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Why ?

e Process Development

e |n Process Monitoring

e Process Characterization /
M aintenance

e FailureAnalysis
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What Do We Need / Want to Know

e Electrical e Mechanical
+Resigivity +Stress
+Contact Resistance +Adhesion
+Barrier Height +Optical

e Chemical/Elemental e Index of Refraction
+Compodtion +Reflectivity
+Bonding +Adsor ption
+Valence

e Physical
+Crystal Structure
+Grain Size
+Orientation
+Texture
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Measurements and Techniques

Specialized M easur ements
Specialized Techniques
Specialized I nstruments

Many Many Available
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e Design and Plan for Analysisand Char acterization

e Don’t analyze unless you expect to learn something

e Variety of Tools Available
+ Cornell
+ Outside
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Microanalysis

e Analysisof small volumes
+ High spatia resolution in at least one dimension

e Not necessarily the same as, or compatible with trace element
analysis
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Particle in / Particle out

e “Excite’” sample
+ Generally alocalized small volume
e “Look” at stuff that comes out

e lons(high or low E, various kinds)
e Electrons (high or low E)

e Photons (various energies)

o Reflected, scattered, re-emitted, etc.

i T I IR ( ORNELL

Lots of Acronyms

e SEM
e EMPA
e AES
e SAM
e RBS
e SIMS
e |ISS
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The Process

e Measure something

e Calculate what we want from the something we measure
+ Mode

= Assumptions
» Limitations

HN’N CNF NanoCourses m - Thin FIm Andysis, page9 I..:L‘: ]RI?:: I.—'I !]__

Cautions

e What you want to know vs. what you really measure
e What you measurevs. what you think you are measuring

e Theauthoritative “power” of computer generated / analyzed
data

e Important that you understand SOMETHING about the
analytical measurement
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Rathbun’s Laws of Analysis

If you ask the wrong question,
you will get the wrong answer .

If you try to answer theright question
with the wrong technique,
you will also get the wrong answer .
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Optical Microscopy
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The Semiconductor Inspection Microscope

e |t bearssomerelationshiptothe
thing you used in high school
biology...but not much

e Sophisticated optical / mechanicd
instrument

e Simpletousebadly

e Somewhat moredifficult to use
corredly

e Few peoplein CNF ever useall its
features

. 3% T
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Camera

Eyepieces
I Reflected Light
|~ Trinocular Head llluminator

(tilting)
Im o ﬂ—[:@

\ Filters and Apertures

~
Condenser | ) Transmitted

(Transmitted Light) Light
llluminator
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Transmitted Light

f Camera
Eyepiece
Reflected Light
Trinocular Head Illum inator
(tilting)

Objectives— | meo Dj

% \ Filters and Apertures
X-Y Stage

gy

Condenser  @{gEE————————~" T angm itied

(Transm itted L ight) Light
lllum natbor

) T
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Reflected Light

* Camera

Reflected Light
~ 1 Trinocular Head Illuminator

(tilting)

\ Filters and Apertures

Objectives

X-Y Stage | ——
Most Common &
-~ ‘
Condenser | 1] Transmitted
(Transmitted Light) Light

llluminator

) T
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Magnification

e Total Magnification Product of:
+Objective (5x - 250 x)
+Body (1x - 2x)
+Eyepiece (10 x- 15 x) A Camera
«Camera
Eyeplece

\ Reflected Light
e Magnification vs. Resolution \ Trinocular Head ~ llluminator

(tilting)
+Useful magnification
+Empty magnification

Fllters and Apertures

e Good Microscope

100X XY stage %
e Great Microscope ﬁ&
+2500X Condenser [l Transmitted
(Transmitted Light) Light
Iluminator
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Light Scattering at Surface

e Planesurface
+ Anglein = Angle out
e Edgesreflect differently — T

e For glancing

illumination, only edges \/

will reflect up, _—

perpendicular to the Smooth Planar Surfaces

surface Normal Incidence
< >

Glancing Incidence lllumination
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e Light incident moreor less 4
perpendicular

e Flat planar surfaces reflect well
+Appear bright
e Edgesand slopesrefledt to the side \

S

and appear dark
Smooth Planar Surfaces
e Most common mode for general Normal Incidence
use

Bright Field, reflected
light is the most
common arrangement

1 v
r :
: - =
. 3% T
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e Angular illumination

e Plane surfacereflect away from lens
+ Most of sampleisDARK

e Sharp edgeswill scatter somelight into lens

+ Edgesand dirt sparkles
+ Starry night

S —
\/\\:\/

Glancing Incidence Illlumination
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Dark Field vs. Bright Field

Dark Field Bright Field

. 3% T
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Dark Field-Defect Detection
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BF/DF Objectives

e How do we get theoblique illumination Bright Field
required fOI’ DF lllumination through

a BF objective
e Combination BF/DF objective =

+ Coaxial light paths
e A simpledlider in the optical path directs I

- - . ’_
light to the outside, oblique path vl
Bright  Feld Dark Field
lllumination through lllumination through
Camera a BF/DF objective a BF/DF objective
Eyepiece:
b Reflected Light
Trinocular Head Illluminator
Y
;5 ertur
X-Y Stage
A=
Condenser Transmitted . . =
(Transmitted Light) = Mirrored Collar Mirrored Collar

Light
lluminator
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e Polarized light
+ Optical index contrast

e Differential interference
contrast

+ A false “depth” contrast
achieved by interference

+ aka Nomarski

e About half of CNF scopes
areset up for DIC/
Polarized light
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Depth of Field / Working Distance / Par-Focality

@@@@@
= = = -

Depth of Field [ |

High magnification objectives have small depth of field
High magnification objectives have short working distance
CNF microscopes are Par-focal

5X
' 10X 20X 50X

= =

CAREFUL
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Par-Centricity

. . Non-Parcentric
e You would like your sample image not to

“move” asyou zoom in

e Precision mechanical / optical adjustment
e Most CNF microscopes are par-centric

Par-centric

=
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Upright and Bilaterally Correct

o Leftisleft

e Rightisright

e Topistop

e Bottom isbottom
e Textislegible

e All CNF microscopes give
upright/erect images (| think)

. 3% T
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e Useboth eyes!!!!
« Binocular eyepieces Eyepiece

Camera

Reflected Light
Trinocular Head llluminator
(tilting)

e Eyeispart of theoptical instrument
+ Wear your glasses
« High point eyepieces

and Apertures

+ Proper brightness/contrast XY Stage /ﬁ
Condens:

L 1] Transmitted

Light
llluminator

e |llumination aperture
« Amount of light

e Field Aperture

+ [lluminated area

. 3% T
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Confocal Microscopy

e Confocal microscopy usesoptical “tricks’ tocreateavery
shallow depth of focus

+ Only features at aspecificdepth areimaged clearly

e OlympusBX50
+ High intensity light sour ce required
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The Good, the Bad and the Ugly

e Micrograph Options
(SEM or Optical)
« Film
« Thermal Prints

Not publication quality
. Digital files

e Most pictures| see:
+ Too Dark
+ Too Close
« Bad contrast

CORNEL

=
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Summary

e CNF hasavery good stock of optical microscopes
Leitz Ergoluxs
Older Olympus scopes
Olympus MX50
OlympusBX series
=confocal

¢ o e+

e They are precision instruments

e They are expensive
+$20,000 - $100,000

e Variety of imaging modes
+ Learn how touse
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NanoCourses 2004, Section 4

Practical Thin Film Analysis
What isIt?

