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® MOSFET Basics
Ideal MOSFET physics
Main parameters: threshold, leakage and speed
Which FET for what application?
Scaling theory and good design rules of CMOS Devices

The Real World

Threshold voltage control limitations
Gate oxide leakage and capacitance scaling

Technological Solution?

Gate alternative: High-K and Metal Gate
Channel engineering: Strained-Si
Alternative devices and substrates

Basic logic functions




MOSCap > MOSFET

MetaI-Qxide-gem.iconductor GateT
Gate Field-Effect Transistor:

f

Al (metal)
~0.1um Source

tox

SiO2 (oxide)—> High k ~5nm

p-type Si (bulk)

Drift current flowing between 2 doped regions (“source” & “drain”)
is modulated by varying the voltage on the “gate” electrode.




Qualitative Theory of the NMOSFET

Gate T

Source /
Ey

The potential barrier to electron flow from the source
into the channel region is lowered by applying V> V;




Qualitative Theory of the NMOSFET

S D

Vps

N
7

Ves > Vr = Inversion-layer
“channel” is formed

Electrons flow from the source
to the drain by drift, when
Vps>0. (Ips > 0)

The channel potential (I.(y))
varies from V. at the source
end to Vj at the drain end.




Qualitative Theory of the NMOSFET

Ves > Vr

Vps > Vs — Vr
D

Vps

N
7

Ves > Vr = Inversion-layer
“channel” is formed

Electrons flow from the source
to the drain by drift, when
Vps>0. (Ips > 0)

The channel potential (I.(y))
varies from V. at the source
end to Vj at the drain end.
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MOSFET morphology

Gate (Poly-Si)

Contact grille —————

Contact source
|
Metal
Oxide

Semi-
conductor




MOS - Special Case




MOS - Special Case

Special case: @y, = @

A

Gate

?

Al (metal) :
: ~0.1um

: tOX
SiO2 (oxide)~> High k $ ~5nm

p-type Si (bulk)




M (Al) , O(SiO2) , S (Si)




Flat Band Voltage

Ve = qPm — qPs

Vg = Om — @s = O

VFB = —08 V




Voltage Barrier

T

Si, p-type

No way electrons might pass the voltage barrier!




No Gate Voltage

08V |

qPm, = 4-1leV




Boundary Condition

Dyp — D1n = Psurfacce

Psurfacce = 0

€1&€1 = €26,

dEp, dEg;

€o = €gj
. dx int l dx int

dEOx ~ 3 dESi

dx |. . dx

int int




M (PolyGate) , O (SiO2) , S (Si)

VFB = (pm _— (pS = _085V




No Gate Voltage — Poly Gate




No Gate Voltage




No Gate Voltage

B Ei surface

Ve — Ve = Voxide + Vsi

= Vox + @s

Ve —Veg = Vox + @5

As important as KVL




Flat Band




Accumulation




Flat Band




Depletion (Weak Inversion)




(Strong) Inversion




Depletion (Weak Inversion)

/

_ qNx*

ZESi

Qdep = —qNsWy = \/ZqNAESi(pS

_tondep B _Qdep [C/sz]

=
% €ox Cox [F/cm?]

1
COx

p-type Si (hMOS)

Ve = Vrp + Vox + @5 = Ve = Vrp + ¢s + =—/2qNa€sigs In Depl

1
COx

n-type Si (pMOS)

In Depl
P
25'

\/ZQNAESL'|<.05|

<ps<0 VG:VFB"l'(ps_




Threshold Voltage — Definition!

