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2.2 CMOS Technology
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Classification of Silicon Technology
Silicon IC Technologies I
Bipolar I Bipolar/CMOSI MOS I
Junction | [ Dielectric] [ Oxide PMOS
isolated | | Isolated | | isolated CMOS I (Alumium NMOS I
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Why CM OS Technology?
Comparison of BJT and MOSFET technology from an analog viewpoint:
Feature BJT MOSFET
Cutoff Frequency(f7) 100 GHz 50 GHz (0.25um)
Noise (thermal about the same) |Less 1/f More 1/f
DC Range of Operation 9 decades of exponential |2-3 decades of square law
current versus Vg behavior
Small Signal Output Resistance |Slightly larger Smaller for short channel
Switch Implementation Poor Good
Capacitor Implementation V oltage dependent Reasonably good
Therefore,

» Almost every comparison favors the BJT, however asimilar comparison made from a
digital viewpoint would come up on the side of CMOS.

» Therefore, since large-volume technology will be driven by digital demands, CMOSis
an obvious result as the technology of availability.

Other factors:
» The potential for technology improvement for CMOS is greater than for BJT
 Performance generally increases with decreasing channel length
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SECTION 2.1- BASIC CMOSTECHNOLOGY
FUNDAMENTAL PROCESSING STEPS

Basic steps

» Oxide growth
Thermal diffusion
lon implantation
Deposition
Etching

» Epitaxy

Photolithography
Photolithography is the means by which the above steps are applied to selected areas of

the silicon wafer.
/mz_mwn\ !

~ (5"-8") ‘0.5—0.8mm

n-type: 3-5Q-cm
p-type: 14-16 Q-cm Fig. 2.1-1r

Silicon wafer
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Oxidation
Description:

Oxidation is the process by which alayer of silicon dioxide is grown on the surface of a
silicon wafer.

Original silicon surface tox
', Slicondioxide
0.4at, " T
A4 Loy Silicon substrate

Fig. 2.1-2

Uses:
* Protect the underlying material from contamination
* Provide isolation between two layers.

Very thin oxides (100A to 1000A) are grown using dry oxidation techniques. Thicker
oxides (>1000A) are grown using wet oxidation techniques.
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Diffusion

Diffusion is the movement of impurity atoms at the surface of the silicon into the bulk of
the silicon.

Always in the direction from higher concentration to lower concentration.

Low
Concentration

High

Concentration

Fig. 150-04

Diffusion istypically done at high temperatures: 800 to 1400°C

ERFC Gaussian
No

t <ty <tg N(X)

. Depth (x) - Depth (x)
Infinite source of impurities at the surface. Finite source of impurities at the surface.
Fig. 150-05
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|on Implantation

lon implantation is the process by which iﬁiﬂrﬁ;
impurity ions are accelerated to a high t atom

T
N

v
s Fixed Atom
| 2O
Fixed Atom 27N

' \\k,:_‘\

N’
-’ >
“

A Fixed Atom
Impurity Atom i\:;.
final resting place.‘

velocity and physically lodged into the
target material.

.‘.

» Annealing is required to activate the
impurity atoms and repair the physical
damage to the crystal lattice. This step

Is done at 500 to 800°C. Fig. 150-06
e lon implantation is a lower temperature
process compared to diffusion. N (X)“ % Concentration peak

e Can implant through surface layers, thus it is
useful for field-threshold adjustment.

» Can achieve unique doping profile such as
buried concentration peak.

NB <
0 Depth (x) Fig. 150-07
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Deposition
Deposition is the means by which various materials are deposited on the silicon wafer.
Examples:
* Silicon nitride (SigNy)
* Silicon dioxide (S Oy)
e Aluminum
* Polysilicon
There are various ways to deposit a material on a substrate:
* Chemical-vapor deposition (CVD)
* Low-pressure chemical-vapor deposition (LPCVD)
» Plasma-assisted chemical-vapor deposition (PECVD)
* Sputter deposition
Material that is being deposited using these techniques covers the entire wafer.
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Etching W] [
Etching is the process of sdlectively Film

removing alayer of material.

When etching is performed, the etchant _ Underlying layer

may remove portions or all of: (a) Portion of the top layer ready for etching.

* The desired material 8- Sdectivity

« The underlying layer — —

« The masking layer Film 3 e

. ) Anisotropy
. . Selectivity Underlying layer

Important considerations. (b) Horizontal etching and etching of underlying layer.

* Anisotropy of the etch is defined as, Fig. 150-08

A = 1-(lateral etch rate/vertical etch rate)
» SHectivity of the etch (film to mask and film to substrate) is defined as,

_ film etchrate
Stim-mask = mask etch rate

A =1 and Sjjm-mask = % are desired.
There are basically two types of etches:

» Wet etch which uses chemicals
* Dry etch which uses chemically active ionized gases.
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Epitaxy

Epitaxia growth consists of the formation of a layer of single-crystal silicon on the
surface of the silicon material so that the crystal structure of the silicon is continuous
across the interfaces.

* |tisdone externally to the material as opposed to diffusion whichisinternal

» The epitaxial layer (epi) can be doped differently, even oppositely, of the material on
which it grown

* |t accomplished at high temperatures using a chemical reaction at the surface
» The epi layer can be any thickness, typically 1-20 microns

Gaseous cloud containing SICL 4 or SiHg
O © ©F ©F OO O O
S ©F © ©F @ O ©F O ©F S
SNONONONONONONONONONONS
SNONONONONONONSNORONCNS,
SNONONONONONONONONONO NS
SNONSNORONSNONSRORONENS

Fig. 150-09
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Photalithography
Components

* Photoresist material
» Mask
» Materia to be patterned (e.g., oxide)
Positive photoresist
Areas exposed to UV light are soluble in the devel oper
Negative photoresist
Areas not exposed to UV light are soluble in the devel oper
Seps
1. Apply photoresist
2. Soft bake (drives off solvents in the photoresist)
3. Expose the photoresist to UV light through a mask
4. Develop (remove unwanted photoresist using solvents)

5. Hard bake ( = 100°C)
6. Remove photoresist (solvents)
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[ llustration of Photolithography - Exposure

The process of exposing
selective areasto light Photomask

through a photo-mask is
called printing.

Types of printing include:
« Contact printing

* Proximity printing

* Projection printing UVLightii i ll i il l li l

Photomask

/

Photoresist

Polysilicon

Fig. 150-10
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|llustration of Photolithography - Positive Photor esist

Develop

Polysilicon

i Etch

Photoresist

Photoresist ‘
Polysilicon

Remove
i photoresist

Polysilicon

Fig. 150-11
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lllustration of Photolithography - Negative Photor esist
(Not used much any more)

Photoresist

N

Underlying Layer
Photoresist
4

Underlying Layer
SOy

Underlying Layer

Fig. 150-12
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TYPICAL CMOSFABRICATION PROCESS
N-Well CMOS Fabrication Major Steps
1.) Implant and diffuse the n-well
2.) Deposition of silicon nitride
3.) n-typefield (channel stop) implant
4.) p-type field (channel stop) implant
5.) Grow athick field oxide (FOX)
6.) Grow athin oxide and deposit polysilicon
7.) Remove poly and form LDD spacers
8.) Implantation of NMOS S/D and n-material contacts
9.) Remove spacers and implant NMOS LDDs
10.) Repeat steps 8.) and 9.) for PMOS
11.) Anneal to activate the implanted ions
12.) Deposit athick oxide layer (BPSG - borophosphosilicate glass)
13.) Open contacts, deposit first level metal and etch unwanted metal
14.) Deposit another interlayer dielectric (CVD SiO,), open vias, deposit 2nd level metal

15.) Etch unwanted metal, deposit a passivation layer and open over bonding pads

CMOS Analog Circuit Design © P.E. Allen - 2002
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Major CMOS Process Steps

Step 1 - Implantation and diffusion of the n-wells
n-well implant

L T e e e A A

S0,

Photoresist Photoresist

p- substrate

Step 2 - Growth of thin oxide and deposition of silicon nitride

SN SO
2

n-well J

p- substrate

Fig. 180-01
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Major CMOS Process Steps - Continued

Step 3.) Implantation of the n-type field channel stop
n- field implant

illiiiiiiiiiiiii

Pad oxide (SiOy)

J

p- substrate

Step 4.) Implantation of the p-type field channel stop
p- field implant

S N R A 2% 2 A

SigNy4
; Photoresist
n-well

p- substrate

Fig. 180-02
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Major CMOS Process Steps — Continued

Step 5.) Growth of the thick field oxide (LOCOS - localized oxidation of silicon)
SigNg

. Fox

p- substrate

Step 6.) Growth of the gate thin oxide and deposition of polysilicon
Polysilicon

FOX

n-well ]

p- substrate

Fig. 180-03
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Major CMOS Process Steps - Continued

Step 7.) Removal of polysilicon and formation of the sidewall spacers

SiO, spacer

Polysilicon
AN / Photoresist

FOX

p- substrate

Step 8.) Implantation of NMOS source and drain and contact to n-well (not shown)
n+ §/D implant

N I A A A N N R

Polysilicon :
Photoresist
N

FOX

p- substrate

Fig. 180-04
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Major CMOS Process Steps - Continued
Step 9.) Remove sidewall spacers and implant the NMOS lightly doped source/drains
n- S/D LDD implant

N T I T N A E R A

Polysgicon Photoresist
FO AN —=<_ FOX ) FOX
n-well ]
p- substrate

Step 10.) Implant the PMOS source/drains and contacts to the p- substrate (not shown),
remove the sidewall spacers and implant the PMOS lightly doped source/drains