Scanning Electron Microscopes (SEMs)

by
Daron Westly

Presented by the
CNF Technical Staff
for the education of CNF Users,
Potential Users, and Industrial Sponsors
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SEM vs. Light Optical Imaging

Superior Depth of Focus

MEMS Comb Drive
FigureA: Optical FigureB: SEM

NNIN . @ CORNELL
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SEM: Superior Depth of Field

MEMsMirror
by Alex Tran

Corporate Research & Technology, Xerox Corporation
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SEM vs. Light Optical Imaging

Superior Resolution

Kagome Super conductivity Structure
FigureA: Optica - 4600x FigureB: SEM - 25,000x
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Depth of Field & Resolution

e Depth of field is dependent on the
probe conver gence angle:

. SEM depth of field 1000X Light

e Resolving power scaleswith the
of theilluminating radiation:
+ Light
= A =433-633 nm
+ Electrons
= A=0.009 nm (20keV)

e SEM Mags to 400,000X 05, M;&« 5

NN'N CNF NanoCourses ﬁ_— SEMs, page5

CORNEL]

Hitachi $S-4700
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LEO 982 SEM

The goal of theinstrument isto place afocused beam of primary
electrons onto a sample, and to collect secondary electrons fromthe
sample to form an image

M odes of Operation:

+ High Resolution:
+Small Probe Diameter 00 Low Probe Current (I,) O Poor Signal /
Noise (S/N) Ratio
+ Short Working Distance [0 Less Lens Aberrations

+ High Depth of Field:
+Long Working Digance [0 MoreLensAberrations
+Small Aperture O Lowl, O Poor SN

+ Microanalysis:
+High Probe Current 0 Highl, 0 GoodS/N O Large Beam Diameter

N N’N CNF NanoCourses g SEMs, page8 L'_..E "R:':I I.—'.I' J -
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Why Learn about Electron Optics?

e Threeelectron beam parameters
deter mine shar pness, contrast, and
depth of field of SEM images:

+ Probe diameter —dp
+ Probe Current —Ip
+ Probe Convergence Angle—p

e You must balancethesethree
depending on your goals:
+ High Resolution
+ Best Depth of Field —

+ Best ImageQuality and X-Ray Analysis

(From Scanning Electron Microscopy and X-Ray Microanalysis, Joseph |. Goldstein et al. Plenum Press)
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Electron Optics: Simplified SEM Schematic

e Gun Cathode [Tungsien flament, LBE, Fald
— amission bp)
+ Sourceof electrons & accelerates sylindes |_"'-.-"" |
electronsto 1-40keV Aok — —
Condarmor |
e |Lenses Lenaas |
« 1,2, or more lensesto focus and de-
magnify eectron beam

___ Scan Cods -
Objecthve lenf Vﬂ contre
e Stigmator Q W] Cels |

Srigmathe
. Baam lmaing = -
Correctslenserrors :;w_;m o ﬂ;— Wh-_
_— < aneaer
e Beam Limiting Aperture | ——
« Affeds depth of field and |, Samph |
Diecree
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Column: Electron Gun

Thermionic Electron Gun

Figure Td bhrmes hogem o ik parawsmsl wf bod s | e
rarsinm e | elapied s Blall T

(From Scanning Electron Microscopy and X-Ray Microanalysis, Joseph |. Goldstein et al. Plenum Press)

CORNELL

NNIN

CNF NanoCourses

&

SEMs, pagell

Column: Electron Gun

Thermal field emission sour ce and electrostatic gun lens

NNIN
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P00 0 DT 1nmi

Fioce Dumwieian)

L. » 0 . - ok

Frider Syl na| Mot Cerdlind]

Probe Diameter vs. Probe Current

(From Scanning Electron Microscopy and X-Ray Microanalysis, Joseph |. Goldstein et al. Plenum Press)
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Column: Electron Gun

Comparton of Eleciron Sounces a1 20k

Source Beighiness  Lifewme  Source sise Emergy Bieam Ref-
spread  cumrent  erences
AE  Seability

Tungilcn

hairpin I Afemsr 40100k M-l00um -3¢V 1% b

LaB, i BO0-1000 550 gm 1-2 1% o

Fickl Emission

Cold iy 1 =5 mm 0.3 5% b

Thermal g = 1000 <5 mm 1 5% "

Sehatiky il ES iy 15-3am  03-10 2% ’

* Haine and Coslett {1961).

* Tropos (196T).

" Broers (1974}

* Crewe eral (19710
* Tuggle o af. {1905),

(From Scanning Electron Microscopy and X-Ray Microanaysis, Joseph |. Goldstein et al. Plenum Press)
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Column: Electron Lenses Produce a Small Spot

e Beam diameter at crossover (d,) in the e-gun too largeto
gener ate a sharp image:
+ Thermionic source size: 5—100um
+ Field emission source size: 5—30nm

e Lensesreducediameter (de-magnify) of source of electrons
and place small focused beam (1nm - 1um) on specimen:
+ Demagnification:
= Thermionic sour ce < 10000
» Field emission source 10 — 100

NNIN e @ e CORNELL

Column: Electron Lenses

e Condenser Lens: 1 or moreLenses
+ Determinesthel, that impinges on thesample
+ Higher I, —larger spot size—lower resolution —better SN
+ Knob labeled spot size condenser, C1, or resolution

e ObjectiveLens. Final Lens
+ Focuses thebeam by controlling the movement of the probe crossover
along theoptic-axis (Z-axis) of thecolumn
+ Knob labeled focus or objective
+ Pseudo workingdistance (WD) meter
+ Thedesign o thelensincor porates space for the scanning coils, the
stigmator, and thebeam-limiting aperture

Lens aberrationsthat enlargethe final probe sizeincrease rapidly with
focal length (WD). Sofor high-resolution work keep the WD short.

NNIN e @ e CORNELL
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Column: Objective Lens

e Stigmator: A devicethat appliesaweak supplemental field to
make the lens appear symmetrical to the electron beam

e Method: Try tochoosea*round’ object
+ Adjust objectivelenstobest focus
+ Adjust x-stigmator
+ Focus -
+ Adjust y-stigmator
+ €tc

€sam Limlting Apecture
(VIduas Posllion)

_;-Oewlo Owliocison Colls

Stmelor

Beam Limiting A perture
iRsn

‘. . —
~[oetoriar,
(From Scanning Electron Microscopy and X-Ray Microanalysis, Joseph |. Goldstein et al. Plenum Press)
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Column: Stigmator

e Lensesdo not have perfect
rotational symmetry

Z Lime Focl

Paint’
e Causes Db
+ Machiningerrors =
+ Inhomogeneitiesin the a5
iron of the lens Disc of Minkmum
Conlugion
+ Asymmetry in itswindings
. D| I‘ty apel‘tur es (From Scanning Electron Microscopy and X-Ray Microanalysis,

Joseph |. Goldstein et al. Plenum Press)

e For example, if alenshaséelliptical rather that circular
symmetry, electron focuses at 2 separ ate points at right angles
to each other, thus enlarging beam diameter

NNIN e @ CORNELL
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Astigmatism: IMPORTANT!

e Effect can berecognized by
stretching of theimagein
two perpendicular
directions, when the
objectivelensis
underfocused and then
overfocused

e At exact focus— stretching
vanishes

(From Scanning Electron Microscopy and X -Ray
Microanalysis , Joseph |. Goldstein et al., Plenum Press)
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Scan System: Image Formation

e CRT & e-beam scanned by
single scan generator

Vr? 'f /;'-- :::.ESML-:"
e Scan Coails 24, Spu pwner
. i : Scan Codm
2 Pairs - o ;/
+ 1% bends beam off optical Iksoon Scen
; Coviisd  [* |Oamtmaney
axis
+ 27 pends beam back onto St Loy Aopeiom
optical axis

.'mmi
CAY

T LD

(From Scanning Electron Microscopy and X-Ray
Microanalysis, Joseph |. Goldstein et al. Plenum Press)
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Scan System: Image Formation

CHT
The number of electrons e
: AR, |
detecteq from f[hesp_emmen
determine the intensity =
changeson the CRT

Bt rasben from I in righi on the ssmple 2

e Phileri (oo kel b nght ol e wame e The
ndemery on the CRT I8 demsrmined by i Setediod electned
wirmmely of cach wmlar poai on t cEmp

