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Chwong 7
MOSFET

(Metal-Oxide Semiconductor
Field Effect Transistor)
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MOSFET

Gidi thiéu

Khao sat dinh tinh hoat ddong cua MOSFET
Tu dién MOS

Hoat dbng cua MOSFET

Mot s6 dac tinh khéng ly twéng

Mach twong dwong tin hiéu nho

Gidi thiéu 1 sO &wng dung ciia MOSFET
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Cac loai FET (1/2)

——— MOSFET/MISFET
(oxide/dielectric)
" (insulator gato) MODFET
HFET pec MEh-Ey
high-E
FET JFET (high-E,) — HIGFET
(p-n junction gate) (undoped high-E,)
MESFET

(Schottky gate)

CuuDuongThanCong.com
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Cac loai FET (2/2)

~ JFET

. FET <

_ MOSFETH

(ché d6 nghéo)

kénh p

{ Kénh n
giau

- kenhp { ngheo
giau

* giau=enhancement
* ngheo=depletion

\

Kénh n {
ngheo

« MESFET c6 ¢ca 2 ché dd giau va nghéo

CuuDuongThanCong.com
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MOSFET
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MOSFET - Co ban

Gidi thiéu

Trén 99% cac IC dwoc ché tao bang MOSFET, thi du nhw:
bd nhé ROM, RAM, vi xtr ly, ASIC va nhiéu IC chirc nang
khac.

Vao nam 2000, 108 MOSFET/ngudi/ndm dwoc ché tao.
MOSFET c6 thanh phan co ban Ia kim loai (M=Metal), I&p
cach dién SiO2 (O=0Oxide), va ban dan (S=semiconductor)
Cac tén goi khac cua MOSFET la MISFET (Metal-Insulator-
Semiconductor), IGFET (Insulated Gate FET).

Nguyén tac hoat déng cia FET |a dong hat dan t nguon
dién mang dwoc diéu khién bang dién ap cong hay dién
trwdng cong. Dién trwdng nay ldm cam ng dién tich trong
ban dan & giao tiép ban dan-oxide.

CuuDuongThanCong.com
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Cau trac cia MOSFET (loai giau) Si

n-channel MOSFET

* Kénh dién tv (loai N) dwoc
cam rng trong ban dan P do
cac dién tich dwong & cong.
- Goi tat 1a N-EMOS
(MOSFET loai giau kénh N)

p-channel MOSFET

e Kénh 16 (loai P) dwoc cdm
(rng trong ban dan N do cac
dién tich am & cong.

- Goi tat la P-EMOS
(MOSFET loai giau kénh P)

CuuDuongThanCong.com
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Khao sat dinh tinh vé hoat déng ciia MOSFET

» Tathay r6 |a tat ca cac FET (JFET, MESFET va
MOSFET) c6 dac tuyén ra twong tw nhau. Ta sé ban
MOSFET loai giau kénh N (N-EMOS) & day.

« Ta phan biét 3 ché do dién ap khac nhau cho Vg, cu thé
E

(1) Vbs =0,
(2) Vo >0, va
(3) Vps >> 0.

CuuDuongThanCong.com
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(1) Vs rat nhé (Vi = 0) L

Vbs

* V=0
Trong tredng hop nay, khdng cé dong DS. Tai sao? Bdi vi ta
co cac tiép xuc n*pn’, nghia la nhu 2 diode mac dau lwng
nhau, ngwgc chiéu nhau nén ngan dong dién DS.

* Vs >0
Ta c6 dién &p cong hoi dwong hon. Day la ché dé nghéo.
Céc 10 trong ban dan bj day xuong dwéi do dién tich duwong &
cong. Ban dan bi nghéo hat dan tw do va mién nghéo dwoc
tao ra.

* Vgs>>0
Ta c6 dién &p & cong rat duong. Bay 1a ché d6 ddo nguoc
(inversion mode). Cac dién tir dwoc cam (rng gan giao tiep
oxide-ban dan. Cc§ dong dién t chay tr S dén D. B4 1&én cua
dién ap cong quyét dinh dd.lon.ciia dong dién SD.
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(2) Dién ap DS nhé (Vps > 0) va Vg >> 0 (ché do dao nguworc)

Pién trwérng trong mién oxide cao nhat & dau ngudn S cua
kénh. Nhw vay cac dién t dwoc cdm &ng gan nguon S.
Pién trwérng trong mién oxide thap nhat & dau mang D cua
kénh. Nhw vay cé it dién t& dwoc cdm &rng gan mang D.
Khi tang dién ap DS co 2 hiéu &ng:
> Iptang
» Céc co it dién t& hon & dau mang D cla kénh

> Iy theo Vg bat dau co do doc giam.

Ip

CuuDuongThanCong.com 1 0
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(3) Dién ap DS I&n (Vps >> 0) vaVgg >> 0 (ché dd dao nguoc)

. Dién trwdng trong mién oxide cao nhat & dau ngudn S cla kénh.
Nhw vay cé nhiéu dién t& & gan nguén S.

