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Agenda

e BJTs and FETs

e Field—Effect—Transistor Symbols
e FET Basic Physics

e Structure

e [-V Terminal Characteristics

e Biasing

o Amplifiers
— FET Taxonomy
— Pi and Tee Models
— Biasing — The Details (Current Mirrors and Steering)
— Three Amplifiers

e Logic Circuits (Next Week)
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Field—Effect Transistor (1)

e Different Physics, Some Different Equations. . .
e ...but Many Similarities
e Similar Materials
— Silicon
— P— and N—-Doped
e 3 Terminals
— Emitter <—— Source

— Base «+—— Gate

— Collector «—— Drain
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Field—Effect Transistor (2)

e 3 Operating Regions
— Active <— Saturation (Amplifiers)
— Saturation «—— Triode (Logic)

— Cutoff «—— Cutoff (Logic)

e 3 Amplifers
— Common Emitter t«— Common Source (Large Ay)
— Common Base t«— Common Gate (4; =1)

— Common Collector t«— Common Drain (A, = 1)
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N—FETs in a Nutshell
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P—FETs in a Nutshell
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FET Advantages

* Small Size

* High Speed

* Mass Production

* Minimal Resistors and Capacitors
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N—FET Structure

S, Source D, Drain

.
Sty e e 3 o e o o o e
S R
s S
s SRR SRR

Si0, Insulator Channel: 2 to 500 wm
20-100um into page

P-Type Material

NMOS

Metal-Oxide-Semiconductor B, Body Channel Length
< >1 to 10 um
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N—FET at Low Vp (1)

* V..=0: No current (back-to-back diodes)

* Normal Bias Configuration:
+V¢ +V_ Small

Body tied to source
in discretes, and to

most negative rail
in NMOS.
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N—FET at Low Vp (2)

V_.>0: Creates a field in substrate
— Perpendicular to Channel
— Moves Minority Carriers “down” into substrate

 Electrons move in from source and drain
— Create an N-Channel

Channel Exists at V=V, (a threshold)
— Typically V,, =1 to 3 Volts

* Carrier Concentration Grows as V.-V
— Source-Drain Resistance Goes as 1/(V -V, )
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N—FET Pinch—Off (1)

* As Drain Voltage increases, Field Varies
with position

— Lower field toright — _ gy e L
— Smaller channel Voltage

in Chey V,

* Voltage Grows, and Current Stays Almost
Constant.

— Lower Conductivity
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N—FET Pinch—Off (1)

* As Drain Voltage
increases, further,
pinch-off moves to =

e ATy
\

Voltage
* Channel Length is

in ChaIM Vo
shorter

* Current goes up Horizontal Field is higher
in pinched region
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N—FET Equations (1)

. . R
Oxide Capacitance C = € ok e
(0.4 .

per unit Area t

0).4

Incremental Charge dq(x) —- Codox{VGs = V(X)' VthrJ

Field Defined: () = dv(x)
(|| channel) dx

Charge Velocity @ = u E(X):M dV(X)
dt ! Todx
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N—FET Equations (2)

Charge Velocity

dx E(X):Mn dv (x) e

dr o dx

Drain Current
. dq(x) dx
P dx dt

Drain Current is Independent of x:

i dx=u,C WV -v&)-v, ldvk)

:MHCOXW[VGS B V(X)- ‘/thr

i

]dV(x)
d
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N—FET Equations (3)

idx=uC WV -V(G)-v, |[dv() u

thr

Integrate Both Sides
[indx = [ 14,C,W[Ves - VG-V, [dv &)

“Triode Region”

(VGS V )/DS V[?S

I-. =ucC
D
2

[

n (00,4
i
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N—FET Equations (4)

I :Mﬂcox f (VGS - ‘/thr )/DS - EVDZS] \ , 55 /

Ip

V.-V,

thr
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Saturation Region
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Triode—Saturation Boundary

Trlode Saturation
2
_Mn ox L (VGS ‘/thr)/DS 5 DS w (VGS' Vthr)2
b =u,C,,
( )2L 2
i Boundary :MHCOXW Vs~ Vo
L 2
VDS
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Some Comments

* Current goes up with increasing width
* Current goes down with increasing length
* Typical Values:

Process Transconductance Defined kn' =u C

20<k '<100uA/V?

(0).

