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MOS Transistor
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MOS-FET (nMOS Transistor)

| lat Source
nsulator (s)

VGS>th ! Substrate - Bulk P

V, >0 p Bulk
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nMOS Transistor — Operation (l)

Ves>Vin
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nMOS Transistor — Operation (ll)

Vgs=V,, +4V
Cut-off V= V,, +3V
\ Vgs=V,, +2V
V= V,, +1V
) Ve <V,
100 200 Vps  (mV)

Linear Region
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nMOS Transistor — Operation (lll)

Ves>Vin

Vgs—Vy, > Vps >>0
D

p BJT—

Linear region: Vg < Vg — V,
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nMOS Transistor — Operation (IV)

Ves>Vin

n

— Pinch-Off

Saturation: Vg > Vg — V,
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Linear 5
(Resistive) —_]

nMOS I,-V,s Characteristic

Saturation Region

Region
Vs> Vgs— V.
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The channel resistance

IV’
©
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isincreased and this —— =
affects the current \
growth rate

— Linear behavior

Current saturation.
An increase of Vs will almost not affect
the current I,

AN

Vpssat™ Vas — Vi

tn
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The channel charge is:

Q.= CG(VGC - th)

The mean potential value at the

channelis :
V. = (VS +VD) h p

c = VS +
The mean gate-channel potential difference is:
Vbs

Vs = V6 = Ve = Ves S

The gate-channel capacitance is expressed as:

WL
CG =Eux€o t_ = CoxWL

ox
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Transistor Current Estimation |
G

Long-channel transistor, L >>

€., = relative oxide permittivity
£, = vacuum permittivity
t,, = gate oxide thickness

C.= EoxEo

ox
ox
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Transistor Current Estimation Il

Under lateral electric fields, the mean G
velocity of the carriers at the channel is:
U=pE S D
W, = electron mobility | |
E = electric field tension vV i v = vV
C -
S L e

V
It stands: E=-—2%
L P B

The drain current can be expressed as:

Q _Qc _Qc . %

W V,
= =—C U E=—51, Vos =HnCox —1| Vs = Vin ——= |V,
D T L/U L n Lz n DS n“-ox L GS tn 2 DS
w Ve V2
Ip =H,Cox _(VGS —Vin )VDS -2== kn(VGS —Vin )VDS -—=

L 2 2

w
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Transistor Current Estimation Ili

G
For Vs > Ve = Vgs— Vs, (Saturation) S D
the channel is pinched off and the I I
drain current does not depend on :
V i C =\
- R abliied
: i

the Vi .
B

Consequently, in the drain current equation the V is replaced by the V. so that:

k
2 =7n(VGs —Vin )2

lp = kn(VGS —Vin )(VGS —Vi )_
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nMOS Transistor Current Equations
W peW Current
kn:uncox_: —— :
L t, L sain factor
€ = g, €, = oxide permittivity
p L
(o Ves—V,, <0
Cut-off region
V2
_ @ (Vs — Vi )Vps ——2= 0<Vps<Vgs—Vin
lp = < 2 Linear region
0<Vg, -V, <V
2 GS tn DS
7n (VGS - th) Saturation region
\
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nMOS I,-Vs Characteristic
i . ID Vbssat™ Vas = Vin
Linear Region =
— & Vs =V, +4V
R
v /7 Saturation Region
; Vs > Vs - Vin Vgs=V,, +3V
ID
— Ve =V, +2V
=0 ]
T Vs = Vi +1V
Vas | Vs 4 i =Ko Vossa V<V,
Is=1p ’ / VDS
Cut-off Region
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nMOS |-V, Saturation Characteristic

Saturation
I Vps = Vgs =V

tn

k
lp = ?n(VGS —Vin )2

/ V,, Vis

Threshold Voltage

o,
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I, Dependencies

The drain current (on current) depends on:

¢ The channel length (L)

¢ The channel width (W)

e The threshold voltage (V,)
e The gate oxide thickness (t,,)

* The gate oxide permittivity (g)

¢ The electron/hole mobility (W)

o,
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pMOS Transistor

| lat Source
nsulator (s)

V,, = threshold voltage
Vi, <0 n

SuuBoho
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pMOS Transistor — Operation ()
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pMOS Transistor — Operation (Il)

VDD

Linear region: 0> Vpe > Vg =V,
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pMOS Transistor — Operation (lll)

1 pinch-Off
VDD

Saturation: Vpg < Vg —V,, <0
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pMOS Transistor Current Equations

W B HoE W Current
| gain factor

k,=p,C,,—=
PPl g, L
€ =g, " g, = oxide permittivity
p+
L It stands that: p, < p, !

