Analog Integrated Circuits



Why Analog?

* Processing of Natural Signals
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Why Analog?

e Digital Communication
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Why Analog?

e Disk Drive Electronics
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Why Analog?

e Wireless Receivers
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Why Analog?

e Optical Receivers
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Why Analog?
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Why Analog?

* Microprocessors
— Distribution and timing of data and clocks

— Non-idealities in signal and power
Interconnects

— Issues related to the package parasitics.

e Memories

— They needs high-speed “sense amplifiers”

“High-speed digital design is in fact analog design.”



Why Integrated?

The birthday of Electronics is 1900.
The main building block = vacuum tube

Drawbacks
o Large size
. Small life-time

The birthday of Microelectronics is 1960 (25um Technology).
Microelectronics: the knowledge of integration of transistors in a small area.
The main building block =» Transistor

Advantages
o small size
o Infinite life-time

Moore’s law: the number of transistors per chip has continued to double approximately
every 1.5 years.

. 25um CMOS Technology = 45nm CMOS Technology
CPU (3cmx3cm) =» 100-million transistors
Handset = 1-million transistors
Memory = 1-billion transistors
The state-of-the-art microelectronics products:
Laptop
Cell phone
Digital camera



Why CMOS?

Advantages:
CMOS technology is a low-power technology.

In order to realize digital circuits in CMOS technology, we need fewer devices than its
Bipolar or GaAs counterparts.

Disadvantages
Slower
Noisier

Therefore CMOS technology is a helpful technology for digital circuits.

Since we want to integrate both the analog and digital circuits on a same
substrate, so we must design the analog circuits in CMOS technology.



Basic MOS Device Physics
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Structure of a NMOS transistor
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N-Well Process
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MOS Symbols
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MOS I/V Characteristics

Jlegg sl
AN

p-substrate Negative lons

Formation of the depletion region

p-substrate Electrons

Formation of the inversion layer



MOS I/V Characteristics

p-substrate Electrons

Qdep
Cl‘.'.l' !
Sr = (kT/q) In(Nsup /1)

Qdfp = ‘\/4‘1634' [P r. Nsusp.

Vrg = ®ys +2$r +

for t,, = 2nm,we have: C,, = 17.25fF /um?
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Derivation of I/V Characteristics

=

A semiconductor bar carrying a current |

vV meters

One second later
Snapshots of the carriers one second apart.

I=Qd-1}.



Derivation of I/V Characteristics
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Derivation of I/V Characteristics

p-substrate 0 x ;_ -
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Vil)=0 V()= Vps
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[D == MHCOII [(VGS - VTH)VDS h EVE]S]

V. —V,, =overdrive voltage = effective voltage

W :
T = aspect ratio

if Vi >Vo, Vo >V, =V <V —Vo, —  triode region
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if  V, <<2(V, -V, )— deep triode region

So we have:
o} Vasa v

ID ~ Ju'l'l' ox (VGS —— VTH)‘ as3
Vasz
l Vas1

Rall - %% . | Y . §

UnCox—(Vgs — Vry) S OSL
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...... Vos it

Linear operation in deep triode region
G

5._}-1_1‘__,;, o> s-—.':i:——-n

MOSFET as a controlled linear resistor
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Saturation of the Drain Current

Io f Saturation Region
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Pinch-off Behavior



Saturation of the Drain Current

Va
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- V=0

x =0tox = L', where L’ is the point at which @ drops to zero
Vir) =0t V(x)= Vg5 ~ Vry
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Saturation Region

Va
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1 W
Ip = =tnCor—{(Vgs — Vru)’
2 L’
For long channel transistor, we have: | ~ |
So the above formula is simplified as follows:
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Transconductance of MOSFET

1 W
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Conceptual Visualization of Saturation and Triode Regions

Saturation Edge of Triode Region
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Second Order Effects

