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MOS Metal-Oxide-Semiconductor

Vg Vg
SiO, Sio,
N+ N+
Si body P body
V V
MOS capacitor MOS transistor

o Gate oxide film can be as thin as 1.5nm
o After 1970, gate usually made from heavily doped polysilicon
 Trend today Is to return to metal gates 2



MOS Capacitor - Energy Band Diagram

e Three different materials:

N+ poly ' P-body
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MOS Capacitor — Thermal Equilibrium (V,=0)

 What happens when we bring these materials together?
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* Potential difference between N* gate and P body at zero blas
— analogous to built-in voltage of PN junction



Flat Band Condition

* Necessary to apply small negative voltage V,, on gate to make
energy bands flat at oxide surface

3.1ev
EC, EFn - 9ev Ec
Q-Vfbl c
E — 7 B Fp
Vv 7y EV
4.8 ev

 Flat-band voltage V;, is equal to difference in Quasi-Fermi levels between
two terminals under flat-band conditions

* For heavily doped N+ gate:
Vfb ~ (EFp - Ec)/q — (EFp —E, — Eg)/q °




Surface Accumulation
* What happens if we take I, < Vg, ?
| | si0,| P-body
 Band diagram on gate side
pushed upward — —r—

« FE_.on body side bends up
towards oxide surface

» Surface potential @, is a measure
of amount of band bending

— note that @, is negative if band A
bend upwards E, Eq

V,, IS potential across the oxide g |
— also negative in accumulation \_ qbs

* V4 is the potential of gate relative A
to the body

Vg:Vfb‘I'Q)S-I'Vox

VO X

— Inflat-band, @, =V,, =0 6



Charge Accumulation

. Vg = Vﬂ'-
* Negative voltage on gate attracts i
majority holes to surface
e Because E,Iscloserto Epat | [ ___ __ - ate
surface (compared to bulk), surface SiO,
concentration is higher then p, Q/) @@@@f
— —q®Q¢/kT Accumulation
ps = No-e charge, Q,..
kT Dg P-Si body
O; = ——.In|—
q Nq

If@, =—-100mv, p, = 50 X N,
If @, = —-200 mv, p, = 2200 X N,

e In accumulation, @, is small and can be ignored in a first
order model which gives:

Vow =V = Vi 7



Accumulation Capacitance

: - Qacc Ve < Vi,
e Gauss'slLaw: E,, =-— g~ '

gox
V. = E I Qacc- Tox . Qacc _____ < Cate
ox — Lox-lox — ™ __C SiO,
gox ox @@@@?
V)
Qacc — _Cox(Vg — Vfb) ( Accumulation
Chargc‘ QHCC
« MOS capacitor in accumulation P-Si body
behaves like regular capacitor with (Q =

— C.V) but with a shift in V by V,

— negative sign because voltage is measured Q.. is accumulated charge
at gate while charge is measured on body pgicunit area (C/lcm?)

« More generally: V,= — Oboa T, 1S oxide thickness (cm)

C . .
0x C,, iS oxide capacitance

where Q,,4 is total charge in body per unit area (F/cm?)
(including Q4¢c) 8




Surface Depletion

What happens if we take V;, > Vg, ?

Band diagram on gate side
pulled downward

E. on body side bends down
towards oxide surface

More positive voltage on gate
repels majority holes from
surface

Because Er is now far from E,
and E, at surface, electron and
hole densities are both small.

There is now a depletion region
at the surface with residual
negative charge due to
uncompensated acceptor ions

N+ poly ESi[OX P-body

qVox

Depletion
region




Depletion Width

V. = — Qbod _ Qdep Ve= Vi
o COX Cox
Gate
q.Ng-Waep ++++ + +
T, Si0,
e Using Poisson’s eqn. as we did CVD Depletion layer
with reverse biased PN junction: charge, Quep
Wdep = \/(285- Q)s)/CI- Ng =00
e which gives:
N,. W7
_ \/Zq.Na.ES. D and 0. = q-Ng-Waep

