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Basic MOS Device Ph Zsics

eThe MOSFET structure
*MOS I/V Characteristics
eSecond Order Effects

eMOS Device models
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MOS Device Structure
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NMOS Structure

p-substrate ' T - Lo

e P-type substrate (“Bulk”, “Body”)

e D and S heavily doped (n*) n-regions

e Gate is heavily doped polysilicon (amorphous non-
crystal)

e Thin layer of S,0, to insulate Gate from Substrate
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Gate Dimensions

e L =Length W = Width

e During fabrication S and D “side
diffuse”: Actual L is slightly less
than the drawn layout L.

— L, = Amount of side diffusion
— Lp,awn = Layout intention of L
— L = Effective Length

- Then: Leff —_ LDrawn = 2 LD

x G Poly D Oxide
T N »
Gate Oxide thickness = t,, / ! ;; % /
B | . |
p-substrate — -—Lp
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Technology Trends

e The principal thrust in MOS technology is to reduce both
Land t,,

e Example:

L, =90 nm

[ =2.5nm
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NMOS and PMOS with Well

G

B S 1z D
T T

n-substrate

% _?_ l D S i D B8
) s - s o e
n-well

p-substrate

(h)

e PMOS fabricated in a “local substrate” called “well”
e All NMOS devices on a chip share the same substrate
e Each PMOS device on a chip has an independent n-well
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Carriers & Currents

o Carriers always flow from the Source to Drain

e NMOS: Free electrons move from Source to Drain.
¢ Current direction is from Drain to Source.

e PMOS: Free holes move from Source to Drain.
¢ Current direction is from Source to Drain.
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MOS Symbols

NMOS PMOS NMOS PMOS NMOS PMOS
D S D S D D
GO—{%OB 60—1%---08 60—1% GO—l% GO—I% Go—d%
S D S D S S

{a) (b) ()

e Symbols (a) are the most general, allowing B to be
connected anywhere.

o Symbols (b) will be used most frequently: Whenever B
of NMOS is tied to GND, or B of PMOS is tied to V,

e Symbols (c) used in digital circuits.
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MOS Channel Formation

Formation of depletion region

-~ ——t

ul.j " . VG | ‘o'v +:jv

Le ) ! '1
Va -

p-substrate g o

p-substrate

I Negative lons
() (b)
. Ve>Viu .
.L_O +0.1V L_O +0.1V
" - VG Y
% ....... T Cox_
T Caep Lt o o n*

p-substrate Electrons

()
c)

Formation of inversion layer
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Threshold Voltage V., Adjustment

* V,, is adjusted by implantation of dopants into the channel
area during device fabrication.

e A thin sheet of p+ is created, the gate voltage required to
deplete this region increases.

" s

p-substrate
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PMOS Channel Formation

e Exactly like NMOS but with all of the polarities reversed.

-0aV
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Basic MOS Device Physics

eThe MOSFET structure
*MOS 1I/V Characteristics
eSecond Order Effects

eMOS Device models
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I/V Characteristics

Equal source and drain voltages

p-substrate

(a)

p-substrate e ' -

(b)

Unequal source and drain voltages

H. Aboushady University of Paris VI



I/V Characteristics

I=Qa-v

Uniform channel charge density:
‘ Qd = WCOX(VGS — VTH)

/
/
The local voltage between gate O
and channel varies:
- sl
Qua(x) =WCou(Ves =V (x) = Vin) =T
p-substrate 0 x el /
]D = _WCOX[VGS - V(X) - VTH] A% (b)
0, : charge density (C/m) WC . : total capacitance

] per unit length
v : velocity of the charge (m/s)
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I/V Characteristics (cont.)

Ip = -WCu|Ves =V (x)=Vm]v

dV (x) * u,: mobility of electrons

Givenv = u,E and E(x) = - . " Electric field

I = WCoVas -V (x) - Ver|r L)

14

L DS
le dx = choxw[VGS —V(x)-Vm]dV
x=0 V=0

I, Is constant along
the channel

1
Ip = lLlnCoxg[(VGS — Vru)Vps — > Vbs®]
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I/V Characteristics (cont.)

