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Chapter Goals

Describe operation of MOSFETS.
Define FET characteristics in operation regions of cutoff, tremute saturation.
Develop mathematical models fiev characteristics of MOSFETS.

Introduce graphical representations for output and transfer chastcteri
descriptions of electron devices.

Define and contrast characteristics of enhancement-mode and alephetile
FETs

Define symbols to represent FETSs in circuit schematics.
Investigate circuits that bias transistors into different opeyaegions.
Learn basic structure and mask layout for MOS transistors enudtsi
Explore MOS device scaling

Contrast 3 and 4 terminal device behavior.

Describe sources of capacitance in MOSFETSs.

Explore FET modeling in SPICE.
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MOS Capacitor Structure

Metal electrode—"gate™ Tox

First electrode - Gate:
Consists of lowresistivity
material such as metal or
doped polycrystalline silicon

oxide N\ |~
Nz Second electroo- Substrate
: or Body:n- or p-type
p-type silicon substrate or “body” semiconductor
T Dielectric - Silicon dioxide:
= stable high-quality electrical
Insulator between gate and
substrate.
Jaeger/Blalock Microelectronic Circuit Design, 4E Chap 4-3

5/5/11 M cGraw-Hill



Substrate Conditions for Different Biases

T Ve Vi T V< Vi
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t + + + T il

R Hole accumulation
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Depletion p

layer I Y
»L- Immobile

- = acceplor ions
“ Accumulation v Depletion
9 Vo> Vi Accumulation
| b - o cah i + |
= — - VG_ << Vqy
¢ : I Depletion
g P — Ve<Vp
T I nversion
© Inversion ~ Vo= Vi
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Low-frequency GV Characteristics for an
MOS Capacitor on p-type Substrate

I Surface
potential

Accumulation Inversion

Cn'

V TIJV

(a) (b)

min ['yesletion ;é Ca
F °

MOS capacitance is a non-
linear function of voltage.

Total capacitance in any
region is dictated by the
separation between capacitor
plates

Total capacitance modeled as
series combination of fixed
oxide capacitance and
voltage-dependent depletion-
layer capacitance.
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NMOS Transistor:
Structure

(Si0,)

/" Metal . Lo
e ,}_1 (or polysilicon) Silicon dioxide

LI-H . E’?G : U“
o Ig X . In D
Source {.‘}'}T ‘S o _T(‘aff &) TDmin () I
B

o7 77A | I

“ . { | ,G
't —| Channel TEgion | o ,* | " Ups
4

p-type substrate Vs g =
i ' - +

L

‘:ﬂi Bde" (8)
Un

4 device terminals:
Gate(G), Drain(D),
Source(S) and Body(B).

Source and drain
regions fornmpn
junctions with substrate.

Vsp Vpg andvggalways
positive during normal
operation.

Vgg always Vps andvgs
to reverse biapn
junctions
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NMOS Transistor:
Qualitative |-V Behavior

Ty el T2 0 Ves<< Vqy: Only small leakage
T=F =F current flows.
.\Imr\r;obile ' “ \Dfplctmn . -
= o \5;5< Vg Depletion region formed
=" under gate merges with source and
L ] S drain depletion regions. No curre
P = [°6°¢ \ flows between source and drain.
T T * Vs> Vo Channel formed between
- source and drain. i, > 0, finiteiy
_|__|S T D’__L .
[ | ™~ flows from drain to source.
FEE b N2+ ig=0andig=0.
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NMOS Transistor:
Triode Region Characteristics

Ups= 0
Ugs Vs> Von V
| . _ DS
‘¢ | Ip = K[ Vgs = Vi — Vbs

_l_iisn = i Yip - 2
- — - _ >\ > O
ix) v ZE
P :
T . K =K W/L
= K =uC. (ANV?)
0 L C:ox = gox/Tox
£, = oxide permittivity (F/cm)
T,, = oxide thickness (cm)
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NMOS Transistor:
Triode Region Characteristics (cont.)