Vox

C,y 2&
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Charge Depletion

« AsV, increases, hole concentration at Ve= Vi
surface decreases as electron
concentration at surface increases Gate
++++++
ps = Na_ e_qQ)S/kT 8102
5 — — —
n. = n _eta®s/kT <V> Depletion layer
* N, charge, Qgep
* |n depletion, @, is no longer negligible P-Si body
— can solve following quadratics to yield
@5 or Wy, as a function of 1,

\/Zq.Na.es. D
CO.X'

I{g:Vfb'|'®s'|'vox:Vfb'l'q)s‘|'

q.Na.Wjep . q.Ng. Wyep,

V, = Ve +
9 /b 285 Cox 11



Surface Inversion

* What happens if we make V, increasingly more positive?

ps continues to decrease _
- : N+ poly ESile, P-bod
n, continues to increase 2 y

e At some point, surface
changes from P-type to N-type /[ |——._ E.

— this is called inversion s = 2 / J(
e Threshold ofinversionis /Y4 -t l ————— E,
E

defined as that condition in L F T ;.
which surface electron b ey | Y E
concentration becomes equal Ve = aV. / T
to bulk hole concentration . , ¥

ns = Ng

(Ec — EF)surface = (EF — Ev)bulk

E,

l.e., A = B which implies C = D in figure 12



Threshold Condition

o Surface potential at threshold

@ =(C+D)/q=2C/q SI0, P-body
= 205
« where q.9p = 7g — (Er — Ev) puik emgial| | JL .
- Qg is sometimes called bulk potential IR SSE—— l _____ E,
f g Cma g )
« Assuming N, = N,,, T p} |/ f !

B
N N qVey = qV /l T
Or = kT.In— — kT.Iln—
7B n; Na E. Eg ¢

kT N,
so, QPg=—.In—
q n;

) ) kT | N,
Q)st = 205 = 7 nn_i 13




Threshold Voltage

quVfb_l'@S‘l'Vox

e Substituting:

_ \/Zq.Na.ES.(Z)S and 0. =0, =205
CO.X'

Vox

2.\/q.Na.eS.(Z)B
CO.X'

Vt = (Vg)atthreshold - Vfb T ZQ)B T

e For N-type body:

2../q.Ny.e..0
Vo= Vyp — 205 — 20 NwE 00 g g g,
Cox
kT = N,
D = In (note that @gis always positive) 14
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Threshold Voltage vs. Body Doping
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Body doping density (cm )

2.1/q. Npoay-&s.Op | + for P-body
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Ve = Vsp t20p +




Strong Inversion

 If we increase V; beyond V; . .. N+ poly ESj[eB P-body
 There is now an inversion layer
filled with inversion electrons

e Surface electron concentration @/ E.
Increases dramatically with small - . Er

Increase in @ :
qV,

f=]

nS — Na. eCI(@S_sz)/kT

e Agalin, to a first order, @, does not EcEr
Increase significantly beyond 205

e Which implies depletion width has
reached its maximum value

Ey

—
E.0p

.N
»V q a 16

Wamax = 2.




Strong Inversion Charge

Qi IS inversion charge density (C/cm?) Vo>V,
Vg — Vfb + 05 + Vox
Q Q ++++(J}ra—t+e++++
_ Vfb n ZQ)B _ deg_max _ Cmv Si0,
ox ox OO0
. Qinv C‘/) 1
— Vt - +
COX Qdep Qinv
| P-Si body
e i.e, |Qiny = _Cox(Vg - Vt)

« MQOS capacitor in strong inversion
behaves as a capacitor with a voltage Where do all these

offset of V, electrons come from?

