Lecture 9
Microelectronic Devices

MOSFET - summary (linear and saturation regimes)

MOSFET - short channel effect

MOSFET - low signal model

MOSFET - subthreshold slope, a fundamental
performance limitation

MOSFET vs BJT



MOSFET in linear region, strong inversion @ Vg
> V; and low drain voltage, Vg
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U515 the effective electron mobility



MOSFET: pinch-off at high V¢

Cross-over between the
0 Vg Vp linear and saturation regimes
(note that in BJT devices totally

I
different terminology is adopted)

/ Saturation occurs when

Qi(x) = _Cox (VGS - VT - V(x)) V(X) - (VGS - VT) VDSsat = VGS _VT

Qi(x)z 0

The channel is not cut off, but the current is saturated



MOSFET: regions of operation

N

linear

VDSsat=VGSs-VT

saturation

Vas

e Cutoff: VGS <VT (VGD <VT):
no inversion layer anywhere
underneath gate

 Linear: Vgg >V, (with
Vps>0): inversion layer
everywhere underneath gate

e Saturation:
Vs >V, Vps > Va-V1=Vpgat
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Saturation (2)

Output charact. Transfer charact.
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MOSFET: channel length modulation

What happens if VDS > VDSsat . VGS _VT?
Depletion region separating pinch-off point and drain widens
(just like in reverse biased pn junction)

G

Ve(L-AL)=Vpssat=VaesVT

L-AL L y

Channel length modulation: Vps? = Lenanne 12 Ip 1



MOSFET: channel length modulation

Drain current continues to increase after saturation (Vp>Vpgat)

VG
VDsat

* Pinch-off

- Equivalent length: L - AL _ ///////%%/ anvnsat
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Courant de drain Ip (MA)

MOSFET: channel length modulation
How it looks like and is modeled?
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Small signal model for MOSFETs

« When we analyze MOSFET circuits (especially amplifiers), we often care about
how the MOSFET behaves for small variations around a fixed operating point

 To simplify analysis, we linearize the MOSFET's behavior around that point —
that's called the small-signal model

« We assume the MOSFET is in saturation (active mode), meaning: it acts like a

voltage-controlled current source.

* The small-signal model replaces the MOSFET with a controlled current
source
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Vas

MOSFET: small signal equivalent circuit

Low frequency

Key points:

_ « Small-signal fulfils: v4s << Vgsg
J|D+Id

O+V so that response of non-linear
- ds components becomes linear

— Vps « Can separate response of

+
jD_ _<|>__Vbs MOSFET to bias and small signal.

T T VBs « Since response is linear,
superposition can be used and

v v v effects of different small signals are
independent from each other
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MOSFET: small signal equivalent circuit (2)

Superposition of different responses MOSFET

small-signal
equivalent
circuit model
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where () = biag )()mf (‘ as DS, ‘ BS)

i~ a4 a0 Gm = transconductance |S]
'd = YmVgs T YoVds T YmbUbs go = output or drain conductance [S]
gmp = backgate transconductance [S]
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MOSFET: small signal transconductance

*The small-signal model is mainly used when the MOSFET is operating in saturation
- the MOSFET behaves like a voltage-controlled current source
- The drain current depends primarily on Vg
- This gives a high gain and linear response — good for amplifier design

W
oH
Then, neglecting channel length modulation:

Ip = Coe(Vas — Vr)*[1 + M Vbs — Vbssat)]
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MOSFET: small signal output conductance

In saturation:

[D — :)_[;'[1"7200.1‘-(‘/(7'5 — ‘/T>2[1 + )\U/DS o ‘/DSS(IT)]
oI, W Ip

Gy = —— 1,Co . (Vag — V)" A >~ ANp o« —
9o = BV o = 57 tnCor(Ve T)° DX T
N do A
saturation saturation

The output behaves like a resistor
between drain and source
The output resistance models the fact cut-off
that even in saturation, the MOSFET 0 > 0 e >
isn't a perfect current source due to the 0 VT Ves Ip

channel length modulation
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MOSFET: small signal equivalent circuit

Low frequency small signal equivalent circuit (without back-gating):
id
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High frequency small signal equivalent circuit:
* need to add capacitances: more complex circuit
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MOSFET: the problem of the subthreshold slope

From the drift/diffusion balance: We established:  using the Einstein relation:
i do 4+ 4D dn, 0 findo 1 dn, N q @ ~ d(Inn,)
Tde T dw Dodx 1, dx kT da dx
Integrating:
{q - - . g
— (0 — Opor) = Inn, — Inn,(ref) =1In ,
AT( ! ,. ?tf) 0 o( f) "T?,-O('Tf?f)
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“Boltzmann Tyranny” a fundamental limitation of silicon technology

60 mV rule (at 300K)
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Subthreshold slope: a fundamental limitation of MOSFETSs

E Overdrive Voltage i
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There is a fundamental limitation for the subthreshold
slope, which is determined by Boltzmann’s statistics
(60= mV/dec is calculated at the room temperature)

An ideal switch must have a steep slope (i.e. smallest
possible voltage per current decade), the “Boltzmann’s
tyranny” is an important limitation for modern MOSFETs

This limitation cannot be overcome by any technological
improvements without changing the physical principles

New device physics is needed 17



» Qutput current I controlled by voltage

* Main current flow Source to Drain

 Very high input impedance (ideal gate draws
zero current)

* Power consumption is low (ideal gate draws
zero current)

* Better thermal stability (positive temp.
coefficient)

* Linear gain is lower
* unipolar device (single type of carriers)

* main applications: Switching, digital logic

. WV
Ipar = %xlnc"“.r<w s — Vi) MOSFETs vs BJT lo x exp T

 Output current I; controlled by base current

* Main current flow Collector to Emitter

* Moderate input impedance (base draws
electric current)

» Power consumption is higher (base draws
electric current)

» Worse thermal stability (thermal runaway risk)

* Linear gain is higher
* Bipolar (both electrons and holes involved)

 analog amplification (gain + linearity)
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