Guess: g, an'K(VDS -V, )

W I thr
2<—<50
L 40< g, <5000uA/V
Lower than BJT (40 mA/V)!
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The Pi Model in Saturation

G
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The Early Voltage

* Effect of Pinch Off as Resistance
— Increasing Current with Voltage

. w WV, -V, r
Previous Eqn. for Saturation i, =uC_ 7 GS 5 thr
. w -V,
Modified  fp =#,C,, === 1+AV,,)
A=t
Va
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I-V Curves with Early VVoltage

I.D :suncox ‘2’/ (VGS -2‘/thr )2 (1+ )LVDS)

VGS' Vrhr
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Early VVoltage in Model

G

i — dID :u_ncox W (VGS B ‘/thr )2 A,
R, dV,, 2
_ 1 _ VA
ﬂlgm) Igm)
Nov 2024

Chuck DiMarzio, Northeastern University
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Terminal Characteristics

400uA
| 5]
ﬁ . //
Gate i +| VDS | 200uA /
M3 I V= vy
MbreakN  §
+] Source » '/
VGS == V.~
402381.sch 0A+
ov 5V 10V 15V

O ¢ ¥V A 0 + X |d(M3)
V_VDS
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REgions of FET Operation

N-Channel P-Channel

T

[T

Saturation "= E Saturation S

I
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NMOS, PMOS, CMOS

NMOS PMOS, Slower, Higher Voltage
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Depletion FE'I

* Implant a channel (n-type in n-channel)
 Current flows at V=0, for any V

V..>0 Enhances Channel

V_..<0 Depletes Channel
And Eventually V_.<V, Cuts off Channel
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Circuit Symbols

Enhancement  Depletion Enhancement Depletion

NFET NFET PFET NFET
B g8 gl B | B
= S S = S S

B ST B i =

D lD

DA I

Nov 2024 Chuck DiMarzio, Northeastern University 12521..slides10—28



DC FET Circuit Example (5.1)

1 L vep Given:
o S v = L=10 um, W =400 um
1 | k’, =20 WA/V2, A=0
35 | | VeV
M1
-l-—-I }I:MbreakN Goal:
I l—' | I,=0.4mA
| g V=1V
+| VSS
RS §1k ¥ _____
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Solution to 5.1 (1)

.| vop Saturation, Cutoff or Triode?
RD ; N = Vs
i B5E=Z
_ A==
VD VDG =1V Y, 7L/
-|-—| :MbreakN Vi
= [ Either Saturation or Cutoff
v (assume saturation).
+ | VSS
Y
e g s o i = C W (VGS - ‘/thr)z
D Un >~ ox
L 2
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Solution to 5.1 (2)

.| voo 4 (Vcs - V}hr)2
; 5V —== i, =k'
RD - L &
|y 2L .
wt Ves = Vi = W—k'nlD —
= MbreakN
2 X1
ol r \/ On m -0.4mA
s 4001 m20pA/V
+| VSS :ﬂv
=
o g il V=1V (I,=0, Not True) or
V.=3V
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Solution to 5.1 (3)

V.=3V

V=-3V

S

0.4mA

Nov 2024

Chuck DiMarzio, Northeastern University

p ZlC-CV
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FE |

+1 VDD

15V —=——

M1 -
|'|: MbreakN
\in
s
+ | VGG
DY
T 402384 .sch
-~
Nov 2024

Chuck DiMarzio, Northeastern University

Amplifier Concept

This is not a good circuit, but
we will use it for illustration

Assume Saturation:
w ooy ¥

I}(DDC) :krn L 2 t

Circuit Equation
(bc) _ (pbc)
VDS _VDD - RDI D

Solve Simultaneously
(pc) (bc)
Check VDSC >VGSC -V

thr
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Operating Point Graphically

\in

=

-

MbreakN

402384 sch

-
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N\

400uA
200uA
__________ "
op I N
ov 5V 10V 15V
009 a0+ x|d(M3)

V_VDS
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AC Performance (1)

( )2 1 W ({/G(?C) thr)2
o Wy -V, i, =k', t
i, =k' "L 2
"L 2 W
1 ' (pc) _ (ac)
b k n _(VGS thr l/
/ ( (DC) (AC) )?
(OC) . +(aC) WV, s~ Vi
!/ 17 +i " =~k i
/ L 2
(be)
I(DC) :kl W (VGS ‘/thr)z
D n L 2
W
P l CSAC) L (V(DC) thr L(AC)
7
- Vm
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AC Performance (2)

D (bc)
% RO I}gDC) :krn 4 (‘/GSC - ‘/efhr)’Z

‘ L 2
S ,l GO e %(VG%’C) v, WO =g 00
/
g, =K, G-,
2I(DC)
s 9m :( B0 )
- s \Y Vos = Vi

) >

Nov 2024 Chuck DiMarzio, Northeastern University 12521..slides10—36



Small—=Signal Pi Model

+f| VDD
15V
RD 30k
VD

E I breakN

Vin
+ VGG

3V
; 402384 .sch
-

Nov 2024

Voltage Gain
A =9, R, ||IR,)

Chuck DiMarzio, Northeastern University
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Small—=Signhal Tee Model

D Because the gate current
(AC) R is zero, the source resistor
ImVgs 0 must have the same current
as the current source.
Therefore it must have the

G value 1/g..

