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Wednesday 4th July 

12:00 Registration and lunch 
Physics concourse, Physics Building 

13:00  1.a - In-situ TEM enabled by Gatan's OneView camera, running up to 300 frames per second 
Gatan UK, UK 
MAS 1.20 

1.b In-situ microscopy solutions 
DENSsolutions, The Netherlands 
MAS 1.20 

2. Vaccum cryo-transfer of beam sensitive specimens 
Quorum Technologies, UK 
WMG EM suite 

3. In-situ Microscopy Solutions 
Protochips, USA 
MAS 1.22 

4. Boosting precision & accumulating SNR with multi-frame image and SI methods 
Dr Lewys Jones, Trinity College Dublin, Ireland 
MAS2.05/6 

13:45 1.a - In-situ TEM enabled by Gatan's OneView camera, running up to 300 frames per second 
Gatan UK, UK 
MAS 1.20 

1.b In-situ microscopy solutions 
DENSsolutions, The Netherlands 
MAS 1.20 

2. Vaccum cryo-transfer of beam sensitive specimens 
Quorum Technologies, UK 
WMG EM suite 

3. In-situ Microscopy Solutions 
Protochips, USA 
MAS 1.22 

4. Analysing large datasets with HyperSpy 
Dr. Francisco de la Peña 
MAS2.05/6 

14:30 1.a - In-situ TEM enabled by Gatan's OneView camera, running up to 300 frames per second 
Gatan UK, UK 
MAS 1.20 

1.b In-situ microscopy solutions 
DENSsolutions, The Netherlands 
MAS 1.20 

2. Vaccum cryo-transfer of beam sensitive specimens 
Quorum Technologies, UK 
WMG EM suite 



 
 

3. In-situ Microscopy Solutions 
Protochips, USA 
MAS 1.22 

4. Boosting precision & accumulating SNR with multi-frame image and SI methods 
Dr Lewys Jones, Trinity College Dublin, Ireland 
MAS2.05/6 

15:15  Coffee and refreshments 
Physics Concourse, Physics Building 

15:45 1.a - In-situ TEM enabled by Gatan's OneView camera, running up to 300 frames per second 
Gatan UK, UK 
MAS 1.20 

1.b In-situ microscopy solutions 
DENSsolutions, The Netherlands 
MAS 1.20 

2. Vaccum cryo-transfer of beam sensitive specimens 
Quorum Technologies, UK 
WMG EM suite 

3. In-situ Microscopy Solutions 
Protochips, USA 
MAS 1.22 

4. Analysing large datasets with HyperSpy 
Dr. Francisco de la Peña 
MAS2.05/6 

16:30 Boosting precision & accumulating SNR with multi-frame image and SI methods 
Dr Lewys Jones, Trinity College Dublin, Ireland 
MAS2.05/6 

17:15 Close 

17:00 Registration  
Physics concourse, Physics Building 

17:30 (Plenary) Radiation damage to organic and inorganic specimens in the TEM  
Ray Egerton, University of Alberta, Canada 

18:30 (Invited) Liquid phase electron microscopy of soft matter 
Joe Patterson, Eindhoven University of Technology, The Netherlands 

19:00 Welcome reception 
Physics Concourse, Physics Building 

 

  



 
 
Thursday 5th July 

08:00 Registration 
Physics Concourse, Physics Building 

  Session 1: Low Dimentional Materials 

Physics Lecture Theatre 
Chairs: Richard Beanland and Tim Slater 

09:00  (Invited) Electron beam induced chemical reactions of organic molecules and dynamics of 
point defects: examples of graphene and carbon nanotubes 
Elena Besley, University of Nottingham, UK 

09:30 Electron and optical studies of 2D Transition Metal Dichalcogenides (TMDs) and 2D tellurium 
Emilie Ringe,  University of Cambridge, UK 

09:45 Scalable patterning of encapsulated black phosphorus 
Nick Clark, The University of Manchester, UK 

10:00 AR-TEM and STEM studies of encapsulated PCMs in narrow to medium diameter SWCNTs 
Charlotte Slade, University of Warwick, UK 

10:15 Comparison of atomic scale dynamics for 14 kinds of transition metal nanocatalysts 
Kecheng Cao, Ulm University, Germany 

10:30 Refreshment break and exhibition 
Physics Concourse, Physics Building 

  Session 2 - In-situ Electron Microscopy 

Physics Lecture Theatre 
Chair: Andy Brown and Ziyou Li 

    

11:00 (Plenary) Sub-sampling and inpainting in STEM for efficient low-dose imaging of atomic scale  
structures and dynamic in-situ processes 
Nigel Browning, University of Liverpool, UK 

    

12:00 High-resolution STEM-EDX spectral mapping in engineered graphene liquid cells 
Daniel Kelly, The University of Manchester, UK 

    

12:15 An environmental transmission electron microscopy study of photocorrosion of nanoparticles in  
aqueous solutions using an open cell in-situ illumination system 
Barnaby Levin, Arizona State University, USA 

    

12:30  In-situ Liquid Electron Microscopy for imaging proteins in their native state 
Lorena Ruiz-Perez, University College London, UK 

    



 
 
12:45 Flash posters: 

Large inversion domains evolvement in monolayer MoS₂ by in-situ heating 
Jun Chen, University of Oxford, UK 

Atomic electric fields in monolayer MoS₂ 
Yi Wen, University of Oxford, UK 

Cryo-analytical STEM for characterisation of nanoparticle dispersions in aqueous media 
Martha Ilett, University of Leeds, UK 

    

13:00 Lunch and exhibition 
Physics Concourse, Physics Building  

    

  Session 3 - Applications (I) 

Physics Lecture Theatre 
Chair: Larry Stoter and Sarah Haigh 

    

14:30 Remote molecular epitaxy across graphene 
Neil Wilson, University of Warwick, UK 

    

14:45 Low-dose aberration-free imaging of battery materials by electron ptychography in STEM 
Juan G Lozano, University of Oxford, UK 

    

15:00 Towards developing Transmission Electron Microscopy as an approach to assess low levels of  
crystallinity within drug formulations 
Mark S'ari, University of Leeds, UK 

    

15:15 Flash posters: 

Quantitative compositional analysis by electron diffraction and theoretical simulation 
Yu-Jen Chou, University of Oxford, UK 

Estimating sub-surface biological activity through the abundance of superparamagnetic grains  
in a continental ophiolite complex: A multiscale correlative study 
Joshua Einsle, University of Cambridge, UK 

Benefits and limitations of off-axis holography for bio-imaging in transmission microscopy 
Christopher Edgcombe, University of Cambridge, UK 

    

15:30 Refreshments and exhibition 
Physics Concourse, Physics Building 

    

   

 

    



 
 

Session 4 - Techniques Developments 

Physics Lecture Theatre 
Chair: Jun Yuan and Francisco de la Peña 

16:00 (Invited) Minimising Dose(-rate) in the STEM while maximising information content 
Lewys Jones, Trinity College Dublin, Ireland 

    

16:30 Fast and low-dose electron ptychography 
Peng Wang, Nanjing University, China 

    

16:45  Contrast transfer and dose limits for electron ptychography in the TEM and STEM 
Colum M O'Leary, University of Oxford, UK 

    

17:00 Signal from the shadows: high contrast at low dose by phase shaping 
Laura Clark, Monash University, Australia 

    

17:15 Integrated Differential Phase Contrast (iDPC) STEM for low Z detection and for high contrast  
low dose imaging applications 
Anil Yalcin, Thermo Fisher Scientific, UK 

    

17:30 EMAG AGM 
Physics Lecture Theatre 

    

19:00 Coach from University to Warwick Castle     

19:30 Reception and Conference Dinner  

  
 

 

  



 
 
Friday 6th July 

08:00 Registration 
Physics Concourse, Physics Building 

  Session 5 - Low Voltage Microscopy 

Physics Lecture Theatre 
Chairs: Connie Rodenburg and Michael Dixon 

09:00  (Invited) Pros and cons of beam sensitivity in helium ion microscopy 
Stuart Boden, University of Southampton, UK 

09:30 The development of cryo-FIB lift-out for soft matter and biological imaging - Making the practically  
impossible ‘merely difficult’ 
Christoper Parmenter, University of Nottingham, UK 

09:45 Probing the electronic and molecular structure of beam-sensitive materials with the secondary  
electron spectrum 
Robert Masters, University of Sheffield, UK 

10:00 Application of the 20-80 kV SALVE TEM to graphene 
Felix Börrnert, Universität Ulm, Germany 

10:15 Flash posters: 

Python scripting to enhance in situ experimentation in SEM 
Daniel Phifer, Thermo Fisher Scientific, UK 

Carbon materials, their contamination in the SEM- problem or an opportunity? 
Kerry Abrams, University of Sheffield, UK 

Analysis of air-sensitive Li-ion battery materials 
Barbara Shollock, University of Warwick, UK 

10:30 Refreshment break and exhibition 
Physics Concourse, Physics Building 

  Session 6 - Applications (II) 

Physics Lecture Theatre 
Chair: Donald Maclaren, Connie Rodenburg 

    

11:00 Low energy electron beam induced local instability in hybrid perovskite solar cell materials -  
a predictive tool for solar cell degradation? 
Vikas Kumar, University of Sheffield, UK 

    



 
 
11:15 Real-time dynamical imaging of light induced photo-voltages in hybrid halide perovskites by  

scanning electron microscopy 
Gabriele Irde, Politecnico di Milano, Italy 

    

11:30 Imaging of beam sensitive lithium-rich batteries materials via low dose advanced STEM 
Emanuela Liberti, University of Oxford, UK 

    

11:45  Electron-irradiation induced defects in ytterbium titanate 
Ali Mostaed, University of Sheffield, UK 

    

12:00 Strategies for low dose scanning transmission electron microscopy analysis of highly beam  
sensitive materials 
James Cattle, University of Leeds, UK 

    

12:15 Flash posters: 

Pt-based chemotherapeutic quantification using HAADF STEM 
Alexandra Sheader, University of Oxford, UK 

Quantitative comparison study of low-dose zeolite imaging using HRTEM and HAADF-STEM 
Chen Huang, University of Oxford, UK 

Dose limited TEM and STEM characterisation of electron beam sensitive inorganic nanomaterials 
Rob Hooley, University of Leeds, UK 

    

12:30 Committee Meeting 
Physics Lecture Theatre 

    

12:30 Lunch and exhibition 
Physics Concourse, Physics Building  

    

  Session 6 - Applications (II) continued 

Physics Lecture Theatre 
Chair: Jeremy Sloan and Andy Brown 

    

14:00 STEM studies of the beam sensitive BaTi₈O₁₆ hollandite system by fast-scanned multi-frame  
imaging 
John Halpin, University of Glasgow, UK 

    

14:15 Exit wavefunction reconstruction of beam-sensitive photonic SnO₂ nanoparticles 
Arthur Moya, University of Oxford, UK 

    

14:30 (Plenary) Low-voltage TEM/STEM of low-dimensional materials at the single atom level 
Kazu Suenaga, National Institute of AIST, Japan 

    

  
 

    



 
 
15:30 Student awards 

Richard Beanland and Ana Sanchez 

16:00 Close of conference 

  
 

 

Poster programme 

  P:01 Crystallography, electron microscopy and functional evolution of atomically thin confined nanowires 
Jeremy Sloan, University of Warwick, UK 

  P:02 Scanning transmission electron microscopy of beam sensitive Quartz  
Antonius van Helvoort, NTNU, Department of Physics, Norway 

  P:03 3D precession diffraction tomography in TEM:  Solving structures of beam sensitive pharmaceuticals with new 
generation direct detection pixelated detectors   
Alan C Robins, NanoMEGAS SPRL, Belgium  

  P:04 Gatan K2 direct detection sensors move from Cryo imaging, to low dose imaging of beam sensitive materials 
specimen. 
Neil Wilkinson, Gatan UK, UK 

  P:05 Optimizing liquid cell transmission electron microscopy for energy dispersive x-ray spectroscopy 
Jordan Moering, Protochips, USA 

  P:06 Low energy X-ray spectrometry of beam sensitive garnet electrolytes using a windowless EDS detector 
James Sagar, Oxford Instruments, UK 

  P:07 In situ catalyst characterization using scanning transmission electron microscopy and X-ray absorption 
spectroscopy at one atmosphere and elevated temperature 
Matt Lindley, The University of Manchester, UK 

  P:08 Atomic scale imaging of reversible ring cyclization in graphene nanoconstrictions  
Jakyung Lee, University of Oxford, UK 

  P:09 Beam exposure dependence of EELS-based Ce oxidation state characterisation  
Dung-Trung Tran, Johnson Matthey Technology Centre, UK 

  P:10 Direct observation of defect evolution in 2D single layer tungsten diselenide by low voltage high resolution 
transmission electron microscopy 
Yueliang Li, Ulm University, Germany 

  P:11 Diffuse contrast in neutral helium atom microscopy  
Sam Lambrick, University of Cambridge, UK 

   
 



 
 
P:12 Increasing electron micrograph signal-to-noise ratios using deep learning 
Jeffrey Ede, University of Warwick, UK 

  P:13 Using cryo-mono-EELS to accurately measure the oxidation state of environmentally relevant iron oxide minerals  
Helen Freeman, GFZ German Research Centre for Geosciences, Germany 

  P:14 Quantitative electron beam damage study of beam sensitive materials  
Eu Pin Tien, The University of Manchester, UK 

  P:15 Atomic and electronic structure of two-dimensional Mo1-xWxS₂ semiconductor alloys 
Xue Xia, University of Warwick, UK 

  P:16 III-V nanowires with stable defects at high temperatures 
James Gott, University of Warwick, UK 

  P:17 In situ transmission electron microscopy of domain switching in ferroelectric films 
Jonathan Peters, University of Warwick, UK 

  P:18 In-situ (E)SEM ‘Freeze-Drying’ & High Resolution Imaging of Polymer Lattices and their film formation mechanism 
Marzena Tkaczyk, University of Oxford, UK 

  P:19 Microstructure investigation and mechanical properties of bulk, nanocrystalline Fe-based alloys obtained by rapid 
quenching technique  
Marzena Tkaczyk, University of Oxford, UK 

  P:20 Cold Chocolate under stress: An alternative approach to study high-rate behaviour in polymers 
Rhiannon Heard, University of Oxford, UK 

  P:21 Micromechanics of pharmaceutics – a novel in-situ tensile test  
Rhiannon Heard, University of Oxford, UK 

  P:22 Microdamage observations in rat tail tendons 
Kalin Dragnevski, University of Oxford, UK 

  P:23 Size dependent electron beam induced structural modifications in silver nanoparticles  
David Rickerby, European Commission Joint Research Centre, Italy 

  P:24 Studies of carbon-supported Co₃O₄ nanocrystals using aberration-corrected exit wavefunction reconstruction 
Ofentse Makgae, University of Oxford, UK 

  P:25 MAX phases for future fission and fusion environments  
Max Rigby, The University of Manchester, UK 

  P:26 Using transmission electron microscopy to investigate the relationship between platinum nanoparticles structure 
and electrocatalytic efficiency 
Haytham Hussein, University of Warwick, UK 



 
 
  P:27 Electron microscopy for analysis of temperature stable relaxors 
Teresa Roncal-Herrero, University of Leeds, UK 

  P:28 Reduction of systematic and excessive noise in charge-coupled device measurements 
Tobias Heil, Max Planck Institute of Colloids and Interfaces, Germany 

  P:29 Atomic resolution STEM imaging of defects in air-sensitive 2D materials 
David Hopkinson, The University of Manchester, UK 

  P:30 Assessing lamellae thickness during FIB milling with Monte Carlo modelling  
Evan Tillotson, The University of Manchester, UK 

  P:31 Optical and terahertz properties of structurally-modified carbon nanotubes: photoconductivity of thin films 
Maria Burdanova, University of Warwick, UK 

  P:32 Atomic resolution imaging of 2D materials in controlled atmospheres 
Gregor Leuthner, University of Vienna, Austria 

  P:33 Direct Observation of Intrinsic Twin Domains in Tetragonal CH3NH3PbI3 

Mathias Uller Rothmann, University of Oxford, UK 

  P:34 Growth and characterization of ultrathin indium and indium-oxide on graphene 
Georg Zagler, University of Vienna, Austria 

  P:35 Modelling effects of electron-beam irradiation 
Edward Mortimer, University of Nottingham, UK 

  P:36 Model-based quantification of ADF STEM images in the presence of crystal tilt 
Annelies De wael, University of Antwerp, Belgium 

  P:37 Atomic resolution electron tomography of nanoparticles on tungsten tips 
Timothy Poon, University of Birmingham, UK 

  P:38 STEM imaging of Zeolite ZSM5 with Cu Cations 
Emily Brooke, Johnson Matthey, UK 

  P:39 Atomically sharp interlayer stacking shifts at anti-phase grain boundaries in overlapping MoS2 secondary layers 
Si Zhou, University of Oxford, UK 

  P:40 HRTEM of alkali-halide cluster ions deposited on graphene using electrospray ion-beam deposition 
Nilesh Vats, Max-Planck-Institute for Solid State Research, Germany 

 P:41 (Flash poster) Large inversion domains evolvement in monolayer MoS2 by in-situ heating 
Jun Chen, University of Oxford, UK 

 P:42 (Flash poster) Atomic electric fields in monolayer MoS₂ 
Yi Wen, University of Oxford, UK 



 
 
 P:43 (Flash poster) Cryo-analytical STEM for characterisation of nanoparticle dispersions in aqueous media  
Martha Ilett, University of Leeds, UK 

 P:44 (Flash poster) Quantitative compositional analysis by electron diffraction and theoretical simulation 
Yu-Jen Chou, University of Oxford, UK  

 P:45 (Flash poster) Estimating sub-surface biological activity through the abundance of superparamagnetic grains  
in a continental ophiolite complex: A multiscale correlative study 
Joshua Einsle, University of Cambridge, UK 

 P:46 (Flash poster) Benefits and limitations of off-axis holography for bio-imaging in transmission microscopy 
Christopher Edgcombe, University of Cambridge, UK 

 P:47 (Flash poster) Python scripting to enhance in situ experimentation in SEM 
Daniel Phifer, Thermo Fisher Scientific, UK 

 P:48 (Flash poster) Carbon materials, their contamination in the SEM- problem or an opportunity? 
Kerry Abrams, University of Sheffield, UK 

 P:49 (Flash poster) Analysis of air-sensitive Li-ion battery materials 
Barbara Shollock, University of Warwick, UK 

 P:50 (Flash poster) Pt-based chemotherapeutic quantification using HAADF STEM 
Alexandra Sheader, University of Oxford, UK 

 P:51 P:51 (Flash poster) Quantitative comparison study of low-dose zeolite imaging using HRTEM and HAADF-STEM 
Chen Huang, University of Oxford, UK 

 P:52 (Flash poster) Dose limited TEM and STEM characterisation of electron beam sensitive inorganic nanomaterials 
Rob Hooley, University of Leeds, UK 

 P:53 Using transmission electron microscopy to track metal electrodeposition dynamics from nucleation and growth of  
a single atom to crystalline nanoparticle 
Haytham E M Hussein, University of Warwick, UK 

 

  



 
 
Oral  

(Plenary) Radiation damage to organic and inorganic specimens in the TEM 

R F Egerton 

University of Alberta, Canada  

Radiation damage in the TEM or STEM is visible as a change in structure (at an atomic or larger scale), 
thinning of the specimen (often called mass loss) or a change in chemical composition due to the selective 
loss of certain elements. Charging effects are also possible, leading to deflection of the incident beam, 
image distortion or permanent damage in the form of ion migration [1] or even rupture of the specimen. 

The damage can be measured by observing the fading of diffraction spots (indicating a loss of crystallinity) 
or the diminution of peaks in an energy-loss spectrum, arising from the breakage of chemical bonds. The 
change is often exponential and can be quantified in terms of a characteristic or critical dose, expressed as a 
charge density (e.g. C/m2) or particle fluence (e.g. electrons/nm2), or in terms of energy deposition (e.g. 
J/kg = Gray).  

In organic specimens (e.g. biomaterials, polymers) the dominant damage mechanism is radiolysis (also 
known as ionization damage), due to inelastic scattering of the transmitted electrons. The resulting energy 
transfer creates electronic transitions, either directly or as a result of plasmon decay, leading to atomic 
motion and permanent change in structure. A similar process occurs in response to x-rays, which are actually 
more damaging in terms of energy deposition per information-yielding elastic event [2]. 

