Lecture 12

MOS Field Effect Devices

How do they work? (math included for completeness
but skipped in lectures as this should be a review of
ECE 3040 material — Needed for advanced FET
Device discussion)

Reading:
(Cont’d) Notes and Anderson? Chapter 7
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MOS Capacitor
“MQOS” = Metal- Oxide- Semiconductor

“MOS” actually refers to “Metal”— Silicon Dioxide — Silicon

Other material systems have similar “MIS” structures formed by Metal —
Insulator — Semiconductor

The capacitor itself forms the basis of digital logic circuits, and DRAM storage
units (storing charge) or can simply supply a capacitance for an analog
Integrated circuit. 1t will also be the building block for the most common
transistor produced — the MOS transistor.

The substrate is normally taken to be grounded and the “Gate” electrode can
be biased with a voltage, Vg

Ve

T Metal “Gate”
Insulator

| 5i0, Semiconductor
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MOS Capacitor

Key assumptions:
1) Metal is an equipotential region.
2) Oxide is a perfect insulator with zero current flow.
3) Neither oxide nor oxide-semiconductor interface have charge
centers.
4) Semiconductor is uniformly doped.
5) An ohmic contact has been established on the back side of the
wafer.
6) Analysis will be one-dimensional.
7) The semiconductor is thick enough to have a quasi-neutral
region (where electric field is zero and all energy bands are flat).
8) Certain energy relationships exist:

D\, = Og =y + (Ec - Eg )eg (terms defined in next few slides)
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MOS Capacitor

pmm— EO EO_ """"""""""

2

Metal Semiconductor
Eo= Vacuum Energy Level. The minimum energy an electron must have to free itself from the material.

®,, = “Work function” of the metal. This is the energy difference from the fermi energy (average energy)
of an electron in the metal to the vacuum energy level.

d = “Work function” of the semiconductor. This is the energy difference from the fermi energy (average
energy) of an electron in the semiconductor to the vacuum energy level. Note that this energy depends on
doping since E depends on doping

v = Electron Affinity of the semiconductor. This is the energy difference from the conduction band
minimum in the semiconductor to the vacuum energy level. Note that this energy does NOT depend on
doping

(Ec - Ef )gg= @5 — ¢ In the quasi-neutral region where the bands are not bent or are in “flat band”
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MOS Capacitor
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Insulator Semiconductor with

band bending

The insulator is simply a very wide bandgap, intrinsically doped semiconductor
characterized by an electron affinity, ;.

The semiconductor can have an electric field near the insulator that forces the energy bands
to bend near the insulator-semiconductor interface.
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MOS Capacitor

EF ’W D S EF
E

Since the insulator prevents any current from flowing, when we bring the materials
together, the fermi-energy must be flat.

Likewise, if no charges are stored on the “plates” (metal and semiconductor regions
near the insulator) of the capacitor, the bands are not bent in the insulator nor
semiconductor. Note the assumption of an equipotential surface in the metal simply
states that a perfect conductor can not support and electric field (electrostatics).

Georgia Tech ECE 3040 - Dr. Alan Doolittle




+Q

MOS Capacitor

Capacitor under bias

Charge Block Diagram:

charge

<

O

\\

-Q

position

A positive voltage on the gate puts positive charge on the gate electrode.
Gauss’s law forces an equal negative charge to form near the

semiconductor-insulator interface.

Charge separated by a distance implies an electric field across the insulator.

Georgia Tech
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MOS Capacitor

Capacitor under bias
If V5 = bias voltage applied to the gate (metal).

For all V5 the Fermi level in the each layer remains flat due to zero
current through the structure.

The applied bias separates the Fermi levels at the metal and
semiconductor ends by qV

E-(metal) - Ec(semiconductor) = -qVg

If the semiconductor is grounded (fixed at any constant potential we can
call ground):

emetal side Fermi level moves downward if Vg >0
emetal side Fermi level moves upward if V5 <0

Applying Poisson’s equation to the oxide, since there are no charges in

the OXide, donide = p= 0 — onide — Cons tant
dx
V = _[ E..iccdX = Potential varies linearly with x

Since the potential varies linearly with X, so does the energy bands
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MOS Capacitor

Capacitor under bias

S s Accumulation
(VG > 0)

For an n-type semiconductor.

