CHAPTER 5 -
MOS FIELD-EFFECT TRANSISTORS

5.1 The MOS capacitor

5.2 The enhancement-type N-MOS transistor

5.3 |-V characteristics of enhancement mode
MOSFETS

5.4 The PMOS transistor and CMOS technology
5.5 MOS logic circuits
5.6 Some other considerations on MOSFETs
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The “ideal” two-terminal MOS structure
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The “ideal” two-terminal MOS structure
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The “ideal” two-terminal MOS structure

Ve

toiI OT 0.
o B

Ny
P-type silicon

Introduction to Microelectronics

Os
V.=¢p ——
A o=, C
Inp,n :_ ) N,
p
metal | oxide : silicon
M n’ /N,
AN
| S
-1, 0 X

Carrier concentration along x for ¢¢>0 (Q(<0)
p and n vary along x according to Boltzmann
1sti _ —9/9 _ —9/9,
statistics  p = p,e — ije
n
n= noeM’ =L ¢
A

| S~ p=N,
Reference potential (gnd)

n=n/N,




The flat-band voltage (Vg)

The flat-band voltage is the gate-to-bulk voltage required
to impose ¢5 =0 (and Qg =0). When V5=V silicon is
neutral everywhere.

Vig = Vs

¢s =QS =0

1. Charges inside the

_ insulator and at the
Why is the flat-band semiconductor-insulator
voltage not equal to zero? interface

2. Contact potential
between the gate and the
semiconductor substrate
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The flat-band voltage (Vg)

The effect of contact potential and oxide charges can be counterbalanced
by applying a gate-bulk voltage called the flat-band voltage Vig.
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np,n
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| silicon
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Vs Lox 0 X
p-substrate
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Regions of operation of the MOSFET:
Accumulation (p-substrate)

G Vo < Vs
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surface
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VGB

B
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Accumulation
(p-substrate)
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Regions of operation of the MOSFET:

Depletion (p-substrate)
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VGB > VFB
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Holes evacuate from the P
semiconductor surface and
acceptor ion charges -
become uncovered



Depletion (p-substrate)
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Regions of operation: Depletion (p-substrate)

(depletion approx.)
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Introduction to Microelectronics 11



Regions of operation of the MOSFET:

Inversion (p-substrate) O, > 0;
0O, <0
G
Many electrons e
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Regions of operation of the MOSFET -
Inversion (p-substrate): ¢ >¢. o, is the Fermi potential

In p, N / inversion layer
AN

Na
%@
“lox 0 ’ an;iax X
At this point

p=n=n;and ¢=g
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a

The semiconductor operates in
inversion when ¢g>¢r

For ¢ >¢. the concentration of minority carriers (n) at
the semiconductor-oxide interface becomes higher
than that of majority carriers (p); the semiconductor
operates in the inversion region



Strong inversion : the concentration of minority carriers

(n) becomes higher than that of holes (majority carriers) deep
in the bulk

_q9(x)

!P p, N / inversion layer p _ Nae T
2 q9(x)
n.
- Na n=——e
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The semiconductor operates in
strong inversion when ¢s>2¢-
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Operating regions of the MOSFET: Summary
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Threshold voltage V; ( for strong inversion)

Gate voltage for which ¢, =24,

Vi =Veal, oy =Vis t20: V20 | 0 =—aNx, = [2aEN.0 = 1C, (%,

y = /2qgs N,/C, —— Body effect factor

|C’n| M

strong inversion

QN — _Cox (VGB _VT )
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Small-signal equivalent circuit of the MOS
capacitor in weak inversion
_dQ;, _ dQy _ dQ; 1
£ dv.,  dV,, i _dgy  _dg, 1
\ /' C. dog C,

VGB —Vip = ¢s _QS /Cox
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C :_dQs:_d(QD"‘QN):_dQD:C Cox
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C,: depletion capacitance e d
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Weak inversion model of the MOS device

n (slope factor), a dimensionless

Q,= —7C0x\/7 —C,=— 2\/7 factor, is a function of ¢, , but let

d¢ us assume it is a constant.
depletion Ves Vs g, — Co. — l (D)
region C v, C_+C, n
- o Integrating (I) between ¢, and ¢= 2¢;
_— B 6@ Og s (Vg=V,) leads to
¢ 09 I
’ - 059 C 1
""""""""" d =2 -V
0, =20 +—(Viy = V;)
neutral region

