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Chap 4. Scanning Electron Microscopy

« Seeing the Nano World: Because visible light has m

wavelengths that are hundreds of nanometers
long we can not use optical microscopes to see

infto the nano world. Atoms are like boats on a sea
compared to light waves. N R W

« The first electron microscope was produced by Max Knoll and Ernst Ruska in the 1930’s.
« There are many types of electron microscopes. These include
« TEM transmission electron microscope

« SEM scanning electron microscope
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» General infroduction to Electron Microscopy

» Theoretical background

* Instrumentation

« How to get a good image? A Guide to SEM operation

« SEM Attachments (Composition analysis)

Applied Nanomaterials & Dévices LAB.
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The Scale of Things

Things Natural

Human hale

~212 e camener =
Atome of elicen

spacing ~fantfs of nm
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Things manmade

LN

MicroElectroMechanical devices
10 -100 um wide

Head of a pin
~1-2mm

Observation Tools

Naked Eyes
(0.1 mm)

OM
x10-2.000
(0.1-1 pm)

>
x SEN

# SEM
x10-1.000k
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Imaging of Nanomaterials

Limits of human vision

20x 20 50 x 50 100 % 100

Applied Nanomaterials & Dévices LAB.
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Light Microscopy
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Comparison of Microscopy

TEM SEM
) OM (Transmission (Scanning Electron
(Optical Microscopy) Ejectron Microscopy) Microscopy)

Image in eye

Cathode

Anode
Ocular lens
Anode

Condenser —
lens

Condenser

lens
Specimen Scanning

coil

Scanning

beam
Objective
lens
Specimen Electron Electronic

detector amplifier
Condenser Viewing window
lens
Projection
lens

Lamp Mirror Image on Specimen Image on Television
viewing screen viewing screen screen
Light microscope Transmission electron Scanning electron
microscope microscope
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Comparison of Microscopy

OM TEM
llluminating Beam Light beam Electron beam Electron beam
Wavelength 200~750 nm ~0.086 nm (20 kV) |~0.0025 nm (200 kV)
Resolving Power ~0.1~1 pym 1 nm 0.1 nm
Magnification 10 ~ 2000 X 20 ~ 1,000,000 X 50 ~ 2,000,000 X
Medium Atmosphere Vacuum Vacuum
Lens Optical (glass) Electromagnetic Electromagnetic
Focal Length Fixed Variable Variable
Dept of Focus Small Large Large
et [

Applied Nanomaterials & Devices LAB.
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Theoretical Background: Rayleigh’s Theory

* Light wave

A

LA

T

J v

» Light diffraction

distance ——»

/\ Lens Image
( \ signal
e >
s I
y 47
Applied Nanomaterials & Devices }
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A = wave length

E = amplitude of
electric field

M = amplitude of
magnetic field

Airy disk
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Theoretical Background: Rayleigh’s Theory

Intensities

« Reyleigh Limit - /
9mm
Ornin
Y Object 1
Obiject 2 Y
—1.224 1.222
Slge 1ee
Airy disk (a) (b)

R: Resolution limit —» Rayleigh Limit

* Resolution of Optical Microscopy (R)

0614 0614 0.61

R - : ——=05-1 and A_._ =400 ~ 800 nm
N, ny s & n, s & min
' ~ ), : wavelength of light
b N N . R >~ 200 nm
~ 1 : index of refraction

|~ 8 convergence angle This is termed Far Field Optics!
Applied Nanomaterials & Devices LAB. (Uil S it DNE:
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Theoretical Background: De Broglie's Theory

« Wave-particle duality

All matter (any object) has a wave-like nature

h ~ ). : wavelength of light
1 . .
= — p = my » h:index of refraction

p » p:convergence angle

« Resolution of electron microscope

: h ,
A A =—= —F =el =lmV'
p my

b [0

- ~ 2melV |4

Wave of electrons in the electron microscopy !!

R

112

kinetic

IB objective

12

[A]

If V=150V, then A=0.1 nm
Resolution 1s limited by the lens defects

: - bl 0 A, then R = 1-3 A (atomi lution limit
Applied Nanomaterials & Dévices LAB. e (atomic resolution limit)
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Why Imaging by Electron?