Gate T

Source




Threshold Voltage

—
Definition of Threshold voltage:

Vr = Vg
Ps=2QF

Pouik = Na Nsurface = Na

2€g;
Winax = Wdepl|<p5:2<pp = \/ L (2¢F)

qNy

1
Ve =Vg = Vpp + 205 + _\/ZCINAESi(ZQOF)

Ps=2¢F Cox

n-type

1
V6 =Vip + 2¢F — a\/quAESHZQOH
X







MOS Band Diagram (n-type Bulk)

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

decrease V.

e Accumulation
-V > Vpp
— Electrons
accumulate at surface

decrease V.

e Depletion
Ve < Vpp
— Electrons repelled
from surface

e [nversion
-Ve < Vrp
— Surface
becomes p-type
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Accumulation, Poly Gate

VG < VFB

n+ Poly Gate

Mobile carriers (holes) accumulate at Si surface




Accumulation, Layer Charge Density

VG < VFB

Vox = Ve — Vg
From Gauss’ Law:

Eox = _Qacc/ESiOZ

Vox = tox€ox = _Qacc/COx

where Cox = ESiOZ/tOX [F/sz]

Qace = _COx(VG ny VFB) >0




Depletion, Poly Gate

VG < VFB

n+ Poly Gate

++ -+ +

Si surface is depleted of mobile carriers (holes)
=> Surface charge is due to ionized dopants
(acceptors)




Depletion (Weak Inversion)

Ve > Ve > Vig

1

+
COx

\/ZqNAESi(ps

2C5,
Ve —Vpg) — 1
e (Ve = Vi)




Strong Inversion

Ve > Vrp As V. is increased above Vr, the negative charge in the Si
is increased by adding mobile electrons (rather than by

depleting the Si more deeply), so the depletion width
Gate remains ~ constantat W = Wr

2€g;
e s =20F W =Wy = J 2 (201)

qNy4

Ve = Vg + @5 + Vox

Q dep + Qinv
COx

\/ZCIESiNA(2<PF) B Qiny
COx COx

= Vrp + 2¢0F —

= Vpp + 205 —

Qinv
Ve = Vp —
G T COx

Significant density of mobile electrons
at surface (surface is n-type)




¢, andWvs. Vs

Ps-

\(Ps

0

accumulation depletion inversion

FB Vr

W

\W W:CESL'
(0]

X

0

Veg < Vg <Vrp)

Wr = \/ZESi(ZQDF)/CINA

|
| . .
' inversion

accumulation depletion

FB Vr

2
COx

qNyé€s;

(Ve —Vig) = 1| (Vg <V < Vr)
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Total Charge Density in Si, Qg

Urait

> Qacc = _Cox(VG _ VFB)
. Ve

accumulation, . depletion..  inversion Q .
FB Vr S

Qdep:

. . Ve

- L . : > |
accumulatlonV depIetlonV RS SION accumulation, \ depletion ' inversion
T VF VT
Qdep = —qN,W
Qiny* Qinw
|4
' ' > & Slope = —C,

" 1 o . . ox
accumulatio depletion inversion
FB Vr

Qiny = _Cox(VG o VT)




MOS C-V Characteristics

Ve
1 SN
o c I . . 4
accumulation \ depletion inversion

Vg T

Slope = —C,,

plype Si(300K) - < -~
*N,=4x10" em™

~ exp (g, / 26T)
{Strong inversion)

exp (g I¥,|/ 24T)
(Accumulation)

3

VFB

accumulation  depletion inversion

10} (Clem?)

_ Weak
Depletion inversion
)

E,
ﬁ' e {
02 0.4 0.6
.0




Debye Length

* As the gate voltage is varied, incremental charge is added/subtracted to/from the
gate and substrate.

e The incremental charges are separated by the gate oxide.

M é “‘.“ E ",00000.“. B B — g N e N + _ n
d’¢ q

: . —==(Np—n

n-type bulk 7 % (Np )

d’p _q e
— ZE(ND — ne~(@n <p)/<pth)

S
S




Flat-Band Capacitance

Gate




Capacitance in Inversion

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

- Incremental charge is effectively
\ 0 S added/subtracted at the surface of the substrate.

AQ

|

Time required to build inversion-layer
charge = 2Nty /n; , where Ty = minority-carrier
lifetime at the surface




Capacitance in Inversion

CASE 2: Inversion-layer charge can not be supplied/removed quickly enough to
respond to changes in the gate voltage.

