GSSaturation

1

1.5

VGS = 1.5V

VGS  2.0V

Linear Saturation

0.5

1

VGS = 1.0V

GS

0

0.5 GS

0 0.5 1 1.5 2 2.5
VDS (V)

NMOS transistor 0 25um L = 0 25um W/L = 1 5 V = 2 5V V = 0 4V
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NMOS transistor, 0.25um, Ld = 0.25um, W/L = 1.5, VDD = 2.5V, VT = 0.4V

CurrentCurrent--Voltage RelationsVoltage Relations
Th  DTh  D S b i  ES b i  EThe DeepThe Deep--Submicron EraSubmicron Era

4-4

2.5
x 10

VGS= 2.5 V
Early Saturation

1 5

2

VGS= 2.0 V

y

Linear
Relationship1

1.5

I D
(A

)

VGS= 1.5 V

0.5 VGS= 1.0 V

0 0.5 1 1.5 2 2.5
0

© Digital Integrated Circuits2nd Devices

VDS (V)

MOS IMOS IDD--VVGSGS CharacteristicsCharacteristics
6 Linear (short-channel) 

versus quadratic (long-
X 10-4

4
5

q ( g
channel) dependence of 
ID on VGS in saturation

2
3 Velocity-saturation 

causes the short

0
1
2 causes the short-

channel device to 
saturate at substantially 0

0 0.5 1 1.5 2 2.5
V (V)

y
smaller values of VDS
resulting in a substantial 
d i t d iVGS (V) drop in current drive

(for V = 2 5V W/L = 1 5)
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II versus Vversus VGSGSIIDD versus Vversus VGSGS

10-4 4

5

6
x 10

2

2.5
x 10-4

3

4

(A
)

1.5

2

A)

quadratic
linear

2

3

I D

1

I D
(

0 0.5 1 1.5 2 2.5
0

1

0 0.5 1 1.5 2 2.5
0

0.5

quadratic

VGS(V) VGS(V)

Long Channel Short Channel
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II versus Vversus V SSIIDD versus Vversus VDSDS

-4
2.5x 10

VGS  2 5 V
6x 10-4

VGS= 2.5 V

2

VGS= 2.5 V

VGS= 2.0 V4

5

VGS  2.5 V

VGS  2 0 V

Resistive Saturation

1

1.5

I D
(A

)

VGS= 1.5 V
2

3I D
(A

) VGS= 2.0 V

VGS  1 5 V

VDS = VGS - VT

0

0.5 VGS= 1.0 V1

2 VGS= 1.5 V

VGS= 1.0 V

VDS(V)
0 0.5 1 1.5 2 2.50

0 0.5 1 1.5 2 2.50
VDS(V)

Long Channel Short Channel
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Simple Model versus SPICE Simple Model versus SPICE Simple Model versus SPICE Simple Model versus SPICE 

2.5
x 10

-4

VDS=VDSAT
2

Velocity
S t t d

1

1.5

I D
(A

)

Saturated

Linear

0.5

1

VDSAT=VGT

0 0.5 1 1.5 2 2.5
0

SaturatedVDS=VGT
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Short Channel IShort Channel I--V Plot (PMOS)V Plot (PMOS)

0-1-2 VDS (V)

All polarities of all voltages and currents are reversed

0 2

0

V 1 0V

-0 4

-0.2VGS = -1.0V

V 1 5V

-0.6

0.4VGS = -1.5V

-0.8

VGS = -2.0V

-1 X 10-4
VGS = -2.5V
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PMOS transistor, 0.25um, Ld = 0.25um, W/L = 1.5, VDD = 2.5V, VT = -0.4V

The MOS CurrentThe MOS Current--Source ModelSource Model
G ID = 0 for VGS – VT ≤ 0

S D
ID ID = k’ W/L [(VGS – VT)Vmin–Vmin

2/2](1+λVDS)    
for VGS – VT ≥ 0

B
with Vmin = min(VGS – VT, VDS, VDSAT)
and VGT = VGS - VT

Determined by the voltages at the four terminals and 
a set of five device parameters

V (V) γ(V0.5) V (V) k’(A/V2) λ(V-1)

a set of five device parameters

VT0(V) γ(V ) VDSAT(V) k (A/V ) λ(V )
NMOS 0.43 0.4 0.63 115 x 10-6 0.06
PMOS -0.4 -0.4 -1 -30 x 10-6 -0.1
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The Transistor Modeled as a SwitchThe Transistor Modeled as a Switch

