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/ Flat Band Condition_
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What if
Ve =V,

voltage across the substrate,

voltage
across
the oxide

substrate charge

i.e. the band bending in the
substrate, also called surface potential

v, :Vﬂ7;V0x+(pS ‘I/

Non-Flat-band conditions

VOx - QS QS = Qdep + Qinv + Qacc
k COx /
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/ Surface Accumulation \
) _
3.1eV Vg - Vfb + ¢s + Vox
14
Ec’Ef ox p= Nvef(Ef—Ev)/kT
E E
' o 0 ¢s is negligible
g
l q@ Ec VOx —_ QS
l E COX
T F V=V, 4V, e
O =—CoVo,

= _COx (Vg - Vfb ) /
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k Can solve for @(Vg) and Vox(Vg)

Depletion
qVox e
ya - Tt
4 - o @a
9V /W < _ =0 _ _Qdep
—={w, ox — o —
EEr de(faletion COx COx
E, region + qNu Xdep
- COx
M 0] S V29N &5
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/ Threshold (of Inversion)

nS :po :Na I
(Ec—Ep)s=(E—Ep)pu c=D
ALVt ¢g=2 0, ~08V A=B

1
P5= ; (Ei —E; )bu[k

KT N

In—+ =04V 5
4 "™ of s
(Alternative definition: @g , = @+ 0.45V)
VTZVg((Ps=2¢’B)=Vfb+(/75+V0x n=

Vi =V, +2 @, + 3205020
LD

Cox

0.15V 19 -3
k ~ 10" cm
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Inversion

Os 220, @5 ~20,

g@ +an
Vg:V/b"'zfoB_ 2
Ox
v 2gEN 2 . ]
ZV/b'i‘2§03+ 2q s1Va <P an:VT an
COx COx COX
Qi
I/T:I/jb—i_zq)B_ C .
Ox

an :_COx(I/:g _V;") I

@5 220,
large O,
large O,

large V,,,
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Review : Basic MOS Capacitor Theory \

A

S

/1,

. V/h ¢ . .
accumulation depletion inversion

Y

. V/b l V . .
accumulation depletion ! inversion
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/ Review : Basic MOS Capacitor Theory

Qip ~ NV oy 9
A
accurmulation V,,, depletion inversian accumulation ' depletjon ' inversion
| | Vv regime | regime | regime
(@ o7, g | |
AN dep | !
N~N————— |
|
7‘7]\{1dem V/r, ‘
| -V
0 = of 7 ¢
inv Qg - Qacc + Qdep + Qirzv
accunulation V7, gepiegion inversion -
® : - >V Qi
dope—_ ¢
AT Cn X . slope=—C, |
» small-signal capacitance:
C C=— dQS
] av,
0 4
ace
Cox ‘
dore=- G,
© &
| ;V
T L
| | v 9
v 4 £ Vib Ve
accumulation /? depletion / inversion
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Advanced MOSCAP Physics and Technology
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/ So were we too simplistic? \

* Problem with previous analysis

— Assumes that there are no free carriers in the depletion region
(depletion approximation)

— Obviously, this is not true (else, how could we have inversion

charge?)
'//' N,
—q0(x —Bo(x (.

p(x)Zpoe qo(x)/kT _ Poe Bo(x) }/ﬁ o(0)=0

q
B= k7 =% b N, p-type

EV

— o(x)/ kT /ﬁ

n(x)=nye? Z(") Eq.3-9 so,[ s
N .
k ) O /
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/ A more general and accurate MOSCAP analysis\

» If we don’t assume complete absence of carriers in the
depletion region, we have:
dp__plx)__q

I =—gs=—gs(p+N;—n—Na)

__9 (poe—ﬂco(X) _ noeﬂw(X) ~-N, + Nd)

Eg

* Now, we can proceed by noting that:

ﬁ_li(d_(ﬂf
dx* 2do\ dx

\_ /
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/ Calculation of E(x)

* Therefore, we have:

d? 1d(d -
v ( ‘”j “9(pye —nye’ ~N,+N,)
dx 2d¢) dx &

do 2_—26] ? ~py By
jidx) ——jo (poe —nye —Na+Nd)d(o
-2

ﬂ[—p(e % 4 Bp—1)=ny(e” - fp—1)

% |:2S‘;(p0(e 7+ Bp—1)+ny(e” — p— 1)):|

& Which is —E(x)