Organic materials can be highly beam-sensitive, such that a dose-limited resolution (DLR), rather the 
electron optics, limits TEM image resolution [3]. The amount of damage is usually proportional to the 
accumulated dose and independent of dose rate. Damage can be reduced (typically by a factor of 2 to 10) 
by cooling the specimen with liquid nitrogen, as in cryoTEM. Liquid helium is also a possibility but may lead 
to severe charging effects. Coating or encapsulation of a specimen can also be beneficial, through a 
reduction in electrostatic charging or other processes [3]. The TEM voltage has little effect on signal/damage 
ratio, except that larger kV allows a thicker specimen and possibly more signal [4]. 

Inorganic specimens that are poorly conducting can also damage via radiolysis, although they are often less 
beam-sensitive, making DLR no longer important. Alkali halides provide a simple example, but with a 
complicated temperature dependence [5]. There may be a dose-rate dependence of damage, either direct 
(damage increases with dose rate) or inverse.  

Radiolysis is quenched in conducting specimens such as metals, leaving knock-on displacement (arising 
from “elastic” scattering) as the damage mechanism, when the TEM voltage is above some threshold value. 
Vacancy/interstitial pairs can aggregate into visible dislocation loops at higher specimen temperature. 
Atomic displacement at a specimen surface leads to thinning (electron-induced sputtering), with a lower 
threshold voltage. 

A gaseous environment usually increases damage to the specimen and a liquid environment (as in a liquid 
cell) may be even more destructive, depending on the liquid and its pH value. 

[1]  N. Jiang, Micron 83 (2016) 79-92. 
[2]  R. Henderson, Quarterly Reviews of Biophysics 28 (1995) 171-193. 
[3]  R.F. Egerton. Ultramicroscopy 127 (2013) 100-108. 
[4]  R.F. Egerton, Ultramicroscopy 145 (2014) 85-93.  
[5]  L.W. Hobbs, Surface and Defect Properties of Solids 4 (1975) 152-250. 

  



 
 
(Invited) Liquid phase electron microscopy of soft matter 

J P Patterson1,2, HFriedrich2 and N A J M Sommerdijk3 

1University of California, USA, 2Eindhoven University of Technology, The Netherlands 

Liquid Phase Electron Microscopy (LPEM) has already begun to revolutionize our understanding of 
nanomaterial dynamics by providing real-time direct observations of fundamental processes such as 
nucleation and growth, morphology evolution and particle-particle interactions.1, 2 However, there are many 
challenges to overcome before we can translate our observations into quantitative data that can guide us 
synthetically.3 These challenges include, understanding and controlling beam-sample interactions, the effect 
of confinement within the liquid cells and extracting data from noisy, low contrast images.4, 5 In this talk we 
will discuss the philosophies and strategies for overcoming these issues. We will also give some examples of 
how unique insights provided by LPEM can result in new design opportunities for controlling the structure 
and properties of materials.   

 
Figure 1. Schematic of a conventional silicon nitride liquid cell. 

[1] J. J. De Yoreo and S. N. A. J. M, Nature Reviews Materials, 2016, 1, 16035. 
[2] J. de, Niels and F. M. Ross, Nat. Nanotechnol., 2011, 6, 695-704. 
[3] F. M. Ross, Science, 2015, 350. 
[4] L. R. Parent, E. Bakalis, M. Proetto, Y. Li, C. Park, F. Zerbetto and N. C. Gianneschi, Accounts of 
 Chemical Research, 2018, 51, 3-11. 
[5] J. P. Patterson, M. T. Proetto and N. C. Gianneschi, Perspectives in Science, 2015, 6, 106-112. 

 

  



 
 
Session 1: Low Dimentional Materials 

Electron beam induced chemical reactions of organic molecules and dynamics of point defects: examples of 
graphene and carbon nanotubes 

S T Skowron1, A Markevich1, T W Chamberlain2, J Biskupek3, A Khlobystov1, U Kaiser3 and E Besley1 

1University of Nottingham, UK, 2University of Leeds, UK, 3University of Ulm, Germany 

Transmission electron microscopy (TEM) is a widely-used technique for characterisation of materials, which 
provides atomic resolution imaging of low dimensional nanostructures such as graphene and carbon 
nanotubes. In this context, damage to materials imaged by TEM, caused by collisions with the highly 
energetic electrons of electron beam (e-beam), is generally considered as something to be avoided or 
limited. However, with detailed understanding of the e-beam effects, energy transmitted from it can be used 
to drive chemical reactions that would be otherwise unfeasible. 

More detailed understanding of ebeam driven chemical reactions can be achieved by comparing 
experimental TEM images to the results of computational modelling. The dynamic response of organic 
species on graphene and inside carbon nanotubes to the stimulus of e-beam has been simulated using ab 
initio molecular dynamics. By combining these computational results with an accurate analytical model 
describing the interaction of high energy electrons and atomic nuclei, the experimentally observed behaviour 
of these systems under e-beam has been characterised quantitatively. 

The elemental dependence of energy transferred from ebeam was shown to play a key role in determining 
reaction products and is responsible for the very high susceptibility of carbon- hydrogen bonds to irradiation 
damage.1  Deuteration is an effective remedy for overcoming this limitation, increasing lifetimes of organic 
molecules under electron irradiation and therefore enhancing the accuracy of structural analysis by TEM.2 A 
close collaboration between theory and microscopy was used to establish TEM as an effective tool for 
chemical reaction discovery and for characterisation of previously unknown reaction mechanisms.3 This has 
initially been demonstrated with two example reactions, in which organic molecule precursors are activated 
by e-beam, eventually forming novel one-dimensional materials.4 

As another test case, we studied transformations of point defects in graphene.5 The cross- sections and 
threshold energies of irreversible (atom emission) and reversible (bond rotation) processes have been 
measured. Observation of statistically significant number of events at variable experimental conditions 
allows us to decouple beam induced and thermal reaction pathways and to obtain independent estimations 
of the cross-sections and activation energies for direct and back bond rotations. The back rotation is 
characterised by a very high value of the cross-section. Comparisons to theoretical estimations indicate that 
the assumed mechanism of direct knock-on damage cannot be the main cause of Stone-Wales defect 
healing under e-beam. 

[1]       Nanoscale, 2013, 5, 6677–6692 
[2]       Small, 2015, 11, 622–629 
[3]       Acc. Chem. Res., 2017, 50, 1797-1807 
[4]       ACS Nano, 2017, 11, 2509–2520. 
[5]       Carbon, 2016, 105, 176-182. 

  



 
 
Electron and optical studies of 2D transition metal dichalcogenides (TMDs) and 2D tellurium 

E Bianco1,2, N Galvin2, A Roy2, P Ajayan1 and E Ringe1,3 
1Rice University, USA, 2Air Force Research Laboratory, USA, 3University of Cambridge, UK 

Transition Metal Dichalcogenides (TMDs) and other 2D semiconductors have recently gained much attention 
because of their potential applications in electronics and optoelectronics. At monolayer thickness, 2D 
materials can exhibit direct electronic and optical band gaps ranging from the visible to the near-infrared. 
Here, we describe the use of electron microscopy correlated with Micro-Extinction Spectroscopy (MExS), an 
optical spatial-scanning hyperspectral tool, to characterize the properties and dynamics of 2D materials. 

First, we briefly discuss the use of MExS and EELS to determine the optical band gap energy and the 
extinction efficiency of TMDs. While optical spectroscopy does not provide the same resolution as STEM-
EELS, we show that it can be used to quickly map the badgap and number of layers in a large-grain material, 
and can do so on any substrate. Data on freshly grown and chemically modified MoS2, MoSe2, WS2, and 
WSe2 will be discussed and compared with EELS results. 

Then, we show the existence of semiconducting 2D and quasi-2D tellurium, an ultrathin material that has for 
parent a non-layered crystal structures (like borophene). We demonstrate two growth routes, physical vapor 
deposition and vapor transport, to achieve ultra-thin (<6 nm) Te films and tri-layer tellurene. These are 
robust toward oxidation and exhibit the P3121 structure of p-type semiconducting Te, the only evidence of a 
hexagonal 2D Te allotrope to date. Transmission electron microscopy (TEM) and energy dispersive X- ray 
spectroscopy (EDS) confirm the composition of the layers and reveal unique polytypism in the tri-layer case. 
Polarized Raman spectroscopy, optical extinction, and TEM unravel a correlation between optical anisotropy 
in ultra-thin Te films and tunable texturing/orientation. The orientation of the films can be manipulated by 
changing substrate, providing a rational handle for controlling optical properties in this new ultra-thin 
material. 

 
Figure1 – Structure and composition of Ultra-Thin Te. 

a) TEM micrograph of tri-layer α-tellurene. b) Schematics of possible low-dimensional Te stacking polytypes. 
b) TEM micrograph and d) corresponding EDS data of ultra-thin Te films. 

  



 
 
Scalable patterning of encapsulated black phosphorus 

N Clark1, L Nguyen1, M J Hamer1, F Schedin1, E A Lewis1, E Prestat1, Y Cao1, M Zhu1, R Kashtiban2, J Sloan2, D 
Kepaptsoglou3, R Gorbachev1 and S J Haigh1 
1The University of Manchester, UK, 2University of Warwick, UK, 3STFC Daresbury Campus, UK 

Black phosphorus (BP) is a semiconducting phosphorus allotrope with a layered structure similar to that of 
graphite[1]. Few layer thick samples of black phosphorus exhibit a layer number dependent infrared band 
gap and a high carrier mobility[2], but are challenging to incorporate into devices due to the rapid 
degradation of BP[3] under ambient conditions (Oxygen, Moisture, UV Light).  

A method of passivating the BP is therefore required, and encapsulation of thin flakes of Black Phosphorus 
between other 2D materials such as graphene and hexagonal Boron Nitride (hBN) has been shown to 
prevent degradation for at least six months[4], whilst preserving the electronic properties; hBN encapsulated 
BP samples assembled under vacuum conditions have demonstrated hole mobilities of 5200 cm2 V-1 s-1 at 
room temperature[5]. 

 

We suggest a simple ‘delayed direct write’ method of patterning thin encapsulated BP flakes via local 
oxidation induced by selectively damaging the passivation layer using a convergent/focused electron beam 
and subsequently exposing the sample to ambient conditions for a few days.  Firstly, we demonstrate the 
process on graphene encapsulated suspended samples using Scanning Transmission Electron Microscopy 
(STEM), and find that the etched area around patterned lines is restricted to widths below 10nm. EEL 
spectrum imaging reveals that the oxidised phosphorus reaction product builds up around the perimeter of 
the etched region, explaining this self-terminating behaviour. We then demonstrate patterning hBN 
encapsulated BP electronic devices using an Electron Beam Lithography (EBL) system. Transport data 
confirms the 10-12 nm wide etched lines are electrically insulating, demonstrating that our resist free 
patterning technique is a promising route to harness the promising electronic and optoelectronic properties 
of black phosphorus, and other air-sensitive 2D crystals. 

[1] Keyes, R. W., The Electrical Properties of Black Phosphorus. Physical Review 1953, 92 (3), 580 
 584. 
[2] Liu, H.; Neal, A. T.; Zhu, Z.; Luo, Z.; Xu, X.; Tomanek, D.; Ye, P. D., Phosphorene: an unexplored 2D 
 semiconductor with a high hole mobility. Acs Nano 2014, 8 (4), 4033-41. 
[3] Favron, A.; Gaufres, E.; Fossard, F.; Phaneuf-L'Heureux, A. L.; Tang, N. Y.; Levesque, P. L.; Loiseau, 
 A.; Leonelli, R.; Francoeur, S.; Martel, R., Photooxidation and quantum confinement effects in 
 exfoliated black phosphorus. Nat Mater 2015, 14 (8), 826-32. 
[4] Cao, Y.; Mishchenko, A.; Yu, G. L.; Khestanova, E.; Rooney, A. P.; Prestat, E.; Kretinin, A. V.; Blake, 
 P.; Shalom, M. B.; Woods, C.; Chapman, J.; Balakrishnan, G.; Grigorieva, I. V.; Novoselov, K. S.; Piot, 
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 Atmosphere. Nano Lett 2015, 15 (8), 4914-4921. 
[5] Long, G.; Maryenko, D.; Shen, J.; Xu, S.; Hou, J.; Wu, Z.; Wong, W. K.; Han, T.; Lin, J.; Cai, Y.; Lortz, 
 R.; Wang, N., Achieving Ultrahigh Carrier Mobility in Two-Dimensional Hole Gas of Black 
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AR-TEM and STEM studies of encapsulated PCMs in narrow to medium diameter SWCNTs 

C Slade, A M Sanchez and J Sloan 

University of Warwick, UK 

Encapsulated SnSe and Sb₂S₃ in medium to narrow single wall carbon nanotubes (SWCNTs) have been 
imaged and analysed using Atomic Resolution Transmission Electron Microscopy (AR-TEM) & Scanning 
Transmission Electron Microscopy (STEM) at 80kV. The discovery of a new form of confined SnSe offers 
another dimension in the investigation of this compound as a nano-Confined Phase Change Material (nC-
PCM)[1] as opposed to other types of crystalline fillings.[2-4] 

SWCNTs are thermally stable up to temperatures of 1400K, which makes them particularly suitable for 
investigations into the properties and structural transformation of nC-PCMs.[5] The van der Waals forces at 
the internal surfaces of the SWCNTs act to constrain the encapsulated material to surfaces with cross-
sections down to 1nm2. This results in structures that can often vary wildly from that of the bulk form of the 
material. A bulk form of the respective PCM was Vapour Phase Transported (VPT) and deposited inside 
SWCNTs, with diameters in the range (0.7 - 1.7) nm, via the sublimation method. This method utilises a 
silica quartz double ampoule sealed under vacuum, with the filling material separated from the SWCNTs by a 
neck in the ampoule. 

The previously reported 2x2 cubic structure of encapsulated SnSe in narrow SWCNTs has been observed 
(Fig. 1a), as well as a new, currently undefined, structure (Fig. 2). Phase contrast (TEM) studies have also 
shown the formation of more bulk-like rocksalt SnSe structures in the wider SWCNTs (Fig. 1b). This is as 
expected from previous findings and theory, which have also reported the existence of a distorted 
orthorhombic layered nC-SnSe structure. Presented here is a catalogue of models and images of the 
observed structures of nC-SnSe, and nC- Sb₂S₃. 

Reported here is evidence of quantitative filling of SWCNTs with SnSe and Sb₂S₃, alongside structural 
modelling, and some examples of in- and ex-situ phase change behaviour with associated data. These 
results also form the basis for studies into further nC-PCMs, such as GeTe and PbTe. In particular, 
investigations into the variation of the structure of the encapsulated material as a function of the diameter of 
the NT, and the effect that this has on in-situ phase changes. 

[1] R. Carter, et al., Dalton Transactions, 43(20), 7391 - 9 (2014) 
[2] A. Eliseev et al., Nano Letters, 17(2), 805 - 10. (2017) 
[3] P. Medeiros et al., Single-Walled Carbon Nanotubes, ACS Nano, 11(6), (2017) 
[4]  A. Eliseev et al., One-Dimensional Crystals inside Single-Walled Carbon Nanotubes. In Electronic 
 Properties of Carbon Nanotubes, 127 - 56. InTech. (2011) 
[5] S. R. Marks, et al., Acta Physica Polonica A, 131(5), 1324 - 8 (2017). 

  



 
 
Comparison of atomic scale dynamics for 14 kinds of transition metal nanocatalysts 

K Cao1, T Zoberbier1, J Biskupek1, A Botos2, R L McSweeney2, A Kurtoglu2, C Stoppiello2, E Besley2, T W 
Chamberlain2,3, A N Khlobystov2 and U Kaiser1 

1Ulm University, Germany, 2University of Nottingham, UK, 3University of Leeds, UK 

The atomistic pathways of chemical transformations facilitated by nanocatalysts remain largely unknown 
due to uncertainties associated with the highly labile structures of the metal nanoclusters, changing during 
the reaction significantly, affecting the reaction pathways. In this study we reveal and explore reactions of 
nm-sized clusters of 14 technologically important metals in transparent carbon-nano-test-tubes using time-
series imaging by a FEI Titan 80-300 at 80 kV employing the electron beam simultaneously as an imaging 
tool and stimulus of the reactions. We discovered the metal-carbon bonding and their dynamics at the scale 
of the single atoms and arranging, for the first time, the transition metals in the order of their binding with 
carbon and their catalytic activity, which differ significantly from the order in the Periodic Table of Elements. 
It reveals that the metal nanoclusters become more dynamic once they are engaged in reactions with carbon 
– one of the most unexpected outcomes of this analysis, having significant implications for understanding 
the atomistic workings of catalytic cycles at the nanoscale. This work provides a new guide for the 
development of better catalysts for important processes involving C-C bond dissociation and formation. 

 
Figure 1: Typical examples of 80 keV TEM images of the 14 transition metal nanoclusters highlighting the 
different catalytic behaviours. Scale bar, 1 nm. 

 

  



 
 
Session 2 - In-situ Electron Microscopy 

(Plenary) Sub-sampling and inpainting in STEM for efficient low-dose imaging of atomic scale structures and 
dynamic in-situ processes 

N D Browning1,2 
1University of Liverpool, UK, 2Pacific Northwest National Laboratory, USA 

Many processes in materials science, chemistry and biology take place in a liquid environment.  In many of 
these cases, the final desired outcome of the process is a result of a series of complicated transients 
(occurring on timescales of milliseconds to nanoseconds), where a change in the order, magnitude or 
location in each of the steps in the process can lead to a radically different result.  Understanding and 
subsequently controlling the final outcome therefore requires the ability to directly control and observe the 
kinetics of these transients as they happen.  Additionally, if we would like to acquire a time sequence of 
images from the same transient event, the effect of the beam must be taken into account – the longer the 
sequence of events the more the beam has an effect.  In this case, the aim is to more efficiently use the 
dose that is supplied to the sample and to extract the most (spatial and temporal) information from each 
image. For the STEM mode of operation, optimizing the dose/data content by the use of sub-sampling and 
inpainting can increase imaging speed, reduce electron dose by 1-2 orders of magnitude while at the same 
time compressing the data by the same amount.  Here, we discuss the use of inpainting to generate high 
quality, interpretable images from sub-sampled datasets obtained from crystalline materials – the highly 
ordered structures allow the physical principles behind inpainting to be identified.  The differences between 
crystalline approaches and the application of the same methods to 3-D, 4-D, spectroscopic and lower 
resolution in-situ images will be highlighted.  New results showing the use of in-situ liquid stages to study 
nucleation and growth using inpainting will be presented and the potential insights that can be gained by 
increasing the image acquisition speed and/or decreasing the electron dose will be described.  Importantly 
for all in-situ observations, the kinetic control of the nucleation and growth process using sub-sampling 
highlights the role of the interfaces in the cell in controlling the process.  Sub-sampling and inpainting is not 
limited to STEM as similar methods can be used in TEM mode to increase the speed of any camera.  The 
potential to apply these methods together to extract quantitative image information from a wide range of 
methods will also be discussed. 

 
 

Figure 1: (a) 3% sub-sampled STEM image, reconstructed to show nucleation of Ag nanoparticles during an 
in-situ experiment (b).  

This work was supported in part by the Chemical Imaging Initiative under the LDRD Program at Pacific 
Northwest National Laboratory (PNNL). PNNL is a multi-program national laboratory operated by Battelle for 
the U.S. Department of Energy (DOE) under Contract DE-AC05-76RL01830. A portion of the research was 
performed using the Environmental Molecular Sciences Laboratory (EMSL), a national scientific user facility 
sponsored by the DOE’s Office of Biological and Environmental Research at PNNL. 



 
 
High-resolution STEM-EDX spectral mapping in engineered graphene liquid cells 

D J Kelly, M Zhou, N Clark, E A Lewis, M J Hamer, A M Rakowski, S J Haigh and R V Gorbachev 

The University of Manchester, Manchester, UK 

We present a novel design for scanning transmission electron microscopy (STEM) liquid cell based on a 2D 
heterostructure platform.[1] Liquid is contained in cylindrical wells that are patterned in a hexagonal boron 
nitride flake, which is sealed on both sides by few layer graphene sheets, and mounted on a standard TEM 
support grid. The resulting engineered graphene liquid cell (EGLC) contains thin liquid layers of controlled 
volumes and is robust to vacuum cycling. 