B0 0 1.1 ¢ Output characteristics
A // appear to be linear.
oL //VG/S:ﬁ" « FET behaves like a
—L ., § sonso At gate-source voltage-
. 7 -~ ) 2 L™ controlled resisto
o . o 5 2.00x10 / /, Vs 2V
Z/ o = between source and
0 —

0.0 0.2 0.4 0.6 0.8 d ral n Wlth

Drain-source voltage (V)

-1
R _{ 71 _ 1 _ 1
= = =
N W W
DS . bl — — 0 —
Vos ~Olg-pt K L (VGS Vin VDS) K, L (VGS VTN)
Vps — 0
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MOSFET as a
Voltage-Controlled Resistor

VMW *—° Examplel: Voltage-Controlled Attenuator
“ +
:_ VO —_ |%)n — 1
| = =
Vg i Vo V¢ R,L,*R 1+ KaR(Mse _VTN)

If K,=50QUA/NV?, V= 1V, R= 2kQ and
Vss= 1.5V, then,

L O

@ . :’/0 = 1 =0.667
5 S1+ 50%(200(12)(15 1V

‘\M
CD " S"":g Vo To maintain triode region operation,

Vbs SVes Vi OF Vo <Vge ~ Vi
—o 0.66%s < (L.5-1 or vg<0.750V

(b)
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MOSFET as a Voltage-Controlled

Resistor (cont.)

*+—° Example 2: Voltage-Controlled High-Pass Filter

¢ o :
_ It Voltage Transfer function, 1(s)= Yo(s) =
+ ||_, o VS(S) Stw,
C_) Us ° where, cut-off frequency
oo B . = 1 _ Kn(VGs _VTN)
L 4 O ° RonC C
|l T/  andVge= 1.5V, then,
C +
50%(1 5-1)V
T f =1.99kHz
s Ron § ”0 ° 277(0.02,UF)
Vo
o _ To maintain triode region operation,
—o0 Ve £V =V =0.5V
(d)
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NMOS Transistor:
Saturation Region

G O Vgs>Ven

S I D o vpg small
= L | b

=l ]
n S e 8 __..g n !
Depleti ;
P ?ﬂon P Acceptor ion /
region
T
L s
G 0 Vos> Vi
| | § D o vpe=vgs— Vin
o B
A '__ 5 © 8 68 6 n+ |L
a = = =~
Depletion / P
region
S
LB
G T vgs> Vv o

Nt e . o e = °
Depletion / » ,

region

220 o L
200 :Linfear ~<— I/GSI‘_* 5V —
L region
180 —F A r 1
= / | 4= Pinch-off locus
3 100 (] N
= 140 I »| Saturation region _|
g / / I A N
5 120 II ’(-' Vos=4V
8 100 s,
=
2 80 /A
g 60 A Yeg=3V
2 40 -/ 1
- Ver S 1V
20 ’ Ves=2V -
Y.z T 11 i
0

2 4 6 8 10 12
Drain-source voltage (V)

If vpgincreases above triode region limit, the

channel region disappears and is said to be
pinched-off.

Current saturates at constant value, independent
of Vps.

L 2 e Saturation region operation mostly used for
" | Lo s analog amplification.
i ] |
tpa L
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NMOS Transistor:
Saturation Region (cont.)

GO UGH'_-;. V?'ﬁ"
. | I D ‘-[ Ups>Ugs— Vw
L - o _e\e | = [
Derzszﬁn/ r Pinch-off point: v(x,,) = Ugs— Vv
|
| 8
- e
Xpa L
. K W 2
Iy = —2 Ve Vo VTN) for Voo 2Ves — Vi

Vosar = Vee — VIS termed the saturation or pinch - off voltage
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Transconductance of an MOS Device

e Transconductance relates the change in drain current to a
change in gate-source voltage

gm:é\/

GSIQ-pt

e Taking the derivative of the expression for the drain
current in saturation region,

W 21,
Om _KTQ/GS_VTN)_VGC ~\
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Channel-Length Modulation

LT 1] » AsVvpgincreases abowgg,y the length
200 ye of the depleted channel beyond the
< . . .

S 150 // L pinch-off point,AL, increases and the
NN== actual L decreases.
g) // 3 .. . . .
sl Yos=t X * lIpincreases slightly witkginstead of
£ / Vas=2V being constar
0
=50
o 2 4 6 8 10 12 _ K W 2
Drain-source voltage (V) ID e — V _VTN) (1+ AVDS)
2 L
T UGs T Ups
. = I
¥ —~——————_”'_—i— =
i % . — | A = channel length modulation parameter
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DepletionMode MOSFETS

R A
[ | iz 7z [ 1
|

nt

I
Implanted n-type
channel region

}- L =

p-type substrate

 NMOS transistors witlV.,, < 0 ¥y

 lon implantation process is used to form a builtHtype
channel in the device to connect source and drain by a
resistive channel

* Non-zero drain current foi;s= 0
* Negativevgsrequired to turn device off.
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Transfer Characteristics of MOSFETS
Enhancement- & Depletion-Mode Devices