LDD Diffusion

Polysilicon /
FO BN FOX RN FOX

p- substrate

Fig. 180-05
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Major CMOS Process Steps — Continued

Step 11.) Anneal to activate the implanted ions

nt Diffusion p+ Diffusion )Polysilicon
FOX FOX N FOX
n-well ]
p- substrate

Step 12.) Deposit athick oxide layer (BPSG - borophosphosilicate glass)

Page 2.1-18

nt+ Diffusion p+ Diffusion Polysilicon
BPSG
Fox- FOX N FOX
n-well ]
p- substrate

CMOS Analog Circuit Design

Fig. 180-06
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Major CMOS Process Steps - Continued
Step 13.) Open contacts, deposit first level metal and etch unwanted metal

CVD oxide, Spin-on glass (SOG) =~ Meta 1

p- substrate

Step 14.) Deposit another interlayer dielectric (CVD SiO2), open contacts,
deposit second level metall
Metal 2 Metal 1

p- substrate

CMOS Analog Circuit Design

Fig. 180-07
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Major CMOS Process Steps — Continued

Step 15.) Etch unwanted metal and deposit a passivation layer and open
over bonding pads

Metal 2 . : Metal 1
Passivation protection layer

p- substrate

Fig. 180-08
p-well processis similar but starts with a p-well implant rather than an n-well implant.
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Approximate Side View of CMOS Fabrication

Passivation

™ Metd 4

<+<— Metal 3

Metal 2
1 O B B B «

2 microns

t . I «— Vet 1

Polysilicon

B B 'E.N_E
N
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Silicide/Salicide Technology
Used to reduce interconnect resistivity by placing alow-resistance silicide such as TiSi,,
WSi,, TaS),, etc. on top of polysilicon

Salicide technology (self-aligned silicide) provides low resistance source/drain
connections as well as low-resistance polysilicon.

Polysilicide Metal Polysilicide
FOX FOX
Polycide structure Sdlicide structure Fig 180-10
CMOS Analog Circuit Design © P.E. Allen - 2002
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Scanning Electron Microscope of aMOSFET Cross-section

Tungsten Plug

Polycide
Sidewall
Spacer

Poly
Gate

TEOS/BPSG

Fig. 2.8-20
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Scanning Electron Microscope Showing Metal L evels and I nter connect

Metal 3
Aluminim
Vias
Metal 2
Tungsten
Plugs
Metal 1
kL Aimim
FIGL#.TIF
Transistors’ Fig.180-11
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SUMMARY

Fabrication is the means by which the circuit components, both active and passive, are
built as an integrated circuit.

Basic process steps include:
1.) Oxide growth 2.) Thermal diffusion 3.) lon implantation
4.) Deposition 5.) Etching 6.) Epitaxy
The complexity of aprocess can be measured in the terms of the number of masking
steps or masks required to implement the process.
Major CMOS Processing Steps:
1.) Well definition
2.) Definition of active areas and substrate/well contacts (SINi3)
3.) Thick field oxide (FOX)
4.) Thin field oxide and polysilicon
5.) Diffusion of the source and drains (includes the LDD)
6.) Dielectric layer/Contacts
7.) Metallization
8.) Dielectric layer/Vias
9.) Metallization
10.) Passivation
11.) Bond pad openings

CMOS Analog Circuit Design © P.E. Allen - 2002




Chapter 2 — Section 2 (4/11/02) Page 2.2-1

SECTION 2.2- THE PN JUNCTION
Abrupt Junction

o Vp-o
Depletion
region

o)
Q"g‘%h é%.-} Fhype it

W0 W, Fig. 06-01
1. Doped atoms near the metallurgical junction lose their free carriers by diffusion.

2. As these fixed atoms lose their free carriers, they build up an eectric fied, which
opposes the diffusion mechanism.

3. Equilibrium conditions are reached when:

Current due to diffusion = Current due to electric field

CMOS Analog Circuit Design © P.E. Allen - 2002
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M athematical Characterization of the Abrupt PN Junction

Assume the pn junction is open-circuited. Impurity concentration (cm-3)
Cross-section of an ideal pn junction: Nb
le——— Xd —»] 0 X
<xp>|«Xn—>
R N
i ] 6%% oL ] (s Depletion charge concentration (cm-3)
..b,%m ........... i
ol R TR0 ‘@R Dy s Lo N
- D
, -2 +Vp- Fig-06-02 | Wy
0 Wo X
Symbol for the pn i -qNa
junction: .
J Electric Field (V/cm)

Built-in potentia, yq:

Ve NAND ] ¥ o
= n=—— -
o=Vt INgnz * vp “Fig. 06-03

o
<
o
1
X

Eo

Potential (V)

where Vi = q and
n;2 is the intrinsic concentration of silicon. Xy

Fig. 06-04A
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Physics of Abrupt PN Junctions
Apply aforward bias voltage, vp, to the pn junction:
1.) The voltage across the junction is g - Vp.
2.) Charge equality requires that W1Na = WoNp where
W7 (W>) = depletion region width on the p-side(n-side)
3.) Poisson’s equation in one dimension is
d2v ,Q ANA

Depletion charge concentration (cm-3)

_1A N
2= s for -Wi<x<0 _qu D
where 0 W, X
p = charge density -gNp
q = charge of an electron (1.6x10-19 coulomb)
E = KS‘EO

Kg= dielectric constant of silicon

£o = permittivity of free space (8.86x10-14F/cm) Electric Field (V/cm)

4.) Integrating Poisson’s equation gives, gy =

P — x+Cq X
dv  @Na = v
5.) Theedlectricfield, £=-gx = ’ X+C:|_[| S0

CMOS Analog Circuit Design © P.E. Allen - 2002
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Physics of Abrupt PN Junctions - Continued

6.) Sincethereiszero electric field outside the depletion region, a boundary condition is
£=0forx=-Wq Electric Field (V/cm)

Thisgives,

X
dv_ ANa
E=-Tx="¢ HtWig for -Wp< x<0 Emax

Note that the maximum electric field occurs at x = 0 which gives

g{N AW1 | Potential (V)
Emax = -0 0 3 :
o & Cl T Vo
7.) Integration of the eectric field gives, —\}——”39_—"13———7\1—1————;(
qNA % 2 I:I & I |
vt W]_XD‘I‘ Co Wl 0 W,

8.) A second boundary condition is obtained by assuming that the potential of the neutral
p-type region is zero. This boundary condition is,

v=0forx =-Wp
Substituting in the expression above gives,
OINA % 2 W25
B+ Wix+ 2

CMOS Analog Circuit Design © P.E. Allen - 2002
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Physics of Abrupt PN Junctions - Continued |
9.) At x=0, we define the potential v = V/; which gives POte;‘“a' (V)

+
aNa W;2 1 V2
Vi=— 2 ---.‘QQI."P ................ Yooooo
If the potential difference from x =0tox=Ws is V>, then i

gND W52
Vo="¢ T2~
10.) Thetotal voltage across the pn junctionis
Yovp = V1+V2 = % NaW12 + NpWo2H
11.) Substituting W1Na = WoNp into the above expression gives
gNaAW12 O ND g(Vng gNaW12 D Na 5

WoVD =" 2z HNAWIHT 26 B Npb
12.) The depletion region W|dth on the p-side of the pn junction is given as
2&(Wo -VD) 2&(Wo -VD)
Wy = o Nag and Wy = o Npg
qNAa"‘ NDD C]NDS,+ NAEI
CMOS Analog Circuit Design © P.E. Allen - 2002
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Summary of the Abrupt PN Junction Characterization
Barrier potential-

gﬁ NDH QANDD

o = q DnZ%—tDnl 0

Depletion region widths-
2¢&si((o-vD)ND

W1 ="\ gNa(Na+ND) Clw [1
_ . [2esi(o-vD)NA N
W2 ="\/ gND(NA+ND)

Depletion capacitance-
A E5A Ci

Ci=4 = Wi+W, = ng(c,uo-VD) %\/WD \/7 /
N> N Na*\/ Np ) Cio~

N ——

2(NA*ND) +[yo-vpD \/TD 0 Wo VD

Fig. 06-05
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Example 1
An abrupt silicon pn junction has the doping densities of Na = 1015 atoms/cm3 and Np =

1016 atoms/cm3. Calculate the junction built-in potential, the depletion-layer widths, the
maximum field and the depletion capacitance with 10V reverse biasif Cjo = 3pF.

Solution

At room temperature, kT/g = 26mV and the intrinsic concentration is nj = 1.5x1010 cm-3,

015.1016
Therefore, the junction built-in potential is g = 0.026 In%é# 0.637Vv

The depletion width on the p-side is,

2-1.04x10-12.10.64 4
1= 16x10-19-1015.11 ~ 3.55x10-4 cm = 3.55um

The depletion width on the n-side is,

2.1.04x10-12.10.64 .
2 =\/ 16x10-19.1016.117 = 0-35x10-4 cm = 0.35um

The maximum field occursfor x=0and is

aNA 141.6x10-19.1015.3 5x10-44
Emax=-—5 W1= g 1 04x10-12 EL -5.38x104 V/cm
. . 3pF
The depletion capacitance can be found as Cj = J1+(1000637) - .734pF
CMOS Analog Circuit Design © P.E. Allen - 2002
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Rever se Breakdown and L eakage Current Characteristics of the PN Junction
Breakdown voltage

&si(NA+ND) 2 1
VR="2gNaND  Emax LN

where Emzax is the maximum electric field before breakdown occurs (usually due to
avalanche breakdown).