M O S = Incremental charge is effectively
added/subtracted at depth WT in the substrate.

AQ

|




Supply of Inversion Charge

Accumulation: Inversion:

Case 1

Depletion:




Boundary Condition

MOS transistor at any f,

MOS capacitor at low f, or
guasi-static C-V

MOS capacitor at high f
Ve

Cmin

accumulation depletion inversion




Deep Depletion

If V is scanned quickly, Q,,, cannot respond to the change in V. The increase
in substrate charge density Qs must then come from an increase in depletion
charge density Qq.,

= depletion depth W increases as V increases

= C decreases as V increases

Cmin

accumulation depletion inversion

.







Oxide Charges

In real MOS devices, there is always some charge in the oxide and at the Si/oxide interface.

In the oxide:

1. Trapped charge Qox
High-energy electrons and/or holes injected

into oxide

2. Mobile charge QM
Alkali-metal ions, which have sufficient mobility

to drift in oxide under an applied electric field

At the interface:

1. Fixed charge QF
Excess Si (+)

2. Trapped charge QIT
Dangling bonds




Effect of Oxide Charges

In general, charges in the oxide cause a shift in the gate
voltage required to reach the threshold condition:

tOx

1
AV = — f X Py (x)dx
€si0- J

(x defined to be 0 at metal-oxide interface)

In addition, they may alter the field-effect mobility of
mobile carriers (in a MOSFET) due to Coulombic scattering

47'




Fixed Oxide Charges Q¢

O S




Parameter Extraction from C-V

From a single C-V measurement, we can extract much information about the
MOS device.

Suppose we know that the gate-electrode material is heavily doped n-type
poly-Si (¢,,=4.05eV), and that the gate dielectric is SiO2 (e, = 3.9):

From Cp,0x = Co, We determine the oxide thickness x

From C,,i;, and Cp, we determine substrate doping (by iteration)

From substrate doping and C,, we calculate the flat-band capacitance Crp
From the C-V curve, we can find

From @, ¢, Coy, and Vgg we can determine Qp




Determination of ¢y, and Q¢

Measure C-V characteristics of capacitors with different oxide thicknesses.
Plot Vg as a function of x:

Vfb 10 nm 20 nm 30 nm
| | -

(0).¢




Mobile lons

Odd shifts in C-V characteristics were once a mystery:

AVFB — _79V

/ /‘ Before bias Temp

N\ After +12V bias K After -30V or OV
100°C 70min bias 200°C 60min

Ve

Source of problem: Mobile charge moving to/away from interface,
changing charge centroid




Interface Traps

no annealing

H2 annealing

Before

Ve

Traps cause “sloppy” C-V and also
greatly degrade mobility in channel

Qrr (@)

AV, = —
. COx




Poly-Si Gate Depletion

A heavily doped film of polycrystalline silicon (poly-Si) is typically employed
as the gate-electrode material in modern MOS devices.

NMOS PMOS

n+ poly Si p+ poly Si

p-type Si n-type Si

There are practical limits to the electrically active dopant concentration
(usually less than 1x102° cm3)

= The gate must be considered as a semiconductor, rather than a metal




MS Junction (Poly Gate)

Si biased to inversion:

V; is effectively reduced:
Ve > Vp
Qiny = COx(VG I Vpoly I VT)

How can gate depletion
be minimized?

n+ poly Si gate




Gate Depletion Effect

n+ Poly Gate

Gauss’s Law dictates: c
€0xCox

W v —
i quoly

to, is effectively increased:

-

1
+

COx

1 W,

poly
€si

tOx

C

_I_

¢ €sio,

poly

B €sio,

_ 1
tOx + §Wpoly

Qiny = COx(VG - Vpoly _ VT)

€sio,
1

Qinv = (VG —Vr)

%

55




Inversion Layer Thickness T

inv

effective Tox,

d
< »

