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Process Integration

e A consideration of thesum of ALL processing stepsto arrive
at the proper parametersfor each in order to make a
functional (and reliable) device/cir cuit/system

+ Thermal budgets (stress, diffusion, ...), thermal history
+ Materialsinteractions and compatibility

+ Selectivity, chamical sensitivity, etch rates

+ Process latitude (reproducibility)

+ Registration (level-to-level)

+ “mystery phenomena” (hand waving and buzz words)

e Stepsin afabrication processare INTERREL ATED and can
often involve sever e conditions

e Thefinal result isdueto the combined effects of ALL of the
individual steps
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Process Integration

e Fabrication istheorderly processing of layers of functionality
(doping, contacts, insulation, patterns, .......)
in the optimum sequence
to produce a “ system, circuit, device.”

e Commercial electronic chip: 30+ masks

e Research:
+ 1-3 layersfor the simplest (micro-fluidics)
+ Up to 50 for some complex devices (3D integration)
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Process Integration - - an example

e A prominent exampleisthe attempt to use a metal for an ion
implantation mask (lons changethe electrical properties)

e |f thefilm deposits as columnar grains (NOT continuousfilm),
theions can pass between thegrains and modify the sample
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Process Integration - - an example

e A prominent exampleisthe attempt to use a metal for an ion
implantation mask (lons changethe electrical properties)

e |f thefilm deposits as columnar grains (NOT continuous film),
theions can pass between thegrains and modify thesample

e Expect this but get this

bt o e |
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Process Integration - Approach

Under stand the process

e Characterizetheprocess (individual steps)
***%* this can involve extensive experimentation

e Consider the sequence of the steps

e Consider the effects of subsequent processing oper ations when
deciding the parametersfor the present step

e Consider engineering tradeoffsfor the optimum result

e Bewilling to Compromise

e Bewilling to modify the processflow (or even redesignit !!)
e BeCreative !
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Thin Films: Outline

e Introduction

Terms and Definitions

Film Attributes

Growth Mechanism and Kinetics

Growth Techniques

e A Few Examples
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1. Introduction

Thingsto Think About
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Why Thin Films?

Thin films play arolein virtually every micro- and nanostructure!

e Conductors: (Metals, metal compounds)
+ Connecting things(transistors) much harder ($) than makingthem
+ Typically used for contacts, interconnects, structures
+ Semiconductor devices, MEM Sdevices, piezoelectric devices
e |nsulators: (Electrical isolation, . .)
+ Dielectricsfor MOS structures, capadtors (SiO,, etc.)
+ Mask applications
e Semiconductors: (transistors, diodes, resistors, capacitors)
+ Epitaxial layers (MBE, OMCVD)
+ Amorphous and polycrystallinelayers
=« Solar cells, thin film transistors, dectrical contacts
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“Thin” 2?

e Atomic separation in asolid = 0.3 nanometer (10° m) (few A)

e THIN FILMS -- nanometers(monolayers) to microns
+ High Surface/Volumeratio
+ Thin film properties (different from thebulk)

e Hundreds of atomic layers = micrometers (10° m)
+ Approaching “bulk” properties
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“Underlayer” ?? Possible Substrates

e Silicon Wafer -- Most Common -- an incredible material !!
+ “Puré’ slicon -- contamination levelsin the ppb, ppm range
+ “Perfect” crystal lattice (No defedts, irregularities, ...)
+ “Flat” towithin micometers, or nanometers
+ Grown inlong cylindersand sliced (like cheese) Czochr alski

e Other Semiconductors(l11-1V, I1-VI, etc.)
+ Gallium Arsenide, Indium Phosphide, GaAlAs, GaAlASP,

e Others(many): Metals, glass, epoxy, ceramics, ... ..
+ Crystallineor Amorphous
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Growth versus Deposition

Growth
+ Surrounding Atoms + Surface Atoms===> FILM

+ Consumesthe substrate
= Oxygen + Silicon Wafer produces Silicon Oxide
Deposition
+ Surrounding atomsform a product ... either :

- 1 in the ambient and deposited ontothesurface, or
. 2 formed directly on the surface (can be“ selective’ dep)

Most films grow with their characteristic configuration

Epitaxy : Film crystal structure“ordered upon” the
substrate
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Thin Film (Material) Functions

e Imaging
e Masking
e Structural
e Optical

e Electrical
e Biological
e Chemical
e Magnetic
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Integrated Process Flow

e CAD design

Lithography (photo----> ebeam)

Pattern Transfer

+ Addition (deposition, growth, etc) R
+ Subtraction (etching, €c)

+ Moadification (ion implantation)

Analysis
Goback toCAD -- (Nextlevelof ..1.. 3. .6...30......)
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2. Attributes

HN’N CNF NanoCourses m = ThinFilm Techndogy, page 17 I‘"..‘: ]IE:‘:: Iu_'l .]_.
Attributes
e Crystal Structure (Atomic planes)
+ Intermixing encouraged (Silicides, . ...)
+ Mixing Discouraged (Diffusion barries, . .. .)
e Grainsize
e Composition, defects, inclusions
e Mechanical, optical, electrical, chemical properties
e Adhesion
e Stress
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Thin Film Thickness!

e Onceathin film isabove a critical thickness, it behaves
essentially asa bulk material

e Depending on the property, however, thiscritical thickness
ranges from 100 Angstroms (e.g. electronic bandstructure) to
several microns (e.g. internal stress)
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Thin Film Attributes

e .Thermodynamics:
+ Freeenergy, phasediagrams
+ Phasetransformations

e Diffusion and Atomic Motion:
+ Kinetics of phase transformations
+ High diffusivity paths
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Design Considerations

Microstructure Materialsare madeup of atoms. Many structures may be
possible, but you don't alwaysget the one you want!
Variablesinclude crystal structure, grain structure,
defects, precipitates, voids, compositional variations.

Electrical: Microstructur e variations can significantly affect
resistivity, mobility, didectric function.

Atomic Mobility: Diffusivity may bevery different from the bulk dueto the
presenceof grain boundaries, voids, etc.

Mechanical: Thin films more likely to be stressed than not. Affedts
adhesion, general mechanical properties.

Phase Formation: AG, AH, AS, kT may cause formation of unusual phases.
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Adhesion
1. 2.
gggggg gggggg o Different interfacial layers
ODO00O00 000000 formed between film and
o000

000 e 0.3.0 substrate:
(1) Abrupt interface
{: (2) Compound interface

(3) Diffusion interface

(4) Mechanical anchoring at
3':} o 4, interface
®0
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Al-Ni Films

Al-Ni Films on
Aluminum Nitride

Adhesion

% Aluminum
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Stress

e Stressresultsfrom forcing atomstotake positions other than
their equilibrium positions

e Atomic bondsare broken (or just bent), resulting in intrinsic
stress

e Thermal stressesresult from unequal expansion/contraction as
the temperatur e changes

e Sample BOW
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e INTRINSIC - - Bondsbroken or bent

+ Latticemismatch, contamination
+ Grain growth & phase transfor mations => Volume changes

e THERMAL - - Different coefficients of thermal expansion. . .
+ Temperature changes lead to volume changes ----> Stress
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Crystal Structure

Single Crystal - - - Long range order (many pm)

Every atom findsits place (Atomic planes/ Terraces)

Poly-Crystalline - - - Medium range order (10-100 nm)
Grainscan be LARGE

Amorphous - - - Short range order (afew nm) - -

NO long range order
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3. Growth Mechanism and Kinetics

Vapor-Phase Deposition (Vacuum) <--------

HN’N CNF NanoCourses m = ThinFilm Techndogy, page 28 I‘"..‘: ]IE:\; Iu_'l .]_.

Integration & Properties, page 14



Film Production (vapor phase)

e Sourcevaporized & transported to the surface

e Particlesstick and coalesce intoislands

e |slands coalesce into continuous covering
+ Uniform or granulated

e Continuing the process ===> Bulk Materials

. N |
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Thin Film Morphology
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Thermodynamics, Kinetics, Nucleation

e Substrate temperature or ion bombardment can dramatically
alter the microstructure of the deposited layer

+ Thermodynamics, kinetics, nucleation

e All areinvolved in what happens, but they also give you a wide
range of possibilities

E T Ak B k]

Phase and crystallogr aphic-order
transitions in germanium

HN’N CNF NanoCourses m = ThinFilm Techndogy, page 32 I‘"..L ]IE:‘O’ Iu_'l I]_

Integration & Properties, page 16



Structure and Microhardness of TiC
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Structure and microhardness of TiC deposits at various temps (1000x),
from Bunshah and Desphandey, Physics of Thin Films, vol. 13, Academic Press, San Diego, CA, 1987.
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Structural Zones in Condensates

Structural rones in condensstes, [After Thorstos (84

From Bunshah and Desphandey, Physics of Thin Films, vol. 13, Academic Press, San Diego, CA, 1987.
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e Film propertiesare STRONGLY influenced by the
characteristics of the grain boundaries

e Diffusion along GB
e Failure Mechanisms (crack initiation, etc)
e Fatigueand Wear
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Grain

Bamboo Structure
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Drain Boundary Diffusion

Ha0)

0
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e At small dimensions, diffusion along high diffusivity paths,
such asgrain boundaries, can besignificant

Diffusion distance =~ /Dyt

..where D, isthe grain boundary diffusion coefficient
Consider Al at 400°C, (T/Tm = 0.6), D, = 101 cm?/s

— . . .
v Dyt M, >>submicron dimensions!!!

Note -- Bulk diffusion of a few nanometerstypical
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Surface Energy

e Theenergy cost to create a surface
+ Binding energy
+ Interatomicpotential energy

e Natural systemstend to minimizetotal energy
+ Volume energy decreases asa aystal (grain) grows
+ Surface energy increases asacrystal (grain) grows

e Liquidsball up to reduce surface energy
e Crystalsfacet to expose low energy surfaces
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e van der Waals - dipole interaction
+ Weak 2 0.1 eV /atom pair
+ Bonding between planes. eg. graphitic carbon, mica
e Metallic - electrons delocalize (nondirectionally)
+ Strong = 1-10 eV / atom pair
+ Leadsto ductility, high electrical, thermal cond.
e |onic- chargetransfer (nondirectional)
+ Strong = 1-10 eV / atom pair
+ NaCl,ZnS
+ High temperatureconductors
e Covalent - Hybridized bonding (directional)

+ Strong = 1-10 eV / atom pair
+ Si, Gg other semiconductors
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Surface Energy

LOW SE
HIGH SE

A HGH =

LOW SE

Oilson Metals Water on Wax
Metals on Silicon
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Surface Energy Effects

e Often thin films are more sensitive to surface effects

e Wetting:
+ Wets- Oil on metal
Water ondirty Si
+ Doesn't wet - Mercury on floor

Water onclean S
e Faceting - angular dependence of surface ener gy
+ Specificgrowth planesduring growth
+ Specificetching systems (e.g. KOH)
e Physisorption and Chemisorption
+ Physisorption - atoms stick to surfacewithout a chemical reaction
+ (van der Waals)
+ Chemisorption - additional chemical forces

. 3% T
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Chemical Reactivity

e Can overcome surface ener gy tendencies
+ Gold will ball up on Silicon Oxide
« Titanium will react ==> good adhesion layer

e Other opportunitiesto over come surface ener gy issues.
+ Surface bombardment
+ Reactivedeposition
+ Heating
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Wetting Growth versus Grain Growth

Wetting Growth vs Grain Growth

Impingement Rate High
Nucleation Density High
Surface Energy Ratios Low
Chemical Reactivity High
Surface Mobility Low
Temperature Low
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Electrical Properties

e Asdimensionsarereduced, resistance of theinter connects
increases dueto thereduction in cross-sectional area

e R=pL/A=pL/Wt
e However for thin narrow lines, the line dimensions start to

become on the order of the electron mean free path and the
resistance increases

e For narrow, thinlinestheratio of the conductivity to that of
the bulk conductivity is:

+ of/ob « t (wheret isthethickness)
e For W =t (squareline)
e R=pL/Wt=L/ot?>=L/ot3

e OOOPS! (LargelL, Smallt,===> R Immense!!)

Electromigration

e TheKinetic Energy of moving electronsis sufficient to
stimulate migration of the atomsin a conducting line

e Leadsto electrical shortsand open circuits, device failures

Electron current ====>>
Hillocks

Voids

J
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Mircostructure Effects on Electromigration

L\ L

Poor electromigration resistance

Bamboo structure = good electromigration resistance
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Properties

Mechanical Properties:

e Deposited films often have high stressesin them
+ Wafershbend !!

