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A little bit ot history..
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Operation of a transistor

Vsg > 0
n type operation

iy

More
electrons

CeaC

Insulator

\

Positive gate bias attracts electrons into channel

Channel now becomes more conductive




S-D Current I
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Operation of a transistor
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Gate Voltage Source-Drain Voltage

Transistor turns on at high gate voltage
Transistor current saturates at high drain bias



Start with a MOS capacitor
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MIS Diode (MOS capacitor) O ldeal

METAL

Pecammrnoo gt II T II I ey
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Questions

\V'What is the MOS capacitance? Qg(Y )

What are the local conditions during inversion? Y ¢,

How does the potential vary with position? Y (x)

How much inversion charge is generated at the surface? Q,,,(X,Y s)
Add in the oxide: how does the voltage divide? Y s(Vg), Y (Vo)
How much gate voltage do you need to invert the channel?  V,

How much inversion charge is generated by the gate? Q, . (Vs)

What 8s t heVaotheMQSFET? C Qs(Vo)



Ideal MIS Diode n - type, V,,,=0
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ldeal MIS Diode n -type, V 0

appI:
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ldeal MIS Diode p -type, V 0

apm::

9Xi 7 vacuum LEVEL

1 "
‘ q.x V=0
d¢g | |
APm F9/2 .
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 METAL 'L”fr%; SEMICONDUCTOR

ECE 663



ldeal MIS Diode p -type, V 0

appI:
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Accumulation

p - TYPE L . n-TYPE

Pulling in majority carriers at surface
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But this increases the barrier
for current flow !
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Depletion

p-TYPE o - N-TYPE
/] ™\
- _ Ee N
- ¢ weo Ee
_____ E. K Er
2 EIF _____ Ei
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Inversion

p-TYPE . - N-TYPE
1wl
S —E¢ V<O ~—-— - = F
7/—-————Ea ] 1..:________1-:‘.::

[ >
V>0 /4_ ++++EV

o

Need CB to dip below E ..
Once below by y g, minority carrier density trumps the intrinsic density.

Once below by 2y, it trumps the major carrier density (doping) !
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Sometimes maths can

© Original Artist

\ Reproduction rights abtainable from
T

wwwy. CartoonStock.com

"Sure, it's an interesting concept, but do
we really need mathematical proof that
Casablanca should never have

been colorized?"
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P- type semiconductor V., 0

| SEMICONDUCTOR
/ SURFACE .

_ I
qy Wy~ A i
S f——ph— - - - -T—- _ - _ --E;
(Y >0n
— ¥ y

__ . —

SEMICONDUCTOR

—g—

Convention for p -type: Yy positive if bands bend down ECE 663



ldeal MIS diode 0 p- type

_ (E-E.)/KT _ (E -qy-E.)/KT _ qy /KT — by

CB moves towards E- if y >0A nincreases

—_ -qy kT _— -by
pp — ppOe — ppOe

VB moves away from E- iIf y >0A p decreases
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ldeal MIS diode 0 p- type

At the semiconductor surface ,y =Yy,
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Surface carrier concentration

— by — -by
Ng =N, Ps = Ppo€

S

EC
A y . <0 - accumulation of holes ‘.\_QEF

A y. =0 - flat band -

A y s>y . >08 depletion of holes —

A y.=yg - intrinsic concentration n =p.=n

A y >y 8 Inversion (more electrons than holes) |
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Want to find vy, E - field, Capacitance

A Solve Poi s s ond s togetEfield, potential based on
charge density distribution(one dimension)

dE

B E =r/ke,=rle, =— 1- D
dx
dy
E =-
dx
2
y d Y =_rle,
dx

r(x)=a(Np - Ny +p, - n,)
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A Away from the surface, r =0

Y NS- N;A:npo- ppO

A and

—_ -by by
P, - N, =P,e " "-N,e

- |d _
V[o% = (ple® - - ny(e’”- 1)

S
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Solve Poissond0s equat

d?y

Y
dx?