A
l
Whouy Physical Lox | Tipp

IA
<

Poly Si Sio, Si
l

L E—

Electron density

The average inversion-layer location QM theory

|
below the Si/SiO2 interface is called |
|

the inversion-layer thickness, Tj;,, . L S~ A
-50 40 -30 -20 -10 0 10 20 30 40 50

56'




Effective Oxide Thickness, T,

1 1
TOxe = tox + §Wpoly + §Tinv @V =Vpp

(Ve +Vr)/To, can be
shown to be the
average electric field in
the inversion layer. Tinv
of holes is larger than
that of electrons
because of the
difference in effective

Salid Tox=70A
+ Center Tox=50A
J{ |Open  Tox=30A

—
useAbg

—_—
w

—_
o

w

= Model Yac alec | 6 2010%(Vp+ V1) Tax)%“ em ‘ masses.
= Model Xac hde 7. 75107 (VgeVt) Tax® ¢ cm

v L T

x10”  -5x10° 0 5505
(Vg+Vt)Tox (Vicm)

3
8
o Q
:
i
: >
£
¢




Effective Oxide Capacitance, C,,.

Qiny = COxe Ve —Vr)

- 1 1
TOxe = lox T §Wpoly + §Tinv

\ COxe /Basic CV
- /with poly-depletion

N\

with poly-depletion and

charge-layer thickness
® measured data

Ve

~
7




MOS Cap:
Equivalent Circuitin Depletion & Inversion

General case for
both depletion and
inversion regions.

In the depletion Ve~V
regions

Gate

Gate
Lo 1 1

T COx B COx T COx

:_L: Cdep - —_L:Cdep __L_Cinv




V; Adjustment by lon Implantation

In modern IC fabrication processes, the threshold
voltages of MOS transistors are adjusted by ion
implantation:

« Arelatively small dose NI (units: ions/cm2) of
dopant atoms is implanted into the near-surface
region of the semiconductor
When the MOS device is biased in depletion or
inversion, the implanted dopants add to the dopant-
ion charge near the oxide-semiconductor interface.

qN;

AVp = ——
! COx

N; > 0 for donor atoms

N; < 0 for acceptor atoms

&nl

G i

ast
DRI g ol 1R e MHil . T ¢

%M\M

60'




Dynamic V; Adjustment Bulk Voltage

Qdepl
COx

Qdept = V2qN,€0x (Ve + 2¢r)

61 '

VT:VFB+VC+2(PF+




CCD Imager and CMOS Imager

OO000 Depletion region OO0

Deep depletion, Q; Exposed to light

InV

V > V V
Ondn.

EEEEE Depletion region




Boundary Condition







MOSFET I-V Curve

G

Ve =Vpg + Ve (y) + 2905 + C_
Ox




MOSFET I-V Curve

Qdepl (Y)

Qinv = —Cox (Vg — Vr(¥)) {

Qinv = —Cox <VG — Vg = Ve (y) — 2¢F —

Depletion Region Approximation:
Qinv(Y) but Qdepl(Y) ~ Qdepl(o)

Qdepl(y) ~ \/ZqNAEOx(VSB + ZQDF)

Qdepl(o) n Vs . VC (}’)

- . Cox )
AO)

Qiny(¥) = —Cox(Vg = Vr(0) + Vs = Vc(¥))

Qinv = —Cox (VG — Vg — Vs — 20 —




MOSFET I-V Curve

Qinv(y) = _COx(VG — Vr(0) + Vs — VC(y))
Simply call V7(0) as Vi Qiny(¥) = —Cox (Vg — Vr + Vs — Ve (¥))

dy i Ipsdy i Ipsdy
oWtiny, (QUersIWiin,  (qting)lersW

dVe(y) = Ips - dR = Ips

L Vb
—Qiny(¥) [C/sz]
fIDde = j_ﬂeffWQinv(Y)ch

0 Vg

4)5)
InsL = torsW j [Cox(Ve — Vg +V, — Ve)IdV,
Vs

w 1
Ips = T .UeffCOx(VGs —Vr — §VDS)VDS

=0

VDSsat




MOSFET I-V Curve

4 1
T HeffCOx(VGS —Vr - zVDs)VDS
Ips =

2L HeffCOx(VGS o VT)2

\ Linear Saturation

Linear

Vps < Vpsgqr = Vs — Vr

Saturation

68'