*When V > 0 the metal fermi-energy is lowered (E=-qV), the insulator has
an electric field across it that terminates almost immediately in the near
perfectly conducting metal, but terminates over a finite distance in the
semiconductor of “finite resistivity”.

*The charge model indicates that negative charge must be created in the
semiconductor near the interface. This charge is in the form of electrons.
«Since n = nexp[(E¢ - E;)/ kT], the electron concentration in the
semiconductor near interface increases.

*This is called accumulation
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MOS Capacitor

Capacitor under bias

Ionized donors

+
Depletion g ¢
X

—————— ( small )
VG <0

For an n-type semiconductor.

*When V < 0 the metal fermi-energy is raised (E=-qV), the insulator has an
electric field across it that terminates almost immediately in the near perfectly
conducting metal, but terminates over a finite distance in the semiconductor of
“finite resistivity”.

*The charge model indicates that positive charge must be created in the
semiconductor near the interface. This charge is in the form of ionized donors.
«Since n = n.exp[(E: - E;)/ kT], the electron concentration in the semiconductor near
Interface decreases.

*This is called depletion.
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MOS Capacitor

Capacitor under bias

Holes
S
Onset of i X
inversion
W™ Vo)

For an n-type semiconductor.

*For higher magnitudes of bias (V5 < 0) the fermi-energy near the interface
crosses-the intrinsic energy and the “type” of material swaps from n-type to p-type
(only locally near the interface).

*The charge model indicates that positive charge must be created in the
semiconductor near the interface. This charge is in the form of ionized donors and

holes.
Inversion continued on next slide...
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MOS Capacitor

Capacitor under bias

Holes
S
Onset of i X
inversion
W™ Vo)

Inversion Continued...
*The hole concentration near the interface must equal the donor concentration. Thus,

pinterface = |\ID
Pinterface = MEXPL(E; inTerFAcE “EF)/ KT] = niexp[(Eg — E; gy )/ KT]
*This is called inversion.
*The onset of inversion occurs for a voltage called the threshold voltage V- (not
thermal voltage)
*Detailed calculations taking into account the charge distribution as a function of
position in the semiconductor indicates that inversion occurs when,

Ei-INTERFACE B Ei-BULK =2 (EF B Ei-BULK)
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MOS Capacitor

Capacitor under bias

Holes

lonized donors

+Q

Strong Inversion
(VG < VT)

For an n-type semiconductor.
«For still higher magnitudes of bias (V; < 0) the hole concentration continues to
Increase resulting in a very high concentration of holes near the interface.

*This is known as strong inversion.
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MOS Capacitor
Capacitor under bias for P-type material

Energy g =
.band  p—
diagram b . s
Applied |
de V=0 Vg <0 Vi > Vg >0 Vg > Vr
voltage
] L ! Exposed
| . | | EXpose
+{) +0 +
; ¢ . ; ¢ | acceptors
Charge I ‘ | '
diagram , : :
! |
I | I ! ! |
i ' ' ' ' I Electrons
Name  Flat band Accumulation Depletion Inversion
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MOS Capacitor

Capacitor under bias Summary

Inversion | Depletion‘ Accumulation
>
| | Vo
V- 0
N-type material
Accumulation | Depletion | Inversion
>
| | Vo
0 V-
P-type material
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Advanced Devices: Charge Storage
FLASH Memory Devices

\\\ (a) negative gate bias (b) positive gate bias

&

Either positive or negative charge can be stored in the oxide (often this is an Silicon oxy-
nitride created to enhance trapped charge and allow higher leakage — two things normally
considered bad in normal MOS structures).