V,
_ (Vg — Vi Vo ——2=
ID_ < GS tp/ VDS 5

Vgs— Vi, >0

-
0
Cut-off region

2
0>Vpe>Vgs— th
Linear region

0>Vgg—V,, > Vps

k
TP(VGS - th)z Saturation region
.
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pMOS | ,-V,. Characteristic
D YDS
Cut-off Region
Vbs / l
VGS 2 th b= KnvéSsa\
Vgs= Vi, -1V Linear
Vey= V-2V - (Resistive)

Vo=V, -3V . . |
6= T Saturation Region

N

Vgs= Vi, — 4V

Vpssat= Vas = Vip I
D

tp
22

MOS Transistor & CMOS Inverter

11



Linear and Saturation Regions

Voltage Vp Voltage Vp
V,
_____________________________________________________ DD _ -V
VeIV, | i i e i -
Saturation P Linear
lv
Vg Ve t
] Vin
VHV,, Linear Saturation
Gnd
7 e It I
nMOS pMQOS
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Transconductance
Linear Region
b Hnear Region The channel resistance (transistor ourput
j Vasa resistance) is given by:
i i i dl
: Saturation Region v D ~ k(VGS _ Vt) — Rc _ 1
: as3 dVos |y, k(Vgs — V)
vGSZ
Voo The transconductance (g,) represents the
Veso , relation between I, and Vg and it is defined as
Cut—off{?'egion Vps follows: dl
8m = dVD =k-Vps
GS |y, =ctab.
Saturation

The MOS transistor operates like a current source since the current | is almost
independent of the voltage V. The transconductance is provided by:

8m =k(Vgs = V)

o,
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Additional MOS Transistor Dependencies

The equations and curves presented earlier are approximations of the
MOS transistor operation. A more detailed analysis must consider the

following phenomena:
¢ the channel-length modulation (Stauodpewon unkoug kavaAiou )
e the body effect (pawdpuevo owuatog ) and other V, dependencies

o the velocity saturation (kopeouog tayutnTac )
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Channel Length Modulation
Saturation: I
| L WAL, . D Saturation
Linear
channel ! o |
‘source ans(m : ! l?"dram X
L e ]
1 1 1 VGS
V H . - /ID(KOP)’ -
DS - s -
L7 T Cut-off
.7 - - - “/
” - -
POt L R /¢
Early Voltage, 2 2=~ _ - ===~ " _ / %
ZZT - —-—=-=-—-—"" / VvV
-V,=—1/A | DS

Increasing the Vpg by AV above Vigon) [Vos=VosoptAVpsl the channel length L is
decreased by AL. Since Iy is conversely proportional of the channel length, I is
increased. Consequently, in saturation stands that:

k
b= E(VGS -Vi )2 (1+AVps)
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The Body Effect

The threshold voltage is the minimum gate-to-source voltage in a transistor in
order to establish an effective current I,. In general the threshold voltage
depends on:

e the gate material

e the gate insulator (oxide) material

e the oxide thickness

e the channel doping concentration and

e the voltage difference between the source and the bulk (V)
For a given gate material the threshold voltage is provided by the following
equation : t

V, =V, iV(\/|(_2)¢F +VSB| _\/|2¢'F|) where VY= on \ 20egN Bc(;de\;ﬂchlf:rii
[e):4

where V., is the threshold voltage for V=0, ¢; is the Fermi potential (~ -0.3V).
t, is the oxide thickness, €, is the relative dielectric constant of the oxide, q is
the electron charge, g the relative dielectric constant of the silicon and N is the
channel doping concentration. The sign +/- refers to an nMOS / pMOS transistor
respectively.
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The Body Effect

P
+| %
’f'%f% %

~ The increment of Vg, results in

M, _ the increment of the channel
—| _ depletion region which
: _ changes the transistor
M, _ geometry so that the substrate
_”: _ turns to act as a second gate
; - and thus the threshold voltage
is increased.
____ 0425 2 -15 1 0.5 o
Voe V)

Vi, >V Vs
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Threshold Voltage Dependencies

V, of a long-channel transistor V, for low Vi

— —

L Vs

Threshold voltage as a function Drain-induced barrier lowering (DIBL)
of the channel length for low V for low L
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Mobility Degradation ()
Under the presence of high vertical electric fields (Vg/t,,) the carriers
scatter off the oxide interface more often so that the mobility (p) is
degraded (g < 1) !
Thus, for a certain Vg a lower current | is present.
30

o,
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Velocity Saturation

All I-V equations above apply under the assumption that the carriers’ velocity v in
a transistor is proportional to the electric field E, which means that the carriers
mobility p is stable. However, the velocity v, is saturated when the electric field
reaches a critical level E,, due to the scattering of the carriers in the channel.