Body Effect
*Channel-Length Modulation
*Subthreshold conduction

oL eakage current
*Short-channel effects

If Vo35>0 => the threshold voltage V., is increased as follows:

Vro = Vrgo+ ¥ (\/|2¢'r + Vspl — v/ |2¢'F|)

Y = ﬂqe.tENsub/Cm
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Second Order Effects

*Body Effect | 5 Vps > 0
Channel-Length Modulation — J_ W
«Subthreshold conduction A r o/ E—
-Leakage current @" h/; )
*Short-channel effects ;pmc I

' x=L'

V(L') = Vgs— Vin

The actual length of the inverted channel gradually decreases as the value of
V; increases. In other words, L is in fact a function of V¢

L'=L~AL

/L'~ (1 +AL/L) L v
ALJL = AVps )i~ Con (Vs = Vru(1 + AVps)

=

(from semiconductor devices course)

1 W
o1 lp = iﬁfvn ox 77 (Vos — Vra)*




Second Order Effects

Channel-length modulation results
iIn a nonzero slop in the I /Vg
characteristic.

L 1
AV, 5 Ax—

L L

Therefore, for longer channels, A is
smaller.
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Second Order Effects

*Body Effect
*Channel-Length Modulation

Subthreshold conduction
sLeakage current
*Short-channel effects

In reality, for Vo<V, a weak inversion layer still exist and some current flows
from D to S. This phenomena is called weak inversion or subthreshold
conductance.

I, = IDD(V_:)e(qVGS/nkT)

V.. =>27/omV,n=15

DS —

(David Johns) »
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Second Order Effects

*Body Effect
*Channel-Length Modulation
*Subthreshold conduction

| eakage current
*Short-channel effects

The Leakage current of the PN junctions is important in estimating the

maximum time a sample-and-hold circuit or a dynamic memory cell can be left
in hold mode.

The leakage current doubles for every 11 °C rise in temperature.

Polysilicon
Metal (Al) Gate / , SiO,
T T w

Bulk or substrate




Second Order Effects

*Body Effect
*Channel-Length Modulation
*Subthreshold conduction

oL eakage current
*Short-channel effects

This phenomena will be discussed later (chapter 17, Razavi).
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MOS Device Layout

The two most important masks are:
*Active region mask

«Gate polysilicon mask —

Z

. . A - d - ;j/ Jx'f,//

The intersection of these two = Active region e

masks becomes the channel
region of the MOS transistor.

: - . Polysilicon mask
Field-oxide region

The design rules for laying out <
transistors are often expressed
in terms of A where A is % the gate
length.

AClive«region mask o7 Contact mask

ye—Lt—»

Effective gate region
32



MOS Device Layout

Channel

Gate Area

Contact
Windows

e
= A E
nt+ n+ ‘/w'

(a) (b)

l'-n*:iranlﬂ.rn

When we are drawing the layout of a circuit, we

must perform both the DRC and LVS tests.
DRC = Design Rule Check

3I3_VS-) Layout Versus Schematic
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MOS Device Layout

Example:

Area:

Peripheral:

A, =51xW

P, =104+ 2W




Integrated Resistors

metal

A resistor is a strip of resistive layer.

Insulator

me

tal

L S P —— 2
R = ZRCOM + W RD élé\//}_(‘a y’r \\t\ NN \j\ ffﬁ
- L.
Type of layer thEEt Accuracy Tempe_rs_iture Volt_age
resistance coefficient | coefficient

