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1) review

‘deep depletion’ R—
| impact ionization

| V,
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guantum capacitance

1) What is quantum capacitance?

2) What is the quantum capacitance limit?

Boltzmann T=0K

qws /kgT _
ng oce™s/™® n, = (EF—EC)

E. = const — qu,

dQI _ an CS _ d(an) _ q2D2D _ CQ
7 kT /0

C —
S dys
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guantum capacitance: example

n. =10~ cm™
S AV = (Vg -V, )
C, = Ms _ ~6.5x10° Flem? (r
KsT /0
+ COX
_ oM s , | AWs |
guantum C limit: ——
C, << Cy c
Ay, =AV X

C.(inv) + Cy,
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surface potential vs. gate voltage

Wy = V¢

y. | Cslimv) << Cq,

C.(inv) >> C_,

/ /
VA VA
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n* poly silicon gate

EVAC
I I Q¢m:ZSi_(EF_EC)
D, Xs
E, l . J E. D Q¢s:ZSi+(EC_EF)
—————————————————————— kT ( n? )
E," o =——2—In| —— =V,
EV ¢ q nkNANDJ ;
V. = Ke T In( NAND\ (expected results for a pn junction)
g U )
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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)

EVAC
Dy, As 0 - N
E
Ery J = S ¢ms N 4
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CMOS technology

S

NMOS PMOS
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equilibrium e-band diagram (again)

E. >0
Y —
E. C ________ i
— F
EC ( // EV
EV » X
_ _1dE
must have E, > 0 in the poly-Si recall &, = q dx
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e-band diagram for poly gate

AV, ]

v Vs -

qVG Ii ________
N .

Q
OX
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state of substrate and poly for V', <0

N fe— p—SI

1) Vo < Veg

Eo <0

>; P-Si substrate accumulated

n*-poly gate accumulated

Exercise: draw the energy band diagram
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state of substrate and poly for 0 <V, < V-

n—| p-Si

2) Veg < Vg < Vqp

Eox >0

X Vs <2y
Wp < 2'7”B(pOIy)

P-Si substrate depleted

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

Ve

N — p—SI

3) V; < Vg < V4(poly)
Eo >0

Ws > 2y
l//p < 2'7”B(pOIy)

Vi =V +2y5 + 5 +\/2q53iNA(2V/B)/Cox

p-Si substrate inverted

n*-poly gate depleted

Exercise: draw the energy band diagram
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Vg >V (poly)

ADNV.>V I
V. H+J 0 Si ) Vg r(poly)

E.. >0
\ OX

\ X s > 2y,

Qs v, > 2y (poly)

\

V; (poly) = Vg + 27 + 2y (poly) + 204N, [217, (poly) ]/Cos

P-Si substrate inverted
n*-poly gate inverted

Exercise: draw the energy band diagram
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V. [n* p—Si  Ce
G CaCC COX CinV
___________ § p——
> N\ /
X h /
\
N II LF
\\ /
\\ /l
How does band bending in Vs

the poly-Si change the
MOS CV characteristic?
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capacitance

V, |n° p—Si V,
X C.— — -
Qs ~
Cox Cox
et
Qs =Qp =-0Qs Cs
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capacitance vs. voltage

IC
____________ Coc| =
A
1 \ 3
2
both accumulated Ve

both depleted
substrate inverted, poly depleted

both inverted
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capacitance vs. voltage

1: both accumulated

1 1 1 1
—=—+ +
Cc G Cox G
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V. [n* p—Si  Ce
G CaCC COX CinV
___________ § p——
> N\ /
X h /
\
N II LF
\\ /
\\ /l
How does band bending in Vs

the poly-Si change the
MOS CV characteristic?

Lundstrom EE-612 FOS8 24



capacitance vs. voltage

2: both depleted Vs
1 1 1 N 1
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capacitance vs. voltage

3: substrate inverted, poly depleted

1

G

Cs

= —+—+ L
C. C. Co C. <
= Cinv CP = gSi

1 1
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capacitance vs. voltage

4: both inverted Ve
1 1 1 1

—=—+ +
G CP COX CS 1 — 1 + 1
Co Cin/2 Co

:Cinv Cp '

S

O O

I
O
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local maximum in C

C
____________ Cox| —
C, v
| | ' ' h\ S T . T .
ocal maximum In C when: o 1 c. c_'c 'c.
CinV —_ CP inv
&
* need high Ny (~10%° cm3) - ~N
e poly depletion increasingly difficult 1 — 1 n SKET
to manage as toy ¥ Cuax  Cox &0 N
\_ J

* metal gates?
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equivalent oxide thickness electrical

1 1 1 1
C:G (ON) Cinv CP COX * C
° C:OX
1 tinv Wp EOT - - —————=
Cs(ON) &5 &5 o \
C.,(ON) = —=ox
E()Telec
4 ~ o
Y,
EC)Telec — EOT + ( gOXJ tmv + ( gOX J W VDD ©
\- Y
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equivalent oxide thickness electrical (2006)

