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MQS Structure

0 MOS: Metal-oxide-semiconductor
» Gate: metal (or polysilicon)
= Oxide: silicon dioxide, grown on substrate

O MOS capacitor: two-terminal MOS structure

Gate terminal

E _— Metal gate (Al)

— Oxide (SiO,)

Si substrate

L

Body or substrate terminal




MQOS Energy Band Diagram

E,
UXoxide=0.95 ev
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Oxide p-type Si (N, =10 cm?)

a Work function (q®,,, q®s): energy required to take electron from
Fermi level to free space

Q Electron affinity is the potential difference between the conduction
band level and vacuum (free-space) level = gX,

o Work function difference between Al and Si = 0.8V
Q At equilibrium, Fermi levels must line up



MOS Energy Band Diagram

O Bands must bend for Fermi levels to line up
Amount of bending is equal to work function difference: q®,, - q®g

O Fermi levels equalized by transfer of —ve charge from materials with
higher E. (smaller work functions) across interfaces to materials with
lower E.

Q Part of voltage drop occurs across oxide, rest occurs next to O-S
interface

U

-vely charged

+vely charged / acceptors E C
sheet at metal . .
¢ = Fermi potential

surface

- -- E (difference between E.
qu)p E and E; in bulk)

Er, I

dg = surface potential

M /O S (p-type)

Can't transfer charge



Flat-Band Voltage

2 Flat-band voltage
= Built-in potential of MOS system
= Work function difference: Vg = @, - Og

= Apply this voltage to “flatten” energy bands

= For the MOS system considered on the previous slide, a —ve
voltage applied to the metal w.r.t the Si opposes the built-in
voltage on the capacitor and tends to reduce the charge
stored on the capacitor plates below its equilibrium value

Q Example
= P-type substrate: qog, = 0.2 eV, qys = 4.05 eV
= Aluminum gate (q®,, = 4.1 eV)
* What is flatband voltage?
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MQOS Capacitor Operation

a Assume p-type substrate

Q Three regions of operation
= Accumulation (Vg < 0)
= Depletion (Vg > 0 but small)

= Inversion (Vg >> 0)
VG

4

P-type Si substrate

Sy =0



Accumulation

O Negative voltage on gate: attracts holes in substrate
towards oxide

QO Holes “accumulate” on Si surface (surface is more
strongly p-type)

Q Electrons pushed deeper into substrate

V<0 AN
4 e ~— e
Fr+++++4++ CIVG‘ I E
P-type Sisubstrate | ~— E\F/p

J’ V=0 \




Depletion

QO Positive voltage on gate: repels holes in substrate
» Holes leave behind negatively charged acceptor ions

Q Depletion region forms: devoid of carriers
= Electric field directed from gate to substrate

Q Bands bend downwards near surface
= Surface becomes less strongly p-type (Eg close to E)

Vg >0 /
4 T Ee

_ _ JE |
......... Depletion region. R E,
. Ee,
P-type Si substrate _— E,

6 v,=0
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Depletion Region Depth

a Calculate thickness x4 of depletion region

* Find charge dQ in small slice of depletion area
X4

* Find change in surface potential to displace dQ by
distance x4 from the surface (Poisson equation):

d¢=—xd—Q dg :quA%
€si €si



Depletion Region Depth (cont.)

* Integrate perpendicular to surface

Td¢s _ j ANAX gy
Pr

o2&
N, X°
O3 —Pr = CI2 At

&

» Result:
X _\/2‘98i¢s _¢F‘
;=
aN 4



Depletion Region Charge

2 Depletion region charge density
* Due only to fixed acceptor ions
= Charge per unit area

Q :_qNAXd
Q= _\/quASSi‘¢S _¢F‘




Inversion

0 Increase voltage on gate, bands bend more

a Additional minority carriers (electrons) attracted from
substrate to surface
= Forms “inversion layer” of electrons

0 Surface becomes n-type

iVG»O // -

L Eo
O xxx e E,
........................................... - i P E.
P-type Si substrate | ~ €ectrons o/ I s E,,
J) VB =0 EFm
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Inversion

a Definition of iInversion

* Point at which density of electrons on
surface = density of holes in bulk

= Surface potential is same as ¢g, but
different sign

o
Remember:

qo. = E- - E, a0s = -a0e [,
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MQOS Transistor

0 Add “source” and “drain” terminals to MOS
capacitor

a Transistor types
» NMOS: p-type substrate, n* source/drain
* PMOS: n-type substrate, p* source/drain

Ulissihsssssisissirmsssimmssn

P-substrate N-substrate
NMOS PMQOS
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What Is a Transistor?

