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Three terminal MOSFET

Outline of the lecture
MOSFET properties
* Device characteristics
* Inversion layer transport and mobility
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Key questions E PF L

 How does lateral transport through the inversion layer take place?
 What are the most important regimes of operation of a MOSFET?

 What are the key functional dependencies of the MOSFET drain current on the gate
and drain voltage?

* Why under some conditions does the drain current saturate?



Qualitative operation of the ideal MOSFET E PF L

Useful aspect of MOSFETs: Ability to create an inversion layer independent from the rest of the structure

Water analogy of MOSFET:
* Source: water reservoir
* Drain: water reservoir
* Gate: gate between source and drain reservoirs
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We want to understand MOSFET operation as a function of:

e gate-to-source voltage (gate height over source water level)

e drain-to-source voltage (water level difference between reservoirs)
Initially consider source tied up to body (substrate or back).



Qualitative operation of the ideal MOSFET E PF L

Three regimes of operation:
Cut-off regime:
* MOSFET: Vgs < V7, Vgp <V With Vps > 0.
* Water analogy: gate closed; no water flows regardless of relative height of source and drain.

cut-off



Qualitative operation of the ideal MOSFET

Linear (or Triode) regime:
MOSFET: Vgs >V, Vgp >V, with Vs> 0.
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Water analogy: gate open but small difference in height between source and drain; water flows.

Electrons drift from source to drain
= electrical current!
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Qualitative operation of the ideal MOSFET

Saturation regime:
MOSFET: Vgs >V, Vgp <Vr (Vps > 0).

Water analogy: gate open; water flows from source to drain, but free-drop on drain side
= total flow independent of relative reservoir height!

Electrons drift from source to drain =
electrical current!
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Inversion layer transport

Want a formalism to describe lateral current along inversion layer.
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Sheet charge approximation

Not interested in details of electron distribution in depth (along x).
Define sheet carrier concentration:

ng(y) = /Ox n(z,y)dr [cm_Q]

General expression for inversion layer current:

e = —( W, Y (y ) T (y )
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Note: |, independent o?y.



Inversion layer transport E P F L

Define sheet charge density of inversion layer:

Qi(y) = —qns(y)  [C/cm’]

Thus

I, ~ W (y)Qi(y)

This is the sheet charge approximation (SCA)

* Itis meaningful to define an average lateral velocity for electrons

* SCAisvalid if vey does not change too rapidly in depth

Under low lateral field:
Vey(y) = —peEy(y)

Thus

I, ~ —Wpt,(y)Qi(y) 8



Inversion layer transport

Definition of V(y)

The source (located at y = 0) is the reference for V

The lateral electric field along the inversion layer is:

Thus:

av
Wi

Now we need to relate Q;(y) with V(y)

ly
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Inversion layer transport E P F L

Remember fundamental charge-control relationship for inversion layer in two-terminal MOS structure:

Qi — _CO.IT(VG = VT)

In MOSFET, this equation only applies at source end, where V(0) = 0.
Thus Q;is the charge density at the source-end.
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For rest of the channel, reuse this relationship accounting for local potential drop:

Qi(y) = —Co[Ves — V(y) — V1

10
Q; depends on y through local inversion layer voltage V(y).



Inversion layer transport E P F L

This is called the gradual-channel approximation (GCA).

GCA allows break up of 2D electrostatics problem into two simpler quasi-1D problems:
e vertical electrostatics control inversion layer charge
e |ateral electrostatics control lateral flow of charge.

Note: V;is function of y through body effect

Under GCA, current equation becomes:

dV (y)

Io=—WpeCoxlVes — V(y) — VT]W’?}
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I-V characteristics of ideal MOSFET

Consider MOSFET in linear regime (Vgs >V, Vgp >V1):

VDps<VDSsat

Vps=0 L+
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Inversion layer everywhere under gate.

Lateral field set up along channel = current flows.

Electrons drift from source to drain = electrical current!
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I-V characteristics of ideal MOSFET E P F L

Separate variables:
Idy = —WpCop(Vas —V — Vp)dV
Integrate fromy =0 (V =0)toy =L (V = Vpg):

[e /OL dy = _I’!VHeCox /OVDS(VGS -V - VT)dV

To get:

|14 1
]e = _f,uecoz(VGS - §VDS - VT)VDS

Terminal drain current:

% 1
Ip=—-1I. = fﬂecox(VGS — Vr — QVDS)VDS

Result valid as long as strong inversion prevails in all points of chan-
nel. Worst point: y = L, for which:

Qi(y =L) = —Cop(Vas — Vps — V1)

Therefore, need Vpg < Vgg — Vi, or Vop > Vr. 13



I-V characteristics of ideal MOSFET

0 >
VDs
% 1
Ip = fﬂ'ecozr(VGS — Vr — §VDS)VDS

Key dependences of I;in linear regime:
e Vps =0 = Ip=0forall Vgg.
o For Vigg > Vi Vps 1T = Ip | (but eventually Ip saturates).
e For Vpg > 0and Vgg > Vi Vs T = Ip 7.

