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CS-TEM vs CS-STEM
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FEI Titan Themis @ CIME EPFL

 2

60–300 kV 
Monochromator 

High brightness X-FEG 
Probe Cs-corrected: 0.7 Å @ 300 kV 
Image Cs-corrected: 0.7 Å @ 300 kV 

Super-X EDX detector 
GIF Quantum ERS energy filter 

Dual-channel, Ultrafast STEM-EELS 
Lorentz mode 

Biprism for holography 
Piezo stage 

Tomographic acquisition
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Limitation to spatial resolution: aberrations
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Electromagnetic lenses in TEM column are toroidal
Lenses inherently convergent

=> spherical aberration (CS) and chromatic aberration (CC)

No CS

With CS

Resolution in HR-TEM limited by aberrations, especially CS
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Cs-correction (STEM and TEM)
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CEOS corrector

Combination of standard radially-symmetric convergent lenses!
with multipole divergent lenses (e.g. tetrapoles, hextapoles) to tune CS

Rose J. Electron Microscopy!
58 (2009) 77–85
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• Compensate CS and other distortions with equivalent but opposite components to 
add together with aim of giving ideal spherical wavefront
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Principle of aberration correction

Krivanek et al. Aberration Correction in Electron Microscopy, Handbook of Charged Particle Physics 2009, pp. 601–641
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CEOS aberration corrector
• CEOS aberration corrector used for imaging correction in CTEM also used before 

sample as probe-corrector for STEM; sextapole-round lens-sextapole design. This is 
an “indirect” corrector type; ~30 power supplies but higher power and water cooling 
needed.
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Krivanek et al. Aberration Correction in Electron Microscopy, Handbook of Charged Particle Physics 2009, pp. 601–641
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Nion aberration corrector
• First STEM aberration corrector installed on VG by Nion (Krivanek); quadrupole-

octopole design. This is a “direct-action” corrector type as now used on Nion 
UltraSTEM: ~70 power supplies needed but low power and which can fit onto printed 
circuit boards
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Krivanek et al. Aberration Correction in Electron Microscopy, Handbook of Charged Particle Physics 2009, pp. 601–641
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Current correctors

• CEOS: CS-corrected, “C5 optimised”: CETCOR, CESCOR, D-COR

• CEOS: CS-CC corrected (NCEM TEAM 1.0, Julich Titan Pico)

• CEOS: B-COR aplanatic optimised for far off-axis rays

• JEOL: unique CS-CC corrector (CCC project)

• JEOL: Dodecapole Cs corrector (“Grand ARM”)

• Nion: CS-C5 corrected
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Understanding resolution in EM

• For CS-TEM need to understand concepts of:

• Contrast transfer function (CTF)

• How to use CS to optimise CTF

• Difference between point resolution and information limit

• Properties of the camera (MTF), sample drift, “Stobbs factor”…

• For CS-STEM need to understand concepts of:

• Probe size, shape, brightness, depth of field (DOF)

• Optical transfer function (OTF); STEM first to achieve 0.5 " res

• Scan (in)stabilities, detectors
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Cs-corrected HR-TEM “interferometry” 
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Example: !3 grain boundaries in Al

Uncorrected CS-corrected

Images: Oikawa, JEOL

Reduced delocalisation in phase contrast imageImage of “projected potential”



Duncan Alexander: Cs-TEM vs Cs-STEM               LSME & CIME, EPFL

CTF curves: uncorrected microscopes
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200 kV Talos:
- Cs: 1.2 mm
- Scherzer defocus: 65.8 nm
- Point resolution: 2.4 Å
- Information limit: 1.2 Å

“300 kV Talos”:
- Cs: 1.2 mm
- Scherzer defocus: 58.3 nm
- Point resolution: 2.0 Å
- Information limit: 1.2 Å

300 kV CM300 UT:
- Cs: 0.7 mm
- Scherzer defocus: 44.7 nm
- Point resolution: 1.8 Å
- Information limit: 1.2 Å

