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Course overview:
The course gives basic knowledge of the microscopy of materials
nanoscale structures - including soft and hard materials. Lectures
will concentrate on transmission electron microscopy (TEM,
STEM): high resolution imaging, electron diffraction and
analytical microscopy by using elemental analyses (EDX, EELS),
cryo-electron microscopy and 3D electron tomography.
Additionally, scanning electron microscopy (SEM and FIB), atomic
force microscopy (AFM) and methods to prepare samples are
lectured..

Prof. Janne Ruokolainen (nanotalo 102)

Email: Janne.Ruokolainen@aalto.fi

First lecture 17.1. 2023

Tuesday 12.15 – 14
Assistant: Shruti Shandilya Email: shruti.shandilya@aalto.fi

PHYS-E0525  Microscopy of 
Nanomaterials P (5 cr) 

~3 nm



Lectures:
Prof. Janne Ruokolainen, Dr. Hua Jiang, Dr. Jani Seitsonen, Dr. Ramzy Abdelaziz, Prof. Peter 
Liljeroth, Dr. Lide Yao

Tentative Schedule
17. 1.  Introduction  & Nanomicroscopy center (JR)
24. 1. TEM Basics  (JR)
31. 1. Advanced TEM 1 (Hua)
7.  2. Advanced TEM 2 (Hua)
14. 2. Advanced TEM 3 (Hua)
21. 2. no lecture (exam period at Aalto)
28. 2. Cryo-TEM and Soft matter Sample

preparation (JR)
7. 3. SEM  (Ramzy) 
14. 3.  3D-TEM-Tomography (Jani) 
21. 3. FIB and Sample preparation (Lide)
28. 3. STM/AFM (Peter)

Summary: 
Intro, Basic TEM, Cryo TEM ~ 3 lectures
Advanced TEM 2-3 lectures
(High resolution TEM and STEM, 
diffraction, spectroscopy EDX, EELS)
STM/AFM
FIB/sample preparation
SEM
Tomography

Additional Literature: (optional)
Book 1: Transmission electron microscopy
Basics I (David William and Barry Carter) 
2nd edition 

Book 2: G.H. Michler ”Electron microscopy
of polymers” (TEM, SEM, AFM..)

Book 3: A practical Guide to Tramsmission
Electron Microscopy (Zhiping Luo)



PHYS-E0526 Microscopy of Nanomaterials, laboratory course P (5 cr)
Assistant: Shandilay Shruti and  other teachers: Dr. Jani Seitsonen  (TEM & Tomography), Dr. Hua Jiang (HR-
TEM), Dr. Ramzy Abdelaziz (SEM), Dr. Lide Yao (FIB)

As practical exercises nanostructured materials are studied with various microscopy methods. 
Course includes practical microscopy exercises by using transmission electron microscopy (TEM), 
scanning electron microscopy (SEM) and Focused ion beam (FIB).
Number of students participating to the course will be limited. (max.  ~18 ) Based on 
applications…  nmc-contact-sci@aalto.fi Deadline 6. 2. 2023

Basic exercises – Demos:   
(6 persons per group):
1) High resolution TEM (Jeol 2200FS 

Cs-corrected TEM)
2) 3D tomography data collection (Jeol 

3200FSC liquid helium cryo TEM or
Jeol2800) + Tomography data 
processing (Computer room)

Small group exercises: (Select 2)
(3 persons per group)
1) basic-TEM imaging 
2) SEM imaging or
3) FIB -SEM processing/imaging

Independent Small group exercises 
(without supervision.. 3 person per group)  

(2 exercises)
1) TEM imaging
2) SEM imaging
3) …

mailto:nmc-contact-sci@aalto.fi


Electron microscopy TEM and STEM
Scanning  Transmission electron 
microscopy STEMTransmission electron microscopy 

TEM

objective lens, projector 
lenses  +camera

Electron 
transparent 
Thin Specimen

STEM: no objective lens etc.  
– just detectors



Lecture: Transmission Electron Microscopy (TEM) - Introduction

1) JEOL JEM-3200FSC 300 kV Cryo-
Transmission Electron Microscope (EELS)

3) JEOL JEM-2200FS 200 kV Double Cs corrected 
Transmission Electron Microscope +STEM and EDX 
and EELS
4) FEI Tecnai 120 kV Transmission Electron 
Microscope

2) JEOL JEM-2800  200 kV Transmission Electron 
Microscope (EDX) +STEM



Book 1:
Chapter 5:  Electron Sources
Chapter 6:  Lenses, Apertures, and Resolution
Chapter 7:  ”How to see electrons”
Chapter 8:  Vacuum pumps and Holders
Chapter 9:  The Instrument

Obj. Lens is the most important 
lens in TEM (imaging/diff) 



(OM)