0 Enhuﬁcmnénl lﬁode
N
_ 20 Depletion mode\ / \j
g. ‘\\/ /
?”E‘ 150 / /
=
E 100 /
/
/ /
&
a
0
| Vin=-2V_|  Vy=+2V
-50
-4 =) 0 b 4 6

Gate-source voltage (V)

« Transfer Characteristic: Plots drain current versus gate-
source voltage for a fixed drain-source voltage
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Threshold voltage (V)

Body Effect or Substrate Sensitivity

* Non-zerovggchanges threshold voltage,

“?": causing substrate sensitivity modeled by
2.50
j;; p= VTN :VTO + y(\/VSB t 2% - \/ 2% )
1.75 i
1.50
1.25 y where
1.00 — —_
i V,, = threshold voltage forg, =0
0.50 —_
o y = body - effect parameter(\/ )/
0.00 .

- o012 3 4 s 6 2@ =surface potential (V)

Source-bulk voltage (V)
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NMOS Model Summary

QuickTime™ and a
decompressor
are needed to see this picture.
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PMOS Transistors:
Enhancement-Mode Structure

p-type source and drain regions
In ann-type substrate.

Vgs< O required to create p-type
Inversion layer in channel

X gL region
pt Channel region p bt FOI‘ current ﬂOW,VGS< VTP
- L - « To maintain reverse bias
R—— source-substrate and drain-
T substrate junctionsgg< 0 and
59 - ’ Vps < 0
o ) vg>0 » Positive bulk-source potential
G Uss 4 B
e 0B vy caused/;, to become more
I_l negative
Iy +
D
PMOS transistor
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PMOS Transistors:

Output Characteristics

y * Forvgs> Vqp, transistor is
_ off.
Veg=35V (Vgs=-5V) . ]
0 P & * For more negativesg drain
S 150 / current increases Iin
" Besf 09 magnitude
E r - - - »
: fr o Lva sl © PMOS device is in the triode
g " g/  vw-ay, | region for small values of
0 N | Vs and in saturation for
e Y larger values.
-50
+2 0 -2 -4 ] -8 —10 -12
Drain-source voltage (V) o Remembek/'rp < O fOI’ an
enhancement mode transistor
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PMOS Model Summary

QuickTime™ and a
decompressor
are needed to see this picture.
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MOSFET Circuit Symbols

. T g ik * (g) and(i) are the
HT HT L most commonly

(&Y NWIGS eahanceiticatmiode device  (B) PMIDS enliancerestanods devide. () NMIOS deplétion-misde device used SymbOIS N

R o rT L ET VLSI logic design.
HIT H:_l H'l HLl_ - 1 MOS devices are
(@PMOS depcionmade dovice () Theceminel NMOS s (0 Thoermina PM0s s SYMIMELFIC

’_T” 00  In NMOS,n*

R

I - L region at higher
(g) "?h' -.rl hunj notation—NMOS (h) Shurrljni nut;uic-||fh.'“-'-Mﬂ.‘1‘ VO Itag e iS th e d ra.i n .

enhancement-mode device depletion-mode device

 In PMOSp* region

. ’ + ? ’ I
HE[ MEL at lower voltage is
b the drain

D
(1) Shorthand notation—PMOS (j) Shorthand notation—PMOS
enhancement-mode device deple fe device
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Internal Capacitances in Electronic Devices

 Limit high-frequency performance of the electronic device
they are associated with.

o Limit switching speed of circuits in logic applications

« Limit frequency at which useful amplification can be
obtained in amplifier:

« MOSFET capacitances depend on region of operation and
are non-linear functions of voltages at device terminals.
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NMOS Transistor Capacitances:

Triode Region

Gate

Source Drain
0 &
TR R T e T, SEg 2
(ff,'&'-l'J {ni —— (-n —— (:’J{ ]
B s = i
T t o 1 0 1
et i R n-type channel S e
Cypy Cop
p-type subsirate
NMOS device in ‘L
the linear region Bulk
_ Cee WL
CGS - 2 + CGSOW - COX 2 + CGSOW

C . WL
CGD = % + CGDOW = Cox? + CGDOW

C,, = Gate-channel
capacitance per unit
area(F/m).

Csc = Total gate channel
capacitance.

Cgs= Gate-source
capacitance.
Csp = Gate-drain
capacitance.

CosoandCgpp = overlap
capacitances (F/m).
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NMOS Transistor Capacitances:
Triode Region (cont.)

