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Outline of this Lecture

ÅPreviously on ELCN321

ÅCMOS Fabrication Process

ïThe Clean Room

ïThe Silicon Wafer

ïFabrication Steps

ÅPoly-Gate NMOS Process Sequence
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Previously on ELCN321

Sincethebeginningof theVLSI era,theminimumfeaturelength

of an integratedcircuit hasbeenreducedat a rateof about20%

peryear.

Introduction

4



Design Stages

Previously on ELCN321

Specifications

Implementation

Prototyping

Manufacturing

Pre-silicon

Post-silicon
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Previously on ELCN321

Definition
Design metrics are the propertiesthat we use to evaluatethe

performanceof theintegratedcircuit.

Thedesignmetricsare:

The importanceof thesemetrics dependsupon the application

(speedis a crucial property in a computeserverwhile energy

consumptionis adominantmetricfor cell phones).

Cost Reliability

Speed Scalability

Power and Energy Consumption
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Introduction

Fabricationprocessis thestepsthroughwhich thedesigngo to be

convertedinto aphysicalcircuit.

Learning the stepsof the fabrication processis quite handy in

understanding:

ÅThe physicalconstraintsthat areimposedon a designer

of anintegratedcircuit.

ÅThe impactof the fabricationprocesson issuessuchas

cost.

Our focuswill beon theCMOSfabricationprocess.

Fabrication Process

7



CMOS Fabrication Process

The CMOS processrequiresthat both n-channel(NMOS) andp-

channel(PMOS)transistorsbebuilt in thesamesilicon material.

To accommodateboth typesof devices,wells mustbe createdin

which the semiconductormaterial is opposite to the type of the

channel.

Fabrication Process
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CMOS Fabrication Process

A clean room is an environment used in manufacturing

semiconductorengineering applications with a low level of

environmentalpollutantssuchasdust,airbornemicrobes,aerosol

particles,andchemicalvapors.

The Clean Room

A clean room is classified by 

the level of contamination that 

is specified by the number of 

particles per cubic meter at a 

specified particle size. 
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CMOS Fabrication Process

The typical urbanenvironmentcontains35,200,000 particlesper

cubicmeterin thesizerange0.5μmandlargerin diameter.

The Clean Room

Class

Maximum particles/m3 FED STD 

209E

equivalentҗ0.1ҡƳ җ0.2ҡƳ җ0.3ҡƳ җ0.5ҡƳ җ1ҡƳ җ5ҡƳ

ISO 1 10

ISO 2 100 24 10

ISO 3 1,000 237 102 35 Class 1

ISO 4 10,000 2,370 1,020 352 83 Class 10

ISO 5 100,000 23,700 10,200 3,520 832 Class 100

ISO 6 1,000,000 237,000 102,000 35,200 8,320 293 Class 1,000

ISO 7 352,000 83,200 2,930 Class 10,000

ISO 8 3,520,000 832,000 29,300 Class 100,000

ISO 9 35,200,000 8,320,000 293,000 Room air
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CMOS Fabrication Process

An ISO 1 cleanroomallows no particlesin the sizerange0.5μm

andonly 10particlespercubicmeterof 0.1μmandsmaller.

The Clean Room

Class

Maximum particles/m3 FED STD 

209E

equivalentҗ0.1ҡƳ җ0.2ҡƳ җ0.3ҡƳ җ0.5ҡƳ җ1ҡƳ җ5ҡƳ

ISO 1 10

ISO 2 100 24 10

ISO 3 1,000 237 102 35 Class 1

ISO 4 10,000 2,370 1,020 352 83 Class 10

ISO 5 100,000 23,700 10,200 3,520 832 Class 100

ISO 6 1,000,000 237,000 102,000 35,200 8,320 293 Class 1,000

ISO 7 352,000 83,200 2,930 Class 10,000

ISO 8 3,520,000 832,000 29,300 Class 100,000

ISO 9 35,200,000 8,320,000 293,000 Room air
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CMOS Fabrication Process

Insufficiently cleanenvironmentreducestheyield dramatically

The Clean Room
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CMOS Fabrication Process