CRT
ST
T XXXXX
Magnification istheratio of e XXX
the size of viewing CRT to the XXX
area scanned on specimen :

L

The CRT Enage is e sasse ao Bl on the iasple. The
Tz cameo (6 (hen M= LA,
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Thermal Field Emitter SEM Column: LEO 982

Simpler Column with no crossovers
e Schottky Fidd Emitter
e Suppressor
e Extraction Voltage
e Aperture
* Condenser lens
e Aperture

111
10,11) ObjectiveLens

12) Specimen -

HN’N CNF NanoCourses m SEMs, page22 I‘"..E' ‘:IE:"‘: !-_'I ]
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Column: Final (Beam Limiting) Aperture

Affects all beam parameters:
e LargeAperture:

+ Largel, - Good SN and microanalysis
+ Largea, - Poor depth of focus
+ Larged, - Poor resolution

e Small Aperture:

+ Small I, - Poor &N and microanalysis
+ Small a,, - Good depth of focus
+ Small d; - High resolution

NNIN o @& CORNELL

IMPORTANT! Aperture Must Be Centered

e For optimum resolution the beam limiting aperture must be
centered on the electron optical axis

e |f your imageis shifting while focusing the apertureis not
centered

e While"wobbling” center the aperture—when properly
adjusted the imagewill show no side to side movement when
properly centered

+ It will only goinand out of focus

e Check whenever the accelerating voltageor apertureis
changed, or when you just cannot get good r esolution

NNIN . @& CORNELL
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Depth of Focus at 10 mm WD

. ia '!car'r -
e Depth of focusisameasure of E .
the z (vertical) distance over i -1- = 7-‘ e
which two objects will still be 1 m I
. / cEmvTum M(u!
in focus
li e smndecsees i
. .' .I /-", y—
e Thedepth of focus will depend P thepon ot o
on the working distanceand TELn 5! Fee.3 3% TG T arung dazane
wal, 1y N, 7Qar
the a'perture a:e-;.-'c ICG.:-:’(' ’pﬂ:’ﬁ-‘f
e fnen *rdyna G

. . 007 . 2
e Longworkingdistances, and % ftwmo g o

small objective aperturesyield &% dwr B 70
the beg depth SELINID . ML (LA ) Zian
Of f|e|d "M BLUTC e g I miguonel 1Dy e ALY

(From Scanning Electron Microscopy and X-Ray Microanalysis,
Joseph |. Goldstein et al. Plenum Press)
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Depth of Field: Effect of Aperture Size

v.'m--uu-nm
1. [l of tpkd

Figure7-6. Depth of field (the depth that isin focusin the speamen) is

increased by using smaller apertures as shown on right.
(Redrawn from Postek et al., 1980)

NNIN . @ o CORNELL
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Depth of Field: Effect of Working Distance

l-'. ;ﬁ:w- e
=

S Apariar
'

- BT

s Final w5
—Apariure
A

Working delafea

Figure7-7. When theworking distanceis
increased as shown in B, this decreases the
apertureangle alphaso that the depth of
field isalso increased.

NNIN

Ty Duo o e

(Redrawn from Postek et al., 1980)

(=R

CORNEL
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Electron Detectors: Collect Signals

e Secondary (SE) and backscattered electron (BSE) detector s for imaging

Eléctron Beam
Saecondary
Electrons (SE) Collecior Valtage
| Backscstisred [+300V for SEs and BSEs
Electrons (BSE) =100V for BSEs aaly
412 kY

| scintinator |
Collector

Light Pipe

(From Scanning Electron Microscopy and X-Ray Microanalysis, Joseph |. Goldstein et al. Plenum Press)

NNIN
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Dual Secondary Detectors: LEO 982 SEM

Principle of Secondary Electron Signal Detection

)

Lateral SE-Detector ‘ !

L3
HN'N CNF NanoCourses m_— SEMs, page29 l .F' ‘:I:l"‘!. E:I ]

Annular SE-Detector

'.
k|

e Single annular detector or smaller discrete detectors placed on polepiece
of objectivelens

e Size permits close proximity to specimen — provides large solid anglefor
high geomdric eficiency

e Sensitiveto high energy BSEsonly, not SEs

Backicalmered
Ehecticri

T Thin fug Lages
Eleciron-FHiske Prodution

Poleplece
P:H Junigiesn
Baas Contsel
" Currert Manile s Aninular Backscalfeed
Exftesmasl Circult Elpeiram Detectorn

(From Scanning Electron Microscopy and X-Ray Microanaysis, Joseph |. Goldstein et al. Plenum Press)
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. g Hage
e 5 Axisof Movement: ———
+ X,Y,Z,Tilt, Rotate s -‘."'":ﬂ'x
¥ ._1-|I-' |
i i ; el L JZ
e Manipulation of specimen [ = ||
e = |

under beam:

+ Tolocateareas of interest,
e.g., totilttolook at edges

+ Toimprovecollection
geometry relative to detectors

+ Tochange Z-height to effect
depth of fidd

Some are motorized

NNIN
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S CORNELL

e Wehave great control of the beam
electrons before they reach the
specimen, however, once they enter
the specimen, the scattering processes
contr ol subsequent behavior

e Aresignalsgenerated confined tothe
area of the beam impact on the
specimen’s surface?

+ If yes—Thiswould result in images of the
highest possibleresolution

+ Answer isNO! Electron scattering
degrades spatial resolution

NNIN
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e E=Voltage of e-beam

Rich variety of interactions E ~Critical excitation energy

that can reveal information

e R=Range
on a specimen’s. I,
» Composition
* Topography LV L ol tuger stectrom
« Crystallography [ et Ead—swcomorry suctrom
* Electrical potential " PRI —
» Local magnetic field i
» Etc.

Lontrurm RrEyk

= Lacordary fuarewterse
By COSWlFaasm BAad

ChEFRTLEF AT S-Fhpl

NNIN
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e With theproper detector or with specialized instrumentsyou can take
advantage of the multitudeof signals:
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(From Scanning Electron Microscopy and X-Ray Microanalysis, Joseph |. Goldstein et al. Plenum Press)
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Electron-Specimen Interactions

e (a) Elastic Scattering
+ BSEs
+ Electron scattered by interaction with
atomic nucleus
+ Direction of beam electron changed, but
velodity essentially the same
= &, =0-180°

£,
{a)

e (b) Inelastic Scattering r,
+ SEs xrays,etc  e——f bmm——-- =
+ Energytranderred totightly bound Ex Ey
inner shell electrons or loosdy bound ]
outer-shell electrons
+ Kinetic energy of beam electron
decr eases
= @ <0I°

(From Scanning Electron Microscopy and X-Ray Microanalysis,
Joseph I. Goldstein et al. Plenum Press)
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Energy Distribution of Emitted Electrons

Jg (E)

e

L) I L) I L

a 50 100 150 200

E av

Energy distribution of secondary electrons. J,(E) is the intensity
of secondary elecirons, Note that the heam energy Ky iz 180 eV,
(From Hachenborg and Brawer, 0%

| = Backscattered Electrons
Il = Secondary Electrons Microanilyes oseah | Godsan & Pl Frecs)
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Comparison of Coefficients

as - . - v . . . .
| £,0 30hY Backsc Bnefed d
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Secondary
Powrey }
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ATQMIC MMBER
Figurs 328, Comparisos af backuatiered elecioon coufliclann eod actudary-secron coel-
fidanta a3 n funnicn of womic number (Winry, 1966: Hanmeh, 1968)
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SEMs, page37

Contrast

e BSE Yield:
+ Atomic number dependent
= Higher atomic number — Highe BSE yield — Brighter image