_ Csg= Source-bulk capacitance.
CSB_CJAS+CJSV\/PS SB_ : p.
C..=C,A +C, P Cpg = Drain-bulk capacitance.

bB ) JSW-D As andAy = Junction bottom area

capacitance of the source ¢
drain regions.

P;andPy = Perimeter of the
source and drain junction
regions.

Jaeger/Blalock Microelectronic Circuit Design, 4E Chap 4-26
5/8/11 McGraw-Hill



NMOS Transistor Capacitances:
Saturation Region

Ciate
Source T Drain
I e e g =i
Coso Co Cox Capo
PO ..o = b sl r = il -
I t e
| Cen == n-1ype channel o Cop il

p-lype substrate

NMOS device in saturation |
0 Bulk

e Drain no longer connected to channel

2 2
Ces = §CGC +CosdV Cep = §CGDOW
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NMOS Transistor Capacitances:
Cutoff Region

Gate
Source T

Drain
T T « Conducting channel region
1 completely gone.
o 2y =

)
L
5=

—————————— i A S —

p-lype substrate T Depletion region CGB p— gate—bun( CapaCItance

NMOS device in cutoff .
i Cseo = gate-bulk capacitance
Cos = CosdV per unit width.
Cep = CopaWV
Cep = Cog W
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SPICE Model for NMOS Transistor

Typical default values used by SPICE:

- KP = 50 or 20uA/V?
Con l’—”7 y: 0

| A=0
g_I'_T D Bl S Cl) ’ Dsp [ VTO =1V
I_J)s BLREIR {4, or 1, =500 or 200 criV-s

R.\g Csn 2¢F =06V
Cos S
[ — — — —
I CGDO_ CGSO_ CGBO_ CJSV\/_ 0
T,,= 100 nm
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MOS Transistor Scaling
Scale Factoa

e Drain current:

K = py =2 W/a —aﬂng"xw =akK,
T,/a Lla T, L

| :/,[ gOX W/G(VGS VTN VDS]VDS — iD

° " T Jal/ala a 2a)2a a

o Gate Capacitanc

e e Nme &, Wa  Cy
Coc _(COX)W . T Jalla «a
r =G o=t

i a

wherer is the circuit delay in a logic circuit.

Jaeger/Blalock Microelectronic Circuit Design, 4E Chap 4-30
5/8/11 McGraw-Hill



MOS Transistor Scaling
Scale Factoa (cont.)

e Circuit and Power Densities:

) e _Vplp P
PP Pl _P

extremely important resl

A WL (/v/ a)L/ a)
 Powe-Delay Produc

PDP =p'7 = L =FPP
a a a
o Cutoff Frequency:
gm _
=75 (Vos —Vin)

GC

f-improves with square of channel length reduction
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MOS Transistor Scaling (cont.)

e High Field Limitations:

— High electric fields arise if technology is scaled down
with supply voltage constant.

— Causes reduction in mobility of MOS transistor,
breakdown of linear relationship between mobility and
electric field and carrier velocity saturati

— Ultimately results in reduced long-term reliability and
breakdown of gate oxide pnjunction.

— Drain current in saturation region is linearized to

. Cw
b =7, (Ves = Vox Vsar wherevg ,ris carrier
saturation velocity
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MOS Transistor Scaling (cont.)

e Sub-threshold Conduction:

—— — Ipdecreases exponentially for

1.00E-02 Vi< VTN.

1.00E-04 . | f h I .

I e P — Reciprocal of the slope in
o fe ol mV/decade gives the turn-off
B 1.00E-10 / rate for the MOSFET.

1% ::;g:—:j / Normal t:ndc or — VTN ShOU|d be reduced If
a* - F saturation . .

R [ o dacon dimensions are scaled down.

1.O0E~18 // Vrw However, curve in sub-

i threshold region shifts

1.00E-22 - . . .