=4 (ppo(e - 1)-n e 1))

S

E=-dY /dx

d2y /dx 2 = -dEdx

= (dEd Y ).(-dY /dx)
= EIEd Y

EIEdy =~ 1 (ppo(e - D~ ny(e’’- D)

S
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Sol ve Poi

A Do the integral:

A LHS: , q
% X y
dx =—- xX=-">
px 2 dx
A RHS:

X X
e *dx, fox
0

0

A Get expression for Efield (d y/dx):

2 \
] ~“~ O b ~
Efels = &akT 8 aeaqp R @e

¢cd~+c¢ 2€e, B

ssonos

PY4p Y- 1)+n£(eby- b y- 1)0

equat

1%

Ve

u
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Define:

L1 S_ 1 S Debye Length
"\ Peed®  \ap,eb
: 0 € n ﬂyz
F y 2 8=der+b y- 1)+ (- b y- 1
C po+ € Pro U
Then:
E>O0
o \/EkT é- n 6 / > O
Efieiq F3® LOS / Y
qLD g p0 —

E<O
+for y >0andofor y <O \¥y <0
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Toh

p-TYPE Si (300K)
N‘,‘=4x|0'50m_3 _
Use Gaussdo Law T n d (STROM
surface charge per unit
area ¢
s 107% (ACCUMULATION)
5
S
J2kT N, @ gn'o"'
Qs - - L F% %178
q D g [)pO-'
lo-B_.
DEPLETION| INVERSION
EV E; E
10-2 [ 4’18—'1'1 l I fc |
-0.4 -0.2 0 Q.2 0.4 0.6 0.8 1.0

wS(VOLT)
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Accumulation to depletion to strong Inversion

A For negative vy, first term in F dominates & exponential
A For small positive y, second term in F dominates - Oy

by
A Asy gets larger, Mpo€ - 1 second exponential gets big

ppO

yg = (KT/Q)In(N A/n;) = (1/b)In(ppe/ a,pnyo)
(npO/p pO) - e_Zb B

Ys>2Yg
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Questions

V What is the MOS capacitance? Qg(Y <)
V What are the local conditions during inversion? VY g,

How does the potential vary with position? Y (x)

How much inversion charge is generated at the surface? Q. (X, Y <)

Add in the oxide: how does the voltage divide? Y s(Vg), Y (Vo)
How much gate voltage do you need to invert the channel?  V,
How much inversion charge is generated by the gate? Q, . (Vs)

What 8s t heVaotheMQSFET? C Qs(Vo)



Charges, fields, and potentials

A Charge on metal = induced surface charge in semiconductor
A No charge/current in insulator (ideal)

metal insul semiconductor

(X)

O W __  ox

A - qQN, depletion

.— ~Qninversion

B

[

Qg

Qu =Q, +aN, W =Q
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Charges, fields, and potentials

L€ (X)
~— |ag|/€

Electric Field

Electrostatic Potential
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Depletion Region

Electric Field Electrostatic Potential

2 akT O aqp pOb(ﬁ
Efeq = Y-
¢ CI ~ G 26 :A ppO
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Depletion Region

L€ (X) Ay (X
-— |ag|/€;
Vi '
vl v o
\ — X 1 1 _’.- “
-d O W -d 0] 'Y
Electric Field Electrostatic Potential

y :ys(l'X/W) :

Wmax = @es(zy B)/qN A
yg = (KT/Q)In(N A/n;) FCE 063




Questions

V What is the MOS capacitance? Qg(Y <)
V What are the local conditions during inversion? VY g,

V How does the potential vary with position? Y (x)

How much inversion charge is generated at the surface? Q ., (X,Y <)

Add in the oxide: how does the voltage divide? Y s(Vg), Y (Vo)
How much gate voltage do you need to invert the channel?  V,
How much inversion charge is generated by the gate? Q, . (Vs)

What 8s t heVaotheMQSFET? C Qs(Vo)



Coul dnot we ] us
this exactly?




Exact Solution

U=Dby

dy/dx = -(QKT/qL p)F(Y g:Nuo/P po)

.U
8 dU/F(U) = ° xIL
Us

F(U) = [eYs(e"Y-1+U)eUs (e!Y-1-U)] V2



Exact Solution

r =qgnfe“s(e’-1) de'B(e-1)]

Us

Qd UB / FgHUBNLY
U

F(U,Up) = [eYB(eY-1+U) + eUs (eY-1-U)] V2



Exact Solution

N, = 1.67 x 1015

Qinv ~ L/(X+x )2
X, ~ Lp . factor



Questions

V What is the MOS capacitance? Qg(Y <)
V What are the local conditions during inversion? Y ¢,

V How does the potential vary with position? Y (x)

V How much inversion charge is generated at the surface? Q. (X, Y <)
Add in the oxide: how does the voltage divide? Y s(Vg), Y ox(Vo)