The stored oxide charge looks to the semiconductor as if a static voltage exists on the gate.
Implementing a “stored value” on the capacitor without the need for static voltage or

power.
Georgla Tech ECE 3040 - Dr. Alan Doolittle




MOS Capacitor

Quantitative Solution

¢
Let ¢(x) = electrostatic potential inside b
the semiconductor at a depth x (measured ‘ \
from the oxide interface) S PR —— > X
0
1 : :
#(x)==|E._ .« — E;(x)] =electrostatic potential
g
and

1 :
Os = a[Ei—BULK B Ei—INTERFACE]E surface potential

along with,

1
O = a[EiBULK - EF] T—>X
P-type Example
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MOS Capacitor

Quantitative Solution

Since,

(Ei—BULK _EF% (EF _Ei—BULK%
PeuLk = Ni€ — NA and Nguk = Ni€ — ND

kT In(NAj for a p - type semiconductor

e = ET r|]\|
— In[ 2 j for a n - type semiconductor

g n;

Thus,
@5 = 2¢¢ at the depletion - invertion transition point, V, = V;
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MOS Capacitor

Quantitative Solution

Since the MOS-Capacitor is symmetric (equal charge on metal as is in the
semiconductor) and has no charge in the oxide, we can solve for the
electrostatic variables using only the semiconductor section of material.

Things to note:

Charge due to accumulation bias and inversion bias results in a very
narrow charge distribution near the interface.

Charge due to depletion bias results in a wide “depletion width”, W
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MOS Capacitor

Quantitative Solution

Once again, if we apply the “Depletion Region Approximation” (neglect all
charges but those due to ionized dopants) and assume p-type material,

p=q(p—n+Ny—N,)=-gN, for (0<x<W) where W is the depletion width

And from Poisson’s equation using a boundary condition that the electric

field goes to zero at the depletion region edge,

E_—N _ g--%
dx K;g, dx

d¢ _ aN,

ngo

W - x)

And finally, the electrostatic potential can be found by integrating using a
boundary condition that the electrostatic potential goes to zero at the

depletion region edge,

aN 2
— W —
$ 2KSgo( X)

Georgia Tech
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MOS Capacitor

Quantitative Solution

The depletion width, W, can be found by noting that ¢=¢ at x=0

K&,
L
AN ,

W =

The depletion width at the inversion-depletion transition, W+, can be found
by noting that 2¢=d

K&, Keg,2KT | [ N,

20, = > Inf| —

W, =
aN , q°N, n;

NOTE: To obtain the equations for n-type substrates, we simply repeat the above procedure
replacing N, with -Np
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MOS Capacitor

Quantitative Solution

How is the gate voltage V distributed throughout the structure?

Vs=bs +d,.iqe (N0 drop in the metal)

From before, we said,

dE

oxide

dg .
=P = O = onide — COﬂS tant = ——¢0X|de
dx dx

0
¢oxide — _[ onidedx — (Xoxide thickness )onide

—Xoxide thickness

But, Gauss's Law states that the electric displacement,

D = ¢ E must be continuous in the direction normal to the interface.
Thus,

onide _ KS ‘90 _ KS

E

Semiconductor at the Interface K (0)4 go K 0X

where K. and K are the relative dielectric constants in the semiconductor and the oxide
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MOS Capacitor

Quantitative Solution

Thus,
B =
¢oxide T K Xoxide thickness Semiconductor at the Interface
oX

And using the previous expressions,

K
— S
VG - ¢S + K (Xoxide thickness )ESemiconductor at the Interface
0X

. K N
but using W :\/ s 4 and E(X)= T (W —x)atx =0
qNA ngo
20N
E. . — A
Semiconductor at the Interface \/ngo ¢S

Thus,

K 20N
VG — ¢S + K—S(Xoxide thickness )\/KqA ¢S for0 < ¢S < 2¢F

0X S go

Relates the applied gate voltage to the surface potential!
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MOS Capacitor

Quantitative Solution

But what about in inversion and accumulation?

For inversion and accumulation we can not invoke the depletion
approximation due to a significant amount of charge near the interface due to
sources other than just ionized dopants (these charges are the electrons and

holes).