¢ B ol W 2 W 3 horizontally instead of scaling
iate-source voltage (V) .
with V4
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Process-defining Factors

|.£..1 - Contact

[

X : Metal
L» (a) \(b ) (c) (d)
f“—w—lé | 1 SEe  Sm— —

« Minimum Feature Size F : Width of smallest line or space that can
be reliably transferred to the wafer surface usimmgven generation
of lithographic manufacturing tools

o Alignment Tolerance T: Maximum misalignment that can occur
between two mask levels during fabrication

|~
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Mask Sequence

Polysilicon-Gate Transistor

Mask 1: Defines active area or
thin oxide region of transistor

Mask 2: Defines polysilicon gate
of transistor, aligns to mask 1

\ \ v v
— . m —— * Mask3: Delineates the contact
" N Lo | Lo ] window, aligns to mask
_  Mask 4: Delineates the metal
= - | pattern, aligns to mask 3.
2, : :
o % « Channel region of transistor
N S AT formed by intersection of first
o two mask layers. Source and
A e Drain regions formed wherever
v @ mask 1 is not covered by mask 2
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Basic Ground Rules for Layout

Polysilicon below ;“" —
metal | _— ::A
Aluminum A 1 'Mml_|:_ _:_ZA
interconnection ! 4 A
| » A e F=2A
|
i e T=F/2=NA
Active region
" ‘g___ i _‘f’_v - A could be 1, 0.5, 0.25
|
Contact i l,lm, etC
|
| - [T A
Lo Rt e WI/L=10N2A = 5/1
e /ll‘”’e‘a:\ | e Transistor Area = 1202
nt | H nt
le 2A1A2A 1A |
| 12 A
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MOSFET Biasing

‘Bias’ sets the dc operating point around whioh device operates.

 The ‘signal’ is actually comprised of relativelynall changes in the
voltages and/or currents.

« Remember (Total = dc + signal): goF Vgs+ vy and =1, +1id

i b
Ko § Vop Vop
8.3kQ m +

oo O @
G sy Tov

. DS

S| -
+

O |
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Bias Analysis Approach

 Assume an operation region (generally the saturation
region)

e Use circuit analysis to findsq

« UseVggto calculatdy, andly to find Vg

« Check validity of operation region assumpti
 Change assumptions and analyze again if required.

NOTE: An enhancement-mode device Wik, = V¢IS
always in saturation
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Four-Resistor and TwResistor Biasing

 Provide excellent bias for transistors in discrete circuits.

o Stabilize bias point with respect to device parameter and
temperature variations using negative feedback.

e Use single voltage source to supply both gate-bias voltage
and drain currer

e Generally used to bias transistors in saturation region.

e Two-resistor biasing uses fewer components that four-
resistor biasing
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Bias Analysis - Example 1.:
Constant Gate-Source Voltage Biasing

Ry S 100Kk Rt@ +

Vf s 100 kQ
Y L-— _’ Vo
s 10V = 3V . Vﬁ Vpp
’ 10V
K,=25puA/NV? —

ki

Problem: Find Q-pt (5, Vps, Vo9  Assumption: Transistor is saturatet},

Approach: Assume operating =1g=0

region, find Q-point, check to see ifAnalysis: Simplify circuit with

result is consistent with assumed Thevenin transformation to fird:,

region of operation andRg, for gate-bias voltage. Find
Vs and then use this to find.l With
|5, we can then calculate,¥.
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Bias Analysis - Example 1.:
Constant Gate-Source Voltage Biasing (cont.)

R " IE g T Rp
.0 S L, Vos ,: 100 k2 Vop = 1Ry + Vs
I L
veo( T )3V ) Ves Voo Vps =10V — (50uA)(LOOK ) =5.00V
- ] 10V
Ll Check:Vps> VsV Hence
= saturation region assumption
Sincel . =0 correct.
G )
Veo = leReo +Vas = Vas Q-pt: (50.0 pA, 5.00 V) with
o K. Y V= 3.00V
P _7(\/‘35 ) Discussion: The Q-point of this
_25x10° A 2, circuit is quite sensitive to changes
o = 5 /2 (3_1) V==50.0LA " in transistor characteristics, so it is
not widely used.
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Bias Analysis - Example 2:
Load Line Analysis

Ry S 100K Rﬁﬁ V+ 2
DS 100 k2
Y L-— > i
% 10V V v
Do V=1V v . {“T {4;}1;
10V
K,=25puA/NV? —

Problem: Find Q-pt (5, Vps, Vo9  Assumption: Transistor is saturatet},

Approach: Find an equation for the 18~

load line. Use this to find Q-pt at Analysis: For circuit values above,
Intersection of load line with deviceload line becomes

characteristic. 10V =1 (100K)"'Vos
Voo = 1R, + Ve Use this to find two points on the load
line.
Jaeger/Blalock Microelectronic Circuit Design, 4E Chap 4-42
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Bias Analysis - Example 2:
Load Line Analysis (cont.)

