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1) review

‘deep depletion’
| impact ionizgtion

| V.
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traditional analysis

. C
Step 1: estimate ¢ t S
ox Cacc COX Clnv
o ———__ |
\\
K &
Coee =AcCox = 4Ag — \\
tOx \
\ HF
N o e e
VG

From measured, C
solve for £,

ace’
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traditional analysis

- C
Step 2: determine N, t o
Coo  Coo|l Cin_
———— \
1 1 W, \
=~ + \
Cmin AG COX AG € Si \ \
\ HF
N ——— 9
265 (29,) }
o gN , Vs
From measured, C,_,,
Y, = ki;T In(N, /n,) solve iteratively for N,

Lundstrom EE-612 FO6 5



traditional analysis

: C
Step 3: determine Vg t Lo
Cow — Co| Cnr
C,=¢,/L, 0 0————_
S s/ D .l\_k__CFB
2 | \
L= \/8$ika/q N, N
: \\ HF
1 _ 1 . L, i N e
C’FB ) AGCOX AGgSi :
VFB VG
VFB = ¢ms - QF/COX From known, CFB’

determine experimental Vg
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gate capacitance in inversion

CG (ON) =

CCZCC
CO.XC ((1nv) <C,.
C,(inv) + C,,
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gate capacitance in inversion

Cinv

Eg

[

i

nv

Qi = _CG (VG - VT)

) EOT,, =1, +
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n* poly silicon gate

EVAC ________ A
_T T q9,, =X5i_(EF_Ec)
D, Xs
Er ~v °—> l E. s ads = x5+ (Ec- Ey)
E, ,
---------------------- T .
EF' ¢ms =_kB ln/ nl \ =_‘/bl
E g \NN,)
\Y
V= Kl ln( NAJZVD) (expected results for a pn junction)
q n,
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equilibrium e-band diagram

Vg < 0 for n* poly on p-Si
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n* poly silicon gate (approximate)

G, ~—055 -1, ~-1V

4Py =
P q¢S=XSi+(EC_EI)+(E1_EF)

(EC_EI)zEG/Q’

A
EFG = EC

Asi

-

\_

E

~__G _
¢ms zq TIUB

~N

J
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exercise

Repeat the discussion on the previous three slides for a
p* poly gate on an n-Si substrate.
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CMOS technology

NMOS PMOS
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equilibrium e-band diagram (again)

E, >0

E, >0
/ E,
E
Ec C _______ L .
E. - "
E, ( &
E, > X
recall E_=

must have E, > 0 in the poly-Si
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dE..
dx
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e-band diagram for poly gate

e ————
—_—
—_—
—

SR
EC ———————— -/I /

EV

“poly depletion”
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state of substrate and poly for V', <0

nle- p-39i

1) Vo < Ves

E, <0

X p-Si substrate accumulated

n*-poly gate accumulated

Exercise: draw the energy band diagram
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state of substrate and poly for0 < V; < V;

n iy p—Sl

2) Veg< Vg < Vqp

X Yy <29,
Y, <29 ,(poly)

p-Si substrate depleted

n*-poly gate depleted
Exercise: draw the energy band diagram
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3) V< Vg < V(poly)

E,, >0

X Yy >29,
Y, <29 ,(poly)

Vy = Vi + 20, +, +/2qEgN, (29 ) /Coy

p-Si substrate inverted
n*-poly gate depleted

Exercise: draw the energy band diagram
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4) V-~ > V(pol
V. n+:4 b Si ) Vi r(poly)

E

\ 00X

\ X Y >2y,

Q. Y, >2y (poly)

>> ()

Vi (poly) = Vi + 29 5 + 21 5 (poly) + \/zngiND [2wB(POIY)]/C0X

p-Si substrate inverted
n*-poly gate inverted
Exercise: draw the energy band diagram
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+ S 4 CG
n p—Si
Coe Cox| Cin
T T~ \\\ ////—-——