In inversion and accumulation , the vast majority of the gate voltage is dropped
across the oxide

In inversion, the depletion width remains ~ constant
Thus, ¢ can not be much less (greater) than 0 for p-type (n-type)
Thus, ¢ can not be much greater (less) than 2¢. for p-type (n-type)

See discussion centered around figure 16.10 in Pierret if interested in more detail.
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MOS Transistor

Qualitative Description

Flow of current from “Source” to “Drain” Is
controlled by the “Gate” voltage.

S G D
R 4 Vg oVp (Vpz20)

i

é 777777, 10, 77777, E

Control by the Gate voltage Is achievea by modulating the conductivity of the

semiconductor region just below the gate. This region is known as the channel
Georgia Tech ECE 3040 - Dr. Alan Doolittle




MOS Transistor

Qualitative Description

n-channel MOS p-channel MOS
Transistor Transistor

G G
. ) _ ‘
Vs Vse

Note: All voltages are shown in their “positive “ direction.
Obviously, V.=V for any voltage

G=Gate, D=Drain, S=Source, B=Body (substrate, but to avoid confusion with substrate, B is used)
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MOS Transistor

‘Qualitative Description
Assume an n-channel (receives it’s name from the “type” of channel

present when current is flowing) device with its source and substrate
grounded (i. e., Vs=Vzg=0 V).

For any value of V!

*when V4 <0 (accumulation), the source to drain path consists of
two back to back diodes. One of these diodes is always reverse
biased regardless of the drain voltage polarity.

S G

Vo Vp (Vp20)
[ llfb
A
[

b, 5i0; ¢

]

P-type

BE
*when Vs <V (depletion), there is a deficit of electrons and holes
making the channel very highly resistive. => No Drain current can

flow. ﬂ Vs ]VD (Vp20)
i .lj’ >

B
Georgia Tech —i— ECE 3040 - Dr. Alan Doolittle




MOS Transistor

Qualitative Description

Consider now the Inversion case:
First, Vs = 0:

*when Vs > V1, an induced n- type region, an
“Iinversion layer”, forms in the channel and “electrically
connects” the source and drain.

Inversion layer (n-type)

P-type Depletion region
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MOS Transistor

Qualitative Description
Inversion case, Vg > V- (continued):

When Vs >0, the induced n- type region allows current to
flow between the source and drain. The induced channel ast
like a simple resistor. Thus, this current, I, depends linearly
on the Drain voltage V. This mode of operation is called
the linear or “triode”” region.

Inversion layer (n-type)

P-type

* “Triode” is a historical term from vacuum tube technology.
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MOS Transistor

Qualitative Description
Inversion case, Vg > V- (continued):

Drain current verses drain voltage when in the linear or
“triode”” region.

Georgia Tech ECE 3040 - Dr. Alan Doolittle




MOS Transistor

_ Qualitative Description
Inversion case, Vg > V(continued):

When V¢ Increases a few tenths of a volt (>0):

*The depletion region near the drain widens (N+ drain is
positively biased — I.e. reverse biased with respect to the
substrate).

*The electron concentration in the inversion layer near
the drain decreases as they are “sucked out” by the Drain
voltage.

*Channel conductance decreases resulting in a drop in the
Slope of the ID_VD curve. Reduced electron concentration in the

Inversion layer near the drain
S N D
N* v e

o s e e
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MOS Transistor

Qualitative Description

Inversion case, Vg > V- (continued):

Drain current verses drain voltage for increasing V¢ (still in the
“linear” or triode region).

VDsat

Georgia Tech ECE 3040 - Dr. Alan Doolittle




MOS Transistor

Qualitative Description

Inversion case, Vg > V- (continued):

The inversion layer eventually vanishes near the drain end of
the channel.

This is called “Pinch-Off” and results in a Flat 15-V s curve

i, e —— — — —
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MOS Transistor

Qualitative Description

Inversion case, Vg > V- (continued):

|-V s curve for the “Saturation Region”

The drain-source voltage, Vg, at which this occurs is called the saturation
voltage, V,, while the current is called the saturation current, I..