: Aberration-
1 corrected EM
N
£ 10f
o ) Electron
Photon Electron "3 : Microscope a
Energy 2eV 10 keV = 100¢ !
Wavelength 600 nm 0.012 m, <= | o ;5';'“” :
NA 1.2 0.01 1000 i
Resolution > 500 nm ~nm 3
10%F
§ ight Microscope
105§.11-:-1-1.111-1.:.1.1

1800 1840 1880 1920 1960 2000 2040

+ Spatial resolution versus year for microscopes

Applied Nanomaterials & Dévices LAB.
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|
Elastic and Inelastic Scafttering

» Elastic scattering: backscattered electron, diffraction
: results from the energetic electrons with the nuclei of the atomes,
partially screened by bound electron
. affect the trajectories of the beam electrons
. doesn’t alter significantly the electron energy

* Inelastic scattering: Secondary electron, Auger electron, X-ray, CL
:result in a transfer of energy to the solid
. limit the range of travel of the electron
. excitation of conduction electrons leading to secondary electron

emission
EO EI < Eo

Applied Nanomaterials & Devices LAB. .
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Backscattered Electrons & Secondary Electrons

 Backscattered Electrons

- Produced by interaction between incident Number Of [[{ Encoraary
Electrons
Produced

electrons and nucleus

« Brightness directly related to mass of elements L
15 18 24 30

6 5 12
« Compositional information

Energy Of Electrons (keV)

- Secondary Electrons -
* Produced by energy loss from deflected b
electrons (Energy less than 10-50 eV) o
« Signals from nanometer layer
« Edges look bright, flat planes look dull .
* Morphological information ]
,, 20 o 60 8 100
Applied Nanomaterials & Dévices LAB. , Atomic Number ,
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X-Ray

o X-rays

* Produced by inelastic collision between primary beam electrons and atoms

approximately 1000 nm deep within the specimen

« Continuous X-ray

« Characteristic X-ray: elemental Analysis

! I & E
ra
o [ t
o [bw=Eq /
7 ¢ 2/ [
I 3 [ 3
w (o) (e )|§ o ) o
hw=E, ! / ‘\‘ l‘ A |
] E ,
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o f{ o | o |o
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i ¢ \*t, s
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E« %

Continuous X-ray

Applied Nanomaterials & Dévices LAB.
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Interaction Volume

« Acceleration Voltages

Surface Of
Specimen

10 keV

1um

30 keV

« Effect of atomic numbers

Surface Of
Specimen

Silver Uranium

Applied Nanomaterials & Dévices LAB.
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Depth of Genero’non of VCH’IOUS Quanta and their Spatial Resolutions

: "

:Secondary Electrons 'Secondary Electrons

:Created By Beam Electron ry;

: ; Backscattered Electron :

Specimen g

Surlaice S olere 3 o At \ o AERBBIELLRR G 1 - oA B AR AR &oondary Electron
.................. ) 8 A N L e o A e a8 s Eseape one :

!

Secondary Electrons
................................................. o bt v L L RC LIPS MR
Signal / Mode Purpose of SEM Information
+ Secondary electrons (SEI) Topographical observation of surface Morphology
+ Backscattered electrons (BSE) Compositional observation of surface Atomic composition
+ X-rays (EDS or WDS) Elemental analysis of specimen Atomic number
*Cathodoluminescence (CL) Internal Characteristics observation Bandgap, impurities

Applied Nanomaterials & Dévices LAB.
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Instrumentation: Structure of SEM

~ Electron Gun Column

~ Optic
~Condenser Lens (CL)

~ Apertures

~Scanning coils

~Objective Lens (OL)

~ Detectors Chamber

~ Specimen Stage

UEBA
~ Vacuum system :
~ Display Screen B IMEIA

~ Electronics and Controls| M4

Applied Nonhomaté
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SEM In YouTube

http://www.youtube.com/watch?v=bfSp8r-YRwO&feature=related

http://www.youtube.com/watch?v=IrXMIghANbg&NR=1

Pt 176 of 6
http://www.youtube.com/watch?v=c7EVTnVHN-s&NR=1
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http://www.youtube.com/watch?v=bfSp8r-YRw0&feature=related
http://www.youtube.com/watch?v=bfSp8r-YRw0&feature=related
http://www.youtube.com/watch?v=bfSp8r-YRw0&feature=related
http://www.youtube.com/watch?v=lrXMIghANbg&NR=1
http://www.youtube.com/watch?v=c7EVTnVHN-s&NR=1
http://www.youtube.com/watch?v=c7EVTnVHN-s&NR=1
http://www.youtube.com/watch?v=c7EVTnVHN-s&NR=1

Electron Gun

Thermoionic emission gun:

* Electron beam is produced by heat

emission.

