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VGS=0VGS>Vtn

nMOSnMOS Transistor Transistor –– OperationOperation ((ΙΙΙΙΙΙ))
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nMOSnMOS IIDD‐‐VVDSDS CharacteristicCharacteristic
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Transistor Current Estimation IITransistor Current Estimation II
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Consequently, in the drain current equation the VDS is replaced by the VDSsat so that:

p
drain current does not depend on 
the VDS .

VC

Β

MOS Transistor & CMOS Inverter 12

      2tnGS
n

2
tnGS

tnGStnGSnD VV
2

k

2

VV
VVVVkΙ 






7

nMOSnMOS Transistor Current EquationsTransistor Current Equations
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nMOSnMOS IIDD‐‐VVGSGS Saturation CharacteristicSaturation Characteristic
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VGSVtn

Threshold Voltage

IIDD DependenciesDependencies

• The channel length (L)

The drain current (on current) depends on:

• The channel width (W)

• The threshold voltage (Vt)

• The gate oxide thickness (tox)

MOS Transistor & CMOS Inverter 16

• The gate oxide permittivity (ε)

• The electron/hole mobility (μ)
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pMOSpMOS Transistor Transistor –– OperationOperation ((ΙΙΙΙ))
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pMOSpMOS Transistor Current EquationsTransistor Current Equations
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Linear and Saturation RegionsLinear and Saturation Regions
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SaturationSaturation

The MOS transistor operates like a current source since the current ID is almost
independent of the voltage VDS. The transconductance is provided by:

)VV(kg tGSm 
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Additional MOS Transistor DependenciesAdditional MOS Transistor Dependencies

The equations and curves presented earlier are approximations of the
MOS t i t ti A d t il d l i t id thMOS transistor operation. A more detailed analysis must consider the
following phenomena:

• the channel‐length modulation (διαμόρφωση μήκους καναλιού )

• the body effect (φαινόμενο σώματος ) and other Vt dependencies

• the velocity saturation (κορεσμός ταχύτητας )

MOS Transistor & CMOS Inverter 25
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Increasing the VDS by ΔVDS above VDS(κορ) [VDS=VDS(κορ)+ΔVDS] the channel length L is
decreased by ΔL. Since ΙD is conversely proportional of the channel length, ΙD is
increased. Consequently, in saturation stands that:
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The Body EffectThe Body Effect

The threshold voltage is the minimum gate‐to‐source voltage in a transistor in
order to establish an effective current ID. In general the threshold voltage
depends on:

• the gate materialg
• the gate insulator (oxide) material
• the oxide thickness
• the channel doping concentration and
• the voltage difference between the source and the bulk (VSB)

For a given gate material the threshold voltage is provided by the following
equation :

 FSBF0tt φ2Vφ)2(γVV  Nεq2
ε

t
γ Si

oxwhere
Body Effect 
Coefficient

MOS Transistor & CMOS Inverter 27

 FSBF0tt

where Vt0 is the threshold voltage for VSB=0, F is the Fermi potential ( ‐0.3V).
tox is the oxide thickness, εox is the relative dielectric constant of the oxide, q is
the electron charge, εSi the relative dielectric constant of the silicon and Ν is the
channel doping concentration. The sign +/‐ refers to an nMOS / pMOS transistor
respectively.

εox

The Body EffectThe Body Effect
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Threshold Voltage DependenciesThreshold Voltage Dependencies

Vt of a long‐channel transistor
Vt for low VDS 

Vt Vt
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Threshold voltage as a function 
of the channel length for low VDS

Drain‐induced barrier lowering (DIBL) 
for low L 

VDSL

Mobility Degradation (Mobility Degradation (μμ))

Under the presence of high vertical electric fields (VGS/tox) the carriers
ff h id i f f h h bili ( ) iscatter off the oxide interface more often so that the mobility (μ) is

degraded (μeff < μ) !
Thus, for a certain VGS a lower current ID is present.

MOS Transistor & CMOS Inverter 30
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Velocity SaturationVelocity Saturation

All I‐V equations above apply under the assumption that the carriers’ velocity υ in
a transistor is proportional to the electric field E, which means that the carriers
mobility μ is stable. However, the velocity υp/n is saturated when the electric field
reaches a critical level Ec, due to the scattering of the carriers in the channel.

m/s

υsat=10
5

stable

c, g

In short channel transistors (L<<) and under the velocity saturation influence, the
current is saturated earlier and at a lower value than the expected, according to
the following equation:

1V2
DS


Linear region current
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The W/L ratio and the VGS of the two 
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Velocity Saturation Impact Velocity Saturation Impact (Ι(ΙII))
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reaches the saturation earlier than the expected level (VGSVt) and ID has a linear dependence on the VGS
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Weak Inversion CurrentWeak Inversion Current
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expresses the reduction rate (that is the
required reduction of VGS in order to
reduce ID by 10).