Insufficiently cleanenvironmentreducestheyield dramatically

The Clean Room
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Particle causing short-

circuit

Particle causing open-

circuit

Particle causing current 

restriction

Two Layer Short
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CMOS Fabrication Process

To have an ultra precision clean room that is suitable for

semiconductorfabrication,manyparametermustbecontrolled:

The Clean Room

Clean Room Controlled Parameters

Air Cleaning Temperature/Humidity

Pressure Air Flow

Electromagnetic Electrostatic

Noise Micro-Vibration
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CMOS Fabrication Process

The Silicon Wafer

15



CMOS Fabrication Process

The production starts with the

Czochralski growth.

A silicon ingot is producedby

melting thesandis in a crucible

at 1425degreesCelsius.

Dopantimpurity atomsis added

to dopethesilicon to producep-

typeor n-typesilicon.

The Silicon Wafer

Wafer Production Steps

Czochralskigrowth
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CMOS Fabrication Process

The secondstepis grinding and

slicing step.

The ingot is grounded to the

desired diameter. Then, an

orientation flat (or notch) is

added.

Theingot is cut into wafers.

The Silicon Wafer

Wafer Production Steps

Czochralskigrowth

Grinding and Slicing
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CMOS Fabrication Process

The third step is Lapping and

Etchingstep.

The wafer is lapped on both

sides in betweentwo counter-

rotatingpadsby slurry.

This stepremovesthe damaged

surface silicon and thin the

waferto thedesiredthickness.

The Silicon Wafer

Wafer Production Steps

Czochralskigrowth

Grinding and Slicing

Lapping and Etching
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CMOS Fabrication Process

The wafer is then etched in

order to removeany remaining

damagedsurface.

The Silicon Wafer

Wafer Production Steps

Czochralskigrowth

Grinding and Slicing

Lapping and Etching
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CMOS Fabrication Process

The final step is Polishing and

Cleaningstep.

Two padswith ultra fine slurry

areusedto removetheremaining

roughnesson the atomic scale

from thewafersurface.

This stepresultsin a superflat,

mirroredsurface.

The Silicon Wafer

Wafer Production Steps

Czochralskigrowth

Grinding and Slicing

Lapping and Etching

Polishing and Cleaning

20



CMOS Fabrication Process

The creationof the sourceand drain regions,well implant, and

the adjustmentsof the device threshold require changing the

dopantconcentrationof thematerial.

Diffusion andion implantationaretwo techniquesto changethe

dopantconcentrationof thematerial.

In bothtechniques,theareato bedopedis exposed, while therest

of the wafer is coated with a layer of buffer material,typically

SiO2.

Fabrication Steps

Diffusion and Ion Implantation
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CMOS Fabrication Process

In diffusion implantation,the wafersareplacedin a quartztube

embeddedin a heated furnace. A gas containingthe dopantis

introducedin thetube.

The high temperaturesof the furnace,typically 900 to 1100°C,

cause the dopants to diffuse into the exposedsurface both

vertically and horizontally .

The final dopantconcentrationis the greatestat the surfaceand

decreasesin a gaussianprofile deeperin thematerial.

Fabrication Steps

Diffusion and Ion Implantation
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CMOS Fabrication Process

In ion implantation,a beamof purified ions is directedover the

semiconductorsurface.

The accelerationof the ions determineshow deep they will

penetratethe material,while the beamcurrentand the exposure

timedeterminethedosage.

The ion implantationmethodallows for an independentcontrol

of depth and dosage. This is an advantageover the diffusion

implantationtechnique.

Fabrication Steps

Diffusion and Ion Implantation
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CMOS Fabrication Process

The down side of the ion implantationtechniqueis the lattice

damage.

Lattice damagehappendue to the nuclear collisions that cause

thedisplacementof substrateatoms.

Lattice damageis resolvedby applying a subsequentannealing

step,in which the wafer is heatedto around1000°C for 15 to 30

minutes, and then allowed to cool slowly. The heating step

thermallyvibratestheatoms,whichallowsthebondsto reform.