Boltzmann statistics applied to :> 0, o exp[¢ }oc expLVGB _VT}
the electron charge density (Qy) ) ng,

Note: The symbol n has been used for both
electron concentration and slope factor.
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5.2 The Enhancement-Type NMOS Transistor

0.8 u CMOS technology

L., =0.8 um metal width = 1.4 um
Wmin =2.0 pum

t,=160 A

Silicon Dioxide

(Si0,)

Source (S) Drain (D)

Source
Region

D .
1 1 —
v =0
(a) NMOS transistor structure ( b ) cross section G | B 1 — O
and ( ¢ ) circuit symbol O > <« '0) .B .
iG | iB lD = IS
1s * |
S
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Long Channel Transistor

Energy barrier at source controlled by both source and gate voltages

Energy barrier at drain controlled by both drain and gate voltages
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3D FinFET

New Structure Rejuvenates Transistor!

Dr. Chenming Hu

University of California Berkeley

http:/flwww.eecs.berkeley.edu/~hu/

http://www.synopsys.com/Community/SNUG
/Silicon%20Valley/Pages/snug-2012-keynote-
3d-finfet.aspx
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W | Vg2V
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MOSFET I-V RELATIONSHIP
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Common-source characteristics
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5.4 The PMOS Transistor
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5.4 The CMOS Technology

Polysilicon Al

SiO,

‘ N-well CMOS
B S D Yo structure for
\ \\\& forming both
| NMOS & PMOS
transistorsin a

Ohmic NMOS transistor single silicon

substrate

PMOS transistor Ohmic
contac

contact

p-type substrate
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5.6 MOS logic circuits: the ideal inverter

IN

OuT

OUT=IN 0
1

1
0

Circuit representation and 1deal transtfer function:

Vout 4
V+
\V+
VouT=VIN
0 V+| o
+ + 2
VN Vourt
o : 0 .
0 _V+ V+ V||\|
v ——
W=

Define switching point or logic threshold

e V,,=mput voltage for which V=V
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MOS logic circuits: the real inverter

VouTr A
VMAX
logic 1
g (V2SN S~
transition O
region
VoL
logic O
g VN -
0
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e The CMOS Inverter-I
: V=5V Voo~ >V
Ronp
I
D

vi [ -
Vv O— —O \V4 O—| VO
I D @)
i
G
ol
Ronn
S
(a) (b) —

(a ) CMOS inverter uses one NMOS and one PMOS transistor
( b)) Simplified model for the CMOS logic gate

Introduction to Microelectronics 28



The CMOS Inverter-ll

IDn A

Vv, =2
v, =25 \A
\L
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The CMOS inverter: VTC and dc current

o 40V MN off MN saturated
F M_ linear
p P
u
t vV = VI +1
N . M _ and M _ saturated
10 N P
t
. ol ...
g 1  °r ...
e )

MP saturated

M: linear

N
¢ B GRS L
MP off
ov 1.0V 2.0V 3.0V 4.0V 5.0V

v

I

CMOS voltage transfer characteristic may be broken
down into the five regions outlined in table 8.2
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Impact of Process Variations

2.5
ol
1.5
?g Nominal
~ | Good NMOS——
Bad PMOS
0.5
00 0.5 1 1‘.5 2 2.5

Process variations are electrically modeled through
variations of parameters (Vy, k,, k,,, etc...)
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e Dynamic Operation of the CMOS Inverter -1

oVpp oV

[
S
L
v v 5(0+) =0V
O
VI =0V

C

(b)

- T/
»- t oV -t

High-to-low output transition in a CMOS inverter Low -to- high output transition in a CMOS inverter

C: load capacitance + interconnect capacitance + parasitic capacitance of the inverter

Introduction to Microelectronics 32




 Dynamic Power Dissipation in CMOS Gates - 1

Vop
Vi

T B

T

R
5

—i T

What is the energy dissipation for changing  The energy dissipation in M,

v, from 0 to V, and back to 0? when v, changes from 0 to V, is
A tions: St " tant C _ : _
ssumptions: Step v;, constan E (Mp) _ J‘V(Mp) I(l\/lp) dt = J‘(VDD _Vo) dq
VDD