* Low cost & Simple cathode

« Minimal Vacuum 104 torr

* Field emission gun:

* Electron beam is produced by electron
tunneling.
« Sharp tip point

« Several order brighter

Ultra high vacuum 10710 torr
Cold/Thermal/Schottky FE

Applied Nanomaterials & Devices LAB.
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Electron Gun: Thermionic Emission

Filament Heating Supply 0~ 2500V W filament
~107 torr

Filament

Image
field

Bias
Resistor
Vbias = ie Rbias

Wehnelt
Cylinder
(Grid Cap \

S High
Voltage
. Supply

=

Emission
Current ig

Metal7\x’ac1uu11

Beam Current iy

Low work function Materials | EW (eV) | T(operation) (K) | T(melt) (K)
High melting point W 45 2700 3643
Stable in mild vacuum
LaB6 2.5 1800 2800
Applied Nanomaterials & Déevices LAB. y N
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Electron Gun: Field Emission Gun (FEG)

ALK

Fiold Emission Tip

e

N

- "
\ Second e \
\\ FE -Emission D Anodo %
L4 - 1}.
£ ., e 2 \@ (strong E
¢ ;;;; /: /')///' ///1‘ et Adapté de L Reimer

\ =
Metal \\ vacuum Image formation in
low-voltage SEM

* Field emission gun: Cold emitter
Electrons "tunnel" through the potential barrier (w) when the applied electric field E
reaches some 10°V/m (quantum mechanic effect )
* Field emission gun by Schottky effect: Schottkey emitter
(intermediate case between thermionic and field emission):
No tunneling any more (W is too large): emission is similar to the thermionic gun, but lowering
A® of the barrier height by the electric field (Schottky effect) The cathode is also enhanced by

----- . LAB § value of @.
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Electromagnetic Lens

Incident e-beam

Lorentz force
by magnetic flux

F=-e(v XB)
Ebcvosv\hloeity e
Deasity
Force on A“V Force on

Positive Charge

Applied Nanomaterials & Devices LAB.
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Electromagnetic Lens: Ray Traces and Apertures

+ Aperiure

; s

Y
| XM
(1[ gty I]
a :
agax O | EEEISA)

AL

MEW#’/«;// i ///f

The aperture decreases the beam angle al diverging from the condenser

Z

lens to a smaller angle a, for the electrons emerging the OL
Applied Nanomaterials & Dévices LAB. ” A

r
H
=

2l
!

]

Electronics & Probes by Materials Engineering



Electromagnetic Lens Defects: Aberrations

Lenses can be used to focus light. Ideal lens

5,

Spherical aberration

Applied Nanomaterials & Dévices LAB.
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Astigmartor

Applied Nanomaterials & Dévices LAB.
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Before astigmatism correction After astigmatism correction

Electromagnet s
N o
\\ N y s
Electron Beam
-~

Corrected For

Astlgmatlsm 2 ‘
Astlgmatlc

Electron Beam Direction Of

70 % & D«%

http:// www.youtube.com/watch?v=NP5VckJ{v04
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http://www.youtube.com/watch?v=NP5VckJfv04

Influence of Astigmatism on Image Quality
« Astigmatism: the aberration caused by the machining accuracy and materials of the pole piece

|
|

i

IMinis
'/ B s ‘

Before
astigmatism
correction

Applied Nanomaterials &
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S

can coll: Scanning and Image Acquisition

TV screen

X.Y Scan

generators

Yy
"~ 2 detector

Specimen

Applied Nanomaterials & Devices LAB.
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Detection of Secondary Electrons

Eleciron Light
Scintillator - & ide Photomultiplier
3 +12kV p|pe

Farada
Cage .

Backscattered .'
Electron g
/\ 50V : Negative bias: BSE
o { 250 V: Positive bias: SE
gsaiion S Secondary
= Ground
—_

Scintillator Photo Multiplier (PMT) Scintillator: H& X EMN =2 9|

——>| < » THEE IHZ0| AL S 2Z Al
AV AW W — | 4V téb 'y
photo dynodes anode re)
eamode | \ PMT: YAt= 2|0 M BEO| AFE E[&=
Nal(T1) / -~ . . %IEH =,
4 | _E2EUI VNI S>SES
scintillation \ V Slgna19-| _E_A-I
photon current pulse
4\
- photo
electron

charged particle WW——AMW— +HV

Applied Nanomaterials & Dévices LAB. ”

>l
r2t
AT
=

o

E

]

Electronics & Probes by Materials Engineering




” ‘ ‘ Photocathode fgg%dgﬂﬁjge
; / o eintillato
b : {(+10 1-:'\:?\}\
Dk =
3 el phc
Ly~ U waveguide
Anode Dynodes Focusing
E —e
(XJ T A|_| 2) Electron Multiplier

(S3)

Applied Nanomaterials & Dévices LAB.
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Scintillator =» Nd (TI)
- dE8E
et

ELE)

Incident
el ectrons

(20 keV)

Secondary
™., electrons

"~-.!;1cl V)
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Detection of Backscattered Electrons

7 .Backscatte'r?ed

E,eegrgn@etecto, To collect electrons, the backscatter detector moves

M= o under the lens so the electron beam can fravel
F | through the hole in its center.

