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MOSFET

Gigi thiéu

Khao sat dinh tinh hoat déng cua MOSFET
Tu dién MOS

Hoat déng cua MOSFET

M6t s6 dac tinh khong ly twéng

Mach twong dwong tin hiéu nho

Gidi thiéu 1 s6 rng dung cia MOSFET



Céac cau hinh mac N-EMOS trong mach
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Nhan biét cac mien hoat déong cia N-EMOS
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N-EMOS — Thi du 1

Find the modes of ﬂperatiml for Vs

. . 3 _—

a) Case I (vps = 0.57) v I L
Since ves = V5 (3V = 2F) an n-channel 1s formed! -
Boundary condition: Ve = Vae - V- V.

: T o D3 Gz G Il Saturation
Triode condition: Vps < Vs - V7 v
Saturation condition: Vie =& Vo= V. v

D3 G I fs ! Triode
- Vy=3-2=1V (Boundary) S

= vy = 0.5V < 1V Boundary = Triode Region
b) Case Il (vps = 1V): Since vy = 1V =vgo - V= 1V = Saturation

¢) Case II (v, = 5V ): Since v, = 5V > v - Ve = 1V = Saturation



N-EMOS — Thi du 2

The key parameters for an NMOS FET are x,C,, = 20 wuA/l?,

W =100 gm, L = 10 pum, and A = 0. Using the circuit from the previous
example, what 1s i, when a) v, = 0.5V, b) vy =1V, and c) vy =517

1 W
a) vps=035V Ip= ﬂ‘:m _J 2(Ves =V )vps — 1”DS:|

L
Ohi}( UU,-‘-'HNJ[ 3-1)0.5— (0. )EJ:T&H
[

Triode (

Region

10 um
0

W
—J(H:-s 2“"’/455)

L
1 (20 _,HA}F 100 zzm
.V

b) vpo = IV &SV 1 :—,u

Saturation
Region _

-

~1)° =100u4
10 em J( ) g



N-EMOS — Thi du 3

Using an enhancement mode NMOS MOSFET with V. =15V, v.. =33V,
w,C, (W/2L) = 0.1 mA/V-, and A = 0.02 V-, find i, for v, = 2 Vand 10V

noTox
For vy = 2 V: Mode threshold = vgg- V= 3.5V - 1.5V = 2V = Saturation

. 1 . [V
Ip = ,jﬁn(m Vi J(VGS _Ir) (1= Avpg)

e

A
e J(a SV —1.5V)[1+(0.02V")(2V)] = 416 1.4

Forv,, = 10 V: Mode threshold = vq.- V= 3.5V -1.5V = 2V = Saturation

. 1 (W
In :E.ﬂn QAKLJ(-"'GS_V) (1= Avpg)

¢ A
:101’%‘4“; SV —1.57)2[1+(0.02V ") (107)] = 480 1.4
.,



Mo hinh tin hiéu I&n cua N-EMOS

Ves> Vru
Vos > Ves = Vru

G0—+ D
2 -
EE 1? Uncox%{ves'VTH} (1+ L Vps)

S
@ Mién bao hoa
Ves> Virn Ves> Vay
VDS < VGS_ VTH VDS <<2 (VGS- IIf‘“‘l]
Go— D Go— D
* w 2 * 1
1?-l-lncoxf[Z(VGS_VTH]VDS"'VDS] Ron= W
E E “ncoxr {VGS_VTH)
S . S .
) Mién triode ) Mién triode hoan toan

tuyén tinh

Dwa vao gia tri cia Vg, MOSFET c¢6 thé dwoc biéu dién
bang nhirng mo hinh tin hiéu I&n khac nhau



Mach phan cwc N-EMOS (1)

- EMOS duwoc dung nhiéu trong IC sb (va khdng can phan
cwc trong cac rng dung nay)

« Nguwoi ta cling str dung EMOS trong cac mach khuéch dai
tin hiéu r&i hay IC (can phan cuc trong cac rng dung nay)

+Vob

SVpp

Mach phan cwc cho N-EMOS Cac sut ap trong mach phan cyc
9



Mach phan cwc N-EMOS (2) — DCLL

Rs trong mach phan cwe dung dé 6n dinh phan cuwc nhw
RE trong mach BJT, chir khéng phai coé chirc nang tw
phan cuc.

Rs cang Ién thi diém phan cwe cang it nhay cac tham soé
transistor khi nhiét dé thay doi hay thay transistor khac

Tw mach phan cuc ta tin dwoc cac sut ap trong mach nhw
sau

o
Il
|
ke
&
3
A
1

Ve — IpRg

Suy ra

Ve dwdng tai nay trén dac tuyén truyén dat ta sé tim ra



Mach phan cuc N-EMOS (3)
Phwong phap dai s6

_ 2
Ve = R, + R, "0 |
-, _~B-VB’-4AC
VO A=R: |
N
B = _2((|VG\ |VD|)RS B) '
S = (VeI o
‘VDSJ - |VDDI ID(RD + RS) See nﬂte 1.
\Vssl = [Vel~IpRs . See note 2.