In as-deposited sputtered Mo films, ~ |GPa stresses
+ Yield strength of M0is0.84 GPa!!!

Thermal mismatch can cause stresses

A film of Al isdeposited on aRT Si substrate

Upon heating t0450°C, thestressin thisfilm is~1GPa
+ Again, much greater than the yield sress

e Cracking, void growth

Microstructure Properties:

e Deposition of many materials, eg. Mo and Ge resultsin a columnar grain
structurethat readily absorbswater and oxygen after deposition

e Does not matter how good the vacuum was during deposition
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Consequences of Surface Effects

e |dlanding

e Pinholes

e Surface Roughness

e Texturing

e Faceting

NNIN e @ e [REARIERD

4. Examples
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Growth/Deposition Techniques

e Spin-On  Liquid Suspension Conformal
e PVD Physical Vapor Dep (Evaporat’'n) Lineof Sight
e PVD Sputtering Conformal
e CVD Chemical Vapor Deposition Conformal

+ PE- Plasma Enhanced-

+ LP- Low Pressure

+ MO- M etal-Or ganic-
e Epitaxy Crystalline

+ MBE M olecular Beam Epitaxy
+ OMVPE Organo-Meallic Vapor Phase Epitaxy-

Electroplating Selective
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a-Si:H Film Growth

e Thenext figureisfrom R.W. Collins et al., Physics of Thin
Films, vol. 19, Academic Press, San Diego, CA, 1994.

e Thedeposition system in thiscaseis designed for plasma-
enhanced chemical vapor depositionin theremote Herf
plasma configuration

e Inthisconfiguration, the SiH, isinjected intothe chamber
downstream from a Heplasma tube; the substrate is mounted
on a heatable platform located downstream from the SiH,
injector

e Thewindowson the chamber areoriented for a 70° angle of
incidence at the sample surface
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R.W. Collinset al., Physics of Thin Films, vol. 19, Academic Press, San Diego, CA, 1994
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PECVD a-Si:H Deposition

e Thenext figureisfrom R.W. Collins et al., Physics of Thin
Films, vol. 19, Academic Press, San Diego, CA, 1994.

e Resultsfor one- and two-layer models areincluded (seeinset)

e Microstructural parametersobtained inthe fits using theone-
layer model for t < 12 sand using thetwo-layer model for
t = 12 sare shown on page 14
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PECVD a-Si:H Deposition Plot
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Summary

e Thereare MANY criteriafor successful thin film processing

e Many parameters, techniques, materials

e Choicesare made based on the desired film properties

HN’N CNF NanoCourses m ThinFilm Techndogy, page 56 I.,_ I- .':IE \'i. !_-I ]

Integration & Properties, page 28



NanoCourses 2002, Part 3

Practical Thin Film Technology

The Flatland of Thin Films
Puttin’ ‘em on and Takin’ ‘em off

Evaporation for the Production of Thin Films

by
Michael Skvarla

Presented by the
CNF Technical Staff
for the education of CNF Users,
Potential Users, and Industrial Sponsors

HN’N CNF NanoCourses ¢ Thin Film Techndogy, page 57 I..__j: ]RI?:: I.—'I ‘.]._.

Growth/Deposition Techniques

e Spin-On  Liquid Suspension Conformal
e PVD Physical Vapor Deposition Line of Sight
Evaporation

e PVD Sputtering (Scattering) Conformal
e CVD Chemical Vapor Deposition Conformal

+ PE- Plasma Enhanced-

+ LP- Low Pressure

+ MO- M etal-Or ganic-
e Epitaxy Crystalline

+ MBE Molecular Beam Epitaxy
+ OMVPE Organo-Meallic Vapor Phase Epitaxy-

e Electroplating

HN’N CNF NanoCourses ¢ Thin Film Techndogy, page 58 I..__j: ]RI?:: I.—'I ‘.]._.

Integration & Properties, page 29



Physical Vapor Deposition Techniques

e Physical Vapor Deposition
+ Thermal and electron beam evaporation
+ Sputtering
+ Reactiveevaporation/ Sputtering
+ Co-Evaporation/ Sputtering (alloys, compounds)
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Requirements for Evaporation

e Vacuum
e Sourcematerial
+ Reasonable vapor pressure at a reasonable temperature
e Energy input to vaporize material
e Transport tothe sample
e Sample holder (variabletemp?)
e Preferably a shutter
e Preferably athickness/rate monitor
e Condense, migrate, react ====> Layer growth
e Post-deposition processing (anneal, etc.)
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Vacuum System Schematic

¥
I BASE PLATE EXHAUST
CHAMBER HIGH “VACLILM
VALVE
\ HIGH-VACULUM
SUBSTRATES L ’__LrI—I—LIHEL
SOURC w_
s CRYOTRAP FORE PUMP
BACKFILL OR
SPUTTER GAS [—
VALVE

ROUGHING PUMP

Schematic view of a high-vacuum chamber with substrates mounted in a
planetary substrate support abovethe source
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How Good Should the Vacuum Be?

e At 10-%Torr, you'll deposit roughly one monolayer per second
of crud (e.g. water vapor)

e May or may not becritical for your application
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e A reasonable deposition raterequiresthat the vapor pressure
of the material during evapor ation should be above 10 mT

e Deposition rate at the sample depends on the geometry
+ Usually a few to many nanometer sper second (A/s)

CORNELL

Thin Film Techndogy, page 63

CNF NanoCourses
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Vapor Pressure Curves
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Equilibrium vapor pressures of several elements and inor ganic compounds of
interest in electronics rdated applications
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Evaporation Sources
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Electron Beam Evaporation

e Usually “better” than thermal evaporation

e L esscontamination from the source holder
+ Only thedesired material is heated

e Moresuitablefor higher melting point materials (T~3000°C)
e Typically better vacuum

e Usually higher deposition rates

e Better control of deposition rates

e More expensive equipment

e Maybe slower turnaround

. 3% T
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Alloy Evaporation

e |f you want toevaporate an alloy from a single sour ce, the two
elements had better havesimilar vapor pressures

+ (Say no morethan 2 orders of magnitude difference at the desired
evapor ation temperature

e But don’t expect an extremely uniform composition
+ (E.g. possibly zonerefining effects)
e Co-evaporation or sputtering isgenerally preferablefor alloys
e For some oxides, you might consider reactive evapor ation, but
itisrarely used
e Difficult tocontrol?

HN’N CNF NanoCourses a Thin Film Techndogy, page 71 I.,__j: ]RI?:: Iu_'ul J_.

Thickness and Deposition Rate Control

e Straightforward to measure thickness after film is deposited

e Thereareseveral thickness profilers (Alpha Step) throughout
CNF

e |t’sagood idea toplace an additional substrate (glass slide?)
suitably masked to givean independent thickness
measur ement

e Aswediscussed in the Thin Film section, deposition ratecan
have a significant effect on many film properties

e You can crudely determinerate with atimer after the fact
e Much better to use afilm thickness monitor

HN’N CNF NanoCourses a ThinFilm Techndogy, page 72 I.,__j: ]RI?:: Iu_'ul J_.
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Thickness and Deposition Rate Control

e Must be calibrated for
each material and
geometry

H IPN 007 07
e Typically good for about CRYETAL ~
Zoum Of AI or 3um Of AU FULLY COATED FACE Tt
rPN CC3 014 g
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STD. CRYSTAL HOLOER
I#N 07.093
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Lift-Off

e A valuableresearch procedure
e Ethan Swint (1999)

Substrate Metal --------- >

HN’N CNF NanoCourses m ThinFilm Techndogy, page 75 I‘"..L ]IEI\'OI. !u_'l I] a

Summary

e Evaporation isa line-of-sight deposition
e Appropriateto electron beam or photolithography

e A valuable research procedurethat can produce filmswith
superior propertieswith device dimensionsfrom afew
nanometersto many millimeters

HN’N CNF NanoCourses m ThinFilm Techndogy, page 76 I‘"..L ]IEI\'OI. !u_'l I] a
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NanoCourses 2004, Part 3

Practical Thin Film Technology

The Flatland of Thin Films
Puttin’ ‘em on and Takin’ ‘em off

Evaporation for the Production of Thin Films

by
Michael Skvarla

Presented by the
CNF Technical Staff
for the education of CNF Users,
Potential Users, and Industrial Sponsors

HN’N CNF NanoCourses ¢ Evaporation, page 1 I..__j: ]RI?:: II_.I ,_].__

Growth/Deposition Techniques

e Spin-On  Liquid Suspension Conformal
e PVD Physical Vapor Deposition Line of Sight
Evaporation

e PVD Sputtering (Scattering) Conformal
e CVD Chemical Vapor Deposition Conformal

+ PE- Plasma Enhanced-

+ LP- Low Pressure

+ MO- M etal-Or ganic-
e Epitaxy Crystalline

+ MBE Molecular Beam Epitaxy
+ OMVPE Organo-Meallic Vapor Phase Epitaxy-

e Electroplating

HN’N CNF NanoCourses ¢ Evaporation, page 2 I..__j: ]RI?:: II_.I ,_].__

Evaporation, page 1l




Physical Vapor Deposition Techniques

e Physical Vapor Deposition
+ Thermal and electron beam evaporation
+ Sputtering
+ Reactiveevaporation/ Sputtering
+ Co-Evaporation/ Sputtering (alloys, compounds)

HN’N CNF NanoCourses ¢ Evaporation, page 3 I..__j: ]RI?:: II_.I ,_].__

Requirements for Evaporation

e Vacuum
e Sourcematerial
+ Reasonable vapor pressure at a reasonable temperature
e Energy input to vaporizematerial
e Transport tothe sample
e Sample holder (variabletemp?)
e Preferably a shutter
e Preferably athickness/rate monitor
e Condense, migrate, react ====> Layer growth
e Post-deposition processing (anneal, etc.)

HN’N CNF NanoCourses ¢ Evaporation, page4 I..__j: ]RI?:: II_.I ,_].__

Evaporation, page 2



Vacuum System Schematic

BASE PLATE EXHAUST

HIGH =VACULUM
VALVE
\ HIGH-VACULUM
SUBSTRATES L ’__LrI—I—LIHEL
SOURC w_
s CRYOTRAP FORE PUMP
BACKFILL OR
SPUTTER GAS L THROTTLE
VALVE

ROUGHING PUMP

Schematic view of a high-vacuum chamber with substrates mounted in a
planetary substrate support abovethe source

HN’N CNF NanoCourses m - Evaporation, page5 I‘"..‘: ]IE:\; I.—'I I] "

How Good Should the Vacuum Be?

e At 10-%Torr, you'll deposit roughly one monolayer per second
of crud (e.g. water vapor)

e May or may not becritical for your application

HN’N CNF NanoCourses m - Evaporation, page 6 I‘"..‘: ]IE:\; I.—'I I] "
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Deposition Rate
e A reasonable deposition raterequiresthat the vapor pressure
of the material during evapor ation should be above 10 mT

e Deposition rate at the sample depends on the geometry
« Usually a few to many nanometersper second (A/s)

CORNELL

por ation, page 7
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Equilibrium vapor pressures of several elements and inor ganic compounds of
interest in electronics rdated applications
CORNELL

!;:!j Evay
Evaporation, page 4

CNF NanoCourses

NNIN




Evaporation Sources
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Electron Beam Evaporation

e Usually “better” than thermal evaporation
e L esscontamination from the source holder
+ Only thedesired material is heated
e Moresuitablefor higher melting point materials (T~3000°C)
e Typically better vacuum
e Usually higher deposition rates
e Better control of deposition rates
e More expensive equipment
e Maybe slower turnaround
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Alloy Evaporation

e |f you want toevaporate an alloy from a single sour ce, the two
elements had better havesimilar vapor pressures

+ (Say no morethan 2 orders of magnitude difference at the desired
evapor ation temperature

e But don’t expect an extremely uniform composition
+ (E.g. possibly zonerefining effects)
e Co-evaporation or sputtering isgenerally preferablefor alloys
e For some oxides, you might consider reactive evapor ation, but
itisrarely used
e Difficult tocontrol?

HN’N CNF NanoCourses a Evaporation, page15 I..__j: ]RI?:: II_.II J_.