!
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/ Calculation of Qg

» Now, we can solve this equation at x=0 to find the peak
field. By Gauss’ law, we can therefore find the total
charge in the silicon

O, =-¢4E; by Gauss's Law

_. do| _ d(ﬂ
S dx | - dx
- 2‘;5 [p,e ﬂ‘f’*+ﬁcos—1)+n(ﬂ“’*—ﬂ(ps—l)]‘”

This equation is valid in all regions of operation, since w
haven’t made any region-specific assumptions so far

~

(&

/
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/ Calculation of inversion and depletion charge \

* From the previous analysis, we can also calculate the various charge
components, namely the inversion layer charge and the depletion layer
charge (and, of course, the accumulation charge in accumulation).

» For example, in inversion, we find:

r % n(p)de
! q!:n(x) * q(p{/ do/dx

» Since we know E(x) and n(x), we can solve for the total inversion layer
charge.

+ Similarly, we can also solve for Qg, which consists of ionized
acceptors and holes.

\_ !
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/ Graphical analysis of charge distributions\

. The results of the previous analysis are plotted below:
a0} x(u)
[ 0.5 1.0
ol 0 W‘
VT 200
=L
100
oo [ ] =2
rimh
Accumulation Depletion Onset of Inversion
. Specific conclusions:

1.  The inversion layer charge is extremely close to the surface
2. There are very few mobile carriers in the depletion region

i.e., our simplistic analysis in the previous section is actually reasonably
accurate.
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/ Extraction of C-V characteristics \

. From our equation for Qg, we can also determine more accurate C-V
characteristics that predicted by the previous analysis.

26697 ( “pos . Nuo (Bos - W2

QS = 7[p0(eiﬂ% +ﬂ(ps _1)_,'_”(}(6/{‘/’: _ﬂ(pS _1)]1/2 ‘_‘\V/—T‘

Es

C. = _dOs _ |q&p ‘Po (— e +1)+no (e/j”Y —1} 777777777
§ 2
s 2 [Po(e’/"’Y + By *1)+ nl,(eﬂ% - Bos —1)]' 05 = 0, + 0y + 0.,

C

_ [45F |ps—ns =N, +N,|
2 \/ps +ng +(ﬂ§”s _1)(Nn -N,)-2n,

o
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/ Extraction of C at V' \

. We can use this equation to determine specific capacitance values

_ [a&sB ‘Px—”s—N“"'Nu‘
2 \/ps +ng +(IB¢’S _1)(Na -N,)-2n,

Cs

. At V;=V,, we have:

C.= qpeg 2N, _ qésN, _ Es ___ & C
V2 280N, N e osss aN, X2 o T
Es
Cop = e f—
T Yo |
* Where X, =~
N, A0,
Ciwy =—
dog
. This value is different from the value predicted by the simple model

by a factor if 2, since the latter does not include the inversion charge
k present at V. /
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/ Extraction of C at V \

. Similarly, at V5 = Vg5, we find that: 1
& s
Cslr,)= 2= B — c—
&5 ¢ Debyelength o TS T.
qNaﬂ = — lep = acc
Xep for band
bending of kT/2q
1 kT !
T = E
ﬂ q x=0 Y
. Again, we find that the simplistic model is somewhat inaccurate,
since it doesn’t include the “wiggle” around flat-band, which affects
k the charge in the silicon. This effect is small, of course. /
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/ MOSCAP LFCV Characteristics \

* We can plot the variation in Cg in the various regions to find the
MOSCAP LFCV characteristics:

Cs(%s)
4
Es C =~ Es
- dep ~ Xd C ox
x £ Cs
C,. = 5
(ps X d max
acc Cue
V — V + _ QS (¢S ) ’ 0
g~ 'ptPs C c c
Ox
LF: Qs Quees Quep» 1€, 0, p respond to —
changes in ¢, eg., p = p,e ™,
i.e.n and p are at equilibrium. g 0 Vg
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/ MOSCAP LFCV Characteristics \

* Graphically:

?s
2 c__d0,
acc b L (PS d¢s
- [ —_—
o \/‘/’7\- C

c s
Substrate cap.