Field-Effect Mobility, 1

Voo + Vi + 0.2)67 oy (MV/icm) < . . . . .
(Vs ‘ L Effective vertical electric filed in the

5 y o) X P . .
0.0 i 0.2 '(}.4 0.6 l).lh i l.]() ' l.[._ : 1.14 ' l.lﬁ : lih ' ._.IU inversion Iayer for NMOS

-\'\uh
v 2x10"®

A 5x10"
Electron (NFET) g 6X 10'6

— Model

Scattering mechanismes:

IV-s)

e Columbic scattering

. ]

T Vio

ox .
O 89.1A.-039V ¥ Tox=54(A) o )
a71sA 025V X e sy phonon scattering
| 700 A, =078V
QO 171A.-087V

— Model e surface roughness
scattering

-
c
o

—
=
Fa

=

L
-~
-
-
c
-
]

N
-
-
=

P o

~

Hole
l (PFET)

00 02 04 06 08 10 12 14 16 18 20 Effective vertical electric filed in the &
=(Vg + 1.5V, = 025)/67,, (MV/cm) / inversion layer for PMOS 69 &j




Y

As V, is increased above V-V, the length
AL of the “pinch-off” region increases. The
voltage applied across the inversion layer is

always V;,.=Vs-V5, and so the current
saturates.

If AL is significant compared to L,
then /¢ will increase slightly with
increasing V>V, due to
“channel-length modulation”

70 '




“Square Law Theory” ?

w . .
T HeffCOx(VGs VDS)VDS Linear
Ips =

ZL :ueffCOx(VGS VT)Z VDS < VDssat = VGS — VT Saturation

4
Depletion Region Approximation: q

Qinv(¥) but Qdepl(y) s Qdepl(o)

Qaept(y) = V2qNs€0x(Vsp + 2¢F)

Vr(y) = Ve + Ve (y) + 2¢F + Co
X

Qiny(¥) = —Cox Vg — V7 (0) + Vs = Ve (¥))

Qaepi (V) > Quep1(0)

Q’inv(y) < Qinv(y)
Vr(y) > Vr(0)




Modified (Bulk-Charge) |-V Model

Ip

Linear Saturation

Linear Vps < Ve — Vyp

w 1
Ips = T .UeffCOx(VGS — Vr — QVDS)VDS

Linear 7 1 7 7
< —_ S
bs < — (Ve = Vr)

W m
Ips = T HerrCox(Vos — Vo — 2Vps) Vs

Typically 1.1<m<14

~
7

4 :
] Saturation Vps > Ve —Vrp

w y)
Ips = 2L .ueffCOx(VGS —Vr)

Saturation

1
Vps >— (Vg = V.
DS m(G T)

4 2
Ips = 5— terrCox(Vgs — Vr)

2mlL
oy
7}




The Body Effect

Note that V; is a function of Veg:

\/ZqNAEOx(VSB + 2¢F)

\/ZqNAEOx (\/(VSB + 2¢F) — 4 2901:)

= V5o +v (\/(VSB + 2¢F) — \/2901?)

where y is the body effect parameter - Co

\/ZCINAEOx
X

When the source-body pn junction is reverse-biased, | V;| is increased.
Usually, we want to minimize g so that /., will be the same for all
transistors in a circuit.




