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NA = Acceptor concentration
ND = Donor concentration
ni = intrinsic carrier concentration ≅ 1.5 × 1010 cm-3

for silicon, at 300K
k = Boltzmann’s constant = 1.38 × 10-23joules/kelvin
T = Absolute temperature in kelvins = 273 + Co

q = Electric charge = 1.6 × 10-19 coulomb



• IS is usually called the saturation current and it is directly 
proportional to the cross-sectional area of the diode.

• The value of IS is a very strong function of the temperature 
and it generally doubles for every 5oC rise in temperature.

• In actual devices, the reverse current is substantially (about 3 
times) larger than IS. That is due to the thermal generation of 
hole and electron pairs in the depletion region, which are 
swept out by the electric field, generating additional current 
component. Reverse current doubles for every 10oC in 
temperature.

• For typical silicon junctions, IS is nominally in the range of 
10-17 A/µm2

•φ0 is also called the cut-in voltage (0.6 – 0.8V)
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Models for Manual AnalysisModels for Manual Analysis
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Space charge is equal at both sides (p&n) of depletion region
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si

Because the space charge region contains few mobile carriers,
it acts as an insulator with a dielectric constant 
n and p regions act as capacitor plates.
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Junction Capacitance:
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Diffusion Capacitance

D

The dynamic behavior of the diode is modeled by the nonlinear 
capacitance C , which combines the charge storage effects of the
space charge and the excess minority carriers.
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where emission coefficient 1 for most diodes, and
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 is significant under forward bias conditions, which is not a case in 
digital integrated circuits. Here, m is called the grading coefficient and 
it is equal to 1/2 for abrupt junctions.
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1. Depletion region charge (VD is negative for reverse bias):
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Junction CapacitanceJunction Capacitance
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Large-Signal Depletion Region Capacitance

Junction capacitance is a voltage-dependent parameter. In digital 
circuits, operating voltages tend to move rapidly over a wide 
range Vhigh-Vlow. It is more appropriate to replace the voltage 
dependent nonlinear capacitance Cj by an equivalent linear 
capacitance Ceq
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Secondary EffectsSecondary Effects
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What is a Transistor?What is a Transistor?
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The MOS TransistorThe MOS Transistor

Polysilicon Aluminum









Threshold Voltage Concept
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The value of VGS where strong inversion occurs is called
the threshold voltage, VT
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Where φ is the voltage across the depletion layer (potential at 
the oxide-silicon boundary, NA is the substrate doping.

In the presence of an inversion layer, the charge stored in the 
depletion region is fixed and equal to:

2q NA εsi 2ΦFQB0 =

When a substrate bias voltage VSB is applied, the surface 
potential required for strong inversion increases and the 
charge stored can be expressed as:

2q NA εsi ( (-2) ΦF+VSB  )QB =



The Threshold Voltage

VT = VT0 + γ(√|-2φF + VSB| - √|-2φF|)where

  VT0 is the threshold voltage at VSB = 0 and is mostly a
function of the manufacturing process
λ Difference in work-function between gate and substrate

material, oxide thickness, Fermi voltage, charge of impurities
trapped at the surface, dosage of implanted ions, etc.

 VSB is the source-bulk voltage

φF = -φTln(NA/ni)  is the Fermi potential (~ -0.3V) (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;
Cox = εox/tox is the gate oxide capacitance with εox=3.5x10-11F/m)



The Body Effect
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λ   VSB is the substrate
bias voltage (normally
positive for n-channel
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λ   A negative bias
causes VT to increase
from 0.45V to 0.85V



Transistor in Linear Mode
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Transistor in Saturation Mode
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Assuming VGS>VT and VDS<VGS-VT (resistive operation)
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where ( ) is the charge in an infinitesimal portion of the channel.
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