We demonstrate the utility of this EGLC by studying the dynamic growth of ultra-small metallic nanoparticles 
in liquid, grown by beam-induced reduction from a salt solution, and comparing their behaviour to a model 
for 2D Brownian motion.[1] We also show that energy dispersive X-ray (EDX) spectrum imaging can be 
performed in these liquid cells with nanometre-resolution elemental mapping (fig. 1e), an order of 
magnitude improvement on that recorded for conventional liquid cell holders.[2] Complementary electron 
energy loss spectroscopy (EELS) has confirmed the presence of water in filled cells via thickness 
measurements and from mapping of the oxygen K-edge. 

 

 
Figure 1: (a) Illustrative cross-section of EGLC (not to scale). (b) Atomic force microscopy mapping of filled 
(green, small) and partially filled (blue) wells in an EGLC (edge of the top graphene sheet is seen across the 
lower part of the image). (c) Low magnification HAADF-STEM image of EGLC on a TEM support with liquid 
wells outlined in green (small) and support holes in yellow (large). (d) HAADF-STEM of nanoparticles in the 
EGLC. (e) EDX map of iron deposited on gold nanoparticle facets, with line-scan extracted. Adapted with 
permission from D.J. Kelly et al., Nano letters (2018). Copyright 2018, American Chemical Society. 

[1]   Kelly, D. J.; Zhou, M.; Clark, N.; Hamer, M. J.; Lewis, E. A.; Rakowski, A. M.; Haigh, S. J.; Gorbachev, 
 R. V. Nano Lett. 18 (2), 1168–1174, (2018) 
[2]   Lewis, E. A.; Haigh, S. J.; Slater, T. J. A.; He, Z.; Kulzick, M. A.; Burke, M. G.; Zaluzec, N. J. Chem. 
 Commun. 50 (70), 10019–10022, (2016). 

 

  



 
 
An environmental transmission electron microscopy study of photocorrosion of nanoparticles in aqueous 
solutions using an open cell in-situ illumination system 

B Levin, D Haiber, Q Liu and P Crozier 

Arizona State University, USA 

Photocorrosion in aqueous environments severely degrades materials in many important areas including 
energy conversion technologies and structural materials. For semiconductors such as cadmium sulphide 
(CdS) based water splitting photocatalysts, photocorrosion is driven by electron-hole pair generation from 
photon illumination[1-3]. Understanding the nano- and atomic scale changes induced by photocorrosion 
may offer new insights into fundamental questions regarding the initiation and evolution of photocorrosion 
and the impact of factors such as the presence of solute ions. To investigate photocorrosion of CdS 
nanoparticles in a variety of solutes and light illumination conditions, we have developed a novel open cell 
method for condensing liquid water around catalytic nanoparticles and illuminating them inside an 
aberration-corrected environmental transmission electron microscope (ETEM). 

CdS is loaded into the ETEM alongside ball milled sodium chloride (NaCl). in a cryogenic holder, which is 
held at ~5oC. Samples are then exposed to 4-10 Torr of water vapor in the ETEM column. NaCl will 
deliquesce below the saturation vapor pressure of water, forming a salt solution[4]. Liquid droplets that form 
around NaCl particles then envelope neighbouring clusters of CdS particles. CdS clusters within the bounds 
of the water remain relatively stationary over time, suggesting that either the clusters are held in position on 
the inside surface of the droplet, or by interaction with the carbon film at the base of the droplet. 

Separating the effects of photocorrosion from those of electron beam damage is an important challenge to 
address in our analysis due to high power of the electron beam relative to typical in-situ light sources[5]. To 
partially address this challenge, we have increased the in-situ light intensity by modifying an earlier 
design[5] to use a 1W 405 nm laser connected to the TEM with an optical fibre inserted through the 
objective aperture port of the microscope. Taking advantage of the relative uniformity of the CdS particles, 
we aim to gain an understanding of the effects of photocorrosion over time by analysing the structure of 
different groups of CdS particles in solution after different periods of illumination. 

[1] Gerischer, H.J. Electroanal. Chem. & Interfacial Electrochem. 82, 133-143 (1977) 
[2] Chen, S.Y. & Wang, L.W. Chem. Mater. 24, 3659-3666 (2012). 
[3] Meissner, D. et al. Chem. Phys. Lett. 127, 419-423 (1986). 
[4] Wise, M.E. et. al. Aerosol Science and Technology, 42, 281–294 (2008). 
[5] Zhang, L. Miller, B.K. & Crozier, P.A., Nano Lett. 13, 679−684 (2013). 

 

  



 
 
In-situ liquid electron microscopy for imaging proteins in their native state 

L Ruiz Pérez1,2, C De Pace1,2, N Wilkinson3, A Yarwood4 and G Battaglia1,2 
1University College London, UK, 2Gatan UK, UK, 3Jeol UK Ltd., UK 

Electron microscopy (EM) is one of the most powerful techniques for structural determination, with the ability 
to image matter down to the atomic level. The short wavelength associated with electrons is key to achieving 
such high resolution, however, this is also associated with high energy. Electrons interact strongly with 
matter and, hence, electron microscopy is only possible by keeping the beam under high vacuum to avoid 
undesired scattering in the electron path. This comes at the expense that the EM samples conventionally 
must be in the solid-state. This means that samples in liquid form or containing liquids- especially water- 
require special preparation techniques involving either controlled drying or cryogenic treatments. Such 
treatments often alter the microstructure and chemical nature of the sample. This is particularly critical for 
biological samples and soft materials where meso-and nano-scale structure is controlled by the presence of 
water (and/or other liquids). While some of these limitations can be overcome using fast vitrification 
processes to solidify liquid samples, cryogenic TEM is still limited to providing information on static 
snapshots, and does not allow the observation of dynamic events.   

An efficient approach for TEM imaging of materials in liquid form is achieved by sandwiching the liquid 
sample within electron-transparent materials such as carbon foils, silicon nitride films (Si3N4) graphene 
sheets, or ionic liquids which form a fence between the liquid phase and the high vacuum of the electron 
microscope. We now have the possibility to use Liquid TEM (LTEM) to study nanoscopic structures within 
liquids and monitor dynamic processes. This approach offers a step-change in our ability to study matter in 
its “virgin-state” on the nano and micron scale, removing the artifacts induced by drying or cryogenic 
treatments. LTEM offers tremendous potential in many different fields ranging from soft matter, polymer 
assemblies, biomaterials, synthetic biology, nanomaterials design and catalysis to name a few.  There are 
two important limitations arising from the liquid nature of the sample: (i) similar to cryogenic TEM, the 
imaging contrast can be considerably hampered by the liquid solvent, liquid thickness and its container, (ii) 
typical doses achieved in TEM are more than sufficient to trigger solvent hydrolysis and production of free 
radicals, which may affect the material under study. The need for low-dose imaging conditions becomes 
imperative. 

We present one of the first videos of proteins imaged in liquid state in-situ. In particular we show ferritin 
displaying brownian translational and rotational dynamics as well as fusion and aggregation with sub-
nanometer spatial resolution. To our knowledge ferritin has not been observed in its native state by direct 
visualisation in real time before. This was accomplished using a Jeol JEM 2200FS equipped with an in-
column omega filter in combination with the highest performance in-situ camera from Gatan, the K2 IS. The 
ultra-high sensitivity of the K2 allows low-dose imaging modes limiting considerably the electron dose 
damage. The in-situ TEM holder used was the Ocean holder from DENS solution with low stress silicon nitride 
electron transparent windows placed in the center of the top and bottom chips. The chips fit in a precision 
made slot that ensures that the windows overlap when two chips are placed inside. This arrangement 
enables a microfluidic channel between the chips where the liquid sample is sandwiched. 

  



 
 
(Flash poster – P:41) Large inversion domains evolvement in monolayer MoS2 by in-situ heating 

J Chen and J Warner 

University of Oxford, UK 

Structural imperfections of two dimensional crystals such as point vacancies, line defects and grain 
boundaries have considerable impacts on their chemical-physical properties. The inversion domain in 
monolayer MoS2 has 60° orientation rotation at a local domain with grain boundaries and dislocations, 
which are expected to be conductive channels thus tuning the electronic properties of MoS2. Here we study 
the high-temperature dynamics of large inversion domains that form in monolayer MoS2 using atomic-
resolution annular dark-field scanning transmission electron microscopy (ADF-STEM) with an in-situ heating 
stage. We find that the formation of inversion domain is closely related to the intersected network of long S 
vacancy line defects that form at high temperature, whose strain fields interact and trigger the atomic 
displacement and lattice transformation. Once formed, the evolution of the inversion domain is also 
influenced by the dynamic behaviour of nearby line defects and holes. With Mo atoms undergoing the main 
movement, the grain boundaries can shift to make the inversion domain expand in an area or move the 
position accompanied with the voids creation. This study provides insights into how the MoS2 inversion 
domains form and evolve at high temperature and can benefit the tailoring of electronic properties of two 
dimensional materials by structural manipulation. 

(Flash poster – P:42) Atomic electric fields in monolayer MoS2 

Y Wen and J Warner 

University of Oxford, UK 

With the development in high speed, pixellated direct electron detector, the complex yet info-rich CBED 
pattern can be exploited, which was originally discarded in HAADF STEM. By collecting 2D CBED on each 
probe position (which is also a 2D array), a 4D data set can be obtained, from which we can reconstruct 
many imaging modes like BF, ABF, LAADF, and also extract interesting information like electric field 
strength/direction and charge density. 4D data sets from monolayer MoS2 were investigated, including 
pristine area, vacancy, line defect and hole edge. Unlike previous study in literature, a triangular-shaped 
electric field strength was observed around Mo and S atom due to the three-fold symmetry of Mo-S bonding, 
while round-shaped electric field strength was observed along line defects, indicating change in bonding. 
Electron density was also obtained, in accordance with calculation. 

  



 
 
(Flash poster – P:43) Cryo-analytical STEM for characterisation of nanoparticle dispersions in aqueous 
media 

M Ilett, A Brown, R Brydson and N Hondow 

University of Leeds, UK  

Continued research within nanomedicine and nanotoxicology has led to the need to fully understand the 
behaviour of nanoparticles dispersed in aqueous media.  Cryogenic (cryo) analytical transmission electron 
microscopy (TEM) is an in situ technique that can be used to capture a dispersion in the native state and 
remove misleading information caused by drying artefacts known to be apparent when drying in air, samples 
for TEM.  We have developed operating conditions for analytical cryo-TEM whereby common spectroscopic 
TEM techniques can now be carried out on samples in vitreous ice.  These techniques will allow us to better 
understand the behaviour of nanoparticles in different suspensions. 

A model system of ceria, iron oxide, zinc oxide and silver nanoparticles dispersed in water was used to verify 
the capabilities of scanning (S)TEM energy dispersive X-ray (EDX) spectroscopy and electron energy loss 
spectroscopy (EELS) under cryo conditions.  Samples were prepared by rapidly freezing a blotted droplet of 
suspended nanoparticles using an FEI vitrobot.  The sample was transferred to an FEI Titan3 Themis G2 using 
a Gatan 914 cryo-holder where we carried out extensive cryo-analytical TEM studies. 

All four nanoparticles in the model system could be identified by cryo STEM EDX without significant damage 
to the vitreous ice.  In addition, further confirmation of elemental composition was obtained using EELS 
under cryo conditions, with edges corresponding to Fe, Ce and Zn all identified (Figure 1).  A qualitative 
comparison between cryo-TEM and cryo-STEM at 300 kV suggests the latter allows electron fluences of 1000 
e/Å2 to be used before significant damage to the ice is observed, whilst in TEM an electron fluence above 
400 e/Å2 caused significant damage to the ice.   

To conclude we have shown the capabilities of in situ cryo-analytical STEM which will be instrumental in 
furthering our fundamental understanding of the behaviour of nanomaterials in complex biological media. 

                                        

Figure 1: An EELS spectrum image taken under cryogenic conditions confirms the presence of Fe, Zn and Ce 
in a model nanoparticle suspension. The probe current was 40 pA and total scan fluence, 2500 e-/Å2. 
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Session 3 - Applications (I) 

Remote molecular epitaxy across graphene 

Z P L Laker1, T Walsh2, H Pinfold1, X Xia1, G Costantini1 and N R Wilson1 
1University of Warwick, UK, 2Deakin University, Australia 

Graphene is famously impermeable, with a monolayer membrane blocking even helium. However, at only an 
atom thick, it is interesting to speculate on to what extent inter-atomic and inter-molecular forces are 
screened by the graphene layer. Here, by studying molecular assembly on graphene using low-dose electron 
microscopy, we demonstrate that van der Waals forces persist across graphene and can direct epitaxial 
assembly. Octaethylporphyrin, Figure 1, self-assembles on graphene to form a well-ordered two-dimensional 
molecular monolayer. On a free-standing graphene membrane, a molecular monolayer forms on either side 
and electron diffraction shows that these are perfectly aligned, without any epitaxial relationship to the 
graphene, Figures 2 and 3. By contrast, when the molecular monolayers are separated by two graphene 
layers they are randomly oriented with respect to one another, Figure 4. Molecular dynamics simulations are 
being undertaken to understand the nature of the interaction and establish the role of graphene - is it an 
inert spacer or does it play an active role, e.g. in enhancing dipole interactions. The preliminary simulations 
are fully consistent with these experimental data and suggest that this will be a generic effect. Hence, this 
new phenomenon of molecular alignment through 2D films gives a new tool for the study and design of 
nanostructured films, and demonstrates how molecular interactions can extend across the otherwise 
impermeable graphene membrane. 

  

Figure 1. Schematics of the molecules studied: nickel 
octaethylporphyrin (NiOEP) and octaethylporphyrin (OEP) 

Figure 3. Schematic of the molecular 
assembly across graphene. 

Figure 2. TEM selected area electron diffraction from 
NiOEP supramolecular assembly on graphene. (a) 
Diffraction pattern showing peaks from both the 
molecular film and the graphene monolayer; (b) bright-
field image showing location of SAED acquisition; (c) 
histogram of the relative orientation of graphene and 
molecular over-layer, showing no epitaxial alignment. 

Figure 4. TEM selected area electron diffraction from 
NiOEP supramolecular assembly on double layer 
graphene. (a) Diffraction pattern showing peaks from the 
molecular films on either side (indexed in blue and red) 
and from the two graphene layers(purple); (b) and (c) 
histograms of the relative orientation of graphene and 
molecular over-layer showing no alignment. 



 
 
Low-dose aberration-free imaging of battery materials by electron ptychography in STEM  

J G Lozano, G T Martinez, L Jin, P D Nellist and P G Bruce 

University of Oxford, UK 

Understanding the relationship between structure and function of the technologically relevant lithium-rich 
transition metal oxide (TMO) cathodes is essential, since the processes that can inhibit their utilization are 
inherently local [1]. Unfortunately, imaging the complete atomic structure of these materials using electron 
microscopy is limited by two important factors: the challenge of imaging light elements when close to heavier 
ones, and the structural changes induced by the electron beam irradiation [2]. In annular dark-field 
scanning transmission electron microscopy (ADF-STEM), the strong signal from the heavy elements may 
swamp the signal from the light elements, often rendering the light elements, such as Li or O, invisible. 
Annular bright field STEM (ABF-STEM) is used to image elements with low atomic numbers but, due to its low 
efficiency and high sensitivity to precise imaging parameters, comes at the price of potentially significant 
beam damage. The effect of electron beam under some circumstances resemble the lattice reconstruction 
and compositional changes induced by the charge-discharge cycles in the Li-rich TMOs, thus hindering the 
interpretation of results.  

Here we show that the emerging technique of electron ptychography can mitigate both these problems. The 
principle of electron ptychography is that a camera is used to record the intensity in the STEM detector plane 
for each of the different probe positions in the 2D scan, resulting in a four-dimensional data set from which 
phase images can be reconstructed [3,4]. This technique offers several advantages compared with the more 
conventionally used STEM-ADF/ABF. Firstly, heavy and light elements can be visualized simultaneously, and 
experimentally it is not as demanding on precise optical alignment compared to ABF. It also allows for post-
acquisition detection and correction of residual lens aberrations, avoiding the need for final focusing and 
stigmating which would increase the accumulated electron dose. Finally, much lower beam currents can be 
used, since effectively all the electrons that reach the detector plane are collected – as opposed to ADF- or 
ABF-STEM, where only a small fraction of the signal is integrated over a particular angular range. These last 
two advantages have large repercussions in reducing sample damage. 

We have used this technique to image the structure of Li-rich transition metal oxide cathode materials in the 
pristine, charged and discharged state. The position of the transition metals, Li and O atomic columns can 
be unambiguously determined. We also show that, by using beam currents in the sub-pA range, beam 
induced structural rearrangements such as amorphisation or the formation of a surface reconstructed layer 
can be minimized. This is extremely important to avoid misinterpretation of results, since we can separate 
beam-induced structural arrangements from those produced by the charging cycles of the material. 
Furthermore, this approach is widely applicable for other beam-sensitive compounds containing a wide-
range of atomic numbers. 

[1]  M. Gu et al. Chemistry of Materials 2013, 25, (11), 2319-2326. 
[2] P. Lu et al.  Chemistry of Materials 2015, 27, (4), 1375-1380. 
[3]  T. J. Pennycook et al. Ultramicroscopy 2015, 151, 160-7.  
[4]  H. Yang et al. Nat Commun 2016, 7, 12532. 

  



 
 
Towards developing transmission electron microscopy as an approach to assess low levels of crystallinity 
within drug formulations 

M S'ari1, H Blade2, R Brydson1, S Cosgrove2, N Hondow1, L Hughes2 and A Brown1 
1University of Leeds, UK, 2AstraZeneca, UK 

In oral drug delivery methods the solubility and dissolution rate are the limiting factors in achieving the 
desired pharmacological response. Currently, more than 40% of drugs in development are limited by the 
solubility and dissolution rate of the active pharmaceutical ingredients (API)[1]. To enhance the 
bioavailability of the drug many solubilisation technologies have been developed including, solid 
dispersions, particle size reduction and crystal engineering of polymorphs/high energy amorphous phase 
[2]. Solid dispersions are generally two-component mixtures containing an amorphous API and a water-
soluble amorphous polymer matrix and have been used in commercial products prepared by hot-melt 
extrusion (HME), spray-dry (SDr) and co-precipitation. The amorphous drug is more soluble than the 
crystalline form, however it is thermodynamically unstable and will tend to crystallise, the addition of mixing 
the API within the polymer matrix is to kinetically stabilise the drug in the amorphous form, hence increasing 
bioavailability.[2] If crystallisation occurs, even in small amounts, the solubility and dissolution rate of the 
drug can decrease leading to lower bioavailability and further recrystallisation. Therefore it is important to 
characterise the API after processing and during the shelf-life of the final product. 

In general, conventional bulk techniques such as powder X-ray diffraction (pXRD), differential scanning 
calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR) are used to identify crystallinity. In 
some cases, however, the amount of crystalline material present is below the detection limits for these 
techniques (< 5% volume) [3]. Transmission electron microscopy is an alternative technique that can 
identify trace amounts of material and be used to analyse crystalline phases, chemical composition, and 
morphology. However, organic compounds such as organic crystals are easily damaged when irradiated by 
the electron beam causing the destruction of crystallinity and structural changes. Therefore the total electron 
fluence must be limited to reduce any damage that occurs so regions of crystallinity can be identified. 
Previously established limits were taken into considering throughout this work [4].  

Part of the research here investigates model solid dispersions systems consisting of the drug felodipine and 
polymer copovidone prepared by HME and SDr at drug loading levels of 15% and 30%. With the aim to 
identify regions of crystallinity through selected area electron diffraction, before significant damage occurs to 
the sample, and compare the amount of crystallisation observed between both preparation methods and 
drug loadings. In addition conical dark field, scanning electron diffraction and scanning Moiré fringes were 
carried out on the pure crystalline felodipine to provide proof of principle that these techniques are 
applicable to analyse organic crystals without significant damage occurring. Scanning electron diffractions 
and conical dark field were used to provide information on crystallite size and area while scanning Moiré 
fringes allowed for lattice information using higher magnifications and therefore reduced electron fluence. 

[1]  Kanaujia et. al. Powder Technol. 2015, 285, 2-15 
[2]  Bard and Taylor Adv. Drug Deliv. Rev. 2012, 64, 396-421 
[3]  Eddleston et. al. J. Pharm. Sci. 2010, 64, 396-421 
[4]  S'ari et. al. 2018 (in preparation). 