Transmission electron microscopy (TEM) vs. Optical 
microscope (Transmission mode)

(TEM)

λ= 400 - 700 nm,  Optical microscope 
numerical aperture           ~1

 Resolution ~ 200 - 300 nm 

Resolution βµ
λδ

sin
*61.0

= βµ sin





Electron sources
Thermionic Sources
Electrons emitted by heating

Field Emission - electrons emitted by 
high electric field

𝐽𝐽 = 𝐴𝐴𝑇𝑇2𝑒𝑒−𝛷𝛷/𝑘𝑘𝑘𝑘
Richardson’s law

 High emission current either at high 
temperature T or materials with low 
work function Φ

r
VE =

Electric field at the sharp point with radius r

radius typically < 0.1µm

Lanthanium Hexaborade single 
crystal LaB6  (Low Φ)

Field emission
(Tungsten single crystal)

Tungsten hairpin
(high T)



Thermionic Sources: Electrons are emitted by heating

LaB6 filament



Lanthanium Hexaborade single crystal LaB6    
Filament heating to Saturation point..

For the thermionic gun the emission current increases with the 
filament heating current applied. However, once saturation is 
achieved, the brightness does not increase further even at a 
higher filament heating current. It is very important to notice 
that with increasing the filament heating current above the 
saturation point, the filament lifetime is significantly reduced.



Field Emission Source: electrons are emitted by high electric field

For FE to occur, the surface has to be pristine, i.e., 
it must be free of contaminants and oxide. We 
can achieve this by operating in ultra-high vacuum 
(UHV) conditions (<10-9 Pa). In this case the 
tungsten is operated at ambient temperatures 
and the process is called ‘cold’ FE.
Alternatively, we can keep the surface in a pristine 
condition at a poorer vacuum by heating the tip –
i.e using Schottky emitters, which are made by 
coating a tungsten tip with a layer of zirconium 
oxide (also lowers the work function)

r
VE 1=



~ 1-2 years ~ 5-15 years
Schottky FEG :
Is most common - Good resolution, high lifetime, high total current 

Cold FEG:
Low energy spread and small crossover size  higher image resolution and higher EELS and EDX resolution
But higher vacuum = higher price, and also total current is smaller - therefore in lower magnifications and some 
analytical work which requires high intensities – Schottky is better

LaB6:
Cheap (1000 €), and works in low vacuum (i.e. microscope is also much cheaper) – not the best for high 
resolution work – total current is high – so it is also good for analytical work in SEM’s. 

IN NMC we have:
1 Cold FEG (SEM)
7 Schottky FEG’s (4 TEM’s, 2 SEM’s, and FIB-SEM)
2 LaB6  ( 1 TEM and 1 SEM)

New TEM’s will have:
Cold FEG (300kv high resolution TEM)
LaB6 for basic 200kV TEM

~ 3-7 years



And for carbon nanotubes quite low voltage i.e.  
80 kV is a better (below ~120 kV)  Carbon and 
other 2D materials have knock-out damage due 
to high energy electrons..

Low contrast samples – lower voltage is better 
to increase contrast – however there is more 
beam damage in TEM for lower voltages due to 
heating effects…(more inelastic scattering)





Lenses, apertures, and resolution

Magnetic lenses





Small collection angle 
• Depth of field (sample in focus) 
• Depth of Focus (image in focus)
are very high.

Optical microscope β can be > 70 degrees 
– therefore depth of field is very small.

Optical lens we change the position (i.e. 
distance form the sample etc. )

Relationship between object distance u, image distance v 
and focal length f. (a, b) u remains the same, while f is 
changed

TEM has 3 important apertures: Objective, 
Conderser, selected area diffaction





TEM’s most important lenses and Apertures

Condenser lenses are used to 
control the beam: i.e parallel or 
focused.

• C1 is spot size – for beam 
sensitive samples small spot 
and small Condenser aperture

• C2 controls the beam 
spreading (focused or parallel)

Objective lens and aperture is 
important in image formation 

Diffraction aperture for diffraction 
work..



Underfocus Overfocus



C1 is spot size – for beam sensitive samples small 
spot (overfocus  small spot – focus for this lens is 
steps 1,2,3 … number 1 spot is the largest beam 
intensity, and the highest number is smallest )

C2 controls the beam spreading 
(focused or parallel)

Condenser lenses C1 and C2



It is very important to keep C2 overfocused for imaging – in that case - after the upper 
objective lens, the rays become more parallel before reaching the specimen. Therefore, 
during the TEM experiment, keep in mind to leave C2 overfocused (turn the brightness 
knob clockwise CW  beyond the crossover point)



Also condenser aperture can be used to control the beam intensity – addition to spot 
size (C1-lens).  Small aperture  less intensity and also more parallel beam (if that’s 
which needs to be optimized..)