• Here under focus defined as 
positive defocus value (as in JEMS)

• Negative phase of CTF ⟹ black 
atom contrast (as in JEMS)
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Cs-TEM: effect on CTF
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300 kV Titan:
- Cs: –10 μm (adjustable!)
- Defocus: -4.4 nm
- Point resolution: ~0.7 Å
- Information limit: 0.7 Å

• Higher information limit from 
shifting spatial and temporal 
envelopes

• Done by improved stability of 
instrument + monochromatic 
beam

• Here show negative Cs (“white 
atom” contrast)

• Adjust Cs, defocus to give one 
wide CTF pass band to 
information limit
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Cs-TEM example: (AlxGa1–x)As nanowire
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Sample courtesy of Yannick Fontana, Anna Fontcuberta-i-Morral, LMSC
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Cs-TEM example: (AlxGa1–x)As nanowire
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Sample courtesy of Yannick Fontana, Anna Fontcuberta-i-Morral, LMSC
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Cs-TEM [1 1 0] GaAs simulation
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Defocus: – 2 nm steps starting from +5 nm
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Cs-TEM: defocus effect on CTF
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300 kV Titan:
- Cs: –10 μm (adjustable!)
- Defocus: -4.4 nm
- Point resolution: ~0.7 Å
- Information limit: 0.7 Å

300 kV Titan:
- Cs: –10 μm (adjustable!)
- Defocus: -0.4 nm
- Information limit: 0.7 Å

300 kV Titan:
- Cs: –10 μm (adjustable!)
- Defocus: 3.6 nm
- Information limit: 0.7 Å

• Small change in defocus ⟹ 
large change in contrast of high 
spatial frequencies!
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Cs-STEM example: (AlxGa1–x)As nanowire
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HAADF imaging: directly interpretable contrast on!
atomic structure; camera-like focus and no delocalisation! 
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Benefits of aberration 
correction
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Analytics – STEM-EELS
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Atomic resolution core-loss STEM-EELS mapping (Nion UltraSTEM)

More recently: atomic resolution EDX, EFTEM!
– but are they as interpretable?
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Measurement precision – CS-TEM
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Measurement precision – CS-STEM
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Measurement precision – CS-STEM

HAADF ABF (inverted contrast)

Meley et al. APL Materials 6 (2018) 046102

• Simultaneously acquired HAADF and ABF scan image series

• HAADF series corrected for linear and non-linear scan distortions to produce 
aligned and averaged image; alignments applied to ABF series also

• HAADF shows anti-ferroelectric charge ordering of La cations;!
ABF also shows projected rotations of O anion octahedra

• Analysis of LaVO3 film grown under epitaxial strain on DyScO3 substrate 
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• Before CS-correction highest resolution by minimising $ (MeV instruments with $ < 1 
pm)

• Light materials (graphene, nanotubes, …) suffer knock-on damage. Some thresholds:

• Bulk graphene: 86 keV

• Graphene edge atom: 36 keV

• Therefore need low kV – 80 kV max but 60 kV better –!which have long wavelengths

• Aberration correction now mandatory for atomic resolution

• Notable projects: Suenaga CCC project (30 kV aim), Ute Kaiser’s Salve project (20 kV 
aim), both with combined CS-CC correctors; new UltraSTEM (20 – 100 kV range)
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The move to lower kV

Duncan Alexander: Cs-TEM vs Cs-STEM               LSME & CIME, EPFL  24

Imaging organic molecules – Cs-(S)TEM
Cs-TEM (80 keV beam): imaging of molecule as weak phase object

Lee et al. Nano Letters 9 (2009) 3365–3369

Gunawan et al. Chem. Mater 26 (2014) 3328–3333

Cs-STEM (200 keV beam):
imaging of molecules by HAADF;!

need very clean (un-contaminating) sample
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• Iron oxide nanoparticles functionalised with folic acid

• Aberration-corrected phase contrast imaging at 80 keV using Titan Themis at CIME

• Incident electron beam monochromated to improve temporal coherence/reduce 
effect of chromatic aberration