<

1/9,. The current source can be
described either by a current-
controlled source with gain 1,
or a voltage-controlled source
S with transconductance, g
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Body Effect

Body acts like a second gate

0.1< ¥ <0.3

Pi Model

(AC) D (ac)
G | GmVgs ; A9 mVos | B Note that in discrete
RO @ FET circuits, the body

is usually tied to the
S‘ source. v =0
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Bias with a Current Source (1)

f S
o
S it
ot ana iy

fositsnains
oo
g

eSS e
SRR e 28
s s 2
2 ;ﬂw’&’l&' S
e

2

R

-"«:!?%:‘:9—:‘:;—
oty

SRR
S

o
2

R1 25k

15\/_-.—-_ 4 1 M7I|_
= [n
s -~ i~

Mbreaki . MbreakN

402385 sch

00 _y,00) Transistor M1 Establishes Reference
st — Current. Transistor M2 Reflects it
Ensures Saturation to the rest Of the CirCUit (Load)
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Bias with a Current Source (2)

Transistor Equation

(pc) (pc)
w2y, ) 00 Voo Vos™ Voo Vas”

thr

"L p) R, R,

Il()?c) — '

Pick ,, Solve for V;; One Equation, Two Unknowns: V,, and R/,

This sets the current through M1 4007A "R
and its gate voltage, and thus the
gate voltage of M2. The current
through M2 will be the same,
provided that M2 remains in
saturation.
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Current Mirror

10k 400U

R1 25Kk
!m M?I . 200uf

e
! i
Mhreakh Moreakew ¢ | ] i

l 402385 .sch 0

W1

15V

OV 5V 10V 15V
1d(M1)dd(M2)
V_V2
R2 and V2 represent some circuit, (the amplifier). Provided that

it doesn’t do anything too strange, I,, will remain constant. Thus,

the circuit above, minus these two components, is a DC current
source. In the AC model, it is a resistor of value R,, which can

serve as the load resistor for the amplifier.
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Current Steering Circuit

VDD VDD
REF Mbreakp MbreakP
0 4mA
IDC Reflected I I
Current | |
Source M4 MS Il
R1 25Kk ..
12
d o Reflected
Current

- '1 ' MQI - M |_ Source
fas] r—- & Jonety 4 e Mbreaki
— - -

MbreakiN |MbreakN

o o - 0
-VSS -VSS -VSS

402387 sch
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FET Amplifiers

—_ VDD
Recall Common Emitter Common Gate
s
o ;VCC VOUI
Vi,
] Common Drain -
Common Source
Vs Vi Note that
—l “Current
v __| v Source”
| out V. @ out  Also serves
v & T as load
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Common Source Amplifier

20V
breakP
h MbreakP| .
10V "
+|VDD ik L™ ;
oV — — 1
1BV = oV 5V 10V
Ref ; V(Vin:+) «(M2:d)
-1 0.4mA V_Vin
IDC Mbreak n 20mV
-20mV
Os 2.5ms 5.0ms
(¥(Vin:+)-6.35)*10
402388.sch \$(M2:d)-5.782

Time
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CS Amplifier Operation

M1 is Amplifier

i:{l I:ﬁeakpr\ﬂbreaklbl ::l
& e '_Vo M2 is Current Mirror

- Both Have Same V

T
®

Would Have Same Current if

— Both in Saturation
— No Early Effect

Then no Amplification!

402388.sch +
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CS Circuit Analysis

15V =—=

I:{l I’ﬁeakprwbreakpl
— M2

&

402388.sch 4

Nov 2024

Saturation
i :kc W (VGSZ thr)2 1+VD52
= TR E , v,
Triode

thr

in, =k, [(v -V, Vo, - 2V9252]

Circuit

Vosi ¥ Vsps =Vop

Vst =Vop T Vs

Chuck DiMarzio, Northeastern University
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Graphical Analysis

400uA

200uA

402388.sch +

h

\

ov 10y 15V

M1 Triode - M2 Triode

Vst =Vop Vs
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Expanded Graphical Analysis

Slopes are
1/R,

200uUA —
4V 8V
0o v aold(M7)
V_ VDS
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Small=Signal Model for CS Amp

40238a.sch ~ Body tied to Source: No Body Effect

) (bc)
I(DC) :kr 4 (VG(?C B ‘/ifhr)’Z =7 gm =-F (I%CI;D )
P "L 2 o W™~ Vo
1%
Express in terms of Current I :\/ 2k', L_l I
1
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Small Signal Analysis

V

g :\/2"?%1@35) Ro =
1

I
A, =- gml(R01 | Roz) A, = \/

I(DC
VAl VA2
V.,
R;, = © Rour =Ry ”Roz - (Dc) ” I(DC)
I, D
(Nice!) (Unfortunate)
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Some Numbers

— 1
Ay = 1 1 [{®o
+ REF

VAl VAZ

. N2x20x10°A/V220 1
A = 1 1

+
100V 100V
Typical Range is 20 to 100.