Note 1_. _ VDS 18 posmve for an NMOS FET and negatwe for a PMOS FET

_N'q@t_el-z. : Vss is posnwe for an NMOS FET and negatwe for a PMOS FET

i +VDD o




e a m a

- EXAMPLE 5-9

‘+18V

FIGURE 5-40
(Example 5-9).

Mach phan cwc N-EMOS (4) - TD

The transfer characteristic of the NMOS FET in Figure 5-40 is given in
Figure 5-41 (B = 0.5 % 10~ ? and V; = 2V). Determine values of Vi, I, and
Vi at the bias point (1) graphically and (2) algebraically.
Solution

1. From equation 5-13,

_( 22 % 10°
O A47 % 105 + 22 % 10°

Substituting in equation 5-18, we have

I, = —2% 10 *Vg + 11.48 x 1072

)13? =574V

This equation intersects the I -axis at 11.48 mA and the V s-axis at
Ve = 5.74 V. It is shown plotted with the transfer characteristic in
Figure 5-41. The two plots intersect at the quiescent point, where the
values of I and Vg are approximately I, = 2.0 mA and Vg = 4.6 V. The
corresponding quiescent value of Vi is found from equation 5-16:

Vps = 18 — (2.0 mAY[(2.2 k) + (0.5 k()] = 12.60V

In order for this analysis to be valid, the Q-point must be in the saturation
region: that is, we must have Vps > Ve — Vi In our example, we have

12



-EMOS (5) - TD
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FIGURE 5-41 (Example 5-9)



Mach phan cwc N-EMOS (6) — TD

Vps = 12.60V and Vg — Vo = 2.6V, so we know the results are valid. The
validity criterion can be expressed for both NMOS and PMOS FETs as
|I’Fﬂq| - |VGS = FTl'

. We have already found V; = 5.74 V. Using R, = 500 , B, = 2.2 k{},

Vop = 18V, V, = 2V, and p = 0.5 x 107%, we have, with reference to
equations 5-19.

A =(500)% = 2.5 x 10°
B = —2[(5.74-2)500 + 1/(0.5 x 107%)] = —7.74 % 10°
C = (5.74—2)% = 13.9876

Substituting these values into the equation for I, we find I, = 1.927 mA.
Then, Vg = 18V — (1.927 mA)(2.2 ki} + 500 ) = 12.8 V and Vg =
5.74V = (1.927 mA)(500 £2) = 4.78 V. These results agree well with those
obtained graphically in part 1.

14



NMOSFET in OFF State

 We had previously assumed that there is no channel current
when V. < V. This is incorrect!

* As V. isreduced below V;, (towards 0 V), the potential barrier to
carrier diffusion from the source into the channel is increased.
I, becomes limited by carrier diffusion into the channel, rather
than by carrier drift through the channel.

(This is similar to the case of a PN junction diode!)

—> |, varies exponentially with the potential barrier height at the
source, which varies directly with the channel potential.

15



Sub-Threshold Leakage Current

* Recall that, in the depletion (sub-threshold) region of operation,
the channel potential is capacitively coupled to the gate potential.
A change in gate voltage (AV,.) results in a change in channel

voltage (AV):

-y

“dep

C

ox

-y

> 1

C , |
AVig = AV x| —2= =Al../m ; m=1+
C . +C

dep

* Therefore, the sub-threshold current (/; ,.,) decreases
exponentially with linearly decreasing V../m

! log (/ | |
nD ?\g (o) : Sub-threshold swing:
W1
: Sz{d(logm ]DS)J
: dVes
Vin >Ves V'I='H >Ves S V. In(10) > 60mV/dec

16



Short-Channel MOSFET /;-V

10

e

0.01 +

12 -09 -0.6 03 0.0 03 06 09 1.2
VGS (V)

Sub-threshold curves (Ips-Vas)

0.1 3

PMOS

puial L L LLLLL] L LLLL

NMOS

DS/ = 0.05v. 12v P Baietal. (Intel Corp.),

L

for 35nm gate lengths

Int’l Electron Devices Meeting, 2004.
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V;, Design Trade-Off

* Low V., is desirable for high ON-state current:

Ip sat < (Vpp = Viy)” 1<p<2

* But high V5, is needed for low OFF-state current:

| —
OFF,low VTH

log I,

k.

Low V-
b - V., cannot be

High Vi, reduced aggressively.

IOFF,hfgh VTH

0

> Vs

18



MOSFET Transconductance, g,

* Transconductance (g,,) is a measure of how much the drain
current changes when the gate voltage changes.

)
(/']D

o
O VGS

‘gFH

* For amplifier applications, the MOSFET is usually operating in
the saturation region.

— For a long-channel MOSFET:
/4

. N (o 21
g, = 1,0, Z(LGS Vi ) {1 A “(LDS Vs )} = A _DI} .
— For a short-channel MOSFET:
1
‘gm — v.s-ar'WC‘ax {l + )L‘ VDS o VD..sa } — £
( r ) VG.S‘ o V}H

19



MOSFET
Mach twong dwong tin hiéu nho

20



MOSFET nhw mach khuéch dai

i'.nl
Vop
A An almost
Iincardségmcm jﬁ i
in Y § RI}
——O Up
—
UH-'-'(. i )
a) Mach khéo sat tinh chat KB b) Giai tich tin hiéu nhé (AC)

21



Giai tich toan phan (DC+AC)

[ A

| |
| l
Vs |Ves | | I 57 < 2(Vig
l | l o
ly | .
0 1 L) ;
I
o
A
b
Up A | | | l
b
Up ! |
Dimax = | I
|
|
|
| (EruRHJ V
e _[ b Ry
|
|
|
VEJ - T
Unmin = VGmax — ir";
Y -
0 !