Ip
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MOS Transistor

Qualitative Description

Inversion case, Vg > V- (continued):

For Vs>V, the channel length, L, effectively changes by a
value AL.

The region of the channel, AL is depleted and thus, is high
resistivity. Accordingly, almost all voltage increases in
Vs>V, are “dropped across” this portion of the channel.

Vpsat Vb

|
I
I
!
~ |

High electric fields\iqthis region act similarly to the
collector-base junctiorhin a BJT in active/mode,

. . . \""--.,.._...__— — —
“stripping” or “collecting” carriers from the channel.

—— — —
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MOS Transistor

Qualitative Description
Inversion case, Vg > V- (continued):

If AL<<L, the voltage at the end of the channel will be
constant (V. ) for all V>V, Iy will be constant.

If AL~L, the voltage dropped across the the channel (Vg,1)
varies greatly with V¢ due to large modulations in the
electric field across the pinched off region ( E=[Vyq-
Vsatl/[AL]). In this case, |5 Increases slightly with V.

Ip
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MOS Transistor

Qualitative Description

Finally,

|-V g curves for various V!

Ip
V; increasing

Vg > Vyp

f
|
I
|
|
i
I
|
|
r
|
F
|

Vet depends on Vg
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MQOS Transistor I-V Derivation

With our expression relating the Gate voltage to the surface potential and
the fact that ¢s=2¢- we can determine the value of the threshold voltage

0X ‘98

C

oX gS

where,

& . . . .
C.,, =— lIstheoxide capacitance per unit area
X

(0),4

V. =2¢. + és \/ZqNA (24 ) (for n - channel devices)

V, =24, — 8 \/ZqND (—2¢. ) (for p - channel devices)

Where we have made use of the use of the expression,

&5 = Kgég,

Georgia Tech
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MQOS Transistor I-V Derivation

Coordinate Definitions for our “NMQOS” Transistor

\ AW

X=depth into the semiconductor
from the oxide interface.

y=length along the channel from
the source contact

z=width of the channel

X.(Y) = channel depth (varies
along the length of the channel).

n(x,y)= electron concentration
: e P
at point (X,y)
Device width is Z

-]

1, (X,y)=the mobility of the
carriers at point (x,y) Channel Length is L

Assume a “Long Channel” device (for
now do not worry about the channel

length modulation effect)
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MQOS Transistor I-V Derivation
Concept of Effective mobility

The mobility of carriers near the interface is
significantly lower than carriers in the Source /WV\A" Drain
semiconductor bulk due to interface . L‘“"Inlemw “““““ l .
scattering.

Since the electron concentration also varies
with position, the average mobility of
electrons in the channel, known as the
effective mobility, can be calculated by a
weighted average,

X=XC() -
[ s (6 y)n(x, ) Empirically
Hn = x=xc ()

Jeo X)X ‘l Lo, )

- - T
or defining, where, x, and 6 are constants
Q. (y)=-q j “n(x, y)dx [charge/cm
— —q X=X (Y)
My = Hq (X, y)N(X, y)dx

QN( y) #x=0
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MQOS Transistor I-V Derivation

Drain Current-Voltage Relationship

In the Linear Region, V;s>V1 and 0<V <V .

Jy =qu,nE + gD, Vn

Neglecting the diffusion current, and recognizing the current is
only in the y-direction,

~1 ~ N dg
‘JN — ‘JNy — q/unnEy — _qzunnd_y
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MQOS Transistor I-V Derivation
Drain Current-Voltage Relationship

In the Linear Region, V;>V+ and 0<Ve<V g

X=X (Y)

=—[[aydxdz=2[ "7, dx

( ﬂf)( af, mﬂn(x y)n(x, y)dx)

To find I, we need an expression relating ¢ and Q

Georgia Tech ECE 3040 - Dr. Alan Doolittle




MQOS Transistor I-V Derivation
“Capacitor-Like” Model for Qy

Assumptions:

*Neglect all but the mobile inversion charge

*For the MOSFET, the charge in the semiconductor is a linear function of
position along the semiconductor side of the plate. Thus, ¢ varies from 0 to V¢
Vs V

G

! Since C,, = 3—8 T
_ /IS SIS SIS,

B R S e ]
o e o PR & e s
e R L i e P e

MQOS Capacitor | MOS Transistor
Onl;;l/oltages above threshold create inversion charge N = _Cox VGS _VT — ¢)
[ N
Q, =-C, (Vo —V;) forVg >V, for Vg >V,
\ / Note: Assuming a linear variation of potential along the channel

leads to an underestimation of current but is a good estimate for

A . .
Neglect the depletion region charge  rend catcutions
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MQOS Transistor I-V Derivation

Using “Capacitor-Like” Model for Q,, we can estimate | as:

_Z/un =Vos
o =— [, Qudg

—Z 1, 4-Vos
ID — L/un L 0 _Cox(VG _VT _¢)d¢

2

This is known as the “square law” describing the
Current-Voltage characteristics in the “Linear” or
“Triode” region.

Note the linear behavior for small V4 (can neglect V<% term). Note
the negative parabolic dependence for larger V¢ but still V<V,

(can NOT neglect V¢ term).

Zu C V2
ID — lunox{(ves _VT )\/Ds _DS} 0 SVDs SVDs,at and VGS 2VT
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MQOS Transistor I-V Derivation
“Capacitor-Like” Model for Qy

But what about the saturation region?

For V>V, the voltage drop across our channel is Vg, with the remaining voltage
(Vps-Vpsy) dropped across the pinch-off region

ZILI—I’](:OX V 288.
ID = IDsat = f (VGS _VT )\/Dsat - D2 t} VDsat SVDS

But the charge at the end of the channel is zero due to the pinched off channel,

Qu(y=L)=-C, (Ve —V; =V ) =0
or
Vo —V; =V

Dsat

Thus,

Z nCox
ID — IDsat — IUZ—L (VGS _VT )2] VDsat SVDS
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MQOS Transistor I-V Derivation
Summary of MOSFET IV Relationship

Zu C
L

ls

0X

V 2
|:(VGS _VT )\/DS -

O < VDS < VDsat

|

Georgia Tech

P

Vo > Vp

2 _
Z/unCox 2
and VGS ZVT ID — I Dsat :T[(VGS _VT) ] VDsat SVDS
A N
v ) V; increasing h
1
I
|
|
|
-~
I
|
|
T
|
|
l

:VGS _VT

Dsat
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MQOS Transistor: Deviations From ldeal
Channel Length Modulation Effect

Above “pinch-off” (when Vs>V, =Vss-V7) the channel length reduces
by a value AL. | Vomt >

Thus, the expression for drain current,

ZuC,, :
ID = IDsat = IL;—L (VGS _VT )2] VDsat SVDs S g
Becomes,
Z C
ID — Ipsat — ,Un [ ] VDsat SVDS

orsince* AL((L, 1 ;£(1+A—Lj
L-AL L L

ZA%CW AL
ID — IDsat = [ GS ](1+Tj VDsat SVDS.

*In many modern devices, this assumption does not hold. Thus, the channel length modulation parameter we are deriving does not describe the IV
expressions well.
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MQOS Transistor: Deviations From ldeal
Channel Length Modulation Effect

But the fraction of the channel that is pinched off
depends linearly on V4 because the voltage

across the pinch-off region is (VDS'VDsat) SO, Channel Length Modulation
L causes the dependence of drain
A -1V Ip current on the drain voltage in
N DS saturation. X
where A is known as the Channel-Length e

Modulation parameter and is typically:
0.001 V1< A <0.1V!
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MQOS Transistor: Deviations From ldeal

Body Effect (Substrate Biasing)

Until now, we have only considered
the case where the substrate (Body)
has been grounded....

