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What are the learning objectives ?
* General background

* Technical Principle : different components of SEM
e SEM : where do the images come from ?

* Adjustment and optimization parameters



Spectral methods and analytical imaging:

SEM, AFM, IR, RAMAN, near IR, basics of chemometrics
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Microscopy techniques :

 SEM : Scanning Electron Microscopy,
 TEM : Transmission Electron Microscopy,
 SPM : Scanning Probe Microscopy ( AFM : Atomic Force Microscopy,
STM : Scanning Tunnelling Microscopy)



Microscopy techniques :

e SEM : Scanning Electron Microscopy,
* TEM : Transmission Electron Microscopy,
* SPM : Scanning Probe Microscopy ( AFM : Atomic Force Microscopy,
STM : Scanning Tunneling Microscopy)

SEM, TEM and AFM images of a silicon
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Sample surface’s Sample’s structural information : Sample surface’s
Morphology, electrons are passing through the sample topography
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Short history of SEM

* 1926 : Hans Busch invented the first electromagnetic lens.

1931 : Ernst Ruska and Max Knoll created the first electron
microscope. (Ruska was Awarded the Nobel Prize in 1986)

e 1937: Manfred von Ardenne : developed the scanning
transmission electron microscope (STEM).

* In the early 1940s Vladimir Zworykin developed of the
prototype of the modern SEM.

* In the 1950s-1965 : Charles Oatley developed the first

commercial SEM produced by Cambridge Instruments in 1965
(Résolution = 50 nm).

C. Oatley

Image: Replica from 1980 by Emst Ruska of the first electron
microscope with resolving power higher than that of a light
microscope made by Emst Ruska 1933. ©J Brew/
commons.wikimedia.org. Shared under: Creative Commons
License.

Vladimir Zworykin, television pioneer



Course outline

Technical Principle : different components of SEM

SEM : Images from secondary / back scattered electrons detectors

SEM : Images from back scattered electrons / Energy
dispersive X-Rays detectors

Adjustment and optimization parameters

Specimen damage and contamination

Particular case : Environmental Scanning Microscope (ESEM)



Technical Principle : different components of SEM
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Technical Principle : different components of SEM

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons.

Electron source Electron gun

Anod
s Controlling the Path of Electrons

Condenser lense L Column o Electromagnetic lenses
e Scanning coils
* Objective lens

Electron beam —p'

XXX

Secondary
electron detector o,

[ ] Sample

Scan coils

Objective lens

Column contains 3 important parts



Technical Principle : different components of SEM

Electron gun ———  There are three main types of electron guns:
e Tungsten hairpin
 Lanthanum hexaboride (LaB6)
e Field emission

I - B S e
Wehnelt [ \

Cylinder

Tungsten ~ S

Filament

LaBg or CeBg
Crystal

Tungsten
Tip

| | | |
Thermoionic emission source Field emission source

Source : www.thermofisher.com

« Traditionnal guns » « FEG-SEM »
(Cheap, doesn’t require high vacuum)



Technical Principle : different components of SEM

Electron gun ———  There are three main types of electron guns:

e Tungsten hairpin
Lanthan hexaboride (LaB6)
Field emission

Thermoionic emission

mmmmmmmmm

Field emission

Tungsten | LaBs Thermal FEG | Cold FEG
Brightness (A/cm’str) | 10° 10° 10° 10°
Lifetime (hrs) 40-100 200-1000 |>1000 >1000
Source Size 30-100 um | 5-50 um <5 nm <5 nm
Energy Spread (eV) 1-3 1-2 1 0.3
Current Stability (%hr) | 1 1 5 5
Vacuum (Torr) 107 10”7 10" 10"

Sharp metal tip
with a radius <
100 nm



Technical Principle : different components of SEM

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons.

Electron gun

Condenser lense |

Electron beam — — Column : /* vacuum (min 10-3-108 Pa)

Secondary
electron detector o,

Scan coils

Objective lens

Controlling the Path of Electrons

° EIectromagnetic lenses : defines the size of the electron beam (resolution)
e Scanning coils : raster the beam on the sample

e Objective lens : focuses the beam on the sample



Technical Principle : different components of SEM

The principle of SEM lies on the interaction between
electrons and matter. It gives rise to an interaction
volume whose size depends upon the energy of the
electron beam and the average density of the sample.