« Dién trwdng trong mién oxide rat thap hoac zero & dau mang D cla
kénh. Nhw vay khéng co dién t& tw do gan mang. Kénh dan bi nget

(pinch off).
e Minh hoa: I dong mang bao hoa
S D / Vps
n+ cn ur " .
bién tich khéng gian
s p-type Si

« Cac dién tl di qua mién dién tich khéng gian cuta tiép xuc pn* bi
phan cwc ngwoc

CuuDuongThanCong.com 1 1


http://cuuduongthancong.com

N-EMOS - M6 ta dinh tinh

Hinh 7.1

I&p dao ngwoc

— . .

p-si

" —

| S ——

(d)

0 <V5<Vpy; Vpg nho hoac lon
khong c6 kénh dan, khong dong dién
(V= dién ap nguong MOS kénh N)

Vo> Vin; Vps =0
I tang theo Vg

V> Vi Vpg nho, >0
I tang theo Vg, nhung toc
do tang bi giam

Ve > Vs Vs = nghet (pinch-off)
I, dat dén gia tri bdo hoa, I g,
Gia tI'i VDS du'Q’C g01 la VDS,sat

V™ Vins Vbs™ Vs sat
I, khong tang nira,
mién bao hoa.

CuuDuongThanCong.com 1 2
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Ip

Dic tuyén Iy-Vps cho N-EMOS
dwoc suy ttr mo ta dinh tinh

Mién Mien
tuyén tinh bao hoa
N

1“Il'.)sat

Hinh 7.2

CuuDuongThanCong.com
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Dic tuyén Iy-Vps voi N-EMOS kénh dai (AL << L),
v&i nhiéu gia tri khac nhau cua V

Ip
VG tang

V6> Vr Vo< Vin

é
|
I
|
|
1
|
|
|
!
|
I
|

Hinh 7.3

« MOSFET kénh dai dwoc dinh nghia la dung cu c6 do rong va chiéu dai da dé
bd qua cac hiéu rng canh tir 4 phia. ‘ ‘
> Chiéu dai kénh L phai I&n hon nhiéu tébng cac mién nghéo tai mang va
nguon.
« Thwcté: L>1 um la MOSFET kénh daiva L < 1um 1a MOSFET kénh ngan

CuuDuongThanCong.com 1 4
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Tu dién MOS

CuuDuongThanCong.com
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Coéng thoat (Work Function)

- Ailwc dién tr (Electron Affinity) & Céng thoat (Work Function)
la cac s6 do cua vat liéu cho biét can bao nhiéu nang lwong dé dién to

dén dwoc chan khong (Eyxc)

Ai lwc dién tlr: nang lwong can chuyén dién tr tir E; vao chan khéng

qx =E,c—Ec

Céng thoat: nang lwong can chuyén dién t& tr mdrc Fermi vao chan khéng

qP ZQZ"'(EC_EF)

« Cobng thoat cua cac vat liéu khac nhau:

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Cong thoat ctia mot sé vat liéu

Metal (Al) E Oxide i Semiconductor (Si)
EVAC \ )
qib qxcnxide QX i
\ | 0.95eV silicon
4.1eV Ec — 4156V
\
EFm Sitrh i Ec Y
r Band-gap
energy
1.1eV
8eV B —==t--9--
ALY F
Hinh 7.4 Ey !

E v CuuDuongThanCong.com

Si p*Si n*Si Al
by (eV) 3.8 4.5 3.05 3.2
16
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Quy wéc ve dién ap

Xét 2 vat liéu 1 va 2 nhw hinh minh hoa & hinh 7.5 v&i cac cong thoat
(work function) @, va ¢, tao nén 1 chuyén tiép (junction).
Ta ludn ludn tham chiéu cac dién ap so vai vat liéu 2.
Thé dién hoa (electrochemical potential) ctia vat liéu 1 so v&i vat liéu 2 13
¢, — ¢,. Tl d6 dién ap c6 san (built-in volatge) ctia cau trdc nay theo dinh
nghia la dién &p dung dé déng chinh 2 mic nang luvong:

Vi = =(94 — 0y)
Pién ap can dwa vao dé tao nén cac dai phang (flat bands) trong chuyén
tiep la Vg, = -V,
Bay gi® ta xét mot tu MOS . Hinh 7.6¢ cho thay gidn d6 nang lwong cla
dung cu vo&i phan cwc zero trén cau tric MOS va Vv = V,, dwoc dwa vao vat
liéu 1 so v&i vat liéu 2.
Theo quy wéc cua chung ta thi Vi; = (@, = @) = =@«
Trong thi du nay thi ¢, am va dan dén V,, la s6 dwong.Tw do6 Vg, = -V,
ta co Vg, = @, . Khi ap dung vao truwérng hop nay ta thay Vg, am

CuuDuongThanCong.com 1 7
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Hinh 7.5

a) Gian do nang lwong trwdce khi tao thanh tiép xuc:

1 | Evac
q¢4 q|¢2
T l | Er,
q(Q1-¢2)
Er, ¥

b) Gian d6 nang lwong sau khi tao thanh tiép xuc:

Er _

Esc = mirc nang lwvgng chan khong “‘*n--_-_____ Ey (2)

CuuDuongThanCong.com T —
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Hinh 7.6 (1/2)

[

Metal M
Oxide (insulator) 0
p—Ltype semiconductor g

(a) So db cla tu dién MOS.