Image formation and 
contrast in TEM



TEM: Imaging Vs. Diffraction (Direct 
beam and elastic scattering..)

Y
Ba
O
Cu/O

YBa2Cu3 O7-δ

sample

Back focal plane
diffraction

image

200 kV e -

• An image represents the structure in real space at a   
certain resolution; 

• The diffraction is an reproduction of the structure in 
reciprocal space.

Obj. Lens



Imaging Vs. Diffraction 

The intermediate lens is used to magnify the image and for selection between imaging and diffraction mode. After 
the electrons pass through the specimen, a diffraction pattern is formed in the back focal plane, and then the first 
image is formed. If the intermediate lens focuses on the first image (a) this image is further magnified by the 
following lenses, so that a magnified image appears on the screen. However, if the intermediate lens focuses on the 
first diffraction pattern in the back focal plane of the specimen, as shown in (b), this pattern is further magnified by 
the following lenses, so that a diffraction pattern appears on the screen.



sample

diffraction

image

200 kV e -

Obj. Lens

sample

Small Aperture

200 kV e -

Obj. Lens

image

1) Bright field (BF) image 
Contrast: mass-tickness/Diffaction contrast
Typical for soft materials which are selectively stained
Or for low resolution imaging of crystalline materials 
(crystals oriented in the Bragg angle are black in the image)

No contrast when in focus –
Note that when under/over focus 
then  there is normally phase 
contrast

Image formation and contrast 
In TEM imaging mode we use parallel
beam set by Condenser C2 lens



No objective aperture

Back focal plane –
Diffraction – no aperture

Then insert Objective aperture to 
select the central beam ….

Example 1: Bright field (BF) image from holey carbon film

Intensity profile along the line – very small difference between
the hole and carbon film



No objective aperture Objective Aperture inserted to select the 
central direct unscattered beam 

Intensity profile along the line – No we have clear intensity difference between the hole and carbon film



Example 2: Mass-Thickness contrast
Latex particles on a support carbon film

Latex particles (Polystyrene beads) 

support carbon film

200 kV e -

Evaporate platinum
from angle



mass-thickness contrast: TEM micrograph of a test specimen with small gold particles and 
polystyrene latex spheres distributed on a thin carbon support

200 kV e -

Example 3: Mass-Thickness contrast - Latex particles on a support
carbon film and Gold particles



sample

Small Aperture

200 kV e -

Obj. Lens

image

2) Dark field (DF) image 
Contrast: Scattering and Diffaction contrast
Areas which scatter more are more bright
in the image

Image formation and contrast (Dark field) 



Example: Bright field (BF) vs Dark field (DF)

sample

Small Aperture

200 kV e -

Obj. Lens

image

Bright field (BF) image from holey carbon film

Hole in the carbon film

More Intensity is transmitted here



Bright field (BF) vs Dark field (DF)

sample

Small Aperture

200 kV e -

Obj. Lens

image

Dark field (DF) image from holey carbon film

Hole in the carbon film



STEM dark field vs. Bright field imaging 

In STEM imaging mode e-beam
is very focused to form narrow
beam



Cs-corrected STEM image of Au particles BF vs. DF

Bright-field image – Atom columns are 
“dark” since they scatter more.. And we 
get less signal to bright field detector

Dark-field image Atom columns are 
white since due to scattering there is 
more signal in Dark field detector



Contrast definition:
22

21 )(
I
I

I
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=
−

=

1. Mass-thickness, 2. Diffraction, 3. Phase contrast

Contrast in TEM

Main contrast mechanism in TEM

Using objective aperture we can block the
scattering signal and get mass-thickness contrast.
Or for crystalline materials we can select different
beams (central beam or diffracted beams) 

Mass-thickness contrast:
More thickness, or density, or higher atomic number
(high Z-elements) More scattering and more contrast



Diffraction contrast:

If we select the central beam (Bright field mode) – then all
the crystals which are in the Bragg angle orientation will
be dark…

If crystalline sample is bent. Under 
parallel beam illumination condition, 
in certain areas the Bragg
diffraction conditions are satisfied, 
yielding strong diffraction beams in
these areas. Therefore, in the BF 
image using direct beam only, these
areas appear as dark fringes.