Thickness and Deposition Rate Control

e Straightforward to measurethickness after film is deposited

e Thereareseveral thickness profilers (Alpha Step) throughout
CNF

e |t’sagood idea toplace an additional substrate (glass slide?)
suitably masked to givean independent thickness
measur ement

e Aswediscussed in the Thin Film section, deposition ratecan
have a significant effect on many film properties

e You can crudely determinerate with atimer after the fact
e Much better to use afilm thickness monitor

HN’N CNF NanoCourses a Evaporation, page16 I..__j: ]RI?:: II_.II J_.
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Thickness and Deposition Rate Control

e Must becalibrated for  srp, crvsTaL HOLDER
each material and PN 007093
geometry RETAINER SPRING

e Typically good for about ™ m'z:mr L
20um of Al or 3um of Au

FULLY COATED FACE
IPN 004-070

CRAYETAL numﬁn\@

BT DO

STD CAYSTAL
FEMS0R BODY
1PN OGT-OEE
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Lift-Off

e A valuableresearch procedure
e Ethan Swint (1999)

Substrate Metal --------- >

HN’N CNF NanoCourses m - Evaporation, page19 I-"..L- ]IE:\; I.—'I .]_.

Summary

e Evaporation isa line-of-sight deposition
e Appropriateto electron beam or photolithography

e A valuableresearch procedurethat can produce filmswith
superior propertieswith device dimensionsfrom afew
nanometersto many millimeters

HN’N CNF NanoCourses m - Evaporation, page20 I‘"..‘: ]IE:\; I.—'I .]_.
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NanoCourses 2004, Section 3

Practical Thin Film Technology

The Flatland of Thin Films
Puttin’ ‘em on and Takin' ‘em off

Dry Etching for Pattern Transfer

by
Meredith Metzler

Presented by the
CNF Technical Staff
for the education of CNF Users,
Potentia Users, and Industrial Sponsors

NNIN . @ e CORNELL

e Pattern Transfer

e Plasmasfor Materials Processing

e Mechanisms Associated with Plasma Etching
e Plasma Etching Tools and Methods

e Etch Processes

e Artifactsand Effects

NNIN . @ e CORNELL

Dry Etch, page 1




Pattern Transfer

Also known as Etching

NNIN

CNF NanoCourses

<

CORNELL

Dry Etch, page3

Pattern Transfer

e Transfer (etch) pattern
defined by resist layer into
substrate

e Unprotected areasremoved

e “Resigt” istypically
photoresist but may beany
other patterned layer

e Chemical processes
e Physical processes

Original Structure

Patterned Resist

[ 1 [

ayer

AIHnn

Etched Structure

Patterned Resist

\_‘\—I:

e Wet or dry LayEl
DAAMMMININ
NNIN o @& v CORNELL

Dry Etch, page 2




General “Subractive” Processing

Coat with resist

Develop

| Etch into film or substrate | <Wet or Dry Etching
[ :

| Remove Resist |

. Add new film ?7?

NN'N CNF NanoCourses E_— Dry Etch, page5 :__ E .'JI": ‘-"- E.I |
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Dry Etching Examples
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Why Not Wet Etching?

e Many viable wet etching —L — —
procesces —
+ Acids, etc

e Dimensional control 4_1_>

e Commonly used for larger

structuresor exotic films I L | | |

e Not all wet processesare
non-directional and not all
dry processesare
directional, but dry
processes generally give
mor e control ' y

NN'N CNF NanoCourses E_— Dry Etch, page7 :__ E .'JI": ‘-"- E.I |
Pl P 8 - W s

-
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Dry Pattern Transfer Terms

e Dry etching

+ Generic term covering everythingusing a gasin vacuum to ech,
including ion beams

e Plasma etching
+ Generic term coveringdry etching involving plasma excitation
= Essentially most dry etching but not all
e Reactiveion etching

+ The specific type of plasma etching we most commonly use
= Morelater

NNIN . @ e CORNELL

What is a plasma, why do we useiit,
and how do we makeit?

NNIN o & e CORNELL
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What is a Plasma?

e A plasmaisan ionized gas
+ lons
+ Electrons
+ Molecular fragments

Electrically neutral

Generally electrically excited
+ Varioustypesof EM excitation

Weakly ionized plasma
+ Only asmall fraction exdted species
+ Small but important

NNIN .. @ o CORNELL

CNF Processes Using Plasmas

e DC, RF, and LF Plasmasfor Deposition
+ Sputtering
+ PlasmaCVD
e DC, RF, and LF Plasmasfor Etching
+ DC for lon Milling and CAIBE
+ Reactivelon Etching (RIE)
+ Magnetically Enhanced lon Etching (MIE)
Electron Cyclotron Resonance Etching (ECR)
Inductively Coupled PlasmaEtching (I1CP)

*

*

NNIN . @ i CORNELL
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Role of the Plasma

e Gasby itself isnot very reactive
+ CF,+Si=1zp

+ CF,plasma+S = etching
Createions

Create electrons

Create excited species and radicals

Plasma provides energy to get over the activation barrier or
lower sthe activation barrier

NNIN . @ s CORNELL

Weakly lonized Plasmas: the Plasma Discharge

e Electrically driven

e Charge particle collisions (e) with neutral gas moleculesare
important

e Surfacelosses at boundaries areimportant
e |onization of neutrals sustains plasmain steady state
e Electronsarenot in thermal equilibrium with ions

e Weakly ionized and excited
+ Generally <1% ionsand radicas

Energy is capacitively or inductively applied

NNIN . @ e CORNELL

Dry Etch, page 7



Plasma Body and Sheaths

e Thebody isa perfect conductor Glow

« Equipotential Dark Space
Sheath

Body Dark Space
l Sheath
e All potential drop isacrossthese /T
sheaths (dark spaces) at each /

electrode

e Electronscan escape more V
rapidly at edgesthan ions

e A potential barrier developsto
suppr ess electron escape

e lonsareaccelerated by the sheath
to the electrodes

e Plasma body is more positive /| A
V f

than either electrode!!!

10

NNIN . @ s CORNELL

Electrode Area and Sheath Voltages

e Sheath voltages not necessarily the same on both electrodes
e Dependsinversely on the 4th power of the electrodearea

e Smaller electrode has highest bias and most voltage drop
acrossthe sheath

+ Highest energy ion bombardment

e In most RIE processes, sampleison the smaller electrode,
getting significant high energy ion bombar dment

+ Thisistypically also the cathode the driven electrode

NNIN . @ o CORNELL
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Schematic

Dark Space
l Sheath

2/

Dark Space
Sheath

10
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What Do These lons Do to the Material?

e Sampleson the electrodes (either electrode) get bombarded by
ions

e |nert lons bombard thesurface supplying enough energy to
break chemical bonds and/or dislodge atoms
Reactive lons bombard the surface and bond with atoms
creating volatile species

+ Various mechanisms

Etched atoms, ions and molecules are then pumped out of the

chamber

lon stimulated chemistry

NNIN . @ o CORNELL
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DC Diode Plasmas

e Introduction of alargeDC
bias across two plates of
unspecified geometry with a
low pressur e gas between them
(.001-1Torr)

Voltageisgreater than the
breakdown voltage causing an
ionization cascade that leadsto
aplasma

Generally used for deposition
and inert milling of materials

Requires conducting
electrodes and samples

Dark Space
Sheath

\

V

Glow
Body

Dark Space
Sheath

.|||—|

NNIN
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Dry Etch, page 19

CORNELL

RF power isdriven
acrosstwo plates

Electrons oscillate at the RF
frequency causing ionization

Electrodes not necessarily
conductors

— Average Potential

Electrode
—

Plasma
Wafer

Electrode

|—

Matching Network

Vacuum Chamber

Constraint: No timeaverage current of the plasma
But the electronsrespond faster thanions

====> a DC offset (bias) results so that the positive and
negative swing voltages ar e unequal but the positive and
negative swing currents are equal

NNIN

CNF NanoCourses Dry Etch, page 20
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Instantaneous Plasma Potential(approx)

e Concerned with three

potentials N & o
+ (ave) PlasmaPotential (V)

= Body of plasma [Vetlpp
+ RF input voltage (V) Ve

+ (ave) DC bias (V. )
e In RF diode Low Pressure

RIE \
+ Sampleon Driven Electrode /
« Aveion ener ay= Vdc Instantaneous Cathode Potential

+ Instantaneous | on energy at
cathode=V -V,

+ Instantaneousion energy at
anode=V,

NNIN . @ o CORNELL

Mechanisms Associated
With Plasma Etching

NNIN . @ o CORNELL
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Etching Mechanisms

e Range of mechanisms
+ Completely chemica (spontaneous)
+ Completely physical (ion bombardment)
+ Everythingin between

e All important to various extentsin different processes
+ Control by choice of configuration and process parameters

NNIN . @ i CORNELL

Directionality

e For the most part, ion bombardment isdirectional

e |on stimulated chemical reactionsresult in directional etching!!
+ One of several mechanismsthat promote directionality

e |sotropic and anisotropic are poor word choices

NNIN e @ v CORNELL
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Physical Etching

e “Inert” lonsbombard thesurface
+ Sputter threshold ~10eV

e lonsdislodge atoms from surface

e Surface and sub-surface damage

e Momentum transfer--no chemistry

e Sputtered atoms generally
re-deposited elsewhere

e A significant part of many etch \ / /«

[Pr ocesses

O Q0O OO OOOOO O O

NNIN . @ i CORNELL

lon Bombardment Effects

e Adverse effects of excessive — —
physical sputtering

e Caused by = . \ 4
ences
+ Re-deposition of material

+ Angular dependence
+ Sputter yidd Trenching

Faceting

Poor Selectivity

NNIN . @ i CORNELL
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Chemical Etching--Volatile Products

e Removal isenhanced if you can do chemistry and make a
volatile reaction product
+ i.e.areaction product with a high vapor pressure soit will desorb and
stay in gasphase
= Desorb either naturally or under ion bombardment
= eg. F atomsreacting to make SiF,, agas

GaAs Not Volatile Volatile

Aluminum Not Volatile Volatile

Copper Not Volatile | Not Volatile

lon Stimulated Chemical Reactions

e Gas adsorbs but does not

fully react

e |on bombardment supplies lon stimulated lon Stimulated
PP Reaction Desorption

reaction energy PY

f
<\

Alternatively: C% § %) (38
e Gasreactsfully but doesn’t L oleTeole o TereTele o ol0 e ore oo
000000000000 0000000
have enough energy to B ERARRRS
desorb 0000000000 CVOOOOCO

e |on bombardment supplies
desorbtion energy

Dry Etch, page 14



Plasma Passivation and Removal

e Etch reaction may leave
something behind

« Often acarbon or fluorocarbon
residue

e May arrest reaction

. s

e |on bombardment can removethis ¢ o %} /
passivation on exposed surfaces / &
+ Exposed means expaosed to ion @

bombar dment o0
! @00

+ Sidewallsare generally NOT P 059 OOOOOOOC%D
exposd OB ech i

e A mechanism to prevent sidewall
etching

NNIN e @ v CORNELL

lon Stimulated Removal of Passivation

e |on bombardment on bottom
+ Passivation removal
+ Etching

e Littleion bombardment on sidewalls
+ No passivation removal

+ Littlelateral etching
lon bombardment

Built up / \ No' accumulated

passivation passivation

NNIN e @ v CORNELL

e DIRECTIONALITY !