150

R
D 125 VT AV
100 kQ 100
2 I
Voo % 75 AN .
0V § / \‘ Q-point
8 50 / \ VGSZSV
L : /// \\\
— A :
VDD = ID RD +VDS - 2 Load Iine 1 NVost2V
0 AN
10=1C°1 +V,
Py 2 4 6 8 10 12
For VDS: o’ ID — 100 u A Drain-source voltage (V)
Check: The load line approach agrees with
Forlpb =0, Vps=10V previous calculation.

Plotting the line on the transistor output Q-pt: (50.0 pA, 5.00 V) with Vs = 3.00V

characteristic yields Q-pt at intersection Discussion: Q-pt is clearly in the saturation

with Vs = 3V device curve. region. Graphical load line is good visual
aid to see device operating region.
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Bias Analysis - Example 3:
Constant Gate-Source Voltage Biasing
with Channel-Length Modulation

Ry S 100Kk Rt@ +

Vf s 100 kQ
Y L-— _’ Vo
s 10V = 3V . Vﬁ Vpp
’ 10V
K,=25puA/NV? —

=

Problem: Find Q-pt (5, Vps, Vgs) of  Assumption: Transistor is saturatet},
previous example, givex=0.02 V.. =1;=0

Approach: Assume operation region,Analysis. Simplify circuit with

find Q-point, check to see if result is Thévenin transformation to find.,

consistent with operation region andRg, for gate-bias voltage. Find
Vg and then use this to find.l With
|5, we can then calculate,¥.
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Bias Analysis - Example 3:
Constant Gate-Source Voltage Biasing
with Channel-Length Modulation (cont.)

Iy = % (VGS —Viy )2 (1+ /]VDS)

VDS :VDD - IDRD

6
V., =10- 25X210 (0 )3-1) (L+0.02, )

Vs =4.55V

_25x10°
;= >

(3-1) [r+0.09(4.59] =545,

Check: Vs> Vg5~ Vo HENce the
saturation region assumption is
correct.

Q-pt: (54.5 YA, 4.55 V) with
Vge=3.00V

RFJ

s+ 100 kQ

v Vis
g

‘ffﬁij
10V

Discussion: The bias levels have
changed by about 10% (5448 vs
50uA). Typically, component
values will vary more than this, so
there is little value in including
effects in most circuits.
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Bias Analysis - Example 4:
Four-Resistor Biasing

% Assumption: Transistor is saturatet},
1.5MQ 2 R, 75kQ & Ry _ _
- , | =15=0
| amo) 6y 0850 "
s ‘C) o Analysis. First, simplify circuit, split
MaSr  wa Sk, P Vpp into two equal-valued sources and
(asma)] [2xe | k=3 apply Thévenin transformation to find

- Veo and Req for gate-bias voltag

Problem: Find Q-pt (5, Vps) —% |
Approach: Assume operation L ,:_ gt -

= = - " r ¥ ( I |
region, find Q-point, check to see if " (—) e s ‘() oY
result is consistent with operation RS R B

region

(b}
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Bias Analysis - Example 4:
Four-Resistor Biasing (cont.)

AAA
VEQ v, R Rl —10v 1MQ YRy 75 kQ
R+R 1IMQ +1.5MQ
D )
= R|R =1MQ[1.5MQ = 600k by L] |

V
+ IL,.._ DS T
600 kQ v § = v, C_) 10V
. — — + S
R _ J—

Ve _VGS t— (VGS VTN) Rs Sl

25x10‘6 2 _ _
4=Ves + = — (90 fes 1) OVgs =+2.66V and |, =34.41A

Vi =—2.71V or +2.66V VDs :VDD - IDR:) =6.08V
Vps™> Vs Von- Hence the saturation region
SinceVgg <Vyy forVgs = -2.71V, assumption is correct.

he MOSFET Id b i
the would be o Q-pt: (34.4 pA, 6.08 V) with Vo= 2.66 V
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Bias Analysis - Example 5:
Four-Resistor Biasing with Body Effect

Analysiswith body effect using the V. =Vio +V(\/Vsa +2¢ —\/2% }
same assumptionsasin example 1.

ﬂ | VL, =1+0. 1/vSB+o.6—x/o.6)
K, =25 pA/V>
Vip=1 \L Rp 2 18 kO ' 25X1O_6 2
y=05VV I, = (\/GS —VTN)

Reo

—»vw—»—| -j Vs

600 k{2

Iterative solution can be four
using the following steps:

« Estimate value ofy and use it
to find VgsandVgg

« UseVggto calculaté/yy,

Voo =Vio - 1R, =6-22000  Find I.D using above 2 §t§ps

« If 15 is not same as origingl
estimate, start again.