17



MOS Transistor in Strong Inversion

* In MOS capacitor, inversion electrons generated thermally
— can take many seconds in modern high quality silicon processes

* In MOS transistor, electrons rapidly supplied by N* source

Vg>vt Vg>vt
Sio, SiO,
+0eT—>0 © 06 0 0 0 © + + N +
V | N N V | N N

P body jl> P body

V V

18



Example: MOS Capacitor

e Consider an ideal MOS capacitor fabricated on a P-type silicon
substrate with a doping of 5 x 10%® cm™3 with an oxide thickness
of 10nm and an N* poly gate. Determine:

a) Bulk potential @g
b) Flat-band voltage V¢, of this capacitor

c) Oxide capacitance per unit area
d) Threshold voltage V;
e) Maximum depletion width Wi, 4+

f)  What would be the threshold if the poly gate were changed to
heavy P* doping?

19



Gate Doping and Threshold Voltage

* P-body transistor normally operates in an IC with signal voltages
that range from zero (ground) to some positive supply (Vpp)

V. isnormally set to a small positive voltage (e.g., 0.4V) so that
the transistor does not have an inversion layer at I, = 0V

— Atransistor that does not conduct at I,; = 0 is known as an
enhancement mode transistor

— P* gate is not normally used with P-body device as it would raise
threshold voltage too high (> 1V)

 N-body device is paired with P+ gate to give small negative V;

m
SiO, SiO,
Vo[N Dy P

P body N body

<7 VJ;D 20




MOS Substrate Charge - Review

b5
A
2(;5]‘} - _7
vl‘b Vt i
Accumulation Depletion Inversion
Wdcp
A
deax - _7
deax = (2852(;[)]3/(]/\/3)”2
=((¢9)'"
Vi Vi )

Accumulation Depletion Inversion

@ is zero at V¢, and near
zero in accumulation region

As 1, Increases above Vg,

@, Increases until surface is
inverted and @, = 20

@, ~ 2@ in inversion region

Waep INCreases as the square
root of the surface potential

AtV = Vi, Wy, reaches its
maximum value

21



Substrate Charge Components

chu p =4q N“ H’rdl:p

A
Accumulation Depletion Inversion
fh
| 1 -
F'V.
T Quen = —q. N, W,
_qN‘,,uﬁm\ dep qd-Na-Wdep
[~
— N3 Wamax
(a)
QII'I'.'
A
Accumulation v Depletion Inversion
b

| v o Qiny = — ox(Vg - Vt)

Slope = —C

(b)
Q:IC{
A
\ Slope = —C,,
Qacc — _Cox(Vg R Vfb)
| -
>V,
l:‘;ﬂ.. lr',t "
Accumulation Depletion Inversion

(c) 22




Total Substrate Charge

Qbod = Qacc T Qdep + Qinv

@boa
A
Accumulation Depletion Inversion
region region region

I I

| |

I I

| I

I I

| I

I |

I I

I |

I

Vi |

N Vi =

23



MOS C-V Characteristics

e ng dqub

Cox [ CE—:—

\

Vf b vl .

Accumulation Depletion Inversion

* In depletion regime, C consists of two capacitors C,, and Cy,p, In
series:

1
R _|_ Cd _—
C ™ Cox @ Caepy AND 797 "W,

1
C CZ, q.N,. & 24



MOS Capacitor C-V vs MOS Transistor C-V

« At high frequencies, MOS capacitor cannot (thermally)
generate electrons fast enough to produce an inversion
layer consistent with applied voltage V,

— so for V, > V;, C remains at maximum depletion value

— In modern processes, high frequencies (in this context) may mean
more than a few hertz!

« MOS Transistor has a good supply of electrons from
nearby N* source region

AC

LF MOS capacitor C-V
Cor = .
\ MOS transistor C-V at any frequency

| HF MOS capacitor C-V

‘;1/E

Accumulation Depletion Inversion



Example: Capacitance Values

* A10,,, X 10,, MOS capacitor is built with a N* poly gate

on a P-type substrate with N, = 10”7 cm™3 and a gate
oxide thickness of 50 nm.

 What are the high and low frequency capacitances of the
MQOS capacitor when biased in strong inversion?