The energy stored in C when E —CV..2 /2
v, =Vpp IS °b
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e Dynamic Power Dissipation in CMOS Gates - 2

Vop

— Vi
M

The energy dissipation in My when v, changes from Vy;, to 0 equals the
energy stored in the capacitor before discharging it

jv ) dt= 'T -v,Cdyv, =CVTDD2=EC

VDD

When the operation of charging and discharging the capacitor is repeated
each T seconds (or f times per second), the power dissipation is

In general, the average dynamic power dissipation is

_(:\]DD2 2
P=—  [P=fCVy P=af C Vy,’

a is the switching activity factor
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CMOS Gates ( Static Logic )

Vo oV l
T Vbp

PMOS Switching
Network

v

\ 10
l —_
1
Logic > (I
Inputs C O v v
A o
/
NMOS Switching S
| Nog Swite —1 2 off 2=
A . B '—h
Basic CMOS logic gate structure Two-input CMOS NOR gate
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NAND de 2 entradas

Yop
B VBP __of~Vgp
Vg
{—VBN
A . i%“ﬂﬂ
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The complete I-V relationship of the
MOSFET ( strong and weak inversion)

-3
107, ) Vo=Ve |
Ve=0V "
| 705 7
| /1.0 /
10 ¢ 1.5 ¢
? 2.0 Vg
| 2.5
3.0/
109 | * ~ N
0 1 2 3 4 Vg (V)

Common-source characteristics
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 8C-7, No. 2, APRIL 1972

Ion-Implanted Complementary MOS Transistors in
Low-Voltage Circuits

RICHARD M. SWANSON, MEMBER, 1EEE, AND JAMES D. MEINDL, FELLOW, IEEE
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Prof. James Meindl:

Theoretically, the minimum supply
voltage for a CMOS inverter is

2 (In2) (kKT/q) =36 mV

3 o0s o5 o6 or atroom temperature (IEEE JSSC, 2000)

INPUT VOLTAGE (volts)

QUTPUT VOLTAGE (valts)

8

0.

ol 0.2

CMOS inverter transfer characteristics. ——experiment ;
++- theory (12a).
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Design Rules

® Interface between designer and process
engineer

® Guidelines for constructing process masks
@ Unit dimension: Minimum line width
» scalable design rules: lambda parameter
» absolute dimensions (micron rules)
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CMOS Process Layers

Layer

Well (p,n)

Active Area (n+,p+)
Select (p+,n+)
Polysilicon

Metal1

Metal2

Contact To Poly

Contact To Diffusion
Via

Introduction to Microelectronics

Color

Yellow
Green
Green
Red
Blue
Magenta
Black

Black
Black

Representation

zzzzzzzzzzzz
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Intra-Layer Design Rules

Same Potential Different Potential
/\ ./9 \ 2
Well or Polysilicon
6
Tb— 4—2—I-
3 3
Active .—. Metall
Cm%:act
R or Via . I 2 )
Hole 3
L
2 2 4
——»
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Iransistor Layout

Transistor

I Introduction to Microelectronics
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Via’'s and Contacts

Metal to
Poly Contact

IlI
.

Metalto 1
Active Contach] -

F
-

Introduction to Microelectronics

3 2

—

+—
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Select Layer

Well
Substrate
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CMOS Inverter Layout

GZ\'D In VoD
— 0N ' H B
E
Out

(a) Layout

:r-i-'_'-.-rr

A
p-substrate I : Fleld
n Oxide
(b) Cross-Section along A-A’
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Modeling the series association of
MOSFETs

- (W/L) (W/L),
WIL), = (W/L) +(W/L),
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Series-parallel association of MOSFETSs

ID
. . . : 1

-100.0__ | 4 : : : ﬂ
| _Jr' E,
o | ] %
g b
10.000 ! ! -
/div___ RTen) e —1!-— s t = H L
i |
R
o S S (U (.
{ | | |
e o LSS R S o -
T ; T ~ 4_____,* o
‘ | |
E._ ESCIE =EPNSOCSE B . S ..]._._—4‘._.__.1
. 0000 . | | l 1
. 0000 -S. 000
vD .5000/div ¢ W
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Regenerative Property