  



 
 
(Flash poster – P:44) Quantitative compositional analysis by electron diffraction and theoretical simulation 

Y-J Chou1, K B Borisenko1, J Bettini2 and A I Kirkland1  
1University of Oxford, UK, 2Laboratorio Nacional de Luz Sincrotron, Brazil 

Diffraction techniques have been used extensively to probe local atomic structure of amorphous materials. 
Among these methods, electron diffractrion with reduced density function (RDF) analysis offers the ability to 
study nanovolumes and describe distribution of interatomic distances with high precision [1]. 

In this study, a quantitative technique for the direct compositional analysis was demonstrated using electron 
diffraction data, accompanied by density functional theory (DFT) simulations [2]. TixSi100-x metallic glass 
films, with compositions varied from x = 70 to 89, were examined using RDF analysis and the result show 
that all specimens are partially oxidised. Both quantitative RDF and EDS analysis were carried out and the 
results demonstrated that the compositions in all films characterised by quantitative RDF analysis are within 
5% of the quantities obtained by EDS analysis. In addition, structural models were constructed showing 
good agreement with experimental data. 

 
Figure  1  (a)  Quantitative  compositional  analysis,  (b)  experimental  diffraction  pattern,  (c) constructed 
model and (d) their corresponding RDF curves. 

[1]  D.J.H. Cockayne, The Study of Nanovolumes of Amorphous Materials Using Electron Scattering, 
 Annu. Rev. Mater. Res., 37 (2007) 159-187. 
[2]  S.J. Clark, M.D. Segall, C.J. Pickard, P.J. Hasnip, M.I. Probert, K. Refson, M.C. Payne, First principles 
 methods using CASTEP, Z. Krist.-Cryst. Mater., 220 (2005) 567-570. 

  



 
 
(Flash poster – P:45) Estimating sub-surface biological activity through the abundance of 
superparamagnetic grains in a continental ophiolite complex: A multiscale correlative study 

J Einsle1, M Ball1, N F R Vento3, E Ortiz2, R Harrison1, M Tominaga2, E Ringa1 and I Buisman1 

1University of Cambridge, UK, 2Texas A&M University, UK  

The hydration of mantle rocks provides one of the essential mechanisms for allowing habitability in the deep 
biosphere. In particular, the low-temperature serpentinization process results in a series of mineralogical 
transformations, which produce magnetite and hydrogen at each step of the breakdown sequence. 
Microorganisms in the deep subsurface influence many of these steps and can be observed in seasonal 
fluxes in biological, and outcrop scale electrical conductivity variations at the Coast Range Ophiolite 
Microbial Observatory. This presentation will focus on connecting seasonal observations with serpentinite 
breakdown products observed in a correlative study of thin section samples taken from drill cores at the 
observation site. We conducted quantitative evaluation of minerals by scanning electron microscopy 
(QEMSCAN), multiscale EDS phase mapping, BackScattered Electron (BSE) scanning, FIB-nanotomography 
and STEM-EELS to identify and quantify the superparamagnetic minerals that contribute to the measured 
magnetic susceptibility signals in our rock samples. This correlative approach will improve the estimation of 
hydrogen production based on the abundance of superparamagnetic particle sized magnetites to provide a 
more accurate estimation of bulk deep-biomass hosted by in situ serpentinization processes. 

 

Figure 1 Large area backscattered electron (BSE) map of serpentinite breakdown minerals. (a) Correlated 
QEMScan iron map of showing iron enriched regions in the thin section.(b) High-resolution BSE image of 
chlorite grain highlighted by blue box ‘a’ and ‘b’. Cross-sectional BSE image of the region indicated by the 
red line in ‘c’. Can see in cross section that complex microstructure is generated through the volume 
transformations associated with serpentinization. 

  



 
 
(Flash poster – P:46) Benefits and limitations of off-axis holography for bio-imaging in transmission 
microscopy 

C J Edgcombe  

University of Cambridge, UK 

The literature about off-axis electron holography (OAH) applied to inorganic materials is now very extensive.  
Much less has been written about application of the same technique to biological specimens, yet the 
method offers some substantial benefits for imaging weak- phase objects.  In view of recent developments in 
aberration correction and in area detectors for TEM, it is interesting to re-assess the relevant literature to 
determine what benefits are available now and what may be possible in future. 

The best-known benefit of OAH is that it allows direct measurement of the distribution of phase of transit 
through the specimen, by using the Fourier transform of the hologram. With this process it is not necessary to 
defocus the image and, in a microscope whose spherical aberration is corrected, both these sources of 
distortion can be avoided.  In the simplest processing of the transform of the OAH hologram, the need to 
avoid using the range of frequencies produced by auto-correlation limits the resolution. It is less well known 
that a method has been reported for cancelling the auto-correlation components and thereby increasing the 
image’s spatial frequency range and resolution (in principle) by a factor of three. Whether this improvement 
can be achieved in practice depends on whether the electron dose to the specimen can be kept within an 
acceptable limit.  Earlier reported results appear to have been limited by dose rather than by fringe spacing. 
Even so, some samples have been imaged by OAH with appreciably greater sensitivity than was available by 
conventional defocused imaging.  A further benefit of holographic measurement is that because the phase 
measurement is very direct, OAH can give a realistic measure of thickness on a scan across a cylindrical 
object, avoiding the artefacts at the cylinder edges that can occur with conventional imaging. All the results 
mentioned above have been obtained at room temperature. 

A question of interest at present is how many of these improvements can be realised in cryo microscopy. An 
earlier report described problems attributed to charging of the vitreous ice supporting the specimen, but this 
was for a run producing ‘several hundreds’ of holograms. It would be interesting to compare the earlier 
results with those now obtainable by taking only one or two holograms, on a microscope with aberration 
correction and with better detectors than were available for the earlier work. 

 



 
 
Session 4 - Techniques Developments 

(Invited) Minimising dose (-rate) in the STEM while maximising information content 

L Jones1, J Spiegelberg2, C Downing1, A DeBacker3, A Varambhia4, J Rusz2, P D Nellist4 and S VanAert3 
1Trinity College Dublin, Ireland, 2University of Uppsala, Sweden, 3University of Antwerp, Belgium, 4University 
of Oxford, UK 

The scanning transmission electron microscope (STEM) yields many imaging and spectroscopic signals fully 
simultaneously and at very high-resolution. With the aberration corrected STEM now readily delivering atomic 
resolutions in these signals, the new frontier becomes sensitivity – the ability to detect more reliably and at 
lower imaging doses than before. The enemy of sensitivity is uncertainty, and in a scanned instrument this 
can come from spatial-uncertainty (scanning distortions); or from signal-uncertainty, the finite signal-to-
noise which limits the data. 

Previously we have shown how scanning distortions in annular dark-field (ADF) images can be compensated 
for by using non-rigid registration across a series of individual scans [1]. Going further, by analytically 
expressing this scanning-uncertainty along with the Poisson-limited uncertainty [2] and with the probability 
of introducing sample-damage, the experiment design can be optimised by minimising the combined 
uncertainty a function of electron-dose. 

Shifting to a multi-frame regime, in practice, introduces many new experiment design parameters and these 
will be discussed. If the imaging conditions of these scans is not changed, then this process intrinsically 
increases the total sample exposure many times over. We can instead reduce the dwell-time and maintain a 
fixed total-dose, or we can reduce the beam current and reduce also the dose and dose-rate. Where the 
inherent cross-section is small for spectroscopic mapping, then multi-frame approaches can be used to 
accumulate signal over many frames while allowing time for heat or charge to dissipate leading to an overall 
reduction in damage [3]. However, left unchecked this spawns a new problem of unmanageable data-rates 
in the recording and approaches to mitigate this will be presented. 

Lastly, we will present a new method to form ADF images using digital (electron counting) approach [4]. This 
pushes down the noise-floor to zero, improves the ADF MTF and DQE and returns images natively calibrated 
in an absolute greyscale units of electrons. 

Figure 1.  (a) Calculated 1D-MTFs for ADF images with various dwell-times. (b) the 0.5μs MTF with 
conventional readout, and with the proposed digital pulse read-out. Figure 2.  (left) Experimental ADFpro 
image of [110] Si single-crystal, (sum of 100 ADFpro frames), (centre) diffractogram of same. 
 

  
 

[1] L. Jones et al., Adv. Struct. Chem. Imaging 1, 8 (2015). 
[2] A. De Backer et al, Ultramicroscopy 151, 56 (2015). 
[3] L. Jones et al., Microscopy 67, Supp. 1, (2018). 
[4] R. Ishikawa et al., Microsc. Microanal. 20, 99 (2014). 



 
 
Fast and Low-dose electron ptychography 

J Song1, B Song1, L Zou1, C Allen2,3, H Sawada4, F Zhang5, P D Nellist2, X Pan6, A I Kirkland2,3, and P Wang1 
1Nanjing University, People’s Republic of China, 2University of Oxford, UK, 3Diamond Lightsource Ltd., UK, 
4JEOL Ltd, Japan, 5Southern University of Science and Technology, China, 6University of California, USA 

In recent years, there have been many significant developments made in aberration corrected scanning 
transmission electron microscopy (STEM). However, spatial resolution is still limited for beam-sensitive 
specimen such as organics, biological specimens, zeolites and ceramics due to radiation damage. Electron 
ptychography [1] has attracted considerable interest due to its potential for super resolution [2], high phase 
sensitivity [3] and three-dimensional structure determination [4,5]. One of the major developments that has 
advanced this field is the availability of a new generation of direct detection cameras that are particularly 
suited to ptychographic data acquisition with new modes of operation, such as electron counting and fast 
acquisition [6]. Because of significantly improved signal to noise ratio (SNR) of these cameras, lower signals 
at higher scattering angles can be captured in each DP within a ptychograhic dataset which potentially 
enables higher resolution in ptychographical reconstructions, even within the constraints of low electron 
dose as required for beam sensitive samples.  

In this paper, we will show results from focused and defocused electron ptychography using a fast direct 
counting electron detector to reconstruct the wavefunction of various low dimensional materials under 
different low dose conditions. The low-dose experiment described were carried out on a JEM-ARM300F 
instrument operated at 80kV with a Medipix3 direct electron detector [6].  

[1]  AM Maiden and JM Rodenburg, Ultramicroscopy 109 (2009), p. 1256. 
[2]  PD Nellist, BC McCallum and JM Rodenburg, Nature 374 (1995), 630.   
[3]  P Wang, et al., Scientific Reports 7 (2017), p.2857. 
[4]  H Yang, et al., Nat. Comm. 7 (2016),12532.   
[5]  S Gao, et al., Nature Communications, 8 (2017), p.163. 
[6]  JA Mir, et al., Ultramicroscopy, 182 (2017), p. 44. 

  



 
 
Contrast transfer and dose limits for electron ptychography in the TEM and STEM 

C M O’Leary1, G T Martinez1, E Liberti1,2, A I Kirkland1,2 and P D Nellist1 

1University of Oxford, UK, 2Diamond Light Source, UK 

The advent of fast pixelated detectors for transmission electron microscopy (TEM) and scanning TEM (STEM) 
has enabled unprecedented ultra-fast real space and diffractive imaging [1]. In the latter method, a two-
dimensional convergent beam electron diffraction (CBED) pattern, such as that in figure 1(a), is recorded at 
each position in a STEM raster scan, producing a 4-D STEM dataset. Such large datasets of information open 
the possibility for imaging radiation sensitive samples, if a suitable processing method is applied. 
Ptychography is a method by which overlapping CBED patterns are used to reconstruct the phase of the 
sample’s exit wavefunction, as shown for graphene in figure 1(b). Methods for ptychography include 
focused-probe (FPP), defocused-probe (DPP) and Fourier ptychography [2,3]. The robustness and efficiency 
of these methods is largely determined by contrast transfer and signal-to-noise ratios at each spatial 
frequency in the field of view. 

For this study, 4-D STEM datasets were obtained for amorphous carbon and a mono-layer of graphene to 
study contrast transfer and dose limits respectively. Data was obtained using the probe-corrected JEOL ARM-
200F (Oxford) and double-corrected JEOL ARM-300F (ePSIC). Each of these microscopes are equipped with 
FPDs: the JEOL 4D canvas and the Medipix3, respectively. A comparison of two FPP methods shows that 
avoiding deconvolutions in the reconstruction process increases robustness to noise and residual 
aberrations. An experimental dose series of graphene reconstructed using FPP demonstrates how phase 
accuracy decreases with dose. The phase contrast transfer functions (PCTFs) that result from ptychography 
can be utilised during the reconstruction process to increase the spatial frequency range transferred to the 
image [4]. 

 
Figure 1. (a) Example of a CBED pattern of graphene acquired on the JEOL ARM-300F (80 kV, α = 22.5 
mrad). (b) Phase image of graphene from focused-probe ptychography. 

[1] L. Ryll et al., Proceedings of Microscopy & Microanalysis, vol. 20, pp. 1122–1123, 2014.   
[2] H. Yang et al., Nat. Commun., vol. 7, pp. 12532, 2016.          
[3] A. M. Maiden et al., Ultramicroscopy, vol. 109, no. 10, pp. 1256–1262, 2009.      
[4] The financial support of JEOL (UK) Ltd and the EPSRC is gratefully acknowledged. 

 

  



 
 
Signal from the shadows: high contrast at low dose by phase shaping 

L Clark, T C Petersen, T Williams, M J Morgan, D M Paganin and S D Findlay 

Monash University, Australia 

Low dose imaging of weak phase objects is fundamentally limited by the level at which  image noise 
overrides the information-carrying signal. A wide range of techniques have been developed over the decades 
in order to increase the signal-to-noise ratio for a given dose level. In particular, recording images with 
significant defocus aberration has been successful in increasing image contrast, across a range of imaging 
techniques [1, 2]. 

Given recent improvements in electron beam wavefront-shaping [3, 4], we seek to further understand the 
nature of the contrast enhancement and its practical implementation in experimental TEM. As a first step in 
this direction, we compare two established phase- retrieval techniques, both based on the transport of 
intensity (TIE) equation: in-line holography and single-image phase retrieval [5, 6, 7]. 

Initial results from the single-image method are presented in Fig. 1. We note that in the rightmost column the 
recorded object is unclear to the naked eye, while the retrieved phase map reveals the imaged specimen 
rather more clearly, despite significant camera artefacts. In studying the retrieved phase from amorphous 
spheres over a series of dose- levels, we find the single-image reconstruction algorithm to be both dose-
efficient and experimentally-robust. 

 
[1]  Adrian, M, et al., Nature 308 (1984) 32  
[2]  Kitchen, MJ, et al., Sci. Rep. 7 (2017) 15953  
[3]  Lloyd, SM, et al., Rev. Mod. Phys. 89 (2017) 035004  
[4]  Bliokh, KY, et al., Phys. Rep. 690 (2017) 1  
[5]  Lubk, A, et al., Adv. Imag. Elect. Phys. 197 (2016) 105  
[6]  Paganin, D, et al., J. Microsc. 206 (2002) 33 [7] Liu, ACY, et al., Ultramicroscopy 111 (2011) 959. 

  



 
 
Integrated Differential Phase Contrast (iDPC) STEM for low Z detection and for high contrast low dose 
imaging applications 

A Yalcin 

Thermo Fisher Scientific, The Netherlands 

One of the main challenges in conventional techniques is the difficulty to fully image and interpret a lattice 
consisting of both high and low Z elements (i.e. GaN). In high angle annular dark field STEM (HAADF-STEM), 
since electrons scattered over large angles (>50 mrad) are collected and the elastic scattering cross-section 
is proportional to the atomic number square (Z2), images show only the high Z elements. Contrary to HAADF-
STEM, part of the CBED disc is used in bright field (BF) and annular bright field (ABF) STEM techniques. Low 
Z elements can be imaged with BF- and ABF-STEM, though atomic positions in the images are difficult to 
interpret as there is no clear contrast variation between different atoms [1]. 

Novel integrated differential phase contrast (iDPC) STEM imaging is instrumental in showing both low Z and 
high Z elements with clear contrast variation [2]. iDPC STEM is based on center of mass (COM) STEM 
imaging [3], in which the electric field projected on the electron beam by the specimen leads to the COM 
displacement of CBED disc. This displacement can be depicted as a 2D vector on the detector plane and the 
x- and y- components of this vector can individually be detected annular segmented detector. These two 
images correspond to conventional DPC STEM images. As the integration of the electric field corresponds to 
the phase shift, integration of these two DPC STEM images bring the final iDPC STEM image. Experimentally, 
the Ga and N atomic positions in GaN lattice has been clearly shown by iDPC STEM imaging along two 
different zone axes [4]. Moreover, iDPC STEM images have been shown to exhibit improved contrast in beam 
sensitive materials, exemplified with graphene [2]. 

In materials science, we are seeing an increasing particular interest in structures that are comprised of low Z 
elements and beam sensitive materials (i.e. 2D materials, zeolites, MOFs, etc.) requiring low dose imaging 
techniques. With an enhanced contrast as well as wide Z-range detection capability, iDPC STEM should be 
considered as the key sub-angstrom imaging method in these research areas. 

[1]  Bosch, E.G.T. et al. Ultramicroscopy, 2015, 156, 59-72. 
[2]  Lazić, I. et al. Ultramicroscopy, 2016, 160, 265-280. 
[3]  Müller, K. et al. Nat. Commun., 2014, 5, 5653. 
[4]  Yücelen, E. et al. Sci. Rep., 2018, 8, 2676. 

  



 
 
Session 5 - Low Voltage Microscopy 

(Invited) Pros and cons of beam sensitivity in helium ion microscopy 

S A Boden 

University of Southampton, UK 

Helium ion microscopy (HIM) is a surface imaging technique, similar to scanning electron microscopy (SEM) 
but based on a focused beam of helium ions rather than electrons [1]. The larger mass and therefore shorter 
De Broglie wavelength of helium ions compared to electrons, together with the bright and atomically sharp 
source, allows the beam of helium ions to be focused to a smaller spot on the sample compared to a beam 
of electrons in an SEM. The smaller interaction volume of HIM from which the secondary electron signal 
originates leads to higher resolution images, rich in surface detail. Furthermore, the tighter beam 
convergence angle results in a larger depth-of-field, ideal for imaging highly-structured three-dimensional 
surfaces. However, the use of an ion beam rather than an electron beam raises concerns over the sensitivity 
of samples to the impinging beam, and the possibility of changes to the sample being imaged resulting in 
misrepresentation of the true nature of the sample surface. In this talk, I will discuss the challenges of beam 
sensitivity in HIM, including surface charging, hydrocarbon contamination and helium implantation. These 
can be considered as the “cons” of HIM beam sensitivity and I will describe methods of mitigating them. I 
will also describe how the ability to change a sample with the ion beam, in a controlled and repeatable way, 
can be used to our advantage through focused ion beam milling, lithography (exposure of resists) and beam 
induced deposition (the “pros”). I will draw on various examples from our HIM work at Southampton, 
including imaging of blood clot microstructures (figure 1a) [2] and butterfly wings (figure 1b) [3], focused 
helium ion beam milling of metals and 2D films [4]–[6], and helium ion beam lithography to pattern resists 
(figure 1c) [7]. 

 
Figure 1. HIM images of (a) blood clot microstructure, (b) natural photonic crystal structure in Parides 
sesotris wing scale [3], (c) sub-10 nm lines produced in fullerene derivative resists by helium ion beam 
lithography [7]. 

[1]       G. Hlawacek and A. Gölzhäuser, Eds., Helium Ion Microscopy, 2016. 
[2]       M. J. Lawrence et al., Thromb. Res., vol. 134, no. 2, pp. 488–494, 2014. 
[3]       S. A. Boden, A. Asadollahbaik, H. N. Rutt, and D. M. Bagnall, Scanning, vol. 34, no. 2, pp. 107–
 120, 2012. 
[4]       Y. Wang, S. A. Boden, D. M. Bagnall, H. N. Rutt, and C. H. De Groot, Nanotechnology, vol. 23, no. 
 39, 2012. 
[5]       Y. Wang, M. Abb, S. A. Boden, J. Aizpurua, C. H. De Groot, and O. L. Muskens, Nano Lett., vol. 13, 
 no. 11, pp. 5647–5653, 2013. 
[6]     N. Kalhor, S. A. Boden, and H. Mizuta, Microelectron. Eng., vol. 114, pp. 70–77, 2014.  
[7]       X. Shi, P. Prewett, E. Huq, D. M. Bagnall, A. P. G. Robinson, and S. A. Boden, Microelectron. Eng., 
 vol. 155, pp. 74–78, 2016. 