E vac E vac E
vac
Ec T T
(Oxide) ed ex s
vl
. | |
COm Eo
—dox —>| Y] Ep
by i Ey
Metal Oxide Semiconductor

(b) Gian dd nang lwong cta kim loai du@c cach ly, oxide, va ban dan. Trén hinh cho
thay céng thoat kim loai, cong thoat ban dan va ai lwc dién t&r (electron affinity)

CuuDuongThanCong.com
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Hinh 7.6 (2/2)

| [ 3
€Dy
Ec ,
S EDm
ePm //' ey
F
E F L, C
ey 1.:"//// v .
/_E b eV fb
L | Er
Eyv

Vbi = _((pm - (ps) = _(pms
Vib=="Vbi = Pms

(c) Gidn db nang lwong cda cu trac MOS trong diéu kién can bang
va trong dai phang (flatband)

CuuDuongThanCong.com 2 0
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Fixed oxide
charge

CRONCKONCRKOXC, E.

Q:n \

7 | e, [------=-=Ep
Interface trapped Ven E,
charge

Hinh 7.7

Diép ap dai phang (Flatband Voltage)

La dién ap dwoc dwa vao & cong sao cho khéng cé bé cong dai ning lwong trong ban dan

CuuDuongThanCong.com
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Hinh 7.8: Hiéu s6 cdng thoat Kim loai-ban dan cua 1 s6 vat
lieu cong quan trong dung trong dung cu MOS. Chu y dau
cua @, veéi 3 kieu cong khac nhau cho NMOS va PMOS.

1.0 - - -
—_ 1”+ poly (n-Si)
0.8 -
0.6 -
04 =~ — —PFpoly(p-Si
0.2 - o~ —
0

0,y 5(volts)

_02 : ;’é\l(H-Si}
0.4 | -
— 1 }.I+ I‘)L)l} If]l—c)l]

Al(p-Si)

—-0.6

—0.8

nt poly (p-Si)
1.0 F— —

| ==

|
1014 1015 1016 1017 1018

3)

DOPINGEMENSERY €1 ™
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Cac ché dé phan cwc cho tu MOS

Xuat phat tr vi tri dai phang c6 3 ché dd phan cuc
quan trong cho tu MOS:

1. Tich liy 16 (Hole Accumulation): khi phan cuc
am gitra kim loai va ban dan

2. Ngheo (Depletion): khi phan cwc dwong gitra
kim loai va ban dan

3. Dao ngworc (Inversion): khi phan cwc duwong gia

tri du I&n gitra kim loai va ban dan

23
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Tich liiy 16 (Hole Accumulation)

<«<— Electric field E

\ Accumulation
V<0 V¢ (Gate Voltage)

Vs = Negative

eeeeeee

0000000

\P~ Metal
- S~y
[ i Oxide (Si0,)
T ¢ ? B
‘ a
qVG ......... . Bl T Silicon (p-type)
EF i E [
_____ EF lrf:;:
+ 4 E )., z J)
M 0 S 4 @ — W |e—— Vg (Substrate Voltage)
- - a
Hinh 7.9

Tich liiy 16 (Hole Accumulation):

Néu phan cwc am dwoc dwa vao gitra kim loai va ban dan, cac dai héa tri sé bj
udn cong gan v&i mirc Fermi hon, gay ra su tich [0y cac 16 & giao tiép. Hiéu sb
gitra mirc Fermi trong kim loai va ban dan la phan cwc dwoc ap dat.

CuuDuongThanCong.com
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Ngheo (Depletion)

Vs >0 (small)
— Electric field E T

Depletion

+ B + N + . +
A + + + o+
_ eeeeeee
E. N, [ ~— 170
= € a P HEHHHHE) ,
Ve =>0 / s M . Depletion
E Z 1" il Region
-t TTo Fi = N | 0000000
I £ Wil
V, E, = _ i
el " : -
F ) . W
1\"1 (_} b {b} VB = OV
Hinh 7.10

Nghéo (Depletion):

Néu phan cwc dwong duwoc dwa vao gitra kim loai va ban dan, mdc Fermi trong kim loai bi
giam di 1 lwong eV so v&i ban dan, 1am cho dai héa tri di xa mirc Fermi ban dan, ché gan
giao tiép. K&t qua la mat do 16 gan giao tiép gidm nhd hon gia tri khdi trong ban dan loai P.
Dodon~p~0.