Hexagonal ice crystalsCrystalline nanoparticles – particles which are Bragg orientation 
respect to the beam are black



3. Phase contrast

Sample

Obj. Lens

(Back focal plane)

Image

Electrons

Intensity depends also from the electron 
wave phase:

For the phase contrast we need (in the image) 
two electron beams with different phases to 
form the  image:

Typically
1) Non scattered electrons 
2) Scattered (diffracted) electrons 

Similar princible in phase contrast Optical microscope:



sample

diffraction

Under focus image

200 kV e -

Obj. Lens

3) High resolution lattice imaging: Phase 
contrast
No contrast when in focus –
But when under focusing there is a phase 
shift in difracted beams – therefore 
lattice image can be obtainedLarge Aperture

In reality: mass-thickness and phase contrast mechanism are present at the same 
time – esspecially for typical polymer nanostructures, which are quite large (1nm to 
100 nm) and diffarction angle is propotional to ~1/size, therefore diffracted beams 
are so close to the direct beam that even the smallest aperture allows them to pass 
into image and contribute to the phase contrast

Image formation and contrast: Phase Contrast 



No objective aperture and in-focus No objective aperture and under focus

3. Phase contrast



30 nm300 nm

+

n

CH2
CH

N

HO+

Example (phase contrast): Polymer-amphiphile 
nanostructures



  

1/nm

  

4 4x10

5 1x10

5 2x10

5 3x10

6 1x10

6 2x10

6 3x10

7 1x10

7 2x10

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
1/nm

Real TEM Image
FFT from TEM Image or Diffraction 
would look the same

1D Intergrated intensity from FFT

For the phase contrast imaging – we would 
like to have aperture so that also diffracted 
beams contribute the image  - and then 
defocusing the Objective lens to get 
optimum contrast 

Image formation and contrast: Phase Contrast 



Sample: Poly(4-vinylpyridin)+nonadekylfenol, I2 staining

“under focus” “in focus” “over focus”

Macromolecules 1998, 31, 3532

Example: Phase contrast



Resolution

For light microsope:: 
1sin ≈βµ

(= numerical aperture)

visible light 400 - 700 nm

⇒ Resoluutio nm300≈δ

TEM:   1≈µ (vacuum)

Classical Rayleight criteria for optical 
microscope:  The smallest distance 
between two points which can be 
resolved is

βµ
λδ

sin
*61.0

=

⇒
β

λδ
sin

*61.0
= 𝛽𝛽 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⇒ ~

0.61 ∗ 𝜆𝜆
𝛽𝛽



βµ
λδ

sin
*61.0

=

FIGURE 6.14. (A) The Airy-disk intensity profiles from two clearly separated point 
sources P1 and P2. In (B) the two Airy disks are so close that they cannot be 
distinguished, but in (C) the two are separated such that the maximum in the 
image of P1 overlaps the minimum in P2. This latter situation is the definition of 
resolution defined by the Rayleigh criterion and is the best (diffraction-limited) 
resolution.



Electron wavelenght?
De Broglie: (Electron wave-particle duality) 
And relation between electron wavelength and acceleration voltage: 

2/1
0 )2( eVm
h

=λ ,       Nonrelativistic ,      2/1

2
0

0 2
12 
















+

=

cm
eVeVm

hλ
,      Relativistic 

β
λδ

sin
*61.0

=Resolution but in practice lens aberrations limits the point-to-
point resolution about 0.2 nm (lattice resolution 0.1nm)

Note: new spherical aberration corrected TEM’s resolution 
is already  < 0.1 nm  


De Broglie: (Electron wave-particle duality)

And relation between electron wavelength and acceleration voltage:
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The electron which are farther 
away from the lens center are 
bend more (focused more) than 
the electrons traveling near the 
lens center. 
 point object is seen as a disk

3~ βssph Cr

Lens aberrations:
1. Spherical aberration



A doublets of 
a converging and a diverging lensA converging lens

Cs-Aberration correction for optical lens

No diverging round lenses available for electrons !



hexapole hexapole

Cs Aberration correction for TEM

After 50 years endeavor, Cs aberration corrector for
TEM has been successfully developed, which acts like a
diverging lens to compensate the spherical aberration.



JEOL-2200FS Double Cs-corrected TEM high 
resolution microscope 

An state-of-the-arts atomic resolution (was in 
2009) analytical microscope, delivers down to 
~1Å resolution in both TEM and STEM with 
advanced aberration-correction technology. 
• Field-emission Gun

• Operating voltage:   80-200 kV

• In-column Omega-type energy filter

• Information limit:  1 Å

• Energy spread: 0.7 eV

Corrector for 
STEM
( < 1 Å probe)

Corrector for TEM
(~1 Å image resolution)



Electros which has les energy will be 
bend more in a magnetic lens 

This aberation is biggest problem for  
thick samples because electrons will 
loose energy  in inelastic scattering 
when  travelling through  the thick 
samples. 