+ Contrast in BEI isa combination of:
= Surface topography
= Compostion - Z contrast

e SE Yield:
+ Lessdependent on Z
+ Moredependent on accelerating voltage
+ Contrast in SEI dependent on:
= Sample orientation (emission contrast)
= Detector position (collector contrast)
= Surface topography — sharp edges emit more SE's

NNIN

CNF NanoCourses SEMs, page38

<

CORNELL

SEM Page 19



Contrast

|C = (Smax ~Smind/Smax
Electpon beam
Detecior
SECONEAFY .o
ERTLPORE e
Backscattered| " o7 o7
elechgans
o Ay + Bias
] i Secondary » Backscattered

- Bias
BEckscattersd only

Note: While backscattered dectron yield is larger than the secondary electron yield,
secondary electrons are collected from alarger area and will contribute from 2-5 x
backscattered electron signal. So SEI will givemore contrast for the same beam current.
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Contrast: Sharp Edges
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(From Scanning Electron Microscopy and X-Ray Microanalysis, Joseph |. Goldstein et al. Plenum Press)
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(From Scanning Electron Microscopy and X-Ray Microanaysis, Joseph |. Goldstein et al. Plenum Press)

NNIN

CNF NanoCourses m . SEMs, page4l

CORNELL

Light Optical Analogies: SEl Mode

e With the detector positively biased, secondary electronsare
attracted to it

e Theseelectrons are detected as well asthe backscatter ed
electrons

e However there are usually many more secondary electrons
than backscattered electrons

e Also some of the surfacesthat are not directly facingthe
detector will contribute electronsto the signal

e Thelight optical analogy is a single light sour ce from the side
combined with diffuse lighting from the top

NNIN
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Light Optical Analogies: BEl Mode

e When the detector has anegative bias, only the backscattered
electrons are detected

e The path of these electronsis generally line of sight

e Thelight optical analogy isa single light sour ce from the side
with the eye looking down along the beam path

e Thismode gives strong topological contrast

SEM Page 22



Sample Volume Effects: Image Degradation

e SEI ismost susceptibleto this effect:
+ Thebackscattered electronsoriginating deep in the sample create
secondary electrons when they emerge from the surface
+ Thedistance that the back-scattered electron emerges from the samplecan
be far from the beam spot (several beam spot diameters)

Secondary Beam

Electrons Secondary
Backscattered Electrons
Eleciron Beam
Generated ‘/]eneraled

]

T “ /

I pm s — ——— -

Primary Interaction
Yolume
HN’N CNF NanoCourses m - SEMs, page45 I.._lF: ‘“E:\.: I.—'I I] "

Interaction Volume

HIGH ATOMIC NQL

e Interaction volume

LOW ATOMIC KO

INCIDENT IMCIGENT
dependen_ce on 4CIDE CIDE!
accelerating voltage and -
. L
atomic number: VOLTAGE
+ Section through specimen
surfaceillustratingthe
variation of electron
scattering with voltageand
atomic number - rraf e
(from Duncumb and Shields)
HiGH
VOLTAGE
HN’N CNF NanoCourses m - SEMs, page46 I.._lF: ‘“E:\.: I.—'I I] "
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e Advantage of SEM - little preparation needed!

e Mount on appropriatestub making electrical contact
+ Useconductiveadhesive or clips to securesample

e Various mounts:
+ Whole wafer mounts
+ Small piece mounts

e Cleavetolook at cross-section

e Non-conducting samples will charge causing sample drift,
image distortion, and dark or bright image
+ Sputter coat with metal, e.g., Au-Pd
+ Evaporate Cfor x-ray analysis
+ Uselow voltage

e Mark specimen with a* Sharpie’ if area of interest difficult to
locate

NNIN . @ o CORNELL

Cheat Sheet

To increase depth of field: Better S/N:
Long working distances Larger Aperture
Small Aperture Slower scan rate
Surface Sensitivity: In-lens Detector - LEO 982:
Lower accelerating voltage Sample normal to beam
< 4mm WD from pole piece
High Resolution: _ _
Higher accderating voltage Focus and stigmation:
Reduce spot size Adjust focus and stigmation at higher
smdler aperture mags than working mag
or condenser lens Adjust to best focus
Short working distance Adjust 1 or both stigmator controls
Slower scan rate Iterate between focus and stigmation
(roundish structures helpful in
Charging or insulating sample: adjusting stigmation) .
Low accelerating voltage - = 1.5 kV Center apertures after changesin
Sputter ooat with Au-Pd accelerating voltage or aperture

NNIN o & s CORNELL
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Equipment Available in CNF

e LEO 982 SEM's (2)
+ Thermal Field Emission
« 40nm @ 1kV
+« 2.0nm @ 30kV
+ For Low Resolution Work

Hitachi S-4700

+ Cold Field Emission

« 21 nm @ 1kV

+« 1.5nm @ 15kV

+ For High Resolution Work

NNIN . @ e CORNELL

Ultimate Resolution is Often
Sample Limited
NOT
Instrument Limited

e Ultimate resolution on an SEM tested with an ideal sample:
+ Auidandson Carbon
+ High Z material on low Z material
+ Few SEscreated by BSEs
+ Strong contrast

e Your sampleisnot likely to be asideal

NNIN . @ i CORNELL
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Gold on Carbon Resolution Standard

F

FOOE = = O F,
oty - LED Lo
A L OFEOFE PO T IF

NN'N CNF NanoCourses m_— SEMs, page51 F_. lF. ‘:I":":. E-I |

2KeV 10 KeV

Kagome Superconductivity Structure

NN'N CNF NanoCourses m_— SEMs, page52 F_. lF. ‘:I":":. E-I |
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Depth of Field: Effect of Aperture Size

WD - 5mm, Aperture size 120 um WD - 5mm, Aperture size 20 um

MEMS Comb Drive

NN'N CNF NanoCourses ﬁ_— SEMs, page53 F_. lF. ‘:II":":. E-I |

NN'N CNF NanoCourses ﬁ_— SEMs, page54 F_. lF. ‘:II":":. E-I |
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Sample Charging: Paper

10 KeV Accelerating Voltage 750 eV Accelerating Voltage

CNF NanoCourses

NNIN o

CORNEL

SEMs, page55

Low Voltage Inspection of Resist

Below: At low accderating voltages
(=1500V ) it ispossibleto view
nonconducting samples uncoated.
Note charging at 1kV below — 700V
at right no charging.

Above: Positiveresist on Si
wafer —tilted 30° to view sidewall
profileabove. Normal to beam at
left for measuring.

CNF NanoCourses

SEMs, page56
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Lateral SE-Detector vs. Annular SE-Detector

“Normal” SE-Detector “In-Lens’ SE-Detector

MEMsComb Drive

NN'N_ CNF NanoCourses ﬁ_— SEMs, page57 F__ [ ]I": "..':. tl |

Tilt Compensation

Set tilt compensation

to tilt angle to compensate
for foreshorteninginY
direction

NN'N_ CNF NanoCourses ﬁ_— SEMs, page58 F__ [ ]I": "..':. tl |
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Dynamic Focus

Allows entire sample to bein focus at high tilt angles

e Dynamic focus ON (45)

e Adjust amplitude

e Scan rotation (40) must
be OFF and thesample
aligned in Y direction

NN'N CNF NanoCourses ﬁ_— SEMs, page59 F__ [ ]I": "'-:. EI |

No Signal Processing GAMMA 3, Contrast Doubled

MEMS Comb Drive

NN'N CNF NanoCourses ﬁ_— SEMs, page60 F__ [ ]I": "'-:. EI |
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e SEM:

Scanning Electron Microscopy and X-Ray Microanalysis, Goldstein, Newbury, Echlin,
Joy, Romig, Lyman, Fiori, and Lifshin

Scanning Electron Microscopy, L. Reimer, Springer Verlag, #45 in the optical sciences
series

e TEM:

Practical Microscopy of Materials Science, J. W. Edington

Electron Microscopy of Thin Crystals, Hirsch, Howie, Nicholson, Pashley, and Whelan
Introduction to Analytical Electron Microscopy, Hren, Goldstein, and Joy
Transmission Electron Microscopy, L. Reimer, Springer Verlag, #36, optical sciences
series

Electron Microscopy, Bozzola and Russell, 1992

e EPMA:

Microprobe Analysis, Anderson (ed.), Wiley-Interscience

NNIN . @ e CORNELI
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NanoCourses 2004, Section 4

Practical Thin Film Analysis
What isit?