6

7 x105

V ≥ V

Modeled as a switch with 
infinite off resistance and a 
fi it i t R

4

5

S D
Ron

VGS ≥ VT finite on resistance, Ron

Resistance inversely 
ti l t W/L (d bli

1

2

3 proportional to W/L (doubling 
W halves Ron)

0

1

0.5 1 1.5 2 2.5
VDD (V)

For VDD>>VT+VDSAT/2, Ron
independent of VDD

O V h VVDD (V)(for VGS = VDD,          
VDS = VDD →VDD/2)

Once VDD approaches VT, 
Ron increases dramatically

VDD(V) 1 1.5 2 2.5
NMOS(kΩ) 35 19 15 13

Ron (for W/L = 1)
For larger devices 
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PMOS (kΩ) 115 55 38 31 divide Req by W/L



The Transistor as a SwitchThe Transistor as a Switch
In digital VLSI, transistor is treated as a switch with infinite “off” 

resistance, and a finite “on” resistance Ron. 
R is time varying nonlinear and dependent on transistor operatingRon is time varying, nonlinear and dependent on transistor operating 

point. We can use the average value of resistances at the end points of 
the transition. 

R i i l ti l t (W/L) ti f t i t D bli th

II

Req is inversely proportional to (W/L) ratio of transistor. Doubling the 
transistor width cuts the resistance in half. (IDSAT is linear to (W/L))

VGS ≥ VT

Ron
S D

ID VGS = VD D

Rmid

ID VGS = VD D

RmidS D

R0

Rmid

R0

Rmid

VDS

VDD/2 VDD

VDS

VDD/2 VDD
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The Transistor as a SwitchThe Transistor as a SwitchThe Transistor as a SwitchThe Transistor as a Switch
For VDD>>VT+VDSAT/2, Req is virtually independent of VDD. On a minor 

increase on Req due to channel length modulation can be observed when 
raising Vraising VDD.

Once VDD→VT, Req increases dramatically. 

7
x 10

5

5

6

3

4

R
eq
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)

1
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MOS CapacitancesMOS Capacitances
Dynamic BehaviorDynamic Behavior
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Capacitances of MOS TransistorCapacitances of MOS TransistorCapacitances of MOS TransistorCapacitances of MOS Transistor
• MOS capacitances according to physical mechanisms

Overlap capacitances: Cgso, Cgdop p gso, gdo
Channel capacitances: Cgs, Cgd, Cgb
Diffusion capacitance: CSdiff, CDdiff

L d it d l f MOS t i t

G

• Lumped capacitance model of MOS transistor: 
capacitances between terminals without considering 
physical mechanisms

DS

CGDCGS
CGS=Cgs+Cgso
CGD=Cgd+Cgdo

physical mechanisms

CSB CDBCGB

GD gd gdo
CGB=Cgb
CSB=CSdiff
C C BLumped capacitance 

model of MOS 
transistor

CDB=CDdiff
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transistor



MOS Intrinsic CapacitancesMOS Intrinsic CapacitancesMOS Intrinsic CapacitancesMOS Intrinsic Capacitances

Structure capacitances
Channel capacitancesChannel capacitances
Depletion regions of the reverse-
bi d j ti f th d i dbiased pn-junctions of the drain and 
source
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MOS Structure CapacitancesMOS Structure Capacitancespp
Poly Gatelateral diffusion

xd
Source

n+
Drain

n+WxdTop view

Ldrawn

n+n+
tox

LLeff

CGSO = CGDO = Cox xd W = Co W

Overlap capacitance (linear)
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MOS Capacitances: Structure CapacitancesMOS Capacitances: Structure CapacitancesMOS Capacitances: Structure CapacitancesMOS Capacitances: Structure Capacitances
• MOS structure capacitance: 

originate from MOS structureoriginate from MOS structure
1). Gate capacitance Cg

Cg=CoxW·L,    where Cox=εox/toxg ox ox ox ox
Lateral diffusion: during to 
fabrication, both source and drain 
tends to extend somewhat belowtends to extend somewhat below 
the oxide by xd.
Effective channel length:  

Leff=L-2xd
Gate capacitance considering xd:

C =C W·LCg=CoxW Leff
2).Overlap capacitance: Cgso, Cgdo

Cgso=Cgdo=Cox·xd·W
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MOS Channel CapacitancesMOS Channel Capacitancespp
The gate-to-channel capacitance depends upon 
the operating region and the terminal voltages

GCGS = CGCS + CGSO CGD = CGCD + CGDO

S D

G
VGS +

GS GCS GSO GD GCD GDO

-

n+n+

b t t
depletion 

in channel
CGB = CGCB
p substrate regionn channel
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Review:  Summary of MOS Operating RegionsReview:  Summary of MOS Operating Regions
Cutoff (really subthreshold) VGS  ≤VT

Exponential in VGS with linear VDS dependence
ID = IS e (qVGS/nkT) (1 - e -(qVDS/kT) ) (1 - λ VDS)   where   n ≥ 1

Strong Inversion VGS  > VT

Linear (Resistive) V < V = V VLinear (Resistive) VDS  < VDSAT  = VGS - VT

ID = k’ W/L [(VGS – VT)VDS – VDS
2/2] (1+λVDS) κ(VDS) 

Saturated (Constant Current) VDS ≥VDSAT = VGS - VT( ) DS  DSAT  GS T

IDSat = k’ W/L [(VGS – VT)VDSAT – VDSAT
2/2] (1+λVDS) κ(VDSAT)

V (V) γ(V0.5) V (V) k’(A/V2) λ(V-1)VT0(V) γ(V ) VDSAT(V) k (A/V ) λ(V )
NMOS 0.43 0.4 0.63 115 x 10-6 0.06

PMOS -0 4 -0 4 -1 -30 x 10-6 -0 1
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PMOS 0.4 0.4 1 30 x 10 0.1

Channel Channel CapacitanceCapacitanceChannel Channel CapacitanceCapacitance
• MOS channel capacitances: originate from channel charge
• MOS gate-to-channel capacitances: C b C C dMOS gate to channel capacitances: Cgb, Cgs, Cgd
• Distribution of gate capacitance among channel 

capacitances depends on operating conditions.
G

C

G

C

G

C
S D

CGC

S D
CGC

S D
CGC

C ffCut-off Resistive Saturation
MOS gate-to-channel capacitances in different operation regions
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Average Distribution of Channel CapacitanceAverage Distribution of Channel Capacitanceg pg p
Operation 

Region
CGCB CGCS CGCD CGC CG

g
Cutoff CoxWL 0 0 CoxWL CoxWL + 

2CoW
Resistive 0 CoxWL/2 CoxWL/2 CoxWL CoxWL + 

2CoW
Saturation 0 (2/3)CoxWL 0 (2/3)CoxWL (2/3)CoxWL +Saturation 0 (2/3)CoxWL 0 (2/3)CoxWL (2/3)CoxWL  

2CoW

Channel capacitance components are nonlinear and 
vary with operating voltagevary with operating voltage
Most important regions are cutoff and saturation 
since that is where the device spends most of its time
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since that is where the device spends most of its time

MOS Diffusion CapacitancesMOS Diffusion Capacitancespp
The junction (or diffusion) capacitance is from the 
reverse-biased source-body and drain-body pn-junctions.

G
VGS

S D
VGS +

-

n+n+

p substrate
depletion 
regionn channel

B

CSB = CSdiff CDB = CDdiff
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Review:  Reverse Bias DiodeReview:  Reverse Bias Diode
All diodes in MOS digital circuits are reverseAll diodes in MOS digital circuits are reverse              
biased; the dynamic response of the diode                            
is determined by depletion-region charge or                       +

Vjunction capacitance
Cj = Cj0/((1 – VD)/φ0)m -

VD

where  Cj0 is the capacitance under zero-bias conditions (a 
function of physical parameters), φ0 is the built-in potential 
( f ti f h i l t d t t )(a function of physical parameters and temperature)

and m is the grading coefficient
½ f b t j ti (t iti f tm = ½ for an abrupt junction (transition from n to p-

material is instantaneous)
m = 1/3 for a linear (or graded) junction (transition ism = 1/3 for a linear (or graded) junction (transition is 
gradual)

Nonlinear dependence (that decreases with increasing

© Digital Integrated Circuits2nd Devices

Nonlinear dependence (that decreases with increasing 
reverse bias)

ReverseReverse--Bias Diode Junction CapacitanceBias Diode Junction Capacitance
2

1.5 abrupt (m=1/2)

1

C
j(

fF
)