For the best resolution – thin samples

β
0

0 E
ECrchr

∆
=

Lens aberrations:
2. Chromatic aberration



Astigmatism occurs when the electrons sense a non-
uniform magnetic field as they spiral round the optic axis. 
• This defect arises because polepieces are not perfectly 

cylindrically symmetrical. 
• If apertures they are not precisely centered around the 

axis.
• If the apertures are not clean, the contamination charges 

up and deflects the beam. 
Astigmatism distorts the image by an amount

rast = β∆f

Fortunately, astigmatism is easily corrected using 
stigmators, which are small octupoles that introduce a 
compensating field to balance the inhomogeneities causing 
the astigmatism.  There are stigmators in both the 
illumination (condenser lenses) system and the imaging 
system (objective lens)

Lens aberrations: 3. Astigmatism

Condenser lens
Under focus    Over focus    

no distortions at either 
underfocus or overfocus 
conditions

Objective lens



Electron microscope resolution:

Theorethical resolution
(Classical Rayleight criteria) β

λ
βµ
λ 61.0

sin
*61.0

≈=thr

3βssph Cr =

β
0E
ECr cchr

∆
=

Spherical aberration

Chromatic aberration

Electron wave lenght 300 kV ~ 0.002 nm !!!

( ) ( ) ( ) ..222 +++= chrsphthtotal rrrr

Example Jeol 3200FSC cryo-TEM:
300 kV,  Cs = 4.1 mm,  Cc = 3.4 mm 
point resolution ~2.6 Å

Jeol 2200FS Cs = 1.0 mm Cc = 1.4 mm, 200kV
Point resolution 2.3 Å (without  Cs correctors)

Jeol 2800 200kV  Cs = 0.7mm  
Point resolution 2.0 Å

If spherical aberration could be corrected 
Cs ~ 0    resolution < 1 Å

If  also chromatic aberration could be corrected  or 
minimized  resolution < 0.5 Å 

β

Spherical aberration

β

Chromatic aberration

β





β
λδ

sin
*61.0

=

3βssph Cr =

β
0E
ECr cchr

∆
=

Aberrations:

Collection semiangle β

Resolution 



Resolution: summary
Resolution:
(Classical Rayleight criteria)

Lens aberrations:

β
λδ 61.0

≈

3~ βssph Cr

β
0

0~
E
ECrchr

∆

For high resolution TEM work: large β (= large objective aperture) and very low 
Cs value for the lens (This can be even now corrected close to zero using Cs
correctors) and also thin specimen (lower rchr and less ovelapping sturctures).

Soft materials samples soft materials microscopes typically have large Cs. Also 
some times samples are typically quite thick  chromatic aberration is large.
 Energy filtering in important and small aperture gives normally the best 
resolution and best contrast – which is typically the biggest problem.

Spherical

Chromatic

β

Spherical aberration

β

Chromatic aberration

β





How to ”see” electrons ?

Viewing screens:

Coated with materials that emits 
green light

ZnS emission ~ 450 nm

(some impurities added ~ 550 nm)



61 European Digital Microscopy School Helsinki, Finland.  December 7th – 10th, 2004,

Types of CCD/CMOS cameras & principals of Operation

e- Scintillator:  Convert high energy
electrons to light.

Optical fiber (1:1)

Scintillator

Thermo-electric 
cooling

Fiber optical coupling

Glass prism Optical lenses CCD

Scintillator

Lens coupling
Light



FIGURE 7.3. (A) A single cell in a CCD array showing
the storage of charge in the potential well under
one pixel. If we vary the applied potential to rows of 
pixels in sequence as in (B), one pixel row is shifted
to the parallel register and is read out pixel by pixel,
after which the next row is moved to the parallel
register, and so on. The stored charge in each pixel is 
thus fed into an amplifier and digitized. 

CCD reading is quite slow and therefore typically it is 
done same time for 4 quadrants i.e in our 4k*4k 
camrera each 2k*2k quadrant is read simuntaneously
– but stll reading the one full resolution frame takes
more than a second…

(B)

Output
node

CCD (charge-coupled device)  charge storage and pixel readout

Potential well

Poly silicon gate

(A) Incoming light

Dielectric



CCD (charge-coupled device) and CMOS (complementary metal-oxide semiconductor)

Now most of the cameras are CMOS 
CMOS camera converts the charge to voltage inside each pixel and therefore reading can be
done much faster – therefore it can take hundreds of images per second, and also it is cheaper
to make than CCD.   Active area in each pixel is bit smaller due to electronics inside the pixel –
however new CMOS cameras are almost similar in sensitivity than CCD’s



64 European Digital Microscopy School Helsinki, Finland.  December 7th – 10th, 2004,

On-Chip Binning of CCD/CMOS

• Improve “signal-to-noise” (S/N) ratio for the same exposure time

• Reduce readout noise CCD/CMOS (If binning is done “on Chip” instead on computer).