Dry Etch, page 15



Plasma Etching Tools
and Configurations

NNIN o @ e CORNELL

Dry Etching Tools

e Varioustools have been devised to etch materialsin plasmas
- Different physical configurations
- Different power sources
+ Different gases

NNIN o @& e CORNELL

Dry Etch, page 16



e Plain physical sputtering

from an ion beam source lon Gun or
¢ lon Souce Ex q
+ Kaufman lon Source tracte
= Plasma based '1” _lon _Beam
. | _ —
e Typically = = E
. Ar* fou= ==
. 5006V Grids L
Plasma

+ Current 100 mAmp
+ Rate 300-1000 A/min Sloped

y Walls Trenching
e When you don’t havea
reactive chemical process

+ Magneticmaterids
+ Superconductors
+ Hard oxides

lon Milling
(Physical Sputtering)

HN’N CNF NanoCourses m Dry Etch, page 33 I‘"..L ]IE:‘.” !I_.I .] a

lon Milling at CNF

e Homemade tool
e Wafersupto 3’ inch

e Typical rates

.+ C 44 A/min
« Al 730 A/min
« W  380A/min
« Ti  380A/min
+ Si 380 A/min

e Ratesfairly uniform across
materials

e A purely physical sputtering,
momentum transfer technique

HN’N CNF NanoCourses m Dry Etch, page 34 I‘"..L ]IE.‘.:. !I_.I .] ’
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e Different configurations of geometry, pressure, power, etc.,
give you different effects, different techniques

e Vacuum system 1
e Controlled pressure Electrode -
[
+ Millitorr range
QPlasma
e Controlled flow of gas Wafer
Power s —
o Power Electrode
+ RF, DC, pwave I Vacuum Chamber
. I
e Coupling Matching Network
+ Capacitive
+ Inductive

NNIN . @ s CORNEIL

1

Matching Network (RF)

e RF Power Supply impedance= 50 Ohms

+ Autotuneto minimizer eflected power

e Plasma | mpedance 1
+ Complex (non-resstive) Z=a +bi B
Power
+ Not 50 Ohms ——
Electrode
50 ohms
) Resistive —re— T
e Matching Network Pronward EWafer
requiredto f.aci litate - < 7 loupesswecas | Electrode
power Coupllng Y ait.0.0.7.8) L Vacuum Chamber
+ Unmatched impedance = SO AT T Close coupled”
Large Reflected Power =3 large reactive currents
e VariableL C network —  Matching Network

Dry Etch, page 18
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Barrel Reactor
Wafersimmersed in plasma

+ Littleion bombardment
Generally isotropic

+ Highly “chemical” process
Plasma Cleaning/ Resist Stripping

]
i

——— | [——

0,
0,

NNIN e @ v CORNELL

(Low Pressure) Reactive lon Etching (RIE)

—L e Etching with reactive ions

| Etecrrode ~ generated in an RF plasma
< rasma| e RF Capacitive Diode Configuration
Power e . 1356Mhz
Flectrode . 50-200 Watts
‘ Vacuum Chamber . 5-50mtorr
Matching Network « 2-100 sccm gas flow

+ Rates~100- 1500 A/min.

e Various gases depending on
material to beetched

NNIN . @ s CORNELL
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(Low Pressure) RIE at CNF

PlasmaTherm 72
Plasma Therm 720
Homemade T ool

Both F and Cl chemistries

Low rate
High energy bombardment
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High Density Plasmas

e Variouswaysto increaseionization
+ MIE, ECR,ICP, etc
e Moreelectrons====>
e Moreions=====>
e Moreion current=====>
+ Lower voltage at same power
+ Lower ion bombardment energy but moreion current

« Moreionization and morereactiveradicals
+ Lessdamagebut higher ech rate
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e Magnetic confinement

e E x B ====>Increased electron path length before wall loss
e Moreionization

e Morereactiveetch species

e Yieldshighe etch rates

Load Lock
Chamber

DENSE PLASMA
Wafer Wafer

Magnetron
Cathode
Cassette
Load
Mechanism

Transfer
Water Mechanism
Cooling

Helium Gas for

Heat Transfer
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MIE at NBTC

e TheMIE etchesfour timesfaster
than our basic RIE tools

o CHF;
e Predominantly oxide etching

e 220 nm/min oxide

e An obsolete technique
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Electron Cyclotron Resonance RIE (ECR)

e Excitation tuned to the
electron’s natural
rotational resonancein

a magnetic field

Glass Dome

A + 2.45Ghz microwaves
sy ’ Resonance
plasma | #¥d| Magnet + 875 Gauss

e Power coupled directly

Coupler

Applicator Waveguide  Generator

zone

Vacuum | Electrode . X
Chamber into the electron motion
y I ? Focusing . I\H/Ilorhe e‘.f|C|-ent.
M .
A | agnet Igher 1onization
Aux. RF Bias
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ECR Etching

e Only avery small region (aflat
disk) hasthe appropriate
resonant condition 2.45 GHz

e All power isadsorbed in small

volume 875 Gauss Resonance

Magnet

e |onsstream along magnetic
field lines

e Additional directionality % E

Focusing

2 Magnet

provided by lower RF bias
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ECR at CNF

Plasma Quest
3" and 4" wafers

Primarily Chlorine gases

Primarily GaAs and
Silicon
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Inductively Coupled Plasmas ( ICP )

e Power coupled into plasma
inductively EM Shield Vacuum Chamber
e Separate RF substrate bias
Dielectric. —=mrmrmwee Coil

e |onization separated from wall S
the acceleration

RF1
Electrode .

e High Density Plasma
+ KiloWatts RF2
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ICP at CNF

e PlasmaTherm SLR 770

+ 3 systems/2 processes

= Chlorine etching of Silicon

= Deep RIE (Boscht™) (two)
+ Shallow and deep silicon structures
+ 3" and 4" whole Sl wafers
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Etch Processes and
Their Characteristics
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Lots of Process Parameters

e Typeof instrument/plasma
e Gasmixture

e Gasflow rates

e Pressure

e Power

e Temperature

e Fixed recipeswill get you close, but.........
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Quantitative Etch Characteristics

e Etch Rate

e Selectivity to mask
+ = Etch rate of mask / Etch rate of material
= Bestif>1
e Selectivity to substrate
+ = Etch rate of substrate/ Etch rate of material

= Important if you want to“stop” on the substrate

e Uniformity acrossthe wafer

NNIN e @ v CORNELL
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Qualitative Etch Characteristics

e Sidewall and base quality
+ Residue
+ Roughness

e Notching of mask/Under cut
e Directionality/Anisotropy

NNIN . @ e CORNELL

Commonly Etched Materials
e Many different materials e Materialscommonly etched
aredry etched using at CNF
plasmas « S
e Many Gases + SO,
« CF, + Poly S
+ CHF, + SN,
« SFq + Al
. Cl, .« W
« BCl, + TIW
+ Oxygen + GaAs
+ Hydrogen + SC
+ Resist
NNIN . @ e CORNELL
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Common Masks

e Plasma Mask

e CF, Resist, metals

o SF; Oxide, nitride, Al, resist

o Cl, Oxide, nitride, resist (poor)
e O, I nor ganic materials
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Choices of Gases: Effects on the Etch Process

e Etchant Gases

+ Provideprimary ech species

+ Make avolatile compound
e Additive Gases

+ Modify sdectivity

+ Modify directionality

+ Promotelremove passivation

+ Increase/reduce etch species concentration
Promote plasma stability

*
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Etch Gases

e Generally halogen containing gas
« CF, CHF,, SF, Cl,

e Other etch gaseswe do not use
+ NF Br,, HBr, XeF,
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e Most halocarbons go by their Dupont trade name
e Freon,, 14, Freon,,, 13, Freon,, 23 (Dupont)

+ Halocarbon 14, etc. (othe brands)

Right Digit = Number of F atoms

Next Digit = One more than the number of H atoms
3d digit if used = One lessthan number of C atoms

All other atoms are Cl unless otherwise noted

+ Freon 14 =CF,
+ Freon 23 =CHF;
+ Freon 12 = CCL,F,

NNIN . @ s CORNELL
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Etchant Gases

Etchant Material Etched
e BCI, Al, O, GaAs
e CH/F, S0, Si;N,
o Sk Si, Poly S
o Cl, Si, Poly Si, SIC, Al, GaAs
e O, Organic material
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Additive Gases

e OxideRemoval BCl; SICl,
« Sufacenative oxide

e Passivators O,, C,HF,
+ Protect sidewalls

e |nert Gases Ar

+ Plasma Stability
+ lon Bombardment

e Plasma InhibitorsO,, BCl;, C.H F,, H,

x' Tyt z
+ Chemically modify plasma species
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Inhibiting a CF, etch

e Adjusting C,H,O balance by adding small amounts of H, and O,

e AddH
+ Reducesfree F
+ Polymer formation increases

e Add O
+ Tiesup CF;radicals
+ Reducesfree F
+ Polymer formation decreases

e Important for control of passivations and directionality
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Typical RIE Processes at CNF
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Resist Stripping with the PT 72

e Low pressureRIE in Oxygen

e O, plasmas break down organic
materials
+ Typical pressure
+ Typical flow

e Resist etch ratesare about 0.1 pum/min

e The addition of a small per centage of
CF, tothe plasma for thefirst two
minutes of theetch can help remove a
burned polymer layer produced in
fluorine based plasmas
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e P2000 Plasma Asher
+ Plasma etching tool

Oxygen

0.1 pm/min
1000 Watts
Resist strip and descum

Not after halogen plasma
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S$i0, Etch

e CF,and CHF; plasmasare best suited for oxide etching

e Theaddition of H, to CF, plasmas reduces the number of
fluorineradicalsin the chamber

+ Increasespassivation
+ Increases sdectivity to silicon

e Etchratesinthe MIE aregreater than 200 nm/min
e Etchratesin our RIE systemsvary from 30to 60 nm/min
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Cl, Etching Process for Si - Anisotropic

e Cl, etchessilicon

e Cl, doesn’t etch silicon dioxide
+ Oxide makes a good mask

Must remove surface oxide

Multistep process

+ Step 1: Dehydrogenatew/H, at low
power

+ Step 2: Native oxideetch with BCl,
+ Step 3: Etch with Cl, using BCl, H,
additives

Rates as high as 0.35 um/min
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Isotropic Si Etching w/SF,

e SF, with very little O, or Ar for
stability

e ICP770
+ 0.2 um/min

e PT 72
+ 0.1 um/min

MacDonald Group
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e |sotropic fluorine etch driven into anisotropy by a cyclic
process deposition/etch process

e Etchratesfrom 1.6to 2 um/min
e Vertical
e Shaped profiles possible

MacDonald Group

HN’N CNF NanoCourses m Dry Etch, page 66 I‘"..E' .':IEI\':. !-_'I ]

Dry Etch, page 33



Bosch Process, Continued

e Aspect ratiosas high as40:1
can be achieved with some
process development

e 50 um diameter via holes
through 3” wafers can be etched
innearly 4 hrs

e Silicon only
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Al Reactive lon Etching

e PT 720

Cl, etch process

BCI, for oxide removal

H, assistsin sidewall passivation for directionality
Resist mask typically used
Significant lateral etching when you hit the silicon substrate
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Artifacts and Effects

NNIN

CNF NanoCourses

m - Dry Etch, page 69

e General rulestofollow

Pressure/Energy Considerations

+ Increasing Pressure: - .-"-m....
. Reduc%sputterlng, and = Pt minaten e |
promotes isotr opy s g : |
e EEREEES
+ Decreasng Power:
= Reduces sputtering, ool 1]
increases | sotropy ppp— R S p—————
+ Decreasng Power: e
= Alsoreducesetch rate pos, FTCH
[ b ) e ey
By - :
— s g s reiieies e
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Temperature Control

L ots of power into wafer
e “Wafer temperature’ isimportant
+ Chemical reaction

e Wafer temperatureisgenerally unknown and difficult to control
or measure

e Extremely poor heat conductivity TO THE WAFER in vacuum
e Small problem with low powers (100 W)
e BIG PROBLEM with high powers (1000 W)
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Heat Transfer in Vacuum

e What happensto energy put into wafer?
e Poor heat transfer out of wafer in vacuum
e Few point contacts

e Appliesto all vacuum processes

e Easy to get 100°C temperaturedifference even if you are
actively cooling theelectrode! ! !'!

e Easily melt resist
Exapperaied view of wafer-elecirode interface

wafer
Heated or cooled electrode
NNIN . @ e CORNELL
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Backside He Heat Transfer

e Bleed small amount of inert gas (He) into cavity behind wafer
(I %torr).