A Switch! = - An MOS Transistor

Vs > V7 Vsl T
DT
S

— AN D — =



The MOS Transistor

|v-,|-|-

Saurce [ Drain
| P-Type Regions




MOS Transistors -
Types and Symbols

D D
NMOS G'_Ilfl . '_Il:li )
S S
NMOS with
5 Body Contact
PMOS s "‘4 For NMOS: Body tied to Gnd
For PMOS: Body tied to Vvdd
Why?

S



MQOS Transistor

QO Important transistor physical characteristics

* Channel length L
= Channel width W

GATE

SUBSTRATE (p-Si)
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MQOS Transistor Operation

a Simple case: Vp=Vs=Vg=0
= Operates as MOS capacitor

a When V;s<V, (but positive) , depletion region forms
= No carriers in channel to connect S and D

a V44 Is known as the threshold voltage

Vg < VTO

depletion
— " region

P-substrate

!

Vg =0
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MQOS Transistor Operation

a When Vs > V4, Inversion layer forms

Q Source and drain connected by conducting n-
type layer (for NMOS)

depletion
—  region

inversion —
Vg=0
layer



Threshold Voltage (V-,): Concept

\\




Physical Parameters that Affect V-,

a Threshold voltage (V+,): voltage between
gate and source required for inversion
= NMOS Transistor is “off” when Vg < V4

a Components:

= Work function difference between gate and
channel (Flat-band voltage)

» Gate voltage to change surface potential
» Gate voltage to offset depletion region charge

» Gate voltage to offset fixed charges in gate oxide
and in silicon-oxide interface
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Threshold voltage (1)

a Work function difference ®.- between gate and
channel

» Represents built-in potential of MOS system
* For metal gate: ®;- = D(substrate) - Dy (gate) = D
= For poly gate: @ = de(substrate) - Gr(gate)

VTO =D




Threshold voltage (2)

a First component accounts for built-in
voltage drop

2 Now apply additional gate voltage to
achieve inversion: change surface
potential by -2

VTo=PGc —29F +-



Threshold voltage (3)

O Offset depletion region charge, due to fixed acceptor ions
O Calculate charge at inversion (¢g =-0g)

= From before: Q= —\/ZqNAgSi |¢S —¢F|

= So QBOZ_\/ZqNAgSi|_2¢F|

= For non-zero substrate bias (Vgg # 0):

Qp = —\/ 20N p¢si|- 2¢F +Vsg|

Due to larger depletion region



Threshold voltage (3, cont.)

a To offset this charge, need voltage -Qgz/C,,

0 Cox = gate capacitance per unit area
. COX
= t_ = thickness of gate oxide (normally in A)

:8ox/ tox

Q
Vi =Dgc — 20 _C—B"'"'

OX



Threshold voltage (4)

a Finally, correct for non-ideal fixed charges

» Fixed positive charged ions at boundary between
oxide and substrate. Density = Ny

= Due to impurities, lattice imperfections at interface
= Positive charge density Q., = qN,,
= Correct with gate voltage = -Q_,/C,,

a Final threshold voltage formula (for NMOS):

Qeo  Qu
Vio=Pgc =20 — CBO C

OX OX
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Threshold voltage, summary

a If Vgg = 0 (no substrate bias):

Qso _ Qux
Vip=Pgc =20 - CBO - C

0X 0X

a If Vg5 # 0 (non-zero substrate bias)

V; =V, +7/(\/‘— 20 +Vgg _M)

0 Body effect (substrate-bias) coefficient:

y = \/ZQN ASsi + for NMOS
C - for PMOS

OoX

a Threshold voltage increases as Vg Increases!