Electrical & Optical M easurements

by
Phil Infante

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

HN’N CNF NanoCourses ¢ Measurements, page 1 I..__j: ]RI?:: I.—'I ‘.]._.

Resistivity Measurement

e Resistivity (r): A measure of the inability of a layer to support
the conduction of electrical carriers (electronsor holes)

p =[neu]! (units=ohm-cm)
n = carrier concentration

e = electronic charge

u =carrier mobility

e For thin layers, it isuseful to introduce the concept of
resistance per unit area, or Sheet Resistance:

R, = p/t (units= ohm/square)
t = thickness of layer

HN’N CNF NanoCourses ¢ Measurements, page 2 I..__j: ]RI?:: I.—'I ‘.]._.
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Sheet Resistance Example

HN’N CNF NanoCourses a Measurements, page 4 I..__j: ]RI?:: II—.II J__
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e A rectangular sample would havea resistance given by:
R =VI/I =R, (I/w)
e Inmost filmsthecarrier concentration, and thereforethe
resistance will vary with depth z:

P (2) =[n(@e pmn]* P
(note pis afunction of n) 4 |I| e
Sothesheetrhois: - ]‘

R, = [fin@e u(n) dz)*

HN’N CNF NanoCourses ¢ -, Measurements, page 5 I..__j: ]RI?:: I.—'I ‘.]._.

Film Thickness

e For ap-njunction, the
thickness t equalsthejunction &
depth z

e Also, thetop film ismuch less
resistive than the bulk

e YOU can assume:
« t =thefilm thickness

HN’N CNF NanoCourses ¢ -, Measurements, page 6 I..__j: ]RI?:: I.—'I ‘.]._.
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Van der Pauw Structures

e Two methodsto measure R
e First Method: Van der Pauw Structure (See next page)

R, = (@In2)(R, + R,)/2
= 4532(R, = R,)/2
R, =V /I ,R,=V,/I

e The measurement is geometry-independent because of the
paired resistances, R, and R,
e Problems:

+ Needsto bepatterned, may need metallization on padstocarry current
to high rhostructures

HN’N CNF NanoCourses m Measurements, page 7 I.,_ I- .':I: H‘. E-.I ]

Van der Pauw Structures

HN’N CNF NanoCourses m Measurements, page 8 I.,_ I- .':I: H‘. E-.I ]
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e Second Method: Four Point Probe

+ Forcea current through two probes, measurethe voltage drop across
the remaining probes.

R, = (w/In2) R, = 4532 R,
R,= VI

Note: R, isthe average
resistance obtained by
reversing the polarity of
the current supply. This
eliminates voltage offsets
in the measuring circuit.

. AT % T
HN’N CNF NanoCourses m - Measurements, page 9 I.._ I- .':I\. H‘. E.I ]
Pl L - W - |

1= — —_ o, - - [}
1L d il o — l—'r_ "
A -,'r"lﬂ-,'“:.;'i:?: o
= i A
gL = T T
wint e e it
:

e Tocompensate for geometric effects, do dual configuration
measurement, similar toVan der Pauw structur e (See next
dide)

R.=k@) R,
T =R/R,

e For theideal case of equal probe spacing on an infinite sheet:
€=1.2619
k =m/In2 = 4532

e Thisgives a measurement accuracy of +- 0.5%

HN’N CNF NanoCourses m Measurements, page 10 !.,_ I- .':I: H‘. E-.I ]
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Dual Configurations

HN’N CNF NanoCourses m -, M easurements, DJCI\HZ Na I-"..L- ]IE:‘:: I.—'I I] "

Prometrix VersaProbe VP-10

e At the CNF, we have a Prometrix VersaProbe VP-10, a lovely
instrument that does all thisfor you automatically

e Measurement range = 5 microohm/squareto5
megohm/square

e Thingstoremember:

1) Oxide on your film produces a contact resistance. The probes can break through the 10
monolayers present on silicon. If thereis much more than this on the film, the oxide should be
removed.

2) Whole wafers are the most convenient measurement vehicle. Fragments of wafers can be done,
but it isn't asmuch fun.

3) NOALUMINUM FILMSMAY BE MEASURED ON THE VP-10. Aluminum lodgesin the
pitsin the probe tips, oxidizes, adds a resistor to the measurement circuit, and screws up future
measurements. Aluminum M AY be measured with the manual
4-point probe.

4) Geometry effects comeinto play when the " infinite film" becomes smaller in area(sic). Make
sureyour "infinitefilm" isat least a1 cm by 1 cm square.

5) Grain boundaries can cause¢ to betoo high -- "ratioerror." Do single configuration test
instead of dual configuration.

HN’N CNF NanoCourses m - Measurements, page 12 I‘"..‘: ]IE:‘:: Iu_'l I] "
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the object tobe measured

e Measurement Principal

Interferometry (Leitz MPV-SP)

e A method of measuring film thickness based on the
inter ference analysis of the light reflected from the surface of

e Our Leitz SP focuses white light on thesample and analyzes
thereflected signal from 400 to 800 nm

e Thel etz manual gives an excellent explanation of the
measurement principal, so hereit is.

NNIN

CNF NanoCourses
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Measurements, page 13
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1) Measure and record the 2]
reflectance spectrum for a 1
BARE SUBSTRATE (2 nm i
native oxide can beignored) i

|
[,

Lo | P | [
b
2) Measureand record the
reflectance spectrum for the
film on the substrate
:?H | Eeal | B

HN’N CNF NanoCourses m - Measurements, page 15 I..:L‘: ]RI?:: I.—'I I] "

3) Normalize themeasurement spectrum by dividing by the
calibration spectrum

400 (nm) "800

HN’N CNF NanoCourses m - Measurements, page 16 I..:L‘: ]RI?:: I.—'I I] "
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e Thefilm thicknessis calculated from the normalized spectrum

e For films< 80 nm (thin film program)

+ Measurereflected intensity from substrateat 550 nm. measurer efl.
intensity from film at the same wavelength

+ Calculatethickness from intensity ratio

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

What can (and can't) the Leitz do?

Minimum measurement area = 2 um by 2 um. Yes, thisis very
small. But the signal to noise ratio, and hence the accuracy,
improves as the area gets bigger. So make sure your sample has a
nicelarge areafor Leitz measurement.

The Leitz can measure the thickness of the top layer of a film-on-
film-on-substrate sample (e.g. polysilicon on SiO, on Si). You must
know the thickness of the intermediate layer within 10%. Also the
intermediate layer should be no thicker than 200 nm. (Empirica
observation by yours truly for polysi on Si0,. You are welcome to try other

combinations. If you find combinationsthat work with thicker intermediate
films, please tell me.)

If the film and substrate have refractive indices that are very close
(like polysilicon on silicon) don't expect good results. It helps to
have an intermediate layer of a different refractiveindex.

HN’N CNF NanoCourses ¢ Measurements, page 18 I..__j: ]RI?:: I.—'I ‘.]._.
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What can (and can't) the Leitz do?

Film thicknessrange =10 nm to 15 pm.
Accuracy < + /- 2t0 5%
for films> 100 nm depending on material,
<2nm for films< 100 nm.

HN’N CNF NanoCourses ¢ Measurements, page 19 I..__j: ]RI?:: I.—'I ‘.]._.