Molecular heat transfer medium

+ (mfp > wafer gap)

Many, many bounces each carrying small amount of energy
Wafer clamp

Used on all high power etch and deposition systems

Erapperated view of wafee-electrady nderface

| ‘1]3:- inlet . \

Low pressure gas
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“Loading” -- Various Kinds

e Processvariation dueto variationsin amount of material
+ Chemical supply effects

e Many wafers may not etch the same as one wafer

e |nside of the wafer may not etch the same as the outside

e Small features may not etch the samerateasbig features

e Etchratenot constant asyou go VERY deep

e Dense patterns not same as spar se patterns

e Diffusion of reactants and reaction products

e Consumption of reactants
= A classical chemical engineering problem
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Loading Examples
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e “Black Silicon”
e Wafer looksblack tothe eye

e Veryrough “spikes’ in etched area
in SEM picture

e Micromasking by sputtered,
non-etching contamination
+ Mask
+ Electrode or chamber
e Either aprocessproblem or a
system malfunction

+ Excessiveion bombardment of
non-etchable stuff

e Ugly -- VERY BAD
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Grass - Micromasking

Rather than because

()

Ml

Micromask may come from sample or from chamber walls
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You get

e Polymer residue from etch gases
e Polymericresiduefrom resists
e Redeposited etch materials

e Mixtureof all

e Very difficult toremovein
standard solvents

e SOomevery aggressive solvent
mixtures available

HN’N CNF NanoCourses m - Dry Etch, page 78 m

Dry Etch, page 39




e EXxcessivelateral etching
e L ossof dimensional control
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Base Notching / Sidewall Taper / Faceting

e A signature of excessive ion bombardment
+ Too much bias voltage
+ Not enough “chemistry”
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Resist Wear Out

e Edges
e Plane

NNIN . @ CORNELL

Summary

e “Plasma Etching” (broad sense) isone of the most heavily used
techniquesin CNF

e At least 11 tools available

e Many variables and parameter s effect results

e Processestransfer poorly from onetool to the next

e What isbest for someone else may not be best for you

e ThereisSCIENCE involved
+ Trytounderstand theredpes and theresults
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NanoCourses 2004, Part 3

Practical Thin Film Technology

The Flatland of Thin Films
Puttin’ ‘em on and Takin' ‘em off

Sputtering
by
Jerry Drumheller

Presented by the

CNF Technical Staff
for the education of CNF Users,
Potential Users, and Industrial Sponsors
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CVC Sputtering System at CNF
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Thin Film Deposition by Sputtering

What is Sputtering?

e Ejection of atomsfrom a solid surface by energetic atomic particles
e Anionimpad (fast atom ) phenomena

e Primarily a momentum transfe process

It isUniversal to all lon Impacts:

e Used toremove material in a controlled fashion
+ lon milling
+ Depth profiling
e Undesirable efect in ion implantation
e Usually used totransport material from one surface to another
e Thin film deposition
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e Sputtering isa momentum transfer process

e Energy istransferred to many surface/bulk atoms
+ (Not simple1 on 1 billiard ball collisions)

e Atoms gected with energiesof < 10 eV

e Mixing

e Threshold for sputtering -- tens of eV

e Clusters

e Yield (>0.5to5 atoms per ion)
+ Function of angle, energy, mass of ions and tar get atoms
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e Caution:

+ Moredften than not, the term sputtering is used to refer to sputter
deposition!

e |on impact isused totransfer material from:
+ Source (target) (the pure material), to Substrate (sample)
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Target & Sample
Cathode ( Target)

ACOAOCOAON N O OO0 OG0

AR

Ar Ar

}ﬂﬂﬁﬂﬂﬁl

Substrate ( Sample )
NNIN ... & .... [CE5E}

Why?

e Non-Thermal,
+ Ability todo other materials

e Extended Source;
+ Step coverage, Large areas

e Alloys,
+ What you haveiswhat you get

e Compounds,
+ Reactivesputtering
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Where is Sputtering (sputter beposition) Used?

e Architectural glass

e Barrier layers

e Car bumpers

e Decorative Coatings
e Electronics

e Optics

o Plastics

e Protective Coatings
e Wear Coatings
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Ways To Do Sputter Deposition

e lonsfrom an lon Beam (directed at Target):
+ Moreversatile, research

e lonsfrom a Plasma:
+ More common and pradical

HN’N CNF NanoCourses ¢ Sputtering, page 10 I..__j: ]RI?:: II_.I ,_].__

Sputtering, page5



First of all: What isa Plasma?

e Anionized gas
+ Inour case, it isalow pressuregaswith both positive and negative
charges aswell as energetic neutrals

e Plasmasgenerated by DC and/or RF glow dischargesare
widely used in thin film processing as a sour ce of ions

e RF, Low Frequency (audio range), and Microwave

e Usually parallel plate capacitor, but other configurationsare
used, such as cylindrical

e Vacuum, low pressure controlled atmospher e used
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Glow Discharge Sputtering System

| ——
‘ e e CEHING
I.m'-'IGEI '| QAS (A
| F‘LAEMA-F"! &J‘II"I J‘I: WF or DG
| | powes
| BUFPLY
_ﬁuu_s_m.l.rgi
|
P 1 - 1000 M i
| 1 e E.M:uuu
VaE | HAMBER
PULPE |

L
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DC Glow Discharge

| onization

Electrons acceler ated

Cause moreionization, etc

e High voltage DC across alow pressure gas

These plasma characteristics also apply to Plasma Etching
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Abnormal Glow

m;nFl-rr "Abnommal glow”
Glow
{_J Flasmo
Cathoda Anoda
Plasrma is tha mogt
Polential | Shaath positive polential in
thi systam,
Figdd Froa,
It ghows,
o Bormbandmeant
| Vip Shaaths,
! Dark Feelds
o 'i 2 :
e /
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DC Diode

Anode = Chamber Walls — Y de
Cathode = Target

| Target i
Dark Space > w [ :
! j | -~
!hﬁuﬂlﬂﬂ"iw p Shiglds
ar —
Substrate (sample) i
(Not Usually)
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Operating Characteristics:

+ Pressure 20 - 50 mtorr

.V 2000 - 3000 valts

o It Hundreds of milliamps(up to 1 amp)
+ Power: Kilowatts

e A HOT process -- lots of sample bombardment
e Sample and Target must be conductors
e Not widely used anymore

e AC DISCHARGE

e Aswegotolow frequency AC,ions and electronsfollow the
field and it actslike a varying DC discharge
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However:

e At>50kHzionscan't keep up

e Electronsgain energy from theRF field and cause more
ionization

e Plasmaiseasier to maintain

e L essbombardment of substrates

e Electrodesdo not havetobe conductors
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e Typically 13.56 MHz

e Reasonably common

e Averagefield issimilar toDC discharge

HN’N CNF NanoCourses ¢ - Sputtering, page 18 I..__j: ]RI?:: Iu_'l ‘.]._.

Sputtering, page9



e What kind of load is a plasma?

e Partially Resistive:
conduction through sheaths RF RF

e Partially Capacitive

Glow
Discharge

. 3% T
HN'N CNF NanoCourses m_— Sputtering, page 19 I._ I- .':I\. ' E.I .I
Pl L - W - |

How?
RF
Generator [% > |
= Plasma
How do we deliver power tosuch aload?
Matching Network.
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RF Matching Network

e A deviceset up asavariable series/parallel load used to match
the impedance of the generator to theimpedance of the load

e Maximize Transmitted (applied) power

e Minimize Reflected power

e Keep the power supply happy

e Generator has Z out = 50Q resistive

e Plasmahas Z out = 50Q resistive and capacitive

e We must makethegenerator see net 50 ohmsimpedance

HN’N CNF NanoCourses m - Sputtering, page 21 I-"..L ]IE:"’ I.—'I I]_

. RF i?ﬂEEhill'lla nétwurkjl I
enerator | coanx. i W / '
P nut{ji Trans. | I _l_
| T Ref, A C series! Plasma
i - —
p ,-ELQ : /| € shunt |
7] L

= = = === —— s ==l

Manually tune for minimum reflected power
or
Auto tune, using feedback and detected phase shifts
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CVC Sputter Coater, Open For Loading

All That Was Plasmas in General

e How do we use plasmasto do glow discharge sputtering?

e DC Diodeor RF Diode
Jj— M.N.
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e Third type of plasma
e Weneed faster deposition (morethroughput) So,

We want DENSER plasma, mor e ion bombar dment
+ Wecan'tarbitrarily increase pressure
+ Weneed to get moreionization per electron

Confine the electrons (Plasma) magnetically

e Result:
+ Moreionization; electronsspiral, longer path
+ Lower impedance plasma, morecurrent, less voltage
+ Electronsaretrapped, away from the anode surfaces

Usually very non-uniform sputtering due to magnetic field

We have to find waysto correct or compensate for this
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Planar Target Assembly

e Usually sealsin to become part of vacuum wall
e Water cooled backing plate

e Non-uniform deposition with magnetr on--substrate motion
and shields used to improve unifor mity
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Disk Cathode Bar Magnet Arrangements

CYLINDER

BAR MAGNETS

PIECES CATHODE

ROD MAGHET

Disk cathode bar magnet arrangements, (a) radial magnets (b) central rod magnet
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Planar Magnetron Sputtering

Side ————— -
Ve — ]
< Aacairack ~deposits
e DC Planar Magnetron I
/ s
e RF Planar Magnetron - -

+ Circular or Rectangular

| :
M agnetron Tar get /
Sputter Distribution
"'-.‘_. , ; Ky
N /
Battarn ™ -
View

HN’N CNF NanoCourses m Sputtering, page28 .I.,_LE: .':I:I\‘:. Eu.-'l ]

Sputtering, page 14



Used Target

NN'N CNF NanoCourses ﬂ‘: Sputtering, page 29

Shield used togive uniform \ v \
coating thickness i

» Located asclose as .

possible to substrates U J'

- /
Sputter Target _/ g !
“Racetrack” = Ring of / o
greatest sputter removal rate ---_ll -
|
T,
"'\-\.\_\_\_\_\--

-‘-\_\_\_\_\_‘_\_‘_.

NN,N CNF NanoCourses n‘: Sputtering, page 30 ‘ [ JI": ".":. t! |

Sputtering, page 15



- L |
NN'N CNF NanoCourses a: Sputtering, page 31 ‘ [ ]I"., L t ! |
5 . N & iz L I

Planar Target Assembly

3 chambor o L ional Magnes e
N

insulator L I
M 5

oo 0o
bonding
stationary
shighd — subsirates
shutter — ~ 7
T r—

- L |
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Three Targets & lon Beam
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Sputtering Targets

e Target Bonding:
+ Epoxy bonding
+ Metallic Bonding
+ Targets:
= 99% to 99.99999 % Purity
= Vacuum cast
» Pressed powder

e Our system has 8 inch diameter, 1/4 inch thick disks
e Cost:

+ Backing Plate -- $3000

+ Bonding --$ 400

+ Target -- $500 - $2500 (These arenot precious metals)
= $4000 - $6000 for each new material
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A Typical Sputtering System

=
1= a
L i |
rl e H

e

PUMP

B g
- .
I - — -
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Rotating Substrate Carrier
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Sputter Deposition Processing

Some Terms:

e Presputtering: Plasma is used to sputter clean the target surface
before coating, by running the plasma with the
shutter closed

When isit clean?? Watch thevoltage!

e Backsputtering: Useapplied biasto generate aplasma between the
sample and ather shields, thus attracting ionstothe
samplesto“ sputter clean” them before deposition
(Can causeredistribution of dirt)

e |on Beam Cleaning: Using a dedicated internal ion beam sour ce
for in-situ substrate cleaning

e Bias Sputtering: Sputtering with negative substrate bias applied
Can modify film structure and composition

NNIN e @ e CORNELL

e Wecan apply a negative voltage to thesubstrate
+ RFor DC
+ Direct or capacitively coupled

e Positive biaswill increase the anode sheath voltage
+ Usually avoided
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e Use negative substrate bias during sputtering
+ Enhanced ion bombardment of samples
e Why??
e Direct energy to substrateto:
+ Modify film growth
+ Changecrystal structure, grain structure
+ Sputter off loose impurities, improve film properties
+ Resputter to alter composition, step coverage, etc
+ Modify stress
o Also:
+ Heatssubstrates
+ Damage
+ Stress

HN’N CNF NanoCourses m - Sputtering, page 39 I..:L‘: ]RI?:: Iu_'l :]_.