Regenerative

Vo

Vo
Non-Regenerative

in

48



Regenerative Property

VO Vl V2 V3 V4 V5 V6
A chain of inverters
| | | | | | |
5 ——————— ~ -
N /, \ pm————————
-\ I \ p _
\ \ V4
é - J \ ll \
> i I\\ I, \
/ \\ \Y; / 1 .
=y, Sy \
2 1 | | | | | | | | |
Simulated response 0 2 4 6 8 1C
t (nsec)
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Ring Oscillator

Introduction to Microelectronics
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Example: oxide capacitance

(a) Calculate the oxide capacitance per unit area for t,,= 5 and 20 nm.
The permittivity of silicon oxide is ¢,, = 3.9¢,. ¢,= 8.85:-10'* F/cm is
the permittivity of free space.

(b) Determine the area of a 1pF metal-oxide-metal capacitor for the two
oxide thicknesses given in (a).

(c) Determine the gate charge/unit area in C/cm? and the number of
elementary charges/ um? of the 1 pF capacitor for Vg -¢g =1 V

Answer: (a) C,, = 690 nF/cm? = 6.9 fF/um? for t,,=5 nm and C_, = 172
nF/cm?= 1.7 fF/um? for t_,= 20 nm. (b)The capacitor areas are 145
and 580 pm? for oxide thicknesses of 5 and 20 nm, respectively.
(c) 0.69-10¢ and 0.43-10° /um? for capacitor area of 145 pm? and
0.17-10¢ and 0.11-10° /um? for capacitor area of 580 pm?2.

Introduction to Microelectronics 52



Example: charge density M

W

A

v

L

Assume that the electron concentrationisn =10 cm-3, L=W=1 um, t=0.1 um

(a) Calculate the volumetric charge density

(b) Calculate the total number of electrons and the corresponding charge
inside the volume

(c) Calculate the (areal) charge density seen from the z-direction

Answer: (a) p=-1.6 103 C/cm?3 (b) Number of electrons = 103, charge = -1.6 x
106 C (c) charge density Q,=-1.6 x 108 C/cm?.
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The flat-band voltage (Vg)

1. Charges inside the insulator and at the semiconductor-
insulator interface induce a semiconductor charge at zero bias.

p | i G
0, :: Qs+t0s+0,=0

Metal | Oxide . Silicon +Q—o+ L TSI SR Y
-
O Sy o, Qs B
(%) A
N i
Metal | Oxide . Silicon
: > X —_— QG+ + +++ ++
o | Q=0
S B
| V=V,
" 0 GB= VFB |
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The flat-band voltage (Vg)

2. In equilibrium (with the two terminals shortened), the contact
potential between the gate and the semiconductor substrate of the
MOS induces charges in the gate and the semiconductor for Vg=0.

Px) |
Qc+0s=0
Metal || Oxide Silicon V=0
H
QG .
o) A
QG= QS =0
Metal Oxide . Silicon V5=V
i > X
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Example: flat-band voltage

(a) Determine the expression for the flat-band voltage of n*
polysilicon-gate on p-type silicon (b) Calculate the flat-band voltage
for an n* polysilicon-gate on p-type silicon structure with N, = 10"/
atoms/cms.

Answer: (a) In equilibrium, by analogy with an n* p junction, the
potential of the n*-region is positive with respect to that of the p-
region. The flat-band condition is obtained by applying a negative
potential to the n* gate with respect to the p-type semiconductor of

value e G
(b) S I [mess |
N - - - - - -
VFB n+p - _¢bi n+p - _056 V - ¢r ln [_A] -
_ - n —
980 mV|
V. =056 V—¢ In (107) — 080 mV p-substrate p-substrate
FB t B |B
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Example: threshold voltage

Estimate V;for an n-channel transistor with n* polysilicon gate, N,=10"/
atoms/cm3 and t,,=5 nm.

Answer: The flat-band voltage (slide 12) is -0.98 V; ¢-=0.419; C_,= 690
nF/cm?2. The body-effect factor is ¥ =2 N, /C, =0.264 JV

V.=V, +26, + 7/20, = —0.98+0.838+0.264:/0.838= 0.1V

For this low value of the threshold voltage, the off-current (for V;s=0) is
too high for digital circuits (see subthreshold leakage).