22



Mo hinh tin hiéu nho — Mo hinh pi

oD Go—=0 oD
+
8m Vgs Ugs 8m Ugs 7
D l
S
a) B6 qua sy phu thudc cia I, b) K& dén hiéu rng diéu ché
vao Vg & ché dd bao hoa chiéu dai kénh dan b&i dién trd ra
r, = |Val/p.

23



Mo hinh tin hiéu nhé — M6 hinh T

=)

M6 hinh T voi rg

M6 hinh T chwa ké r, 24



Cach tim gm va ro bang dac tuyén ra

ip (mA)
12.0 —Y
10.0
35
EU { :-._-_-_-___________-—--_-'-
.0
3.0
4.7
4.0
2.5
1.5
0 tng (V)
0] s 4 § ] 10 12 4

9m = Alp/AV 55
ro= (Vy+Vps)/lp = Vu/lp



Body Effect

O D
G O0—O O——O0OB
+ gmvgs gmbvbs +
Vgs Fy 1I"Il:ls
S
. Big
mb =

dups lves and vps constant

-

Gmb = Gm

24/205 + Vsp

Body Effect

— We saw that the substrate bias Vg affects V, which has the effect
of influencing current like another gate

26



Derivation of Small-Signal Model
(Long-Channel MOSFET, Saturation Region)

| R / 4 2
]D = 51[’[33('01' f ( VGS — VTH ) [l +A (VD.S‘ - VD.mr )]
o al, ol oI, 1
I(f T A v g5 + - th + - 1sz5' — cgmlzgs + tgmblzbs +_1sz3
oV, oV, * v ’
"7 GS *" BS "7 DS o
oV EmbVps l
G Sm - gs Y i D

IR

:

27



Mach twong dwong N-EMOS

G
n" poly-Si gate
| Oxide
L
S 1 — C 1 —. D
o - -GS D . o
Cos Cop
]
: Rg Rp I
| AW e AMA—t )
| (..13 / = )
\ — e prm— :
" - - o - ~Se iD Depletion
R e e e region
Rps Rep
p
L Body contact
B

Mach trén cho thay N-EMOS c6 nhiéu thanh phan
dién tr& va tu dién

28



Mach twong dwong tin hiéu nho cua MOSFET

Iy Cop ld
;e W\r—" n
+ [ r +
{-ﬁ.‘l — .1':.mrl_-.,“| gu.’.r/
Vps Usds
\ . /
x_qq‘ e —
A
@ O tan sé cao
i, Cop iy

(r® e )
+ [ +
l‘_u'. (.-I';\ :: -Err.'ilyv. 'I;':Inll !Ir.ll'l-

Se o5

(» Bo6 qua cac dién tré& nguon va mang
j.;' =0 I."l
[E—— [ —

(r® * * [
+ +
r]:., .::.l.qtlux <l> g -r':ln" J..-."l.

Se 5

(©) O tan so6 thap
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MOSFET - Mach twong dwong tin hiéu nhé
Vo1 N-EMOS ta co:

2

Zu, 4
I, = I Cox |:(VG _VTN) Vbs _%S} 0<Fpg < VDS,sat ; VG > VTN

ZuC 2
D,sat — 2LOX (VG o VTN) VDS > VDS,sat ) VG > VTN
Mién tuyén tinh ~ Mién bdo hoa .
Chu y:
A A >
7 N A Z=W
P | A Vs increasing
|
|
|
|
1
|
|
1
: Vg = Vr Vg < Vr
|

Vi 30



MOSFET — bBap ing AC

« Thudng duoc biéu dién qua mach thu dong tin hiéu nhé
e Suy tr mang 2 cong sau:

G — D
input MOSFET output
S — — S

Cong vao coil nhu hd mach, nogai trir co tu ¢ cuc cOng

Dau ra, dong [, duoc diéu khién boi Vi, va V.

In=f(Vg, Vps)

31



MOSFET — Mach twong dwong tin hiéu nho

Khi co bat ky tin hieu AC & Vg hay Vs sé sinh ra sy thay doi
o I

[ [
Al = D Ay« 9D Ap
oV - oVDps Ve
ig =8, Ve +8ggV ¥i g olp va gd_a]D
d —&mVvg dVd VOl m=" "o
D
5VG Vs S Ve
g., = ho dan

g4 = dién dan cia mang hay kénh dan

32



Mach twong dwong tin hiéu nho

O tan s6 thap hoac trung binh:

+ 0

-
(="

G —l— fd D
& B =
+ -
Vg Em Vg g4 Ud
* .
S S
O tan so cao:
C
G gd
s |
+
Vg Cgs s gm Vg g4
&
S

e

33



MOSFET — Cac tham so tin hiéu nhé

Khi Vpg < Vpg sa (i-€., thap hon pinch-off hay mién tuyén tinh)

ZHI'ICOX
g4 = I (VG_VTN_VDS)
u,C
Em ~— nL = VDS

Khi Vpg > Vps g (i-€., trén pinch-off hay mién béo hoa)

g4=0

ZuC
- ,Uz = (Vs =V

Chii y: Cac tham s6 phu thudc vao phan cuc DC, Ve va Vg

Em

34



MOSFET — Pap &ng tan so

Tan sb cat £ dugc dinh nghia 14 tan so6 lam cho d6 loi dong 1 1.