1
Ip = lLlnCmcg[(VGS — Ve )Vps — 5 Vbs®]

Ioh

Triode Region

dlp 1
] = =— Cvoxz VGS - VTH 2
Dmax a VDS 2 //ln T ( )

Triode = Linear = ohmic
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Operation in Triode Region

Ip = /InCox%[(VGS — Ve )Vps — %VDSz]

> Vs << 2(Ves — Vra)
Ip = /lnCox% (Vas = Vi )Vps,

1 -
R ON = W v:::
Un Cox T (VGS — VTH)

--------
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Operation in the Saturation Region

Vosi l Vos2 > Vosi

pinch-off :
A
0 Xy
V(X‘)BVGS-Vm V(XQ)IVGS-V“‘
1 o} Saturation Regi
W 2 egion
Ip = pnCox—[(Ves — Vru) Vs — E Vbs™ ] : Voss
‘ _ Yas2
Vbs=Ves— Vi  (Pinch - off)

Vast
-
MnCox Vos

Ip

W
(Vos — Vi)’
2 L
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Saturated MOS Operating as a Current Source

Voo Voo

Vo o—| p %,2
Iy P
Vb‘—{é o> é’\ =

Ioh

Saturation Region

Vass

Vas2

Vast

-~
Vos
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Transconductance, g,,

MOSFET operating in saturation produces a current
In response to its gate-source overdrive voltage.

=) The transconductance is a figure of merit that indicates
how well a device converts a voltage to current.

o = d Ip
07 VGS VDS constant
Imb gmd Imb

’ ) \ x
VGS - Vm I D VGS e VTH

W/L Constant W/L Constant /o Constant

21Ip
= C'oxz VGS _— VTH m = 2 Cox z[ =
8 = Cor( ) s \/ﬂn L’ En Vas = Vin
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Basic MOS Device Physics

eThe MOSFET structure
*MOS I/V Characteristics
eSecond Order Effects

eMOS Device models
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Threshold Voltage and Body Effect

B
o A V,
Vg=0 - Yo Vg<0 =V ()
% =V " G
. ap G T T '—]
. it . -
e Feoeaz) L2k \%
p-substrate \ Q4 p-substrate Q,

V., | More holes are attracted to the substrate
B —> ; ; - .
connection leaving a larger negative charge behind

Vi = Vo + )/(\/ZCI)F +Vsp — A/ 2(I)F)

3 \/zqgsiNsub
 Co

o - (A7) in(Newy/ )
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Threshold Voltage and Body Effect (cont.)

N,,,= doping concentrationof the substrate
n;= Intrinsic carrier concentration in silicon
q = electron charge

d. = Fermi-level

C,, = gate oxide capacitance per unit area

e ; = silicon dielectric constant
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Threshold Voltage and Body Effect (cont.)

-t
O ) v,
v Va<0 L o
V8.=o g = VG o 8]( '.'_ = VG
! '_L ARSI LRSS = = 7///////////,
U eeessley L)l J38sgale
p-substrate \ Qyq p-substrate Q,

Ve = Vrro + }/(\/ZCI)F + Vs — A 2(I)F)

Example:
[} )
> .
ox v
Ip = G Z(Vin -V —Vm)’ /m Vout
2 L g o

Without Body Effect With Body Effect
Ve = Vrno + }/(\/ZCI)F +V - \/2(I)F)
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Bulk Transconductance, g,

C W
[D=ﬂn20x L(VG _VTH)2
Jd Ip W J Vru
= = Cox— V —V -
8 = s~ HaCop (s TH)( aVBS)
Vir = Vo + )/(\/ZCI)F +Vsp — A/ 2(I)F)
OVm  IVm y .
JdVes o0 Vss 2\/2(I)F+VSB
/4
mb = Ym
s s 2\/2(I)F+VSB
=77gm aVYTI—I _ aI/out
V. g V.

mn n
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Channel Length Modulation

Vosi l Vos2 > Vosi

pinch-off
0 L ™
V(‘i)’VGS'Vm L' = L_ AL V(XQ)IVGS—V“‘
1 1 AL
—=—{+—)
L' L L
1 1
— = —(1+ AVbs) where AVbs =AL/ L
L' L
nCOX W
Ip = MZ 7 (Vas — Vi)™ (1 + AVbs)
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Channel Length Modulation (cont.)

. Un Cox
2

%4
Ip T (Vs — VTH)2 (1 + AVbs)

1%
Im = MnCox I(VGS — VTH)(I + )\«VDS)

W, 21
g = 2 tnCox /LID gm = O (unchanged)
(1 + AVos) Vas — Vru
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Subthreshold Conduction

/ Vs \ ]
Ip = Toexp| T ) Weak Inversion
\&"/q
Square
logly b Law
e Exponential /
st
)
1 A .
—’80 oo Vm Vas

Significant current leakage for low V., !
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Basic MOS Device Physics

e The MOSFET structure
eMOS 1I/V Characteristics
eSecond Order Effects

e MOS Device models
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MOS Layout

Channel

(a) (b)
E F E Aluminum
9 ° : Wires
E
Ao M, [ - ] My
¢ t”: [ 1 M,
B o M, N
| ] "3
E
N F
(a) (b) ()
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Device Capacitances

D
o
Ceo Coe
{H—+—l
G- e |t < B
{H—+—1—
Cas Css
il
| Cce
S
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Device Capacitances