Solution to control the magnitude of the threshold voltage

\ 2 8

a non-uniform high-low channel doping

I\
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Exact relationship between surface potential and
applied gate voltage V; for the MOS capacitor

= = = Approximation V.(V)

! |
|
Strong ,
inversion | Oy =-C, (Voy —V;)
|
Depletion/weak (VG _VTJ
- - Qy < exp| ——
inversion ng,

Accumulation
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Threshold voltage V; ( for strong inversion)

Gate voltage for which ¢S — 2¢F Oy — Electron (carrier) charge

o, — Depletion (ion) charge
o

|J A
QN + QD T
0 Xdmax ; bR
tox X '
gN '% \ xan "% I 29
“YiNa -LoX ] Max
. I _______ \ _____
Depletlon approx.
IEln
Charge sheet approx. I
E + logp, n 1 I
Eox |
Es
0_ . )
-tox 0 Xdmax X
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Threshold voltage ( for strong inversion)

At threshold we can neglect the inversion charge
¢S = 2¢F Qy compared with the depletion charge Qp

O, =0,+0,=0,
J L
O . 0
Recalling that Yoz =V = S_C—:C:¢S_C—:

and solving for @, p=—gn, : E_P it E(x,)=0— E=T(x, -y

(depletion approx.) dx € &
90 i ()= _Na (o pmm) 9(x=0)=0, =20, 29, = L0
E=~"" with §(x,)=0- 4(x) e (x, - x) mm) #(x=0) 2
0, =—gN ,x, :_\/ 2ge.N,9, =_7Cox\/ 20,
it follows that Ve = VGB‘¢S=2¢F =Vig +20: + V20,

y = \/ 2Q€SN A / Cox — Body effect factor
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MOSFET in subthreshold MOSFET in strong inversion
(Vgs< Vo) and linear region  (Vgs>V7) and linear region

(low Vpg) (low Vps)
reference voltage reference voltage
A I I S A A A 'y

>
> Vs Vo Vp o4 Vs Vb
b3 _ _ =
® c
= o
o ©
-t (]
8‘ ©
©

()]
g g
9 3

\/
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MOSFET for V s>V inthe  MOSFET for Vzs>Vrin the

triode region saturation region
reference voltage reference voltage
A o X 7'y
> Vs Vs
5 5
° g
v g

<
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5.3 |-V Characteristics of Enhancement Mode MOSFETs

P

Vo=0V  Vg=Vp=0V

(a)

(c) Vg=2V Vs=Vp=1V

Introduction to Microelectronics

© jons
— electrons

(b)

Vb

o -

Ve =2V

(d)

Vs=Vp=0V

Ve

\\\\\

Ve =2V Vs=0V Vp=1V
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5.3 |-V Characteristics of Enhancement Mode
MOSFETs

o =20, N sio, | [~ . O, =20, + Vi
t ¢ [ E 6600001 » 1109 | at drain end of
 Foms | COOOORIES | *

00 © 098
p silicon .
Vg =0V J
—¢ =20, +V|
V V.. = —QN il QD
GB  VYFB — ¢s o C -
ox Oy =-C, (VG —Vi _V)
QD - _yCox 2¢F +V \\
=—yC /20 The dependence of O, on Vis
Vo=V +20,. + 720, — — accounted for in more advanced
models
Introduction to Microelectronics 64



5.3 |-V Characteristics of Enhancement Mode

MOSFETs
Ve=Vp+ I\
F AT S
re=ov e e TS | -osy b =204V

@ =20, \ S0y f N
at source end | (O, ZA~A OO o (® | at drain end of

of channel @LJ@@ A= Mol ™ %G)@US@ channel

BB 5508
psilicon N

Strong inversion model: the electron (inversio
the channel is |Qy = - Cox (Vgs— V1 -V)

n) charge density along
with 0<V<Vpe

and the current is due to drift (Ohm’s law valid in each channel

element)

Introduction to Microelectronics
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MOSFET current law -I

» Resistance of channel element of length Ay

dy

Inversion channel
depth Ax
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MOSFET current law -l

