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Conservation of total current

• Maxwell eqs. ➙ conservation of total current ➙ Kirchhoff law

displacement drift
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1st consequence: Ramo-Shockley theorem
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2nd consequence: Thevenin-Norton theorem



Branching ➙ 3 terminals ➙ transistor

• Total current conservation ≡ zero-sum rule (Kirchhoff)

• Typical of field-effect transistors

• Channel ≡ total current branching between source-drain and 
channel-gate directions



Aim of the study

Discuss problems related to the intrinsic 
noise in FET channels induced by the 

continuous branching of the total current 
between 3 terminals 

Channel
≡ 

Branching
DrainSource

Gate
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Circuit model: impedance network
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Discretization of current conservation
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Discretization of current conservation

In

Out source→drain

Out channel→gate

by taking the limit              
and normalizing to the cross-section             ...



Conservation of total current in differential form

Total
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Conservation of total current in differential form

Total

Gate

Channel



Conservation of total current in integral form

By integrating between source (x=0) and drain (x=L)



Quasi-2D Poisson equation
By using the charge conservation law
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Quasi-2D Poisson equation

Gate fieldLongitudinal field

By using the charge conservation law



1st limit of quasi-2D Poisson equation

Narrow channel
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1st limit of quasi-2D Poisson equation

Narrow channel

Gradual channel approximation



2nd limit of quasi-2D Poisson equation

Ungated transistor
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2nd limit of quasi-2D Poisson equation

Ungated transistor

1D Poisson equation



• No transport to gate →

• Drift current in the channel →

• Velocity from hydrodynamic approach

Closure relations
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• No transport to gate →

• Drift current in the channel →

• Velocity from hydrodynamic approach

Closure relations

Langevin
force

Velocity
relaxation rate

Diffusion coefficient



• Carrier concentration in the channel

• No drift velocity

• Linearization of equations

• Neglecting diffusion current

Analytical Model



• Potential

• Concentration

• Drift current

Linearized equations in frequency domain



Self-consistent fluctuating potential

where

Solved using Green functions



Solution in common source configuration

Norton generator of current noise

Admittance



Model structure



Model structure



Transfer
field

Model structure



Spectral density of 
Langevin force

Transfer
field

Model structure



Current response at equilibrium
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Effect of time delay

Fourier Fourier



Spectra of current fluctuations

• Resonances in the THz domain

• Ungated regions suppresses HF peaks

• Different resonances at source and gate



Unsolved problem #1

Is it possible to measure 
electronic noise at TeraHertz 

frequencies?

Challenge for experiments



Plasma waves in semiconductors

concentration

concentration
+

geometry



Travelling plasma waves

excitation
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Plasma modes in field-effect transistors

3D plasma frequency

geometry factor



Unsolved problem #2

Is it possible to exploit plasma 
waves to obtain a detector or 

emitter of TeraHertz  
radiation?

Huge number of potential applications



From ungated to gated transistor



From ungated to gated transistor
excess noise



Unsolved problem #3

Which is the physical origin 
of the excess noise?

The system is at equilibrium and total noise power 
increases (not simple noise redistribution)



Noise vs operation mode
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Noise vs operation mode

closed open



Suppression of odd harmonics

possible (n=2)

impossible (n=1)



Unsolved problem #4

Which is the intrinsic noise of 
the transistor?

Noise spectra depend on operating conditions
Failure of  Thevenin/Norton equivalence?



Conclusions

• Novel circuit + analytical model

• Thermal fluctuations excite standing 

plasma waves at THz frequencies

• Current branching strongly influences 

intrinsic noise spectra



unsolved problem on branching