0.5

C

linear (m=1/3) Cj0

0

Cj0

0
-5 -4 -3 -2 -1 0 1

VD (V)
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D ( )

Li i i  h  J i  C iLi i i  h  J i  C iLinearizing the Junction CapacitanceLinearizing the Junction Capacitance
Replace non-linear capacitance by

large-signal equivalent linear capacitance
which displaces equal charge 
over voltage swing of interest
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Source Junction ViewSource Junction View
channel-stop 
implant (NA+)

W source 
bottom plate

channelxj

bottom plate 
(ND)

junction
d th

side walls substrate (NA)
depth

LS

Cdiff = Cbp + Csw = Cj AREA + Cjsw PERIMETER

C L W + C (2L + W)
© Digital Integrated Circuits2nd Devices

= Cj LS W +  Cjsw (2LS + W)



MOS Capacitances: Junction/Diffusion CapacitancesMOS Capacitances: Junction/Diffusion Capacitances
• MOS junction/diffusion capacitances (CSdiff, CDdiff): originate 

from depletion regions of reversed-biased pn-junctions offrom depletion regions of reversed biased pn junctions of 
drain and source

CSdiff: for source-bulk pn-junction
C f d i b lk j tiCDdiff: for drain-bulk pn-junction

• Let’s define
Cj: junction capacitance per unit areaj j p p
Cjsw’: sidewall junction capacitance per unit area
xj: junction depth.
W: channel widthW: channel width
LS: source length
LD: drain length
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MOS Capacitances: Junction/Diffusion CapacitancesMOS Capacitances: Junction/Diffusion Capacitances
• For CSdiff:

1). Bottom plate junction: CS bottom=CjWLSS_botto j S
2). Side-wall junctions (3 sidewalls): CS_sw=Cjsw’ xj(W+2LS)

Total CSdiff=CS_bottom+CS_sw=CjWLS+Cjsw(W+2LS)
• Total C =C L W+C (W+2L )• Total CDdiff=CjLDW+Cjsw(W+2LD) 

© Digital Integrated Circuits2nd Devices

MOS Capacitance ModelMOS Capacitance ModelMOS Capacitance ModelMOS Capacitance Model

GCGS = CGCS + CGSO CGD = CGCD + CGDO

CGS CGD

S D

CSB CDB
CGB

S D

DB

BC = C C = CB

CGB = CGCB

CSB = CSdiff CDB = CDdiff
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Transistor Capacitance Values for 0.25Transistor Capacitance Values for 0.25μμ
E l F NMOS ith L 0 24 W 0 36Example:  For an NMOS with L = 0.24 μm, W = 0.36 μm,   

LD = LS = 0.625 μm

CGC = Cox WL = 0.52 fF
CGSO = CGDO = Cox xd W = Co W = 0.11 fF

so Cgate_cap = CoxWL + 2CoW = 0.74 fF

C = C L W = 0 45 fFCbp = Cj LS W = 0.45 fF
Csw = Cjsw (2LS + W) = 0.45 fF

C 0 90 fF

Cox Co Cj mj φb Cjsw mjsw φbsw

so Cdiffusion_cap = 0.90 fF

(fF/μm2) (fF/μm) (fF/μm2) (V) (fF/μm) (V)

NMOS 6 0.31 2 0.5 0.9 0.28 0.44 0.9
PMOS 6 0 27 1 9 0 48 0 9 0 22 0 32 0 9
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PMOS 6 0.27 1.9 0.48 0.9 0.22 0.32 0.9



Gate CapacitanceGate CapacitanceGate CapacitanceGate Capacitance

WLC
CGCWLC WLCox

WLCox

2WLCox
3

CGC

CGCSCGCS = CGCDCGC B

WLCox

WLCox
2

/( )

CGCD

0 1

CGC B
2

V VDS /(VGS-VT)0 1VGS

Capacitance as a function of VGS Capacitance as a function of the p
(with VDS = 0)

p
degree of saturation
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Measuring the Gate CapMeasuring the Gate Cap

3 102 16
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Other (Other (SubmiconSubmicon) MOS Transistor Concerns) MOS Transistor Concerns
V l it t tiVelocity saturation
Subthreshold conduction

T i t i l d ti ll d ti f ltTransistor is already partially conducting for voltages 
below VT