Ohm'’s Law applied to the channel element of width W
and length dy

AV =dR,I, dR,=——2

- Wu0,

[,dy=-WuQ,dv

Integrating the eq. above from source to drain

L Vps

IIDdy = j WuQ,dv
0

0

W VDS
ly=="# ! Q.,dV
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MOSFET current law -llI

QN — _Cox (VGS _VT _V)

0 Vbs V( channel
souree drain potential )
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MOSFET current law -1V

Substituting the inversion charge density given by
Onv=-Cox(Vgs—Vr-V) in w "

it follows that

I, = _I/U f OydV

0

%4
e
%4
=T #

VDS
_[ Cox (VGS _VT —V)dV
0
| R
Cox |:(VGS _VT )VDS _EVDS:|

Introduction to Microelectronics
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Bulk effect

We have neglected the variation of the depletion charge under

the channel Ve \fm v
reov [P NS | g - sy
\ SiO, f
D BRSNS r @@
e SR e SE
© @G)@@@
p silicon NS T
I-;gzovj
Including this effect reduces the drain current
4 2 C 1
J. =— C V —_ V ox —_
D 2Ln 0x ( GS T) Cox n Cd n

Typical values of n~ 1.1to 1.5
nis a slight function of

Introduction to Microelectronics
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The output characteristics of the
MOSFET in saturation

W v output resistance:
ID :_ﬂcox (VGS _‘/T)2 (l-l_ﬂ] . -1
2L V, - 81D ‘ _ VDS +V,
: ° | Qv !° I,
if Vs 2 Vipgsar Vos 2 Vr
I, z% it Voo <<V,
I , D

Triode
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e Channel length modulation

nCy W 2 L. -
IDsz(VGS_VT) L=Ly-AL
I AL AL V k
[ =—DSAT =] (1+—] = DS [.=2n(V. -V
D i AL DSAT L, L, V., D™, ( GS T)
Ly

Pinchoff point

L AL

&
><

Channel length modulation

Introduction to Microelectronics
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Summary of DC equatlons for the MOSFET

n-channel ID
G B G G
O I < 0} or O—! o I
\\Y
zT >>00 K=pCpox —
S DS = S L

p-channel
O or O—H

(a) v < Vp

Cutoff region, i, =0

Vgs = Vr

(b)vgg 2V,

(VGD 2VT) Vbs < Vas _VT

W
I, = Zﬂcox I:(VGS —Vr )VDS

Triode region

Ves S Vi

|
_EVDS} Vps 2 Vgs — Vr (VGD SVT)

(b)vgg 2V,

Vap S Vr ) Vps 2 Vg —

Saturation region

4

VT ID :Zﬂcox (VGS _VT )2

Vas S Vi

Vps S Vgs — Vr (VGD 2 VT)

DA

(¢)

Vas2

Vasi

Introduction to Microelectronics

(a) Vbs

(¢) . (b)

Vs

Vasi A
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nMOS Inverter Circuit-I

AV 5V o
DD
V. =25V
counl .as v
D
v R
A
O I
N
C |
U 4oux
R
R
B V_ =20V
N GS
Vi O !
| DS
20uA]
: : : - Vog= 15V
— OA™ T T T T \S
ov 1.0V 2.0V 3.0V 4.0V 5.0V 6.0V

\%
DS

NMOS inverter with resistive load MOSFET output characteristics and load line

_ Vpp — Vi

Vpp=5V Load line: i
R = 95 kQ R
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T emo e 0

®0 ® =0

nMOS Inverter Circuit-ll

6.0V .
: NMOS Inverter with: Resistor Load
. . . . . ip (LA)
5.0V A ) A H
_— . . . .
aovd
sovd
T
Lovy] - - - t f f f f f >
1.0 20 30 40 50 60
oV - - - - - .
ov 1.0V 20V 3.0V 40V 5.0V 6.0V Drain current vs. input voltage
VI
Simulated transfer characteristic of an NMOS Drawback: current consumption =50 UA
logic gate with resistive load if the input is high
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Inverter circuit —
PMOS transistor load