> \ |

N |

X M ]

\ | LF

\ !
\\ /
\\\_//

<>
How does band bending in Ve

the poly-Si change the
MQOS CV characteristic?
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Capacitance

n p—Si
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4) V-~ > V(pol
V. n+:4 b Si ) Vi r(poly)

E

\ 00X

\ X Y >2y,

Q. Y, >2y (poly)

>> ()

Vi (poly) = Vi + 29 5 + 21 5 (poly) + \/zngiND [2wB(POIY)]/C0X

p-Si substrate inverted
n*-poly gate inverted
Exercise: draw the energy band diagram
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Capacitance

n p—Si
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>N =2

capacitance vs. voltage

C
____________ Cox| *
1 \ 3 4
2
both accumulated Vs

both depleted
substrate inverted, poly depleted

both inverted
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capacitance vs. voltage

C
CClCC COX G Cmv
1 \
1: both accumulated V.
1 1 N 1 . 1
= 1 2 1
c. C, C, C —
CG Cacc COX
C,=C,=C,. =|0/(2k,T /q)
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capacitance vs. voltage

C
____________ Cox| “
2
2: both depleted Vs
11 1 1
= + +
CG CP COX CS
C — gSi C _ gSi

S WD P W
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capacitance vs. voltage

3: substrate inverted, poly depleted
1 1 1 1

S inv P
%4
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capacitance vs. voltage

4 both inverted Vs
1 ~ 1 s 1 . 1
Co Cp Cox G 1 — 2 n 1
CG Cinv COX

CS = Cinv CP = Cinv
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local maximum in C

C
____________ Coe| *
\ CP \|/
Cinv ll\
VG

C. = _
"™ 2k,T1q 2k, /q

E..
C — S
P WP

-

-

local maximum in C when:

Cinv = CP

\
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local maximum in C

C.. =C, (1)

iny CMAX ~ 1

Q, _ s (2) Cox 1+ \/8kBTSéX/SSiq2téXNP
2k, T 1q W,
ey _ s gN, qegN,  need high Ny (~10%° cm3)

W, W, gN, 0, to achieve Cjuy = Cpoy

* poly depletion increasingly

0, =2k,T e.N, difficult to manage as t,y |
~ )
1 1 \/ 8k, T * metal gates?
= +
Ciuax  Cox gSiquP
g Y,
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poly depletion and Ny

\j increasing Ny

The ITRS considers 3 scenarios, N, = 120, 1.5e20, 3e20 cm-3

ITRS 2005 Edition, Process Integration, Devices, and Structures, Table
40b, pp. 13-15, http://www.itrs.net/reports.html
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ITRS definitions

1) “Equivalent oxide thickness (EOT)”

3.
EOT = _9 tins
K.

ns

(high-k gate dielectrics)

2) "Equivalent oxide thickness electrical (EOT,,)"

E
Co(ON) EOT

elec

ITRS 2005 Edition, Process Integration, Devices, and Structures, Table
40b, pp. 13-15, http://www.itrs.net/reports.html
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equivalent oxide thickness electrical

1 1 1 1
= +—+
CG (ON) Cinv CP COX A
CG
COX
1 tinv Wp EOT I
=+ + —o
CoON) ey &5 £y \
C,(ON) = —
v EOTelec
f ~ .,
V
EOTelec == EOT + /Sﬂ\ tinv + /Sﬂ\ WP VDD G
Leg ) ey )
~ y
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equivalent oxide thickness electrical (2006)

/0 nm node (2006)
physical gate length: 28 nm

Vpp = 1.1V

EOT =1.1nm

poly depl. and inv. layer thickness = 7.4A (0.74nm)

@GC = 18.4A (1 .@

ITRS 2005 Edition, Process Integration, Devices, and Structures, Table
40b, pp. 13-15, http://www.itrs.net/reports.html 37
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