EE 560
MOS TRANSISTOR THEORY
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TWO TERMINAL MOS STRUCTURE
oV (GATE VOLTAGE)

_>\
OXIDE—

Sio,

SUBSTRATE

p-type doped S
(N, = 10" to 10" cm™)

©V, (SUBSTRATE VOLTAGE)
EQUILIBRIUM: np=n?(n » 1.45x 10" cm™)
Let SUBSTRATE be uniformy doped @ N,

2

n.
n_.»—— and P = N _
PPN, PO A (BULK concentrations)
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ENERGY BAND DIAGRAM FOR p- TYPE SUBSTRATE

E
’ } R s qC = electron affinity of Si
qx qdg
Ee 1 Conduction Band f - = EFE} Ei
Band-gap
: ener o : _
El .................. E ........ : g]‘_}r]_e‘v ...................... ? ....... q ¢' IﬂtrlﬂSlC FEITI]I LEVEI Work FunCtlon
EFP . Y Fp Fermi Level B
qFS =qc +(EC- EF)
By — Valence Band
- kT N
fe :kTIn A (N, >>n) fo. = D (N, >>n)
P A i n
q N, q i

n.=1.45x 10" cm* @ room temp,
k 1.38 x 102 J/°K,

=>kT/q =26 mV @ room tem
g=16x10"®C | P
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ENERGY BAND DIAGRAMS FOR

COMPONENTS OF MOS STRUCTURE

METAL (Al)

OXIDE

E
0 TqFM:
qc,,=4.1leV E_

A4
EFm |

E

V

=
iqcoxz 0.95eV
A

band-gap:
Eg =8eV

A4
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SEMICONDUCTOR (Si)

E

F.>F,, =>p-typeSi
Fy>Fs =>n-typesi

qF

ST gc, =4.15eV
\ 4

C

A

band-gap: Eg =11leV

Lo,




Equilibrium

_ . L v =0
\F,'it:bér“‘ﬂd_ ‘éi'\t,%ﬁ’tes \V; __ Equilibrium
Built-in potential: -+ / B -
Dps = Ve eV oF /qu c

A E,
E__ v ar, A v L ar E,,
f .= surface potential v E,

METAL (Al) OXIDE  SEMICONDUCTOR (Si)
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MQOS SYSTEM WITH EXTERNAL BIAS
Accumulation Region TVG <0

E_AE_Oxide holes
4 o 4 Eox ACCUMULATED

on the Si surface

p-type Si Substrate

Equilibrium
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MOS SYSTEM WITH EXTERNAL BIAS
V>0 (small)

Depletion Region T
E E_.Oxide
¥ Eo. ¥ Eox DEPLETION
Region

p-type Si Substrate

EC

- 3

qVG EI:IO

EFm + s EV

METAL (Al) OXIDE  SEMICONDUCTOR (Si)
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MOS SYSTEM BIASED IN DEPLETION REGION
T V, >0 (small)

DEPLETION
Region

Mobile charge in thin layer
parallel to Si surface

X N
dp=—dQ= xq Adx —» Change in surface potential

dQ=-gNadx — »

£si Csi to displace dQ
OF Xd N
[do = quNAdx—> q)F_q)s:g A
b 0 €gi £gi

.~ |%Esil0F — 0 Depletion Region Charge
qN,  Q=-9Naxq = —/2qN ats;[0F - 0
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MOS SYSTEM WITH EXTERNAL BIAS
V. >0 (large)
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Inversion Region T

Electrons
attracted to Si
surface

Inversion Condition V, = Qpg- Q‘xd x4 — AN AXdm

f =-f -
F
° / = _‘quNAE Si|2¢l1:.'|
_ _ [2eg12f]
Xam = X4 fg=- fg — E

g\ c
] /- E
. v Ve | f.= 'fF/ E

METAL (Al) OXIDE  SEMICONDUCTOR (Si)
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N-CHANNEL ENHANCEMENT-TYPE MOSFET

nMOS Layout

B polysilicon gate
active area

N metal

B contact area
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p -substrate

V_.<V_ —— CUT-OFF REGION

GS Tn

DEPLETION REGION
0< Vs < Vo, Vs

\V/ \l/DS
G .
B (Gz)‘ . - oxide ‘ S %7
. | —
GC
T TS N n*

deBFetion region

substrate
or bulk B P
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V..>V INVERSION REGION 14

Underneath Gate E
VG - VTn I/ f E
of i , v E

Een ¢ AV, Te +/ EFp

METAL (Al)  OXIDE  SEMICONDUCTOR (Si)
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MOS Capacitance ¢ =WLC,,, C, =S [t ->TOX inSPICE]"™
o [C_->COX in SPICE]

t =50nm,e =0.34 pFcm => C_=6.8x10° F/cm?
WxL=50mmx50mm => C__.=170fF

—~

Depletion Capacitance C,. =WLC,, C, = =1
Xd
X JZESi o7 - Vsp| [N, -> NSUB in SPICE]
qN S Ny ; (p - substrate)
KT AN
frp = -In ot
q A

N, =3x10"cm?® n =145x10"cm® => f_=-0.438V
(recall that at room temp or 27°C kT/g =26 mV)
V,=0V,e, =106 pFcm,g=16x10"C, N ,f_=> x,=6.22