68 nm node (2007):
EOT =1.1nm

EOT,..=1.84nm

elec

ITRS 2007 Edition, Process Integration, Devices, and Structures, Table
PIDS2a, pp. 11-12 http://www.itrs.net/reports.html 0
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guantum confinement in an MOS-C

‘quantum
well” E
F

% <
N



energy levels

2 2m’'E i
d ng)+k2l/jzo k2: : 3
dx h g
w(X)=sIink X
= “2
k2 h2n2s? F
En j— rl p— " 2
2m 2m W
&
E.=0
light mass

narrow width = high subband energy



carrier densities

classically:
n(x)=NcF), [(EF - E¢ )/kBT ]Cm_B

guantum mechanically:

n(x) ~ y (Xy(x) cm®

- —— o= ——— classical
n(x) i
|
| \ - X

0 W quantum
mechanical

energy -->




carrier densities (ii)

W
ng = jn(x)dx cm™
0

guantum rwechanical:
s~ [ (p () dx
0

n(x) —————————— i classical
N .

0 W quantum
mechanical

energy -->




carrier densities (li)

Ng

gZD(E) —

Ng =

O t—38

W
[ n(dx cm?
0

0,0(E) o (E) cm™

*

h2
ka

h?

InL+ e )

energy -->




QM shift of V-

 to first order, QM simply raises

E. by g,

e Yo must increase by AycCM to

achieve inversion

-

\_

Vs =2y
—

Vs :2(//B+AWSQM

~

J

Aps" 5 &lq

energy -->




QM shift of V(i)

(

Aps" ;s &lq
_ QM
AV =mAy
V; :VFB+2wB+mAwSM A
_QD(2W5+AV/SM)
Cox )

AV,
t COX
Ay —+ P
—— C.(inv)
4
Ay = Ar:]/@ m=1+ Csé(inv)
OoX




QM shift V- (iv)

A SOI N-MOSFETs 1
— 30r, T=300K .
= s |' |
I tSI ‘_'g' 10 5 \ i
- | ‘

ﬁ =L ] \\ ® Measured ]
BOX Z_E 30 k \{ --- Simulated  ;
® f N8 ]
- 50 0 T i
> ! ]
A .;
_70 PR T T WY W W N AW TN W WA T U UYWAY U MY RN NN A AN B

0 10 20 30 40 o0

Tg, [nm]

(D.Esseni et al. IEDM 2000 and TED 2001)



triangular quantum well

8

Energy-->

U(x) = qE,X

[74¢3]

|

3hqE,

a2m”

X

(i+ 3/4)} i=12,3,..

w(X):

W

(X) =

2F,

3q9E

Airy functions



infinite vs. finite height quantum well

o0 o0

A. Ec (9

> A

Q I

% l//(X) > W(X)

5 AE,

m 5 /\\L
/.. i
0 W x wave function 0 W X

v (X)=0 penetration”



bandstructure effects on QM confinement

Z

Si conduction
band

energy -->

X



bandstructure effects on QM confinement

Z

- OO A w
Si conduction o
band 2
N
1 [ 83
>
=2
X e
Q
+ &
2 2
&
o (C/‘l

unprimed ladder: m =m g=2

primed |ladder: m=m g=4 0 W y
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semiconductor capacitance

C,(inv) = Q)

oY
* N\ - 82
m kT i
Q =0ans =@ 72'th |n(1—|— e(EF_EC+81)/kBT) > E.
=
) — — — 51
E. =const - quq
Cs ~C, qrs




C, In a bulk semiconductor

VGZ > VGl VGl




another view of how QM affects C¢(inv)

0<ys <2y4
o)
CS:CD
Ap|
C j—
’ Ay ‘A'O‘
E..
C.=2"
D W,




another view: guantum mechanical

2Wg <Y

C, = Cq(inv)

AQ)]

M= 5 AQ]

gSI

S = om)




Schrodinder-Poisson simulation

Tool I About  Q

Device Parameters ] Environment ] kodels and Plots ] HW3

Device Structure: [Bulk MOS Capaclitorw'ith Metal Gates -

Owxide Thickness: Tnm
Oxide Dielectric Constant: 3.9
Substrate Doping: 1e+18fcm3
tetal Workfunction: 4.00e¥

Acceptor lonization Energy: 0.05eV n an O H l | B Or
: 0.05eV " g

Donor lonization Energy

Metal Gate (w.f)
Gate Oxide (£,) T,

Substrate/Body (N,)

Simulate =

475 | x 650
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summary

1) Polysilicon depletion lowers the gate cap and
Increases the effective electrical thickness of the gate
Insulator.

2) Quantum confinement increases V;

3) Quantum confinement lowers the gate cap and further
Increases the effective electrical thickness of the gate
Insulator.
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