The Body Effect

Ao f—

(a) Ae]




A: Channel Length Modulation Parameter

VC = VG _ VT = VDSSClt VDS > VGS o VT
1

1
I X —
Dgqt L — AL L(

AL X VDS — VDSsat

AL
T o )L(VDS iy VDSsat)
1

A~ =
L

14
Ips = 2L HerrCox(Ves — Vr)? (1 T A(VDS B VDssat))




MOSFET: Small Signal Model

_|_
Va

W
Im = M .ueffCOx(VGS —Vr)

gd = /’{’IDsat

cut-off frequency:




Sub-Threshold Current

0] Vp =0

B
E

VG -
(;4/
Source / Drain
-

vV

Source
Ey




Sub-Threshold Current

Similarly:

C
T L

COx

. COx
¢ COx + Cdepl

Ny N = Cgep N = retrograde
mN<to, N = Cp, 7
T N (low—temperature)




Sub-Threshold Current

IE40

1E-2

1E-4

1E-6

Iy, (arbitrary log scale)

IE-8

1E-10

I, (arbitrary linear scale)

m
4

Drain current (arbitrary units)

Diffusion
component




Main MOSFET Parameters

Log(ldrain)

MOSFET switchldeal switch

ON state
Current

OFF st¢

Curre OFF State

Current (Thermal)

Threshold (V)

3 main parameters

1.
2.
3.

Threshold Voltage
lon (=speed)
loff (=stand-by power)




P-Channel MOSFET

® The PMOSFET turns on when V. < V;

¢ Holes flow from SOURCE to DRAIN
—> DRAIN is biased at a lower potential than the SOURCE

Vs
V.. <0
T DS

VS VD<V5

¢ lps<0

r LoATE]  pppec
pr_A& T NP

N

e |/5c| increases with
° |Vgs- Vol
e | V| (linear region)

Ly,

® In a CMOS technology, the PMOS & NMOS threshold voltages
are usually symmetric about 0, i.e. Vi, =-Vq,
81 '




PMOSFET I-V

Saturation

Ve — Vr| Linear

Linear 0 < |Vps| <

w -
Ips = A #effCOx(VGS —Vrp — 7VD5)VD5
bulk-charge factor

C 3t
| Vs — Vo m=1+-2epL _ 14 20x
Saturation Vps| > —— Cox Wr
m

W
Ips = IDsat . T omlL .ueffCOx(VGS . VT)2

82'




MOSFET Scaling

MOSFETs have been steadily miniaturized over time
1970s: ~ 10 mm
Today: ~¥30 nm

Reasons:
Improved circuit operating speed
Increased device density --> lower cost per function

As MOSFET lateral dimensions (e.g. channel length L) are reduced:
*/5; iNCreases = decreased effective “R”
egate and junction areas decrease > decreased load “C”
—> faster charging/discharging (i.e. t, is decreased)

Intrinsic Delay
i COx VDD

lon




MOSFET Scaling:
Constant-Field Approach

MOSFET dimensions and the operating voltage (Vpp) each are scaled by the same
factor k > 1, so that the electric field remains unchanged.

Original device Scaled device

'




Constant-Field Scaling Benefits

Parameter

Multiplication
factor (k>1)

Scaling
assumptions

Device dimensions (ty,, L, W, rj)
Doping concentration (N4, Np)

Voltage (V)

1/k
k
1/k

Derived
scaling
behavior of
device
parameters

Electric field (£)

Carrier velocity (v)
Depletion-layer width (Wp)
Capacitance (C = €A/t)
Inversion charge density (Qjny)
Current drift (I)

Channel resistance (R.y)

Derived
scaling
behavior of
circuit
parameters

Circuit delay time (t~ CV /I)

Power diss. per circuit (P~V1I)
Power-delay product per circuit (Pt)
Circuit density (< 1/A4)

Power density (P /A)




Failure of Constant-Field Scaling

Since V3 cannot be scaled down aggressively, the operating voltage (Vpp)
has not been scaled down in proportion to the MOSFET channel length:

Feature Size Power-Supply Gate Oxide Oxide Field
(um) Voltage (V)  Thickness (A) (MV/cm)

5 350 1.1
5 250 2.0
5 180 2.8
3.3 120 2.8
3.3 100 3.3
2.5 70 3.6




MOSFET Scaling: Generalized Approach

Parameter

Multiplication factor

(k>1)

Scaling
assumptions

Device dimensions (tp,, L, W, rj)
Doping concentration (N4, Np)

Voltage (V)

1/k
ak
a/k

Derived scaling
behavior of
device
parameters

Electric field (&)
Depletion-layer width (Wp)
Capacitance (C = €A/t)

Inversion charge density (Q;,y)

Carrier velocity (v)

Current drift (I)

a

1/k

1/k
o

Long ch.