[ |
|
O
~

Introduction to Microelectronics

7

PMOS load line for Vgg=Vpp-Vp
N
Vbb

P TVin

2 \

L Fd
NMOS cutoff
PMOS triode

/ NMOS saturation

/ PMOS triode

NMOS saturation

/ PMOQOS saturation

NMOS triode
PMOS saturation




CMOS INVERTER LOGIC THRESHOLD-I

Vour 4 NM,
>
At V|, both transistors are
saturated
%%
A 1, =—=uC, (V, V)
: \ } 2L
0 VitV ViH Vpp VIN "
NMp,
_ p .
p
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CMOS INVERTER LOGIC THRESHOLD-II

W W
Define k, = 2 u,C,, kp :L—:ﬂpcox
Since 1 Dn — 1 Dp

k >
Then f(VM _VTn )2 = 7P(VDD ~Vu +VTp)

Solve for VM VTn + : (VDD + VTP )

Introduction to Microelectronics
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CMOS INVERTER LOGIC THRESHOLD-III

Symmetric case V, =-V, k =k V, = Voo

P n

W
This implies ——=2—1-
L L

P

Asymmetric cases

k. >>kp = V, =V
k, <<k, == Vi =2V +V,,

Introduction to Microelectronics
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Modeling the series association of

MOSFETs
D
/
v, |1
Wp
Lp W/L) (W/L)S(W/L)D
G X =
We “ (W/L),+(W/L),
Is
Mg
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Experimental Results NAND-2

DC Transfer Curve
TSMC 0.35um Technology

0.5

0.45

0.4

0.35

0.3

(]

0.25

o

b

0.2

015

0.1

0.05

Wik Yo - Wdd=500mY
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e Dynamic Operation of the CMOS Inverter - 2

High-to-low output transition

in a CMOS inverter

Introduction to Microelectronics

Approximation as  p _ Y ssar

1
D% alinear resistor I,
g i=Voo
I I
I I
I I
I I -
VDSsat VDD VO
[
o : - A
I
[
—
(@)
vo — ¥ DSsat eXp RC
=
VDD _VDS t
T,=C s
M
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Subthreshold Leakage Component

102 ——— v
102}
104}
10°}
10}

V;=0.4V : Ip

'l 'l a 'l 'l . ']
0 01 02 03 04 05 06 07 08 09 1.0

VGS! vV
e Leakage control is critical for low-voltage operation
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Vout

Drain Junction
— Leakage

Sub-Threshold
Current

Sub-Threshold Current usually
Dominant Factor

Introduction to Microelectronics

Reverse Leakage Current

Reverse-Biased Diode Leakage
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Principles for Power Reduction

Prime choice: Reduce voltage!

— Recent years have seen an acceleration in
supply voltage reduction

— Design at very low voltages still open
question (0.9.... 0.6... 0.1? V)

Reduce switching activity
Reduce physical capacitance

Introduction to Microelectronics
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Good Old MOSFET Nearing Limits

=]
o 3

L=

—
S

<4 Smaller
(@] -
/' size

/

—
o
[1+]

=
2
)
_D
Hr\
= B
=
e
=
O
k=
S
(]

e

=]
i
=

00 03 06 09
Gate Voltage, V__ (V)
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* | IS bad
« Size and dopant

variations

High Vdd, Power,
Design Cost

3D FinFET

New Structure Rejuvenates Transistor!

Dr. Chenming Hu

University of California Berkeley

http:/fwww.eecs.berkeley.edu/~hu/

http://www.synopsys.com/Community/SNUG
/Silicon%20Valley/Pages/snug-2012-keynote-
3d-finfet.aspx
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New MOSFET Structures

FinFET

UTB-SOI

Introduction to Microelectronics

Ultra Thin Body SOI

One Way to Eliminate Si Far from Gate

Thin body controlled
by multiple gates.

‘ Gate

Source _______ Drain |

Gate

FinFET body
is a thin Fin. ——

M. Lindert et al., DRC paper |46, 2001

3D FinFET

New Structure Rejuvenates Transistor!
Dr. Chenming Hu

University of California Berkeley

http:/fwww.eecs.berkeley.edu/~hu/

http://www.synopsys.com/Community/SNUG
/Silicon%20Valley/Pages/snug-2012-keynote-
3d-finfet.aspx
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