26



Second Order Effects

e So far, have ignored possibility of electric charge in oxide
— fixed charge due to silicon ions at Si-SiO, interface
— mobile charge due to impurities in oxide
— sodium is a serious potential contaminant

e Oxide charge shifts flat-band voltage

Vfb ~ (EF R Ec)/q R Qox/Cox
e This, in turn, shifts threshold voltage
— very serious in low voltage processes
e So far, have assumed accumulation and inversion layers to be
zero width
— Quantum solution of Poisson’s eqgn. at SiO, interface yields finite
layer thickness ~ 5-15 A
— Effectively locates charge below interface by T,
— Reduces C in accumulation and inversion domains
— Reduces transistor performance with thin gate oxides (<10nmy’




Polysilicon Gate Depletion

e So far, we have ignored any band bending in N* poly gate

— poly is heavily doped but there will be
small surface potential @,,;,, when body

is biased into inversion N* —E,
poly

« Creates a thin depletion layer in poly

: . gate :
at SiO, interface /—Ev
— Gauss’s Law gives: Q-onl& 5
deoly = Eox- on/q- Npoly Ec,Ep “-SiOZ body
Wapory May be 1-2 nm E, Y,
— Solving Poisson's Equation: — fe—
w,
2 dpoly
_ _q'NPOIJ/' deoly
only -

2. &

« Summing potentials across interface: | V; = Vyp + @5t + Vo — Bpory




Effects of Polysilicon Gate Depletion

» Gate Depletion decreases gate
capacitance:

+ +
Cox Cpoly €ox €s

D0
_ €ox % l{} P
Tox + (deoly/3) Ee, Er “-SiOZ body

* Also, effectively reduces gate voltage:

N* E.
-1 -1
C = ( 1 1 ) <Tox deoly) poly /

Qiny = _Cox(Vg - |®poly| - Vt)

29



Effective Oxide Capacitance

 Effective oxide thickness: Tyxe = Tox + Wapoiy/3 + Tiny /3

o Effective oxide capacitance: Cy e = €px/Toxe

Qiny = _Coxe(l{g — Vt)

44— Basic C-V

With poly-depletion
With poly-depletion and

charge-layer thickness

e Measured data
— Theory

« Poly depletion can be eliminated with metal gate 30



Example: Poly Gate Depletion

 Assume thatV,,, the voltage across a 2nm thin oxide is
1V. The N* poly-gate doping is Ny, = 8 X 10'° cm ™2
and substrate N, = 107 em™3. Assuming that channel is
Inverted, estimate:

a) deoly

b) Q)poly

c) V,

31



CCD Imager

 In CMOS imager, photodiode is used as photo-detector
and CMOS circuitry is used to convert charge to voltage
and amplify and transmit that voltage to output circuits

 In CCD imager, MOS capacitor is used both as a photo-
detector and a charge transfer device to move photo-
charge from pixel to output circuits

* Suppose a voltage V; > V; Is suddenly
applied to gate of a MOS capacitor

 Thermal generation is slow — for a period of
time there are no inversion electrons.

— bands bend beyond 20,
— depletion region extends beyond W ,,,ax E,

« Known as deep depletion

E, Ep—-—-—-

32



CCD Photodetector

hv Vg >V,
| Sio,
E o \ T e o o :
N Qe
P body 1
V

« |f light shines on MOS capacitor in deep depletion, photons
pass through thin poly gate and generate electron-hole pairs
In depletion region
— Photo-generated holes drift into substrate and are removed
through substrate contact
— Photo-generated electrons drift towards gate and are collected at
oxide surface

 Number of electrons collected proportional to light intensity ss



CCD Charge Transport

 Once electrons are collected N I
under a MOS gate, they can be =51/
passed along a row of adjacent o
gates with suitably timed
multiphase clocks

e Every third gate functions as a
photo-detector

e At end of exposure time,
charges are passed along row
toward output circuits

« Overlapping poly gates ensure " v v v ©» o» v
high charge transfer efficiency




2-D CCD Imager

N

\

;
| [ |
il,}geil;tlddlgcgi g)o\a:;; . / %Slinal out

Charge-to-voltage converter

o 2-D array of charge packets are read row by row
35
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