Vel Sat.

a
a’/k

1
a/k

Derived scaling
behavior of
circuit
parameters

Circuit delay time (t~ CV /I)

Power diss. per circuit (P~V1)
Power-delay product per circuit (Pt)
Circuit density (< 1/A4)

Power density (P/A)

1/ak
a3 /k?

1/k
a’/k?

Electric field
intensity
increases by
a factor
a>1

Npody must
be scaled up
by a to
suppress
short-
channel
effects




Velocity Saturation

Velocity saturation limits /,_,, in sub-micron MOSFETS

Simple model:
e
v=41+

3 for € < Egut

85at
\Usat fOT' E > gsat

U Esqr = 2Vsqt

o 18X 10° cm/s for e~in Si
4t ™ 16 x 106 cm/s for htin Si

|f8<gsat: U - H
1+

108 [

Carrier velocity vs. electric field




MOSFET |-V with Velocity Saturation

In linear region: W pterrCox
D —_—
U L 1 + VDS
p=——c LE
- IS sat

(VGS o

1 B m N 1 /
Ves —Vr = LEsqt Ip

VD sat

Ves _ 1.8V, ty, _3nm,
V=025V, WT = 45nm

Uos =200 cmV-1st m=1+3T_ /W;=1.2

— %VDS)VDS =

Esat MOSFET is Long channel if

Ip LongChannel

%
14 —2
LgSClt

LEgar > Vs — Vrp

Linear Saturation

Long Channel

& Short Channel

- )

&= 2v,, [ e =8%x10%V/cm -
L=10um - Vp_ ., =13V
L=1um - Vp . =11V
L =100nm - Vp_, =05V

L=30nm - Vp, =02V

Vb sat




lpsot With Velocity Saturation

In saturation region:

Vps © Ves — Vr I _ w .ueffCOx (V —V )2 . IDsatLongChannel
Psat = 2mlL 14+ Ves =Vr ¢ 17 7 Ves — Vr

1+
Lgsat Lgsat

Very short channel length: L& < Vis — V7

W W
IDsat = %.ueffgsatCOx(VGS o VT) = EvsatCOx(VGS I VT)

« I, is proportional to Vs — Vr rather than (Vg5 — Vr)?
* Ip,, isnotdependentonl (¥

Co, 7 high-k dielectric

90'

To improve modern MOSFETs: Ioy 7

Vsat 7 strained Si




Short- vs. Long-Channel NMOSFET

0.4 ; . 0.03
L=0.15 pm

Vr =04V

L=20ym

A AY

i

rraale el

I (mA/Lim)

I; . (LA/um)

MR EEE NN NN NN NN

[ P A

| .
Vas(V) Vas (V)

Short-channel NMOSFET:
® |eat IS proportional to V-V, rather than (V-V;, )2
* V,... is lower than for long-channel MOSFET
e Channel-length modulation is apparent




Velocity Overshoot

When L is comparable to or less than the mean free path,
some of the electrons travel through the channel without
experiencing a single scattering event

—> projectile-like motion (“ballistic transport”)




The Short Channel Effect (SCE)

Ve (V)
“Vr roll-off” Vp = 0.125V

|V | decreases with L
Effect is exacerbated by
high values of |Vy¢|

0

This effect is undesirable (i.e. we want to minimize it!) because circuit
designers would like VT to be invariant with transistor dimensions and
bias condition