 
 
The development of cryo-FIB lift-out for soft matter and biological imaging - Making the practically 
impossible ‘merely difficult’ 

C Parmenter, B Morrison and J Lindsay 

University of Nottingham, UK 

The preparation of soft matter samples for electron microscopy (EM) has been revolutionized in recent years 
by the development of cryogenic transmission electron microscopy (TEM). Cryogenic fixation preserves high 
water content samples (cells, tissues, plant samples, suspensions, gels and food products) in their native 
states. In the case of all but plunge freezing of small objects in thin vitreous layers, some sort of 
microsampling must be conducted to isolate the region of interest for TEM analysis.  

Traditionally Cryo-ultramicrotomy is a route to cryogenically preserved electron transparent sections of 
sample. More recently cryo-Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) has been used to 
prepare thinned sections of sample that are grown on a TEM grid. For over 20 years thin sections or lamellae 
have been prepared from bulk samples via the in situ lift-out method. Lift-out offers a site specific 
preparation method for TEM analysis, however, this was typically in the field of materials science. 

To enable lift-out under cryogenic conditions, a number of technological and sample handling issues had to 
be overcome for application to cryo-preserved samples. In 2014 we presented our first results applied to 
hydrogel samples in pursuit of label- and damage-free information of soft matter samples. Subsequently 
strategies have been explored for milling parameters, grid attachment using cryo-condensation of water, 
maintaining cryogenic conditions and protection of the lamella during transfer to the TEM. 

Attention has turned to the preparation of cryo lamellae from cells grown on TEM grids and yeast, a well-
recognized test specimen. We present images from the extraction of cells and yeast (Figure 1) and images of 
nuclear membrane (Figure 2) that demonstrate that this approach is capable of delivering electron 
transparent lamellae / sections for damage free imaging of soft-matter and biological samples.  
 

             

 

Figure 1 Cryogenic lift out of yeast cells. The sample was prepared by the modified total release 
methodology and attached to the Cryoprobe with vitreous ice (a, b electron/ion image of attachment 
respectively). The lamella was extracted (c) and repositioned to a TEM grid (d). The sample was attached to 
the grid using vitreous ice deposition (e). Excess ice was removed (f) to prepare the sample for conventional 
FIB thinning. 

Figure 2 Cryo-TEM image of a yeast cell prepared by Cryo-FIB-LO. The cell wall (top left of image, denoted 
with a star) and nuclear membrane (red lines) are visible. The images on the right show magnified views of 
the nuclear membrane in two regions. 

  



 
 
Probing the electronic and molecular structure of beam-sensitive materials with the secondary electron 
spectrum 

R C Masters1, M Azzolini2, M Dapor2, DG Lidzey1 and C Rodenburg1 
1University of Sheffield, UK, 2ECT*-FBK and TIFPA-INFN, Italy 

Imaging many beam-sensitive or non-conductive materials such as polymers in the SEM is considerably 
easier with the advent of low-voltage techniques. However, at low voltages, many SEM-based 
characterisation techniques,  such as EDX,  are restricted. As such, gaining insights in to the material 
properties of polymers in low-voltage conditions can be difficult. 

Here, we present innovative applications of secondary electron (SE) energy spectroscopy for new insights in 
to the electronic and molecular structure of materials in a SEM environment best suited to beam-sensitive 
materials. The SE spectrum can be measured from a polymer at low dose with minimal beam damage. This 
is depicted in Figure 1a, showing repeated SE spectrum measurements from the same area of poly(3-
hexylthiophene) (P3HT), a semicrystalline polymer. Here, only small changes to the spectrum can be 
observed with increasing electron beam exposure. Similar effects are observed in other polymers (Figure 1b), 
and the varying effect of beam damage on different spectral features may hold clues as to the chemical 
origin of beam sensitivity in a material. 

When processing P3HT films with different levels of crystallinity, variation is observed in the SE spectrum 
measured from the film (Figure 2a). This reflects order-dependent electron transport in these films1. 
However, the shape of the SE energy distribution results from a convolution of interactions, and as such, 
relating features in a SE spectrum to specific sample properties is complex. Recent breakthroughs in Monte 
Carlo modelling methods have enabled the shape of the P3HT SE spectrum to be accurately simulated2, 
advancing understanding of the origin of SE spectral features. Progress in this regard will be presented. 

With more understanding, SE spectra can be employed as an exciting standalone tool for probing the 
material properties of polymers (or other organic materials) in a low-voltage SEM. By acquiring high-
resolution hyperspectral SE images, localised variation in electronic properties or molecular ordering has be 
mapped (Figure 2b). This has the potential to unlock fresh, high-resolution insights in to the surface of 
polymer films or other organic materials. 

 
Figure 1 (left): a) SE spectrum of P3HT, repeated measurements from same area. b) SE spectrum of the 
polymer PCDTBT, fresh and after electron irradiation. 

 
Figure 2 (right): a) SE spectrum of amorphous and crystalline P3HT. b) Energy-filtered SE image of P3HT, 
highlighting surface molecular ordering. 



 
 
Application of the 20-80 kV SALVE TEM to graphene 

F Börrnert, J Biskupek and U Kaiser 

Universität Ulm, Germany 

Modern aberration-corrected transmission electron microscopy is able to routinely image sample structures 
with true atomic resolution with a resolution better than 1 Å. Unfortunately, light-element materials suffer 
severe damage via the knock-on mechanism at electron energies commonly used for high resolution imaging 
[1]. To avoid this kind of sample damage, imaging at lower acceleration voltages of 60-80 kV became 
popular to undercut the threshold for knock-on damage. Thanks to geometric aberration correction, an image 
resolution of below 2 Å can still be maintained. One interest when performing atomic resolution microscopy 
of thin and/or light-element materials lies in interfaces and defects and there, the aforementioned damage 
threshold is significantly lowered, thus, calling for even lower imaging electron energies [2]. 

In TEM at acceleration voltages of 40 kV and lower, in addition to the geometric aberration, the chromatic 
aberration coefficient of the imaging lens limits the information transfer. The chromatic aberration can be 
corrected by using a Cc/Cs corrector [2,3] or its effects can be minimized by employing a monochromator 
for the primary electrons [4]. In the latter case, most of the electrons coming from the electron source are 
blocked and do not contribute to the image forming process, thus the signal-to-noise ratio decreases 
severely. 

Here, we demonstrate the use of our new chromatic and geometric aberration-corrected SALVE microscope 
[3] with examples of various point defects in graphene imaged at 20 kV to 80 kV with so far unprecedented 
high resolution. For example, we can image a single vacancy in graphene with a clear Jahn-Teller distortion 
and distinguish a substitute atom in the graphene lattice. Additionally, we discuss the contrast transfer with 
a special focus on the effects of chromatic aberration correction on the contrast dampening and information 
limit. 

[1]  J. C. Meyer et al. (2012), Physical Review Letters 108, 196102. 
[2]  U. Kaiser et al. (2011), Ultramicroscopy 111, 1239. 
[3]  M. Linck et al. (2016), Physical Review Letters 117, 076101. 
[4]  S. Morishita et al. (2016), Applied Physics Letters 108, 013107. 

  



 
 
(Flash poster – P:47) Python scripting to enhance in situ experimentation in SEM 

D Phifer 

Thermo Fisher Scientific, The Netherlands 

The AutoScript API allows automation routines to be constructed which can do a variety of non-routine tasks 
as well and decision trees can be integrated for unattended operation. For in situ experimentation, things 
such as drift correction and monitoring of contrast and brightness can be monitored and auto-adjusted to 
improve video quality and ultimately measurements from the video frames. Combining control of most all 
microscope functions including setting and reading values, calling auto functions, saving images and storing 
values with other existing open source Python scripts can be supplemented with image matching, data 
graphing, automated response and feedback loops to create novel performance. Many nice examples of 
custom scripts have already been created that adjust settings with a feedback loop, extract and graph in situ 
data, and perform image capture automatically at specified positions. Post processing in particular can be 
useful to graph shifts against temperature changes (as shown in Figure 1 below) or to measure size changes 
during a stimulus change. 

The availability of so many Python based routines in the open source environment allows various 
components to be integrated/combined for specific purposes. With the ability to control both the (E)SEM 
and FIB columns, GIS, Manipulator, and other accessories, the AutoScript interface allows writing advanced 
automation for most tasks. Python libraries exist for image matching, data display and data export that 
complete the suite of capabilities needed for custom automation of systems on Windows 7 and higher. 

Figure 1. AutoScript was used to graph shifts in x and y along with temperature changes for analysis. The rich 
data recording enables moving to numbers from images and opens a new possibilities for data analysis. 

 

  



 
 
(Flash poster – P:48) Carbon materials, their contamination in the SEM- A problem or an opportunity? 

K J Abrams1, J S Schafer2, F Mika3 and C Rodenburg1 

1University of Sheffield, UK, 2Leibniz Institute for Plasma Science and Technology, Germany, 3Institute of 
Scientific Instruments, Czech Republic 

Carbon nanomaterials in their many forms are key to many next-generation technologies. [1,2] However, it is 
well-known that these materials are sensitive to electron beam damage and the evolution of carbonaceous 
species by electron beam ion deposition (EBID) on these surfaces cause significant reductions in image 
resolution and eventually blocks the original surface from view. [3] Or does it? 

Secondary electron hyperspectral imaging (SEHI) is an electron spectroscopic method that has previously 
been used for nano-scale mapping of semicrystalline polypropylene, organic photovoltaics, and hierarchical 
biopolymers. [4-6] SEHI exploits the distinctiveness of secondary electron (SE) spectra from several carbon 
allotropes with peaks representing different bond types- that are well separated, and includes peak changes 
upon contamination. As SEHI allows for the isolation of certain energy ranges and therefore the filtering out 
of other contributions, we are now in the unique and exciting position of being able to map sensitive surfaces 
and eliminate the typical contamination issue. 

Here we will use SEHI (Ambient and Cryo-temperatures) to probe the formation of carbonaceous species on 
Highly Oriented Pyrolytic Graphite (HOPG.) and a metal Ag/Cr substrate. Additionally, we will exploit the 
presence of this carbon species and use SEHI to probe carbon nanostructures created by a cold atmospheric 
plasma pen. Thus proposing that contamination need no longer be a barrier but a serendipitous opportunity 
for the creation of a new understanding of beam sensitive surfaces and of new nanomaterials. 

 

 

Figure above shows 2 types of SEHI images of nanostructures on HOPG. The surface has an EBID on the right 
hand side of the white line and a terrace step highlighted by the parallel yellow line a) shows very little 
contrast differences and features are marred by contamination; b) SEHI map is a composite of 3 separate 
energy ranges illustrating the complex elemental character of the nanostructures especially in the EBID 
region. 

[1] Strauss et al, Chem, (2016), Vol 1, p531-556. 
[2] Yu et al, Progress in Materials Science, (2017), Vol 88, p1-48. 
[3] Luo et al, ACS Nano, (2011), Vol 5, p1047. 
[4] Abrams et al, Physica Solidi Status C, (2017), Vol 1700153, p1-4. 
[5] Masters et al, Nature Comms, (2015), Vol 6, p1-9. 
[6] Kumar et al, ACS Omega, (2017), Vol 12, p2126-2133. 

  



 
 
(Flash poster – P:49) Analysis of air-sensitive Li-ion battery materials 

D Proprentner, G D West, S Marks and B Shollock 

University of Warwick, UK 

 Characterisation of Li-ion battery materials is complicated by both the difficulties associated with detecting 
Li in an electron microscope and the air senstivity of these materials. Although Li can be detected in an SEM 
using Energy Dispersive Spectroscopy or Soft X-ray Emission Spectroscopy (SXES), both these methods 
suffer from poor senstivity and the ability to detect Li is dependent on bonding state which complicates 
analysis. The use of a SIMS detector in conjunction with FIB provides straightforward, robust Li detection and 
when attached to a dual beam platform is additive to the normal SEM and FIB capabilites of these 
instrument. In this paper the use of an FEI dual beam with Hiden SIMS to study Li-ion battery materials will 
be presented. In addition the vacuum transfer work-flow of samples from three key system; broad beam ion 
miller, FIB-SIMS/FEG-SEM and TEM with be discussed. 

Session 6 - Applications (II) 

Low energy electron beam induced local instability in hybrid perovskite solar cell materials - a predictive tool 
for solar cell degradation? 

V Kumar1, W L Schmidt1, J Barbé2, D C Sinclair1, I M Reaney1, W C Tsoi2 and C Rodenburg1 

1University of Sheffield, UK, 2Swansea University, UK 

Organic-inorganic hybrid perovskite materials achieve photovoltaic efficiencies within solar cells as high as 
22%. However, the long-term stability of these perovskite materials is still a barrier for commercialisation. 
Here, we studied the electron beam induced degradation of various MAPbI3 perovskite compositions using 
Secondary Electron Hyperspectral Imaging (SEHI) [1]. Our results reveal localised degradation in these 
hybrid perovskite materials which is highly dependent on the local composition [2] of the individual grains. 
In figure 1, non- stoichiometric MAPbI3 with excess MAI (5 mol%) are compared to stoichiometric MAPbI3 (d- 
f). Exposure to a very low energy electron beam (~1 kV) with an electron dose of ~1.25 ×1016 el.cm-2 
(which is equivalent to ~2000 mW.cm-2 or 20 Suns at AM 1.5 G) promotes decomposition of some 
perovskite grains in figure 1(a) and localised nano structural defects appear on the perovskite surface. These 
grow larger and more numerous in concentration for longer electron beam exposure (indicated by black 
arrow in figure 1b&c). However, the stoichiometric perovskite materials showed better stability under the 
same operational conditions (see figure 1d-f). A fractured cross section of the MAPbI3 solar cell devices 
degraded by the application of a forward bias voltage exhibits similar localised nano structures [2] to those 
induced by prolonged electron beam exposure. Our results suggest that low energy electron beam exposure 
can be used a predictive tool for perovskite solar cells stability. 

 



 
 
Figure 1 Standard low voltage scanning electron microscope (LVSEM) surface morphological images of 
MAPbI3 (a-c) as prepared non-stoichiometric MAPbI3 with excess MAI (5 mol%) for first, second and fifth 
scan, (d-f) stoichiometric MAPbI3 for first, second and fifth scan, respectively 

[1]  V. Kumar et al. ACS Omega, 2 (5), (2017), 2126. 
[2]  J. Barbe et al. Sustainable Energy Fuels, 2, (2018), 905. 

Real-time dynamical imaging of light induced photo-voltages in hybrid halide perovskites by scanning 
electron microscopy 

G Irde1,2, S M Pietralunga2,3, V Sala1,2, M Zani1, J Ball2, A J Barker2, A Petrozza2, G Lanzani1,2 and A 
Tagliaferri1,2 
1Politecnico di Milano, Italy, 2Istituto Italiano di Tecnologia, Italy, 3CNR-IFN, Italy 

Secondary electron (SE) Surface-sensitive imaging detection in Scanning Electron Microscopy (SEM) probes 
space-charge field distributions and potentials at surfaces and interfaces [1,2]. Recently, its combination 
with optical excitation has opened wider scenarios [3,4,5,6]. In this work we present the combination of a 
customized SEM with laser light excitation of the sample under test in a Light-Assisted SEM configuration 
(LASEM). LASEM relies on the optically induced local modification of SE yield to provide real-time mapping 
of photo-voltages and charge dynamics, and qualifies as a complementary approach to near-field probe 
microscopies [7] and nonlinear photoemission spectroscopies [8]. We applied LASEM to thin films of Metal 
Ammonium Lead Triiodide perovskite (MAPbI3), an outstanding light-sensitive material in solar light 
harvesting and photovoltaics [9], and also appealing as an active material for light generation [10]. MAPbI3 
is excited by illumination at above-bandgap photon energy, while keeping electron beam dose below 
damaging threshold. Fig. 1 reports temporal evolution of LASEM contrast under illumination and after light 
removal. A contrast reversal is evident, as the illumination is turned off. The system evolves in dark over 
several hours and a near complete recovery occurs within days. LASEM contrast pattern depends on the 
geometry of SE collection, as proven by varying angular orientation of the sample with respect to the in-
column detector, (Fig. 2), consistently with the hypothesis of an optically excited charge field at surface. 
Ray-tracing numerical simulation of SE flight and detection supports the hypothesis. The contrast dynamics, 
is consistent with the evolution of optically induced structural modifications in MAPbI3, as also 
experimentally observed, by using complementary techniques [11,12]. As above demonstrated, LASEM is 
potentially a versatile technique which can be extensively applied to photo-sensitive materials. A real-time 
temporal resolution in the millisecond range can be envisaged. 

 
Figure 1: Temporal evolution of the SE contrast under illumination (laser on) and after light removal (laser 
off). Contrast evolves on the time scale of minutes, and presents a dark to bright reversal between the two 
regimes. Light exposition of 4 minutes. 

Figure 2: SE contrast images of illuminated areas, after light removal, at different angles toward the SE 
detector. 

[1] Cazaux J., Ultramicroscopy 110, 242 (2010) 
[2] Tsurumi D., Hamada K. and Kawasaki Y., JAP 113,144901 (2013) 
[3] De Boer, P., Hoogenboom, J. P., Giepmans, B. N. G., 12, 6, 503, (2015) 
[4] Najafi, E.,et al. Science, 347 (6218) ,164 (2015). 



 
 
[5] Zani M. et al., Ultramicroscopy 187, 93 (2018). 
[6] Park H. and Zuo J. M., 94, 251103 (2009) 
[7] Kronik, L. and Shapira, Y. Surface Science Reports 37(1), 1, (1999). 
[8] Long J.P. et al, PRL, 64, 1158 (1990) 
[9] Stranks, S. D., et al. Science  342(2013), 341 (2014). 
[10] D’Innocenzo V. et al., J. Am. Chem. Soc., 136 (51), 17730 (2014) 
[11] DeQuilettes D. W., et al., Nature Communications 7, 11683 (2016) 
[12] Gottesman, R., Journal of Phys.Chem. Letters 6, 2332 (2015). 

Imaging of beam sensitive lithium-rich batteries materials via low dose advanced STEM 

E Liberti1, J Lozano1, R Brugge2, A Kirkland1, A Aguadero2 and P Bruce1 

1University of Oxford, UK, 2Imperial College London, UK 

All-solid-state lithium ion batteries are promising candidates for next generation energy storage devices. 
These materials possess higher energy densities, better safety features and longer cycling life than current 
lithium-ion batteries. To enable the large-scale fabrication of lithium-rich batteries, one of the most critical 
factors is to understand structural evolution with cycling. 

Lithium-rich layered 3d-transition metal-oxides (TMOs) are technologically important cathodes that can 
accumulate higher energy densities than in conventional layered oxide batteries [1]. These materials owe 
their high storage capacity to the ability of accumulating charge beyond the oxidation state of the transitions 
metals via anionic redox mechanisms, for example through the partial oxidation of the oxygen sublattice [2 - 
4]. Structural modifications that follow these charging processes are mostly local in nature; however 
establishing ways of characterising charged materials is currently a challenge. A similar issue is encountered 
in the industrial realisation of solid electrolytes. 

Lithium-rich garnets, Li₇La₃Zr₂O₁₂ (LLZO), are fast ionic conductors that possess a high conductivity and wide 
voltage stability, and are therefore of interest in their use as electrolytes in all-solid-state batteries [5]. 
Oxygen vacancies in these materials are responsible for determining the Li concentration and mobility, in 
addition to influencing the stabilisation of more conducting (cubic) phases [6 - 7]. Characterising the 
structure locally is therefore essential to understand Li conductivity. 

Aberration-corrected scanning transmission electron microscopy (STEM) is a powerful tool for the 
characterisation of materials at atomic resolution, and is therefore a suitable technique to study local 
structural changes. 

As the oxygen lattice is extremely active in both charged TMOs and LLZOs, following the interaction with 
electron beam, structural changes occur rapidly. These changes are intensified upon exposure to oxygen-rich 
atmospheres. 

In this work we show that by carefully preventing the materials to be exposed to air, it is possible to mitigate 
structural evolution during imaging. For the garnets, amorphisation occurs practically instantaneously, even 
at beam currents as low as 1 pA. Herein, we will illustrate how to design a low dose imaging experiment 
using fast scan rates to prevent structural damage and allow for imaging of highly beam sensitive charged 
TMOs cathodes and LLZO electrolytes. By implementing advanced low dose annular bright-field (ABF) 
imaging we will show that it is possible to quantify with picometre accuracy and precision the structural 
distortion of the oxygen sublattice following its oxidation in the first charge cycle. Furthermore, we will also 
discuss ways to quantify damage rate in the garnets and explain how this rate can be related to presence (or 
the absence) of a more (or less) Li conductive stabilised phase. 