S G D

R Vo Vp (Vp=20)
Prrrrr il rr A Al A Al A A A A llD
R i0, ?
ki ads =
D
p-Si

LAl Pl P Pl P Pl i P PP Pl PP P P A P 2 PP PP 7

B

...but the substrate (Body) is often
intentionally biased such that the
Source-Body and Drain-Body

junctions are reversed biased.
s G D

Vp (Vpz0)

L i e El T s i

+ ¢B

VEIS )

The body bias, Vg, is known as the backgate bias and can be used to modify the

threshold voltage.

Note that now our channel potential has an offset equal to Vg, ...

Georgia Tech

ECE 3040 - Dr. Alan Doolittle




MOS Transistor:
Enhancement Mode verses Depletion Mode MOSFET

We have been studying the “enhancement mode” MOSFET
(Metal-Oxide-Semiconductor Field Effect Transistor). It is called
“enhancement” because conduction occurs only after the channel
conductance is “improved” or “enhanced”. In this case,

V>0 and V<0

Transistors can be fabricated such that: V., <0andV,, 20

These transistors have conduction for V;s=0 due to a channel
already existing without the need to “invert the near surface
region”. To modulate currents, a field must applied to the gate

that depletes the channel. Thus, transistors of this nature are
called “Depletion mode MOSFETS”.

Georgia Tech ECE 3040 - Dr. Alan Doolittle




MOS Transistor:
Enhancement Mode verses Depletion Mode MOSFET

n-channel MOSFET
In
[ 3
L
5 G D D ) 'E
! All Vg >0 z
A e B -
/‘ il G J V=0, Vged E
Mo channel 5 j J =
when Vg =10
Vb

Depletion mode

Structure Symbol Characteristics

MOSFET operational modes. V; = 0 channel status, circuit symbol, and I;,-V,
characteristics of m-channel enhancement-mode and depletion-mode MOSFETs.
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MOS Transistor:

Summary
NMOS PMOQOS
Regardless of Mode
K,=K, V% = u, Cu V% (Note : W = Zin Pierret)| K, = K'p V% = u, Cu W (Note : W = Zin Pierret)

Cutoff _ _

Ips =0 for vge <Viy Ips =0 for v < -V,
Linear S ) S

Vv \
Ips = ,UnL = {(Ves _VTN )VDS _%} SD ,UnL = {( TP )VSD i}
Vgs —Viy 2Vps 20 Vg +Vip 2V 20

Saturation 2T 2T

Is :%[(VG ) ](1"‘/1 VDS) ips = lL;nL > [VSG +VTP) ](14'}' VSD)

for vpg 2V =V 20 for vgp 2V +Vyp 20
Threshold Voltage
Vin =Vio +7 (\/(2¢F — Vgs ) - \/2¢F ) Vip =Vio =7 (\/(2¢F +VBS)_\/2¢F )
V; for Enhancement
M
ode Vi >0 Vi <0

V; for Depletion
Mode Vi <0 Vi 20
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Georgia Tech

MOSFET Small Signal Model and Analysis

Putting the mathematical model into a small signal equivalent circuit

I ;D
E“{" & —-lﬂj O
+

W
5 Im “Gs ggn Yos
g —)
S

Compare this to the BJT small signal equivalent circuit

B i,

O—
+

Upe

i, C

-+—0
+

UCE?

-0

O
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MOSFET Small Signal Model and Analysis

Add in capacitances

Overlap of Overlap of
Gate Oxide Gate Oxide

channel to
Bulk
capacitance

N

Reverse Bias Junction capacitances
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MOSFET Small Signal Model and Analysis
Complete Model of a MOSFET

Overlap of

Due to effective

] V4 modulation of the
Gate Oxide O = In threshold voltage.
\ 2\/\/55 +2¢ .
ng / 4
I || — ——e
ri 1 T 1] / drain
Ves ::Cgs S Cgb l Emgs Emb'bs § To
_—!source / 1 ) $
Vs / — “sb C
Overlap of AN T
. (= + — :
Gate Oxide °, . Gate to \ /_’l
and Gate to channel to
channel Bulk Reverse Bias Junction capacitances

capacitance capacitance
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