 25

Imaging organic molecules – Cs-TEM
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• Use Wein filter to monochromate incident electron beam =>!
inhomogeneous illumination with energy dispersion on one axis

• Significant reduction of energy spread; increase of temporal envelop of CTF

• See: Tiemeijer et al. Ultramicroscopy 114 (2012) 72–81
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“Rainbow” mode illumination

Cs: –10 !m
Cc: 1.5 mm
"V: 800 meV
"f: –9.9 mm

Cs: –10 !m
Cc: 1.5 mm
"V: 150 meV
"f: –5.9 mm
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• Use Wein filter to monochromate incident electron beam =>!
inhomogeneous illumination with energy dispersion on one axis

• Significant reduction of energy spread; increase of temporal envelop of CTF

• See: Tiemeijer et al. Ultramicroscopy 114 (2012) 72–81
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“Rainbow” mode illumination

Cs: –10 !m
Cc: 1.5 mm
"V: 800 meV
"f: –9.9 mm

Cs: –10 !m
Cc: 1.5 mm
"V: 150 meV
"f: –5.9 mm
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“Rainbow” mode illumination

Iron oxide nanoparticles



Duncan Alexander: Cs-TEM vs Cs-STEM               LSME & CIME, EPFL

Doped graphene, BN monolayer – CS-STEM
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• Analysis of monolayer materials: low kV essential to prevent 
knock-on damage; here 60 kV used (knock-on threshold for 
bulk graphene ~86 kV) with Nion UltraSTEM

• Medium-angle ADF (MAADF) gives intensity I ! Z1.7 but with 
increased signal intensity compared to true HAADF image. 
(This intensity is needed for imaging single atom by single 
atom; % = 58–200 mrad.) Direct atom assignment by 
intensity.

Krivanek et al Nature 
464 (2010) 571
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Doped graphene, BN monolayer – CS-TEM
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CS-TEM of dislocations in graphene
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Studies of monolayer MoS2

2010: Cs-TEM, 80 kV, TEAM 0.5 microscope
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Studies of monolayer MoS2
2011: Cs-STEM, 60 kV, SuperSTEM
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Titan Themis Cs-STEM: CVD monolayer MoS2
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“Large-area MoS2 grown using H2S as the sulphur source”!
Dumitru Dumcenco et al. 2D Materials 2(4) 2015

2 nm

• 80 keV beam; even if below knock-on threshold can have 
beam-induced chemistry with residual gas molecules in 
column because not UHV (e.g. water etching).

• UHV or sample heating can be essential to good work!
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Other limits
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CS-TEM
• Harder to align precisely on zone axis 

(need to flip from diffraction to image)

• Interpret via: focal series reconstruction; 
negative Cs imaging; simulation

• Easy to obtain fringe image but precise 
Scherzer focus potentially challenging

• Contrast inversions with thickness 
remain; but can image very thick samples

• Damage: beam intensity spread, but total 
dose may be higher

• Coherent imaging: CTF determines 
resolution limit

• Atomic column analytics with!
(CC-corrected) EFTEM less proven

• Camera properties important (MTF, 
“Stobbs factor”)

• Picometer measurement precision

• Dynamics studies 25 fps easy, 1000 fps 
now possible (good for ETEM)

• Can still image samples which 
contaminate, e.g. organic molecules
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• Easier to align precisely on zone axis 
(always in diffraction mode)

• Interpret via HAADF/MAADF/BF/ABF/
iDPC image

• Very limited DOF but very precise 
focus; camera-like focus

• Arguably thickness insensitive:!
sample first nms of thickness 

• Damage: strong local intensity, but total 
dose may be lower

• Incoherent imaging: OTF determines 
resolution limit for HAADF

• Atomic column analytics with STEM-
EELS; STEM-EDX also works

• Scan instabilities and detector noise 
important; need very stable scan

• Equally good precision

• Slower, but possible to follow movement 
of single atoms

• Need contamination-free samples only 
UHV possibility

CS-STEM