CuuDuongThanCong.com 2 5
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Dao nguwoc (Inversion)

Vs >0 (large)

—> Electric field £ T
Inversion :
+ + o+
n (interface) > p , T R
_ i A ’ | + + o+ o+
Ve >>0 eeeeeee
N, | Po
- | ERIC000000 |
| 7 | x; MENCICICIEEEn , Deplgtlon
A | . e Region
; i | "0 (HEHHEHE)
e ey
Ep & o) , —>Z A
(c) W | J)
Y VB = OV
Hinh 7.11

Néu phan cuc dwong & phia kim loai dwoc tdng thém niva, dai dan & mién oxide-ban dan
tién gan dén murc Fermi trong ban dan. Piéu nay lam ddo nguwoc cac dién tich tw do t 16
sang dién tlr & giao tiép va mat do dién t&r & giao tiép bat dau tang. Néu phan cwc dwong
dwoc tang cho dén khi E tién dén sat mire twa Fermi dién tlr gan chd giao tiép, mat dé
dién t& tré nén rat cao va ban dan gan ché giao tiép co tinh chat dién ctia ban dan loai N.
Dung cu cé thé dwoc chuyén tlr ché d6 nghéo (OFF) sang ché dd dao ngwoc (ON) va két
qua la cé thé diéu ché dong dién bang phan cuc cdng.

CuuDuongThanCong.com 2 6
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Band profile /' W :-1

under inversion

Hinh 7.12: So d& phan - f

bs dién tich, dién trwdong, f

va dién thé tinh dién l /”‘
trong tu MOS ly twong & | 0 |/ semiconducta

ché dd dao nguwoc. Mot M )
khi dao nguoc bat dau, | I
bé rong mién nghéo W
khong tang nira do mat

d(l_j dién tCP tu’ dO Cao 6’ Mﬂ:ﬂ.-innnl:lnr (}y: charge from background dopants
mién giao tiép.

(Qy: free carrier charge
Eox
Electric
field

Charge density
under inversion

Electrostatic

potential Va=Vip+ V

Vi + Vo + Vs

CuuDuongThantong.com W T > 7
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Pac tuyén dién dung-dién ap cua cau trac MOS (1/2)

Tu MOS
Oxide Silicon
— —
Hinh 7.13
l 1| pién dung trén 1 don vi dién tich
.= _Oox “.,-"
ax -
ox f -
| | | | (‘1 L (:'ULIT("S
~mos — y
. | | | | ’ Coz + Cy
C

5

M6 hinh dién dung twong dwong don gidn cho cau trac MOS

CuuDuongThanCong.com
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Capacitance-Voltage Characteristics

_do

Ideal CV Characteristics (=
dVv
Operating conditions : accumulation, depletion, and inversion

1. Accumulation

Metal Oxide petype semicenductor

3 -

(1) (b

CuuDuongThanCong.com 2 9
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2. Depletion

Metal Oxide p-type semiconductor
/,’,/” |“|I{_)I | .
\ i
I r
/""—_: E(' +Q --\\
’#,,._.Ir ___________ EF: - L | — — 1
J_ - _: ________ Jr'....'
/""—_: EI.' 1 b
I \__Q,‘““-—I.-IQ'I
= —|-J:
(a) (b)
1 1 |
C'(depl) Coxr Cgp
| C CI C & ' Eox
C (depl)= 23— = —@X = Cain =
. + C .
o P 1+ -f? I+ gax X rox + = xd’f
( ox d c
“SD & 5

CuuDuongThanCong.com 30
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3. Inversion

Metal Oniale p-Lype semiconducion
d’ |
/ : ) +{?'
/’—:7 ’ b B Eax
P, S— C (mv) Cox
?-‘_ i
.ML_Q, ox
F, _“"=-..._|H”|
M 0 ®)
(a)
L S — ]
Strong / —
. - / Accumulation
inversion
Moderate |)['|'I'|L‘|1E1I'I
inversion
0 Vg =

CuuDuongThanCong.com
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Pac tuyén dién dung-dién ap cua cau trac MOS (2/2)

T Tan sb thap
. (~1Hz)
Cmos = Cox | ,-/ o
el Cc=C,y
_ (i)
Cmuy(j b) ,"
Tich Idy | Tan sb cao
| . (103 Hz)
| : 1 ) el
G- Comostimin) /
| | — (ii)
| A e
| | Dao nguoc

Vi, 0 Vr

| L’rGS %
Dai phang

Mién tich Idy ¢ Nghéo  Bdonguoc Do nguoc

| yéu manh

Hinh 7.14 Sy phy thugc tiéu biéu cda dién dung MOS véi dién dp.
Puwong cong (i) cho tan so thap va dwdng cong (ii) cho tan so cao.

CuuDuongThanCong.com 32
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Hoat dong cua N-EMOS

33
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Diép ap ngwdng cua tu MOS ly twong

- Pién tich tdng cong cta dung cu MOS (hay bat ky dung
Cu nao) la zero.

