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Diamond Thin Film

Microstructure of a plain carbon
steel

Calcium Phosphate Crystal



« SEM uses electron beam just like an optical
microscope uses light rays to visualize the object.

 The interaction of electrons with the object can result
In different effects which are utilized in imaging and
chemical analysis performed by SEM.
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* The electron beam follows a vertical path
through the column of microscope. It
makes Its way through electromagnetic
lenses which focus and directs the beam
down towards the sample.

HOW DOES IT WORKS?
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* In theory an electron has an equivalent
wavelength less than 1 nanometer, which
can enable the resolving power of
ordinary electron microscope to be 0.1
nm, however the construction details of
the microscope and specimen
characteristics diminish the resolving
power.

HOW DOES IT LOOKS LIKE

AFM Cantilever Tip

Diamond Thin Film Microstructure of a plain carbon Calcium Phosphate Crystal
steel



HOW DOES IT LOOKS LIKE

. . AFM Cantilever Tip Ant Head
* The Interaction of an electron beam and the atoms

composing the specimen produce various kinds
of information.

Diamond Thin Film Microstructure of a plain carbon Calcium Phosphate Crystal
steel
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electron beam
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« Backscattered electron emission occurs due to the scattering of primary electrons in
such a way that they escape back from the sample without going through the sample.

« Since backscattered electrons are original primary electrons, they possess high energy
level near that of a gun voltage.

 These type of electrons conserve their energy, but their trajectory has been modified by
size of the atoms as well as by density of the atoms.

* The regular arrangement of atoms in crystals can influence the backscattering of
electrons compared to those when same atoms randomly distributed Iin an amorphous
material.



« X-rays are generated due to the de-energizing of the atom in the
sample after secondary electron emission occurred.

 Soon after the ejection of secondary electron the newly formed
vacant orbit Is filled by the electron dropping down from a higher
energy orbital level.



e Specimen current iIs important characteristic of electron- sample interaction.

* Most of the time the primary electrons undergo multiple scattering events and
lessen their energy level to the point where the electrons are absorbed by the
sample, phenomena known as specimen current.

» Changes in specimen current can influence imaging substantially and can be
regulated to improve the imaging quality.



Is equal to 760 millimeters of
mercury.

« A pressure of 1 millimeter of
mercury is call a Torr.

Vacuum system

To clean the Primary Secondary Corse UHV
microscope room! vacuum vacuum (High vacuum)

Vacuum cleaner! Rotary vane Oil diffusion Turbomolecular lon getter
pump pump pump pump

Different kinds of vacuum pumps have different range where they are effective

760 Torr = 1 Atmosphere = 1.013 Bar = 101.325




Vacuum system

To clean the Primary Secondary Corse UHV
microscope room! vacuum vacuum (High vacuum) UHV

760 107 103 106 109

* The higher the vacuum (the lower j
the pressure), the better the
microscope Wi” function. Vacuum cleaner! Rotary vane Oil diffusion Turbomolecular lon getter

pump pump pump pump

Different kinds of vacuum pumps have different range where they are effective

760 Torr = 1 Atmosphere = 1.013 Bar = 101.325



Vacuum system

Gun lon Pump
a | Electron Gun UHV is not needed in all parts of the microscope
Column fon Pump Hce «— . Primary vacuum (>0.1 Pa)
e Col —  Mechanical pum
ul S oo vaves o
_‘_Detect | .
Valve ¥ —— «  Secondary to high vacuum

Detector or viewing chamber (<10 Pa)
—  Oil diffusion pump
—  Turbomolecular pump

. High and ultra-high vacuum

Buffer/
Reservoir Gun & specimen area (<10° Pa)
Tank '

— lon getter pump
— Cold trap

Vaccum level in space: 1 Pa at 100km above earth
760 Torr = 1 Atmosphere = 1.013 Bar = 101.325 KPa



Electron beam generation:

* The electron beam is generated by the electron gun.

 Purpose: To create a narrow intense beam of
electrons

3 types of electron guns:

* Thermionic (Thermal)
Heat only

* Cold field emission
Electrical field: Potential (voltage) difference

 Heat assisted field emission: Schottky emitter
Heat+Electric field



Thermionic gun

crossover

o - -

Ml - - - -

Filament (cathode) @ V,

Electrons receive enough energy to escape the filament (work function of the
filament)
The filament is hold at a negative high voltage e.g. — 30 kV

> Wehnelt cup and anode @ V, + V
Produces a small negative bias (e.g. -31 kV) to focus electrons to crossover

Electrostatic field

Accelerator

bias

To give the electrons some speed

Stacks are isolated by SF, gas = Heavier than air



Field Emission Gun (FEG)

By applying an electric field of very high field strength at the surface of a metal, electrons are
emitted even without heating the metal: Cold field emission

Sharp tip is needed (less than 100 nm)

+ The strength of an electric field E is considerably increased at sharp points.
Electrons can tunnel straight from the Fermi level out of the filament (usually tungsten).

Surface has to be pristine (no contamination or oxide)

2 types of FEGs:

» Cold FEG (Ultra-high vacuum condition needed)
= E=109V/m

= W mono-crystal with sharp tip (radius ~100 nm)

« Heat assisted FEG: Schottky effect” (high vacuum is usually enough)
= W crystal with ZrO surface treatments to lower the work-function

= Can work with slightly poorer vacuum

*Schottky effect is the effective decrease of the work function when an external field is applied at the metal surface.



Electron gun

Intensity

Brightness

Spatial coherency:

Do all the electrons com form the same direction?
An electron beam emanating from a small source size is said to have high spatial
coherency.

Temporal coherency:
Do all the electrons have exactly the same speed/energy?
A beam with high temporal coherency will have electrons of the same wavelength.