Reverse leakage current

The reverse current, |, increases by a multiplication factor M as the reverse voltage
increases and is

_ Ip (MA
Ira =MIR D (A)
where 37
1 2]
M —
YR
1- BVH BV = VR 17
25| -20 -15 - -5 5
|l 1 1 1|0 1 1 =\"/D (V)
-1-
<«— Breakdown 2
3 Fig. 6-06
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Example 2

An abrupt pn junction has doping densities of Na = 3x1016 atoms/cm3 and Np = 4x1019
atoms/cm3. Calculate the breakdown voltage if Eqrit = 3x10° V/ecm.

Solution

_&si(NA+ND) _ 2 € _ 2 1.04x10-12.9x1010
VR="2gNaAND Emax =2qNa Emax = 2.1 6x10-19.3x1016 = 9.7V

CMOS Analog Circuit Design © P.E. Allen - 2002
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Summary of a Graded PN Junction Char acterization
Graded junction:

Np
0 X
-Na Fig. 6-07
The previous expressions become:
Depletion region widths-
Wi = [2€si(o-vD)NDIth
~ HANA(NA+ND) H il m
_ 2&si(Yo-vD)NAF Lw LG
W2 = BqND(NA+ND) H
Depletion capacitance-
_ #sgNANDF 1 Cjo
Ci = AR(Na+ND)H HUo-vDI E VD
5~ ol

where 0.33<m< 0.5.
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Forward Bias Current-Voltage Relationship of the PN Junction

_ | DH O Pno Dnhpo= QAD ni2 EIVGOEI
|D=I5§xp%/t§r 1@ wherelsqug)Ep + anoé,# C WzKT3exp§T§

25
20

ip1s
ls10 //
/
5 g

-40 30 20 -10 O 10 20 30 40
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M etal-Semiconductor Junctions
Ohmic Junctions: A pn junction formed by a highly doped semiconductor and metal.

Energy band diagram IV Characteristics
|
Y \. Vacuum Level L
| Thermfo‘r_ﬂﬁ ““““ . X
QTm v\ or tuw ing 905 . R(e:;);t:ﬁge
v q¢B EE ey
N
7 /‘// : Ev
n-type metal n-type semiconductor Fig. 2.3-4

Schottky Junctions: A pn junction formed by alightly doped semiconductor and metal.

Energy band diagram IV Characteristics
I A
A
q(:PB Forward BiasE
e EF
/// \ Fowad B -y
Z — Ev
Reverse Bias )
n-type metal n-type semiconductor Fig.23-5
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SUMMARY
Characterized the reverse bias operation of the abrupt pn junction

* pnjunction has abarrier potential (o

 Depletion region widths are proportional to N-0.5
» The pn junction depletion region acts like a voltage dependent capacitance

Applications of the reverse biased pn junction
 |solate transistors from the material they are built in
» Variable capacitors - varactors

CMOS Analog Circuit Design © P.E. Allen - 2002
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SECTION 2.3- THE MOSTRANSISTOR
Physical Structure of the n-channel and p-channel transistor in an n-well technology

p-channel transistor n-channel transistor
Polysilicon L SOy L

i /
/W Substratetie

p- substrate

Fig. 2.4-1
How does the transistor work?

Consider the enhancement n-channel MOSFET:

When the gate is positive with respect to the substrate a depletion region is formed
beneath the gate resulting in holes being pushed away from the Si-SiO» interface.

When the gate voltage is sufficiently large (0.5-0.7V), the region beneath the gate
inverts and a n-channel is formed between the source and drain.

CMOS Analog Circuit Design © P.E. Allen - 2002
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The MOSFET Threshold Voltage

When the gate voltage reaches a value called the threshold voltage (V7), the substrate
beneath the gate becomes inverted (it changes from p-type to n-type).

= QyH MRssH
_ [ (] [l
V7=0Mms+ 520F - C, 1 IC,. H

where
opms = gr(substrate) - pr(gate)

@r = Equilibrium electrostatic potential (Femi potential)
KT
or(PMOS) = q In(Np/n;) =V, In(Np/ny)

KT
or(NMOS) = q IN(n;/N4) =V, In(n;/Ny)
Qb = /20N 4£si(-20F+Vsl)
Qgss = undesired positive charge present between the oxide and the bulk silicon
Rewriting the threshold voltage expression gives,

Qp Qss Qp- Qpo
"C,."~ Cyp “—Vroty /-20F + vspl - \I-20F17

V71 =0Mms -20r-C

where
~ Qpo  Qss _ \J20€5iN4
V10 =0MmS-20F-C,, - C,. and y=""C_
CMOS Analog Circuit Design © P.E. Allen - 2002
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Signsfor the Quantitiesin the Threshold Voltage Expression

Parameter N-Channel P-Channel
Substrate p-type n-type
IMS
Metal - -
nT Si Gate - -
pt Si Gate +
OF -
Qbo’Qb
Qss
VsB
y

|+ + + +

+ 4+ + 1
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Example 2.3-1 - Calculation of the Threshold Voltage

Find the threshold voltage and body factor y for an n-channel transistor with an n* silicon
gate if tox = 200A, Na = 3 x 1016 cm-3, gate doping, Np = 4 x 1019 cm-3, and if the
positively-charged ions at the oxide-silicon interface per areais 1010 cm-2,

Solution

Theintrinsic concentration is 1.45x1010 atoms/cm3. From above, ¢e(substrate) is given

as
5x1010
¢r(substrate) = -0.0259 In %WD— -0.377V

The equilibrium electrostatic potential for the n*+ polysilicon gate is found from as
04x1019 O
¢r(gate) = 0.0259 In %,W? 0.563 V

Therefore, the potential gys isfound to be

¢r(substrate) -¢r(gate) =-0.940 V.
The oxide capacitance is given as

3.9x8.854 x 10-14
Cox = Eoxltox = 500 x 10-8 =1.727x107 F/lcm?2

The fixed charge in the depletion region, Qpo, isgiven as
Qb0 = -[2x1.6x10-19x11.7x8.854x10-14x2x0.377x3x1016] 1/2 = — 8.66x10-8 C/cm?2,

CMOS Analog Circuit Design © P.E. Allen - 2002
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Example 2.3-1 - Continued
Dividing Qpo by Cox gives-0.501 V. Finadly, Qs/Cox iSgiven as

Qss  1010x1.60x10-19 .
Cox = 1.727x107 - 93x10°V

Substituting these values for Vg gives

VT0=-0.940 + 0.754 + 0.501 - 9.3x10-3= 0.306 V
The body factor isfound as

2x1.6x10719x11.7%8.854x10-14x3x 1016 5 5
V= 1.727x1077 =0577 V12
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Depletion Mode MOSFET

The channel is diffused into the substrate so that a channel exists between the source and
drain with no external gate potential.

Bulk Source Gate Dran

n-channel
Channel
Length, L

|

p substrate (bulk)

The threshold voltage for a depletion mode NMOS transistor will be negative (a negative
gate potential is necessary to attract enough holes underneath the gate to cause this
region to invert to p-type material).

CMOS Analog Circuit Design © P.E. Allen - 2002
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Weak |nversion Operation Vas

Weak inverson operation occurs when . I|+_T
the applied gate voltage is below V; and ‘ MR E— T
pertains to when the surface of the atemase

substrate beneath the gate is weakly e he rohavel [ nr
inverted. L/

Diffusion Current

p-substrate/well

Regions of operation according to the surface potential, ¢«
Ps < Qf - Substrate not inverted
P-< Ps< 2¢: . Channel isweakly inverted (diffusion current)

20- < Qs Strong inversion (drift current)
logip
Drift current versus 1 Diffusion Current_. _
diffusion currentin a 106] > —_~%— Drift Current
MOSFET: -2
10-12 >
0 VT VGs
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SECTION 2.4 - PASSIVE COMPONENTS
CAPACITORS

Types of Capacitors Considered

* pn junction capacitors

Standard MOS capacitors
Accumulation mode MOS capacitors
Poly-poly capacitors

Metal-metal capacitors

Characterization of Capacitors
Assume C isthe desired capacitance:
1.) Dissipation (quality factor) of acapacitor is
Q= wCRy
where Ry isthe equivalent resistance in parallel with the capacitor, C.

2.) Cmax/Cmin ratio is the ratio of the largest value of capacitance to the smallest when
the capacitor is used as a variable capacitor called varactor.

3.) Variation of capacitance with the control voltage.

4.) Parasitic capacitors from both terminal of the desired capacitor to ac ground.

CMOS Analog Circuit Design © P.E. Allen - 2002
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Desirable Characteristics of Varactors

1.) A high quality factor

2.) A control voltage range compatible with supply voltage

3.) Good tunability over the available control voltage range

4.) Small silicon area (reduces cost)

5.) Reasonably uniform capacitance variation over the available control voltage range
6) A hlgh Cmax/Cmin ratio

Some Referencesfor Further Information

1.) P. Andreani and S. Mattisson, “On the Use of MOS Varactorsin RF VCO'’s,” IEEE
J. of Solid-Sate Circuits, vol. 35, no. 6, June 2000, pp. 905-910.

2.) A-SPorret, T. Mdlly, C. Enz, and E. Vittoz, “Design of High-Q Varactors for Low-
Power Wireless Applications Using a Standard CMOS Process,” |EEE J. of Solid-Sate
Circuits, vol. 35, no. 3, March 2000, pp. 337-345.