1
\_ B} ")
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/ MOSCAP HEFCV Characteristics \

*  We can perform a similar analys1s for HFCV:

Lo
L i

Can
Cdep Cacc

C,(ps ) for HF?
qes B po(—e*/""y +1)+n0( Fes —1)
2 [pole? + Bos —1)em e — o, 1))

Letn, — 0 (since the inversion layer does not respond quickly enofigh)
Cs(HF)
—>
HF or DD
;R
- (PS ; s
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/ Summary of M OSCAP (6 4 Charactertsttcs\

Vg
Linear ramp
+ ac signal

\o

-

SSSS)

n
I- LF: nin equilibrium with gs(Vg)

n: nbius (ngms ) + nuv (Vgac )
t

HF: n
I HF =<2 g QS
1 Mias (Vpias) V V +2¢, +
nac=0 Xd < Xdmax Co,
t
I 02 @ Xd > Xdmax
HF
DD
Vg

Deep Depletion: N Ps
poep V=V, +2¢H+Cg—f

n: nbi‘”zo Ox

t
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/ The Charge Sheet Model \

* Problems with the simple model

— Inaccurate in depletion

— Inaccurate in accumulation

— Inaccurate in weak inversion ( 20 > @g > @,
* Problems with the general model

— Requires numerical solution for Q,

The charge sheet model provides a reasonable tradeoff
between the two. It isn’t as accurate in depletion or
accumulation, but these regions aren’t as important for
MOSFET operation

\_ /
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/ Main Assumptions \

Mobile charge exists beyond the onset of weak inversion
(i.e., Q> 0 for o5 > ¢

— unlike the simple model, which assumes that the inversion charge
is zero for @g < 2@y

* Mobile charge is present in a negligibly thin layer
— similar to the simple model

* Depletion region has a sharp boundary
— similar to the simple model

* The surface potential is not clamped past threshold

— unlike the simple model, which assumes that g is clamped at 2@
k for all values of V; past threshold
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/ Derivation of Qg \

* As in the general model, we have:

d’p - ;
dx(zp :Z(poe " —ne’ ~N, +er)

1/2
dp [ 2 .
= L.jf (po(e™ + fp=1)+ny (" —ﬂw—l))}
Qs = 2873(1[170 (e*/%- +ﬂ(ps 71)*”0(eﬁwy 7ﬂ(ps 71)]"2

* To simplify, assume we only care about Qg in weak and strong

inversion (i.e., g > ¢@p). Then:
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2gN, ¢ n’ )
‘ Qs ‘= \/qus[ﬂqk +— eﬁ% J =| Qinv +Qd('p |
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/ Derivation of Q,,, and Q,,,

* Then, we can determine Qg as in the simple model, and subtract to

find Qinv
Oup =N 29N 505
2¢N, & n}
O, = \/%(ﬁ(/’s +?e/3¢5 J —V2gN &35
Ve=Vap+os - ch((p\)

Ox

* Note that Q,, (V) still requires an iterative solution
* In strong inversion, since the exponent dominates, we can simplify to:
0, = 2gs.n’ e’
mINT AN,
» This exponential dependence implies that large changes in Q,, result
from small changes in g, which means that ¢ is essentially clamped,

k as was assumed in the simple model. /
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/ Simplification under weak inversion \

» In weak inversion, Q,,, < Q. This allows us to simplify Q,,:

inv*

205 > @5 > @y
2 2
n, &N, n,
va — lzgSqNa(oS 1+ i . eﬂ#’\ 1| ~= qésiV, i ; eﬁ@
2 N
@S ﬂN a (DS ﬂ a \
109 Qv log Qi From first 2
terms of taylor
N tdecadso  qpg /KT | decado of series
increase increase
for 60 mvin s for §0/n mVin Vg
g 2 v
o
Q. ( ) typically 80 mV

9
Ve=Vy+o _Scims
» This equation clearly incorporates the effect of subthreshold current in

k MOSFETs, unlike the simple V. equations studied previously (for /

example, in EE130)
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/ Oxide Charges
. * In general, these charges all
. Metl modify the threshold voltage
based on their charge centroid
Oxide @ Mobile ion charge
trapped charge $i0, X0
t t i Fixed charge AI/T == J.‘xpox (‘x)dx
A,m, ., m, [ €5i0,%0
\Inle.r!’m:c * In addition, they may alter
rupped chisge s mobility due to coulombic
scattering
ITOY xp(x )dx
Vo= 4 _QS+ it _ 0 P =V + _Q_S
P Pus + P C =VpTPs C
Ox 80): Ox /
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Mobile Ions

» People observed odd shifts in C-Vs

0.8

A Wy = =19V ——f

Before
bias temperature

-

P L2V bias After 30V or 0V bias
00° C 6Q min
1 L 1 1 2| 6q
—120 -100 -80 60 —40 20 O

~140

» Reason: Mobile charge was moving towards /
away from interface, changing charge centroid

EE231 - Vivek Subramanian Slide 1-32




=
r
T

=25 =l =15 =10 -5 o

Gate voltage (V)

Traps cause “sloppy” C-V and also

greatly degrade mobility in channel T Er
\_ IL— .