Threshold Voltage (NMOS vs. PMQOS)

(enhancement devices)

NMOS PMOS

Substrate Fermi potential b= <O b >0

Depletion charge density Qg <0 Q>0
Substrate bias coefficient v>0 v<0

Substrate bias voltage Vg >0 Vg <0

Threshold voltage Vg >0 Vg <0




Threshold voltage adjustment

a Threshold voltage can be changed by doping the
channel region with donor or acceptor ions

a For NMOS:
= V; increased by adding acceptor ions (p-type)
= V;decreased by adding donor ions (n-type)
= Opposite for PMOS
a Approximate change in Vq,:
= Density of implanted ions = N, [cm~?]
= Assume all implanted impurities are ionized

v, ~ N

C

(0),4



Example: V;, Adjustment

a Consider an NMOS device:
= P-type substrate: N, =2 x 101 cm?3
= Polysilicon gate: @ =-0.92V
= t =600A (1A=1x10%cm)
= N, =2x10°cm-2
" g5 =11.7 g5 g, =3.97 ¢

a (a) Find V4

a (b) Find amount and type of channel implant to get
V=04V



The Body Effect

0.9

0.85

0.8

0.75

0.55

0.5

0.45

0.4

-2.5



Transistor Currents (NMOS)

Cutoff Region: lys = 0, V<V,

l4s= Qchannel /carrier velocity(v)

v = uE
Linear Region: V >V, V< V-V, E=V. /L
— Vds
lys = 14 Cox WIL (Vgs'vt'vds/ 2)Vds L= u Cox W/L

Saturation Region: V >V, V4o > Vs =V,
las = /2 (Vgs-V)?

Note: for PMOS V,, # V,,
phy < 1, hence (W/L)pyo0s ~ 2 (W/L)yyos



NMQOS Characteristics

s (MA)
4007
300t N
2007} Quadratic
> Relationship
100+
/

0 03 06 09 12 15 18
Vd

5

AWHN 1-V characteristics of ideal
nMOS transistor



PMOS Characteristics

-18 -16 -12 09 -06 -03 O

. Vgs = .—0.6
Vgs =-0.9
Vgs =-1.2 r —50
Vgs = 1.5 L —100
Vgs =-1.8 150
-—-200
lys (WA)

HEEPEN v characteristics of ideal
pMOS transistor



Channel Length Modulation

Q In saturation, pinch-off point moves
= As Vg is increased, pinch-off point moves closer to source
= Effective channel length becomes shorter
= Current increases due to shorter channel

L =L-AL

;) = %:uncox T(VGS —Viy )2 (1+ AV s )

A = channel length modulation coefficient




Summary: MOS IV
I/\V/ curve for NMOS device:

Vps = Ves Vo

with channel-length

Linear modulation

]
",
-
“a
‘a
e
e
e
a
ey

without channel-
length modulation
(A=0)

Drain current g

-
-
-
S
.
.
.
.
.
.
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.
I“‘
.
o
.
.
Y
.
Lo

Drain voltage Vq



Current-Voltage Relations
Short-Channel Transistors

-4
x 10
2.5 |
: ) VGS=25V
Early Saturation A
2" ! -
VGS=2.0V |
1.5 -
= ) > Linear
gl VGS=15V | Relationship
057 VGS=1.0V |
0 L
0 0.5 1 1.5 2 2.5



Velocity Saturation

v, (M/S)

A

Ugat = 10°

Constant velocity

Constant mobility (slope = p)

S = 19 & (V/um)



Perspective

Long-channel device

Short-channel device




| Versus Vg

-4
x 10 At
6 5 10
5,
2,
4 drati
quadratic Ld
<3 <
£ =
1,
2,
A 0.5
quadratic
0 ! ! : 0 L I !
0 0.5 1 15 2 2.5 0 0.5 1 15 2 2.5
Vos(V) VosV)
Long Channel Short Channel



| Versus Vpq

6x 10 B/GS_ el 2.5x 10 ‘ )
_— VGS=25V
5, / —
Resistive Saturation
47 1 VGS=2.0V
_ VGS=20V 1
<
Vps = Vgs- Vr VGS=15V
2 VGS=15V :
1l | VGS=10V
VGS=1.0V
g E—— ‘ ‘ ‘ 0
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5
Vps(V) Vbs(V)
Long Channel Short Channel



Simple Model versus SPICE

2.5

15¢

D

0.5

VDSAT = L Vsat/ n

-4
x 10
Vps=Vpsar ) ]
dn Note the difference
: Velocity between “transistor
e Saturated " saturation” and
Line ° velocity saturation”.
o/ Vpsar=Ver
- GT Saturated :\
N N n | Splce
0.5 1 1.5 2 2.5
Vs (V)



A PMOQOS Transistor (short-channel)

-4

x 10

VGS =-1.0V

VGS =-1.5V

lp (A)

VGS =-2.0V .
i Assume all variables

negative!

