EE143 F2010 Lecture 22

Electrical Characteristics of MOS Devices

Ve

» The MOS Capacitor i
— Voltage components * —
— Accumulation, Depletion, Inversion Modes cemiconductor

— Effect of channel bias and substrate bias 1

— Effect of gate oxide charges

— Threshold-voltage adjustment by implantation

— Capacitance vs. voltage characteristics
 MOS Field-Effect Transistor

— |-V characteristics

— Parameter extraction

Field .~ &

Oxide

Source / Drain
P-Type Regions Field
Oxide

Professor N Cheung, U.C. Berkeley 1
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1) Reading Assignment

Streetman: Section of Streetman Chap 8 on MOS

2) Visit the Device Visualization Website
http://jas.eng.buffalo.edu/
and run the visualization experiments of

1) Charge carriers and Fermi level,
2) pn junctions

3) MOS capacitors

4) MOSFETs

Professor N Cheung, U.C. Berkeley 2
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Work Function of Materials

METAL SEMICONDUCTOR
E Vacuum A E

O  energy level O

Work function
= q(I)

E; " Ec

Ey
qdy, Is determined qd. is determined
by the metal material by the semiconductor material,

the dopant type,

and doping concentration

Professor N Cheung, U.C. Berkeley 3
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Work Function (q®,,) of MOS Gate Materials

E, = vacuum energy level E: = Fermi level
E. = bottom of conduction band E,, = top of conduction
band

gy = 4.15eV (electron affinity)

EO A A A
gy = 4.15eV
qDy, Y Ec
0.56eV
Ef = e e e == -
A EI
Examples:
Al=41eV 0.56eV - 0.56eV
TiSI, = 4.6 eV E, =X c-w - _F,
n+ poly-Si p+ poly-Si

(Er = Eo) (E,= E,)

Professor N Cheung, U.C. Berkeley
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Work Function of doped Si substrate

* Depends on substrate concentration Ng ‘q)F ‘ — kT | n(&j
g n;
EO A EO T
qd, qy = 4.15eV qy = 4.15eV
v _ EC b EC
=) |9o0eV s 0.56eV
P EI_ _A_ B T B |q(DF| Ej
E r__J1__ 1 _[qD]
0.56eV f 0 566V
n-type Si o-type Si

@, (volts) = 4.15 +0.56 - | D] @, (volts) = 4.15 +0.56 + |D]

Professor N Cheung, U.C. Berkeley S
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The MOS Capacitor

VG
+

| “metal”

Xox oxide o (depends on V)

f VSI (depends on V)
e

semiconductor

1

VG — VFB + Vox + VSi

Cox=—7 [in Farads /cm?]

/ 0X XOX

Oxide capacitance/unit area

Professor N Cheung, U.C. Berkeley 6
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Flat Band Voltage

* Vg Is the “built-in” voltage of the MOS:
Vg =0y — O

» Gate work function ®,;:
Al: 4.1 V; n+ poly-Si: 4.15 V; p+ poly-Si: 5.27 V

« Semiconductor work function ®q:

@, (volts) = 4.15 +0.56 - |D¢| for n-Si
@ . (volts) = 4.15 +0.56 + || for p-Si

* V_, = voltage drop across oxide (depends on Vg
* Vg = voltage drop in the silicon (depends on V)

N’

Professor N Cheung, U.C. Berkeley 7
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MOS Operation Modes

A) Accumulation: Vg < Vg for p-type substrate

M o) Si (p-Si)
Aholes

Charge Distribution Thickness of accumulation layer ~0

Vg~ 0, so V,, =Vg- Vg
Qg = charge/unit area in Si
=Cox (Vg - VEg)

Professor N Cheung, U.C. Berkeley 8
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MOS Operation Modes

« B) Flatband Condition : V5 = Vg

No charge in Si (and hence no charge in metal gate)

M, O S (p-Si)

Charge Distribution

Professor N Cheung, U.C. Berkeley 9
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MOS Operation Modes (cont.)