Backscattered electrons Characteristic X-rays
(BSE image)

Cathodic light Secondary electrons

(CL image) (SE image)
Sample current
y Backscattered
4 electron detector

(solid-state detector)

7 Signals produced from sample

Secondary electron
detector
(Everhart-Thornley)




Technical Principle : different components of SEM

incident electron beam 1°e"@

Backscattered electrons Characteristic X-rays
(BSE image)
Cathodic light Secondary electrons elnelastically° i
(CL image) (SE image) Scattered 1°e
Inelastic events
Sample current \/ '
N

7 Signals produced from sample



Technical Principle : different components of SEM

incident electron beam 1°e"0

Backscattered electrons Characteristic X-rays
(BSE image)
Cathodic light Secondary electrons & Inelastically
(CL image) (SE image) Scattered 1°e”
; Inelastic events

Sample current v i

o Back
Scattered
Electron
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Scattered
Electron

Elastic events



Technical Principle : different components of SEM

Auger
electrons

Secondary electrons » Inelastic events
Backscattered A f [ 1-10 nm
electrons
--0,1-0,5 um
~1 um
———————— 1-10 um

Depth electrons profile
« pear shaped » interaction volume

Elastic events



Technical Principle : different components of SEM
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Technical Principle : different components of SEM

Backscattered
electrons

The size of the interaction volume depends upon the energy of the electron beam and the
average density of the sample.

’ 0.0 nm|
C, Z=6 ? ) % 3 Cu, Z=29
y 5 17853 nm|
\| “7-"" 3
! %
4 2 6779 nm| Ag’ Z=47
f / - =
’ ] 2600.0 nm J
iy =y i bt Au, Z=79
Eye20 Use of the CASINO Monte Carlo
— simulation software, to examine
1 pm
the dependence of electron
backscattering on the atomic
& number of the specimen.

-2200.0 nm -1100.0 nm -0.0nm 1100.0 nm 22000 nm
B Fig. 1.8 Monte Carlo simulations for an incident beam energy of 20 keV and 0° tilt for C, Si, Cu, Ag, and Au, all shown at the same scale

RERUEIE S From J. I. Goldstein et al., Scanning Electron Microscopy and X-Ray Microanalysis. Springer, New York, NY, 2018.



Technical Principle : different components of SEM

Backscattered
electrons
o Red trajectories
7 w6am lead to backscattering events
- Ag
h 3 &
3570.6 nm 'g ] — :g
, % 04 -
Au ’ %
3 02 A
1 - E0= 20 keV o0 (;.0 0.2 0.I4 e, 0.I6 0.I8 1.0
6, 0° tilt Fractional energy retained
> 15}0/,6@m >
i 1 pm
Absorbed Electrons
"N (lost all energy and are
,, AN absorbed within specimen)

B Fig. 1.8 Monte Carlo simulations for an incident beam energy of 20 keV and 0° tilt for C, Si, Cu, Ag, and Au, all shown at the same scale

(CASINO Monte Carlo simulation)

From J. I. Goldstein et al., Scanning Electron Microscopy and X-Ray Microanalysis. Springer, New York, NY, 2018.



Course outline

Technical Principle : different components of SEM

SEM : Images from secondary / back scattered electrons detectors

SEM : Images from back scattered electrons / Energy
dispersive X-Rays detectors

Adjustment and optimization parameters

Specimen damage and contamination

Particular case : Environmental Scanning Microscope (ESEM)



SEM : Images from secondary / back scattered electrons detectors

Incoming electron beam
{ Backscattered 0,1-0,5 pm
! electrons

Secondary electrons .}

X-Rays 1-10 Mm\ Come from deeper regions :

= high sensitivity to differences in
atomic number : the higher the atomic
number, the brighter the material

1-10 nm

1

SEM image of a solar cell, where the
white area is silver (Z,; =47) , and the
dark area is silicon (Zg; =14) .



SEM : Images from secondary / back scattered electrons detectors

Incoming electron beam

| Backscattered  0,1-0,5 pm
{ electrons
Secondary

electrons
1-10 nm

X-Rays 1-10 um\ Come from deeper regions :

= high sensitivity to differences in
atomic number : the higher the atomic
number, the brighter the material

BSE (left) and SE (right) images of FeO2 particles.

Come from the surface : low energy (<50 eV)
=> detailed surface information :
topography, good resolution




SEM : Images from secondary / back scattered electrons detectors

SE Ni/Au nanorods BSE
(b)

Contrast (BSE) / Topography (SE)
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SE  Tiwires wrapped around Ni wire  BSE

: Elements of greater
| atomic mass (Ni) appear
brighter in a back

( Ni ) scattered electron image
=28




SEM : Images from secondary / back scattered electrons detectors

J

NIST 2.0 kV X30.0K '1.00smA.