3.) E. Pedersen, “RF CMOS Varactors for 2GHz Applications,” Analog I ntegrated
Circuitsand Sgnal Processing, vol. 26, pp. 27-36, Jan. 2001
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PN Junction Capacitors

Generaly made by diffusion into the well.
Anode o Cathode

Substrate
J( % ;i
o L
G G Cw va L S0 | v
O—4
[’ Anode :b_’| Raj : Cathode
] Ry Rw e SR
n-well L L.
p- substrate
Fig. 2.5-011
Layout:

Minimize the distance between the p+ and nt diffusions. n+ diffusion

Two different versions have been tested.
1.) Largeislands—9um on aside .
2.) Small idands— 1.2um on aside

Fig. 2.5-1A
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PN-Junction Capacitors— Continued
The anode should be the floating node and the cathode must be connected to ac ground.
Experimental data (Q at 2GHz, 0.5um CMQOS):

4p Cr:nax Crlrin 120 Qr:nin Q?\ax —
35— - |
FN 100 .
= 23:5 \ — Large |slands 80 F Smal Iga?ds
§ T smalljigands T——1_ ] § b ;
5: 2 F i K | E E 60 - H |
Ci1s5fp ] o0 :
1 E . . 40 r . Large|slands .
o bl | ] o b .| :
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
Cathode Voltage (V) Cathode Voltage (V) Fig2.5-1B
Summary:
Termina | Small Islands (598 1.2um x1.2um) Large Ilands (42 9um x 9um)
Under Test| Cray/Crmin|  Qmin Qmax |Cmax/Cmin| Qmin Qmax
Anode 1.23 94.5 109 1.32 19 22.6
Cathode 121 8.4 9.2 1.29 8.6 9.5

Electrons as majority carriers lead to higher Q because of their higher mobility.
The resistance, Ryj, is reduced in small islands compared with large isands [hidgher Q.
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Single-Ended and Differential PN Junction Capacitors
Differential configurations can reduce the bulk resistances and increase the effective Q.

V
Veontrol : : > Vs
o ——— f
v v U w U w?
n-well 1\
v Veontrol
C Vst
" ° +
' Vs Vs Vs
Veontrol A ¥ o D O_l (T) I_o

(BT e

An examination of the electric field lines shows that because the symmetry inherent in the
differential configuration, the path to the small-signal ground can be shortened if devices
with opposite polarity alternate.
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Standard M OS Capacitor (D = S=B)

Conditions:
e D=S=B G D,S,B
* Operates from accumulation to j; T
inversion - D| [p2%2e%02%%:%
» Nonmonotonic @ o | S
» Nonlinear Charge .
carrier path~~~-______--
p- substrate/bulk
Capa&:itance
COX Co)(
! Weak
<« Accumulation Inv.
LH Inversion
~ 1|\/|O‘(Iel|' ate >Vss
Depleti .
epietion Inversion Fig. 2.5-012
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Inversion Mode M OS Capacitors
Conditions:
e D=5B=Vpp

» Accumulation region removed I_J:
by connecting bulk to Vpp

» Channel resistance: @
L
Ron = T2Kp'(Vaa-VT))

« LDD transistorswill give -
lower Q because of the Capacitance
increased series resistance

p- substrate/bulk

Cox B=D=S Cox

N -,

\

\
Inversion %

\

VT shift due

»/ ModeMOS . to Vs
>\
0 G
Fig. 2.5-013
CMOS Analog Circuit Design © P.E. Allen - 2002
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Experimental Resultsfor Standard and Inversion Mode 0.25um CM OS Varactors
n-well:

Standard pMCS C-§ Gurve BIMOIS £V Curys
; L e

3 00p - M 1 3.000p - £ -
; —I— ~A—F—
2 500p H\H { | % So0c |
8 2000p - -l"r. 1 ! & 200004 |
g - \ || ] 2
3 500 q'x II -'_ll 1, 500p T
4 | mis 1 |
(i K = i 1
SO0 QF T e n ——TTTT T FDTD'...___.T_.-.-P_
- s a E 1 ] o ok L n -
Vag WEp
1 T oL
Wsg=0.250 vsg=0.850 =0 250 | [Vsg=0.900
“pMOS=8 077E-13 [C_pMOS=2 881E-13 _pIMDS=6 174E-11 |C_pIMOS=2 868E-13
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Inversion M ode M OS Capacitors— Continued

Bulk tuning of the polysilicon-oxide-channel capacitor (0.35um CMOYS)

A

—41.0
—40.8
LL
o
406 5
1]
—40.4 <_>3
—40.2
1 1 1 1 1 1 1 1 1 1 90
-15-14-13-12-11 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5
vg (Volts)
Cmax/Cmin =4
CMOS Analog Circuit Design © P.E. Allen - 2002
Chapter 2 — Section 4 (4/11/02) Page 2.4-10
Inversion Mode NM OS Varactor — Continued
More Detail - Includesthe LDD transistor
G D,S
Shown in inversion mode o ? DS
— C O o o il o o e} _o'
Bulk _st G M o ,0%0°°b  Cox OOBQOV B
p* 7 —
d j‘cg e
p- substrate/bulk Ry n-LDD
Fig. 2.5-2
Best results are obtained when the drain-source are on ac ground.
Experimental Results (Q at 2GHz, 0.5um CMOS):
Cimnax Cmin Qmax Qmin
45 : : 38 :
TR : 36 PN :
4 T N T SASAN !
W\ \Vez21v | 34;\\{\|Q VR
C35F ‘\‘K 5 2 SNSeNGL
\6 3: 1 AN _ 1 630: : N \G:1.BV
RN el T N N
O 25 F— R ; E T VeE1sv YL N
E Vs 1.5v\§~;\_ | 26 f—r— Iﬁ?_\
A Ei 2 s
15¢E i ! 2t l !
0 05 1 15 2 25 35 0 05 1 15 2 25 3 35
Drain/Source Voltage (V) Drain/Source Voltage (V) Fig. 2.5-1c

VG =1.8V: Cmax/Cmn ratio=2.15 (191), Qmax =34.3 (54), and Qnin = 258(49)

© P.E. Allen - 2002
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Accumulation Mode M OS Capacitors

Conditions: o 5
* Remove p* drain and source and put ? ?
n* bulk contacts instead E——
. = D oOOOoOoOOOOOo
* Generally not supported (yet) in o go2o%0 2000 O
most silicon foundries pt
Charge carrier paths
n- well
p- substrate/bulk
Capza‘(Eitance
COX ________________ C_: OX
Accumulation
/ Mode MOS
0 >Vse
Fig. 2.5-014
CMOS Analog Circuit Design © P.E. Allen - 2002
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Accumulation-M ode Capacitor — M or e Detalil

Shown in depletion mode. S T

Best results are obtained when the drain-source are on ac ground.
Experimental Results (Q at 2GHz, 0.5um CMQOYS):

4 Cr:nax Cn?in 45 Q:nax er:in
P~ | N |
36 P : R Vg, =03y
Il RN AN Vg =[0.9V | 40 pro—— 4 T
C ‘\i AN P i S S ket
32 o : g oY V=06V | TN
S0 NN \vag=06v Sas [ | N I it niin
% 2.8 ; \\ \ . %4 ) \:9',: 0.9V \{__ ______ _ i
IS AN O\ S
24 [ VoRONEL NN — PN e
7 S 0 25 L.l '
0 0.5 1 15 2 2.5 3 35 0 0.5 1 15 2 25 3 35
Drain/Source Voltage (V) Drain/Source Voltage (V) Fig. 2.5-6

VG =0.6V: Cmax/Cminratio = 1.69 (1.61), Omax = 38.3 (15.0), and Qmin = 33.2(13.6)
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M OS Capacitors- Continued
Polysilicon-Oxide-Polysilicon (Poly-Poly):
A

I||||| 0

B ,Polysilicon [

Best possible capacitor for analog circuits

L ess parasitics

V oltage independent

Possible approach for increasing the voltage linearity:

|  TopPlate |  TopPlate |

| Bottom Plate | | Bottom Plate |

CMOS Analog Circuit Design © P.E. Allen - 2002
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| mplementation of Capacitorsusing Available I nterconnect L ayers

M3
M2 @
Poly =
@ = M1
T~
M2 OB
Poly = @
M2

M1
= Fig. 2.5-8
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Horizontal Metal Capacitors
Capacitance between conductors on the same level and use lateral flux..

Fringing field

/ £
? Metd |—| Meta 2/
—

These capacitors are sometimes called fractal capacitors because the fractal patterns are
structures that enclose a finite areawith an infinite perimeter.

The capacitor/area can be increased by afactor of 10 over vertical flux capacitors.

CMOS Analog Circuit Design © P.E. Allen - 2002
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Capacitor Errors

1.) Oxide gradients

2.) Edge effects

3.) Parasitics

4.) Voltage dependence

5.) Temperature dependence
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Capacitor Errors- Oxide Gradients
Error due to avariation in oxide thickness across the wafer.

No common centroid
A1 A2 B layout
Common centroid
A1 B A2 layout

v

X1 x2  x1
Only good for one-dimensional errors.

An alternate approach is to layout numerous repetitions and connect them randomly to
achieve a statistical error balanced over the entire area of interest.

A B Cl|A B Cl|A B C

CI|IA B CI||A B CI||A B

BI||[C||A BI|C||A BJI|IC||A

0.2% matching of poly resistors was achieved using an array of 50 unit resistors.
CMOS Analog Circuit Design © P.E. Allen - 2002

Chapter 2 — Section 4 (4/11/02) Page 2.4-18

Capacitor Errors- Edge Effects
There will always be arandomness on the definition of the edge.
However, etching can be influenced by the presence of adjacent structures.
For example,
Matching of A and B are disturbed by the presence of C.

C

A B

Improved matching achieve by matching the surroundings of A and B.