• Allows fast viewing of CCD (suitable for sample search) and increase CMOS speed for 
insitu work >1000 frames per second

• Reduce spatial resolution (effective pixel larger)

• Field of view remains the same



65 European Digital Microscopy School Helsinki, Finland.  December 7th – 10th, 2004,

DigitalMontage

Increased Field of View without Sacrificing Resolution

Regular 4k x 4k  image

8k x 8k montage

16k x 12k montage



66 European Digital Microscopy School Helsinki, Finland.  December 7th – 10th, 2004,

TEM Automation - DigitalMontage
Unstained 
liver sample



67 European Digital Microscopy School Helsinki, Finland.  December 7th – 10th, 2004,

TEM Automation - DigitalMontage



2011 - 2012  first new direct detection cameras came to market and now they are getting more popular 
and replacing CMOS cameras in high end applications … no electron to light conversion needed – Faster 
reading (up to 1600 frames per second) and much better sensitivity … but still very expensive ~500k€ 
(and ~1000k€ best models) – but 2020 - 2021 new less expensive models are coming.
New development for low dose applications: Gatan has Direct detection camera K3 (fits all TEM’s)   
www.gatan.com. And Thermo fischer (FEI) has Falcon Direct detection camera  (available only for FEI 
microscopes) also Direct Electron company has these Cameras (www.directelectron.com)

Direct detection camera
= back thinned CMOS camera
And electrons are directly detected
without light conversion

Convensional CCD or
CMOS. Electrons are
converted to light
and then light is 
converted to Voltage



Direct electron detectors - Electron Counting: In counting mode, individual electron events are identified 
at the time that they reach the detector. To do this efficiently the camera must run fast enough so that 

individual electron events can be identified separately (Low dose and high speed 200 – 1600 fps)

Direct electron detection cameras: Quantum efficiently DQE (Red curve)  is clearly higher in integrating 
mode and much higher in counting mode compared to conventional CCD or CMOS cameras (lowest 
curve)



Other electron detectors
Semiconductor detectors are 
mostly used for STEM detectors 
and SEM back scattering detector



Scintillator-PM system
These detectors are typical in SEM for low energy 
electron applications – like secondary electron detector 
SE but can be used also for STEM detectors





SEM detectors

STEM detectors





103 mbar = 1 bar = 100 000 Pa (Normal atmosphere pressure)
1 mbar = 100 Pa
10-8 mbar = 10-6 Pa  (normally column/sample area 10-5 - 10-6 Pa)
10-10 mbar = 10-8 Pa (FEG Gun area or even higher vacuum )

1 -10-3 mbar1 -10-3 mbar rough vacuum
10-3 - 10-6 mbar low vacuum
10-6 - 10-9 mbar HV

< 10-9 mbar UHV 

Water boiling boint at RT
~ 25 mbar

There are 4 different vacuum pump types used in Electron microscopes .. 
Which are briefly introduced in next few slides



1.  Mechanical pump:  atm - 10-1 Pa (  10-3 mbar)

Book: N. Harris, Modern vacuum practice

Can be also oil free (i.e Scroll or multi stage roots pump) if the possible oil
contamination in the vacuum system is a problem



2. Oil diffusion pumps (1 -10-8 Pa) (10-2 -10-10 mbar)



3. Turbomolecular pump: 10-2 -10-10 mbar

A turbomolecular pump is a type of high 
vacuum pump. These pumps create a 
vacuum by giving gas molecules momentum 
by repeated collision with a rapidly spinning 
turbine rotor. The rotor blades collide with 
gas molecules from the inlet of the pump 
which propels them towards the exhaust in 
order to create or maintain a state of low 
pressure (a vacuum).

Rotating rotor and fixed stator blades

Rotor rotates typically 60 000 – 90 000 RPM 
i.e. 1500 full rotations in second !!!



Turbomolecular pump: 10-2 -10-10 mbar





4. Ion-pumps 10-5 -10-11mbar



Ion-pumps 10-5 -10-11mbar

There are short video showing the operation principle 
https://www.gammavacuum.com/ion-pump-technology/theory-of-operation/



Typical vacuum systems
in our microscopes

TEM 120kV LaB6  
(vacuum 10-7 mbar)

1 Ion-pump
1 Oil Diffusion pump
1 Rotary oil pump

FEG-SEM cold emitter
(vacuum 10-9 mbar)

3 Ion-pump
1 Turbomolecular pump
1 Rotary oil pump

HR-TEM FEG
(vacuum Gun 10-10 mbar
Column 10-8 mbar )

4 Ion-pump
3 Turbomolecular pumps
3 Dry pumps

i.e. Fully oil free system

Cryo-TEM FEG

3 Ion-pump
2 Turbomolecular pumps
2 Oil Diffusion pumps
5 Rotary oil pumps



Jeol JEM-ARM200F
World's highest STEM (HAADF) 
resolution of 0.07 nm guaranteed
(among the commercial transmission 
electron microscopes.)