 
 
[1] Z. Lu et al., Electrochem. Solid-State Lett. 4, A191-A194 (2001) 
[2] M. Sathiya et al., Nat. Mater. 12, 827-835 (2013) 
[3] E. McCalla et al., Science 350, 1516-1521 (2015) 
[4] K. Luo et al., Nature Chem. 8, 684-691 (2016) 
[5] M. Kubicek et al., Chem. Mater. 29, 7189-7196 (2017) 
[6] H. Xie et al., Chem. Mater. 23, 3587–3589 (2011) 
[7] S. Mukhopadhyay et al., Chem. Mater. 27, 3658–3665 (2015) 

Electron-irradiation induced defects in ytterbium titanate 

A Mostaed1, G Balakrishnan2, M R Lees2 and R Beanland2  
1University of Sheffield, UK, 2University of Warwick, UK 

Abstract unavailable 

Strategies for low dose scanning transmission electron microscopy analysis of highly beam sensitive 
materials 

J Cattle1, N Hondow1, S Helveg2, S Tolborg2, E Taarning2, R Brydson1 and A Brown1 
1University of Leeds, UK, 2Haldor Topsoe A/S, Denmark 

Scanning transmission electron microscopy (STEM) is one of the most powerful characterisation tools 
available to modern microstructural scientists, and is used for analysis of a vast range of materials across 
many disciplines. Developments in hardware and imaging techniques are continuously improving the 
capability of STEM for the analysis of materials sensitive to interactions with the electron beam; ultimately 
limiting damage to the sample while extracting useful information. The two materials we will focus on here 
are beta zeolite and theophylline. Sn-doped beta zeolite is used in the catalysis of organics. The addition of 
tin activates its catalytic ability, but the exact location of the tin atoms within the porous crystalline zeolite 
structure is currently not definitively known [1]. Theophylline is used as a pharmaceutical treatment for a 
variety of conditions and is a metabolite of caffeine. As an organic material, it is highly sensitive to electron 
beam interactions. High-resolution analysis by STEM and other EM techniques of such materials could 
provide a wealth of useful information with regards to their nanoscale structures, allowing for increased 
understanding of various properties that would, for example, aid in the production of more efficient 
pharmaceuticals. This would require that the beam sensitivity of such samples be overcome. 

The STEM technique we use for the characterisation of the Sn-Beta zeolite is integrated differential phase 
contrast (iDPC), which greatly enhances phase contrast in weak phase objects while removing amplitude 
contrast. Additionally, the signal from the lightest elements is enhanced, allowing the lightest and heaviest 
elements to be effectively imaged side by side. This comes at the cost of reducing the contrast between light 
and heavy elements. By using this technique side-by-side with high-angle annular dark field (HAADF) 
imaging, we will determine the positions of individual tin atoms in the crystal structure of a doped silicon-
beta zeolite, which has a critical electron fluence of ~ 1,000 e-Å-2. 

We will also demonstrate the use of scanning Moiré fringes for characterising theophylline. Scanning Moiré 
fringes occur when the scanning pattern in STEM imaging closely matches that of the atomic lattice within a 
sample, in terms of orientation and size. Interference between the scanned and atomic lattices produce a set 
of fringes larger in size than either constituent, providing information from the crystalline lattice, such as 
defect locations. By using scanning Moiré fringes, the sample can be imaged at lower magnifications than 
would normally be required to directly image the lattice. For sensitive materials, this is important, since in 



 
 
STEM electron dose is directly linked to magnification. Previous experiments [2] have determined the critical 
fluence of theophylline form II to be ~ 30 e-Å-2, and we will demonstrate the acquisition of scanning Moiré 
fringes of the theophylline lattice at this fluence. 

[1] TR Josephson, GR Jenness, DG Vlachos, S Caratzoulas, ‘Distribution of open sites in Sn-Beta 
 zeolite’, Microporous and Mesoporous Materials, 245, 45-50, (2017) 
[2] J Cattle, M S’ari, N Hondow, P Abellán, AP Brown, RMD Brydson, ‘Transmission electron microscopy 
 of a model crystalline organic, theophylline’, Journal of Physics: Conference Series, 012030, 644, 
 (2015). 

(Flash poster – P:50) Pt-based chemotherapeutic quantification using HAADF STEM 

A A Sheader1, A M Varambhia1, G Vizcay-Barrena2, R A Fleck2, S J L Flatters2 and P D Nellist1 

1University of Oxford, UK, 2Kings College London, UK 

High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) is a powerful 
technique for visualising and quantifying heavy elements [1]. The very high spatial resolution and easily- 
interpretable image contrast result in images suitable for use with quantification procedures for a range of 
samples within the materials field [2,3]. 

The platinum-based chemotherapeutics have revolutionised treatment of many cancer types. Following the 
chance discovery of cisplatin in the 1960, and the development of oxaliplatin some ten years later, the 
platin family are used worldwide in the fight against cancer. However, despite the efficiency of these 
chemotherapeutics, the side-effects associated with such treatment can be significant. One such effect is 
chemotherapy induced peripheral neuropathy (CIPN), a painful condition heavily impacting patient quality of 
life, the causal mechanisms of which are not yet fully understood. 

Studies of oxaliplatin and cisplatin using HAADF STEM have revealed differences in the atomic-level structure 
of these drugs. Clinical-formulation cisplatin (Figure 1a) is revealed to contain significant quantities of 2nm 
Pt nanoparticles, while the majority of the oxaliplatin Pt is instead arranged in loose clusters of many single 
atoms (Figure 1b). We will present evidence showing that difference in structure is unlikely to be due  to 
radiation damage during imaging or vehicle solution residue. We also present the first images of oxaliplatin 
imaged at atomic resolution within neuronal rat tissue, following systemic administration of clinically- 
formulated drug (Figure 2). We conclusively identify these atoms as platinum via a cross-section based 
quantification approach. 

 

Figure 1: (a) Single atoms (arrow heads) and clusters (arrows) of platinum within clinically formulated 
oxaliplatin. (b) 2nm Pt nanoparticles in cisplatin. 

 

Figure 2: (a) HAADF STEM image of a platinum cluster within a cell body. (b) Sufficiently  high  magnification  
reveals  single  atoms  of  Pt  (circled)  within  the cluster. 



 
 
[1]  Pennycook, SJ. Z-contrast STEM for materials science. Ultramicroscopy 30.1-2 58-69 (1989) 
[2]  Varambhia, AM., Jones, L., De Backer, A., Fauske, VT., Van Aret, S., Ozkaya, D., Nellist, PD., 
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[4]  Einhorn, LH., Treatment of testicular cancer: a new and improved model. Journal of Clinical 
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[5]  Sheader, AA., Varambhia, AM., Fleck, RA., Flatters, SJL., Nellist, PD., Observation of metal 
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(Flash poster – P:51) Quantitative comparison study of low-dose zeolite imaging using HRTEM and HAADF- 
STEM 

C Huang1,2 and A I Kirkland1,2 
1University of Oxford, UK, 2Diamond Light Source Ltd, UK 

With low-dose electron microscopy becoming crucial for the characterisation of many important but 
radiation-sensitive materials, e.g. catalysts supported by zeolites and metal- organic frameworks (MOFs), the 
unanswered question of whether TEM or STEM should be the technique of choice has gathered an increasing 
amount of interest. Existing studies have not been able to provide a convincing conclusion on which of the 
two acquisition mechanisms is more suitable for imaging radiation-sensitive materials. This work presents a 
quantitative comparison between zeolite imaging using both HRTEM and HAADF-STEM under a controlled 
experimental set-up. 

All imaging experiments were carried out on the double-corrected JEOL ARM300F electron microscope at 
ePSIC Diamond Light Source. Both the TEM and STEM modes are calibrated for accurate dose measurement 
prior to the image acquisition. In order to eliminate any possible complications, such as different vacuum 
and machine stability conditions, only TEM/STEM images acquired using the same specimen grid on the 
same experimental session are included for comparison. 

In addition to single-frame images, low-dose image series are also acquired to observe the radiation damage 
process over a continuous period of electron exposure. Problems that are specific to the individual 
techniques are addressed respectively. For example, image contrast in HRTEM images are more sensitive to 
defocus variation and the attainable resolution can often be limited by the minimal sample thickness. 
HAADF-STEM imaging tends to be more strongly affected by sample contamination after initial scanning over 
the region of interest. The presented work will also try to summarise practical tips on overcoming and 
reducing the negative aspects of each techniques for reference. 



 
 

 
Figure 1. TEM and STEM of ZSM-5 using the same double-corrected JEOL ARM300F with comparable 
magnification and resolution. (a) TEM image with imaging dose of 2.7879 x103 electron/nm2; (b) STEM 
image with imaging dose of 1.1637 x107 electron/nm2. 

(Flash poster – P:52) Dose limited TEM and STEM characterisation of electron beam sensitive inorganic 
nanomaterials 

R Hooley, A Brown, T Kathyola and R Brydson 

University of Leeds, UK  

Calcium carbonate (CaCO3) is of widespread interest as a structural biomaterial and for its environmental 
and industrial importance, which has led to extensive research into its formation and properties. 
Furthermore, calcium carbonate is an important model system for fundamental studies of nucleation, growth 
and polymorphism in inorganic crystals. Industrially, calcium carbonate is found as both a filler and as an 
active ingredient in formulated products, for example, nanoscale calcium carbonate particles stabilised by a 
surfactant are used to neutralise acid build-up in combustion engines. Here the physical properties of the 
calcium carbonate core have significant implications for the stability and performance of the final product. 
Transmission Electron Microscopy (TEM), both conventional and scanning, can be used to investigate the 
physical and chemical properties of these materials at multiple scales, and with high specificity. However, 
calcium carbonate is known to degrade into polycrystalline calcium oxide (CaO) under electron irradiation. 
To ensure confidence in measurements made using TEM/STEM, it is necessary to consider the impact of 
beam induced degradation and to operate under conditions where electron beam damage is minimised. 

Calcite nanoparticles, of size ~55 nm were used as a model system to set thresholds for acceptable levels 
of electron beam damage, and to evaluate the most beneficial microscope operating conditions. A marker of 
degradation was chosen to be the breakdown of lattice images prior to the formation of CaO. 300 kV 
operation extended the lifetime of the particles by a factor of 3 when compared to 80 kV due to the increase 
in inelastic mean free path length. 300 kV STEM allowed for lattice imaging at fluences higher than was 
possible using 300 kV TEM only when hydrocarbon contamination was present. Under these conditions 
critical electron fluences for lattice degradation in STEM and TEM were 1.8x108 e-nm-2 and 5.6x107 e-nm-2 
respectively. Furthermore, contamination build-up in STEM apparently inhibits the formation of crystalline 
CaO. When heated to 75 oC in-situ, contamination is desorbed and the 300 kV STEM degradation threshold 
is reduced to 1.35x107 e-nm-2. 



 
 
These fluence thresholds were applied to the characterisation of commercial calcium carbonate fuel 
detergent particles. Low-dose Bright-Field (BF) TEM and Annular Dark-Field (ADF) STEM show particles of 
size ~2-6 nm, with an indication of the presence of crystallinity in some of the larger particles (Figure 1 and 
2). These findings will be correlated to bulk studies using Infrared, and X-Ray Absorption Spectroscopies, to 
confirm and investigate the impact of  potential crystallinity in the particle cores, with the aim of identifying 
crystalline polymorphs. The application of dose limited TEM and STEM as an ex-situ analytical technique to 
investigate the impact of processing conditions on particle size, morphology and crystallinity will be 
discussed. 

 
Figure 1– Left) BF-STEM (top) and ADF-STEM (bottom) of the commercial CaCO3 detergent particles. 
Labelled particle displays crystalline scattering as indicated by the FFT. 

Figure 2- Right) Low-dose BF-TEM image of the crystalline particle with FFT indicating the presence of 
crystallinity with a 3.4 Å d-spacing. Surrounding particles do not display crystallinity in the FFT. 

Session 6 - Applications (II) continued 

STEM studies of the beam sensitive BaTi8O16 hollandite system by fast-scanned multi-frame imaging 

J E Halpin1, R Webster1, S R Popuri2, J-W G Bos2 and D A MacLaren1  
1University of Glasgow, UK, 2Heriot-Watt University, UK 

The beam sensitive barium titanate hollandite system has much intrinsic complexity, with the potential to 
have tuneable electronic and thermal transport properties, making it an ideal candidate as a thermoelectric 
material. Here we describe the optimal sample preparation, including a comparison of Xe plasma FIB with 
conventional Ga FIB samples and subsequent characterisation of these materials.  In order to better 
understand this complexity, we use fast-scanned multi-frame STEM imaging techniques to study defects in 
the system.   

Hollandites have a A2B8O16 structure, where BO6 form edge sharing octahedral arranged in square, A cation 
containing channels.  Barium titanate hollandites have mutually incommensurable substructures comprised 
of the Ba cations and the surrounding TiO6 octohedral framework. While the structure is generally tetragonal, 
with certain channel cations, hollandites have been observed in monoclinic form, with β close to 90. This 
monoclinic form enables the appearance of a modulated twinning structure. This modulated twinning 
structure can be induced in the material by exposure to an ion or electron beam. To avoid artificial 
modification of the hollandite, it must be prepared without the use of ion beam thinning and e-beam 
exposure must be minimised during imaging. We present real time observation of this twinning, acquired by 
rapid acquisition of multiple frames during e-beam exposure. In order to image other defects in the material, 
rapid acquisition of multiple frames was also used, the frames for the time period in which the material has 
not undergone significant e-beam induced deformation selected and and aligned using the Smart Align tool 
(1). This enabling imaging of the defects before significant twinning has occurred.   

Our results help in understanding the defects and disorder in barium titanate hollandites.  This is a critical 
step in the development of the material as a viable thermoelectric. 



 
 

 

Figure 2 - HAADF-STEM images of BaTi8O16 in [001] direction with (a) i – Before, ii – after e-beam exposure 
showing evidence of e-beam induced twinning (b) evidence of columnar defect with associated intensity line 
profile. 

[1] L. Jones et al., “Smart Align—a new tool for robust non-rigid registration of scanning microscope 
 data,” Advanced Structural and Chemical Imaging, vol. 1, no. 1, Dec. 2015. 

Exit wavefunction reconstruction of beam-sensitive photonic SnO2 nanoparticles 

A Moya, E Liberti and A Kirkland 

University of Oxford, UK 

DFT calculations and optical and X-ray based spectroscopies suggest that oxygen vacancies and cation 
interstitials are responsible for tunable visible light emission in SnO2 nanoparticles1,2. However, these 
techniques do not provide a direct link between the local defect structure and the optical emission properties 
of these nanoparticles. Aberration-corrected electron microscopy can be used to study the structural 
properties of oxide nanoparticles to reveal structural details at high spatial resolution 2. However, SnO2 
particles, with radii close to their Bohr magneton radius (3 nm), are very sensitive to the electron dose during 
imaging and rapidly undergo radiolysis and knock-on damage3. Hence, obtaining structural details, 
especially point defects, from these nanoparticles prior to electron-beam modification requires calibrated 
low electron dose imaging. Calibrated low-dose imaging of beam-sensitive materials has been demonstrated 
to allow the structural integrity of nanomaterials to be retained while providing atomic level structural detail4.  

Herein, we use dose-calibrated focal series images to retrieve the exit wavefunction of the nanoparticles with 
minimal beam-induced modifications. Times-series studies were performed to determine the threshold total 
accumulated dose for SnO2 nanoparticles before beam-induced modification. The optimal number of images 
obtained for the low-dose focal series strongly depended on the time and total accumulated dose. The 
reconstructed phases of the exit wavefunction had optimal signal-to-noise ratio that revealed atomic 
resolution detail compared to the individual images in the series.  

Comparing the restored exit wavefunction with simulations, we have determined the surface terminations of 
the most active surfaces and identified the position of the oxygen atoms.    

Furthermore, we also demonstrate that by quantifying the nanoparticle thickness from the restored phase, it 
is possible to estimate the full Wulff-shape of the SnO2 nanoparticles. 

[1] Li, Y. et al. Realizing a SnO 2 -based ultraviolet light-emitting diode via breaking the dipole-
 forbidden rule. NPG Asia Mater. 456, (2012). 
[2] Haigh, S. J., Young, N. P., Sawada, H., Takayanagi, K. & Kirkland, A. I. Imaging the Active Surfaces 
 of Cerium Dioxide Nanoparticles. ChemPhysChem 12, 2397–2399 (2011). 
[3] Li, S. et al. Controlled hybridization of Sn–SnO 2 nanoparticles via simple-programmed microfluidic 
 processes for tunable ultraviolet and blue emissions. doi:10.1039/c4tc00842a 
[4] Huang, C., Borisenko, K. B. & Kirkland, A. I. Exit wave reconstruction of radiation-sensitive materials 
 from low-dose data. J. Phys. Conf. Ser. 522, 12052 (2014). 



 
 
(Plenary) Low-voltage TEM/STEM of low-dimensional materials at the single atom level 

K Suenaga 

National Institute of AIST, Japan 

Properties of low-dimensional materials are largely influenced by its structural imperfections, such as 
defects, impurities, edges or boundaries. Hence, analytical technique at the single-atom level is becoming 
crucial to fully understand their physical/chemical performance. Elemental analysis down to the single atom 
limit was first demonstrated with the successful detection of a Gd dopant atom in carbon nano-peapods 
using a STEM-EELS technique at 100kV [1]. Specimen damage due to the high dose of the incident electron 
beam, which is required to isolate the signals from individual atoms, has been an intrinsic problem for such 
a highly delicate analysis. It also is important to prevent the atoms from being kicked out during the 
observations. In order to reduce the atomic movements under the e-beam and also to enhance the EELS 
contrast, a lower accelerating voltage is preferred for single atom detection by STEM-EELS. Sawada et al. 
designed a new type of aberration corrector with triple dodecapole elements (the delta system) to reduce the 
higher-order geometric astigmatism, which is critical for the STEM performance operated at low accelerating 
voltages, i.e., 15 to 60 kV[2]. 

In my presentation, single atom spectroscopy by means of electron energy-loss spectroscopy (EELS) will be 
shown to discriminate individual atoms in low-dimensional materials at their interrupted periodicities. It is 
emphasized here that information of the bonding/electronic states has become accessible for single atoms 
through the EELS fine-structure analysis [3] as well as the spin state [4]. Large variations of local electronic 
properties of 1D and 2D materials with different atomic coordinates will be investigated [5]. I will also show 
some examples for the optical-range electron-spectroscopy of low-dimensional materials [6]. Differences 
between EELS and optical absorption will be discussed for surface materials in diluted systems [7].  