Fabrication Steps

Diffusion and Ion Implantation
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CMOS Fabrication Process

All the fabricationprocessrequiresthe depositionof layersof a

materialover the complete wafer, to either act as buffers for a

processingstep,or asinsulatingor conductinglayers.

Oxidation depositionforms a layer of SiO2 that is requiredfor

photolithographystep.

Polysilicon is depositedusing a chemical deposition process,

which flows silanegasover theheatedwafercoatedwith SiO2 at

a temperatureof approximately650°C.

Fabrication Steps

Deposition
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CMOS Fabrication Process

The silicon nitride (Si3N4), which is a buffer materialduring the

formation of the field oxide, is depositedusing a processcalled

chemical vapor deposition (CVD), which uses a gas-phase

reactionwith energysuppliedby heatat around850°C.

TheAluminum interconnectlayersaretypically deployedusinga

processknownassputtering.

Fabrication Steps

Deposition
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CMOS Fabrication Process

Etching step is usedto selectively form patternssuchas wires

andcontactholes.

Etchingis classifiedinto two groups,wetetchinganddry etching.

Thewet etchingprocessmakesuseof acidor basicsolutions. As

an example,hydrofluoric acid bufferedwith ammoniumfluoride

is typically usedto etchSiO2.

Fabrication Steps

Etching
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CMOS Fabrication Process

In dry etching,a wafer is placedinto the etch tool's processing
chamberandgivena negativeelectricalcharge.

Thechamberis heatedto 100°C andbroughtto a vacuumlevel of
7.5 Pa, then filled with a positively chargedplasma(usually a
mix of nitrogen,chlorineandborontrichloride).

Theopposingelectricalchargescausethe rapidly movingplasma
moleculesto align themselvesin a vertical direction, forming a
microscopicchemical and physical sandblasting action which
removestheexposedmaterial.

Fabrication Steps

Etching
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CMOS Fabrication Process

Plasmaetching has the advantageof offering a well-defined

directionality to the etchingaction, creatingpatternswith sharp

verticalcontours.

Fabrication Steps

Etching

29



CMOS Fabrication Process

Planarizationis the processthroughwhich the surfaceof a layer

is madeapproximatelyflat beforedepositinganewlayerontoit.

Chemical mechanical planarization (CMP) step is usually

includedbeforethe depositionof an extrametal layer on top of

theinsulatingSiO2 layer.

CMP usesa slurry (a liquid carrier with aluminum oxide or

silica) compoundto microscopicallyplaneadevicelayer.

Fabrication Steps

Planarization
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CMOS Fabrication Process

The fabrication process includes wide range of tasks like

oxidation, etching, metal and polysilicon deposition, and ion

implantation.

Fabrication Steps

Photolithography

Photolithographyis the technique

throughwhich a certainareaon the

chip is masked out using an

appropriateoptical mask so that a

desired processing step can be

selectivelyappliedto the remaining

regions.
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CMOS Fabrication Process

This stepdepositsa thin layerof

SiO2 overthecompletewafer

The oxidation is done by

exposingit to a mixtureof high-

purity oxygen and hydrogenat

approximately1000°C.

The oxide is used as an

insulation layerandalsoforms

Photolithography (Operations)

Oxidation Layering

transistorgates.
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CMOS Fabrication Process

Photoresistis a light sensitive

polymer that is applied to the

wafer to a thickness of

approximately1 mm.

Thepolymeris callednegative

if it is originally soluble in an

organic solvent, but has the

property that the polymers

crosslink whenexposedto

Photolithography (Operations)

Photoresist Coating

property that the polymers cross link when exposedto light,

makingtheaffectedregionsinsoluble.
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CMOS Fabrication Process

The polymer is called positive

if it is originally insoluble,but

solubleafterlight exposure.

Photolithography (Operations)

Photoresist Coating
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CMOS Fabrication Process

The patternthat is requiredto

be transferredto the silicon is

printedonaglassmask.

The mask is opaque in the

regions that we want to

process,and transparentin the

others (assuming a negative

photoresist).

Photolithography (Operations)

Stepper Exposure
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CMOS Fabrication Process

Thecombinationof glassmask

andwafer is exposedto ultra -

violet light. The photoresist

becomesinsoluble at the area

wherethemaskis transparent.