QFOI"VGSZVT = [DZO
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Study lateral electrostatics E P F L
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Local overdrive on gate reduces close to the drain.
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Study lateral electrostatics

Impact of Vg:

As Vps T channel debiasing

IS more prominent.
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Saturation E P F L

What happens if Vs reaches or exceeds Vgs-V+?
Electron concentration at y = L drops to very small concentrations:
depletion region appears at y = L: pinch-OFF.

Depletion region is not barrier to electron flow:
Large electric field region.
Field "pulls" electrons into drain.

inversion

layer —>
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depletion i

region

drain pinch-off region

a) linear regime Vps<Vpssat b) pinch-off Vps=Vpssat ¢) saturation regime Vps>Vpssat

* As Vps exceeds Vgs-Vi, depletion region widens into channel underneath gate;
e All extra voltage consumed in depletion region;

e Electrostatics of channel, to first order, unperturbed;

e Channel current unchanged: MOSFET in saturation.
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Saturation

Lateral electrostatics in saturation:
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Saturation E P F L

Current model in saturation: I does not increase passed Vg = Vgg- V.
Hence,

114
Ipsat ~ Ip(Vps = Vas = Vi) ~ SrteCor(Vas — Vi)’

Vps at which transistor saturates is denoted as Vpgga: Viossat = Vas — Vr

Current-voltage characteristics:

VDssat=VGs-VT

Vas=VT

»
VDS 19



Saturation E P F L

Energy band diagrams (Vg > V5):

S channel
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Vps=0 0<Vps<VDSsat
a) linear b) linear

VDs=VDSsat Vps>VDSsat

c) pinch-off d) saturation

Pinch-off point: region of "free fall" of electrons -



Output curves from MOSFETs E P F L

Transfer characteristics Output characteristics
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Estimating Channel Mobility E PF L
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From transconductance

Field-Effect Mobility: f; =

- L dl,
Hatr WCOX (VG _ VT ) d VD

Effective Mobility:

From output conductance
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B.J. Baliga, Fundamentals of Power Semiconductor Devices, Springer 2008
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MOS structure under bias

Sub-threshold regime

In MOSFETs: current with the device nominally OFF, that is, for V < Vy;:

Sub-threshold current
MOS structure in depletion but finite electron concentration at surface:

T=300K, NA=6E17/cm"3, WM=4.04eV, xox=4.5nm Compute Qe in depletion:
kP n? gesNa  qos
O et VZA o exp T
10143 q 1 'A _;(;)8 )
;
= Key characteristic of subthreshold regime
° is inverse subthreshold slope:
10
S=n—1In10
q
10”" A ' ; '
0.5 0 05 1 1.5 2
At best, if n =1, S =60 mV/dec at room

VI[V]

temperature. Typically, S =80-100 mV/dec.



About the speed of MOSFETs E PF L

The formation of an inversion layer in a MOS structure is very slow. How about in a MOSFET?
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About the speed of MOSFETs E PF L

The formation of an inversion layer in a MOS structure is very slow. How about in a MOSFET?

In a MOS, the minority carriers characteristic time is defined by generation and
recombination, which takes us-ms

In MOSFETs, charge movement into the channel is horizontal, while gate charging is vertical
and only creates the field.

These two processes happen simultaneously, but they’re very different:
Gate charging (vertical direction):

* Charges flow from the gate driver into the gate

* Establishes the electric field through the oxide

e Fast (limited by Rgate x Cox)

Inversion charge formation (horizontal direction):

* Electrons flow from the source/drain into the surface region, not from the substrate.
 They become “minority carriers” simply because they enter p-type silicon

» Also fast (limited by carrier transport + surface potential rise)

The RC model describes how quickly the vertical electric field is established, but the electrons
that fill the inversion layer actually come from the source/drain, not the gate.



Key conclusions E PF L

Sheet-charge approximation: inversion layer very thin in scale of vertical dimensions
= current formulation in terms of Q,.

Gradual-channel approximation: electric field changes relatively slowly along channel
= GCA breaks 2D electrostatics problem into two quasi-1D problems:

e vertical electrostatics control inversion layer charge

» lateral electrostatics control lateral flow of charge

Consequence of GCA: local inversion layer sheet-charge density:  Q;(y) ~ —Cox["”bs _V(y)— VT]

In linear regime, |, modulated by Vssand Vp:
Vs, to first order, controls electron concentration in channel
Vps, to first order, controls lateral electric field in channel

W T -
MOSFET current in linear regime: Ip = fﬂ'ecoaf (L'GS — Vp— ivDS)""IDS
W
2
MOSFET current in saturation regime: IDsat — iﬂecox(VGS — VT)

Vps that saturates transistor Vipssat = Vas — Vr 26