\

Dong vao =  joCyv, Vg O C[ﬁy la tin hiéu AC ?
+ Csg Xap xi bang dién dung cong,
Dongra = EmVG | Cgg=~ZLC,,
Do dé o fy: gmVG 1
2TE fT XCGst ‘ Cy
Suy ra G ¥ D
+ A +
fT — gm Vg Cos == gm Vg g4 V4
S S

Chinh x4c: e 2n((7é5 + ng)

35



Céng nghé CMOS

Device \ G
B S _T_ D
L 1 A |
P J L n* n J

p-substrate

* |t possible to grow an n-well inside a p-substrate to
create a technology where both NMOS and PMOS can

coexist.
* |tis known as CMOS, or “Complementary MOS”.

36



So sanh BJT va MOSFET

Bipolar Transistor MOSFET
Exponential Characteristic Quadratic Characteristic
Active: Vqg >0 Saturation: Vpg > Vgg— Vry
Saturation: Veg <0 Triode: Vpg < Vg~ V14
Finite Base Current Zero Gate Current
Early Effect Channel-Length Modulation
Diffusion Current Drift Current
- Voltage-Dependent Resistor

* Bipolar devices have a higher gm than MOSFETSs for a
given bias current due to its exponential IV
characteristics.



MOSFET loai nghéeo (D-MOS)

 Cautrac
 Phuwong trinh
« Pac tuyén
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Cau trac cua P-MOS

||||
I
.

l||—

| Vsp
lll o}
VSG b
9 Source T Gate o Drain
P b
n-type
l Body
(a) P-EMOS
S S
Q Q
+ +
'sG VsG
- + _ - +
Go I i_o 1'55 G o—I L 1'iD
l!‘D ';D
0 o}
D D

1

\SG o \SD'
QS ¥G oD

g

n-type p-channel
l Body
(b) P-DMOS
5
S o
O
+
Vsc ’ VsG .
G — + ‘ - .
s e[
o]
D

D
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Cac phwong trinh cua P-EMOS

S 5

G |—B —] li “ T | T Vps
;_‘

F

D

Induced Channel: Vg <V Vo Voo Vps» and A are negative

Triode Region: | 1 (W .
(Vos = o5 ~ 1) Iagﬂp‘/ﬂr(f][z(*m Vi)Vs ~Vis |

Saturation Region: 1 . [W

40



Pac tuyén I-V cua P-EMOS

41



Cau truc ctia N-DMOS

. Vos = 0 +vng 1’ﬂ < VGs =0 +Vps
* The term depletion s G D S G D
-4 T L
mode means thata = | o =
channel exists even

at zero gate voltage &

n-channel Depletion
p-type p-type region

* A negative gate
voltage must be
applied to the n- (2) (b)
channel depletion-

mode MOSFET to g enn s
turn the device off. L T

* The Vq\ Is positive NN n*
for the enhancement- " Eleatron
mode MOSFET and p-type layer
negative for the

depletionmode (c)

42



ip A

Pac tuyéen ra va ky hiéu cia N-DMOS

vps (sat) = vge— Vi
Vs < Vast 4

VGs3 <0

Vin<Vesa <Viss

v

Ché db giau Lc:l

D
Ché dé ngheéo i
G o—+| 1';5

N V
Vs Gs

Chu y:
« Ché dé giau: dong tadng hon so v&i khi chwa phan cuc
« Ché dé nghéo: dong giam di so v&i khi chwa phan cuc

(b)
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Tém tat cac quan hé dong-ap cia MOSFET

NMOS

PMOS

Mién tat (Vos < V) Ip=10
Mién triode (Fas = Vv va 0 < Vps < Vps car)

. S| W
I _h ‘:2(1(_75 I?\-‘)IDS 11‘59] VO’I A‘H :E/uﬁcax L

Mién bio hoa (Ves = Viy va Vpg = VDS sat)
~ . . 2
I, =K, (Vo — Vo)

g, = 2K, (Vasp —Vaw ) = 2K, Iy

Piém thl\ﬁll tlep Vossat = Ves — Vrw
Loair giau: V= 0
Loai ngheo: Vo < 0

Mién tit (Vs 2 7 rp)' In=0
Mién triode (Ves < Vrp va 0= Vps = Vps sar)

|

I, =K, [Z(VGS ~Vip ) Vs —Vos | Vel K, —Eﬁfpcovf

Mién bio hoa (Vs < Vip va Vps < Vpssar)
In =K, (Vos =V )

w="2K, (Vaso ~Vip ) = 2K I pg

Piém chm én tlep Vossat = Vas— Vip
Loat giau: Vp < 0
Loai ngheo: Vp = 0

44




Example 5.2 Objective: Determine the source-to-drain VOHHE& Icq uired to bias a
—
p-ChEl]lIlE‘l depletion-mode MOSFET 1n the saturation region.