C
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Capacitor Errors- Area/Periphery Ratio
The best match between two structures occurs when their area-to-periphery ratios are
identical.
LetC, =C;£AC;, and C,=C,xA4C,
where
C' =the actual capacitance
C =thedesired capacitance (which is proportional to area)
AC = edge uncertainty (which is proportional to the periphery)
Solvefor theratio of C',/C' |,

AC,H]
C, C,+AC, &%icz &D - = _EI
Cl_CliAC1_C1EAC1§C1§'i H+*C TGl * 6o

AC, AC, C, G
If TZZTl,then C,°C
Therefore, the best matching results are obtained when the area/periphery ratio of C, is
equal to the area/periphery ratio of C;.
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Capacitor Errors- Relative Accuracy

Capacitor relative accuracy is proportional to the area of the capacitors and inversely
proportional to the difference in values between the two capacitors.

For example,

0.04

Unit Capacitance = 0.5pF

N

0.03
Unit Capacitance = 1pF

0.02

Relative Accuracy

0.01

"N

Unit Capacitance = 4pF

0.00 1 2 4 8 16 32 64

Ratio of Capacitors
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Capacitor Errors- Parasitics

Parasitics are normally from the top and bottom plate to ac ground which istypically the
substrate.

Top Plate
o
i Top ]| Desired
“T° plate  T~Capacitor
| parasitic  foooooooo- ,
i S i Bottom
=<0 plate
Bottom Plate : pate
' parasitic
Top plate parasitic is 0.01 to 0.001 of Cyegireq
Bottom plate parasitic is0.05 10 0.2 Cy.gieq
CMOS Analog Circuit Design © P.E. Allen - 2002
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Other Considerations on Capacitor Accuracy
Decreasing Sensitivity to Edge Variation:
A A A Al
B B' B B'
Sensitive to edge variation in Sensitive to edge varation in
both upper andlower plates upper plate only. Fig. 2.6-13

A structure that minimizes the ratio of perimeter to area (circle is best).

Top Plate
of Capacitor\

Bottom plate
|/ of capacitor

Fig. 2.6-14
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Definition of Temperature and Voltage Coefficients
In general avariabley which isafunction of x, y = f(x), can be expressed asa Taylor
series,
Y(X = X0) = Y(X0) + (X Xo) + a(X- X0)2+ ay(X- X0)3 + -~
where the coefficients, a;, are defined as,
df(x) | 1d2f(x) |

a.]_: dX X=XQ 1 a.2=§ dX2 X=XQ 1 =vee
The coefficients, g;, are called the first-order, second-order, .... temperature or voltage
coefficients depending on whether x is temperature or voltage.
Generally, only the first-order coefficients are of interest.

In the characterization of temperature dependence, it is common practice to use aterm
called fractional temperature coefficient, TCg, which is defined as,

df .
TCr(T=Tp) =f{T=Ty) d('IT)T=|To parts per million/°C (ppm/°C)

or more smply,

_ 1 di(T) i/ o
TCF—f('D dr_ parts per million/°C (ppm/°C)

A similar definition holds for fractiona voltage coefficient.
CMOS Analog Circuit Design © P.E. Allen - 2002
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Capacitor Errors- Temperature and Voltage Dependence

Polysilicon-Oxide-Semiconductor Capacitors

Absolute accuracy = +10%

Relative accuracy = £0.2%

Temperature coefficient = +25 ppm/C°

V oltage coefficient = -50ppm/V
Polysilicon-Oxide-Polysilicon Capacitors

Absolute accuracy = £10%

Relative accuracy = +0.2%

Temperature coefficient = +25 ppm/C°

V oltage coefficient = -20ppm/V
Accuracies depend upon the size of the capacitors.
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RESISTORS
MOS Resistors - Sour ce/Drain Resistor
Metal
sio, P
FOX FOX
n- well
p- substrate
Fig. 2.5-16
Diffusion: lon Implanted:
10-100 ohms/square 500-2000 ohms/sguare
Absolute accuracy = £35% Absolute accuracy = +15%

Relative accuracy=2% (5pm), 0.2% (50um)  Relative accuracy=2% (5pm), 0.15% (50pn
Temperature coefficient = +1500 ppm/°C Temperature coefficient = +400 ppm/°C

Voltage coefficient = 200 ppm/V Voltage coefficient = 800 ppm/V
Comments.
 Parasitic capacitance to substrate is voltage dependent.
 Piezoresistance effects occur due to chip strain from mounting.

CMOS Analog Circuit Design © P.E. Allen - 2002
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Polysilicon Resistor

Meta

B2

~ FOX

Polysilicon resistor

p- substrate

Fig. 2.5-17
30-100 ohms/square (unshielded)
100-500 ohms/square (shielded)
Absolute accuracy = £30%
Relative accuracy = 2% (5 pum)
Temperature coefficient = 500-1000 ppm/°C
Voltage coefficient = 100 ppm/V
Comments:
» Used for fuzzes and laser trimming

» Good general resistor with low parasitics
CMOS Analog Circuit Design © P.E. Allen - 2002
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N-well Resistor

p- substrate

Fig. 2.5-18
1000-5000 ohms/square
Absolute accuracy = £40%
Relative accuracy = 5%
Temperature coefficient = 4000 ppm/°C
Voltage coefficient is large = 8000 ppm/V
Comments:
» Good when large values of resistance are needed.
» Parasitics are large and resistance is voltage dependent

CMOS Analog Circuit Design © P.E. Allen - 2002
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M QOS Passive RC Component Performance Summary

Component Type Rangeof | Absolute | Relative | Temperature| Voltage

Vaues | Accuracy | Accuracy | Coefficient | Coefficient

Poly-oxide-semi- 0.35-0.5 10% 0.1% 20ppm/°C | £20ppm/\V

conductor Capacitor fF/um?2

Poly-Poly Capacitor 0.3-04 20% 0.1% 25ppm/°C | £50ppm/V
fF/umg2

Diffused Resistor 10-100 35% 2% 1500ppm/°C | 200ppm/V
Q/sq.

lon Implanted 0.5-2 15% 2% 400ppm/°C | 800ppm/V

Resistor kQ/sq.

Poly Resistor 30-200 30% 2% 1500ppm/°C | 100ppm/V
Q/sq.

n-well Resistor 1-10 kQ/sq.| 40% 5% 8000ppm/°C| 10kppm/V
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Future Technology I mpact on Passive RC Components

What will be the impact of scaling down in CMOS technology?

» Resistors— probably little impact

» Capacitors— adifferent story

The capacitance can be divided into gate capacitance and overlap capacitance.
Gate capacitance varies with external voltage changes
Overlap capacitances are constant with respect to external voltage changes
[_Ak the channel Iength decreases, the gate capacitance becomes less of the total

capacitance and consequently the Cmax/Cmin Wwill decrease. However, the Q of the
capacitor will increase because the physical dimensions are getting smaller.

Best capacitor for future scaled CMOS?

The standard mode CMOS depel etion capacitor because Cmax/Cmin is larger than
that for the accumulation mode and Q should be sufficient.

CMOS Analog Circuit Design © P.E. Allen - 2002
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INDUCTORS

|nductors

What is the range of values for on-chip inductors?

12
\ Inductor area is too large
10 b SEEEEER RN ERRRR RSN
st
3
S6r wL =50Q
B /
34t .
= Interconnect parasitics
- aretoo large
2 - g _\\A N
0610 26 30 40 %0
Frequency (GHZz) Fig. 6-5
Consider an inductor used to resonate with 5pF at 1000MHz.
1 1

L= = 5nH

4n2£,2C ~ (2m-109)2-5x10-12
Note: Off-chip connections will result in inductance as well.
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Candidatesfor inductorsin CMOS technology are:
1.) Bond wires
2.) Spira inductors
3.) Multi-level spiral
4.) Solenoid
Bond wire Inductors:

< d > Fig.6-6
Function of the pad distance d and the bond angle 8
Typical valueis InH/mm which gives 2nH to 5nH in typical packages
Serieslossis 0.2 Q/mm for 1 mil diameter auminum wire

e Q=60at2GHz
CMOS Analog Circuit Design © P.E. Allen - 2002
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Planar Spiral Inductors
Spiral Inductors on a Lossy Substrate:

L R
C1 Co
R1 R2
Fig. 16-7

* Design Parameters:
Inductance, L = Z(Lsesr+ Linutual)

. wlL
Quality factor, Q =R/~

1
Self-resonant frequency: fsejr= VLC

 Trade-off exists between the Q and self-resonant frequency
 Typical valuesareL = 1-8nH and Q = 3-6 at 2GHz
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Planar Spiral Inductors- Continued
Inductor Design

1) — ID—» 1

¢ Silicon

I_> Fig. 6-9
Nturns = 2.5
Typicaly: 3<Nyms < 5 and S= S,,;, for the given current
Select the OD, N¢yms, and W so that ID allows sufficient magnetic flux to flow
through the center.
L oss Mechanisms:
. Skin effect
. Capacitive substrate |osses
. Eddy currentsin the silicon

CMOS Analog Circuit Design © P.E. Allen - 2002
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Planar Spiral Inductors- Continued
Influence of aLossy Substrate

L R

O

C1 JVE J_
Rl% %Rz :l: Cload

Fig. 12.2-13

where:
L isthe desired inductance
Ris the series resistance
C1 and C, are the capacitance from the inductor to the ground plane

R; and Ry are the eddy current losses in the silicon

Guidelines for using spiral inductors on chip:
* Lossy substrate degrades Q at frequencies close to fsejr

* To achieve an inductor, one must select frequencies less than fg;r
» The Q of the capacitors associated with the inductor should be very high
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Planar Spiral Inductors- Continued
Comments concerning implementation:

1.) Put ametal ground shield between the inductor and the silicon to reduce the
capacitance.