[1]  K. Suenaga et al., Science, 290 (2000) 2280-2282 
[2]  H. Sawada, et al., J. Electron Microscopy, 58 (2009) 341-347; H. Sawada, et al., Ultramicroscopy, 
 110 (2010) 958-961; T. Sasaki, et al., J. Electron Microscopy, 59 (2010) S7-S13 
[3]   YC. Lin et al., Nano Lett., 15 7408-7413 (2015). 
[4]   YC. Lin et al., Phys. Rev. Lett., 115 206803 (2015); G. Liu et al., Nature Chem. 9 810-816 (2017). 
[5]   YC. Lin et al., Nano Lett., 17 494-500 (2017); HP. Komsa et al., Nano Lett., 17 3694-3700 
 (2017). 
[6]   R. Senga et al., Nano Lett., 16 3661-3667 (2016); J. Lin et al., Nano Lett., 16 7198-7202 (2016); 
 L. Tizei et al., Phys. Rev. Lett., 114 107601 (2015). 
[7]   R. Senga et al., (unpublished) 
[8]   JSPS KAKENHI is acknowledged for financial support. 
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P:01 Crystallography, electron microscopy and functional evolution of atomically thin confined nanowires 

J Sloan1, A Vasylenko1, C Slade1, M Sam1, P Medeiros2, J Wynn2, S Kret3, P Dłużewski3, A Sanchez1, D 
Quigley1 and A Morris4 

1University of Warwick, UK, 2University of Cambridge, UK, 3Polish Academy of Science, Poland, 4University of 
Birmingham, UK 

A logical extension to fabrication of monolayer 2D materials such as graphene and the 2D layered Transition 
Metal Dichalcogenides (TMDCs) is creation of atomically regulated nanowires as thin as a single atom 
column in width.[1,2] In close concert with increasing nanotube diameter, the number of columns of atoms 
per nanowire accommodated in cross section changes along with symmetry and functionality.[1-7] We have 
created atomically regulated nanowires by confining them within the smallest diameter carbon nanotubes 
(Fig. 1(a)), and are investigating their structural and electronic properties (Fig. 1(b)). In terms of their 
experimental characterisation, these materials provide the ultimate benchmark for testing the highest 
resolution imaging methodologies, in particular aberration-corrected Transmission Electron Microscopy and 
Scanning Transmission Electron Microscopy and also spectroscopic imaging.[2,4-7]  

A wide variety of different types of materials can be inserted into SWNTs, including halides,[1,2] metals,[1,3] 
semi-metals,[6,7] semi-conductors (Fig. 2(a) and (b)),[7] ferro-magnetic materials,1 and Phase Change 
Materials.[5,8-10] Imposition of low-dimensional symmetry induces novel phonon characteristics in several 
of these materials, making them accessible to Raman spectroscopy.[3,6,7] All of these aspects, and many 
more, can be modelled either ab initio or a posteriori by Density Functional Theory methods [3-5,10] which 
allow for both predictive modelling and diagnostic interpretation of existing and novel low-dimensional 
systems, allowing for the creation of an effectively unlimited palette of atomically regulated crystals whose 
structures can be synthesized, predicted, synthesized, their properties modelled and measured, their phase-
change characteristics mapped on an atom-column by atom column basis. The extraordinary collective 
potential that these nanomaterials represent, and in particular the electron imaging techniques we have 
used to investigate them and the recent progress made will be introduced in this presentation.  

Acknowledgements We are indebted to the EPSRC for support from EP/I033394/1 and EP/R019428/1. 
SuperSTEM Laboratory is the U.K. National Facility for Aberration-Corrected STEM, supported by the EPSRC.  

 
Figure.1. (a) AC-TEM images of SWNTs with 1D Te extreme nanowires. (b) Central panel: Formation 
energy/encapsulated atom as a function of the encapsulating diameter. A−C diameters at which we predict 
structural transitions to occur. L/R panels: Geometries of the structures involved in the transitions A−C, along 
with the corresponding densities of states (DOS).4  



 
 

 
FIG. 2. (a) EELS at the outmost electron shells (M-edge) in SnTe 1D atomic chains and Te coils encapsulated 
within SWCNTs. Note that Te coils are only obtained in nanowires depleted in Sn as indicated with an arrow. 
(b) Convex hull construction for SnTe nanowires with different stoichiometries embedded in CNT(6,6), r=4.06 
Å and CNT(10,10), r=6.78 Å.9  

[1]  J. Sloan et al Chem Commun., 1319 (2002).  
[2]  R. Senga et al Nature Mater, 13, 1050 (2014).  
[3]  A. Vasylenko et al Phys. Rev. B, 95, 121408R (2017).  
[4]  P. V. C. Mederios et al ACS Nano (2017)  
[5]  R. Carter et al Dalton, 43, 7391 (2014).  
[6]  J. H. Spencer et al ACS Nano, 8, 9044 (2014).  
[7]  J. H. Spencer et al RSC Adv. 6, 95387 (2016).  
[8]  C. Giusca et al Nano Lett. 13 4020 (2013).  
[9]  S. R. Marks et al. Acta Phys. Polon. A 131 1324 (2017). 
[10]  A. Vasylenko et al, submitted (2018). 

P:02 Scanning transmission electron microscopy of beam sensitive quartz  

J Busam1, S Wenner2, A-M F Muggerud3 and T J van Helvoort1 
1Norwegian University of Science and Technology (NTNU), Norway, 2SINTEF Industry, Norway, 3The Quartz 
Corp, Norway 

Quartz is abundant, industrially important and despite extensive research there are still open fundamental 
questions. Transmission electron microscopy (TEM) on quartz has however hardly appeared in recent 
publications. The reason for this, beside challenges in preparing good specimens, is that this mineral is 
extremely beam sensitive and rapidly becomes amorphous under the electron beam. Here, we present an 
assessment of modern field-emission gun (FEG) TEM (at 200 kV) for the study of high purity quartz. To get 
large areas to study and avoid radiation damage already during preparation, bulk specimens of up to 3000 
μm2 of electron transparent material were prepared solely by mechanical wedge polishing from a 
petrographic thin section. Specimen charging was avoided by either using sand specimens with >1 μm grain 
size on a C-support or low-current scanning techniques. 

One parameter affecting the rate of amorphisation is the amount of adjacent crystal to the illuminated 
volume. Scanning techniques with a finer probe size thus have a higher critical dose. For the scanning TEM 
(STEM) mode in a double corrected cold FEG JEOL ARM200F, a critical dose of 10.6 ± 2.6 [1024 e/m2] was 
found for a probe size <0.8 Å, a 4 pA probe current, a specimen thickness 80 nm and a [001] orientation. 
The thickness dependence could be visualized in wedge shaped areas. Both annular bright-field and annular 
dark-field STEM lattice imaging can be achieved. Using non-rigid registration on a series of very low dose 
ABF frames as well as periodical and rotational averaging [1] it was possible for the first time to resolve 
single Si and O atom columns in beam sensitive quartz. 



 
 
Beam damage can manifest itself as strain centres with an amorphous core, which were found to grow 
continuously. Under repeated STEM exposure, strain centres induced by TEM illumination still expanded. An 
alternative route to study quartz at low dose is by scanning precession electron diffraction (SPED). Several 
SPED scans could be applied without visually changing the specimen. Post-acquisition data analysis of the 
SPED data allows to visualize the strain around the centres. It was also possible to acquire SPED data on 
grain boundaries and dislocation networks. Furthermore, the low dose SPED method allowed to study the β- 
to α-quartz transition at 572.5°C using a MEMS-based heating holder. The whole grain changed phase 
instantaneously and no intermediate phase or twinning as previously been reported by [2] was observed. 
With continuous irradiation, the temperature of the β- to α-quartz transition was found to slightly decrease.  

The results show that with some care the intriguing details of beam sensitive quartz can be revealed by high-
voltage, low dose transmission electron beam techniques. 

[1] S. Wenner et al, Micron 96 (2017) 103–111. 
[2] P. J. Heaney and D. R. Veblen, American Mineralogist 76 (1991) 1018-1032. 
[3] The authors thank the Norwegian Research Council and industrial partners for support to Centres for 
 Environment-friendly Energy Research (FME) and NORTEM (grant 197405). 

P:03 3D precession diffraction tomography in TEM:  Solving structures of beam sensitive pharmaceuticals 
with new generation direct detection pixelated detectors  

S Nicolopoulos1, P Pratim Das1, M Pop2 and M Gemmi3 

1NanoMEGAS SPRL, Belgium, 2TeraCrystal, Romania, 3vCenter for Nanotechnology Innovation@NEST, Italy 

The renewal of interest in electron crystallography the last 20 years [1] has been strongly influenced by the 
use of Precession Electron Diffraction (PED) [2] which allows structure solution of nanostructures using TEM 
PED intensities where dynamical interactions are greatly diminished. Over the last years PED-TEM studies 
allowed structure solution of various materials such as metals/alloys, minerals, semiconductors and even 
organic materials using cryo-cooling 
techniques.                                                                                                        

One recent development in electron crystallography in data collection, has been the use of ADT3D (3D 
automatic diffraction tomography combined with precession diffraction) [3] which allows 3D reciprocal 
space reconstruction from tilted ED series from nanocrystals as small as 40 nm. This way unit cell, symmetry 
& structure determination can be obtained by measuring ED intensities from unknown structures .The advent 
of direct detection/new generation pixelated detectors (like Timepix and Medipix cameras) enables new 
possibilities for structure determination of beam sensitive organic and pharmaceutical samples, as is 
possible to work with very low doses of less than 0.01 e/A2 s-1 at room temperature [4]. Our team has 
solved several pharmaceutical structures using ADT tomography and working with low dose and Timepix 
detector interfaced at Zeiss Libra 120 kV microscope at room temperature. In this work we report the solution 
of two important API compounds (Ramelteon and Tolvaptan) where both structures have been successfully 
solved using ADT and pixelated Timepix camera to register intensities under very low dose; comparison of 
structure solution models Simulated Annealing (SA) from ADT data with X-Ray single crystal refinement, 
reveal that ADT determined crystal structures match well with the X-Ray determined ones within 12 pm 
accuracy for atomic positions. 

 



 
 
Figure 1: (from left to right) STEM Image of the Ramelteon crystal where 3D ED tomography data were 
acquired. Projection of reciprocal space from 3D ED data. Structure overlay of Ramelteon crystal structure 
solved by single crystal X-Ray and by ADT electron diffraction tomography. 

[1]  D. L. Dorset, Structural Electron Crystallography, Plenum Press, New York 1995.  
[2]  Guest Eds  S. Nicolopoulos, T. E. Weirich,  New  Frontiers in Electron 
 Crystallography,  Ultramicroscopy, 2007, Vol.107 (issues 6-7).   
[3]  E. Mugnaioli, T. Gorelik, U. Kolb, 2009, Ultramicroscopy, 109, 758-765.    
[4]   E. van Genderen, M. T. B. Clabbers, P. P. Das, A. Stewart, I. Nederlof, K. C. Barentsen, Q. Portillo, N. 
 S. Pannu, S. Nicolopoulos, T. Gruene, J. P. Abrahams; Acta Cryst. A72, 2016, 236-242. 

P:04 Gatan K2 direct detection sensors move from Cryo imaging, to low dose imaging of beam sensitive 
materials specimen 

N Wilkinson 

Gatan UK, UK 

The search for the optimum detector for TEM Low Dose Cryo imaging of Protein and Virus particles led to 
various innovative developments and techniques, culminating in the introduction of Direct Detection sensors. 
Gatan introduced the very successful K2 system, and more recently, its replacement, K3. 

Since the introduction of Direct Detection, the “Resolution Revolution” in single Particle data collection and 
3D reconstruction techniques have resulted in a huge rise in the number of Protein 3D models solved. The 
resultant 3D models are of considerably higher image resolution, and data can be collected faster than had 
been achievable before the advent of the Direct Detector. With image spatial resolutions now achievable in 
the 3D models of below 2Å, previously unresolved, important side chain detail can be visualised, using the 
TEM based Single Particle technique. X-Ray protein imaging techniques, whilst still an important way of 
generating Protein Maps, have now been surpassed in resolution by data collected in the TEM in this way. 

Whilst the Direct Detection sensor itself improved the DQE (Detector Quantum Efficiency), further dramatic 
improvements have come about with the introduction of Electron Counting.     

Electron counting, a post image collection processing technique, produces images that contain a single 
count per Primary Electron, using in-line firmware processing of image data. In order to avoid electron 
sensing co-incidence, the Direct Detection image collection speed must be Fast – a minimum of 400 full 
frames per second. At a dose rate of less than 20e/Å2, 400 is the optimum frame rate to ensure efficient 
Electron Counting whilst avoiding co-incidence of electrons in the detector. 

The latest, next generation K3, Cryo based sensors have now been introduced which collect at 1500 frames 
per second to further improve Electron Counting efficiency.  

Special Low Dose Automation software such as Gatan Latitude ensures that the minimum dose is expended 
on imaging at low mag, prior to the final high resolution final image 

Many interesting materials outside of typical Biological protein and Virus specimens, lend themselves to the 
well established, Low Dose Techniques developed for Cryo data collection. 

Important industrial materials such as Zeolites have always posed problems with Image collection due to 
their propensity for damage from the TEM. With improved DQE, the Direct Detection cameras are ideal for 
looking at these types of materials at dose rates that avoid beam damage. 

MOF (Metal Organic Framework) are another materials class that has very recently been studied and imaged, 
using the K2 Direct Detection system.  



 
 
Images showing MOF structures were images at dose rates of less than 5 e/Å2, much lower than is used for 
Cryo EM.  

Imaging of very beam sensitive samples may now become a reality with Direct Detection sensors. 

P:05 Optimization of liquid cell transmission electron microscopy for energy dispersive x-ray spectroscopy 

J Moering, M J Dukes and J Damiano  

Protochips, USA 

Over the last decade, liquid-cell transmission electron microscopy (LC-TEM) has grown from a curiosity to a 
fundamental tool in the repertoire of materials and life sciences research. LC-TEM enables direct imaging of 
hydrated and liquid samples using a TEM without the need for vitrification or other preparatory embedment 
of the sample.  The primary benefit of this technique is that samples are able to move and react freely under 
observation, enabling real-time process such as growth, degradation, interaction and fine movements to be 
observed at a resolution of a few nanometers.  Typical LC-TEM sample preparation involves sandwiching a 
thin layer of liquid between two electron transparent membranes, provide a hermetic seal from TEM column 
vacuum when assembled within a closed cell in situ holder. With the growing interest in LC-TEM, there has 
been a growing demand to supplement dynamic sample imaging with additional characterization techniques 
including Energy Dispersive X-ray Spectroscopy (EDS) 

However, a significant limitation of such closed cell environmental TEM holders has been the shadowing of 
the sample by the penumbra of the holder and the silicon frame of the E-chips themselves which blocks line-
of-site to the EDS detector.  Modifications to holder design which reduce the penumbra of the holder tip 
have enabled users to obtain EDS maps in liquid in liquid (1, 2), however the holder must be tilted or the 
beam current must be raised in order to provide sufficient x-ray intensity to the detectors . In order to 
improve the collection efficiency of closed cell in situ holders for EDS, we introduced an E-chip fabricated 
using a modified process flow which removes more silicon from around the viewing window of the E-chip.  
This unique E-chip design, when combined with a low penumbra in situ holder (Protochips' Poseidon 
Select), results in a six-fold improvement in the counts per second obtained by the EDS detector and 
enables EDS maps to be obtained without tilting the specimen and/or at low beam currents.  Improved 
collection efficiency reduces the time necessary to obtain elemental spectra thus reducing the cumulative 
electron dose to which the sample is exposed.  These modifications enable users to take full advantage of 
the analytical capabilities of the transmission electron microscope during in situ and operando LC-TEM 
experiments. 

 
Figure 1.  EDS optimized E-chip for LC-TEM.  A)  Back view of the optimized EDS E-chip.  Silicon material is 
etched away from window on the back of the E-chip (the vacuum side) to provide a unique geometry. which 
allows a larger volume of x-rays to reach the detectors, improving counts per second over tradition E- chips, 
regardless of microscope.  B)  Cross section of the EDS optimized E-chip in a Protochips' Poseidon LC-TEM 
holder.  The x-ray exit angle for the EDS optimized (double-etched) E-chip is indicated in green and the exit 
angle for the standard, single-etched E-chip is superimposed in red.  

 



 
 

 

Figure 2.  EDS spectra of gold nanoparticles and aluminum obtained using both normal, single etched, in 
situ liquid E-chips and EDS optimized, double etched in situ E-chips taken at 0° and 20° holder tilt.  Images 
and spectra was obtained using an FEI Titan (200 KV and 60 pA beam current) equipped with a Super-X 
detector.  Each data acquisition set was five minutes. 

[1]  Zaluzec et al., Microscopy Microanalysis, 20.2 (2014): 323-329. 
[2] Lewis et al., Chemical Communications, 50.70 (2014): 10019-10022. 

P:06 Low energy x-ray spectrometry of beam sensitive garnet electrolytes using a windowless EDS detector 

T Sagar, J Holland and S R Burgess 

Oxford Instruments Nanoanalysis, UK 

The versatility of the latest generation of SEMs continues to develop the possibilities for the imaging of beam 
sensitive specimens. Spectroscopy of these specimens lags behind imaging due to the perceived 
requirements for longer working distances, higher voltages and higher beam currents. The challenge for 
carrying out EDS, and particularly X-ray mapping, on beam sensitive specimens is achieving a reasonable 
number of X-ray counts for each unit time spent with the specimen exposed to the electron beam. 

Next generation Lithium-ion batteries may contain solid electrolytes that are composed of a wide range of 
elements, including heavy elements such as lanthanum. Due to the mobility of Li in these materials they can 
be extremely sensitive to the electron beam and in particular the energy of incident electrons [1]. A 
specimen of LiLaAlZr oxide electrolyte material was prepared from a powder and low energy ion milled to 
produce a clean surface. At electron energies greater than 3kV the material was found to readily exfoliate Li 
to form surface dendrites. Dendrite formation after 5 minutes of  continuous exposure to a 500pA, 5kV 
electron beam is shown in figure 1a. By using electron energies below 3 kV this formation can be reduced or 
stopped entirely. A different area of the same specimen, observed using a 100pA beam of 2kV electrons for 
7 minutes, showed minimal change in surface properties (figure 1b). The windowless nature of the EDS 
detector used in this study significantly increases sensitivity to low energy X-rays (<1keV). This allows count 
rates of 5000 cps or greater at these low current, low energy beam conditions. As a result, an elemental map 
representative of the observed structures can be collected (figure 1c). For this material, X- ray lines for all 
constituent elements are available even at electron energies of <1kV: Li Kα 54eV, Al Ll 72eV, La N4,5O2,3 
81eV and Zr Mζ 151 eV [2]. Performing spectroscopy at 1kV further reduces specimen damage from the 
electron beam allowing for longer acquisition times, improved X-ray map resolution and spectroscopic data 
representative of the actual specimen and not the beam induced changes within that specimen. 



 
 

 
Figure 1.  Electron images showing the stability of a LiLaAlZr Oxide electrolyte specimen under an electron 
beam at a) 5kV and b) 2kV. c) An elemental map collected for 7 minutes at 2 kV from the region shown in b. 

[1]  P. Hovington, et al, Scanning, 38 (2016), p571 
[2]  J. A. Bearden, Rev. Mod. Phys, 29 (1967), p78. 

P:07 In situ industrial bimetallic catalyst characterization using scanning transmission electron microscopy 
and x-ray absorption spectroscopy at one atmosphere and elevated temperature 

E Prestat1, M Lindley1, M A Kulzick2, P J Dietrich2, M Smith1, E-P Tien1, M G Burke1, S J Haigh1 and N J 
Zaluzec1,3 

1The University of Manchester, UK, 2BP Research Center Naperville, USA, 3Argonne National Laboratory, USA 

We have developed a new experimental platform for in situ scanning transmission electron microscope 
(STEM) energy dispersive X-ray spectroscopy (EDS) which allows real time, nanoscale, elemental and 
structural changes to be studied at elevated temperature (up to 1000 °C) and pressure (up to 1 atm). Here 
we demonstrate the application of this approach to understand complex structural changes occurring during 
reduction of supported bimetallic catalysts, e.g. PdCu supported on TiO2, synthesized by wet impregnation. 
We reveal a heterogeneous evolution of nanoparticle size, distribution, and composition with large 
differences in reduction behavior for the two metals. We show that the data obtained is complementary to in 
situ STEM electron energy loss spectroscopy (EELS) and when combined with in situ X-ray absorption 
spectroscopy (XAS) allows correlation of bulk chemical state with nanoscale changes in elemental 
distribution during reduction, facilitating new understanding of the catalytic behavior for this important class 
of materials. 



 
 

 
Figure 1: In situ STEM-EDS analysis of the change in Pd and Cu elemental distribution on reduction in H2. 
Conditions within the e- cell are given to the left of the images. E- cell pressures are ~1 atm. a-c show 
HAADF-STEM images while c-f shown elemental maps extracted from EDS spectrum images (Pd red, Cu 
green). Reproduced from Prestat et al ChemPhysChem, 18, 2151-2156, 2017 

P:08 Atomic scale imaging of reversible ring cyclization in graphene nanoconstrictions 

J Lee, G-D Lee, H L Anderson, G A D Briggs and J H Warner 

University of Oxford, UK 

We present an atomic level study of the reversible cyclization processes in suspended nanoconstricted 
regions of graphene that form linear carbon chains (LCCs). Before the nanoconstricted region reaches a 
single linear carbon chain (SLCC), we show that a double linear carbon chain (DLCC) structure can revert 
back to sp2 hybridized rings, in a process akin to the Bergman rearrangement. When the length of the DLCC 
system is short and only consists of ~5 atoms in each LCC, full ring cyclization occurs for all atoms present, 
but for longer DLCCs we find that only single sections of the chain are modified in their bonding hybridization 
and no full ring closure occurs along the DLCCs.  This process is observed in real time using aberration-
corrected transmission electron microscopy and simulated using density functional theory calculations. 
These results show that DLCCs are highly sensitive to the adsorption of local gas molecules or surface 
diffusion impurities and undergo structural modifications that may influence their electrical conductivity. 