Consider a depletion-mode p-channel MOSFET for which K, = 0.2mA/V2., Vorp
= 40.50 V, and ip, = 0.50 mA.

Solution: In the saturation region, the drain current 1s given by

ip = K,(vsg + VTP')2
or

0.50 = 0.2(vg; + 0.50)°
which yields

veg = 1.08V

To bias this p-channel MOSFET in the saturation region, the following must apply:

Vsp = 1"',‘~]'D(Sﬂt) = V5@ + VTP = 1.08 + 0.5=1.58V

Comment: Biasing a transistor in either the saturation or the nonsaturation region
depends on both the gate-to-source voltage and the drain-to-source voltage.
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Tém tat cac loai MOSFET (1/4)

N-CHANNEL DEPLETION-TYPE MOSFET

L
(ﬂiﬂ-)

]DS'S

P-CHANNEL DEPLETION-TYPE MOSFET

I
{mA

IDE 5

0.5V

14 16 Vps (V)

Voo = OV
f 1V
r,

-

OHMIC REGION MOSFET is just beginning
to resist. In this region, the MOSFET behaves
like a resistor.

ACTIVE REGION MOSFET is most strongly
influenced by gate-source voltage (Vgs) but
hardly at all influenced by drain-source volt-
age (Vps).

CUTOFFVOLTAGE (Vgs) Often referred to as
the pinch-off voltage (V). Represents the particu-
lar gate-source voltage that causes the MOSFET
to block most all drain-source current flow.

BREAKDOWN VOLTAGE (BVps) The drain-

source voltage (Vpg) that causes current to
“break through” MOSFET's resistive channel.

DRAIN CURRENT FOR ZERO BIAS (lpss)
Represents the drain current when gate-
source voltage is zero volts (or when gate is
shorted to source).

TRANSCONDUCTANCE (g.) Represents
the rate of change in the drain current with
change in gate-source voltage when drain-
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Tém tat cac loai MOSFET (2/4)

Useful Formulas for Depletion-Type MOSFETs

DRAIN CURRENT
(OHMIC REGION)

DRAIN CURRENT
(ACTIVE REGION)

DRAIN-SOURCE
RESISTANCE

ON RESISTANCE

DRAIN-SOURCE
VOLTAGE

TRANSCONDUCTANCE

TRANSCONDUCTANCE
FOR SHORTED GATE

Fa % T I T Y2
IDZIDS{B(I— Vs ) Vbs _( Vs )}

‘asofi/ —Vasor  \ Vs

Vos )

"G5 off /

ID: IDSS(]. -

Rie= Vbs Vésofi 1
Ds = = - _, =
Ip 2Ipss(Vies — Vs on) Em

Rpson = constant

Vos=Vp— Vs

| 1
&= OVos | Vos~ Rps
Vs (1,
:gﬂl(l_ri):gm [
A\ Vst ’ \ Ipss
_ 2Ipss
" Vis.off

An n-channel JFET's
Visor is negative.
A p-channel JFET's

Visofr is positive.

Visorr. Inss are typically
the knowns (you get
their values by look-
ing them up in a data
table or on the pack-

age).

Typical JFET values:
Insss 1mAtol A

Vesair:
—0.5 to =10V (n-channel)
0.5 to 10V (p-channel)

Rpson: 10 to 1000 €
BVps 6to 50V

gy atl mA:
500 to 3000 pmho
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Tém tat cac loai MOSFET (3/4)

(n?A}

50
40
30
20
10

(n?A}
50
40
30
20
10

02 4 6 8 10 (V)

0 2 4 6 8 10 e (V)

OHMIC REGION MOSFET is just beginning
to conduct. Acts like a variable resistor.

ACTIVE REGION MOSFET is most strongly
influenced by gate-source voltage Vs but hardly
at all influenced by drain-source voltage Vps.

THRESHOLD VOLTAGE (Vesw) Particular
gate-source voltage where MOSFET is just
beginning to conduct.

BREAKDOWN VOLTAGE (Blps) The voltage
across drain source (Vpg) that causes current to
“break through” MOSFET's resistance channel.

DRAIN-CURRENT FOR GIVEN BIAS (Ipo.)
Represents the amount of current I at a partic-
ular Vs, which is given on data sheets, etc.

TRANSCONDUCTANCE (g.) Represents the
rate of change in the drain current with the
change is gate-source voltage when drain-
source voltage is fixed. It is analogous to the
transconductance (I/R,) for bipolar transistors.
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DRAIN CURRENT
(OHMIC REGION)

DRAIN CURRENT
(ACTIVE REGION)

CONSTRUCTION
PARAMETER

TRANSCONDUCTANCE

RESISTANCE OF

DRAIN-SOURCE CHANNEL

In=k[2(Vgs — Vs Vs — % Vsl

In=k(Vgs — ‘f"iss,m)z

Ip

k = r r >
(Ves — Vesm)®

ID.on

(Vison — VGS.th)z

Al 1

Vs Vbs " Rps

m

= 2k(Vgs — Viasw) = 2VkI

., Db
= gﬂlg \.'I IDR
RDS' =1/ Sm
"".FG - LFGS' th
RDS' = l - - RDS
‘ Ve, — Vesm :

Tém tat cac loai MOSFET (4/4)

The value of the construction parameter k is
proportional to the width/length ratio of the
transistor’s channel and is dependent on tem-
perature. It can be determined by using the
construction parameter equations to the left.