‘ = c,
lnversion Depletion
Layer Layer

p-substrate Cm-

T"'
(a) (b)

C, : Oxide capacitance between gate & channel
C, : Depletion capacitance between channel & substrate

C;, C,: Overlap of the gate poly with source and drain areas

C;, C; : Junction capacitance between source/drain areas
and substrate
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Gate-Source and Gate-Drain Capacitance

= Cop =Cgs =C, W | , / :2 \‘ |

Ve=Vg - atbatsiis '“t:;:‘,“‘ mﬁ'ﬁ'f’"
WLC
_ _ Ox
= Cgp =Cgs = 5 +C, W
2

= C'GD = COVW and CGS = EWLCOX + CovW

2 WLCox+WCory -

Vo = : WLCox +WC
Cas Saturation : 2 4
' Triode

wcov . .

2 off Cap :

Ve —~ : :
- - : : -

- VT" Vo + VTH VOS
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Layout for Low Capacitance

A

m .

| .
\J

—t = p—

fe

—3 Lo

CDB =CSB

=WEC,+2(W+E)C,,

H. Aboushady

Drain
Terminal

2

o] ) o) [

Source /"

Terminal

(b)

C,: =%ECJ.+2(%+E)CJ.SW

CSB =2 CDB
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MOS Small Signal Model

'D‘}

An almost
linear segment

) /% .

A linear approximation R 22
of the large signal model K{j\
around the operating point P

b ips ing

Inso of | ™ /\ /\ / 0
kbl

Voo VUnc ’ ,
GSQ GS 0 "'I).SQ ! bD Ups

-
—

-

1\ g
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MOS Small Signal Model

Go—r D
V V - -
o9 ég“‘ o Basic MOS small signal model

S

Bo— *e Channel length modulation
Vas r(? ImVes =1, represented by r,
S
IV Ds |
Vo = =
dlp  dIp/ JVbs
| 1
Vo

B ﬂnCox

VZ (Vas = Vi) A Alp
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MOS Small Signal Model

Body effect represented by a
dependent current source ~

oD

e +

>
(:-1.@_

Q

3

o

o

—N—e

Jd Ip /4 —d Vi
mb = = Cox— V — V
8=y o (Vs m)(aVBs)
N =V _ ~L (2@ +Vsz) ™
Vs JV'ss 2
Omb = Im y = ngm
2J2Dr + Vs
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MOS Small Signal Model with Capacitance

Cap

ORI e n o0

CGS:T[-. V;. (i)amvg. %ro (;ame

Vos T Css
B T & 4
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MOS Capacitors are nonlinear

C+ V<0
o) - VG 1"

L
+5 + +4:+t, +

N =
psubstrate Holes
Cas
A
Accumulation Strong Inversion

H. Aboushady University of Paris VI



“Simulation rogram with ntegrated ircuit mEhasis”

Level 1 SPICE Models for NMOS and PMOS Devices.

NMOS Model
LEVEL =1 VTO =0.7 GAMMA = 0.45 PHI =0.9
NSUB =9e+14 LD =0.08e—-6 UQO =350 LAMBDA = 0.1
TOX = 9e-9 PB=0.9 CJ =0.56e-3 CJSW = 0.35e—11
MJ = 0.45 MJSW = 0.2 CGDO =0.4e—-9 JS =1.0e-8
PMOS Model
LEVEL =1 VTO = -0.8 GAMMA =04 PHI = 0.8
NSUB = 5e+14 LD =0.09e—6 UO = 100 LAMBDA = 0.2
TOX = 9e—-9 PB=0.9 CJ =0.94e-3 CJSW = 0.32e—11
MJ =05 MJSW = 0.3 CGDO =0.3e—9 JS =0.5e-8

VTO: threshold voltage with zero Vgz (unit: V)
GAMMA: body effect coefficient (unit: V1/2)
PHI: 2® £ (unit: V)
TOX: gate oxide thickness (unit: m)
NSUB: substrate doping (unit: cm )
LD: source/drain side diffusion (unit: m)
UO: channel mobility (unit: cm?/V/s)
LAMBDA: channel-length modulation coefficient (unit: V—!)
CJ: source/drain bottom-plate junction capacitance per unit area (unit: F/m?)
CJSW: source/drain sidewall junction capacitance per unit length (unit: F/m)
PB: source/drain junction built-in potential (unit: V)
MIJ: exponent in CJ equation (unitless)
MIJSW: exponent in CISW equation (unitless)
CGDO: gate-drain overlap capacitance per unit width (unit: F/m)
CGSO: gate-source overlap capacitance per unit width (unit: F/m)
JS: source/drain leakage current per unit area (unit: A/m?)
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