A’ F

€y X, => Cj =0.17 x 108 F/cm?
WXxL=50mx50mm => CBC:42.5fF
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Threshold Voltage for MOS Transistors

n-channel enhancement
For V_,= 0, the threshold voltage is denoted as V., or V [V1o-> VTOIn SPICE]

TOn,p

_ Qo . Qu
VTo_FGC'ZfF' =2 -

OX COX
Threshold Voltage factors: (+ for NMOS and - for pMOS)
_ [2f - = PHI in SPICE]
-> Gate conductor materia;
-> Gate oxide material & Opo= —.JZqNAE Si|2¢|1:.'| [N o = NSUB in SPICE]
thickness;

-> Channel doping;

-> |mpuritiesin Si-oxide tal gat
F .. =f (substrate) -f , metal gate

F .. =f (substrate) -f _(gate) polysilicon gate

interface:

-> Source-bulk voltage V _;
-> Temperature. [Q,, = ANSS in SPICE]
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Threshold Voltage for MOS Transistors E
n-channel enhancement
For vgp = 0: the threshold voltage is denoted as V_ or V__

Op- —+2aN pegi[20F - Vgp|

VT:FGC' 2.I'.'F_ QB _ QOX

OX Cox
:FGC' 2.I:F _ QBO_ Qox _ QB- QBO
| Cox Cox 1 Cox

where V.,
Qp - QB0

. =1/2'51NA581 (1”243 Vgl - ’T'bF)
(04

|
(9= Body-effect coeff|C| ent) [g= GAMMA in SPICE]

VIn = Vron +v(+205 - Vop| - 205
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Threshold Voltage for MOS Transistors

n-channel -> p-channel

****BE CAREFULL*™™* WITH SIGNS

o f _1s negative in NMOS, positive in pMOS

* Q.. Qg are negtive in nMQOS, positive in pMOS
e gis positive in nMOS, negative in pMOS

*V_ Is negative In nMQOS, positive In pMOS

C
NOTE: gu ==
CGC
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Threshold Voltage for MOS Transistors

A V710
VT NMQOS
BULK

ulL___— 1 BULK
10

T pMOS
i BULK
3V (nMOS 10 %em?® )
(nl\/lOSleO /cm

3Vt
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EXAMPLE 3.2 Calculate the threshold voltage V_ atV_ =0, for ™
a polysilicon gate n-channel MQOS transistor with the following
parameters:

substrate doping density N, =10 cm®,

polysilicon doping density N =2 x 10 cm~,

gate oxide thickness t_ =500 Angstroms,

oxide-interface fixed charge density N_ =4 x 10 cm,

_ Qeo . Qo
—> Vo= Foem Mgy - 22 <

C:OX COX
f ey Foet Foc =Tran = Trgao
frow = Lin = 0.026vIERAX100 4 55y,
g N, 10 o
kT, N & 2x10%° 0o
frcate) = ; In n_D = OOZ6VIn8 o @5~ 060V

Foc =Tram = Troao =-0.35V-0.60V =-0.95V
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EXAMPLE 3-2 CONT. Vo= Fgg - 2fp - 280- 8 8

. (04
Qpo'

Qpo- —1/2CINAE Si [20F(sub)
= - 1/2(1.6x10"*° C)(10°cm™®)(1.06x10 *{Fem %) | 2x0.35V|

F=C/V
=-4.87x 108 C/lcm?

10),4

ox"

e 0.34x10“Fcm™

x — =6.8x10° F/lem’
500x10 "cm

OoX t

OX

Q.
Q. =aN_ =(1.6x10" C)(4x10" cm™?) =6.4x10° C/cm®
Qqo _ - 4.87x10° Clem? Qy _ 64x10°Clem® _ 0 0oy,

C 6.8x 108 Flcm? =-0.716V ¢ " 6.8x10°Flem?

OX

V., =-0.95V- (-0.70V)- (- 0.72V) - (0.09V) = 0.38V
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EXAMPLE 3.3 Consider the n-channel MOS transistor with the *

following process parameters:
substrate doping density N, =10 cm®,
polysilicon doping density N_ =2 x 10 cm~,
gate oxide thickness t_ =500 Angstroms,
oxide-interface fixed charge density N_ =4 x 10 cm,
In digital circuit design, the condition V_, = 0 can not always be
quaranteed for all transistors. Plot the threshold voltage V_as a

function of V..
—>> V-V +v({[20F - Vop|-20p]] <

g- Body-effect coefficient: F=C/V
g J20N,.eg _ J2(1.6x10 * C)(10%° cm®)(1.06 x10" “Frm ')
C 6.8x10%F/cm?

OoX

-8 -1/ 2 2
_ 5.824x10 8C/V (;,m — 0.85\2
6.8x10°C/Vcm
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EXAMPLE 3-3 CONT.

VT = VT0 +Y (\ﬂ2¢F - Vgp| - 1!l2¢'1:|)

where
V;,=0.38V (from EX 3-2)

g=0.85V/"

A V_(Volts)
1.60 -

1.40

1.20 7
1.00 7

0.807
0.60 7

0.40
0204\ sV (Volts)
1 0 1 2 3 4 5 6
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vr =038V +(085v1/2) ({-0.7V ~ Vgp| - vO7V)




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