 Should be patterned so flux goes through but electric field is grounded
» Metal strips should be orthogonal to the spiral to avoid induced loop current
» The resistance of the shield should be low to terminate the electric field
2.) Avoid contact resistance wherever possible to keep the series resistance low.
3.) Usethe metal with the lowest resistance and furtherest away from the substrate.
4.) Paralel meta stripsif other metal levels are available to reduce the resistance.
Example:

Fig. 6-10
CMOS Analog Circuit Design © P.E. Allen - 2002
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Multi-L evel Spiral Inductors
Use of more than one level of metal to make the inductor.
» Can get more inductance per area

» Canincrease the interwire capacitance so the different levels are often offset to get
minimum overlap.

» Multi-level spiral inductors suffer from contact resistance (must have many parallel
contacts to reduce the contact resistance).

» Metal especially designed for inductorsistop level approximately 4um thick.
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Solenoid I nductors
Example:

Silicon

Fig. 6-11

Comments:

» Magnetic flux is small due to planar structure
» Capacitive coupling to substrate is till present
» Potentially best with aferromagnetic core

CMOS Analog Circuit Design © P.E. Allen - 2002
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SECTION 25- OTHER CONSIDERATIONSOF CMOSTECHNOLOGY
Lateral Bipolar Junction Transistor
P-Well Process, NPN Lateral:

Vbp Base Emitter Collector

S R

p-well

n-substrate
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Lateral Bipolar Junction Transistor - Continued
Field-aided Lateral-
3= = 50 to 100 depending on the process

Keep channel
from forming
Vbp Base Emitter Vgate Collector
----- )
I .
T

p-well

n-substrate

» Good geometry matching
» Low 1/f noise (if channel doesn’t form)
» Actslike a photodetector with good efficiency

CMOS Analog Circuit Design © P.E. Allen - 2002
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Geometry of theLateral PNP BJT

Minimum Size layout of asingle 40 emitter dot LPNP transistor (total device area
emitter dot lateral PNP BJT: is0.006mm2 in a 1.2um CMOS process):
L Pdifuson o
. - Base
Lateral PR — __ LR
Collector {|: :
E e e 2l Emitter
31.2 ] B e M R e
oy X I I .,
[ ]
Lateral > 4 \ Vs
Collector ] Gate
Emitter (poly)

- 3BOM
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Performance of the Lateral PNP BJT

Schematic:

Emitter

Base Vertical
— Collector
Lateral = (Vo)
Collector s

3 vsl for the 40 emitter

Lateral efficiency versus | for the 40

dot LPNP BJT: emitter dot LPNP BJT:
150 p—- __:\iﬁ 1.0
/ \ =
T TN 08 "y
130 \\ \ > ———
__,/ o —— AN g Vg s
: 110 e \\ \\ g 06 =
o] / S \\\ ®
i T TR g
o \\\\\ 02
W :
50 \ 1nA  10nA 100nA 1pA  10pA 100pA 1mA
1nA  10nA 100nA 1pA  10pA 100pA  1mA Emitter Current
Lateral Collector Current
CMOS Analog Circuit Design © P.E. Allen - 2002
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Perfor mance of the Lateral PNP BJT - Continued

Typical Performance for the 40 emitter dot LPNP BJT:

Transistor area 0.006 mm2
Lateral 3 90

Lateral efficiency 0.70

Base resistance 150 Q
E.@5Hz 246 nV /\Hz
En (midband) 1.92 nV /Hz
fe (En) 3.2Hz

lh @5Hz 3.53 pA /y/Hz
In (midband) 0.61 pA /[Hz
fe (In) 162 Hz

fr 85 MHz

Early voltage 16V

CMOS Analog Circuit Design
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High Voltage MOS Transistor

The well can be substituted for the drain giving alower conductivity drain and therefore
higher breakdown voltage.

NMOSin n-well example:
Source  Gate Drain Substrate

Oxi del PonZi Ticon T

»

p-substrate

Fig. 190-07
Drain-substrate/channel can be as large as 20V or more.
Need to make the channel longer to avoid breakdowns via the channel.

CMOS Analog Circuit Design © P.E. Allen - 2002

Chapter 2 — Section 5 (4/11/02) Page 2.5-7

L atch-up in CM OS Technology
L atch-up Mechanisms:

1. SCR regenerative switching action.
2. Secondary breakdown.
3. Sustaining voltage breakdown.

Parasitic lateral PNP and vertical NPN BJTsin ap-well CMOS technology:

Vbpo Do GT S So GT D Vss ©
B
A t JT
@/ﬁ N ‘ p-well§ ; N % Z
n p* ‘\\ o n+ n+ p*
R \ \\_", :II\‘: A‘,AVA:
N N ? Rp-
DS A A A A, -
- Substrate Fig. 190-08
. L Vbp
Equivaent circuit of the SCR AVDD "
formed from the parasitic BJTs: ‘< Ry S A
A ¥
Vin=V Vout —
B I
Rp-
Vss v

Vss  Fig. 190-09
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Preventing Latch-Up in a P-Well Technology

1.) Keep the source/drain of the MOS device not in the well asfar away from the well as
possible. Thiswill lower the value of the BJT betas.

2.) Reducethevaluesof R,. and R.. Thisrequires more current before latch-up can

occur.
3.) Make ap- diffusion around the p-well. This shorts the collector of Q1 to ground.
p-channel transistor n-channel transistor
nt guard bars p+ guard bars

DD / Vss
0 0

RS GO S @GO e GG

n- substrate

Figure 190-10

For more information see R. Troutman, “CMOS Latchup”, Kluwer Academic Publishers.

CMOS Analog Circuit Design © P.E. Allen - 2002
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Electr ostatic Dischar ge Protection (ESD)
Objective: To prevent large external voltages from destroying the gate oxide.

Electrical equivaent circuit
VbD

pt to n-well
diode
Tointernal gates Bonding

Pad
n+* to p-substrate
diode f

Vss
Implementation in CM OS technol ogy
Metal

pt resistor

FOX FOX FOX
N n-well /

p-substrate

Fig. 190-11
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Temperature Characteristics of Transistors
Fractional Temperature Coefficient

1 0x _ _
TCe=x3T Typicaly in ppm/°C
MQOS Transistor
V1=V(Ty) +a(T-Ty) +--,  wherea =-2.3mV/°C (200°K to 400°K)
M= KP-T-:L5
BJT Transistor
Reverse Current, | g

10s_3 1Veo

IsoT —THTKkT/q
Empirically, |5 doubles approximately every 5°C increase
Forward Voltage, vp:

ovp Veo-Vp 3KT/q

— ~ _ o —
T =- T T =-2mV/°C at vp = 0.6V
CMOS Analog Circuit Design © P.E. Allen - 2002
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Noisein Transistors

Shot Noise
2 = 20l pAf (amperes?)
where

g = charge of an electron
Ip =dcvaueof ip

Af = bandwidth in Hz

72

Noise current spectral density = AF (amperes?/Hz)
Thermal Noise
Resistor:

V2 = 4kTRAf (volts?)
MOSFET:

__ BKTgmd

ip2 =——73 — (ignoring bottom gate)
where

k = Boltzmann’s constant
R = resistor or equivalent resistor in which the thermal noise is occurring.
Om = transconductance of the MOSFET
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Noisein Transistors - Continued
Flicker (1/f) Noise

~— _ I
2 =

where

K; = constant (10-28 Farad-amperes)

a= constant (0.5to0 2)

b = constant (=1)

Noise power
spectral density
1/t
log(f) Fig. 190-12
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SECTION 2.6 —INTEGRATED CIRCUIT LAYOUT
Matching Concepts

1.) Unit matching principle — Always implement two unequal components by an integer
number of unit components.

1.0
[ T 1
10 15 C) |o5| |os||os| |05 |05
L Py |

1;5 Fig. 2.6-01
2.) Common-centroid layout (illustrated above).
3.) Elimination of mismatch due to
surrounding material

C C
A B ) A B

4.) Minimize the ratio of the perimeter to the area (a circle is optimum).
5.) For parallél plates make one larger than the other to eliminate alignment problems.

Fig. 2.6-02
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M atching Concepts - Continued
6.) Maintain a constant area-to-perimeter ratio between matching elements.

Yiannoulos path — A serpentine structure that maintains a constant area-to-perimeter
ratio and allows efficient use of area.

Oneunit  Tota perimeter Total perimeter
is 25 units is 36 units
Etch compensation I
Total areais
12.5 units
Fig. 2.6-03 Total areais
18 units.

Both structures have a periphery/arearatio of 2.

CMOS Analog Circuit Design © P.E. Allen - 2002
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MOS Transistor Layout
Example of the layout of asingle MOS transistor:

Metal

FOX FOX

Active area Lo
) Polysilicon
drain/source 4

gate

Contact

Active area
drain/source

Fig. 2.6-04 Metal 1

Comments:

» Make sure to contact the source and drain with multiple contacts to evenly distribute
the current flow under the gate.

» Minimize the area of the source and drain to reduce bulk-source/drain capacitance.
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MOS Transistor Layout - Continued

For best matching, the transistor “stripes’ should be oriented in the same direction (not
orthogonal).

Photolithographic invariance (PL1) are transistors that exhibit identical orientation.
Examples of the layout of matched MOS transistors:
1.) Examples of mirror symmetry and photolithographic invariance.

-

Mirror Symmetry Photolithographic Invariance
Fig. 2.6-05

CMOS Analog Circuit Design © P.E. Allen - 2002
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MOS Transistor Layout - Continued

2.) Two transistors sharing a common source and laid out to achieve both
photolithographic invariance and common centroid.