For n=1.5 the slop factor is : S=90mV/decade

Additional PhenomenaAdditional Phenomena
•Mobility Variation

The mobility (μ) of the carriers (electrons/holes) is decreased by increasing the doping concentration
and/or the temperature.

• Fowler‐Nordheim and Direct Tunnelling

For thin gate oxides in modern nanotechnologies a current is present through this insulator ThisFor thin gate oxides in modern nanotechnologies a current is present through this insulator. This
current is due to quantum‐mechanics tunneling phenomena and is proportional to the gate surface
area.

• Hot Electrons

As the channel length (L) decreases the drain electric field increases so that the electrons gain enough
energy (hot electrons) as they move in the channel to deflect towards the gate under the influence of
the gate potential.

• Substrate Breakdown

For short channels (L) and high drain voltages the depletion area of the drain expands towards the

MOS Transistor & CMOS Inverter 36

For short channels (L) and high drain voltages, the depletion area of the drain expands towards the
source so that a drain‐to‐source current is established which is independent of the gate voltage. This
phenomenon does not result in a permanent transistor failure.

• Gate Oxide Dielectric Breakdown
For high gate‐to‐source voltages the gate oxide may breakdown. This will lead to a permanent
transistor failure.
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CMOS InverterCMOS Inverter

MOS Transistor & CMOS Inverter 37

InputInput‐‐Output Characteristic Curve Output Characteristic Curve (I)(I)

Vout IDn = IDp

Input‐Output (Static) Characteristic Curve [Vout=f(Vin)]
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At the C region both
transistors are in saturation
and behave as current

InputInput‐‐Output Characteristic Curve Output Characteristic Curve (II)(II)

A BVDD

VDD+Vtp
and behave as current
sources.

There is an input voltage level
for which it stands Vin=Vout
and it is called transition
threshold (κατώφλι
μετάβασης) VΜ of the logic
gate.
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At this voltage the whole
system is not stable.

(In the figure, the transition
threshold is equal to VDD/2
given that kp=kn ).
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A BVDD

pMOSpMOS ‐‐ SaturationSaturation

VDD+Vtp At the C region both transistors
are in saturation. In addition,
both transistor currents are equal
and for Vin=VM it stands:

The Transition ThresholdThe Transition Threshold
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In case that a specific transition threshold VM

is required, then the appropriate transistor
width ratio is given by the next equation:
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kknn//kkpp Effect on the InputEffect on the Input‐‐Output Curve Output Curve 
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Noise Margins (IV)Noise Margins (IV)
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Considering that:
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The The CMOSCMOS InverterInverter
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CMOS Technology ScalingCMOS Technology Scaling
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Process VariationsProcess Variations

Transistor manufacturing is characterized by process variations either at the wafer level
or the die level. Process variations are random and uncorrelated and lead to variations
of transistor parameters and geometric characteristics like the W/L ratio, the oxide
hi k h d i i h diff i d h h l id h hi hthickness, the doping concentration, the diffusion depth, the metal widths e.t.c. which
result to variations on the transistor transconductance, threshold voltage, parasitic
capacitance and resistance …

Consequently, process variations affect the expected circuit performance (speed, power
consumption, reliability). Aiming to alleviate the situation, the fabs provide “fast” and
“slow” models as well as statistical models of the devices for corner and Monte‐Carlo
analysis respectively.
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Process VariationsProcess Variations
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MOS MOS Transistor Size ScalingTransistor Size Scaling

tox/αVDD/α

p+ p+

n L/α

W/α

Χ/α
αN

Electric Field: 1
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Factor

Power‐Speed Product: 1/α3

Parameter  Scaling
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Electric Field:
Depletion Layer:
Parasitic Capacitance:
Gate Delay:
DC Power Dissipation:
Dynamic Power Dissipation:

1
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Power‐Speed Product:
Gate Area:
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Current Density:
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YieldYield
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

where: Α = die area
D = defect density (defects/cm2)
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