- VGS=-25V




Dynamic Behavior of MOS Transistor

a Oxide Capacitance

= Gate to Source overlap e
= Gate to Drain overlap  °

= Gate to Channel/Bulk

3 Junction Capacitance
= Source to Bulk junction
= Drain to Bulk junction




Oxide capacitances

Overlap

a Overlap capacitances
= gate electrode overlaps source and drain regions
= Xp Is overlap length on each side of channel
= L s=L,—2X,
» Total overlap capacitance:

Coverlap =CGso +Cepo = 2CoxWXp
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Oxide capacitances

Channel

0 Channel capacitances
= Gate-to-source: Cq
= Gate-to-drain: C4
= Gate-to-bulk: C,

a Cutoff:
= No channel connecting source and drain
" Cys=Cyy=0

. Cgb = Cox\NI—eﬂ‘
= Total channel capacitance C,. = C_, WL
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Oxide capacitances

Channel
JLinear mode
= Channel spans from source to drain

= Capacitance split equally between S and D
Co. = 1C 1
GS — 5 OXWLEff CGD = ECOXWLEff CGB — O

— Total channel capacitance C5. = C, WL 4

d Saturation mode
— Channel is pinched off:

2
Cop =0 Ces = gCoxWLeff Coe =0

— Total channel capacitance C.. = 2/3 C_, WL
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Gate-to-Channel Capacitance
(summary)

G G G

E——tE B O

T ~oC
i L

CGC = Cgb v Cgs v ng

Operation Region Cop Cos Coa
Cutofft CoxWilom 0 0
Resistive 0 CoxW Lyl 2 CogWLom! 2
Saturation 0 (23)C WL, & 0
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Gate-to-Channel Capacitance

CGC
WLC,, | WLC,y, | Coc
2WLC,,
CGCS
WLC,, | Cocs Coes= Goep WLC,, ’
2 2 Ceco
|
V; Ves ° Vps/ Vs V) L
Capacitance as a function of VGS Capacitance as a function of the
(with VDS = 0) degree of saturation

Bottom Line: Cap. components are non-linear




Diffusion Capacitance

Channel-stop implant
NA+

Side wall

Source

~—

Channel
Substrate N

A
Y

= CLgW+C,,,(2Ls+ W)




Junction Capacitance

2.0

abrupt junction
15} T
1.0}

C; (fF)

linear junction

05} \

0.0 i ] ' 27 ' 50

: abrupt junction
3: linear junction

— 0.
J (1_ VD-"IdJU)m 0.

o2



Linearizing the Junction Capacitance

Replace non-linear capacitance by
large-signal equivalent linear capacitance
which displaces equal charge
over voltage swing of interest

_ AQ} _ QJ(VFHEFE)_QJ(V‘EGW) = K C,.

Ce B e 0
! &VD th’gh_ prﬁ.::lw i

—of

K j—
4 (th'gh_Vﬁow)(l —H’I)

[(d)ﬂ o th’gh)l = (¢'D o Vﬁaw)l —m]



Capacitances in 0.25 gm CMOS
process

o ; CD Cj ; mj ¢'E:' stw mjsw ¢'b5w

(fF/pm*) [ (F/pm) | (EF/pm?) ) (fF/pm) (¥)

NMOS 6 0.31 2 0.5 0.9 0.28 0.44 0.9
PMOS 6 0.27 1.9 0.48 0.9 0.22 0.32 0.9




Data Dependenc

A
Case1 _/ — N
A
Case2 _/ — 0 C,/Cy
Case 3 _/__ - g 13 -1 Case 1
4 1.1 +— Case?
Case 4 _/__ - 0 1.0 Case 3
y 80 +— Case4
Case 5 _/_—||: 1 T
] 1
42 L Case5
Case 6 J__”:_/_ 31 -+ Caseb
_/_ BB
Case 7 —/__”:_/— A3 L Case7

1WAV Data-dependent gate capacitance



MOS Cap. Summary

Gate

o (bcgd
Source o f\ J_ /ﬂ o Drain
¢ Can T 3
Cq C

db
Body

WAL Capacitances of an
MOS transistor