Vs is positive for n-channel enhancement
MOSFETs.
Vs is negative for p-channel enhancement

MOSFETs.

Typical values

Ipon: 1mAtol A
Rpsiny: 1 €2 to 10 k€2
Vesor: 0.5 to 10V
BVpsum: 6 to 50V
BVisim: 6 to 50V

Vesin Ipon, gm at a particular Ip are typically
"knowns” you can find in the data tables or
on package labels.

Rps, is the known resistance at a given volt-
age Vi, Rps, is the resistance you calculate at
another gate voltage V.
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Transistors as Switches- MOSFET

*Advantages over BJT logic gates
*Normally Off. Does not require much current from
input signal
*Easy Fabrication — Economical for large scale
production
*CMOS — consumes very little power. Used 1n pocket
calculators and wrist watches

*Disadvantages over BJT logic gates
*Cannot provide as much current as BJT
*Switching speed is not as fast
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Transistors as Switches- MOSFET Inverter

Yot

DS

*Vin Low
*Cutoff region
*No Voltage drop across

RD

*Vout = VDD
*Vout = High

Rp 3V

0 1 2 3 A5y

Vop=5V
Switching characteristic

*Vin High
*Ohmic region
*VDS small

*Vout = small
Vout = Low
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Transistors as Switches- CMOS Inverter

- Vors

Vin —1

quHT T
g
:
§
B
T
i

) L in ¢

CHOS Inverter Simplified CMOS Inverter model

CMOS Inverter and circuit model

*Employs a p-channel, Qp, and an n-channel, Qn MOSFET

*Vin = Low *Vin = High
*Qn = off «Qn = on
‘Qp =on Qp = off

*Vout = High Vout = Low
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Inverter gate

When input voltage is

near mid-point (Vpp/2),

the circuit consumes
high current.

CMOS

A O

<

)
)

B O

/

.

CO—e

> PMOS

o LTI TH

...........

O Y=A+B+C

NOR gate



MOSFET static protection.

o4



MOSFETs as Current Sources

« A MOSFET behaves as a current source when it is operating
In the saturation region.

« An NMOSFET draws current from a point to ground (“sinks
current”), whereas a PMOSFET draws current from Vpy to a
point (“sources current”).

VDD VDD
X X
Vbo—l M, |::>
Ves—IL M, E>
— — Y Y
(a) (b)
Y VDD
Vpe—] M,
Vh.—l M1

- X

(c) (d) 55



Guwong dong dién dung N-EMOS

l “'IDD
Current Mirror is an important
building block in IC amplifiers. I
her { S R I
| —o0 ¢%
Ip + ) ] Yo
Q:IFE_ ++ EI:QE
VGs
- : —
As Q, must be in saturation mode, =
(WY
Ipy = Ekﬁ(z) (Vos — VoY’ Io _ (WIL),
: IrRgp  (W/L)
Ip1 = Iger = ok
It Q, operates 1n saturation, mirrors the mput.
1 (w ‘
Ip = Ip; = Ekn(z) (Vs = V)° Note that channel modulation
2

eftect 1s neglected.
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Current Mirrors - dc Analysis

matched devices assumed |

Gate currents of MOS-Transistors are
Zero

=>|c¢ flows into drain of M1

(Ip1 = lrer)
M1 operates in saturation
(Vbs1 = Vast = Vas) - Vas - V1 < Vpg

Current |5 is qual to |5,

Circuit Connection forces Vg, = Vg1
Substituting both equation yields:

MI:

Ligr = (Vosy =V ) (14 2V g )

_ V 1 ZIREF
o o Ki‘.‘l(]' + ";‘I{?_',‘L‘%“]f'j

M2
K, 2 \ .
I, =1, :T(VG.S_" Vi ) (1+ 4V g,)
(1+ AV ., )
I,=1 22 X L ppr

BE VL)

S7



Current Mirrors - Changing the Mirror ratio

Example: MOS current mirror
« New mirror ratio achieved by changing W/L ratios of both transistors

,I,Fr /I;i?\\
Kﬂmﬁ—]muKﬂKj—J
-'\L 1 ) -\L 2

W

K,y (Lt AVps) _ (L,z

(1+AV,5,)

o

REF - r — “ REF r
K (1+AV,,) wyY
11 D51 (L)l (l _|_ /’.ILI:,DSI )

Here: I, =51,
MOS current mirror with unequal (W/L) ratios
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Current Steering Circuit

Once a constant current is generated, o Vo
it can be replicated to provide dc bias Sl o M1 e
currents for the various amplifier ._I |
stages in an IC. 5 | 7 v
Iner ‘L ) 4 ¢ I |
Assume Q,, Q; and Q, are 1n active mode. S z
0, ; T_ — Q, ITQ}
— (IIT L )3 Ve m[ r 1
COE o, L
oy A current-steering circuit, Curre:n t
I, :IMFM Source
7/ L),
(W /L),