« Nhuw vay v@i trung hoa dién tich can cé:

0, =-05" =~0," +0,”)

V&i Q)2P=dién tich kim loai, Qg?P=dién tich ban dan,
Qp2P=dién tich mién nghéo, va Q,2P=dién tich dién tcr.
Q2P= dién tich trén 1 don vij dién tich
Qp2P= -gN,W,, (Wp=bé rong mién nghéo)

CuuDuongThanCong.com
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Sut ap trén tu MOS |a
V= Tox+®s

VoI
Vox = —Edox
D
= —(03° [eox) dox
oD /2D
= -0P /R
2D 2D
V. _ Q _ QS
0X = =
3% sox/dox
Chuy:
Cox = Cox 4
VoI
Cox = Diéndung
(OX = Dién dung trén don vi dién tich
A — Dién tich

(20)

(22)

O nguwdng, kénh dién t&r dwoc cdm rng tai giao tiép O-S. Piéu

nay xay ra khi bat dau c6 dao ngugc-manh

35
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Khi bat dau dado ngwoc manh:

2D

Qn ~ 0 (23)
2D , 2D

03 = —adNA "D max = 9D (24)

Thay cac phwong trinh (23) 2(25) vao (19) va (21) cho

2D Na W,
Viy = —Q!?D L 205 A DM | 20
Cox Cox (26)

Nhu yéy dién ap ngudng Vo la tbng cla sut ap trong oxide va trong ban dan khi
bat dau c6 dao ngwoc manh. Pt (26) ap dung cho cau tric MOS ly twong.

CuuDuongThanCong.com
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Pién dung cua tu MOS ly twong
Bién dung cua tu oxide:

(3R = “X
dox (27)

Pién dung ctia mién nghéo

" (28)
Ta c6 2 tu mac ndi tiép, nhw vay dién dung tdéng cong la:

—1

2 | N |
NS 2D (29)

CuuDuongThanCong.com 37
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]

oD |dox , Pp

CMos = £—8 i
OX S

(30)

Hinh sau cho ta thay duwéng cong Cy052P-V. Chi y 1a Wy, phu thudce vao V.

(31)

Cmos
€ox / dox Low f (e.g. 10 Hz)
ChOS, min .- High f (e.g. 1 MHz2)
TN Deep depletion (pulsed) Vo
Vin
W -1
C2D ‘ . d OX n D, max
“MOS, min
10)¢ &S

CuuDuongThanCong.com
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Ban vé dwong cong Cy,0s2P theo V

Ve >0 Tich lay
L& dwore tich Iy tai giao tiép O-S

~2D
Chos = Eox / dox
Nghéo
Ve >0 J ‘
D6 day cua mién nghéo tang theo V
= Bat dau ddo ngwoc manh
WD — WD, max
2 _ d OX HD max
MO’S min T
00X €9

CuuDuongThanCong.com
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V> Vi

(1) Tan so thap
Kénh dao nguoc dwoc tao ra tai giao tiép O-S

2D .
CMOS — gox/dox

(2) Tan sb cao

Cac cap dién tir-16 dwoc sinh ra qua cham khéng theo kip tin
hiéu AC ctia mach do

CRios = CMOS‘ min

CuuDuongThanCong.com
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Tu MOS thwec té

Téng quat, cd hiéu cong thoat gilra kim loai va ban dan.

Nghia la

()] M = O S

Hiéu cong thoat
Ops = DOy —Dg

Thwéng co céac dién tich bi bay vao oxide, thi du cac ion Na*. Céac dién tich
oxide tao ra dién ap

Vo= OX/(()X

CuuDuongThanCong.com
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Gian do nang lwong (voi dys =0 va Qox = 0)

gy T Mdrc chan khéng
-~
r"'ff
Y TEE edg
® il Ec
edm Khong co dién
l_ / ap dwa vao
N, SR A S R T . S EF
|l
o e s e e e e s s e i i - Mdrc chan khéng
edp) edg
Ec Trworng hop dai phang,
S AU co6 dién ap dwa vao
e(dp—dg) e
i L V=e@m-og
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Flatband voltage (DPién ap dai phang)

Cong cac phuwong trinh (32) va (33) cho

Jox
Cox

VeB = Oums — (34)

V&i Quy la dién tich dwong hiéu dung tai giao tiép O-S

Threshold voltage (Pién ap ngudng)

Phwong trinh (26) dung cho cau tric MOS ly twéng. Trong trwdng hop cau
tric MOS that, ta phai ké dén cac hiéu trng cua hiéu cong thoat va dién tich

oxide. Dién ap ngwéng cuia ciu tric MOS that la:

2D 2D
),OX Q)D + 2 (I)F

Vin = Puvs — =5
L 2D 2D
Cox  Cox (35)
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Hoat dong cua MOSFET
Ta sé strdung su xap xi kénh dan bién doi déu ctia Shockley

Mat d6 dién tich trong kénh dan: Q2P

Dudi nguéng: Q2P =0

Trén ngudéng: 1Q 2D 1> 0
n

Nhac lai diéu kién trung hoa dién ich

‘Q ‘ = QI%D + Q[z)D (36)

0% = 05° - op’ (37)

V&i Q2P = dién tich kim loai (metal charge), Qg2° = dién tich
ban dan, QD = dién tich mién nghéo, va Q,2P = dién tich
dién tu.

