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Transmission Electron Microscopy
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Nion UltraSTEM 100 @ Vienna
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Nion UltraSTEM 100 @ Vienna
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knock-on excitations &
ionization

chemical effects
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Electron Beam Effects in the (S)TEM

Characteristic cross sections and time scales for carbon @ 100 kV

Knock-on dynamics Ionization Plasmons
cross section: < 1 barn cross section: 106 barn cross section: 106 barn
time scale: 10-15 s time scale: 10-15 s time scale: 10-13 s

Phonons (elastic collision) Core hole
cross section: 106 barn cross section: 104 barn
time scale: 10-12 s time scale: 10-14 s

Egerton, Ultramicroscopy 127, 100–108 (2013), Brühwiler et al., Phys. Rev. Lett. 74, 614–617 (1995), Yan et al., Nature Photon. 7, 394–399 
(2013), Kang et al., Phys. Rev. B 81, 165405 (2010), Banhart, Rep. Prog. Phys. 62, 1181 (1999), Cosslett, J. Microsc. 113, 113-129 (1978)

Beam Current: 30 pA
ca. 1 e- / nm2 / 10-9 s



  

Knock-On Process

Conservation of energy

Conservation of momentum

Maximum energy transfer occurs for the back scattering electron and yields

Banhart, Rep. Prog. Phys. 62, 1181 (1999)

Electron energy: eU
Initial velocity of the nucleus

or for  v = 0
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Velocity here from kinetic 
theory: 

Better, phonon DOS:

Susi, …, JK, Nat. Commun. 7, 13040 (2016)



  

Graphene @ 90 kV, TEM

Meyer, JK et al., Phys. Rev. Lett.  (2012)



  

Graphene @ 95 kV, STEM

Susi, …, JK, Nat. Commun. 7, 13040 (2016)



  

Displacement Cross Section

Coulomb Interaction: 
Nucleus: Q

2
 = Z

Electron: Q
1
 = 1

Rutherford scattering: (valid for charges at low energies)

Extended for spin and relativistic electrons by Mott & approximated by McKinley and 
Feshbach:

See: Zobelli et al., Phys. Rev. B 75, 245402 (2007)
McKinley and H. Feshbach, Phys. Rev. 74, 1759 (1948)

Using

one gets

Energy of nucleus after scattering

Electron scattering angle

Assuming isotropic displacement threshold E
d
 and integrating over T > E

d
 leads to:
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Theory vs. experiment
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Susi, …, JK, Nat. Commun. 7, 13040 (2016)

Velocity distribution of nuclei

Extended model:



  

Sub-threshold Knock-On Effects

Dynamical process due to an impact on one atom

JK et al., Phys. Rev. B 83, 245420 (2011) — Susi, …, JK, 2D Mater. 4, 042004 (2017)
Kurasch, JK, et al., Nano Lett. 12, 3168 (2012) — JK et al., Nat. Commun. 5, 4991 (2014)

Stone-Wales „Flower defect“ Divacancy



  

From Single- to Multivacancies

Kotakoski et al., Phys. Rev. Lett. 106, 105505 (2011) & Kotakoski et al., Phys. Rev. B 89, 201406 (2014) 

@ 100 kV



  

… and to Amorphous 2D Carbon

Kotakoski et al., Phys. Rev. Lett. 106, 105505 (2011) & Eder, JK et al., Sci. Rep. 4, 4060 (2014)

@ 100 kV



  

Impurity Atom Dynamics



  

Observed dynamics

Susi, JK, et al. Phys. Rev. Lett. 113, 115501 (2014),
 Yang et al., Angewandte Chemie 126, 9054 (2014),

Lee et al., Nature 4, 1650 (2013), Lin et al., Nano Letters 15, 74087413 
(2015), Kepaptsoglou et al., ACS Nano 9, 11398 (2015)

Susi, …, JK, 2D Mater. 4, 042004 (2017)



  

Hints Towards 2D Silicon Carbide?
Sample: reduced graphene oxide
Imaging: Nion UltraSTEM 100 @ 60 kV, ca. 30 pA  @ 10-9 mbar

Susi, JK, et al. ,Sci. Rep. 7, 4399 (2017)
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Susi, JK, et al. ,Sci. Rep. 7, 4399 (2017)



  

Susi, JK, et al. ,Sci. Rep. 7, 4399 (2017)



  

Knock-On vs. Ionization, or Both?



  

Electron irradiation of hBN
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Jin et al., Phys. Rev. Lett. 102, 195505 (2009)

Meyer et al., Nano Lett. 9, 2683 (2009)

@ 80 kV



  

Kotakoski et al., Phys. Rev. B 82, 113404 (2010)
(a) 80 kV (b) 120 kV (c) 200 kV



  

Sulfur Vacancies in MoS2
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Komsa, JK et al., Phys. Rev. Lett. 109, 035503 (2012)



  

Komsa, JK et al., Phys. Rev. Lett. 109, 035503 (2012)

MoS2, HRTEM

STEM @ 70 kV
Geo.mean: 1.1x108 e/nm2
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From Knock-On to Ionization



  

Heavier TMDs: MoTe2

Kuc, Chemical Modelling 11, 1-29 (2014)
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Elibol, … , JK, Chem. Mater. 30, 1230 (2018)

Non-knock-on dynamics



  

Elibol, … , JK, Chem. Mater. 30, 1230 (2018)



  

Intrinsic defects

Elibol, … , JK, Chem. Mater. 30, 1230 (2018)
TMD-protection through sandwiching:
Algara-Siller et al., Appl. Phys. Lett. 103, 203107 (2013)



  

Graphene Edges under the Electron Beam



  

Typical Results in a HRTEM: Growing Holes

Meyer, JK, et al., Phys. Rev. Lett. 108, 196102 (2012)
See also: Girit et al., Science 323, 1705 (2009)



  

What Should We Expect?

Kotakoski et al., ACS Nano 6, 671 (2012)

Knock-on damage at various edges



  

Experimental setup in Vienna



  

… in a STEM at 10-7 to 10-6 mbar (O2)

Leuthner et al., in preparation

STEM imaging at 60 kV

unstable 
edges

Typical orientation: Zigzag



  
Leuthner et al., in preparation



  

How About in UHV?

Leuthner et al., in preparation

STEM imaging at 60 kV and ca. 2x10-10 mbar

Si-driven 
dynamics

Mostly: stable armchair edges



  

Etching-Induced Cleaning @ 10-7 mbar (Air)

Leuthner et al., in preparation
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