First Thing to Remember:

e DON'T BELIEVE EVERYTHING YOU READ !!!

e Whilethisinstrument is quite sophisticated, the principal is
such that the software s easily confused

e When trying something" unconventional" for thefirst time
(e.g. SO, on PMMA on GaAs), it isa good ideato verify the
measur ement via some other technique

HN’N CNF NanoCourses ¢ Measurements, page 20 I..__j: ]RI?:: I.—'I ‘.]._.
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Second Thing to Remember:

e DON'T TRY TO FOOL IT It

e |tiseasly fooled.

+ For example, if you tell it tomeasure Si0, and you really have
photoresist, it will give you an answer that it thinksisperfectly logical

e Make sureyou have an area largeenough to measure

e |f you are measuring film on film make sure you know the
thickness of the inter mediate layer

HN’N CNF NanoCourses ¢ Measurements, page 21 I..__j: ]RI?:: I.—'I ‘.]._.

Example 1

Examples of samplesthat can and cannot be measured:

Oxidize Silicon - Thermal Oxidation
Pad Oxide - 30 nm

P-Type Silicon

Yes. Usethin film or thick film programs.

Silicon Nitride Deposition - LPCVD

Nitride- 90 nm

Pad Oxide - 30 nm

P-Type Silicon

Yes. Usenitride on oxideprogram.

HN’N CNF NanoCourses ¢ Measurements, page 22 I..__j: ]RI?:: I.—'I ‘.]._.
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Pattern Definition - Photolithography

DN e NN

Nitride- 90 nm

Pad Oxide - 30 nm

P-Type Silicon

No. Cannot measure 3-layer structure. However, you can ignorethe
30 nm pad oxide and get good results.

Useresist on nitride program.

HN’N CNF NanoCourses m - Measurements, page 23 I‘"..‘: ]IE:\; Iu_'l I] "

Example 3

Grow Gate Oxide- Therma Oxidation

— —
_

15 nm Gate Oxide [ Ssio,

p-type Si \_

Yes, provided the gateareais at least 2um x 2um.
Usethe thin film program.

HN’N CNF NanoCourses m - Measurements, page 24 I‘"..‘: ]IE:\; II_.I .] =
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Example 4

_'_"'--..HM Deposit 300 nm polysilicon - LPCVIi/’__—
_\_\""'\-\.\ H\-._\_‘_ . ‘.___,..-'-"'_'_

Sm—

352w gl

10w Bt Swire | BER

Yes. Usepolysilicon on oxide program.

T 7. LPCVDsiicon dioxide (LTO) e
ey e DR Bl T
— e preters SRR S—
Ty R — _r""
—— Sty D | B3
Ltk » . M 54
__--.-J. e A lLH""-\-\_ \H\"‘-\—\__

No, in gate area (3 films).

Yes, in source-drain area provided the area islarge enough.
Use oxideon Si and ignore 15nm gate oxide.

HN’N CNF NanoCourses m - Measurements, page 25 I-"..L ]IE:"’ I.—'I I] =

Ellipsometry

Apparatus:

Substrate

HN’N CNF NanoCourses m - Measurements, page 26 I-"..L ]IE:"’ I.—'I I] =
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Ellipsometry

e Principal:

+ Monochromatic light (633 nm in our case) passes through two
polarizing grids.
+ Thefirstiscalled the" polarizer," the second isthe" compensator."

+ Thisproduceslight that is elliptically polarized. Thislight reflects off
the sampleand experiences a changein the ellipticity of polarization.

+ Athird polarizing grid, called the " analyzer," is adjusted alongwith
the polarizer to achievea reflected signal of minimum intensity.

+ Thisiscaled a"null." Thepositions of thepolarizer and analyzer are
recorded at this point.

HN’N CNF NanoCourses ¢ -, Measurements, page 27 I..__j: ]R.?:: I.—'I ‘.]._.

Null Points

e Null pointsare measured in four " zones," corresponding to the four
guadrants of the ellipse. The positionsof the analyzer and polarizer
for all four zones arefed into a computer which calculates A and .
These are anglesthat describe the shapeof the ellipse. From thisthe
program calculatesthe thicknessand refractive index of thefilm.

e Very accurate and precise (+/- 1 monolayer for some films).
e Can measurefilms< 10nm thick -- >

e USE INSTEAD OF LEITZ FOR FILMS< 20 nm.

e Can measurerefractiveindex of bare substrates.

e Maximum film thickness1 pm.

e Refractiveindex of very thin filmsmay be different than that of
"bulk" material so you may have to assume an index (i.e. fudge it).

HN’N CNF NanoCourses ¢ -, Measurements, page 28 I..__j: ]RI?:: I.—'I ‘.]._.
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Before passing through film
y

After passing through film
A =ylxt

¥ = Phase shift

Spot Size

e Spot sizeislarge- 1 mm diameter. Measurement area should
be 0.5 cm by 0.5 cm. The bigger the better.

e Refractiveindex of film should belessthan 3.0 --> you can't
measur e polysilicon.

HN’N CNF NanoCourses ¢ Measurements, page 30 I..__j: ]RI?:: I.—'I ‘.]._.
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Practical Thin Film Analysis
What is |t?

Auger Electron Spectroscopy

by
Lynn Rathbun, Ph.D.

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

HN’N CNF NanoCourses ¢ Auger & Analysis, pagel I..__j: ]RI?:: I.—'I ,_].__

Auger Electron Spectroscopy

e Oneof several techniquesfor materials analysis commonly used
+ Surface analysis
+ Thin film analysis
+ Not bulk analysis

+ Auger Electron Spectroscopy
+ Auger

+ Auger Microprobe

+ Scanning Auger Spectroscopy
+ Scanning Auger Microprobe
+ AES

+ SAM

HN’N CNF NanoCourses ¢ Auger & Analysis, page2 I..__j: ]RI?:: I.—'I ‘.]._.
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Auger Transition

e Radiationless electron transition in an atom

e Fluorescenceyield dominatesonly for transitions > 10K eV, i.e.
certain heavy atomstransitions

e Kineticenergy ~E, -E\,;-E\ s P /!
M2 3 -0—0—0—0—0—0—/

Ml o—o // —o—o—
l/ Photon l
L —e—(— 7—0—
\"Core Hole"
Fluor escence “Auger”

HN’N CNF NanoCourses ¢ Auger & Analysis, page3 I..__j: ]RI?:: I.—'I ‘.]._.

Auger Transition

e Electron of afixed energy,
independent of excitation
method

e Characteristic of atom
e Not an energy loss process

e Labeled by the 3 atomic B —00—
shellsinvolved, i.eKLL,
LMM, LVV, etc

e Commonly Kinetic energies
up to 2500 eV

K.E.ABC -~ EA' EB' EC
A —o—(—
NNIN ... & oo [G80NEE

Auger, page 2



Auger Transition Bands

e A set of energy bandswith
unique transitions for each
element

csmeas am o Copanr Cu . .29

" ' — . -

E =3ke¥ |

. m-c——

- ® o —— -
-

—

—_— . . ———a . |
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Spectral Example, 2
- - e Q= 21‘
.
“‘\m Jr‘.,-_
e %{ln /
"
Xl .
- 0 (2] 2 - ] -‘- * [C L
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Excitation

e Auger decay presumesa “corehole” i.e. an excitation
e High energy electron beam impacting a solid surface

e Threshold varies 200-2000 eV range Excitation Beam
KeV
\
Sample Excitation Volume

Micrometer size

HN’N CNF NanoCourses ¢ - Auger & Analysis, page8 I..__j: ]RI?:: II_.I ,_].__

Auger, page 4



e Atomswithin entire bulb
are being excited

1
e Decay by Excitation Beam
+  X-ray fluorescence Emitted
mitte
+  Auger electrons KeV Electrons

e X-rayseasly escape
e Electronscan only easily
escape from surface \ ! Xrays
without energy loss &
Sample \ 7/
/;;ation Volume

Micrometer size

HN’N CNF NanoCourses m - Auger & Analysis, page9 I..:L‘: ]RI?:: I.—'I :]_.