Photolithography (Operations)

Stepper Exposure
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CMOS Fabrication Process

The wafers are developed in

either an acid or basesolution

to removethe soluble areasof

photoresist.

Oncethe exposedphotoresistis

removed, the wafer is soft-

baked at a low temperatureto

harden the remaining

photoresist.

Photolithography (Operations)

Photoresist Development and Baking
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CMOS Fabrication Process

The Layer under process is

etchedby remove the material

from areasof the wafer that are

not coveredby photoresist.

This etching process is

accomplishedthroughtheuseof

different types of acid that

suitesthe material that is to be

removed.

Photolithography (Operations)

Acid Etching
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CMOS Fabrication Process

The wafer is cleaned with

deionized water and dries it

with nitrogen.

Photolithography (Operations)

Spin, Rinse, and Dry
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CMOS Fabrication Process

The exposedareaare subjected

to a wide rangeof processsteps,

such as ion implantation,

plasma etching, or metal

deposition.

Photolithography (Operations)

Various Process Steps
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CMOS Fabrication Process

A high-temperatureplasma is

used to selectively remove the

remaining photoresist without

damagingdevicelayers.

Photolithography (Operations)

Photoresist Removal (Ashing)
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CMOS Fabrication Process

Due to technology scaling, the minimum feature sizes in

integratedcircuitsmakesthephotolithographydifficult .

Photolithography

Techniquessuch as optical-mask

correction (OPC)is appliedto the

drawn patternsto account for the

diffraction phenomena,encountered

whenprinting closeto the limits of

opticallithography.
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CMOS Fabrication Process

The process starts with the

definition of the active regions

where transistors will be

constructed.

All other areasof the die is

coveredwith a thick layer of

SiO2 (field oxide).

The field oxide acts as the

insulator betweenneighboring

devices

Poly-Gate NMOS Process Sequence

Define active areas 

Etch and fill trenches
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CMOS Fabrication Process

For PMOS, slightly doped n-

wells are formed through ion

implantation.

A thin layer of SiO2 (gate

oxide) separates the region

betweenthesourceanddrain.

The gate oxide is coveredby

conductivepolysilicon to form

thegateof thetransistor.

Poly-Gate NMOS Process Sequence

Define active areas 

Etch and fill trenches

Implant well regions

Deposit and pattern polysilicon 

layer

44



CMOS Fabrication Process

To construct an NMOS

transistor,heavilydopedn-type

source and drain regions are

implanted into the p-type

substrate.

To construct an PMOS

transistor,heavilydopedp-type

source and drain regions are

implanted into the slightly

dopedn-wells.

Poly-Gate NMOS Process Sequence

Define active areas 

Etch and fill trenches

Implant well regions

Deposit and pattern polysilicon 

layer

Implant source and drain regions 

and substrate contacts
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CMOS Fabrication Process

Multiple insulated layers of

metallic wires aredepositedon

top of thesedevicesto provide

the necessaryinterconnections

betweenthetransistors.

Poly-Gate NMOS Process Sequence

Define active areas 

Etch and fill trenches

Implant well regions

Deposit and pattern polysilicon 

layer

Implant source and drain regions 

and substrate contacts

Create contact and via windows

Deposit and pattern metal layers
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CMOS Fabrication Process

Poly-Gate NMOS Process Sequence

Wafer clean

Grow field oxide

Mask 1  (Active Area)

Etch oxide 

Strip photoresist/Clean

Grow gate oxide 

Deposit polysilicon 

Initial Setup
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Mask 2  (Gate)

Etch polysilicon

Strip photoresist/Clean

S/D and poly dope implant

Anneal

CMOS Fabrication Process

Poly-Gate NMOS Process Sequence

Deposit oxide
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Mask 3  (Contact)

Etch contact cuts

Strip photoresist/Clean

Al deposition

CMOS Fabrication Process

Poly-Gate NMOS Process Sequence

Mask 4  (Metal)

Etch Aluminum

Strip photoresist/Clean

Metal anneal
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