Q2P = dién tich/don vi dién tich
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Nhac lai dinh luat Gauss:

E = _L _[x p(x)dx = 1 )ZD
g v g

Su dung dinh luat Gauss trong phuong trinh 37 cho :

D | V,
On = —e&ox Eox(x) + Sox—dth
0X
Vag = V(x) |4
= —eox — > + gox —
dox dox
2D €
0" = 22X [Vos V-V ()]
dox

véi V(x) la dién ap ti kénh dan-dén-nguén

CuuDuongThanCong.com
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Sw xap xi kénh dan bién do6i deu

Gradual channel approximation

n-channel MOSFET

S 1€ (Ves>0) ID(VDs>01
‘E(x) ‘Elx) ‘'
p-type \n* eeeeeeeaeeeea Ea g e e e LE \ n+/
sttt Weak inversion

Stron < V(x .
i inversign —T (X)
[ |

0 . Lg
Lirection of € and /p

Direction of electron movement >

Hinh 7.15

CuuDuongThanCong.com
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Nhic lai véi MESFET: Ip = — e n v(x) h(x) Z

Tuy nhién trong MOSFET ta co:

Ip = 0p°(x) v(x) Z

= 0P [, E(0)] 7

2D dV(x)
= On (%) Yy T

Thay phuong trinh (40) vao phuong trinh (43):

7

dV(x)

e _
Ip = —29% 70, [Vos —Vin -V (%) ]
dox

CuuDuongThanCong.com
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Tach cac bién va tinh tich phan cho

Lg £y 117 VDs
Ip |de = —=252 [ (s Ve —V0)dV()
0 0)¢ 0 (49)
Eox HZ 1.2
(-)Ip = [(VGS_Vth)VDS - _VDS}
TNCTTe 2 (46)

dong Ip am vi né chay theo huédng xam. Tuy nhién, huéng khéng quan
trong véi ching ta, dau "-" dugc dat trong dau ngoac

sO0 hang dau trong dau ngoac vuéng tang tuyén tinh véi Vps.

. 56 hang thu hai trong dau ngoac vuéng tang theo bac hai vai Vps.
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}Ohmic regime

Vbs

V&i Vbsratnho, sbhang (Y2) Vps® o thé bd qua duoc.
> Ip ti 1é tuyén tinh v&i Vps.

= Pay la ché dd Ohm hay tuyén tinh hay triode.

C), Vbs = Ves — Vin, dé déc dlp / dVps = 0.

D

Vbs
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Khi vao bao hoa:
VDS, sat Vs = Vin

Thay phwong trinh (47) vao (46), ta co:

ID,sat -

eoxHZ 1,2 _ EoxMZ (
DS,sat —
dox LG 2 2dox I

Ip

Saturation regime

CuuDuongThanCong.com
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Ho dan

dIp gat EOX L2
L= Sat Veo =V,

Phwong trinh ndy cho thay dé cé dwoc hd dan cao, can cé
cac tinh chat sau:

(1) D6 linh ddng cao
(2) Oxide mdng hodc hang s6 dién mdi cao
(3) D6 dai clia cdng ngan

Hb dan téng theo bé réng céng Z. Nhwng téng Z ciing lam tang
dién tich cua FET.
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Tom tat cach tim quan hé dong va ap trong N-EMOS

Ciate

I A

Oxide
W

Capacitor of value
C W

_dq_dqax

= 1
dt dx dt 0

o=CvV c =% (2)

ox
ox

=3.9¢,=3.9%x8.854x10™"* =3.45x10™"" F/m

Khi vao mién bao hoa, v,¢= vge- V,

Aspect ratio of the MOSFET

—>lds dq——C (Wdx)[ vg —v(x)-V, | (3)
~ Source [ Channel | [ Drin
P e - & E(x)=-"%) (.. p-_vp)
| l .I | Charge dg ! ﬁ . E(x) ) dU(x) (4)
111
I el | = Voltage dU(X)
? _"i IJ:: di(n) fI = _”nC W[UGS —u(x)— V]
- d
. . * —i=uC, W[UGS -v(x)-V ] U(x)
"""""""""""""""" '"'"""'"""'"5';5"2"""""'
l dx = unCoxW[UGS - Vt - U(x)]dU(X) : kl’z uncox (7) " tox ( )
|
bs . 4 .
IO i dx = IO lunCoxW[UGS -V, - v(x)]dv(x) i, (7)[(0&, = V)V, UDSj| (Triode region)  (5a)
|
|
. W 1 2 I
D = nCox . _Vt DS~ A VYD 5 . ’ . .
o= )( L j[(sz Wos 2" S} ©) : i,=—k, (%) (Vg —Vt)2 (saturation region) (6a)
|
l
|
|

. _1 w V) (6)
lD_z(:unCox)(L)(UGS V,)" (6)

(Ti s6 hinh dang ctia MOSFET)
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Tém tat: N-EMOS trong mién tuyén tinh va bao héa

W %
Id = H, Cox f ' (VG.S“ Vv — %) ' V!).S

Voi Vg <<V — Vi

Dong mang trong mién tuyén tinh

I/ EpCofl)