Qualitative Explanation of SCE

Before an inversion layer forms beneath the gate, the surface of the Si
underneath the gate must be depleted (to a depth W)

The source & drain pn junctions assist in depleting the Si underneath the
gate. Portions of the depletion charge in the channel region are balanced by
charge in S/D regions, rather than by charge on the gate. Less gate charge is
required to invert the semiconductor surface (i.e. |V | decreases)

Qdep\l\

\VT = VFB + ZQDF + C
Ox

D

depletion region % {

Depletion charge supported by S/D

94'




V+ Roll-Off: First-Order Model

S

‘VTLong Channel

L+L’)

Wr

2
1+

Minimize AV by

* reducing tp,

* reducing 1;

* increasing N, (trade-offs: degraded p.fr, m)

MOSFET vertical dimensions should be scaled
along with horizontal dimensions!




Drain Induced Barrier Lowering (DIBL)

As the source and drain get closer, they become electrostatically coupled, so
that the drain bias can affect the potential barrier to carrier diffusion at the
source junction

—> V; decreases (i.e. OFF state leakage current increases)

N lnID

Er
Source




Punchthrough

A large drain bias can cause the drain-junction depletion region to merge with
the source-junction depletion region, forming a sub-surface path for current

conduction. , , .
= Ip, increases rapidly with V.

This can be mitigated by doping the semiconductor more heavily in the sub-
surface region, i.e. using a “retrograde” doping profile.

T

W=9um
L=05um

nMOS

Drain current (mA)

6
Drain bias (V) TR
Gale’
97 \uf"




Source and Drain (S/D) Structure

To minimize the short channel effect and DIBL, we want shallow (small r;) S/D
regions — but the parasitic resistance of these regions increases when r; is
reduced.

Rsources Rarain & ,O/WTJ
where p = resistivity of the S/D regions

Shallow S/D “extensions™ may be used to effectively reduce r; with a relatively
small increase in parasitic resistance

t




€ - Field Distribution Along the Channel

e

The lateral electric field peaks at the drain end of the channel.
& year €aN be as high as 10° V/cm

4% 10°
High E-field causes problems:

Damage to oxide interface & bulk
(trapped oxide charge = V; shift)
substrate current due to impact ionization:

Impact
ionization

-
E
2
>
-
>
=
)
=
-
o
0
-
2
=
=
=
i

Vs >> Viear

i 2 : Ve i
n° source / Electron n" drain ol T T TN N T TN T A M

current 0 04 0.8 1.2
s

| N I S B N A N A B N B B N

Channel position y (um)

p-type
substrate




Lightly Doped Drain (LDD) Structure

Lower pn junction doping results in lower peak E-field
v" “Hot-carrier” effects are reduced
% Parasitic resistance is increased

Sidewall

Lightly doped drain




Parasitic Source-Drain Resistance

Contact Dielectric spacer

\ RN
\ Gate
Oxide

I Channel

\ For short-channel MOSFET,
Shallow junction lpsato < Vs — V7, so that

|
I N* drain extension

Silicide, e.g. NiSi,, TiSi, Ipsato

IDsat =

= Iy is reduced by ~15% in a 0.1 mm MOSFET.

Vieat IS increased to V.o + Ipeat (Rs + Rp)




Tunneling Into and Through SiO,

== Dala
~ nMOSFET model

Gate current density (A/em?)

Gate voltage (V)




Defect Generation Caused By
Tunneling Current

trapping of tunneling

electrons. As electrons are
trapped, the oxide field near the
cathode (electron source) is
decreased, while the oxide field
near the anode (electron sink) is
increased

L~ &

generation of an electron-
hole pair in the anode by

a tunneling electron, The
hole thus generated can then be
injected (by tunneling in this
example) into the oxide layer.

Before hole trapping

After hole trapping

Cathode

trapping of holes in the

oxide layer. The trapped holes
enhance the electric field near
the cathode, and decrease the
electric field near the anode.