How much gate voltage do you need to invert the channel? V4

How much inversion charge is generated by the gate? Q, . (Vs)

What 8s t heVaotheMQSFET? C Qs(Vo)



Threshold Voltage for Strong Inversion

A Total voltage across MOS structure= voltage across
dielectric plus vy

V; (strong _inversion) =V, +y . = C—S +2y

2e 18\
Qs(S1) = AN W, =qNAJ Sé,{]( ) = 200N, (2y )
A

Y VT — \/zesqu(zy B) + 2y -
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Notice Boundary Condition !!

e, Vilt o« = ey J/(W/2) Before Inversion
After inversion there is a discontinuity in D due to surface Q

V,, (at threshold) = e,(2y g)/(W ,,.,/2)C; =

_/26,0N . (2y ;)
C.

L€ (X)
~— |ag|/€

T~ ex

-d 0 W

inv
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Local Potential vs Gate voltage

VG = Vfb + ys + (kstox/kox)g1 2kTNA/eoks)[b )é + eb (sy2y B)]1/2

1:5

05 el

— el S -

Ve W)

Initially, all voltage drops across channel (blue curve). Above threshold,
channel potential stays pinned to 2 y g, varying only logarithmically, so that
most of the gate voltage drops across the oxide (red curve).



Look at Effective charge width

Ve W)

Initially, a fast increasing channel potential drops across
Increasing depletion width

Eventually, a constant potential drops across a decreasing
Inversion layer width, so field keeps increasing and thus
matches increasing field in oxide



Questions

V What is the MOS capacitance? Qg(Y <)
V What are the local conditions during inversion? VY g,

V How does the potential vary with position? Y (x)

V How much inversion charge is generated at the surface? Q,,,(X,Y s)
V Add in the oxide: how does the voltage divide? Y s(Vg), Y ox(Ve)

V How much gate voltage do you need to invert the channel?  V,

How much inversion charge is generated by the gate? Q ,,,(Vg)

What 8s t heVaotheMQSFET? C Qs(Vo)



Charge vs Local Potential

Q. a &8 2egk KTNp)[b y + eb (e2yB)]1/2

1 0-6 A s AR ST AR S T I IR SRR R a0 B e
O e i A DR s VS T A Dy S T S, e RS D e il )
8 ..................................................................
i -7 . :
....................... 00,5‘.|
w_ (V)

Beyond threshold, all charge goes to inversion layer



-10 -5 0 5
X

[expi-Px) + n,.exp(Px)]~? with n, = 1.

10

-50 -20 -10 0 10 a0
K

30

Add other terms and keep

Leading term

[+ n [ 2]

15

How do we get the curvatures?

10

i

10

fiu)

10’

1

e e T

10 -

10

fix]
=

10

1{"-10 =20 =10 L] 10 P2l L]

EXACT

([exp(-Bx) + Bx -1) + n [exp(px) -Bx - 1]}



Inversion Charge vs Gate voltage

Q ~eb(9%B),y 2y ~log(VeVy)
Exponent of a logarithm gives a linear variation of Q  ,,, with V 4

Qinv = - Cox(VG' VT)

-5




Questions

V What is the MOS capacitance? Qg(Y <)
V What are the local conditions during inversion? VY g,

V How does the potential vary with position? Y (x)

V How much inversion charge is generated at the surface? Q,,,(X,Y s)
V Add in the oxide: how does the voltage divide? Y s(Vg), Y ox(Ve)

V How much gate voltage do you need to invert the channel?  V,

V How much inversion charge is generated by the gate? Q,..(Vg)

What s t heVatheMaSFET? C  Qg(Vy)



Capacitance

:-e'”+§QV e x - 1f
C p-Qs_ S gl G p|00g H

D o ~
y V2L, F% )é,npoo

For y ;=0 (Flat Band):

2 3

Expand expon n—tlﬁé(ﬂ‘sz—e*'—"‘ ........