-

G
ter.

2.8 kV x38.8K 'I.80rmA.

SE and BSE images of a photoresist at Ey = 2 keV

The escape depth of backscattered electrons
can be greater than that of secondary
electrons, consequently resolution of surface
topographical characteristics can suffer.

From M. T. Postek et al. Scanning, vol. 23, no. 5, pp. 298-304,(2001)



Course outline

Technical Principle : different components of SEM

SEM : Images from secondary / back scattered electrons detectors

SEM : Images from back scattered electrons / Energy
dispersive X-Rays detectors

Adjustment and optimization parameters

Specimen damage and contamination

Particular case : Environmental Scanning Microscope (ESEM)



SEM : Images from back scattered electrons / Energy dispersive X-Rays
detectors

Analysis of the X-ray signals are
used to map the distribution and
estimate the abundance of specific
elements in the analyzed sample.

Backscattered electrons
(BSE image)

Cathodic light

Secondary electrons

(CL image) (SE image)
Sample current
4 Backscattered Secondary X-Rays
<\> . § electrons electrons photoelectrons

7%4 Signals produced from sample

From A. R. Bunsell, in Handbook of Properties of Textile and Technical Fibres
(Second Edition), A. R. Bunsell, Ed. Woodhead Publishing, 2018, pp. 21-55.
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SEM : Images from back scattered electrons / Energy dispersive X-Rays
detectors

Energy-dispersive X-ray spectroscopy (EDX)

X-ray spectrum : characteristic
(syn. EDS, EDXS or XEDS).

and continuum X-rays

Cu
E, (eV)
0
b - M, 5 (3d)
g <ioiaal i e M,.5 (3p) ®— 76

) i M, (3s) 122

4l Al Ls (2psp) —@ 933

A L, (2p1) @ 952

Al 5
A L, (2s) 1097
SEM image of an Al/Cu sample where the white area is Ka. K K
copper (Zg, =29) , and the dark area is Aluminium (Z =13) a; Ka, KB

K; (1s) i i L 8979




SEM : Images from back scattered electrons / Energy dispersive X-Rays
detectors

»
[

Crystal aggregates of calcium
phosphates (Ca2* combined
with PO,3-,H,PO,~, and/or
HPO,%") at different
magnifications

Chemical Composition analysis via EDX
EDX spectrum is shown with peaks for
the identified elements.




Course outline

Technical Principle : different components of SEM

SEM : Images from secondary / back scattered electrons detectors

SEM : Images from back scattered electrons / Energy
dispersive X-Rays detectors

Adjustment and optimization parameters

Specimen damage and contamination

Particular case : Environmental Scanning Microscope (ESEM)



Adjustment and optimization parameters

Image disturbances can be due to:

Images lacking sharpness and contrast
Unstable images

Generally poor-quality images

Noisy images

Images showing jagged edges

Unusual-contrast images Contamination

Distorted or deformed images.

Causes

Influence of accelerating voltage

Probe current, probe diameter

Influence of charge-up

Working distance and objective aperture

Influence of astigmatism

Specimen damage by electron beam

Contamination



Adjustment and optimization parameters

* Influence of accelerating voltage (kV or keV) = voltage difference between the filament and

the anode
Incident electrons
W Vi Low
Low voltage / \ v:))ltage
L 4
o &
\ / High voltage
e

High voltage

Low atomic number

High atomic number

When the accelerating voltage is changed
(0-30 kV), the penetration depth of the
incident electrons changes : the greater
the power of penetration by the beam
into the sample. Unnecessary signals
generated in ths specimen, reduce the
image contrast and veils fine surface
structures.

https.//myscope.training/



Adjustment and optimization parameters

* Influence of accelerating voltage (kV or keV) = voltage difference between the filament and
the anode

HIGH
High resolution More charge-up
I More damage

Accelerating voltage

|

Less charge-up | ow
Less damage Low resolution

1-5 kV Delicate or uncoated specimens
5-10 kV Coated biological samples
10-30 kV Physical science samples



Adjustment and optimization parameters

* Influence of probe current, probe diameter

e- beam

1 ||
> Objective apertur

'\ Thinner beam

Objective len

Stage

Large spot size
Beam direction Yo
—~— Scan line with larger spot

Small spot size
Beam direction o

Scan line with smaller spot (note better detail)

The beam scans across the sample.