Q/0 % ppm/°C ppm/\V

n* diff 30-50 20-40 200-1K 50-300

p* diff 50-150 20-40 200-1K 50-300
n-well 2K-4K 15-30 5K 10K
p-well 3K-6K 15-30 5K 10K
pinched n-well 6K-10K 25-40 10K 20K
pinched p-well 9K-13K 25-40 10K 20K

poly 1 20-40 25-40 500-1500 20-200

poly 2 15-40 25-40 500-1500 20-200




Types of integrated capacitors

polysilicon | polysilicon 11

polysilicon

- 5, o - # i -;_.-':::-'
H W, ", .......-.-.-.......-.-.-........-.-.-.......-.- ", Rl = 7 A A o
o “ e S oy f-' 1 o o " " -~ -}l."
il 5
AP AN A A P T T T A A T A A A T A P
e A o i S o .
K ‘ / I
shielding well
(well biasing not visible)

p+ or n+ diffusion

a) b)

Electrodes: metal; polysilicon; diffusion
Insulator: silicon oxide; polysilicon oxide; CVD oxide

EqE,

C= WL

2 2 " 2 2 2
ACY (ALY (AW (Aeg) (At
— — | +|—]| + +| —2
C L % g t

r o) 4
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Integrated capacitors

=
N
-~ :ﬁﬁ:::ﬁ:i \4 poly 1
Ry
N |
R meta
oo
R
. contact
poly 2
4
poly 1
AN / contact

To achieve good matching:

* Use of unity capacitors connected in parallel.
* Use W =L fairly large.



Parasitic capacitances:

Capacitors Features

Type to | Acouracy |STRCRIE | coetfioint
nm % ppm/°C ppm/V
poly-diff 6-20 7-14 20-50 60-300
poly1-poly2 8-25 6-12 20-50 40-200
metal-poly 500-700 6-12 50-100 40-200
metal-diff 1200-1400 6-12 50-100 60-300
Imetal1-metal2] 800-1200 6-12 50-100 40-200

diffusion | POlY-Poly or
poly-metal
Cop 01C 0.01C
C,i 0.01C 0.001 C

Poly-poly capacitor

Poly-diffusion capacitor

Substrate

L BOTTOM FLATE J

Substrate \

Reversely iased

Bottom o ﬂ—| I—Q—( Top _il”]'l'.“l‘l'l

— l|-|

= Cp.i

Subsirale ———0—



MOS Device Capacitances

D
C1 or C,: oxide .capacitan.ce Cep [ Cop
C2 or Cd: depletion capacitance ———
C3,C4: overlap capacitance Go '|: 5
C5,C6: junction capacitance '
——i—
Ces Csp
I
Ces
o
S
Lp
- -
e o
- Cs =C G
L 1
L T 2 \ L
TCs T Ce
Inversion Depletion
Layer Layer

p-substrate

(a)



Effect of Layout on Parasitic Capacitances

..........

Cr=Cg =(W><E)CJ.+2(W+E)C

DB jsw



MOS Device Capacitances
(Saturation Region)

Ve =0
. Polysilic\on Vog > Vi

!
p* field |"Cf G T L, Cab T

implant

p~ substrate
L




MOS Device Capacitances
(Saturation Region)

Ces §WLeﬁc +WC —§WLC

CGD :WCOV EWLDCOX

C. =0 Cggis neglected because inversion layer act as a shield.

CSB = (As + Ach )Cj + Pstsw’ Ach :WLeﬁ‘
C. C

jo jsw=0

C = —C. = —0.3<m<0.4,¢, :built —in voltage
( VSBJ ( vsaj
Pe Pe

A, :source area P, :source perimeter

Cjo stw—o
~AC +PC,,.C, C, =

jsw ! m jsw m
(maj [vaj
Dy Py




MOS Device Capacitances
(Deep Triode Region)

T “SB
Inversion Depletion
p-substrate kayer Layer




MOS Device Capacitances
(Deep Triode Region)