Important parameters
» Source and crossover size: determines the probe size (- resolution)

« Energy spread: temporal coherency

« Emitted current and current density
Beam current

+ Brightness: current per surface unit and per solid angle 81 brightness =
« Current stability
« Vacuum needed

(Area) (Solid angle)

Current density = 50.9 pA/nm?

density = 204 pA/nm?

1




Filament current and its saturation point:

 Electron beam generation by thermal emission gun uses heat to excite the electrons off
the filament.

« Electrical current in the filament causes filament heating and with increasing its
temperature the number of electrons emitted by the filament will increase up to a point.

« After this point, called the saturation point, the filament current will only increase the
filament temperature while will be no increase in emitted electrons.



Electron beam manipulation by lenses:

* Most SEMs use one to three magnetic lenses to reduce size of electron
beam.

* The lenses operate by passing electric current through a coper wire.

* These are known as condenser lenses and since they possess spherical
aberration they can limit microscope resolution similar to optical
microscope lenses.

* There are other set of lenses that correct astigmatism and alignment.



Lenses

Lens bends beams to focus it to a point.

Focus

Focal length

The rays emanating from a point in the
object plane come to one common well
defined point in image plane.

Point Object A A Image




Lenses

= |_enses for light = L enses for electrons
* Glass or polymer lenses * Variable focus
» Deflection of light through * Electrostatic
changing refraction index « Electromagnetic: Lorentz force

Oil-immersion Infinity-Corrected Apochromat Objective

Specifications

Magnification
Color Code

Spring-Loaded - -
ch{:?,': Front Lens




Detectors

How to “See” electrons

= Semiconductor detectors

= Scintillator-Photomultiplier detectors

» Charge-Coupled Device (CCD) Detectors

 Complementary metal-oxide semiconductors (CMOS)

* Direct electron cameras



Electron detectors
Semiconductor detectors

Incident
Thin beam
= Si diode with a p-n junction close to its e . 5oF
surface collects e \/f
u[r;:alc;mm Scauered\lDlrccl
Gold beam beam

Annular
_________________________ detector

« By doping the Si (e.g., by ion implantation of ; -------
n-type impurity atoms into p-type Si or vice versa). »
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-
cosdos -
- ..
il 25
-
-
-

S_ilicpn
dioxide

+ n-type | Gives free electrons to semiconductor

p* silicon Signal
to Display

\\ S Z n~ silicon
« By evaporating a thin layer of Au on the surface of QL < silicon
high-resistivity n-type Si, or evaporating Al onto p-type =
Si (i.e. surface-barrier detector or a Schottky diode).

?()n-axis
detector




Electron detectors
Semiconductor detectors

| incoming electron

» When struck by the high-energy electrons, Conducion
most of the beam energy is transferred to } bandgap
valence-band electrons in the Si which are Valence '

excited across the band gap into the ik

conduction band thus creating electron-hole =

+ e
pairs (3.6 eV / electron-hole pair). }E
{1}
« 10 kev > ~2800 electrons Energy foss electron |
* Thus, the incoming electron signal is 'T; o
converted to a current in the external circuit B! '

between the surface contacts.

SEM

Electron beam

Sample




SPECIMEN PREPARATION AND OBSERVATION
TECHNIQUES

Because of wide variety of SEM application field, there many kinds of specimen that are
observed. Therefore, many different specimen preparation techniques have been developed
depending on the object and the purpose of the research. In every case though, there are major
points that must be taken into consideration during specimen preparation.

1. The specimen surface must be clean. A SEM observes the surface of a specimen. Therefore,
It 1S essential that the specimen surface be clean. In order to observe the inner structure,
fracturing, polishing and cutting are commonly performed. In some cases, ion etching or
chemical etching are done to remove an unwanted film coating on the specimen surface.

2. The orginal morphologic construction must be maintained.



SPECIMEN PREPARATION AND
OBSERVATION TECHNIQUES

3. The specimen must not acquire an electrostatic charge.

* When the specimen is irradiated with an electron beam, some electrons are emitted
from the specimen as secondary electrons and backscattered electrons.

* The rest of the irradiated electrons may be absorbed in the specimen. However, if

the specimen has no electric conductivity, the absorbed electrons can charge the
specimen.

 This charge cause many errors in observations.

« Metal coating, observation with low accelerating voltage, or observation under low
vacuum are done to prevent a specimen from acquiring an electric charge.



Sample mounting procedure:

» Specimens are mounted on the surface of the stub using double sided
carbon adhesive tabs. Sample surface should be as flat as possible.
Specimens must be mounted onto the standard sample holders and
never should be mounted directly onto specimen stage.

* There are variety of sample holders available. Specimen can be
adhered to 10 mm or 25 mm diameter stubs. Specimens of odd shape
or greater than 25 mm can be mounted onto large sample holder.

* If there are four different samples, then they can be mounted onto 4
small stubs and placed into 4 stub sample holder.



Sample stubs; specimens are
mounted onto them using double
sided carbon adhesive tabs

000 :::2::
Double sided carbo
adhesive tabs

Wear gloves when handling anything that will go inside the SEM
instrument. Keep surfaces clean and dust free.
Following material must never be placed in the SEM instrument:
v Wet samples either from water or a soIven|t
v Porous materials that outgas water vapor or toxic gases

different sample holders

——

specimenadhesive carbon tab

sample holder

-
-

4 stubs
sample

holder




water inside them.

* This will allow higher vacuum SEM Iimaging and clearer images. Moist
samples that cannot be dehydrated are able to be imaged by cryo-SEM
systems.



gold, gold-palladium,

the sample.

Note: The coating thickness must be enough to prevent charging, while
preserving specimen surface details (around 10 nm).
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