In short channel transistors (L<<) and under the velocity saturation influence, the
current is saturated earlier and at a lower value than the expected, according to
the following equation:

Linear region current

m/s
U,,=10°
U 2 stable | kv R Vgs 1
n velocity D=Kn{Was “VtnVNos T ' T T A e oy
> i 2 1+(VDS/EC~L)
3 stablei
2| o o e
. Velocity saturation impact
Ec E V/um
electric field

MOS Transistor & CMOS Inverter

Velocity Saturation Impact (I)

| —

D Vis = Vop Vosar < Vas = Vi
— long-channel transistor

IDSAT] —>

....................... - IDSAT(VS) < I

DSAT

i short-channel transistor

: : x10™ (A)
: i 2.5
v ID short-channel Ves=2.5V
V V..—V, DS transistor
DSAT Gs Vi 2
= 2.
The W/L ratio and the V of the two Ves= 2.0V
transistors are the same in both cases 15
. Vee= 1.5V
Vpsar = E.-L 05 Vg= 1.0V
0
0 0.5 1 1.5 2y 25 V)
DS
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Linear Dependence




Velocity Saturation Impact (Il)

x10° 4
6 2.5X 10
5
2 linear
4 dependence
15
=z 3 quadratic =
o [=]
i dependence, -
2
05 .
1 quadratic
dependence
0 0
0 0.5 1 15 2 2.5 0 0.5 1 15 2 2.5
Vgs (V) Vs (V)
Long-channel transistor Short-channel transistor

Impact of velocity saturation on short-channel transistors: Increasing the Vy voltage the drain current I,
reaches the saturation earlier than the expected level (V;—V,) and I has a linear dependence on the Vg
voltage.

g}‘? MOS Transistor & CMOS Inverter 33

L3 o
Velocity Saturation Impact (lll)
The W/L ratio of the two transistors is the same in both cases.
-4 -4
6 x1i0 =~ ———— 25 % 10
Vgs=2.5V | <L Ves=25V | &
, >
5 Tpiodog ) 5 , c
Kopog ~;—: S
4 o Vgs=2.0V “é
z Vos=20V 8 s =
~ c -
o3 ) o 2
& V=15V | @
Vs = Ves = V¢ el 1 8
2 - 2 o
Vg= 1.5V 3 c
N e 0.5 Ves=1.0V | &
Ves=10V_ 3 5
00 0.5 1 1.5 2 2.5 0 0 0.5 1 15 2 25
Vps (V) Vs (V)
Long-channel transistor Short-channel transistor
k k
_ 2 . a
b==(Ves —Via)*  saturation  Ip=—(Vgs —Vin)
2 2
l<a<?2
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102 Vs —Ve _ Vos
Linear logr =lse ™T/9| 1—e XT/9 11+ AVys)
region
_ 10
<
= I¢and n are empirical parameters, with n>1
10° Quadratic 9g
region
16° Slope factor:
I « kT
. Exponential S$=n -~ |In(10)
10" pone q
region
- v, expresses the reduction rate (that is the
10 o 05 p 15 5 25 required reduction of Vg in order to
reduce I, by 10).
VGS (V)
For n=1.5 the slop factor is : S=90mV/decade
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Additional Phenomena

¢ Mobility Variation
The mobility () of the carriers (electrons/holes) is decreased by increasing the doping concentration
and/or the temperature.

¢ Fowler-Nordheim and Direct Tunnelling
For thin gate oxides in modern nanotechnologies a current is present through this insulator. This
current is due to quantum-mechanics tunneling phenomena and is proportional to the gate surface
area.

¢ Hot Electrons

As the channel length (L) decreases the drain electric field increases so that the electrons gain enough
energy (hot electrons) as they move in the channel to deflect towards the gate under the influence of
the gate potential.

¢ Substrate Breakdown

For short channels (L) and high drain voltages, the depletion area of the drain expands towards the
source so that a drain-to-source current is established which is independent of the gate voltage. This
phenomenon does not result in a permanent transistor failure.

¢ Gate Oxide Dielectric Breakdown

For high gate-to-source voltages the gate oxide may breakdown. This will lead to a permanent
transistor failure.

gkﬁ MOS Transistor & CMOS Inverter 36
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CMOS Inverter

o,
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Input-Output Characteristic Curve (l)

Input-Output (Static) Characteristic Curve [V,

out
TVDD

! Voo /2
Vin 4 Vout

=f(Vi)]