No Substrate Bias

Plasma Potential

d

oV - )

Floating Substrate
Potential
(dlightly negative)

Y
(cathode)
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Positive Bias on the Substrates

Increased Plasma Potential

/ WA Positivebias on substrate
ov

e Causes excessive substrate heating from
electron bombardment

and
"V

(cathode) e Usually undesirable bombardment of

chamber walls, causing a lot of outgasing
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lon Beam for Substrate Cleaning or Film Modification

e Sputter off thetop atom layers of the substrates
e Can harden films or change composition

| ] PV
&=
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Typical Deposition Sequence:

« Vent Chamber

+ Load substrates, and evacuateto required base pressure
+ Set up Argon flow and pressure

+ Back sputter, or ion beam clean substrates
« Turn on sputter power supply

+ Pre-sputter to clean target

+ Open shutter

+ Deposit on samplefor given time

+ Shut off power or close shutter

« Vent, remove substrates

+ Evacuate chamber
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Reactive Sputtering

e What if we want to make an oxide or nitride?
e Sputtering a compound target may not give you what you want!
e Wecan sputter in reactivegas

e €.
o Ti+(Ar,Ny )  --mmmmmemmo— > TiN,
« Si+(Ar,0,) - > SO,
+ SO, +(Ar,0,) ---mmmemee—- > SO,

e Problem: Compound control

e Question: Isthe compound synthesized at thetarget or at the
substrate?

e Answer: Both or either! (Depends primarily on thegas partial
pressuresused. Thisdetermines sputter ratevs. reactionrate.)
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Reactive Sputtering

(-v)
it

“AfL NOND N
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Case 1: (Slow Deposition)

_TiN
Reacted L ayer
M Ar Ar %
M Ar N M Ar N ( radicals)
N Ar N Ar N
Ll HT
; TN _
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Case 2: (Faster Deposition)

HN'N CNF NanoCourses m_— Sputtering, page47 l ..E' .':I:I“!. Eu.-'l l

SPUTTERLD [MEDNILM
wx b CVLINDA ] CAL MACK [ T IB0N .
ARCOw PRISIUEL - LoaTar 6L 1 Fe

7
z D RRAREL
- WOl R
2 .L~.-._.._‘_- .
= i"'r-u-._!_s
-
L S S -
& HFSTERLSES
[T
ool
NETAL SPURTIRING BATE -&F Tarv-tinrahias
Lo & -
B
_ | | 1 -
=] | PERATIAL i
- } MO | TRANLITION
E I ERDEL I TNDN =
= bilk L] L E .
C e
E. I i s =
a gl = 'I .
E L R PR .
= Ak .
.- LI MIE] s | SEELECTHIE
|- COATINGS | COATIEE -
PRI T i T T R
ag =X -4 om Lo

COTFE [N IO RAT i Tere il Rai

Sputtering, page 24



Sputtering of Alloys and Compounds

e At steady state, material released from the target surface has
to equal the composition of the tar get

e For many alloys and compounds, the deposited film will also
equal the target composition

e Qualifications:
+ Nodiffusion in target
+ Anisotropic

e Thismakesit relatively easy to sputter alloys and get the
desired composition

e (Unlike evaporation)

NNIN

CNF NanoCourses m -,

CORNEL]
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Different Yields and the Altered Layer

Ratio A:B
Altered layer —j{ \—— Thin surface
composition only
A B Sputtered
Ya Vb A B A B material
/ Ya-A
Ya
A B Y. B
\ Yo
| |
NNIN e @ s CORNELL
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Heat Load

e Only 1% of applied power goesinto sputtered atoms

75% goesinto target heating

24% goesinto substrate heating, electrons, ions, neutrals

Substrates are basically thermally isolated in most cases

Rate of heat rise; can be significant, especially in longer
depositions
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Stress

e Thin filmscan behighly stressed (All modes of deposition)
e Film may want to contract or expand with respect to the

substrate
Compressive
Film wanis fo expand. film nagative
——— :\__\f Strass
e Waler . e

Film will 1end 1o pesl, - -
ﬂ.!:tu:inn is 'lnp-e;ﬁntnl

Tensile
Filrm wanks bo contract film, posithg

Filem will tand b erack or haze,
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Effects of Stress

e " Soft" materialswill deform to accommodate stress (hillocks)

e NOT an insignificant effect

e Can bend (bow) a3" wafer 50 um in the middle

e Can cause peedling, cracking, etc

e Defects, also electrical

HN’N CNF NanoCourses ¢ - Sputtering, page53 I..__j: ]RI?:: Iu_'l ‘.]._.

e Two primary sour ces.
+ Thermal

= a Thermal expanson
= o Substrates= o film
= T dep ® T room

« Intrinsic:

= Dueto non-equilibrium structure

= Not grown at equilibrium

=« Bondsarenot relaxed, etc

= Greatest ourceof gressin sputtered films

e Evaporated Films:
+ Stressnot vey significant, usually

+ Most aredightly tensile
e CVD: Somethermal stress

e Sputtering:
+ Lotsof stress, tensileor compressive, mostly intrinsic
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How to Measure Stress

. —r—
——— =

- Wafer Scan
Position Detector K Laser
f
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Controlling Stress

e Energetic particle bombardment induces....
e Compressivestress

e Pressure effect:
+ Bombardment by fast neutrals
+ Atomic peening
= Non-equilibrium atomic gpacing
e Aspincreases, less neutral bombardment, moretensile film
e Asp decreases, more neutral bombardment, more
compressive film
e Can bevery pressure sensitive, £ 1 mtorr
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Gas Incorporation

Films may haveup to 10% incor porated gas

Substr ate bias:

+ Gascontent increases with increasing bias
= Morebombardment
= Implantation of ions

Target - voltage / power:
+ Gascontent increases with target voltage, implantation of neutrals

Substrate temper ature:
+ Gas content decreases with increasing substrate temperature

Pressure:
» Gascontent increases with decreasing pressure
+ (Lower pressure, moreion / neutral bombar dment)
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Step Coverage

Unbroken, uniform cover age over non planar substrates

In sputtering we have:

+ Largearea source

+ Randomized arrival directions (high P)
Step coverageis (can be) better in sputtering than in
evaporation

Thiscan be desirable, or undesirable, depending on what you
want to do
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Step Coverage Diagram

[ I i

|
ﬁ?ﬁ m \,xnh'lll

; \
Sputtering R

Evaporation
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e Film growth (particularly in sputtering) is a non-equilibrium
process

e Grain size/ typeisdetermined by mobility of nucleating atoms
on surface

e Mobility isa function of:
+ Substrate temperature
+ Diffusion (rdated tomelting temperature, roughly)
+ Extraenegy inserted by ion / neutral bombar dment
+ Substrate - adsorbate bonding

. 3% T
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The 'Famous' Diagram (After Thornton)

Oriented Grains,

Platelet or Whisker Normal Grains,

LikeBulk M aterials

Fibrous,
Columnar,
L ow Density

Lotsof Surface,
and Bulk Diffusion|

03 sopiTRATE

Little Energetic :
g " T WPERATURE IT'THI

Bombardm_er_]t. MAE SSURE
L ower Mobility ImTorri

Bl
Energetic Neutral, and \
lon Bombardment. Little Surface Diffusion

Greater Mobility
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Some Characteristics of Sputtered Deposition

e No spitting from sour ce asin evapor ation (can have ar cing)
e Processissimilar for most materials
e Can sputter high melting point materials easily

e Largeareatargets.
+ Easier toget uniformity over large areas, high volume production

e Can sputter alloys/ compounds without undue fractionation
e |n situ cleaning withiions

e Step coverage

e May or may not have less heat load

e Differencesin grain structure, adhesion, impurities

e Lift off usually difficult toimpossible dueto:
+ Heatingresist, sidewall coverage
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Evaporation

e Sputtering is much more widely used in production than
evaporation

e Evaporation issometimes easier and preferablein alab

However ...
e Different, but not necessarily better
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Commonly Sputtered Materials

e Al and Al alloysfor IC metallizations

« Al +4% Cu

« Al+1% Si

¢« Al+4% Cu+1% Si
e TiIW Barrier layer 10% Ti (atomic) 90% tungsten
e Wehave:

« Al, Al dloys, Co, Cr, Cu, MgO, MoSi,, Nb, Si, SIO,, Ta, Ti, TiW, W
e Conductors:

+ Magneticmaterids

+ Compact disks

+ Optical materids
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Summary
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NanoCourses 2004, Section 3

Practical Thin Film Technology

The Flatland of Thin Films
Puttin’ ‘em on and Takin' ‘em off

Chemical Mechanical Polishing (CMP)

by
Dan Woodie

Presented by the
CNF Technical Staff
for the education of CNF Users,
Potential Users, and Industrial Sponsors
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Chemical Mechanical Polishing

e Developed by IBM in thelate’80s
e Originally called Chemical Mechanical Planarization (CM P)
e Utilized to planarize (flatten) step heightsin IC wafers

e Currently, CMPisahigh growth areain thelC industry
utilized for all advanced (0.35 um and below) devices

e |nnovativeidea when first applied by IBM

+ Spend billions on equipment to keep wafers clean and particlefree

+ Makesureall processing equipment does not touch ‘pristine’ surface of
wafer

+ Put wafer in polishingtool and rub abrasive across the surface

NNIN . @ o CORNELL
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Why Planarize?

e Step heightsare created
when patter ning waferswith
thin films

e Can affect further
processing steps

[ [epigcire e———— T r [F eeaw

E |“I- } ' |

HN'N CNF NanoCourses a_— CMP, page3 F__ ..E' .':Itl‘h':. Eu.-'l |

How Else to Planarize?

e Several other techniques have been developed
+ Borophosphosilicate glass (BPSG) Reflow
+ Spin on Glass (SOG)
+ Resist Etchback

Spr on e (500

[T
Pl Cosn
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e Other planarization techniquesonly partially removestep
heights

e Local planarization instead of global planarization
e Limited ICsto 3-4 wiringlevels

[Re= SR Lt iy
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CMP - A New Approach

Deposit film thicker than needed
Polish film down until step heights areremoved

Process achieves global planarization... for the most part

Allowsfor up to 9+ wiring levelsin ICs

HN’N CNF NanoCourses m CMP, page6 I‘"..E' .':IEI\':. !-_'I ]
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Strasbaugh 6EC - Lab Polisher

e Polishing table covered with polishing pad / slurry

e Carrier holdswafer against pad
while turning

e Conditioning Arm —maintains
removal rate

e Canprocess3, 4,& 6inch
whole wafers only
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Damascene CMP - CMP’s Other Trick

e Connectswiring levelsin ICs
e Can beused for other materials as

wel ——
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Dual Damascene- An Even Fancier Trick

e Developed in the effort to make
things cheaper / faster

e Utilized for all Cu wiringin
advanced devices (i.e. Pentium 4,
Power PC)

NNIN . @ o CORNELL

CMP Consumables

e Polishing Pads
+ Material designed for the purposeof the polishing
« Hard for planarization / damascene polishing
= Soft for reducing surfaceroughness
+ Needsto becompatiblewith the slurry being used
+ Hard pards need conditioning to maintain etch rates

e Surries
+ Chemical / Mechanical action determined by slurry
+ Designed by dlurry vendorsfor materials specific to | C industries
= Oxide/ Nitride
= Polyslicon
= Tungsten
= Copper

NNIN . @ oo CORNELL
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CMP Processing issues

e During planarization, removal rateis pattern dependant

e Damascene process has pattern issues as well
+ Erosion
+ Dishing
+ Pattern recess

) H Eaduy

[+ Pl Teendy |0
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CMP Defects

e Scratches

+ Big scratches caused by large agglomerated slurry dumps, loosediamond,
and other large particles—should be preventable

+ Small ‘micro’ scratches caused by smaller slurry agglomerations—
must develop processto be insensitiveto microscratches

e Slurry particles on wafer
+ Important toadequately clean wafer after polishing
+ PVA brushesused in modern equipment
+ Diluteammonium hydroxideused to get zeta potential ‘on your side
+ Dilute HF can beused to etch particles off wafer

NNIN . @ oo CORNELL
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CMP Overview

e CMP opensup new possibilitiesin nanofabrication

e Now being used in many other industries

+ Optoelectronics
+ MEMS
+ Hard disk drive heads

e Unique among etch techniquesin that it is spatially
selective

e |snot designed to do everything
e Addsitsown challengesto a process flow

NNIN o @ o CORNELL
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NanoCourses 2004, Section 3

Practical Thin Film Technology

The Flatland of Thin Films
Puttin’ ‘em on and Takin’ ‘em off

Bonding, Embossing and
Soft Lithography Techniques

by
Mandy Esch

Presented by the
CNF Technical Staff
for the education of CNF Users,
Potentia Users, and Industrial Sponsors
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Bonding = Permanent or non-permanent
coupling of materials

Methods:

e Anodic bonding
e Direct bonding
e Bonding with intermediate layers
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Anodic Bonding - Substrates

Glass

N s

I, SiGjass
N s

Glass

L = &

Glass
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Anodic Bonding

e Voltage: 500-1200 V
e Temperature: 350-500°C

@_

. W N |
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e Contain sodium ions

e Have athermal expansion coefficient close to that of
silicon

Anodic Bonding

. AT % T
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But:Because of the presence of charged mobile ions and the high
voltages necessary, this technique can not be used for semiconductor
devices.