C) Depletion: V5 > Vg
Charge Distribution

M O S (p-Si)
Depletion A
X 28SiVSi X4
Layer d — N >
thickness g B
k\ <— gNjg
2
ON X4 | ANgXy Depletion |
VG — VFB + + epletion layer
C.. 2€,

Note: NgXy is the total

(For given Vg, can solve for x,)
charge in Si /unit area Vox VSi

Professor N Cheung, U.C. Berkeley 10
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Depletion Mode :Charge and Electric Field Distributions
by Superposition Principle of Electrostatics

p(X) | p(X) p(X) |
QL : Q QL |
Metal Oxide| Semiconductor IMetal Oxide| Semiconductor Metal Oxide Semiconducto:
X=X_+X - X=X +X
et S x ot
- | o [
S _ | 5 _ |
- p
i i < -p | | \.C Q i i < I
x=0 X=X | x=0 X=X x=0 X=X |
| |
L e e e e e e e e e e e e e e e e e e e e e e = = = — .
E(x) ' EX)
Metal /> Oxide| Semiconductor I Metal Oxide | Semiconductor
|
S |
= 1
X:x0+xd | X:X0+Xd
|
x=0 X=X, : X0 XX,
L e e e e e e e e e e e e e e e e e - — J

Professor N Cheung, U.C. Berkeley 11
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MOS Operation Modes (cont.)

D) Threshold of Inversion: Vg5 =V

Lecture 22

This is a definition

for onset of

Neyrface = N (for p-type substrate)
strong inversion

=> Vg; = 2| D Moo SEs)
Xdmax
A —

—0Njg
Q'
\/25 (2D )N

V., =V; =V, + (2P| +2|D |

C

OoX

Professor N Cheung, U.C. Berkeley
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MOS Operation Modes (cont.)

E) Strong Inversion: Vg > V-

Xqmax 1S @pproximately unchanged

/hen V> Vs
3 4e; ‘CI)F‘
Xd max

gN M 4 0o | s(p-si)
X
V. = ON 5 Xy max + ‘Q;\ L e
Cox -0
Qn~—-Cun (Vg —V7) electrons

Professor N Cheung, U.C. Berkeley 13



Biasing Conditions for p-type Si

Energy
band
diagram

1
|
|

Applied

dc =
Ve=Ves
voltage
Charge
diagram
Mame  Flat band

Professor N Cheung, U.C. Berkeley

increase o

increase ik

g
(S

=0

Accumulation

F

T i ——

| }L'.]l letion

Vg = V1

i Exposed
: acceplors
: ;

+0

g

i

|
|
|
|
| |

I | Electrons

Inversion

14



MOS Band Diagrams (n-type Si)

Decrease V (toward more negative values)
-> move the gate energy-bands up, relative to the Si
decrease V,

—> >
f——— K B \ft

decrease V' G

.m

« Accumulation « Depletion * Inversion
— Vg > Vig — Vg < Vi - Vo< Vi

— Electrons — Electrons — Surface
accumulate at repelled becomes

surface from surface p-type

Professor N Cheung, U.C. Berkeley
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Total Charge Density in Si, Q,

Qacc — _Co,\‘ (Vo o VF B )

depletion inversion

0 Ve
accumulation
Vg Ve
accumulation depletion | inversion
0 | > Vs
Vig Vi
Qdep — —(]N AW
accumulation depletion inversion
0 > Vg

Qinv = _Cox (VQ B VT ) /

Professor N Cheung, U.C. Berkeley

p-Si
QS — Qacc T Qdep T Qinv

inversion

depletion

accumulation

16
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NN Voltage drop = area under E-field curve
- Electmns_ '
Acceptor ions / VOX — Qa/COX
Accumulation = L= Vg~ 0
@ €

— Vox =qNaXd/ Cox
)< VSi = qNaXdzl(zgs)

Depletion
p-)
Vox = [ANaXgmaxtQnl/Coy
—
Inversion < Vg = AN X/ (265)

* For simplicity, dielectric constants assumed to be same for oxide and Si in E-field sketches
Professor N Cheung, U.C. Berkeley 17
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Suggested Exercise

Most derivations for MOS shown In lecture notes
are done with p-type substrate (NMOS)
as example.

Repeat the derivations yourself for n-type substrate
(PMOS) to test your understanding of MOS.