W o)
I, =uc,, — (V.. -V
d AUN 2L ( GS TN) |
Vo Vps2Ve — Vi

Dong mang trong mién bao hoa
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;HH“ {L"U 1r'l-||-:| = 10 volis
1
I
I
I
e
I
Line Lural
regi / / : region
1
1
I
vt
!
)
]
!
/’EL
/ I
i /
/,‘
.[f..- | Locus af I, vs Vi
!
.-f"r_
W A
/ /
v
!
-7
#
2 4 £ 3 10 12 14 16
Vi, (V)
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TD: Pac tuyén I-V cia N-EMOS

2 I ——
2N7000/ 2N7002 / NDS7002A Vas = 10V QE";‘—""
v&i V=2.1V z | / _ 70
: . Z 1~
% / — 6.0
Pac tuyén ra 15=f(Vs) khi Vgs=const ; 1 |
2 - 5.0
:
< 05
a 4.0
i 3.0 —
0] . .
3 4 5

| | L/
- Vg = 10V Ty=-9° C/S“C
125°C
1.6 /

N

Pac truyén dat 15=f(Vgs) khi Vps=const

Ip . DRAIN CURRENT (
=]
o
Q

o
'S

0

0 2 4 6 8 10
CuubuongThanCong.com Vg » GATE TO SOURCE VOLTAGE (V)
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MOSFET loai giau va loai nghéo

« MOSFET loai giau (Enhancement MOSFET):
Khi MOSFET khéng c6 kénh dan véi V;=0, con dwoc goi la
ché do giau, ta dat vao dién ap & cdng dé tao nén kénh dan
(ON). Bay la loai MOSFET thwdong dung trong IC.

« MOSFET loai nghéo (Enhancement MOSFET):
Khi MOSFET phai c6 kénh dan voi Vs=0, con dwoc goi la
ché dd nghéo, ta dat vao dién ap & cdng dé lam tat kénh
dan (OFF).

CuuDuongThanCong.com
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Cac ky hiéu cua MOSFET

Enhancement MOS Depletion MOS
p channel n channel p channel n channel
P-EMOS N-EMOS P-DMOS N-DMOS
S D
D
D

S
D
Go—c": Go—'%
S

CuuDuongThanCong.com
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Go—]

Go—|

o

w

Tom tat dic tuvén cac loai MOSFET

Type Cross Section Output Characteristics Transfer Characteristics
"\u VG = 4‘." JD
n-Channel
Enhancement 3
(Mormally 2
Off)
- 0 VTn +
Jl’J
n-Channel
Depletion
(MNormally Vo,
Dl]} s 0 4
Ii"Ilr[}
v v(r‘
p-Channel - 'Tp O +
Enhancement
(Normally 3
Off)
Vo=-4V Iy I
Vb : 0 Vo
p-Channel - 0 +
Depletion 2 Vi
(Mormally 0
On)
;:--Chlanmal V=-1V Ip Ip
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Mot so dac tinh khong ly twéng

« Diéu ché chiéu dai kénh dan
(Channel-length modulation)

* Hiéu ng than (Body effect)

« Sw bao hoa van toc (Velocity saturation)

CuuDuongThanCong.com
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Channel-Length Modulation

Source Channel

\_H_ - L I.ir.?.‘ﬁ [ 'If' INsat

-

I--t L - |
|

l".-‘\ — ;
FAY »

Like the Early effect in BJTs, there is an effect in MOSFETSs that causes drain
current to vary with vy in saturation (finite output resistance)

As v increases beyond vps ., the pinch off point moves away from the drain
by AL and has the effect of changing the effective channel length in the
transistor

— Account for this effect with a (1+4v,g) term in the saturation current
equation

, 1 W ‘
tD(sat) — 5!‘5?1,09;1:?(1@8 - Vf,h)z(l + Avps)
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in A

Trinde

Channel-length modulation makes the output resistance in saturation finite

1 1% St
Oi —1 Fo = [}‘aﬁncﬂmf('ﬂ{}S — Vin)~ = [AID]_1
= (30)] ' .
o la‘UD 5 ] Vs
2l g g=consltani T, — I—
'y
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Body Effect

De;;r‘eﬁon Region Body (B)

So far, we have been ignoring the substrate (or bulk or body) of the transistor and assumed
that is it tied to the source. However, we cannot always make that assumption.

— In integrated circuits, the body is common to many MOS transistors and is connected
to the most negative (positive) supply for nMOS (pMOS) transistors.

The resulting reverse-bias voltage between the source and substrate affects device
operation.

— Reverse bias will widen the depletion region and reduces channel depth — which can
be modeled as changing the threshold voltage

Vi = Vio +7[\/2®f+VSB+\/2®f}

where V, , is the threshold voltage when V z=0, ¢ris a physical parameter, yis a
fabrication-process parameter...