Anodic Bonding

Bio-MEMs

microfluidics

pressure sensors

solar cells

piezoresistive applications
packaging

. AT % T
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Si
Si
Sio,
Si
Sio,
SiO,
Sio,
SiO,
I Si

. 3% T
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Pre-bonding Annealing

— Heat Heat Heat

| Silicon Wafer |

Silicon Wafer

Inspection with transmission infrared
microscopy, X-ray topography or ultrasonic
methods

. 3% T
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Surface Properties

Si-O-Si bonds form due
to short range
intermolecular forces

Surface roughness
should be no
higher than 5 A

Contamination or entrapped gases will

diminish the quality of the bond!
pictur e sour ce: http://www.sonoscan.com/systems/C-SAM % 20AW-2000.htm

. 3% T
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Surface Preparation

- SiOH groups

1) RCA1. NH,OH (29%) : H,0, 30%) : H,0O
1 : 1 . 5
for 5 min at 70°C

2) RCA2: HCI 37%) : H,0, (30%) : H,O
1 : 1 T 6
for 5 min at 70°C

|3) RCA1

HF dip - SiH groups
HN'N CNF NanoCourses m_— Bonding & Embossing page 10 !__ ..E' .':I:I“!. Eu.-'l l
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bonded with anodic or direct bonding:
for example gallium arsenide

handle wafer

Intermediate Layer Bonding

Used to bond materials that cannot be

Non permanent bonding of a substrate to a

Substrate

Y

j\ Handle

Wafer

. — AT N
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= Metals (eutectic bonding)

= Glass (glassrit bonding) = PMMA
s Glues = Acrylic
= PECVD oxide = Waxes

To bond the wafers Force and Heat are necessary.

Intermediate Layer Bonding

Photoresist

GaAs

Interm.
Layer

This type of bonding
can be non-permanent!

. — AT N
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e Microstructuring of thermoplastic polymers
(bulk material or thin film)

e High-precision molding of microfluidic componentswith
a large aspect ratio and micro-optical componentsis
possible

—

=
10 wm 100 um

Esch / Kapur

. 3% T
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A) Microfluidics B) Nano-Imprint
Lithography

I Template I I I |
4 4

Several levels and back side alignment are possible.

. 3% T
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To avoid thermal stress between substrate and
template, AT should be as small as possible.

Pressure
A
Temp.
=+ P
Temb emo
Tg
Tde-
emb
RT-- ——— — 40
=

Time

i T
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e Substrates

+ Thermoplastic bulk polymers such as polycarbonate, PETG,
Acrylic

+ Thin films such as PMMA, SU-8
e Molds

+ Silicon processing

+ CNC machining (limit 50 um)

+ LIGA (Ni)

. DEEMO

i T
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Advantages

e Low-cost substrate material
« Easy way of microstructuring

« A complex micromachining step is only
necessary once

« Rapid prototyping i

and production
possible

Esch / Kapur

e ¥ T
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« The stamp geometry defines the flow pattern
the material undergoes.

e ¥ T
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. Narrow groves are easier to fill than big squares
. Angled sidewalls facilitate better de-embossing

. Antiadhesive layers such as fluorinated Teflon-like
polymer films or self assembled monolayers of organic
molecules improve phenomena observed during de-
molding.

52,
= b,
—a

. N |
NN'N CNF NanoCourses E_— Bonding & Embossing page 19 :__ E .'JI'\, Wy EII |
i W s A B

Microfluidic Channels

« Kameokaet al., Anal. Chem., 73, p. 1935

Bningle
e rvai

-

. N |
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« Stephen Chou et al., Science 272, p. 85
=yl e
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Soft Lithography

e Collective name for techniques based on self-
assembly and molding

e Rapid inexpensive way of forming patterns

Micro-contact printing
Microfluidic printing

= “Dip Pen”

Replica molding

For overview articles on soft lithography look for
publications by G. M. Whitesides, Harvard University

- T
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Microcontact Printing

Biomolecules

. 3% T
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Silicon
template

PDMS was
cured on the
silicon

\
\y

| /‘?/%— = gol
PDMS placed -~ gold
on aglass

slide
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“Dip-Pen” Technology

e Piner et al., Science 283 (5402), 661

AFM Tip

T ..

BhesgCular Branspsel

s s NP

AU subirale

30 nm lines of alkanethiols
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e The elastomeric mold simplifies the
separation between replica and mold

Vs
PDMS
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Applications of Soft Lithography

e Biology and Biochemistry:
1) Biochemical Assays

2) Capillary electrophoresis
3) Patterned Cell Culture

e Patterning of Semiconductor Materials

1) Patterning of non-planar (curved) surfaces
2) Transistor fabrication

3) Selective deposition (CVD) of thin films

4) Patterning with organic molecules (SAMs)
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Immobilization of Nucleic Acids

e Steel et al., Biophysical Journal, 79, 975-981

But: DNA will stick to gold surfaces ---
Block them with mercaptohexane!

i T
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Nucleic Acids
Antibodies
Organic Monolayers

Enzymes
® Covalent attachment
® Adsorption
® Encapsulation in gels

® Functionality
® Accessibility

= T
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NanoCourses 2004, Part 3

Practical Thin Film Technology

The Flatland of Thin Films
Puttin’ ‘em on and Takin’ ‘em off

Wet Etch Processes

by
Phil Infante

Presented by the
CNF Technical Staff
for the education of CNF Users,
Potentia Users, and Industrial Sponsors
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Wet Processes

e Many of the etching processesfor thin film removal and
pattern transfer involve liquid chemicals

e 20-25 yearsago, etching processes for microelectronicswere
almost exclusively performed by wet chemistry

e Theneed for high resolution pattern transfer spurred the
development of " dry etching”" processes

e Today, plasma based etchingisthe norm in the micro-
electronicsindustry

e However wet etchingis still an integral part of micro-
fabrication asit provides certain advantages over plasma
processes
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Disadvantages

e Themajor disadvantage of wet etching is poor resolution

e Waet etch processes aretypically "isotropic,” i.e., thelateral
etch rateisthe same asthe vertical etch rate

e For "large" featuresthis may be acceptable
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Linewidth

e However, if thelinewidth ison theorder of the film thickness,
problems can occur

33 s

7

Before etch:

Substrets

Z

After etch: Substrate |
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Advantages of Wet Etching:

1) Inexpensive:
+ Chemicalscost on the order of $8 per gallon
« An etch sink and HEPA costs $20,000
+ Plasma type etcherscost on the order of 0.1to 0.3 million dollarsand have
higher operating costs

2) Batch processing resultsin high throughput

3) Etchratesare detemined by chemistry alone
+ Etchratesfor films are thus congant, provided the phase variables
(temper atur e and concentration) are controlled
+ Thisresultsin very uniform etching (with proper agitation)

4) Because etch rates depend on chemistry alone, very high seledivitiesare
possible
+ Thisis perhapsthe most attractive featur e of wet etching
6:1 buffered HF etches Si0, at 110 nm/min
Silicon is not etched
Phosphoric acid at 160°C etches Si;N, at 10 nm/min
SiO, etches at <5 A/minute
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Release Application

nitride |
ox

T
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Etching of Silicon with Potassium Hydroxide

e KOH etchesthe <100> and <110> crystal planesfaster than
the <111> planeswith a high degree of selectivity

e Generally the selectivity of <100>: <110>: <111> isabout
300:600: 1
e TheKOH silicon etch has a high selectivity to SIO, and a near
infinite selectivity to LPCVD Si;N,
e Typical KOH concentrations arearound 30-40 % by weight
+ Thisgives100 etch rates at about 1-2 pm/min

e Loweringthe concentration gives dightly better etch rates but
with decreased selectivity

+ Higher concentrations give thebest selectivity between plane
orientations
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Silicon Crystal Lattice
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<100> Si Wafer
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<100> Si Wafer, Continued

<1(He>
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<100> Si Wafer, Continued
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<110> Si Wafer
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HN’N CNF NanoCour se: . Processes, page 13 l L“\"‘q I_I .]

<110> Si Wafer, Continued
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Common Chemical Concentrations

Acids wt%

Acetic acid CH;CO,H 99.7 (minimum)
Hydrochloric acid HCI 36.5-38.0

Nitric acid HNO; 69.0-71.0
Perchloric acid HCIO, 69.0-72.0
Phosphoricacid H3PO, 85.0 (minimum)
Sulfuric acid H,S0, 95.0-98.0
Alkalis wt%
Ammonium hydroxide NH ,OH 28.0-30.0 (asNH3)
Hydrazine monohydrate NH,NH,H,0 99.0 (minimum)
Potassum hydroxide KOH 85.0 (minimum)
Sodium hydroxide NaOH 90.0 (minimum)
Other Chemicals wt%
Ammonium fluoride sol. NH,F 40-41

Hydrogen peroxide ol. H.,0, 30.0-32.0
Methanol CH4OH 99.8

2-Propanol (CH3), CHOH 99.5 (typical)
Sodium peroxide Na,0, 96.0 (minimum)
Mixtures* Vol

Aquaregia HNO3-HCI 1:3

Buffered HF (BHF) HF-NH 4F 1:x (typically 1:6)
P-etch HNOg-HF-H,0 1:3:60
* All mixturesin thischapter are by volume unlessstated otherwise.
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Common Wet Etch Processes

e Silicon Dioxide:
+ 6:1 ammonium fluoride: 48% hydrofluoric acid
= Common name 6:1 Buffered Oxide Etch
= Note: 48% HF iscommonly called " Straight HF"
+ Etch rate-110 nm/min for thermal SiO,: Faster for CVD oxide
+ Selectivity to silicon: Infinite
+ Selectivity to Si;N,: 100:1
» Doesnot lift photoresist: If oxidestripping isto be done,i.e. noresist
pattern, usestraight HF and deionized water
+ 10:1 HF:H,O etchesthermal oxide at 36 nm/min

Note: All etch ratesat 25°C except where noted
ALL RATES ARE APPROXIMATE!!

NNIN

CNF NanoCourses ¢ - Wet Etch Processes, page 16

Wet Etch, page8



Wet Etch Processes, Continued

e Aluminum:

+ 4: Phosphoricacid

+ 4: Gladal acetic acid

« 1: Nitric acid

« 1. Deionized water

« Etch Rate: 40 nm/min

+ Selectivity to Si and SIO,: Infinite
e Polysilicon:

« 150: Nitric acid

« 75: Deionized water

+ 1.48% HF

« Etch Rate: 200 nm / min

+ Selectivity to SO, -10:1

+ Note Evolves heat when mixed

HN’N CNF NanoCourses ¢ Wet Etch Processes, page 17 I..__j: ]RI?:: I.—'I ‘.]._.

Wet Etch Processes, Continued

e Silicon Nitride.
+ Phosphoric Add @ 160°C
+ Etchrate 10 nm/min
+ Selectivity to SIO, and Si: > 20:1

e SEE:

+ Ghandi, "Microfabrication" or Vossen and Kern, " Thin Film
Processes’ for extensive tablesof wet etch solutionsand properties
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Safety

e Thestrong acids and bases pose a serious contact hazard
+ Proper handling and protective gear areessential
+ Nitrilerubber glovesand a face shield are mandatory
+ A vinyl apron is recommended
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e Wet chemical waste must be disposed of properly
+ Cornell doesnot perform “in house” neutralization
+ Waste bottles for each chemical mixture should be created
+ Do not have“common” Acid or Basewaste containers

NNIN e @ v o [RRLIMERE
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High Temperature Processing
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Outline

e Annealing

Thermal Oxidation of Silicon

Thermally Activated Chemical Vapor Deposition (CVD)

Plasma-Enhanced Chemical Vapor Deposition (PECVD)
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Annealing

e Heat sample between 400 and 1200°C

e Exposesampletoinert or reducingambient
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Reasons for Annealing

e Changes microstructure of substratesor films
e Changes conductivity, stress, etch resistance, etc
e Can causetwo materialsto react

Metal [0 Metl [z

silicide

oy FETEEOY 7o [ 2 T
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Thermal Oxidation of Silicon

e Heat S tohigh temperature > 700°C
e Expose S to oxidizingambient O, or H,O

e Sireactswith oxidant toform SO,
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e Oxidant diffusesthrough oxideto Si-SiO, interface to react with S

Oxide

Silicon
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Growth of Oxide

e From the densities and molecular weights of silicon and silicon
dioxide we can calculatethat:

+ For agrowth of oxide of thickness=d, alayer of silicon=0.44dis
consumed

e The oxide growsdown aswell asup!
+ (Thiscan sometimes bequite a problem)

SILICON SUBSTRATE

NNIN e @ v [ROLINERE

Oxidation Rates

e Two rate limiting processes:
+ Chemical reaction at oxide-Si interface

- Diffusion of oxidant through the oxidelayer on the surfaceto the oxide-Si
interface

e Thedower of these two processes deter mines the oxidation rate

e T I T ( CRNEL
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Chemical Reaction Limited Oxidation

e Rateisdetermined by chemical kinetics

e Characterized by alinear rate constant
+ Oxidethickness= C, x (oxidation time)

e Linear raterelationship holdsfor oxidation on bare silicon or
silicon with a thin surface oxide
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Diffusion Limited Oxidation

e Rateiscontrolled by oxidant diffusion through existing oxide

e Characterized by parabalic rate constant
+ (oxidation time) x C, = (oxidethickness)?