Interface traps A
JE: :
n[-type t[I] I.ISiI ' ' I
LP o - HT anneal
g 08
£ oo TN
I os T
; 2 ¢
z E ;
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Noise due to Interface

Traps

signal interface trap.

I oc puN;

mv

“empty” to “filled” AN, =-1.

AI oc !"LAN|I1V—~_I\Iir1vA u
=-u + I\Jan A p
Ay _ -1 Au
[d ]\an H

A p<0 : acceptor type

Q >0 : donor type

Telegraphic noise in 1, of a small
MOSFET is the signature of a

n;, XWxL

When a single trap changes from

To=16.1uA

© wg=1.5V

Vd=8.2V

.Is-z SIuH

vg=1.Ev

Vd=B.2VY

:' LJJ I

‘Idm37.2uR

—za

A0

vg=1.7v Va=@.2v Tg=48.4uR
“e CEELE TIME SRS RE
Fig. 2. The fluctuations of drain current at differem gate voliages for a
small-area n-channel MOSFET (W = 1.2 ym, L = 035 ym. T, =
E.6nm)
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Gate

“Electrical Tox”Raised by Inversion \
Change Centroid‘fmd Gate Depletion

electron density

1
1
1
1
1
1
1
i
]

Si0, classical
&
deple- quantum
+tion mechanical

i Region

N

50 -40 -30-20-10 0 10 20 30 40 50 A

Physical T,
Electrical T ,, /
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Polysilicon gate depletion \ \

Impact on IV Xgep
increase the effective Tox by ~5A -20A Cox
0, =[cav, T Caop
4 .
decrease o.f Vg by ~0.2V, C= [ P 1 ] _ [ T Vg ]
also has impact on CV and S Coo Coupy Eu &

&

ox

Co, T
S = 60mv(1 + 717) ]:)x + deoly /3
COx
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/ How to Reduce Gate-Depletion Effect \

* Metal gate - process integration issues
Or increase active doping concentration in the gate:

* In-situ or POCIl, doped poly-Si gate
— Not suitable for dual-gate CMOS technology
« Higher dosage for ion-implanted poly-Si gate
— Cost, damage and boron penetration issues
or higher activation temperature
— S/D diffusion and boron penetration

&Poly-Sil_xGex-gate technology /
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/ Quantum effect (in the inversion layer) \

Sec 3.3 presents the “classical” analysis based on Poisson’s equation
and Fermi-Dirac function (or Boltzmann’s relations)

Quantum confinement in the potential well at the Si/SiO2 interface
creates discrete subbands of energy levels.
Ref. Stern, “self-consistent ...”, Phy, Rev. B. vol. 5, p.4891, 1972

2/3
2hgEg (.3 .
E, Ejz[‘zfn:(]+4ﬂ j=0,1,2

m_ = 0.9m, for (100) Si

50, Assume only ground subband is populated

E~60mV, depending 9 2
Eqh
on Ny, and Q;,, X,, = al

inv

1
\ 40/11\ 167[2’”&(@@ + 3Q,-m,) /
X
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/ Quantum effect (in the inversion layer) \
-Effect on V
(g has to be larger than “2¢, by, say 60mV depending on N,

C
AV, ie AV, :A¢5[1+ Cdf” J ~100mV

Ox

Empirical model: Rios, “ A Physical Compact MOSFET Model ....”, IEDM

P.937, 1995
-Effect on CV @
e .
T Cinv = gSI
000060 X,
-Effect on IV

Similar to CV, but there is a subtle difference between AC charge

k centroid and DC charge centroid. /
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/ “Real” MOSCAP CV Characteristics \

1x10°
u\(f 8x107
3
c 6x107
B
[&)]
8 7 O Measured Dat:
4x10 _ easu a
8 To30A o G, T,=30A
N=52x10%em® Ty Olasscal
21074 Ny =4.5x10"%cm™® —— QW+PD
T T T T T T T

4 3 2 4 0 1 2 3 4
k Gate Voltage(V) /
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