V., =1 R, =+22000,,
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Bias Analysis - Example 5:
Four-Resistor Biasing (cont.)

The iteration sequence leadslto= 88.0pA, V= 1.41 YV,

Vs =Vop — Ip (R, + Rs)=10-4x10°1, =6.48V

Vps>VeeVon Hence saturation region assumption is correct.
Q-pt: (88.0 pA, 6.48 V)
Check: Vs> Vgs- Vons therefore still in active region.

Discussion: Body effect has decreased current by 12% and isetka
threshold voltage by 40%.
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Bias Analysis - Example 6:
Two-Resistor Feedback Biasing

K, =260 nA/V? K )
Vin=1V Vs = Voo _?n(ves _VTN) R
" Rp 2 10 kQ .
G 2.6x10 2
m ) Voo Vos =3.3-=— (0 Xss - 1)
+ V.. =-0.769V or +2.00V
——]1 vy 33V S
G + -
the MOSFET would be cut-off,

_ ] _ . UOVg =+2.00 V andl, =130 LA
Assumption: 5= Ig= 0, transistor Is i

saturated (siNC¥ps = V) Vo>V Vo Hence saturation
Analysis Voo= Voo - IR, region assumption is correct.

Q-pt: (130 A, 2.00V)
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Bias Analysis - Example 7:
Biasing in Triode Region

Assumption: Assume saturation

Analysis: Vo=V =4V

K, > 2.5x107 2
5 :7 GS _VTN) = > (4_1)
|, =1.13mA
Vos =Vop I Ry

Vos =4- (113407 )1.6x10°)=2.19V

But Vp<<VssVoy HeENce,
saturation region operation is
Incorrect.

V
ID = Kn VGS _VTN -—2> DS

Using triode region equation:
ZCBV

Rp & 1.6k

| .
/ Vo

K, =250 uA/V? Vs ~

VTNZ ] V

V,
4=V = (1.6x103X2.5x10’4i4 -1- %)VDS

V.. =2.30V and I, =1.06mA

Vps>Vgs-Vin transistor is in the triode
region

Q-pt:(1.06 mA, 2.3V)
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Bias Analysis - Example 8:
Two-Resistor biasing for PMOS Transistor

Assumption: |5= I g= 0; transistor E
IS saturated 5'_J B

Analysis. ‘:DS Vop
+

Vs ~16Rs =Vbs =0 - Vs = Vs I C_)

Voo Vos — 15 Ry =0 15V

K, 2 220 kO
Voo "'Ves_?(ves _VTN) R, =0 K, =50 pA/V?
5x107 > Vgp= by

15+V, - (2.2x1o‘-")T (s +2) =0 —

Vs =-0.369V,-3.45V NDS >NGS_ TP‘

SinceVgg = —0.369>V,;, Vig =-3.45V _ .

Hence saturation assumptlon IS correct.
|, =5254A and V. =-3.45V Q-pt: (52.5 YA, -3.45V)
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Junction Fieldeffect Transistor Structure
The JFET

i pe D e Much lower input current and
e much higher input impedance
- channel than the BJT.

]__{)D e Intriode region, JFET is a
D voltage-controlled resistor:

_PL
RCH_g\/_\/

0= resistivity of channel
* n-type semiconductor block L = channel length

houses the channel regionnn W = channel width betwegm
channel JFET. junction depletion regions
 Twopnjunctions form the gate. t = channel depth

* Current enters channel atthe « [nherently a depletion-mode
drain and exits at source. device

@ @ @®
A W
S 1
is ‘ = Y £
: 'E i ® * @ &
r'd

Depletion

'\a"
&G region
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JFET with Gate-Source Bias

G

Depletion
region

Depletion

region
- o—t
) |
= @
vGs = Vp <0 - o
@ @ @ @

Pinched-off channel

@ @® @

@

— 4

G

(c)

Y@

1

Depletion
region

Depletion

Vp <vgy <0

5
[
ig

G :
region
|
® P '
@ ®
\® @ @ @ Ww®
n
® @ ® @4 @
@ 2 I
. O L
Depletion
G region

(b)

Vgs= 0, gate isolated from channel.

Vp <Vgs< 0, W < W, and channel
resistance increases; gate-source
junction is reverse-biaser}, almost O.