E-beam

COMPO

Semiconductor

TOPO

Applied Nanomaterials & Devices LAB.
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Detection of Backscattered Electrons to “Aid in Analysis”

Applied Nanomaterials & Devices LAB. " | | K
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Vacuum System
Positive displacement pumps : Rotary vane pump, the most common

2. Isolation

ml—

31



Vacuum System

Momentum transfer pumps: Diffusion pump, Turbomolecular pump

Jet cap

'y ‘ N -
Vapor jet - Cooling
/ .~ Water coils
A \—v nozzle
AN L]
1 A

chimney

® Gas atoms

® Sputtered Ti atoms Inlet

from EM

www. globalsino.com/EM/

Entraps pumps: Cryopump, lon pump

A% S I e A
80K baffle i e b et

bhadd

2nd Cold stage

Hydrogen
thermometer

Helium :
entrance Refrigerator

Magnet Ti cathode

cylinder | ¢ 5 v pe

power supply|




Low Vacuum SEM

Low Vacuum
SEM

Pressure
control valve

m

Trap Pump Pump No charging Neutralization of charge

Scattered electron lon Electron on a specimen

« HVSEM samples have to be electrically conductive and not produce vapors in a vacuum.
« LVSEM is a new innovation specifically designed to study wet, oil bearing, or insulating

materials (EX: Biological cells, plants, concrete, wood, asphalt and liquid suspensions)

Applied Nanomaterials & Dévices LAB. “

>l
r2t
AT
=

o
El

]

Electronics & Probes by Materials Engineering



Depth of Focus

(A) (B)

7 >
B
03 W
0¢ 1o
v 0

h of focus
—_—
-
N
/
T~

‘Dept

P\A

p—
.
/

The area within the depth of field appears sharp while the areas in front of and
beyond the depth of field appear blurry.

Applied Nanomaterials & Devices LAB.
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Effect of Objective Aperture and Working Distance on the DOF

« Effect of aperture size » Effect of working distance (WD)
If Aperture size { . then DOF T If WD T . then DOF T
2 /
Y B W
\\"D‘\ 7.
T WD
WS _
(11 >= a,

Applied Nanomaterials & Devices LAB. N
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Influence of Working Distance and Objective Aperture on Images

[ m Working distance effect : & /'™ Objective aperture effect :
OL aperture T. Depth of focus +
WD T, Depth of focus T = Resolution 4

=>» Resolution 7

(@) OL aperture diamater: 100pm WD: 38mm

- e P L 9 x>
A e anomateriais o bDevices g — ==
pp Electronics & Probes by Materials Engineeriﬁg 36 A /l\_-IEEH o I’_IT’L




SEM Images

Applied N
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SEM Attachments (Composition Analysis)

« Energy dispersive x-ray Spectrometer (EDS)

« Wavelength dispersive x-ray Spectrometer (WDS)

Applied Nanomaterials & Devices LAB.
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X-Ray Microanalysis

Applied Nanomaterials & Dévices LAB.

Electronics & Probes by Materials Engineering

« X-ray microanalysis (composition analysis):
X-rays, which are produced by the interaction
of electrons with the atoms in the sample, may
be detected in an SEM equipped.

EDS:
Energy Dispersive x-ray Spectroscopy
WDS :

Wavelength Dispersive x-ray Spectroscopy

>l
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EDS vs WDS

Energy dispersive x-ray Spectrometer (EDS)

[ e-gun ] Detector Electronics Computer

v v T
5 6 7 8
(]

Fig. 6.7 — Comparison of spectra from a steel (1.7 wt % manganese) at 20kV
taken using (a) WDS and (b) EDS; note the manganese Ka peak is not resolved
with EDS.

queleng’rh dispersive x-ray Spectrometer (WDS) A

Analyzmg - Fela Fag
e-glm J Crystal Nika
™~
2N
Focusing . &
“ Detector Electronics Computer P =
." J \ J Cuka

Applied Nanhomaterials & BDevices
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EDS : Energy Dispersive X-Ray Spectroscopy

— =T
| X-ray detector
= -

Electron beam

I¢ )peration -

Liquid nitrogen dewar

—

o A
-

Su(Li)

detector

display unit

Amplifier
R

analyzer

Multi-channel |

N

1]

EDS system block diagram

e

goid contact

Ptype Si

— SiLi)

= N type Si
~

~ gold contact

« Cooled in LN, temps, Si crystal converts X-ray photon into charge by ionization.