e Parabolicraterelationship holdsfor oxidation on silicon with
a substantial thickness of surface oxide
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Factors Affecting Oxidation Rates for Thin Oxides

e Surface orientation
+ Atomic density
+ Number of available Si bonds
+ Sterichinderance (bond stress)

e --> QOrientation of surface affects surface kinetics and hence
linear rate constant

e Impuritiesin silicon
« Affect linear rate constant
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Factors Affecting Oxidation Rates for Thick Oxides

e Oxidizing ambient

e Oxidant pressure
+ Diffusion of oxidant proportional to partial pressureof oxidant

e Impuritiesin oxide
+ Affect parabolic rate constant
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THERMAL OXIDATION OF SINGLE CRYSTAL SILICON
1.0

o8

=
il

=
&

L

o
[

W Cge 2.5 K 108 g3
& Cge 1.0 % 1080 .m=3
* Cg= 1.0 X 10" em™3
o4 [ (I T T I 1 T

OXIDE THICKNESS m)

0.1 0.2 04 06 0OB1LOD 20 30
OXIDATION TIME (k)

HN'N CNF NanoCourses m_— Wet Etch Processes, page 34 l E, .':I: “\-‘ E-.I .I

Wet Etch, pagel7



[}
Boron Doping
1072 -
1073 -
" B/ umimin) _
e = -
Il o 2
- B {um"fmin) _ it
fm = — i — = — = ===
168 PO T TR NN TN WA T AN (NN N A O N T A
1647 i L inl¥ o0 igl
cg lem™)
HN’N CNF NanoCourses m - Wet Etch Processes, page 35 I‘"..‘: ]IE:‘:: II_.I .]__

Typical Oxidation System
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Dry Oxidation

e Oxidizein O,

e Anneal in N, or Ar to stabilize charges at oxide-Si interface

e Oxidation rateisslow - better process control for thin oxides

e PRACTICAL THICKNESSRANGE:
+ 80Ato1500 A
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Wet Oxidation

e Oxidant isa mixtureof H, and O, (steam)
e Fast oxidation rate (large A, B/A)

e PRACTICAL THICKNESS RANGE:
+ 500A to 12 pm

e Requires special gasinjector

= _f_"—-\__ '__%
FLAME
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Thermal Oxide Characteristics

e Excellent insulator
+ Picoamp leakagecurrent

e 10 Megavolt/cm dielectric strength
+ (1000 A oxide breaks down at 100 V)

e Thermal SO, is non-contaminating to most other materials
used in microfabrication
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Types of Cleaning Processes

e Pre-oxidation clean:

+ Since oxidation temperatures ar e high, contaminants will diffuseinto
theMOSstructure

+ Concentrationsof some contaminants aslow as
3E10 atoms/cm? can causeshiftsin electrical characteristics and impair
reliability

+ A cleaning processisrequired to removeorganic and metallic
contaminants prior to oxidation

e Two popular cleans:
+ 1)RCA clean
» NH,OH+H,0,+H,0
» HCL+H,0,+H,0
+ 1) H,SO+ H,0, (liquid piranha)

0 remove native oxide Py
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Furnace Chlorine Sources

e Remove alkalis and metals from furnace chambers

e HCI Gas
+ Theclassic Cl source
+ Can corrodeplumbing, adding mor e contamination than it removes

e 1,1 1trichloroethane(TCA)
+ Liquid source
+ Bubbleacarrier gas (nitrogen) through liquid
+ Reactsinsidetubetoform HCI and CO,
+ Chance of corrosion greatly reduced
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Oxidation Capabilities at CNF

e Wet and dry thermal oxidation
e TCA or HCI chlorine source
e 100 A to 1.2 pm thickness

e Restrictions:
+ Whole 3-6inch wafers preferred
+ Must be device quality silicon
+ No metallizations prior to oxidation
+ Polymers must be removed prior to prefurnace clean
+ Implanted areas must be capped with oxide

Nfﬁ NiStory must Det eviewed. by MOS Manager

CNF NanoCourses Wet Etch Processes, page 42
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Chemical Vapor Deposition
(CVD)
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Chemical Vapor Deposition

e Substratesareplaced in areactive ambient at a temperatureand pressure
designed toinduce a controlled deposition of afilm on a substrate

Common CVD Reactions:
PR REACTANTS METHOD TEMP(°C) COMMENTS
Polysilicon SiH, LPCVD 580-650 May be in situ doped
Silicon Nitride SiH,+NH LPCVD 700-900
SICl,H,+NH, LPCVD 650-750
SiH, +NH, PECVD 200-350
SiH,+N, PECVD 200-350
SO, SiH,+ 0, APCVD 300-500 Poor step coverage
SiH,+ 0, PECVD 200-350 Good step coverage
SiH, +N,0 PECVD 200-350
Si(OC,Hy),[TEOS] LPCVD 650-750 Liquid source, conformal
SiCl,H, + N,O LPCVD 850-900 Conforma
Doped SiO, SiH,+0,+PH, APCVD 300-500 PSG
SiH,+0,+PH, PECVD 300-500 PSG
SiH,+ O, +PH;+ B,Hg APCVD 300-500 BPSG, low temperature flow
SiH,+ O, +PH;+ B,Hg PECVD 300-500 BPSG, low temperature flow

HN’N CNF NanoCourses ¢ Wet Etch Processes, page 44 I.,__j: ]RI?:: Iu_'l ‘.]._.

Wet Etch, page22



Basic Mechanisms of CVD

1) Transport of reactant to surface @
2) Adsor ption of reactant at surface @ @
3) Reaction at surface T

4) Desor ption of product from surface
5) Transport of product away from surface

e Energy todrivethereaction can be supplied by avariety of
sour ces (thermal, electrons, photons)

e The SLOWEST event will determinethe deposition rate
NNIN . @ voree . [RELRMERE

e |nreality, chemical reactions may not only take place at the
surface but in thegas phase as well
e Heter ogeneous Reactions
+ Occur at or near the substratesurface
+ Aremuch more desirable
+ Generally producehigher quality films
e Homogeneous Reactions
+ Reactionsoccur in thegas phase
+ Generateclusters of depositing material
+ Result in poor adhering and low density films
+ Produce filmswith higher defects

e Heterogeneousreactions are favored over homogeneous
reactions

HN’N CNF NanoCourses ¢ Wet Etch Processes, page 46 I..__j: ]RI?:: II_.I ,_].__

Wet Etch, page23



Transport of Reactants to the Surface

e Mean Free Path

A = KTWZrPo?

+ P=Pressure
o o= Diameer of molecule
+ k = Boltzman constant

e Diffusion to Surface

+ Boundary Layer:
= A gasvelodty transition region between the solid surface of the sample or
chamber (v=0) and thefree gasstream (v =x)

d =2L/3VRe

+ d=Boundary layer
+ L =Length of region
+ Re=Reynolds number
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Reynolds Number

e Reynolds number:

+ A dimensionlessnumber used torepresent theratio inertia effedsto
viscous effectsin fluid motion
Re=pvL/u
= vV =gasvelocity
= U =viscosity
v p =fluid density
« L =length from edge

e Reynolds number isproportional to gas velocity and the
boundary layer isinversely proportional to Re2

e Faster gasvelocity = smaller boundary layer
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Reynolds Number, Continued
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Transport of Reactants

e Transport of Reactantsto the Surface Depends on:
+ Reactant concentration in the gas stream
+ Deposition temperature
+ Pressure
+ Boundary laye thickness

e Wewant to optimize process parametersto get thegastothe
surfacetoreact rather thanreact in the gas stream
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Adsorption

e Dependson substrate binding energy

e Dependson reactant vapor pressure
+ Vapor pressure~exp [Temp]

e Non-zero probability that a reactant will leave surface before
it can react

e Dependson gas species used for deposition
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Surface Reaction

e Surfacereactions can be modeled by a thermally activated
process:

R =Ryexp [E/KT]

e Thesurfacereaction increaseswith increasing temperature

e At high temperatures, the reaction rate will proceed faster
that the gases can reach the sample

+ Thisisamasstransport limited process

e At low temperatures, thereaction rateis slower than the gas
supply rate
._Thisisareaction rate limited process
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Growth Rate for CVD Films

Reaction Rale
Limiled Regime

ManaTransport
Limiled Regime
Log (dep rated

e Reaction rate limited processes requir e precisetemperature control and
are more tolerant to gastransport fluctuations

e Masstransport limited processes require precise control of reactant
concentration at thesurface and less control over the process temperature
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Step Coverage

e Masstransport limited case:

+ Thethickness at any point is dependent on the supply ™
of reactants to the site '
+ Reactant surfacediffusion path length (L) isastrong (.

function of temperature and mean free path length ]
(A) isaf, of pressure

A, L >> step geometry = T

A>> step, L << step P . -

AL <<step
.'—-_.’_ T
;"" \I;
oo
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Reaction Limited Case:

e Lower temperature pushed processto bereaction rate limited
without adver sely effecting gas transport

e Transport of reactantsto surfaceis efficient -- good
conformality/unifor mity

e Some gas chemistries may betransport limited even at lower
temperatures
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Types of CVD Processes

e Atmospheric CVD (APCVD)

e Low pressureCVD (LPCVD)

e Plasma-enhanced CVD (PECVD)
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APCVD

e Typical reactor:
+ Pressure= 760 torr

X, GAS N,
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APCVD, Continued

e Film Unifor mity
+ Reaction constant ison theorder of masstransfer coefficient
+ Transport effects aresignificant
+ Fair topoor uniformity

e Step Coverage
+ Mean free path on theorder of step height
+ Poor transport over features
+ Poor step coverage
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LPCVD

e Typical reactor:
+ Pressurerange0.1to 3torr
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LPCVD, Continued

e Film Unifor mity
+ Deposition rateisreaction limited
+ Masstransfer isa strong inver sefunction of pressure
+ Chemical reaction constant isaweak function of pressure
+ Efficient transport and surface reaction limited means good unifor mity

e Step Coverage
+ Mean free path large compared to step geometry
+ Good step coverage
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Problems with LPCVD

e Small gasvolumeresultsin gas depletion or loading effect

e Processoptimization can bedifficult, especially for production
volumes

e Film deposits on chamber walls, can cause particulate
problems
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e Typical reactor:

+ Pressurerange Gas Inket —

O.1torr to 0.6torr T
+ Temperaturerange —_—

AF Fowar Ingll
100°C to 400°C
L Zhower Head Electrode
LLELETHTERI LT
'_=_=_= .
| = X ] Heated Chick
Pump
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Advantages & Disadvantages

e Advantages.
+ RF plasma excites reaction
+ Temperature can bevery low
+ Can deposit filmson structuresthat cannot see high temperatures
= Metals, GaAs, polyimide...

+ Energeticradicals tend to havehigh sticking coeffidents and migrate
well along surfaces after adsor ption

+ Good uniformity/confor mality
+ Higher deposition ratesthan LPCVD

e Disadvantages.
+ Filmsarenot stoichiometric
+ By-productsincorporated into the films
+ Gasphase reactions gener ate particulates
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CVD Processes at CNF

e LPCVD Silicon Nitride e LPCVD SO,
+ 800°C + 420°C
+ SiH,Cl,+ NH, + SiH,+ O,
e LPCVD Silicon Oxynitride e LPCVD SO,
+ 850°C + 850°C
+ SiH,Cl,+ NH;+ N,O or O, + SiH,Cl+ N,O

e LPCVD Poalysilicon
+ 620-650°C
+ SiH, +optional PH,or B,H,
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PECVD 25-400°C

e Silicon Nitride
+ SiH,+ NH,

Silicon Oxide
« SiH,&+N,0

a-silicon
+ SiH,+Ar

a-carbon
+ CH,

e SIC
. SiH,+CH,
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CVD Safety

e Themajor hazard of CVD applicationsisthe gases used:

Properties of Common Gases used in CVD
GAS PROPERTIES
Silane Toxic, flammable, pyrophoric
Dichlorosilane Toxic, flammable, corrosive
Phosphine Very toxic, flammable
Diborane Very toxic, flammable
Arsine Very toxic, flammable
Hydrogen chloride Toxic, corrosive
Ammonia Toxic, corrosive
Hydrogen Nontoxic, flammable
Oxygen Nontoxic, supports combustion
Nitrous Oxide Nontoxic, nonflammable
Nitrogen Usually inert
Argon Inert
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