=1, _ where [, =1
S, b
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Example: Current Scaling

* MOS current mirrors can be used to scale /Ixgg up or
down

120 - Vpp - Vpp
Vint —l[5 M, Vinz —{[* M,
VDD 0 Vout1 2 Vout2
/ /
IREF 0.3 mA ' 1 ' -
" M M,
3 (f) H: ||._.
W
=Mger  2(=) = 5(—) =
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Review: MOSFET Amplifier Design

« A MOSFET amplifier circuit should be designed to
1. ensure that the MOSFET operates in the saturation region,
. allow the desired level of DC current to flow, and
5. couple to a small-signal input source and to an output “load”.
- Proper “DC biasing” is required! y
) ] . GS Bias (dc)
(DC analysis using large-signal MOSFET model) NS Xy

Value

« Key amplifier parameters: T
(AC analysis using small-signal MOSFET model)

> Voltage gain A, = v, ,/vi,
> Input resistance R, = resistance seen between T

ground (with output terminal floating)

> Output resistance R = resistance seen between the output node
and ground (with input terminal grounded)

I Bias (dc)
"""""""""""" Value
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MOSFET Models

« The large-signal model is used to determine the DC
operating point (Vzg, Vps, Ip) of the MOSFET.

* The small-signal model is used to determine how the output
responds to an input signal.

Go— oD
+
Ves é}gm”’ss %’o

:
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Common Source Stage

VDD
R, THo
Re C ——=—° Vout
Vino—W f |_> '_ll:M.I;_I
2=0 1 1"
A = Rl ||R2 . _RD
' RG+R1 ||R2 L‘FRS
Em A#0
Rin — Rl || RZ
Rout — Np ROul‘ = RDH(FO + gerRS)
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Common Gate Stage

VDD
ERD %R1
——oV
;-‘ t
A=0 e

RWg)  , ° f}ﬁs =

) ngD R =

4= R || (1/gm)+RG

R, ziHRS A#0
En

R =R Rout = RDH(FO + gerRS)
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Source Follower

Voo
C1 RG {
1 I

Vino
A=0
R
A
—+ R,
Em
Rin :RG
|
Rout :_”RS
Em

’-> I: M, C,
Ri, I—Vou A #0

4 = 7y || Ry
v 1
— 47, || Ry
g
Rin :RG

|
Rut:_Hro ||RS

o
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Comparison of Amplifier Topologies

Common Source

Large A, <0
- degraded by Rgqg

Large R,
~ determined by
biasing circuitry

R...=R,

out —

r, decreases A, &
Rout

but impedance seen
looking into the drain
can be “boosted” by
source degeneration

Common Gate

Large A, >0
-degraded by Rgqg

Small R,

- decreased by Rqg

R...=R,

out —

r,decreases A, & R,

but impedance seen
looking into the drain
can be “boosted” by
source degeneration

Source Follower
- 0<A, =1
 Large R,

— determined by
biasing circuitry

. SmallR,,,

- decreased by Rqg

* r,decreases A,
& Rout
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Giéi thiéu cac rng dung cua MOSFET

Mach Kb
Khda dién tr (analog switch)
IC: NMOS, PMOS, CMOS, BiCMOS
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AMPLIFIERS

common-source amplifier source-follower amplifier Common-source and source-follower ampli-
(depletion MOSFET) (depletion MOSFET) fiers can be constructed using both depletion-
and enhancement-type MOSFETs. The de-

Voo pletion-type amplifiers are similar to the

JFET amplifiers discussed earlier, except that
they have higher input impedances. The
enhancement-type MOSFET amplifiers essen-
tially perform the same operations as the
depletion-type MOSFET amplifiers, but they
require a voltage divider (as compared with a
single resistor) to set the quiescent gate volt-
age. Also, the output for the enhancement-type
common-source MOSFET amplifier is inverted.
The role of the resistors and capacitors within
these circuits can be better understood by
referring to the amplifier circuits discussed

] X ) earlier.
common-source amplifier source-follower amplifier
(enhancement MOSFET) (enhancement MOSFET)
Voo Voo




oV

Basic Operation

n-channel (enhancement)

+10V
O

Off I@ Dimmed

+1V

n-channel (depletion)

+10V
Q

:@ Fully on

:@ Dimmed

I@ Fully on

ov

o

p-channel (enhancement)

+10V
Q

1) off

I¥1

I@ Dimmed

1
—
I4
-t

-1V

p-channel (depletion)

+10V

7

I@ Fully on

Fully on Dimmed

-1V 2V

Off

The circuits shown
here
how

demonstrate
MOSFETs can
be used to control
current flow through
a light bulb. The
desired dimming
effects produced by
the gate voltages may
vary depending on
the specific MOSFET
you are working with.