C,(flat _ band)—L—S

D
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Capacitance of whole structure

Vv
A Two capacitors in series: |
; METAL
1 -
INSULATOR

Q - Insulator L: S /_
I _ - SEMICONDUCTOR

C; - Depletion

1 T

OHMIC CONTACT

1_1, 1 _ CC,
— = + OR C_ I
C C C, C +C,
c18
o d
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0.2

Capacitance vs Voltage

Crg({ FLAT BAND
CAPACITANCE )

¥s® ¥,
len-- (?)
Co]”
min { (C)
i
I
|
SEMICONDUCTOR P,
BREAKDOWN
|
| 'y
- Ve O Vmin Vr —edt
V(VOLTS)
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Flat Band Capacitance

A Negative voltage = accumulation 8 C~G
A Zero voltage 8 Flat Band

V=0Yy=0Y C=C,,

d+eiLD
i_1+1_1+1_esd+eiLD_ e,
Ce G C & & €€ €
d L,
. e
Y C; = '
©od+2L,

ECE 663



CV

A As voltage is increased, C goes through minimum
(weak inversion) where d y/dQ is fairly flat

A C will increase with onset of strong inversion
A Capacitance is an AC measurement

A Only increases when AC period long wrt minority
carrier lifetime

AAt oOohighodé frequency, ddandt e
see increased capacitance with voltage

AFor Si MOS, o0hi ghl6OHzr equenc

ECE 663



CV Curves 0 ldeal MOS Capacitor

10Hz

\|

10%Hz

 si-Sio, 103Hz
N, = 1.45x10% cm™3

U d=z2000A

10*Hz 1059 Hz

1 L 1 H 1 1
-20 -5 -10 -5 O 5 0 15 20
V{VOLTS)

S osf ' _
(3] v

o4l t . _ —— I o ei

¢ d e ﬁ‘ len - e
- : N d+°WwW
~ €, MmaX
02 CD
v NA
Ve
0.0 1 ] ] 1 | l * i 1 1. 1
-8 -4 -2 0 2 4 6

VI{VOLTS)
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MOScap vs MOSFET

o C;
1.0
08 Crg( FLAT BAND
- CAPACITANCE) N
O 06 - ) 4
O | Vs® Vg,
04} Cmin—= -~
Cmin/
02} !
SEMICONDUCTOR
BREAKDOWN l
i
o I '
— Ve—— O VminVr o4y
V(VOLTS)
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MOScap vs MOSFET

ualc

Minority carriers generated by Majority carriers pulled in
RG, over minority carrier lifetime from contacts (fast !!)
~ 100ns

So C,,, can be << (, if fast gate C., =G,

switching (~ GHz)
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Example Metal - SiO ,- Si

A N, =10Y/cm?3

A At room temp kT/q = 0.026V
A n =9.65x10%cm?3

A e,=11.9x1.85x104 F/cm

aN , @ ' \

4ekTIne 0 11.9x8.85x10"*X0.026In({10" 9.65x10°)

— i 1.6x10"° X 10"
q°N,

W__ =10"°cm =0.1nm
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Example Metal - SiO ,- Si

A d=50 nm thick oxide=10 -5 cm
A ©=3.9x8.85x10 -4 F/cm

-14
c =8 = 39X88XI0 T _ 6 95107F /em?
d 10

o 17 ~
y.(inv) =2y, = 2kTlngl!\lko 2x0. OZGxIn%Lg 0.84Volts

q c¢ch =+ 99.65x10 -

-14
c,= & o 3IBBXOT g0k /cm?
d+3W 5x10°7 +(3.9/11.9)10

_gN W _1.6x10"*x10"" x10°°
V — maXx + 2 —
™ C Ve 6.9x10°’

+y.(inv)=0.23+0.84

=1.07Volts
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Real MIS Diode: Metal(poly) - Si- SiO, MOS

A Work functions of gate and semiconductor are
NOT the same

A Oxides are not perfect
d Trapped, interface, mobile charges
d Tunneling

A All of these will effect the CV characteristic and
threshold voltage
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Band bending due to work function difference

Vacuﬁm level

T [
q¢,,
qo,
E

F

7/_”7?/ E

______ .
p—Si v
| Metal
s EV
SlO2

0‘}\}:6;' )
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Work Function Difference

A gf .=semiconductor work function =
difference between vacuum and Fermi level

A gf .=metal work function

A of ms:(qf m- CIf s)

A For Al, of ,=4.1 eV

A rpolysilicon gf ;=4.05 eV

A ptpolysilicon gf .=5.05 eV

A of .. varies over a wide range depending on
doping

ECE 663



(p-w2) N

g101 1101 o101 g101 #101 e101
(3
[ ————_ (15 — d)iKjod L u 01=
GRON
90—

7o

90

80

\ (s — w)lKjod _d

01

¢l
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SIO,- Si Interface Charges
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