Vgs= Vp < 0, channel region pinched-
off, channel resistance is infinite.
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JFET Channel with Dras®dource Bias

@
®( J®
A @ 3 D ) Yas \ e & ® ® )
: —4 D ip 5 e D ip
w 's - ! n = I
== e ————
> o @ o | . = ‘@® © & ©
| @& Ups a [ | &
| i |
@®| ®|

Uns = Upsp

Dcpllctiun ] IJcpI;iiun
G 4k G region
(b) . . .
o D e With constant/g depletion region
1'cg|un
-

i near drain increases withQ.

e At Vpsp=Ves- Vp, channel is totally
pinched-off;i Is saturated.

JFET also suffers from channel-

il J_§ length modulation like MOSFET at

Depletion

region

larger values oV
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Drain-source current (LLA)

n-Channel JFET

I-v Characteristics

Vi =0 Tricl)dc | p{l; o= Ul Vv
A 200 region. /F . Ipss
180 /A . .
/| |1~ Pinch-off locus
1.00 Ipss 160 F If
/ % 140 4 I[ Pinch-off region
0.500 2 120 [/ ‘{f i
/ £ 00— /‘{
7 2
Fd § 0/
0 + a
V 60 f{ ,
E ] [ Vgs ==2V
AV
YA 1
~0.500 20 YA Vs = -3 VA 4—
-6 -5 -4 -3 =2 -1 0 1 2 3 % ‘i e
Gate-source voltage (V) U‘[’] 2 4 6 3 10 12
Drain-source voltage (V)
Transfer Characteristics Output Characteristics
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n-Channel JFET
I-v Characteristics (cont.)

« For all regions : ,=0 for v_.<0
- Gc_
 In cutoff region: =0 for vy <V, (V<0

* In Triode region:

2l V__
|D:%(VGS—VP— ;}VDS for V2V, and VGS—VPZVDSZO
P
 In pinch-off region:
2
. Vo
=1 1—V— (1+/lvDSj for v 2v . -V,=0
P
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p-Channel JFET

G Depletion
I ; region
o ; |
Uy <0 \:"_ = ':E-'.:' = E . 7 J
h) D
‘.‘,— \ L:I Upis <0
) n f
|'--'| | 1
Depletion =
G region

« Polarities ofn- andp-type regions of tha-channel
JFET are reversed to get thehannel JFET.

« Channel current direction and operating bias voltages
are also reversed.
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JFET Circuit Symbols

D Lol @)
ip Vs
+ + —
G O—=
Ups Ups
G O—» - i
+
Uis ipy
S D O
(a) (b)

o JFET structures are symmetric like MOSFETS.
e Source and drain determined by circuit voltages.

Jaeger/Blalock Microelectronic Circuit Design, 4E Chap 4-59
5/9/11 McGraw-Hill



JFET nChannel Model Summary

\\\\\\\\\\\\\\\
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JFET pChannel Model Summary
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JFET Capacitances and SPICE Modeling

layer capacitances of reverse-biapad
| junctions forming gate and are bias

,{>4** dependent.
Typical default values used by SPI(

s »(}) Vy=-2V

DGS A — CGD — CGD - O
'—Dl—‘ Transconductance parameter BETA
I BETA = l5gdVp?= 100pA/V?

|
Ces Ry
g

D% Csp andCggare determined by depletion-
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Example:
Biasing the JFET & Depletion-Mode MOSFET

Ings = S mA K, = 400 nA/V?
Vp==5V Rp &2kQ Vin=-3V
[D VDD
+
lg Vs <+> iG
+ T +
= 12V
R §680 k) e
- R .
G ng {0 G §680 k()
N-channel JFET Depletion-mode MOSFET

 Assumptions: JFET is pinched-off, gate-channel junction is reeer
biased, reverse leakage current of gigfe, O
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Example:
Biasing JFET & Depletion-Mode MOSFET (cont.)

 Analysis - _ __
Sincel =1, V =1 R

2

Y V.Y
1--Gs :—[5x10‘3quoocni _Ves|

Vos™ IossRs v —5VJ
P

0 V. =-1.91V, -13.1V

SinceVgs=-13.1 Vis less thaW,=-5V,Vg55=-1.91V,
andl, =15=1.91 mA. Also,

Vo =V~ 1 (R, +R.)=12-(1.91mA)(3kQ)=6.27V

Vps >Vgs-Ve. Hence pinch-off region assumption is correct gaie-
source junction is reverse-biased by 1.91V.

Q-pt: (1.91 mA, 6.27V)
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End of Chapter 4
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