Electron Escape Depth

)
g

z N
~ay
x
g 20" .._" ﬁu Nﬂ
3 A
o 10 A5 e nq $"wt W
§ [ W ha r.-.:- 1 e L
A Fr'l  au = M3 :
b Aol p N 1
K18 H 1 | ) : Llleal &
e Juo £a 120 200 SN 0 10

FLOC T NO LNLRIGY ey]
e Elastic Mean free path for electron in solid isvery short

e Unscattered “ Auger” electrons only come from the very
surfaceregion.

e VERY SURFACE SENSITIVE
NNIN e @ i [ROLIMERE

Auger, page5



Surface Sensitive !!!

1
Excitation Beam
Emitted

KeV Electrons
\ v Ays

Sample \

Excitation Volume

Micrometer size

\

Very Small Effective Volume

HN’N CNF NanoCourses m - Auger & Analysis, page 11 I-':..‘: ]R.?:: I.—'I :]_.

An Auger Spectroscopy Tool

e |f wecan excite and detect Auger electronsfrom a solid —
we can identify atoms!!!

« Surface Sensitive

= Clean Surface
+ UHV

e An Ultra high vacuum, SEM liketool, with an energy analyzer

HN’N CNF NanoCourses m - Auger & Analysis, page12 I-':..‘: ]R.?:: I.—'I I]

Auger, page 6




N(E) vs E Spectrum
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Derivative N(E) vs. E Spectrum
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Carbon Auger Spectrum
- - - Corbon [ 26
B - -0
| !
E, =¥ I
.' ! .
" |
I e _»ﬂ""l | e —— T mme—— et p—
' ,,.._-' ' f
LI '
o !
LA
t !
I f
i !
|
@
R e A
HN’N CNF NanoCourses m - Auger & Analysis, page15 I..:L‘: ]RI?:: Iu_'l !]_.

Auger Spectroscopy

e Elemental Analysis Technique
+ What atoms not what molecules
+ Not chemical analysis

e Surface Analysis Technique
+ Not bulk

HN’N CNF NanoCourses m - Auger & Analysis, page16 I-':..‘: ]RI?:: I.—'I :]_.

Auger, page 8



Limitations

e Insulators
e Electron beam sensitive materials

e Interferences
+ Peak overlap

HN’N CNF NanoCourses m - Auger & Analysis, pagel7 I‘"..L ]IE:‘O’ Iu_'l I]_

Cobalt and Copper Superposition

|
I P, P
f (T _1 I|
- ,.ll :i s
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Capabilities

e Senditivity to approx. 1%

e Quantity Accuracy
+ Limited
+ Empiricd “sensitivity factors’
+ 1-5%
+ Surfacenot Bulk !!!

e Resolution
+ Limited by ebeam size and current
+ <100 nm lateral
+ Bigger beam==> more current ==> more signal

HN’N CNF NanoCourses m - Auger & Analysis, page19 I-':..‘: ]R.?:: I.—'I :]_.

Accuracy limitations

e Surfacevs. bulk

e Matrix effects
+ Electron scattering

e Chemical effects

+ Small changesin peaks efect accuracy even if not useful for “chemical”
identification

HN’N CNF NanoCourses m - Auger & Analysis, page20 I-':..‘: ]RI?:: I.—'I I]

Auger, page 10



Scanning Auger

Combination of SEM imaging
techniques with Auger
depection
+ Poaint analysis

» Best SN
+ Compodtion var. along a line
+ Compostional “maps’

= Low SN

= Qualitative

Auger & Analysis, page2l

NNIN ... &

Use of Scanning Auger

e FailureAnalysis

e Process documentation / characterization

. 3% T
HN'N CNF NanoCourses a_— Auger & Analysis, page22 ‘__ I. .':I'\. g E.I |
Pl L - W - |

Auger, page 11



Residue Study: Example
9
S5, .
wetaren
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Thin Film Analysis

e Auger isfundamentally a surface analysis technique
e What about under the surface
e Slowly erode surface and look at surfacevs. time

e Destructive
+ Auger depth prdfiling
+ Auger sputter profiling

HN’N CNF NanoCourses ¢ - Auger & Analysis, page24 I..__j: ]RI?:: II_.I ,_].__

Auger, page 12




e Arions Excitation Beam

P 500_5000 ev Argon lon Beam

e 10 A/min - 1000 A/min Auger Electron
e Depthsto~1pum

ayer
Sam ple

e Erodeacrater

e Monitor signal vstime Excitation Beam
Argon lon Beam

Auger Electron

HN'N CNF NanoCourses m_— Auger & Analysis, page25 _I._ E, .':I: “\- E-.I .I

e Destructivel!

Auger Depth Profile

Excitation Beam

Argon lon Beam ] = ] I
1
/Jger Electron /; /\/ :| ‘/\/ :
illaliull et
] — .

Excitation Beam

Argon _lon Beam

. .
Auger Hectr a mtemeer B |
Loy i '
Sample|
! I
.\_
Excitation Beam . = T —

* — e —— ey @ B aly S S
Argon _lon Beam - - .
Yim~ -
Auger Electron I . .. .
HER ) -

-
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Auger, page 13



Auger Depth Profile
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CORNELL

HN’N CNF NanoCourses ¢ Auger & Analysis, page27

An Auger Depth Profile is NOT ===

e Composition vs. depth ----- NOT NOT NOT!!!

e Signal vs.time ----Yes

e Assumptions:
+ Composition asa function of signal

+ Depth asafunction of time

« Uniform

CORNELL

HN’N CNF NanoCourses ¢ Auger & Analysis, page28

Auger, page 14




Micromasking and Roughness

IMFURITY SEEDHMNG (MICROMASKING
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THE COMPOSITION ON THE
CRATER BOTTOM THAT T Sams
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Depth Profile Artifacts

a) Sample

bj Auger H.-:u-ll:;

&) Surlacse

HN’N CNF NanoCourses m - Auger & Analysis, page30 I‘"..‘: ]IE:‘:: II_.I .]__

Auger, page 15



e Near surface
+ 3nmin good case
+ 10 nm common

e Worsethe deeper you go

e NOT A TOOL FOR MEASURING DEPTHS

HN’N CNF NanoCourses m - Auger & Analysis, page3l I-':..‘: ]RI?:: I.—'I :]_.

High Quality Depth Profile
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Ohmic Contact Example

Au 1000 A
—fg 1000 R
Rube 750 R

N 108 R rg&’f!ﬁfﬁfﬁf@

A 3 B EFEXEXNERINERERELRT

2 & eleciron gas Gaofs

GafAs Subsirate
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Ohmic Contact Profile
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Summary-Depth Profiles

e |on Milling allows extension of surface analysis technique into
thin film analysis

e Localized high resolution depth profile

e Other methods of thin films analysis

HN'N CNF NanoCourses m_— Auger & Analysis, page35 l I- .':I: “\.‘ E-.I .I

Scanning Auger

e Powerful tool for surface
characterization on a
submicron scale

e Reasonable sensitivity
e Reasonable accuracy
e Reasonable speed

e High spatial resolution
imaging !!