C = > =+WC_,
Cy = WLZCOX +WC_,

C. =0 Cggis neglected because inversion layer act as a shield.

C. C.
(AS+A°“jC +PC,,,C, = P __C._ = WD

jsw ! m jsw m
(Hvsaj ( vssj
Py Py

C. c
:(AﬁAzChj +PC,.C =—2L—.C, =—I=

jsw ! m ! jsw
(1_'_ VDB j ( VDB
Pe Py




MOS Device Capacitances

(Cut-off)
CGB
Accumulation
C, =WC,, \
CGD :WCOV '/i
o Y Vas
o = CCd (\/(vafé)) C, :depletion capacitance, If V, <<0=C_ =WLC_
d + (o)
C.,
CSB — ASCJ + Pstsw’ Cj — m
1+ VSB]

Py

C,
CDB:Ade+PdeSW’Cj: J

Vv

1+




Beahvior of MOS Device as a
Capacitor




MOS Low-Frequency Small-Signal Model

(active region)

.|.
Vas (égm"’as % (% ImbVYes

Y

Emb — &mn

220 + Vg
= nglﬂu
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MOS Small-Signal Model
(active region)

Cap
G o— 1 ’l+ ' +—0 D
Cos= Vas InVas %rﬂ éﬁ)gmb“’as
s¢ T Coe
VasT Cs8
+ T ______ B




MOS Small-Signal Model
(triode region)

Vg
Cgs == y = Cud
S
Vs o o ¢ AN + O Vy
Cop =— —— Cu
1
I"ds o W



MOS Small-Signal Model
(Turn off region)




MOS SPICE Model

Level 1 SPICE models for NMOS and PMOS devices.

NMOS Model

LEVEL = 1 VTO =0.7 GAMMA = 0.45 PHI =0.9

NSUB =9e+14 LD =0.08e—6 UO =350 LAMBDA = 0.1

MJ = 0.45 MJSW = 0.2 CGDO =0.4e-9 JS=1.0e—-8
PMOS Model

LEVEL =1 VIO =-0.8 GAMMA =04 PHI = 0.8

TOX =9e—-9 PB=0.9 CJ =0.94e—-3 CJSW = 0.32e—11

0.5

—

n CMOS Technology

51



52

MOS SPICE Model

VTO: threshold voltage with zero Vg (unit: V)

GAMMA: body-effect coefficient (unit: V!/?)

PHI: 2® ; (unit: V)

TOX: gate-oxide thickness (unit: m)

NSUB: substrate doping (unit; cm~2)

LD: source/drain side diffusion (unit: m)

UO: channel mobility (unit: cm?/V/s)

LAMBDA: channel-length modulation coefficient (unit: v~

CJ: source/drain bottom-plate junction capacitance per unit area (unit: F/m?)
CJSW: source/drain sidewall junction capacitance per unit length (unit: F/m)
PB: source/drain junction built-in potential (unit: V)

MJ: exponent in CJ equation (unitless)

MIJSW: exponent in CISW equation (unitless)

CGDQO: gate-drain overlap capacitance per unit width (unit: F/m)

CGSO: gate-source overlap capacitance per unit width (unit: F/m)

JS: source/drain leakage current per unit area (unit: A/m?)



Comparison between NMOS and PMOS

PMOS devices are quite inferior to NMOS transistors.

For example, due to the lower mobility of holes: ,upCOX = O.S,LlnCOX

. B

9y < Y,

p

Besides, for a given current and dimension we have: I’O <r
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FINFET

Drain
Gate

Oxide
Source Drain
/ Gate
/ Length
Gate
ol = 7 7
e WE Sourceu
Substrate
(a) (b)

FINFET utilizes a three-dimensional structure, which results in small channel
length about 20nm.

Equivalent channel width: W = Wy 4+ 2Hp

Typically, WF=6nm, HF=50nm.

In practice, the designer does not have any control on Wr and HF.

Wider transistors can be obtained by increasing the number of fins.

54
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Utilizing Multiple Fins

Layout of single- and double-fin transistors.




	Analog Integrated Circuits
	Why Analog?
	Why Analog?
	Why Analog?
	Why Analog?
	Why Analog?
	Why Analog?
	Why Analog?
	Why Integrated?
	Why CMOS?
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55