« Chargeis in’rero’red through the FET and is proportional to X-ray energy.
Applied Nanomaterials & Dévices LAB.
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Energy-Dispersive X-ray Spectroscopy (EDS, EDX)

AP

A Electron Beam
Proportional . Recorder RM
— M Counter Preamplifier
L g Single
Amplifier- Channel Scaler
Analyzer
Characteristic X-ray O-S;XPE%WH
( EKa = EL - EK ’/ v“Crys.tal
K Specimen
Solid state X-ray detector: Si(Li) — large solid angle & compact
0.1 ~5 um 0.1 ~5 um X-ray inside the solid state Si detector

EDS spectrum

In
Cu

In

Cd

1 2 3 4 S =] 7 8 9

Energy / keV

emission of photoelectron by photoelectric absorption
generation of electron-hole pairs by inelastic collision with the
photoelectron

measurement of the induced current

measurement of the energy of the characteristic X-ray

L7 N

In EDS, it is difficult to detect the elements below Na (EK<1keV)
- small x-ray emission yield

- large noise ( large Bremsstrahlung x-ray )

- large absorption at low energy by Be window
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EDS Example

A cast iron sample

SEM C map S1 Map Fe map

e

V CastFe M=l E3 |} " CastFe _CKA .’Cuz!l__uc;lkA_ Hml_:j ".”’_f_‘j_x‘s'lfg,'FyK'A_‘A!mm

e FS: 32000
CKAI ]
SIKAI
r Ll A A l
5 10 15

Applied Naonomaterials & BDevices
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Small Area Analysis and Element Mapping by EDS

Depth and lateral resolution of EDS
= 0.1~5um depending on Eo, ©, detection element and material density.

- Particle or small area analysis is possible with EDS

- Before particle or small area analysis, the lateral resolution must be

calculated.

Intensity (a.u.)

Device imaging

Electronics & Probes by Materials Engineering

Applied Nanomaterials & Devices L

(e)
Co
Cu
‘ Co .
a Energy (KeV) 6 8 10

==

SiKa

AlKa
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Operation Principle of WDX

Condenser lens

Probe current detector

Optical microscope Objective mini-lens

Secondary
electron detector

Backscattered electron ™ X-rays

Applied Nan8&

Electronics & Probes by Materials Engineering

Electron beam

Specimen

|

|
{_X-ray spectrometer

X-rays

% \
Proportional -

counter

45

Analyzing crystal

= . . =
Dl_purnlntan + display unit

Measuring

system

WDS system block diagram

Image CRT
sclector
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Operation Principle of WDX

Bragg’s Diffraction Law

nA = 2dsin@

n . Diffraction index

©: Incident angle

A Wavelength:

d ' Interspacing distance

Y Daven N mm

X-Rays Of Short C
Electron Waveylength Diffracted A
By Crystal

—
it

Long Wavelength 9c Short

Applied Nonhomate

Electronics & Probes by Materials Engineering
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Electron Backscatter Diffraction (EBSD)

» Effect of the rotation and tilt of single crystal
5|I|con on the EBSD pattern

2 \ 4
P
3 \
D i
/
L

crystal rotation

> S <
. y
’ ° N f
., 0 i
v <
° . °
» <
¢ », i
°
. ..O
’
o

CCD camera +lenses  Phosphor screen Specimen

crystal tilt

EBSD can be used to confirm the orientation of
polycrystalline

Applied Nanomaterials & Dev i
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Summary |

Electron beam

Auger electron:
composition Backscattered electrons:
atomic composition and

X-ray : N topography

atomic number

Secondary electrons:
Light (CL): <+ _Shabdane———""""" " topography

optical propertieg®s ,
i !

The SEM is a type of electron microscope that images the sample surface by scanning it
with a high-energy beam of electrons in a raster scan pattern.

The electrons interact with the atoms that make up the sample producing signals that
contain information about the sample's surface topography, composition and other
properties such as optical property, and electrical conductivity.

Applied Nanomaterials & Dévices LAB.
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