Example – high vacuum cold-FEG system.. Low energy spread – high resolution ..

2020:  Jeol JEM-Grand ARM300F
Resolution quaranteed 0.045 nm ..



Column vacuum
typically 5* 10-6 – 1*10-5 Pa

5*10-9 Pa

1*10-9 Pa

Note for NEG = Non-Evaporable Getter pump
NEGs are reactive metals that absorb 
Hydrogen and other atoms to surface
See example video in a page: 
https://www.ibericavacuum.com/pages/neg



Resolution:
(Classical Rayleight criteria)
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Grand ARM 300F resolution





Specimen holders:



Some examples of Gatan Holders
• Analytical
•

643 Single Tilt Analytical Holder 
• 646 Double Tilt Analytical Holder
• 650 Single Tilt Rotation Analytical Holder 
• 925 Double Tilt Rotation Analytical Holder
•
• Cooling
•

613 Single Tilt Liquid Nitrogen Cooling Holder 
• UHRST3500 Single Tilt Liquid Nitrogen Cooling Holder 
• HCHST3008 Single Tilt Liquid Helium Cooling Holder
• ULTST Single Tilt Ultra Low Temperature Liquid Helium 

Cooling Holder
• UHRTR3500 Single Tilt Rotation Liquid Nitrogen Cooling 

Holder
• HCHTR3000 Single Tilt Rotation Liquid Helium Cooling 

Holder
• 636 Double Tilt Liquid Nitrogen Cooling Holder
• CHDT3504 Double Tilt Liquid Nitrogen Cooling Holder
• HCHDT3010 Double Tilt Liquid Helium Cooling Holder
• ULTDT Double Tilt Ultra Low Temperature Liquid Helium 

Cooling Holder
• HC3500 Single Tilt Heating and Cooling Holder
• 671 Single Tilt Liquid Nitrogen Cooled Straining Holder
• CHVT3007 Single Tilt Liquid Nitrogen Vacuum Transfer 

Cooling Holder

Cryotransfer

626 Single Tilt Liquid Nitrogen Cryo Transfer Holder
CT3500 Single Tilt Liquid Nitrogen Cryo Transfer Holder
CT3500TR Single Tilt Rotation Liquid Nitrogen Cryo Transfer 
Holder
910 Multi-Specimen Single Tilt Cryo Transfer Holder
914 High Tilt Liquid Nitrogen Cryo Transfer Tomography Holder
915 Double Tilt Liquid Nitrogen Cryo Transfer Holder

Environmental

HHST4004 Environmental Cell Single Tilt Heating Holder
HFST4005 Single Tilt Vacuum Transfer Holder and Furnace

Vacuum Transfer

VTST4006 Single Tilt Vacuum Transfer Holder
648 Double Tilt Vacuum Transfer Holder 
CHVT3007 Single Tilt Liquid Nitrogen Vacuum Transfer Cooling 
Holder 
HFST4005 Single Tilt Vacuum Transfer Holder and Furnace

http://www.gatan.com/products/specimen_holders/products/643-Single-Tilt-Analytical-Holder.php
http://www.gatan.com/products/specimen_holders/products/646_DoubleTilt.php
http://www.gatan.com/products/specimen_holders/products/650_SingleTilt.php
http://www.gatan.com/products/specimen_holders/products/925_DTRotation.php
http://www.gatan.com/products/specimen_holders/products/613-Single-Tilt-Liq-Nitrogen.php
http://www.gatan.com/products/specimen_holders/products/UHRST3500.php
http://www.gatan.com/products/specimen_holders/products/HCHST3008.php
http://www.gatan.com/products/specimen_holders/products/ULTST.php
http://www.gatan.com/products/specimen_holders/products/UHRTR3500-Single-Tilt-Rotation.php
http://www.gatan.com/products/specimen_holders/products/HCHTR3000-Single-Tilt-Rotation.php
http://www.gatan.com/products/specimen_holders/products/636-Double-Tilt-Liquid-Nitrogen-Cooling-Holder.php
http://www.gatan.com/products/specimen_holders/products/CHDT3504.php
http://www.gatan.com/products/specimen_holders/products/HCHDT3010.php
http://www.gatan.com/products/specimen_holders/products/ULTDT.php
http://www.gatan.com/products/specimen_holders/products/HC3500.php
http://www.gatan.com/products/specimen_holders/products/671-Single-Tilt-Liquid-Nitrogen-Straining.php
http://www.gatan.com/products/specimen_holders/products/CHVT3007-Single-Tilt-Liquid-Nitrogen.php
http://www.gatan.com/products/specimen_holders/products/626_CryoTransfer.php
http://www.gatan.com/products/specimen_holders/products/CT3500_CryoTransfer.php
http://www.gatan.com/products/specimen_holders/products/CT3500TR_CryoTransferTiltRotate.php
http://www.gatan.com/products/specimen_holders/products/910_Multispecimen.php
http://www.gatan.com/products/specimen_holders/products/914_NitroCryotransfer.php
http://www.gatan.com/products/specimen_holders/products/915_DoubleTilt.php
http://www.gatan.com/products/specimen_holders/products/HHST4004.php
http://www.gatan.com/products/specimen_holders/products/HFST4005-Environmental.php
http://www.gatan.com/products/specimen_holders/products/VTST4006-Single.php
http://www.gatan.com/products/specimen_holders/products/648-Double-Tilt-Vacuum-Transfer-Holder.php
http://www.gatan.com/products/specimen_holders/products/CHVT3007-Single-Tilt-Liquid-Nitrogen.php
http://www.gatan.com/products/specimen_holders/products/HFST4005-Environmental.php


