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Announcements & Reading

e HW 6 due Apr 25

e MOSFET Reading
e Razavi Ch6 — MOSFET Models
» Razavi Ch7 — MOSFET Amplifiers



MOSFET Circuit Symbols
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o MOSFETSs are 4-terminal devices
» Drain, Gate, Source, & Body
e Body terminal generally has small impact in normal operation modes,
thus device is generally considered a 3-terminal device

« Drain, Gate, and Source are respectively similar to the Collector, Base,
and Emitter of the BJT

e 2 complementary MOSFETS: NMQOS, PMOS



NMOQOS Physical Structure

Source (S)

Drain (D)

[Karsilayan]



CMOS Physical Structure

NMOS PMOS

[Karsilayan]



V1, Definition

VG0 [Silva]

substrate P \

Channel

e The threshold voltage, V;, is the voltage
at which an “inversion layer” is formed
» For an NMOS this is when the concentration of

electrons equals the concentration of holes in
the p~ substrate



[Razavi]

Q=WC,,(Voc —Vry)

where Capacitane per unit gate area: C,, =

> The incremental channel charge density is equal to the gate | :
~capacitance times the gate-channel voltage in excess of the
threshold voltage. |
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[Razavi]

X

dx

O =WC, [V =V (x)~V,] |
> ....... Letxbeapomtalongthechannelfromsourcetodraln,and
- V(x) its potential; the expression above gives the charge |
density (per unit length).
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V meters [Razavi]

One second later

> The current that flows from source to drain (electrons) is
~related to the charge density in the channel by the charge
velocity.

CH 6 Physics of MOS Transistors 9



A A A AP A

- [Razavi]
. é .

X

dx

Electron Velocity: v=+u, d_V

dx

]D = Q(x)v — WCox [VGS o V(x) — VTH ]:un dV(X)

dx

I;:()L Ipdx = Irf((;;;/ . Hy CoxW[VGS =V (x) =V ]dV(x)

w 1
Ip = 1,Cpy T[VGS —Vry _EVDS}VDS
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Triode or Linear Region

| VG0 |
B VS=(0 VD ~0

[Silva]

X

VGC(x): Vs — V(x) =Ves = Vs Z

o Channel depth and transistor current is a function of the overdrive
voltage, Vs-V+, and V¢

e Because Vg is small, V. is roughly constant across channel length
and channel depth is roughly uniform
R .=
/4 > DS
(VG o VTn —0.5 VDS )VDS v

Ipg =—u,C “uC, (Vo V.
S AR For small Vg L Vo5 =)

1
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MOS Equations in Triode Region (Large Vpe)

Non-linear channel

Drain current: Expression used in SPICE level 1

W
Ips = flunCOX (VG V5, —0.5V s )VDS
I'i Linear approximation
/ This doesn’t
I really happen
Ves > Vr
> Vps

VDSsat

VDSsat — VGS o VT 7



Triode Region Channel Profile

[Sedra/Smith]
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e If Vi is always above V; throughout the channel length, the
transistor current obeys the triode region current equation
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Saturation Region Channel Profile

Voltage A X
% (x) =V — V(x) =V = Vs Z |
I
|
v _________________________
* i T N e When Ve > Ves-Vru=Voy,
B | ’ Ve no longer exceeds V4,
* 1Vyy i * resulting in the channel
Voy 17%ps = Vov “pinching off” and the
. \L = current saturating to a
Source 0 / L A\ L L Drain X .
Voltage drop 2 Average=3Voy value that is no longer a
along the channel . function of V¢ (ideally)
| a I
I I
| |
| [
|
Channel !
Source : Drain
I
_ (b)
[Sedra/Smith]
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Saturation Region

] VG>Vy ,
B VS=0 VD=0
[Silva]
; VeV Vv v V.. -V(x)=V..—V.. .=
suilbystuste P(N,) Vbssat=VasVr V;DS VDSS§t GC (x) GS (x) GS Ds g
xéO xéL
V(O) =0 V(x) =V % V(L) =V
e Channel “pinches-off” when V<=V -V1 and the current saturates

e After channel charge goes to 0, the high lateral field “sweeps” the
carriers to the drain and drops the extra V¢ voltage

w V
I, =1,Coy I(VGS VY _%S)VDS

Vos=Vos VDSsat - VGS o VT n

Cc,. w
L = :unzox I3 (VGS -V )2




NMOS I, — V< Characteristics

ip A

Curve bends because —
the channel resistance
increases with vpg

Almost a straight line
with slope proportional
to Vb\/

Vor =Vas =Viy [Sedra/Smith]

-<— Triode
(vps = Voy)

Saturation >
(vps = Voy)

Current saturates because the
channel is pinched off at the
drain end, and vpg no longer
affects the channel.

vgs = Vi+ Voy

Ups
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MOS "“Large-Signal” Output Characteristic

Sedra/Smith] ‘24  Us=Toy |
[ / ] Triode ] Uns = Uov
_— : > Saturation region =
Lk )V, ves = Vi+ Vows
Ups = Yoy 5
= %kn (%) Ups

%kr; (%) Vovs Ugs = Vi+ Voys
2k Y Vo vos = Vit Vo
L NV, Yas = Vit Vou
-

O VoviVow Vo vV v
ovi Yova Vovz Vovs )tvcs =V, (Cutoff) DS

NOte: Vov =sz'vT
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What about the PMOS device?

NMOS PMOS

Thin oxide Tk s

[Silva]

substrate

Ci;l: ()Vos é‘?{ )Vso

|
P-channel \ Polysilicon (heavily doped)

e The current equations for the PMOS device are
the same as the NMOS EXCEPT you swap the
current direction and all the voltage polarities

NMOS PMOS

. w w
Linear: 17,5 = flunCOX(VGS — V5, = 0.5V )VDS Ly = f/upCOX (VSG _‘VTP‘ — 0.5, )VSD

w w

Saturation: [/, = Z,LIHCOX (VGS -V, )2 Iy, = 27 /upCOX( Vg ‘VTp‘)Z
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PMOS I, — V¢ Characteristics

Ip

Vo, =V _‘VTP‘ [Karsilayan]

VSD ':va;: VSD :)Vov
Triode ;| Active (Saturation)
Vsaa

—
— - -

— — — '

— ==




NMOS DC Operation (w/ infinite r, )

Region Bias Condition I s
Cutoff Vs <V I,s=0
. . W VDS
Triode (Linear) Vo >V, Vg <V —Viy =uC, -~ Vis = Vi BEY Vs
Saturation (Active) Vg >V, Vos > Vs — Vo I, = ”"TCOX%(VGS V)
[Karsilayan] | e In transistor model, often combine
1,C,, term as a parameter KPy with

4“: % :}DS units A/V?

\/ * - e In lab, we combine ,C, (W/L) term
e as a parameter B, with units A/V?
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PMOS DC Operation (w/ infinite r, )

Region Bias Condition I,

Cutoff Vio <Vl I, =0

: : w V.
Triode (Linear) Vg > V|, Vip <Vio =Vip|  1sp = 12,C,,, Z(VSG ~ V2| —%)VSD

— Iupcox Z

(VSG o ‘VTP ‘)2
2 L

Saturation (Active) Vs > Vipl. Vip > Vg — Vi Iy,

v * e In transistor model, often combine
S<_3 e MpCox terr? as a parameter KP, with
E % Vsp units A/V |
- e Inlab, we combine p,C, (W/L) term

as a parameter B, with units A/V?

I
[Karsilayan] D 1
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