A \/quTA Csi
Cox

-~

v is typically 0.5-V172
As Vg increases, V, increases which affects the transistor’s i-v characteristics
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Temperature Effects

Vi and mobility 4, , are sensitive to temperature
— V, decreases by 2-mV for every 1°C rise in temperature

— mobility z, , decreases with temperature
Overall, increase in temperature results in lower drain currents

CuuDuongThanCong.com

62


http://cuuduongthancong.com

Velocity Saturation

So far, the saturation current equation is quadratic with overdrive voltage

(Vos- Vi) and said to obey the “square law” which is valid for long channel length
(>1-um) devices

As transistor dimensions decrease, gate oxide gets thinner and there is a higher
vertical and horizontal electrical field that the electrons moving through the
channel experience

— Causes electrons to bounce up to the oxide (more scattering) and saturates
the velocity at which current flows across the channel

— Can approximate the effect of velocity saturation with the following power-
law equation for saturation current

1 W

iD{mt) = Eli’fncﬁm I

(vas — Vin)“®
a ranges from 1 to 2 depending on process technology (transistor length)

— This approximation is not rigorous, but convenient to use. More accurate
models of the velocity saturation equation can be found in more advanced
courses that cover MOS devices and circuits

CuuDuongThanCong.com 63


http://cuuduongthancong.com

Mét sé déc tinh khéng ly twéng cua MOSFET
(Xét N-EMOS & mién bao hoa)

Diéu ché chiéu dai kénh dan: twong ty hiéu ung Early trong BJT,
khi tang VDS thi diém nghet dich chuyén vé mién ngudn, dan dén
chiéu dai kénh dan hiéu dung nho hon hay dong ID tang 1én. Khi do
phuwong trinh dong dién mang c6 dang

1 w

I, :Eluncox I7 (VGS_VTN)2(1+AVDS)

voi A =1/ V, va V, la dién ap Early

Hiéu trng than: khitang Vgg lam dién ap nguwdng VTN tang = anh
hwéng dac tuyén I-V.

Anh hwéng cua nhiét dé: khi T tang = V-, va dé linh ddong giam
— dong ID giam

Sw bdo hoa vén téc: khi kich thudc transistor gidm, do day lam

oxide mdng hon = van téc dién t& bdo hoa va lic phwong trinh
dong ID: 1 W

I, =—uC —(V..—V.)
D 2/1;1 ox L( GS TN)
vOi a=1-> 2, tuy theo cdng nghé.
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Real nMOS I-V Curve

I-v curves of nMOS transistor

x10

-1 ] @ | in 0.5-um CMOS technology

W =2.5-um, L =0.6-um

n-type transistor:

drain (n+)

source (n+) . channel

substrate (p)
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Common-Source Amplifier w/ Active Load

Active load — uses current source instead of
load resistor

ihQOsin Q- in
triode  saturation Slope = 1
—rde— Yoz
/ e —I—
REF | usg = Vsa
I |
| |
| |
| I
| | -
0 (Vsg — Vi) Vsa 0 ip1 &

— Biasing so that Q, in saturation and i

output resistance is the effective S

resistor load for Q,
Combine the I-V curves -
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Irgr

t?i::::ll; —.-"-T-i— () In saturation
I

B

Ugs1 = Via

\

| .

|

T

|
P r T —
Vor Vop — Vsg T Voo vosi = vo

Vop — (Vsg — Vi)
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« Look at the Voltage Transfer Characteristics (VTC) of the circuit
— Operates like a high-gain amplifier (steep slope) in region III

Vo A

7
‘(ﬂﬂ

Vop = (Vsg = Vi)

7
LGB

I, 0 IO, IV

A"

BENE
|

I 0
I g;
I g;
AY g;

Cutoft
Saturation
Triode

Saturation
Saturation
Triode

Saturation

IVm VIA Vfﬂ

CuuDuongThanCong.com
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The Field Effect Transistor
A more Advanced Look at the n-channel MOS (enhancement type): NMOS

—~ Cate

Source 'L(.,'Irr B
| ¥

Oade

Dirain

!
Body Fﬁ
(Substraie) M

Large-Signal Operation

Quantity Formula

Drain current forward active [, =
Drain current in the triode [ = pC,,— [(Vog — Vi)V — 4 Vs
region L

Threshold voltage Vi= Vo + :--[\.-'2:.*).— + Vg \fir:u}

. I
Threshold voltage parameter y = o
[k 3

i
opmry
W/ 2q€N 4

Oxide capacitance C, =

(L

=175x 10" *pF/i* for 1

r-'}.l

CuuDuongThanCong.com

Small-Signal Forward-Active Operation

Top-gate transconductance

Transconductance ‘current
ratio

Body-effect transconductance

Channel-length modulation
parameter

Output resistance

Effective channel length

Maximum gain

These are some of the basis of
IC designs. WI/L is important in
€, Scaling transistor sizes. Latest
= 0021 Technology has L = 45 nm

.‘IJIM - -“[Iu.-.'_l:];j.‘; N H’I
- 'II-II Lr H
- l'..ll" !.III"l ax f..
bu___ 2
Iy Vs =15
Wad = 1 . - Hyw
1,/20; + Vg
14y,
Lege dVpg
l
Fy ==
TR
Lugy ( dX |\
Iy \dVys)
I‘|-I|' =. I'Jr..n - ILJ - X
o1
- ] [-';-r-:l- _y
IV,
[H. E'|
Ly (X, ) |
Vos — W \dVpg
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