Professor N Cheung, U.C. Berkeley

18
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p-Si substrate (NMOS)

Accumulation _ strong inversion
depletion Vg

(holes) (electrons)
* (more
positive)

VEs &

n-Si substrate (PMOS)

Strong inversion Accumulation

Vv (holes) depletion (electrons)
G
(more *

negative)
VT VFB

Professor N Cheung, U.C. Berkeley 19
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MOS Capacitance Measurement

Lecture 22

* V 1s scanned slowly

dv.,.

C-V Meter

Professor N Cheung, U.C. Berkeley

MOS Capacitor

 Capacitive current due
to v,. 1s measured

! GATE | i :Cdvac
dt

S1 C dQGA TE

do,
v,

20
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MOS C-V Characteristics (p-type Si)

accumulation ; depletion inversion

Ideal C-V curve:

> V5

accumulation depletion inversion

Professor N Cheung, U.C. Berkeley 21
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Capacitance in Inversion (p-type Si)

CASE 1: Inversion-layer charge can be supplied/removed
quickly enough to respond to changes in the gate voltage.

— Incremental charge is effectively added/subtracted at the
surface of the substrate.

AQOR
Time required to build inversion-layer
M}l O S charge = 2N, 1 /n,, where
W, T, = minority-carrier lifetime at surface
v
—A
r Q C . sz’nv _ C
_ AV  Yox
i G
@ @
||
C

Professor N Cheung, U.C. Berkeley 22



Capacitance in Inversion (p-type Si)

CASE 2: Inversion-layer charge cannot be supplied/removed

quickly enough to respond to changes in

the gate voltage.

— Incremental charge is effectively added/subtracted at a

depth W, in the substrate.

AQR l:L_p
Mi| Of S C C,
de
> |
e gt
] ]
° | H | ° :C_+
C Cd OX

Professor N Cheung, U.C. Berkeley

23
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Capacitor vs. Transistor C-V

(or LF vs. HF C-V)

p-type Si:

C
A

1 c

‘max

MOS transistor at any £,
MOS capacitor at low £, or
quasi-static C-V

:Cox I

‘min

MOS capacitor at high f

accumulation

Professor N Cheung, U.C. Berkeley

FB

depletion

inversion

24
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C-V Characteristic

+1 O . — 1
| L |fb
p-type n-type

substrate C C / substrate
d. ‘d
s j "V
V7 V+

a) accumulation: C_,

b) flatband: ~C_, (actually a bit less)

c) depletion: C,, in series with the C,,,

d) threshold: C,, in series with the minimum C,,

e) inversion: C_, (with some time delay!)

Professor N Cheung, U.C. Berkeley

Lecture 22

25
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Small signal charge response AQ due to AVG

['L

(AQ
e S =‘./AQ Il f
e All frequencies
Accumulation *"**H( 9
- — C=C,,

All frequencies

Depletion
1/C = 1/C,, + Xyleq
AQ
Inversion
gt ¢ 3
1 .
. Flectrons Low frequency  High frequency
Acceptor ions C = COX 1/C = 1/Cox + deaxlgs

Professor N Cheung, U.C. Berkeley 26
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Effect of Substrate Bias VE and Channel Bias Vg

VG
; o e
M
. .0
Inversion — feeemmmmmmmmm >
electrons n+
depletion
region p-Si

oV

(VG —Vg ) =V + Vg, +Vg;

Y

net bias across MOS

Professor N Cheung, U.C. Berkeley 27
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At the onset of strong inversion, where Vg IS defined
as the threshold voltage

M O S
~ T
Efs -
q(VC'VB)
E
(WDI fn 1 qNaX 2d -
VSi —
2 E,
Vsi = 2‘¢p‘+(vc _VB)
2
(VG _VB):VFB + qNadeax +1 qNaX d max
Cox 2 &

Professor N Cheung, U.C. Berkeley

Lecture 22

28
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At threshold: Vg — Vg = VgtV + Vg
But Vg; = 2|D| + (Vc- V) =>