out : : : IDn = _IDp
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Input-Output Characteristic Curve (Il)
At the C region both
A B Voo *tVyp transistors are in saturation
Voo - , e —— and behave as current
: : PR sources.
pMOS;- Linear | T Qe
VirVis 'pMOf."sa’t“fff':°" g There is an input voltage level
Vout Veo/2 | ; - C iR for which it stands V, =V,
£ : and it is called transition
Vi Vi 3 : threshold (korTwepAL
é uetaBaong) V,, of the logic
E/ E gate.
At this voltage the whole
0 t» Vpp systemis not stable.
Vin (In the figure, the transition
v threshold is equal to Vpp/2
‘p<0 .
given that k,=k, ).
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The Transition Threshold
At the C region both transistors
are in saturation. In addition,
both transistor currents are equal
and for V, =V,, it stands:
: k k
i 7n(VM —th)z :7P(VM —Vbo _th)z
i =
AT D E R
N | k_n_(VM_VDD_th)
=
()} V., VootVee Voo kp (Vv = Vin)
Hom'€ W
kp/n:pt/i'T
In case that a specific transition threshold V,, 2
Vi —Vpp — V.
is required, then the appropriate transistor M:u_pm
width ratio is given by the next equation: Wo Hn (Vi —Vy) )
n = Sp
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k./k, Effect on the Input-Output Curve

Vv
t
ou i i Ky (V= Vop —Vip)’ _,
i : kp (Vi _th)z v, =Yoo
Voo domnees A-ee- .
E . E vtn i th
Voo / 2 .
i i k _ p'p/n8 W
L .
i i to L
0 ootV Vpp vin
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Noise Margins
Voo N
Output I |
Logic 1 Vv nput
OH R
Tolerance™ """~~~ e | Logic1
(INMH Tolerance
Vien ||
Input e Output NM,=Voumin = ViHmin
Swing Noise swing
Margins NlVIL=VILmax - VOLmax
(Mo
NM, Input
Output - Voumax I ____________ |__ Logpico
Logic 0 I Tolerance
Tolerance--------- ki o B
Gnd
g}&? MOS Transistor & CMOS Inverter 42

21



Noise Margins (Il)

dv,

out =1
v,
VDD )
L i PR
dVout — !
dvi, g\N ;
Voutr Voo SN vy~ = ou=Vou)
47 &
Voo o -7
0 V. Voo
Vin
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Noise Margins (lll)
(1'\(/7”“‘ - [(V'n —th)"' {(Vin - th)z —2(\/“1 —Vop /2= Vyp )VDD —k, /kp(vi" _V‘p)z}l/z:| = v,
in
P L=
Vo oy Y
avi,
Vour Vv
ou L NML _ V"_ Voo
~_
0 VDD
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Noise Margins (IV)

5Vpp —5|Vsp| +3Vi

H—
8
Voo Ky /ky=1
T \ ; dv
V Y |
out M b i
' NMy, = Vpp ’VlH‘VOH;vDD =
4
Rie i 3Vpp + 5|V, [ 3V,
Vou [yt : NM,, =—> 1 ®1 =) ‘8““ il
; K, /k,=1
0 V. k
@}@ MOS Transistor & CMOS Inverter 45
Noise Margins (V)
(7]
=
oo
© Considering that:
=
e Vin = |th|
(=]
2
7 8
k,/ kp
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The CMOS Inverter

p-substrate
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Latch-Up
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CMOS Technology Scaling
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Process Variations

Transistor manufacturing is characterized by process variations either at the wafer level
or the die level. Process variations are random and uncorrelated and lead to variations
of transistor parameters and geometric characteristics like the W/L ratio, the oxide
thickness, the doping concentration, the diffusion depth, the metal widths e.t.c. which
result to variations on the transistor transconductance, threshold voltage, parasitic
capacitance and resistance ...

Consequently, process variations affect the expected circuit performance (speed, power
consumption, reliability). Aiming to alleviate the situation, the fabs provide “fast” and
“slow” models as well as statistical models of the devices for corner and Monte-Carlo
analysis respectively.
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Process Variations

Fig 13 Sources of statistical variability

LVT *4-2-1" RO y Histogram
1,674 Die Sites |I?.Dlm.l.mm.mlu

\

randam dopants poly grains line edge
roughness

# of occurrences
HEEEEHEZERE

.Eﬁ‘;‘i§=§ZE5!EiEiEFE.‘FS!??E!Eﬁ:EE!EﬁEEEE§
RO Frequency Bin

SAAM “4-1" RO Frequency Histogram
1,628 ms:m(smnmcmmmwmm“m

RO Frequency Bin
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combined
effects

ol
A 4.2 nm MOSFET
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MOS Transistor Size Scaling
Vpo/a t,/a
Parameter Scaling Parameter Scaling
Factor Factor
Electric Field: 1 Power-Speed Product: 1/03
Depletion Layer: 1/a Gate Area: 1/02
Parasitic Capacitance: 1/a Power Density: 1
Gate Delay: 1/a Current Density: o
DC Power Dissipation: 1/0? Transconductance: 1
Dynamic Power Dissipation: 1/
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Yield

Yo #of _good_chips_on_wafer

totall_number _of _chips

Seed Model: Y=o VAD A >> & Y<30%
1- efA'D 2 )
Murphy Model: Y= (_J A<< & Y>30%
A-D

where: A =die area
D = defect density (defects/cm?)
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