Metal 2 Metal 1
Vial = j
= O
- 5] = — — = T I
| | | | | | | | | | | | | |
| | | | | | | | LNl LIINL | |

Fig. 2.6-06
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MOS Transistor Layout - Continued
3.) Compact layout of the previous example.

) A e e

= - m O

‘ 0 b E Vial

Metal 1

Metal 2 Fig. 2.6-07

CMOS Analog Circuit Design
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Resistor L ayout

Direction of current flow

o
T
T Area, A
L Fig. 2.6-15
Resistance of a conductive sheet is expressed in terms of
pL pL
R="A=wT (Q)
where
P = resistivity in Q-m
Ohms/square:

HL L
R= %EW =psw (Q)
where
Pgs is a sheet resistivity and has the units of ohms/square

CMOS Analog Circuit Design
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Example of Resistor L ayouts

Metal Metal
M ﬁ/T:o X FOX =~/ 55
Substrate Substrate
Active area (diffusion) Active area (diffusion) Well diffusion
Active area e W
Well diffusion
Contact  Active areaor Polysilicon W Contact i
\ i I [— —
Cut | ____ -, _____________ N . Clﬁ,,,,,\l, ,,,,,,,,,,,,,,, N R -
\ T — |
}47 L 44
Metal 1 L T Metal 1
Diffusion or polysilicon resistor Well resistor Fig. 2.6-16

Corner corrections:

Fig. 2.6-16B

CMOS Analog Circuit Design © P.E. Allen - 2002
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Example 2.6-1 Resistance Calculation
Given apolysilicon resistor like that drawn above with W=0.8um and L=20um, calculate
ps (in Q/0), the number of squares of resistance, and the resistance value. Assume that

p for polysiliconis9 x 10-4 Q-cm and polysilicon is 3000 A thick. Ignore any contact
resistance.

Solution
First calculate ps.

_p 9x 10-4 Q-cm _
Ps =T = 3000x 10-8cm - 30 Q/0

The number of squares of resistance, N, is

giving the total resistance as
R=psx N = 30x 25=750 Q

CMOS Analog Circuit Design © P.E. Allen - 2002
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Capacitor L ayout

Double-polysilicon capacitor Triple-level metal capacitor.
Met Polysilicon 2
L ———
FOX 7
Substrate FOX
Polysilicon gate Substrate
[ 1
| n | i Med3 Metal 2 Metal 1 \etg 3
Polysilicon 2 ysilicon gae .
Via2
o
Cut Cut |
----------- |- <
Metal 1
| = |
! . Fig. 2.6-17
CMOS Analog Circuit Design © P.E. Allen - 2002
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Design Rules

Design rules are geometrical constraints which guarantee the proper operation of a circuit
implemented by a given CMOS process.

These rules are necessary to avoid problems such as device misalignment, metal
fracturing, lack of continuity, etc.

Design rules are expressed in terms of minimum dimensions such as minimum val ues of
- Widths
- Separations
- Extensions
- Overlaps

 Design rules typically use a minimum feature dimension called “lambda’. Lambdais
usually equal to the minimum channel length.

* Minimum resolution of the design rulesistypically half lambda.
* In most processes, lambda can be scaled or reduced as the process matures.
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SECTION 2.7 - BIPOLAR TRANSISTOR (OPTIONAL)
Major Processing Stepsfor a Junction Isolated BJT Technology
Start with a p substrate.
1. Implantation of the buried n* layer
2. Growth of the epitaxial layer
3. ptisolation diffusion
4. Base p-typediffusion
5. Emitter n* diffusion
6. p* ohmic contact
7. Contact etching
8. Metal deposition and etching
9

. Passivation and bond pad opening
CMOS Analog Circuit Design © P.E. Allen - 2002
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| mplantation of the Buried Layer (Mask Step 1)
Objective of the buried layer is to reduce the collector resistance.

TOP
VIEW

I n*+ implantation for buried layer

!
i i
SIDE
VIEW p substrate

p* p p nj n- n n+ Metal  Fig.2.7-1
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Epitaxial Layer (No Mask Required)
The objective isto provide the proper n-type doping in which to build the npn BJT.

TOP
VIEW4

Epitaxial
Region
nt* buried layer
p* p p- ni n n n+ Metal Fig.27:2
CMOS Analog Circuit Design © P.E. Allen - 2002
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p* isolation diffusion (Mask Step 2)

The objective of this step is to surround (isolate) the npn BJT by a p* diffuson. These
regions also permit contact to the substrate from the surface.

Assume that the n* buried region can b<<s‘een

TOP
VIEW

SIDE
VIEW

nt buried layer

p* p P ni n n n+ Meta  Fig27-3
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Base p-type diffusion (Mask Step 3)
The step provides the p-type base for the npn BJT.

TOP
VIEWt

p+
isolation

SIDE
VIEW

n+ buried layer

pt p P ni n n n+ Meta Fig27-4

CMOS Analog Circuit Design © P.E. Allen - 2002
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Emitter nt* diffusion (Mask Step 4)
This step implements the n* emitter of the npn BJT and the collector ohmic contact.

TOP
VIEW ,
L
p* n+ n+ emitter P
isolation p base isolation
SIDE
VIEW

n* buried layer

p* p P ni n- n n+ Metal Fi927-5
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p* ohmic contact (Mask Step 5)
This step permits ohmic contact to the base region if it is not doped sufficiently high.

TOP
VIEWt

SIDE
VIEW

p* n+ (P ) n+ emitter b
isolation p base isolation
nt+ buried layer

p+ p P ni n n n+ Metal  Fig.2.7-6
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Contact etching (Mask Step 6)
This step opens up the areas in the dielectric area which metal will contact.

-

1
1\

N Dielectric Layer
R

n+ buried layer

p* p P n n n n+ Metal Fig.27-7
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Metal deposition and etching (Mask Step 7)
In this step, metal is deposited over the entire wafer and removed where it is not wanted.

p* p*
isolation isolation
SIDE
VIEW
nt* buried layer
Fig.2.7-8
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Passivation (Mask Step 8)

Cover the entire wafer with glass and open the area over bond pads (requires another
mask).

Passivation

0% % %% %% %% % %% 2% %%% "%

20222 2 e 0% %% %%
S X LR REBBELLEELEN ALEIN

S T35S ] RSETT5 J:
XRS5 oQetetetetetet ot tetetetetetetetetets

KXXKS b:ii:!:!:ﬁ
NN
p+

%% R
o RLEIN, LEERES
KRR

n+ (_P* ) n* eniitter pt
isolation p base isolation

SIDE
VIEW

n+ buried layer

Fig.2.7-9
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Typical Impurity Concentration Profilefor the npn BJT

Taken along the line from the surface indicated in the last slide.

A
1021
re e nN—¢——nNt—¢e— p——>
__1020F
@
5 1019 - Substrate Doping Level
S 1018 K
"S' 1017 - | Epitaxial ! Y
S '. collector ol
3 1061 doping level : \
*g 1015 b - - 4. A \
g 1014 ey L N R X, Depth from the
- 1 21 3 45 6 7 8 9 10 11 12 surface (microns)
10131- 8
‘€ Basg Collector | Buried Layer Substrate Fig. 2.7-10
1012 -0
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Substrate pnp BJT

Collector is always connected to the substrate potential which is the most negative DC

potential.

TOP
VIEWt

p* p p

CMOS Analog Circuit Design
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Lateral pnp BJT
Collector is not constrained to a fixed dc potential.

TOP
VIEWt

N N | N
isolation - isolation
p collector, p emitter

nt+ buried layer

SIDE
VIEW

pt p P N n- n n+ Metal Fig27-12
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Types of Modifications to the Standard npn Technology

1.) Didlectricisolation - Isolation of the transistor from the substrate using an oxide
layer.

2.) Double diffusion - A second, deeper n* emitter diffusion is used to create JFETS.

3.) lonimplanted JFETs - Use of an ion implantation to create the upper gate of a p-
channel JFET

4.) Superbetatransistors- Use of avery thin base width to achieve higher values of Sf.

5.) Double diffused pnp BJT - Double diffusion is used to build a vertical pnp transistor
whose performance more closely approaches that of the npn BJT.
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SECTION 2.8- BICMOSTECHNOLOGY (OPTIONAL)
Typical 0.5um BiCM OS Technology

Masking Sequence:
1. Buried nt layer 13. PMOS lightly doped drain
2. Buried pt layer 14. n* source/drain
3. Collector tub 15. p* source/drain
4. Active area 16. Silicide protection
5. Collector sinker 17. Contacts
6. n-well 18. Metal 1
7. p-wel 19. Vial
8. Emitter window 20. Metal 2
9. Base oxide/implant 21. Via2
10. Emitter implant 22. Metal 3
11. Poly 1 23. Nitride passivation
12. NMOS lightly doped drain
Notation:

BSPG = Boron and Phosphorus doped Silicate Glass (oxide)

Kooi Nitride = A thin layer of silicon nitride on the silicon surface as a result of the
reaction of silicon with the HN3 generated, during the field oxidation.

TEOS = Tetro-Ethyl-Ortho-Silicate. A chemical compound used to deposit conformal
oxidefilms.
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n+and p* Buried Layers

Starting Substrate:

p-substrate 1um
BiCMOS-01 <+ 5um—>»
n*t and p* Buried Layers:
[} [} [} 1 [}
i+——NPN Transistor —» r— PMOS Transistor —»+———NMOS Transistor ——
| | | | |
i [__n*buriedlayer ] i{Tpthburied J: [ n*buriedTayer 71 :
| o layer | | |
[} [} [} 1 [}
1 1 1 1 1
| | | | |
i i i : i t
| | | p-substrate I I 1um
1 1 1 1
BiCMOS-02 <« 5um —>l
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Epitaxial Growth

«——NPN Transistor —» ¢— PMOS Transistor —»«———NMOS Transistor ———»

i p-type

i n-well i : n-well i Epitexial

i i i i 'Silicon

! nt buried layer : : n* buried layer ' I

| | | |

i i i i

| | | | T
| i | p-substrate i 1Lim

BICMOS-03 <+ Sum-—>

Comment:
» Asthe epi layer grows vertically, it assumes the doping level of the substrate beneath it.