=-70
JAX1074A

Nov 2024 Chuck DiMarzio, Northeastern University
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Common Gate Amplifier

* M1 is Amplifier
e M2 is Active Load
and Current Mirror

* AC Models

— M1

* Small Signal
Model with Body
Effect

— M2
* RO2

40238b.sch
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CG Amp Small—=Signal Model

l Gate i Body 1

RL

1 Meg§

- 40238c.sch

Above Gl=g_,
G2=xg_,

Below
Gl=(1+x),,

40238d.sch
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CG Amp Voltage Gain

V(AC)_ V(AC) V(AC)
in out +(1+ X)ngV;?C) — out
R[H R02 || RL

(Ac)

V-(AC) - Vout

" Ry lIRy IR,

i-l-(l-|-){)gml

01

o) _| 1
40238d.sch Vour — }5—‘*'(1*')6}9nﬂ
01

(Ac)
(Ry, || Ry, || R, W€

A = (Rm | Ry, || RL) A, = (Rl}l | Ry |l RL)

1
o +(@+ ;g)gm1

01

L+(1+x)\/2k'n%1§g§’

01 1
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CG Amp Current Gain

Current from Input Splits
Between two Resistors
R

=1+ L~
A R

02

40238d.sch
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CG Amp Input Resistance

(A ) (Ac) (ac) (A y V(AC)

c) _ C

m lﬂ out + (l + X)g ml out
Rm Roz ” RL

1 (ac)
+(1+x)gml}(Rm IRy, || R, W€

.(Aac) — { Rm

Iin
R02 || RL
(ac)
Vén - = Ry, || R,
\AC
Iin 1
40238d sch {+(1+X)9m1}(Rm IRy, || R,)
01
(ac)
—_ vm ]‘ ROZ || RL
R (AC) 1+
(1 + %)g ml ROl
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Common Drain Amplifier

SPICE Output

‘ akN
+ 1 VDD IREF M 'J T -
15V §.3525V T

IDC 7 'I:I
: 6.3500V AN A7 ,
Vi AN
/D 8.3475V +——t—+

- Os ( )2.5r?5 ES.Oms
+ WV(M2:s) V(Vin:+
15\ = I_. MbreakP I Time

M3 |

'—

b

r MbreakP ‘-‘
40238e.sch M1 is Amplifier

M2 is Active Load and
Current Source
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CD Amp Small—=Signal Model

Drain "
Bodyv +
RO1 1Meg
SN
Source
Output
1Meg
40238f.sch
(ac) __ (ac)
XGmiVost = XGmVar Note also RO1 is in parallel
Current source acts with R02.
like a resistor from Replace all 3 with a
source to ground (ie. source to drain) Single Resistor
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Simplified CD Amp AC Model

Vin (i)
AC
g mlvgsl

(ac) 1
voutc :[ ” ROl ” R02

Xlgml

ROZ(01]/1/xgm (Ac) (Ac) (ac)
g vin =¥ sl + vsl =
40238a.sch g
(ac) (ac)
vgsl + vout
(ac) __ (aC) 1 (ac)
Vin — Vgsl T ” ROl ” R02 gmlvgsl
lgml
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CD Amp Voltage Gain (1)

D
| (uc) _ 1 (Ac)
Vin Vour —|—— ” R01 ” ROZ gmlvgsl
Xlgml
ac) _. (ac) 1 (ac
1|§Aoe;2§!|01[I‘ngrrl Vin Vg T ” R01 || Roz ImVgs1
40238a.sch 1gm1
1
wr | =Rl Ry, ]gml
AV _Vout . lgml
- _(ac) T
V. 1
o 1+ 7”R01”R02 9m
Xlgml
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CD Amp Voltage Gain (2)

1
(AC) — || Ry, | Rz |G
_Vout — Xlgml — gml
& v 1 - 1
" 1+ ||R01||R02]gm1 1 T9m
X19m [ | Roy Il Ry,
Xlgml
_ Im 1 Voltage
A 1

1 %1 + Buffer
+ + -+
gml Xlgml R01 IQ02
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CD Amp Output Resistance

1 1
R — ~
" + + 1 + L 9m (1 T X )
gml Xlgml R01 R02
gl I
| G (3“ (Current Source and all
= l_ Resistor Appear in Parallel)
i 1
RO2||01]11/xgm Rc,wj s
o 402384 sch k' f I(DC) (1 + X)
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FET Amplifier Summary

Current Gain

1m

Resistance

Voltage Ga

s
PRSI S LTSS

CG

(bc)
REF

n

2k’

CD

w
L
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