HN'N CNF NanoCourses m_— Auger & Analysis, page36 l I- .':I: “\.‘ E-.I .I

Auger, page 18



Auger Microprobe is----

e Not atool for chemical analysis

e Not atool for insulators
e Not atool for trace elements

e Not atool tomeasure film
thicknesses

e Not atool for bulk analysis

e Pick theright tool for thejob

HN'N CNF NanoCourses m_— Auger & Analysis, page37

Electron Spectroscopy
for Chemical Analysis

HN'N CNF NanoCourses m_— Auger & Analysis, page38 l I- .':I: “\.‘ E-.I .I

Auger, page 19



Chemical Information

e Auger
+ Elemental Information Only
+ Peaksarewide

e Chemical Information
+ Bond type
+ Valence
+ Compound identification
= Graphitevs. diamond vs. CO vs hydrocarbon..etc

HN’N CNF NanoCourses m - Auger & Analysis, page39 I-':..‘: ]RI?:: I.—'I I]

ESCA or XPS

e Xray photo-emission Fluorescence Auger

e Electron spectoscopy for / /
chemical analysis s "“‘“‘7/ e

J/ Photon J
L ——(— —eo—0O0—

e A photo-emission process ” /

. x rayin Core Hole

+ Electron out Photoemission

+ A single core dectron process

HN’N CNF NanoCourses m - Auger & Analysis, page40 I-':..‘: ]RI?:: I.—'I :]_.

Auger, page 20



Electron Transitions

e Auger Auger /
3 electron process

- -0—0-0—0-0—0—
+ Wide ——
e Photoemission l
_._O_

+ 1 éelectron process /

+ Coredectron

"Core Hole"
= Sharp narrow level
+ Bondingintovalence L
levels changes cor e levels N Photoemission
sllght!y by screenlng. ¢
+ ldentify type of bonding N
N
AN
A

HN’N CNF NanoCourses m - Auger & Analysis, page4l I..:j: ]R.?:: II_.I .]

XPS

[ J K E :hV'Eb

e Typically fixed energy x ray source ~ 1 keV

e Accurate measurements of absolute peak position
. <0lev

HN’N CNF NanoCourses m - Auger & Analysis, page42 I-':..‘: ]R.?:: I.—'I I]

Auger, page 21



XPS Spectrum
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XPS as an Analytical Tool

Tables of peak positions
+ Typeof bond o type of bonded species

X ray source
+ Not focused wdl
+ Poor spatia resolution
+ 01-1mm

Surface Sensitive
+ UHV

Can do insulators
+ Not significant charging effects

HN’N CNF NanoCourses ¢ Auger & Analysis, page44 I..__j: ]RI?:: I.—'I ,_].__

Auger, page 22




XPS as an Analytical Tool

e Quite complementary to Auger

e Sacrifice spatial resolution and scanning for chemical
information and insulator s

e Common analysistoolsin most industrial laboratories

e Research systemsat CU but no generally accessibledrop itin
analytical tool

HN’N CNF NanoCourses m - Auger & Analysis, page45 I-':..‘: ]RI?:: I.—'I :]_.

Secondary lon Mass
Spectr oscopy

HN’N CNF NanoCourses m - Auger & Analysis, page46 I-':..‘: ]RI?:: I.—'I :]_.

Auger, page 23



Secondary lon Mass Spectroscopy (sims)

e |onBeamIn

+ Argon
. Cesum lon Beam
+ Oxygen
Ejected Sample
Atoms and lons
e Sputtered Sample Out
+  Inherently destructive = B

e Analyzeionsnot atoms

+ Major problem
+  Element variations
+  Conductivity variations

HN’N CNF NanoCourses m - Auger & Analysis, page47 I‘"..‘: ]IE:\; Iu_'l .]_.

e Incredibly Sensitive for some materials
+ Wide variation in sensitivity and detectibility
= Between elementsand between samples and compounds (conductivity)
+ Sensitivity to 1015/cc for Phosphorusin Si
= Vs. 1019 or more for Auger/ESCA

e Quantitation isdifficult

HN’N CNF NanoCourses m - Auger & Analysis, page48 I-"..L- ]IE:\; I.—'I .]_.

Auger, page 24




SIMS Applications

e Dopant Profiles

e Commercial services have best characterized instruments

HN’N CNF NanoCourses ¢ - Auger & Analysis, page49 I..__j: ]R.?:: I.—'I ‘.]._.

Summary:

Thin Film and Microanalysis

HN’N CNF NanoCourses ¢ - Auger & Analysis, page50 I..__j: ]RI?:: I.—'I ‘.]._.

Auger, page 25




NanoCourses 2004, Section 4

Practical Thin Film Analysis
What is |t?

Atomic For ce Microscopy
(AFM)

by
John Treichler

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

HN’N CNF NanoCourses m -, AFM, page1l l'..E ‘“E:':: I._'I .] =

Overview of AFM

Probe scans surface
Surface interacts with probe Image produced
Surfaceinteraction isinterpreted o

+ Topography W

+ Friction/Adhesion

+ Viscodlasticity

+ Electric/lM agnetic fields
Two modes used at Cornéell

+ Contact

+ Tapping

HN’N CNF NanoCourses m - AFM, page 2 I.._lF: "IE:‘:: II_.I .] "
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Advantages of AFM

e Nondestructive measurements

e Angstrom to nanometer
resolutionin x, y,and z

e Material properties

e Can better separate between

height and material
differences

e Dataformat offers easy
analysis of many surface
characteristics

+ Roughness
+ Arbitrary diceangle
+ Datamay be filtered

NN'N_ CNF NanoCourses u: AFM, page 3 ‘ [ ]I": ".":. t! |

Limitations of AFM

e Surface prdfileisalways
convoluted with tip profile
+ Meawured sdewall angleis
limited to tip angle
+ It can bedifficult to separate
surface and tip profile
e Limitedrangeinx, y and z

e Surfaceswith loose particles
can not becleanly imaged
e Tip contralisnot clased loop
on CNF AFM
+ Small slope changescan not
be separated from
piezocrystal nonlinearities
e High resolution scans can be
time consuming

NN'N_ CNF NanoCourses u: AFM, page4 ‘ [ ]I": ".":. t! |
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e Tip deflection is sensed by reflected
laser spot on photodetector

e Tipismovedin X,Y and Z by
piezocrystals
+ Maximumrange: 100um X & Y, 5umZ
+ 16 bit DACs, scan, scale (14 bit Z), and offset

Photodetector

Quadrant

Display Piezo
le— Control

vibrated near resonance by an
additional piezocrystal in tip holder

e For tapping mode, tip on cantilever is

NNIN ... @&

AFM, page5

CORNEL

Contact Mode

e Tip maintains contact with surface
e Can measurefrictional forces

e Can damage softer samples

e Not in common use at Cornell

Contact Tip
Shar pened

NNIN ... @&

AFM, page 6

CORNEL
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Contact Mode

e Samesample
» Dataare: height, friction, and deflection

Height Friction Deflection

HN’N CNF NanoCourses m AFM, page7 I‘".F" ‘“El":q !I_.I .] a

Tapping Mode

e Tip on resonating
cantilever makes
inter mittent contact
with surface

e Amplitude of
oscillation decreases
astip strikes surface

e Avoidsfriction and
adhesion to surface
fluid layer or
trapped charges

BladeTip
Tapping Mode

Supplied Tip
Radiusis5to 10nm

HN’N CNF NanoCourses m AFM, page 8 I‘".F" ‘“El":q !I_.I .] a
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e Phaseof cantilever
relativetodriving
voltage can be
plotted

e Phase plots can show
variationsin
composition,
adhesion, and
viscoelasticity

e Surfacecan
simultaneously be
scanned for height
and phase

NNIN

AFM, page9

CNF NanoCourses g

CORNELL

Phase and Interleave Scanning

e Interleavescanning

+ Surfaceisscanned
for height, tip is
lifted, and surface
isrescanned for
phase

+ Used to image
electric and
magnetic fields

NNIN

CNF NanoCourses g AFM, page 10

CORNELL
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Tapping Mode, Images From Users

HN'N CNF NanoCourses m_— AFM, page 11 I_ .F' ‘:I:l"‘!. E:I ]

e Improper scan parameters

e Dirty or worn tip profileis
convolved with sample' s profile

e Dirty sample
e Vibration
e Sampletoo flexible

HN'N CNF NanoCourses m_— AFM, page 12 I_ .F' ‘:I:l"‘!. E:I ]
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