• Heating
•

628 Single Tilt Heating Holder
• HC3500 Single Tilt Heating and Cooling Holder
• 652 Double Tilt Heating Holder
• HHST4004 Environmental Cell Single Tilt 

Heating Holder
• HFST4005 Single Tilt Vacuum Transfer Holder 

and Furnace

• Multiple Specimen

• 677 Single Tilt Multiple Specimen Holder
• 677FIB Single Tilt Multiple Specimen Holder for 

FIB

• Straining
•

654 Single Tilt Straining Holder 
• 671 Single Tilt Liquid Nitrogen Cooled Straining 

Holder 

Tomography

916 High Tilt Room Temperature Tomography Holder
927 Dual Orientation Room Temperature Holder
912 Ultra High Tilt Room Temperature Tomography Holder
914 High Tilt Liquid Nitrogen Cryo Transfer Tomography Holder

In-situ holder for – liquid, gas, fast heating, electro chemistry, 
electrical probing…
See more e.g www.protochips.com and www.denssolutions.com

Also more exotic holders are available..

http://www.gatan.com/products/specimen_holders/products/628-Single-Tilt-Heating-Holder.php
http://www.gatan.com/products/specimen_holders/products/HC3500.php
http://www.gatan.com/products/specimen_holders/products/652_DoubleTiltHolder.php
http://www.gatan.com/products/specimen_holders/products/HHST4004.php
http://www.gatan.com/products/specimen_holders/products/HFST4005-Environmental.php
http://www.gatan.com/products/specimen_holders/products/677-Single-Tilt.php
http://www.gatan.com/products/specimen_holders/products/677_FIB.php
http://www.gatan.com/products/specimen_holders/products/654_single_straining.php
http://www.gatan.com/products/specimen_holders/products/671-Single-Tilt-Liquid-Nitrogen-Straining.php
http://www.gatan.com/products/specimen_holders/products/916_TomoHolder.php
http://www.gatan.com/products/specimen_holders/products/927_DualOrientation.php
http://www.gatan.com/products/specimen_holders/products/912-Ultra-High-Tilt-Room-Temp-Tomography.php
http://www.gatan.com/products/specimen_holders/products/914_NitroCryotransfer.php
https://www.protochips.com/
https://denssolutions.com/


FEI 120kV and 200kV microscope:

1) Single tilt
2) Double tilt
3) Single Tilt Multiple Specimen Holder
4) Multi-Specimen Single Tilt Cryo Transfer Holder
5) Single Tilt Rotation Cryo Transfer Holder
6) Single Tilt Heating Holder

We have the following holders.. 

Jeol High resolution 2200 FS  and 2800 microscope:
1. Double tilt analytical holder
2. Single tilt holder
3. Heating holder
4. Cryo holder
5. in-situ STM conductivity/transport holder
6. in-situ STM conductivity/transport  with double tilt 
7. in-situ Heating and conductivity/transport  with double tilt 
8. Vacuum/inert gas transfer Holder “new for 2021”

Next one we want to buy is In-situ holder for liquids and electro 
chemistry

http://www.gatan.com/products/specimen_holders/products/CT3500TR_CryoTransferTiltRotate.php
http://www.gatan.com/products/specimen_holders/products/910_Multispecimen.php
http://www.gatan.com/products/specimen_holders/products/910_Multispecimen.php
http://www.gatan.com/products/specimen_holders/products/677-Single-Tilt.php
http://www.gatan.com/products/specimen_holders/products/910_Multispecimen.php
http://www.gatan.com/products/specimen_holders/products/CT3500TR_CryoTransferTiltRotate.php
http://www.gatan.com/products/specimen_holders/products/628-Single-Tilt-Heating-Holder.php
http://www.gatan.com/products/specimen_holders/products/646_DoubleTilt.php
http://www.gatan.com/products/specimen_holders/products/646_DoubleTilt.php
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