69



LIGHT DIMMER

¥

6V

T

4 to 6V
D)
amp

)

power
MOSEFET

Here, an n-channel enhancement-type power
MOSFET is used to control the current flow
through a lamp. The voltage-divider resistor R,
sets the gate voltage, which in turn sets the
drain current through the lamp.
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CURRENT SOURCE

load

In the circuit shown here, an op amp is com-
bined with an n-channel depletion-type MOS-
FET to make a highly reliable current source
(less than 1 percent error). The MOSFET passes
the load current, while the inverting input of
the op amp samples the voltage across Rs and
then compares it with the voltage applied to
the noninverting input. If the drain current
attempts to increase or decrease, the op amp
will respond by decreasing or increasing its
output, hence altering the MOSFETSs gate volt-
age in the process. This in turn controls the
load current. This op amp/MOSFET current
source is more reliable than a simple bipolar
transistor-driven source. The amount of leak-
age current is extremely small. The load cur-
rent for this circuit is determined by applying
Ohm’s law (and applying the rules for op amps
discussed in Chap. 7):

I]-:uad = Vm"fRS
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AUDIO AMPLIFIER

Yoo
10V

Ks

L

mput

—
I\Jm

o
I 1M

In this circuit, an n-channel enhancement-type MOSFET is used to
amply an audio signal generated by a high-impedance microphone and
then uses the amplified signal to drive a speaker. C; acts as an ac cou-
pling capacitor, and the R, voltage divider resistor acts to control the
gain (the volume).
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RELAY DRIVER (DIGITAL-TO-ANALOG
CONVERSION)

logic
mputs

A
—

— I

L=

&—0

%]

power

1N4002
relay

power
MOSFET

The circuit shown here uses an n-channel depletion-type MOSFET as an
interface between a logic circuit and an analog circuit. In this example,
an AND gate is used to drive a MOSFET into conduction, which in turn
activates the relay. If inputs A and B are both high, the relay is switched
to position 2. Any other combination (high/low, low/high, low/low) will
put the relay into position 1. The MOSFET is a good choice to use as a
digital-to-analog interface; its extremely high input resistance and low
input current make it a good choice for powering high-voltage or high-
current analog circuits without worrying about drawing current from
the driving logic.
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DIRECTION CONTROL OF A DC MOTOR

1 = Forward

(0 = Reverse

Direction
control

| —

Logic input signals applied to this circuit act to
control the direction of rotation of a dc motor.
When the input is set high, the upper NAND
gate outputs a low in response, turning transis-
tors 1 and 4 on. At the same time, the high out-
put from this gate is sent to the input of the
lower NAND gate. The lower gate responses by
outputting a low, thereby turning off transistors
2 and 3. Now, the only direction in which current
can flow through the circuit is from the power
supply through transistor 1, through the motor,
and through transistor 4 to ground. This in turn
causes the motor to turn in one direction. How-
ever, if you now apply a low to the input, tran-
sistors 2 and 3 turn on, while transistors 4 and 1
remain off. This causes current to flow through
the motor in the opposite direction, thereby
reversing the motor’s direction of rotation.
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CMOS inverter for linear operation
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1 Vo = 15V V. 15
o
\ PD
In Cut A Vv,
0 . . 10 0D
Vi =1 Figure 14. Typical _
; W o input-to-output E‘ Voo = 15V Yo
3 voltage transfer s
characteristics of - Vin Vour
Voo = 5V the 4007UB simple \ ov
s CMOS inverter. 5 g
VD:_, =10V
t k /\ Figure 13. Drain-current
¥pp = 5V transfer characteristics
0-F e 0 DD} of the simple CMOS
0 5y 16 15 0 5y 10 15 inverter.
UDD
Vi = SV
4(] I‘.‘I[flt -
Figure 16. Vi = 10V \
Typical A 30 %
ypand Y v Voo T 15V Vo, \
frequency (dB) X N
characteristics 10M \
of the 'ula
linear-mode In Out N
5 G
basic CMOS t ¥ N
. o amplifier. | 177 OV \
Figure 15. Method of biasing 0 . b
- . % 4 H
the simple CMOS inverter for 10 100 00 1w o 1t w0

linear operation.

Frequency - Hz
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15

Figure 17. 10

Typical Ip/Vpp |,
characteristics  jima)

of the
linear-mode “
cCMOSs
amplifier,
u =
0 5 10 15

] &
15pF -qi-_.__Dsmllasc.Qpe

== =|= probe
oV
/1 i Ay Upper 3B
o (Mot Vin) | Bandwidih

D |125mA| 20 2 TMHz
1008 | & 2mA 20 1.5MHz
S60R | 3 Sma 25 M0eHz

1k 2.5mik 3 150aHz
EkE | BO0pA 40 25kHz

10k | 370uA | 40 15kHz
100k | 40uA 30 2kHz
MO | 4pA 10 1kHz

Figure 18. Micropower 4007UB
CMOS linear amplifier, showing
method of reducing Iy, with
performance details.

W
A2
106
R1
£
In Qut
¢ y

7770V

Figure 19. Linear CMOS
amplifier wired as x10
inverting amplifier,

Figure 21.
Linear
CMOS

amplifier

wired as
an
integrator.

The circuit has four input terminals,
and the voltage gain between each

Figure 20. Linear CMO5
amplifier wired as
unity-gain four-input
audio mixer.

il

Rx

Xtal 1k0-270k

cz_L

- c1
10-20pF T

20-100pF

Ty,
Figure 22. Linear CMOS

amplifier wired as a
crystal oscillator.

immat amdl e sorteaet e Fleadd s I Armshklines tha sliecinit v Accillaes IF
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