The size (cross sectional diameter) that the

cone of the beam makes on the surface of

the sample affects :

* The resolution of the image

* The number of electrons generated and
therefore the graininess of the image.



Adjustment and optimization parameters

Influence of probe current, probe diameter

a

Details /1
Brightness \

LARGE

"

Smooth image

Probe current

!

High resolution SMALL

obtainable
Less damage

Deteriorated
resolution
More damage

Grainy image

A 4

Spot size /1




Adjustment and optimization parameters

* Influence of working distance (WD) refers to the distance between the bottom of the SEM
column and the top of the sample

— — End of SEM column (pole piece)

Working distance measured in mm Large WD Short WD

— Sample A I
\ / Focal Plane
PARN

/BN

Stage

Focal plane v

a<p

\\\ /
,/ o



Adjustment and optimization parameters

* |Influence of working distance

Greater depth Low resolution
of field LARGE

"

Working Distance

|

High resolution SMALL

Smaller depth
of field

Depth of field increases with WD
— Bluriness decreases

10 mm Working Distance 38 mm Working Distance



Course outline

Technical Principle : different components of SEM

SEM : Images from secondary / back scattered electrons detectors

SEM : Images from back scattered electrons / Energy
dispersive X-Rays detectors

Adjustment and optimization parameters

Specimen damage and contamination

Particular case : Environmental Scanning Microscope (ESEM)



Specimen damage and contamination

e Charging : due to low conductivity of sample

» Need of coating with a conducting material to avoid charging
> Need to reduce voltage, probe current and tilt @& Z2oo
» Fix the sample on a conductive stub.

e Contamination : due to residual gas in vicinity of the electron probe.

» Leads to reduced contrast and loss in image sharpness

» Usually caused by scanning a small region for long time
5 kV, x36000

« Damage : heat generation at the irradiated point

» Need to reduce accelerating voltage, scanning area and time
» Need a coating with a conducting material

4 ke
(a) Undamaged specimen (b) Damaged specimen



Course outline

Technical Principle : different components of SEM

SEM : Images from secondary / back scattered electrons detectors

SEM : Images from back scattered electrons / Energy
dispersive X-Rays detectors

Adjustment and optimization parameters

Specimen damage and contamination

Particular case : Environmental Scanning Microscope (ESEM)



Particular case : Environmental Scanning Microscope (ESEM)

ESEM is a modified version of SEM which can image samples in either :
e the wet state

e or contained in low vacuum

e orina gas with adequate resolution and quality.

This is particularly useful in producing images from biological specimens that cannot
withstand conventional electron microscopy because of its high vacuum.

Blood cells Bacteria

Crystalline ice prism

In classical SEM : Biological samples must be
first fixed chemically, then dehydrated and
embedded in a resin polymer so that they
are stable enough for such thin sections to
be prepared (vacuum of ~ 10-3 to 10 Pa).

In ESEM : imaging uncoated, non-metallic or
biological specimens. Argon or other gases are
typically present around the specimen so that
a pressure higher than 500 Pa can be achieved.




Particular case : Environmental Scanning Microscope (ESEM)

Advantages of ESEM : - Without destruction and additional specimen preparation procedures.
- Dynamic experiments (drying or crystallization) are also possible

- Wet imaging

Main disadvantage of ESEM : Reduced image
contrast.

The electron beam spreads in the high-pressure
environmental chamber and excites fluorescent X-
rays from the entire specimen, not just from under
the electron beam. The fluorescent X-rays generated
outside the area of interest are detected, therefore
reducing the background and enhancing the image
contrast.

Electron Beam :
Excitation Energy Dispersive

' ‘)Dtmtor
/

Polycapillary
Focusing
Optic

Sample
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Select the button below to start.

SEM SIMULATOR
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Web sites

* https://www.slideshare.net/fellowbuddy/materials-characterization-technique-lecture-
notes

* https://www.thermofisher.com/fr/fr/home/global/forms/industrial/tungsten-ceb6-
electron-source.html

* http://www.globalsino.com/EM/page4587.html|

* https://myscope.training/

* https://serc.carleton.edu/research _education/geochemsheets/techniques/SEM.html



http://www.globalsino.com/EM/page4587.html

What to take home at the end of the lesson ?

 The most important parts of the SEM device

 What is the general process to get SEM images ?