Threshold ariationsThreshold variations
In long-channel devices, the threshold is a function 
of the length (for low V )of the length (for low VDS)
In short-channel devices, there is a drain-induced 
threshold barrier lowering at the upper end of thethreshold barrier lowering at the upper end of the 
VDS range (for low L)

Parasitic resistances S

G

DParasitic resistances
resistances associated with the                                          
source and drain contacts

S D
RS RD
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Latch-up

Threshold VariationsThreshold Variations
For short-channel transistors:
The depletion regions of source and reverse-biased drain junction, 

previously was ignored in long channel device But for short channelpreviously was ignored in long-channel device. But for short-channel 
device, they become relatively more important with shrinking channel 
length. Since a part of the region below gate is already depleted, a 

ll VT ffi t t i i Th VTO d d ithsmaller VT suffices to cause strong inversion. Thus, VTO decreased with 
L for short-channel device. 

Raising drain-source (bulk) voltage also increases the width of drain-

VT
VT

junction depletion region, hence VTO decreases with increasing VDS: 
drain-induced barrier lowering (DIBL). 

T

Low VDSthresholdLong-channel threshold

VL
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Threshold as a function of 
the length (for low VDS) 

Drain-induced barrier lowering 
(for low L)

VDS
L



Subthreshold ConductanceSubthreshold Conductance
10-2

Linear region

Transition from ON to 
OFF is gradual (decays 

Quadratic region
Linear region g ( y

exponentially)
Current roll-off (slope 

Subthreshold 

factor) is also affected by 
increase in temperature

exponential 
region S = n (kT/q) ln (10)

(typical values 60 to 100 

0 0.5 1 1.5 2 2.5

10-12 VT mV/decade)

Has repercussions in0 0.5 1 1.5 2 2.5

VGS (V)
Has repercussions in 

dynamic circuits and for 
power consumptionID ~ IS e (qVGS/nkT) where n ≥ 1
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p pID  IS e (q GS ) where   n ≥ 1

SubSub--Threshold ConductionThreshold ConductionSubSub--Threshold ConductionThreshold Conduction

10
-2

Linear
The Slope Factor

qV C

6

10
-4

Linear

ox

DnkT
qV

D C
CneII

GS

+=1   ,~ 0

10
-8

10
-6

I D
(A

)

Quadratic
S is ΔVGS for ID2/ID1 =10

10
-10

10

Exponential

0 0.5 1 1.5 2 2.5
10

-12

V (V)

VT Typical values for S:
60 .. 100 mV/decade
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VGS (V)

SubthresholdSubthreshold IIDD vsvs VVGSGS
ID = IS e (qVGS/nkT) (1 - e –(qVDS/kT))(1 + λVDS)

VDS from 0 to 0.5V
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SubthresholdSubthreshold IIDD vsvs VVDSDS
ID = IS e (qVGS/nkT) (1 - e –(qVDS/kT))(1 + λVDS)

V from 0 to 0 3VVGS from 0 to 0.3V
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Summary of MOSFET Operating Summary of MOSFET Operating 
RegionsRegions

Strong Inversion VGS  > VT
Linear (Resistive) VDS  < VDSAT

Saturated (Constant Current) VDS ≥VDSATSaturated (Constant Current) VDS  ≥VDSAT

Weak Inversion (Sub-Threshold) VGS  ≤VT
Exponential in VGS with linear VDS dependence
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Parasitic ResistancesParasitic ResistancesParasitic ResistancesParasitic Resistances

Polysilicon gate

LD

Drain
contact

y g

G

WDS

VGS,eff

Drain

RS RD

Drain
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SPICE MODELSSPICE MODELSSPICE MODELSSPICE MODELS

Level 1: Long Channel Equations - Very Simple

Level 2: Physical Model - Includes Velocity
Saturation and Threshold VariationsSaturation and Threshold Variations

Level 3: Semi-Emperical - Based on curve fittingLevel 3: Semi Emperical  Based on curve fitting
to measured devices

Level 4 (BSIM): Emperical - Simple and Popular
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MAIN MOS SPICE PARAMETERSMAIN MOS SPICE PARAMETERSMAIN MOS SPICE PARAMETERSMAIN MOS SPICE PARAMETERS
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SPICE Parameters for SPICE Parameters for ParasiticsParasiticsSPICE Parameters for SPICE Parameters for ParasiticsParasitics
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SPICE T i t  P tSPICE T i t  P tSPICE Transistors ParametersSPICE Transistors Parameters
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