Xgmax 1S different from no-bias case

X, = 265V
MmaX
gNg
26N 2|0e| + V~-VR)
VT7/B:VFB+\/ S BCF = +2oe| + Ve - M
OX
o - DR ~ W,
V Vs

OX
Professor N Cheung, U.C. Berkeley 29
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Flat Band Voltage with Oxide charges

Vg IS the Gate voltage required to create no charge in the Si

Q;

Vg =0 -0 ——-

XOX -
1 X/Oox(x)d - - C”“;?‘Qf’

MOBILE ION|C
D) CHARGE [Qm)

OXIDE TRAPPED
CHARGE A
\\. RGE (Qoy) FIXED OXIDE | Si02

X mB B B B @
" SN— |

C

0X

Pox (X)

C

0X

Qs

0

X

0X

5%
aa

T i TR
L a2

INTERFACE TRAPPED
CHARGE (Gip)

ﬁw\‘-\ﬁ

Pox (X) due to alkaline
contaminants or trapped

Professor N Cheung, U.C. Berkeley

cnalge to broken bonds
at

30
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V; Tailoring with lon Implantation

)
Q, = q » implant dose in Si ﬁ)\ Shallow implanted

dopant profile at Si-SiO,,

N ] Interface (approximated as
su

a defta furrctiom)

» Acceptor implant gives positive shift (+ AV;)
* Donor implant gives negative shift - AV-

Algebraic sign of V; shift is independent of n or p substrate !

Professor N Cheung, U.C. Berkeley

Lecture 22

31
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The delta-function approximation of implanted profile

* Valid If thickness of implanted dopants << X4,

implanted acceptors . Sio, p-Si
SI0; ”é < Xdmax —
Na o
p-Si d

Qn

Doping Profile After Implantation
Q(due to implanted acceptors)

Charge Distribution for V 5 >V

The V; shift can be viewed as the extra gate voltage nee

deplete the implanted dopants ~ Q,/C_,

Professor N Cheung, U.C. Berkeley 32
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Summary : Parameters Affecting VI

Pox &Q /® Pm
@«
nt [ QT b\n"'

@ Dopant implant near Si/SIO, interface

Professor N Cheung, U.C. Berkeley

Ve

O,

Lecture 22

33
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+ ®d,, Increases

n+ polysilicon gate
- X,x = 50 nm

6

s |V gl increases
4+ Qe = 0 B threshold implant

3

2

]

N

X« INCreases N

. n-channel
N —t—
: 1016 1017
-2 r p-channel

Threshold voltage, Vy (V)
=

-3 F /
4 X,y INCreases /.
-5 F As or P threshold implant

-6 |

|V gl increases
T Qf or Qox ®d,, decreases

Substrate concentration, Ng (atoms/cm?)

Professor N Cheung, U.C. Berkeley 34
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Summary of MOS Threshold Voltage (NMQOS, p-substrate)

* Threshold voltage of MOS capacitor:

260N 2I0¢) Q
y e 20 - o

Vi =Vegt

oX (0)4

* Threshold voltage of MOS transistor:
) \/285qNB(2|(|)|:| tVe-Val)
V1 =Vigt C.,

Note 1: At the onset of strong inversion, inversion charge is negligible

i
+2|0g] + V¢ - C_ox

and is often ignored in the V; expression

Note 2: V; of a MOSFET is taken as the V value at source (i.e., V-=Vy)
Note 3 : Q; = (q e implant dose ) is the charge due to the ionized donors
or acceptors implanted at the Si surface. Q,is negative for acceptors

and is positive for donors

Professor N Cheung, U.C. Berkeley 35
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Summary of MOS Threshold Voltage (PMOS, n-substrate)

* Threshold voltage of MOS capacitor:

2eQNg(2|¢g]) Q;
\/ = 2 - oo

V1 =Veg-

OX OX

* Threshold voltage of MOS transistor:

V1 = Vig C

OX

\/ 2e,QNgQ2|Pg| + [V-VpI) Q
- - 2|opl|+|Ve - C
OX

*Yes, + sign for V. term but V. (<0) is a negative bias for PMOS because the
inversion holes have to be negatively biased with respect to the n-substrate

to create a reverse biased pn junction.

Professor N Cheung, U.C. Berkeley
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