* In addition, the high temperature of the epitaxial process causes the buried layersto
diffuse upward and downward.
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Coallector Tub

1 i 1 1 1
i NPN Transistor — — PMOS Transistor —»<«———NMOS Transistor ———»
| Original Area of

| CollectorTub Implant

ip-type
IIEpitaxi al
ISilicon

n* buried layer n* buried layer

p-substrate

BiCMOS-04 <« 5um—»

Comment:

» The collector areais developed by an initial implant followed by a drive-in diffusion to
form the collector tub.
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Active Area Definition

1
<«——NPN Transistor —» ¢— PMOS Transi stor —»«———NMOS Transistor ——»

| | | Nitride |
! ! ! + 0-Silicon
! ! n-well i
! ! {p-type
i i Epitaxial
i i 'Silicon
s s s s a
i n* buried layer | | E n+ buried layer |1 i
a | | = )
i : | p-substrate i ! 1um
BICMOS-05 «5um _,l

Comment:

» Thesilicon nitride is use to impede the growth of the thick oxide which allows contact
to the substrate

e o-siliconisused for stressrelief and to minimize the bird’ s beak encroachment

CMOS Analog Circuit Design © P.E. Allen - 2002
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Field Oxide

1
+— PMOS Transistor —»«——— NMOS Transistor ———»
Field

i n-well ' ;
— H» T

1 1
54— NPN Transistor —»

Epitaxial
1Silicon

nt buried layer n+ buried layer

BiCMOS-06 <« 5um—>

Comments:
» Thefield oxideis used to isolate surface structures (i.e. metal) from the substrate
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Callector Sink and n-Well and p-Well Definitions

l«—NPN Transistor —»| j— PM Oﬁ TLansi st[?r —>:<—A NQ/IUOSh 'I_'I_rﬁnsi stch)r —
i ink 1Anti-Punch Throu ! nti-Punch Throu !
! Collector Sink ! ! diug| Threshold Adjust :
n E Field Oxide E Fied Oxide === Field Ibxide

i n-wel ™~ '

v e

IIEpitaxid

'Silicon

nt buried layer nt buried layer

BICMOS-07 <« 5um—>
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Base Definition

1 1 1 1
i<— NPN Transistor —»i ¢— PMOS Transi stor —»«———NMOS Transistor ———»

el e >

ip-type
IIEpi taxial
'Silicon

nt buried layer

nt+ buried layer

BiCMOS-08 <+ 5um—»
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Definition of the Emitter Window and Sub-Collector | mplant

1 1
¢— PMOS Transistor —»«———NMOS Transistor —»i
1

p-type
Epitaxial
ISilicon

BiCMOS-09 < 5um—>
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Emitter Implant

l«— NPN Transistor —»!
I Emitter Implant

]
e— PMOS Transistor —»«———NMOS Transistor ——»

@u@. : FieIdeidei ————— Fie!deide = Fleldpxme

| pwel | it H Type

Sub-Collector IIEpitaxiai
'Silicon

nt buried layer nt buried layer

p-substrate
BICMOS-10 <« 5um—

Comments:
» The polysilicon above the base is implanted with n-type carriers
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Emitter Diffusion

1 1 1
i<— NPN Transistor —» +— PMOS Transi stor —»«———NMOS Transistor

—
I
]

Field Ibxide

'p-type
IIEpitaxiaI
ISilicon

nt buried layer

p-substrate um
BiCMOS-11 «5um—>
Comments:

» The polysilicon not over the emitter window is removed and the n-type carriers diffuse
into the base forming the emitter
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Formation of the MOS Gatesand L D Drains/Sour ces

1 1 1
¢— PMOS Transi stor —»«———NMOS Transistor ———»

1 1
i<— NPN Transistor —»i

Field Oxide 1 Fi

Field Ibxide

iptype
IIEpitaxiai
ISilicon

nt buried layer

nt+ buried layer

d
:
i
:
i

p-substrate
BiCMOS-12 <+ 5um—>
Comments:

» The surface of the region where the MOSFETSs are to be built is cleared and a thin gate
oxide is deposited with a polysilicon layer on top of the thin oxide

» The polysilicon is removed over the source and drain areas
* A light source/drain diffusion is done for the NMOS and PM OS (separately)
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Heavily Doped Source/Drain

1 1 1 1
i<— NPN Transistor —» +— PMOS Transi stor —»«———NMOS Transistor —»i
1

Field Oxide E

e

i ip-type
i Epitaxial
i iSilicon
i

i

nt buried layer nt buried layer

p-substrate

BiCMOS-13 <+ 5um—»

Comments:

» The sidewall spacers prevent the heavy source/drain doping from being near the
channel of the MOSFET
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Siliciding

—»+——NMOS Transistor —»

«——NPN Transistor — +— PMOS Transistor :
Silicide TiSi» :
]

i Silicide TiSi Silicide TiSio

@u@. | Fied Oxidei / Fi

d Oxide Field beide

p-well | p-type
IIEpi taxial
'Silicon

nt buried layer

nt+ buried layer

p-substrate

] @\ __

BiCMOS-14 <+ 5um—>
Comments:

« Siliciding is used to reduce the resistance of the polysilicon and to provide ohmic
contacts to the base, emitter, collector, sources and drains
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Contacts

Tungsten Plugs Tungsten Plugs Tungsten Plugs

nt buried layer nt buried layer

p-substrate 1um
BiCMOS-15 <+ 5um—»
Comments:
» A dielectric is deposited over the entire wafer
» One of the purposes of the dielectric is to smooth out the surface
» Tungsten plugs are used to make electrical contact between the transistors and metal 1

CMOS Analog Circuit Design © P.E. Allen - 2002
Chapter 2 — Section 8 (4/11/02) Page 2.8-16
Metall

Metal1 Metal1 Metall

TEOS/BPSG/SOG ' ' TEOS/BPSG/SOG ' . TEOS/BPSG/SOG

Field Oxide Field Oxide Field Oxide

nt buried layer nt buried layer

p-substrate

BiCMOS-16 «5um—
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Metal1-Metal2 Vias

Tungsten Plugs Oxide/
4 \d SOG/
Oxide
' ' n TEOS/BPSG/SOG ' . TEOS/BPSG/SOG ' . TEOS/BPSG/SOG
. . A N ' . a N ] 8
FOX — . Field Oxide Field Oxide Field Oxide
n-wel
| pwel | p-type
Epitaxia
Silicon
nt buried layer nt buried layer

p-substrate 1um
BiCMOS-17 <« 5um—»
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Metal2

i
n!

Field Oxide
===V

<—Meta| 2

Oxide/

SOG/

Oxide

' TEOS/BPSG/SOG ' . TEOS/BPSG/SOG
A (] D

Field Oxide Field Oxide

FOX

p-type
Epitaxia
Silicon

nt buried layer

nt buried layer

p-substrate

BiCMOS-18
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Metal2-M etal3 Vias

TEOY
BPSG/
] inl ] ™
Oxide/
SOG/
Oxide
' ‘ n TEOS/BPSG/SOG ' ' TEOS/BPSG/SOG ' . TEOS/BPSG/SOG
: : A N ' : A N : .
FOX -_.@. Field Oxide Field Oxide Field Oxide
m n-wel aEEEEs—— Type
Epitaxia
Silicon

nt+ buried layer

nt+ buried layer

p-substrate um
BiCMOS-19 «5um—>
Comments.
» The metal2-metal3 vias will be filled with metal3 as opposed to tungsten plugs
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Completed Wafer
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<+ Vias 7| BPSG/

Oxidel
SOG/
Oxide
' ' n TEOS/BPSG/SOG ' . TEOS/BPSG/SOG ' . TEOS/BPSG/SOG
(1 N (/] N
o -_-@

. Field Oxide Field Oxide Field Oxide
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BiCMOS-20 < 5um—>
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SUMMARY

» Thissection hasillustrated the major process steps for a 0.5micron BiCMOS
technology.

» The performance of the active devices are:
npn bipolar junction transistor:

fT = 12GHz, BF = 100-140 BVceo =7V
n-channel FET:

K =127pA/NV2 V1 =0.64V AN = 0.060
p-channel FET:

K' = 34pA/V2 V1 =-0.63V Ap = 0.072

 Although today’ s state of the art is 0.25um or 0.18um BiCMOS, the processing steps
illustrated above approximate that which is donein a smaller geometry.
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SECTION 2.9 - SUMMARY
» Basic process steps include:
1.) Oxide growth 2.) Thermal diffusion 3.) lon implantation
4.) Deposition 5.) Etching 6.) Epitaxy
* PN junctions are used to electrically isolate regionsin CMOS
» A simple CMOS technology requires about 8 masks
* Bipolar technology provides agood vertical NPN and lateral and substrate PNPs
* BICMOS combines the best of both BJT and CMOS technologies
» Passive component compatible with CM OS technology include:
Capacitors - MOS, poly-poly, metal-metal, etc.
Resistors - Diffused, implanted, well, etc.
Inductors - Planar good only at very high frequencies
» CMOS technology has a reasonably good lateral BJT
 Other considerationsin CMOS technology include:
Latch-up
ESD protection
Temperature influence
Noiseinfluence

» Design rules are used to preserve the integrity of the technology
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