  



 
 
P:09 Beam exposure dependence of EELS-based Ce oxidation state characterisation 

D-T Tran and D Ozkaya 

Johnson Matthey Technology Centre, UK  

The electron-beam induced reduction of Ce4+ into Ce3+ on the surface of ceria (CeO2) nanocrystals has been 
known from previous EELS-based work [1,2]. This beam damage is one of major challenges on TEM-based 
characterisation of the natural oxidation states of Ce in many important ceria-containing materials. The 
[Ce4+->Ce3+] reducibility, however, depends on sample morphology, surface-to-volume ratio, and sample 
composition. Here we controlled the [Ce4+->Ce3+] reduction using different scan rates in order to determine 
the beam dose threshold below which the beam-induced reduction becomes insignificant. 

Electron beam dose is defined as the number of incident electrons hitting a sample area unit. This should 
also be associated with current density or dose rate (number of electrons per area and per second) [3]. The 
beam dose can be linearly controlled by changing the exposure time (dwell time) for each pixel when EELS 
spectrum images (SI) are acquired in the STEM mode with a certain dose rate. Beam dose can also be 
controlled by changing the pixel size, thus the SI-averaged dose rate, with a fixed pixel time. However, large 
pixel sizes, meaning low sampling rates, are generally not favourable for oxidation state mapping. 

Figure 1(a) shows a HAADF-STEM image of some ceria nanocrystals (from Sigma Aldrich). Figure 2(b) shows 
EELS M54 near-edge spectra integrated from SI’s corresponding to different beam doses (but with the same 
probe current ~7.25×108 e-s-1). At ~1.8×106 e-nm-2 beam dose, the corresponding spectrum (solid-red) 
shows almost pure fingerprint of Ce4+ (previously confirmed, see [2]) without any observable signs of Ce3+, 
indicating insignificant beam-induced reduction. The contribution of Ce3+ starts to be observed at ~ 
14.5×106 e-nm-2 as the up- building shoulders on the left sides of the M54 whitelines (dash-brown). The pure 
Ce3+ spectrum (solid-green) was taken from a completely reduced nanocrystal which has been deliberately 
long exposed to the electron beam. 

The experiments were carried out using Johnson Matthey’s Harwell-ePSIC JEOL ARM200CF microscope 
equipped with the Gatan Quantum GIF ER 965. 

 
Figure 1. (a) HAADF-STEM of ceria nanocrystals; (b) EELS SI-integrated M54 near-edge spectra: Ce4+ 
corresponding to insignificant induced reduction (solid-red), Ce3+ starts to be observed on the nanocrystal 
surfaces (dash-brown), and pure Ce3+ spectrum from completely reduced crystals (solid- green). 

[1] Garvie, L. A. J. and Buseck, P. R., 1999, Phys. Chem. Sol., 60, 1943. 
[2] Stuart, T., et al., 2011, Nanoscale, 3, 3385. 
[3] Jiang, N. and Spence, J. C. H., 2012, Ultramicroscopy, 113, 77. 
[4] Jiang, N. and Spence, J. C. H., 2012, Ultramicroscopy, 113, 77. 

  



 
 
P:10 Direct observation of defect evolution in 2D single layer tungsten diselenide by low voltage high 
resolution transmission electron microscopy 

Y Li, R Leiter and U Kaiser 

Ulm University 

Defects in two-dimensional transition metal dichalcogenides (TMDs) have received increasing attention in 
recent years due to their influence on their extraordinary mechanical, electrical, magnetic and optical 
properties. By controlled electron irradiation under the transmission electron microscope, such defects may 
tailor a material's unique properties. [1,2] 

In this work, defect evolution in WSe2 was observed in real time using our novel Cc- and Cs - corrected SALVE 
(Sub Angstrom Low Voltage Electron microscopy) instrument [3] with atomic resolution. The combination of 
high time- and spatial resolution enabled the observation of many intermediate states, atom-by-atom and 
provides deeper understanding of its formation dynamics. 

[1]  Y.-C. Lin et al., Nat. Commun. 6, 6736 (2015) 
[2]  H.-P. Komsa and A. V. Krasheninnikov, Adv. Electron. Mater. 3, 1600468 (2017) 
[3]  M. Linck et al., Phys. Rev. Lett. 117, 076101 (2016). 

P:11 Diffuse contrast in neutral helium atom microscopy 

S M Lambrick, D J Ward, M Bergin and A P Jardine 

University of Cambridge, UK 

Neutral atom microscopy is an emerging technique that uses a focused or collimated atomic beam to create 
spatially resolved micrographs with similarities to secondary electron micro- graphs in SEM. Thermal energy 
helium is collimated by a pinhole in the Cambridge scanning helium microscope (SHeM) to create a probe 
that is almost exclusively surface sensitive and utterly non-destructive. Most samples imaged so far display 
predominantly diffuse topographic contrast, which is consistent with atomic scattering from surfaces that are 
uneaven or irregular rough) on length scales significantly larger than the helium wavelength ∼0.1Å. We 
present a study of contrast features that can arise from diffuse scattering and topography supported by ab 
initio simulations that predict contrast and can characterise the instrument. 

  



 
 
P:12 Increasing electron micrograph signal-to-noise ratios using deep learning 

J M Ede and R Beanland 

University of Warwick, UK 

Fully convolutional encoder-decoder neural networks based on SegNet[1] and DeepLab3+[2] have been 
trained to remove Poisson noise applied to high-quality electron micrographs. The best architecture 
reconstructs micrographs with a mean structural similarity index[3] of 0.96 to the originals from noisy 
micrographs with a mean structural similarity index of 0.75. The best architecture downsizes images using 
strided depthwise separable atrous convolutions during encoding and features an atrous spatial pyramid 
pooling module to probe its deepest features at multiple scales. Atrous convolutional rates can be 
dynamically adjusted at runtime to probe semantics at different scales. 

 
Figure 1: Two comparative examples of (left) a noisy micrograph, (middle) the micrograph recovered by the 
neural network and c) the original high-quality micrograph. 

[1]  Badrinarayanan, Vijay, Alex Kendall, and Roberto Cipolla. "Segnet: A deep convolutional encoder- 
 decoder architecture for image segmentation." IEEE transactions on pattern analysis and machine 
 intelligence 39.12 (2017): 2481-2495. 
[2]  Chen, Liang-Chieh, et al. "Encoder-decoder with atrous separable convolution for semantic image 
 segmentation." arXiv preprint arXiv:1802.02611 (2018). 
[3]  Wang, Zhou, et al. "Image quality assessment: from error visibility to structural similarity." IEEE 
 transactions on image processing 13.4 (2004): 600-612. 

 

  



 
 
P:13 Using cryo-mono-EELS to accurately measure the oxidation state of environmentally relevant iron oxide 
minerals 

H M Freeman1, J P H Perez1,2, A P Brown3, N Hondow3 and L G Benning1.2 

1GeoForschungsZentrum, Germany, 2Free University of Berlin, Germany, 3University of Leeds, UK 

Green rust (GR) minerals are redox-active, mixed valent FeII-FeIII, layered-double hydroxides (LDHs), which 
can intercalate oxyanions and water and can exchange inorganic or organic species into the structure. GR 
phases are a promising solution for groundwater remediation as they are able to remove toxic metal 
contaminants from water by adsorption [1], reduction [2], interlayer intercalation [3] and substitution of 
structural Fe [4]. When adsorbing arsenic (a significant pollutant in groundwater and of concern due to its 
wide distribution and toxicity [5]), it is important the GR remains stable and does not transform into other 
iron (oxyhydr)oxides (e.g., goethite), which are less effective adsorbents [1,6]. Due to their highly air 
sensitive nature, one method of assessing the stability of GR over time is to monitor the Fe(II):Fe(III) ratio 
during As adsorption under different conditions. 

We have used transmission electron microscopy (TEM) imaging and selected area electron diffraction 
(SAED) analyses combined with dual-acquisition monochromated electron energy loss spectroscopy (mono-
EELS) to establish a suitable TEM-based characterization methodology for freshly synthesized GR sulphate 
onto which various arsenic species (As(III) and As(V)) have been adsorbed. Our aim was to accurately 
monitor the changes in morphology, crystal structure and Fe(II):Fe(III) ratio in these highly redox sensitive 
materials. 

Mono-EELS measurements following conventional and cryo-TEM sample preparation showed significant 
differences in values for Fe(II):Fe(III) ratios in pure GR; conventionally prepared samples only showed an 
Fe(III) signal, whereas cryo-TEM/EELS data showed a significant Fe(II) fraction in the GR phases. Values of 
Fe(II):Fe(III) as measured from mono- EELS have been compared with reference spectra from hematite 
(100% octahedral Fe3+) and hedenbergite (100% octahedral Fe2+) [7], and data from Mossbauer 
spectroscopy  which gave an Fe(II):Fe(III) ratio of 2.21. SAED patterns also differed between the two sample 
preparation techniques, with lower (100) (a) spacings measured for conventionally prepared specimens 
(94% of cryo values). Our data points to this difference being a result of the smaller ionic radius of Fe(III) 
(83% of the Fe(II) radius). Together, these results indicate conventional sample preparation leads to (at 
least) the partial oxidation of GR and that with such highly redox active materials cryo-TEM is the way forward 
to accurately measure Fe(II):Fe(III) ratios during As adsorption. 

[1]  J. Jönsson, D.M. Sherman, Sorption of As(III) and As(V) to siderite, green rust (fougerite) and 
 magnetite: Implications for arsenic release in anoxic groundwaters, Chem. Geol. 255 (2008) 173–
 181. 
[2]  E.J. O’Loughlin, et al., Reduction of uranium(VI) by mixed iron(II)/iron(III) hydroxide (green rust): 
 Formation of UO2 nanoparticles, Environ. Sci. Technol. 37 (2003) 721–727.  
[3]  P. Refait, et al., The substitution of Fe2+ ions by Ni2+ ions in the green rust compound studied by 
 Mossbauer effect, Hyperfine Interact. 57 (1990) 2061–2066. 
[4]  I.A.M. Ahmed, et al., Formation of hydroxysulphate and hydroxycarbonate green rusts in the 
 presence of zinc using time-resolved in situ small and wide angle X-ray scattering, Mineral. Mag. 72 
 (2008) 159–162. 
[5]  D.J. Vaughan, Arsenic, Elements. 2 (2006) 71–75. 
[6]  J.P.H. Perez, et al., Green rust sulfate (GRSO4) interfacial reactivity with arsenic species, Environ. 
 Sci. Technol. (2018). 
[7]  A.P. Brown, et al., Quantification of Fe-oxidation state in mixed valence minerals: a geochemical 
 application of EELS revisited, J. Phys. Conf. Ser. 902 (2017) 12016. 

  



 
 
P:14 Quantitative electron beam damage study of beam sensitive materials 

E P Tien, G Cao, D-T Ngo, S Yang and S Haigh 

The University of Manchester, UK 

The transmission electron microscope (TEM) is a powerful characterisation tool, providing us with 
morphological, topological, and crystallographic information about the material of interest. However, many 
materials such as zeolites and metal-organic frameworks (MOFs) are highly beam sensitive, undergoing 
radiolysis upon exposure to the electron beam at electron doses on the order of 100 e-/Å2 and 10 e-/Å2 
respectively. This severely limits the ability of the TEM to collect information representative of the actual 
framework structure of these materials. 

We attempted to quantify the degradation of various framework structures under constant exposure to the 
electron beam. The materials investigated included the titanosilicate ETS-10 and the MOF series MFM-300, 
which have been substituted with different metal ions. The samples were imaged at 200 kV using an FEI 
Tecnai G2 20 TEM, equipped with a Gatan Orius CCD. Images and diffraction patterns were acquired at 1 s 
intervals for ETS-10 and the MFM-300 samples respectively, and the loss of intensity of the reflections was 
plotted as a function of the total electron dose. 

ETS-10 was found to be highly stable, only undergoing complete amorphisation at a total dose of 150,000 
e-/Å2. This is likely due to the lack of framework Al within its structure, which serve as degradation sites and 
reduce the stability of the material. In the case of the MFM-300 samples, structural stability was shown to 
decrease with increasing atomic number of the metal cation core. The diffraction patterns showed 
appreciable crystallographic information up to electron doses of 90 e-/Å2, 60 e-/Å2, and 33 e-/Å2 for Al, Ga, 
and In cations respectively. These findings show the dose limits beyond which the acquired information is no 
longer representative of the actual framework structure, and that ETS-10 can serve as a model framework 
structure on which to perform high resolution imaging studies due to its relatively high stability. 

  



 
 
P:15 Atomic and electronic structure of two-dimensional Mo1-xWxS2 semiconductor alloys 

X Xia1, S M Loh1, N C Teutsch1, N D M Hine1, A Barinov2, A M Sanchez1, and N R Wilson1 
1University of Warwick, UK, 2Elettra-Sincrotrone Trieste S.C.p.A., Italy 

Layered transition metal dichalcogenides (TMDC) are widely studied in nanoelectronics and optoelectronics 
due to their fascinating optoelectronic properties.[1] Alloying TMDCs provides additional freedom and 
tunability of the band structure, giving flexible control over the bandgap (both optical and electronic) and 
spin-orbit coupling (SOC) splitting.[2, 3] As a result, the detailed study of TMDC alloys is both of 
fundamental interest and important to develop applications. Here, Mo1-xWxS2 (0<x<1) crystals were grown 
by chemical vapour transport and their compositions accurately determined by a combination of Raman 
spectroscopy, scanning electron microscopy, energy dispersive X-ray spectroscopy, and X-ray photoemission 
spectroscopy. Their electronic structure was measured by angle-resolved photoemission spectroscopy and 
compared to density functional theory (DFT) calculations of large unit cells. Meanwhile, to study the atomic 
structure of the beam sensitive Mo1-xWxS2 dichalcogenides, monolayer flakes were protected by 
sandwiching them between graphene and analysed using aberration corrected scanning transmission 
electron microscopy (STEM) annular dark field (ADF) images, e.g. Figure 1, followed by statistical analysis of 
the images and comparison to Monte Carlo simulations parameterised by DFT calculations. Our results 
clearly demonstrate the evolution of atomic and electronic structure of Mo1-xWxS2 (0<x<1) alloys as a 
function of composition, demonstrating the tunability of both optical and electronic structure via controllable 
synthesis for atomic-scale design of functional nanoelectronics. 

 
Figure 1. STEM-ADF images of Mo(1-x)WxS2  monolayers: from left to right, Mo0.75W0.25S2, Mo0.5W0.5S2 and 
Mo0.25W0.75S2. 

[1]  K. S. Novoselov, A. Mishchenko, A. Carvalho, and A. H. Castro Neto, "2D materials and van der 
 Waals heterostructures," Science, vol. 353, 2016. 
[2]  G. Wang, C. Robert, A. Suslu, B. Chen, S. Yang, S. Alamdari, et al., "Spin-orbit engineering in 
 transition metal dichalcogenide alloy monolayers," Nature Communications, vol. 6, p. 10110, 
 2015. 
[3]  A. F. Rigosi, H. M. Hill, K. T. Rim, G. W. Flynn, and T. F. Heinz, "Electronic band gaps and exciton 
 binding energies in monolayer Mo1-xWxS2 transition metal dichalcogenide alloys probed by 
 scanning tunneling and optical spectroscopy," Physical Review B, vol. 94, p. 075440, 2016. 

  



 
 
P:16 III-V nanowires with stable defects at high temperatures 

J A Gott1, H A Fonseka1, R Beanland1, Y Zhang2, H Liu2 and A M Sanchez1 
1University of Warwick, UK, 2University College London, UK 

Nanowires (NW) pose themselves as an attractive alternative to thin films with unique properties providing 
access to more material systems than is possible in thin films, for example the relative ease of producing 
zinc blende wurtzite polytypes in NWs [1]. The physical dimensions of NWs allow for more efficient strain 
relaxation and the mixing of larger lattice mismatch. Defects do, however, still appear in nanowires. A variety 
of stable line defects have recently been shown to exist in the tip region of self-catalysed III-V nanowires 
grown using solid source MBE, some of them with null Burgers vectors [2]. This work probes the stability of 
these defects by exposing the NWs to high temperatures in-situ whilst examining them with transmission 
electron microscopy. 

 
Figure 1. a) & b) Transmission electron microscope images taken a few seconds apart that show movement 
of a defect. C) & d) Annular dark field scanning transmission electron microscope images of defects 
observed after the NW has been exposed to a temperature of 910°C. 

[1]  Y. Zhang, J. Wu, M. Aagesen & H. Y. Liu, Journal of Physics D-Applied Physics 48, 29 (2015) 
[2]  A. M. Sanchez, J. A. Gott, H. A. Fonseka, Y. Zhang, H. Liu, & R. Beanland, Nano Letters Article ASAP 
 (2018). 

  



 
 
P:17 In situ transmission electron microscopy of domain switching in ferroelectric films 

J Peters, R Beanland, M Alexe and A Sanchez 

University of Warwick, UK 

Ferroelectrics form a class of materials with uses ranging from micromechanical actuators, infrared sensors, 
capacitors and non-volatile memories, amongst others. An important phenomenon in ferroelectrics is the 
presence of domain walls that can alter the bulk functional properties, such as conduction. More 
fundamentally, domain walls allow the encoding of multiple polarisation states within one device. 

It has already been seen in memory devices that domain walls between opposite polarisation states are not 
always sharp, direct 180° transitions. Instead, polarisation curling, flux closures or vortices may be observed 
[1, 2]. However, previous studies have only been performed on devices in a fixed polarisation state, whereas 
any functional memory device requires the ability to manipulate the polarisation with an electric field. It is 
then unclear exactly how the domain walls and complex polarisation structures change and affect the 
domain switching as an electric field is applied. 

Using electron microscopy, it is possible to visualise the polarisation in ferroelectric perovskites through the 
associated change in structure. Dark field transmission electron microscopy (TEM) can be used to show 
structural change on a large scale and atomic resolution (scanning) TEM can expose the local unit cell level 
polarisation [3]. In combination with a state of the art in situ specimen holder, here the initial results of 
exploration into the switching dynamics of local ferroelectricity are presented. 

[1]  Yadav, A. K. et al. “Observation of polar vortices in oxide superlattices.” Nature 530 (2016) 
[2]  Peters, J. J. P., Apachitei, G., Beanland, R., Alexe, M. & Sanchez, A. M. “Polarization curling and flux 
 closures in multiferroic tunnel junctions.” Nature Communications 7 (2016) 
[3]  Jia, C.-L. et al. “Unit-cell scale mapping of ferroelectricity and tetragonality in epitaxial ultrathin 
 ferroelectric films.” Nature Materials 6 (2007) 

 

  



 
 
P:18 In-situ (E)SEM ‘freeze-drying’ & high resolution imaging of polymer lattices and their film formation 
mechanism 

M Tkaczyk1, K I Dragnevski1 and G Edwards2 

1University of Oxford, UK, 2Deben UK Ltd., UK 

The use of Environmental Scanning Electron Microscopy (ESEM) and the recently introduced DEBEN 
Enhanced Coolstage allowed us to successfully developed a ‘simple’ methodology, to study not only 
dynamic processes, e.g. different stages of latex film formation, but also for high resolution imaging of 
‘freeze-dried’ structures. In this study, by using the extended temperature capability of the Coolstage (-50 to 
+160°C), we converted the (E)SEM chamber into a freeze-drying facility. It allowed us to preserve the 
structure and features of the studied aqueous polymethylmetaclylate (PMMA) latex at a desired stage of film 
formation with minimum shrinkage and distortion and without additional frost which could appear during 
moving the sample from a conventional freeze-drying device. Moreover, specimens could be readily imaged, 
without the need of conductive coatings and at much lower chamber gas pressures, thus minimising the 
beam skirting effects and allowing higher resolutions to be achieved. From the images obtained from the air-
dried specimens (Fig. 1b) it is clearly seen that while it was possible to observe individual particles, it was 
difficult to distinguish between them and any associated boundaries and/or arrangements. However, 
subsequent freeze-drying, as expected, resulted in the observation of a well-defined and more stable (in 
imaging terms) structure (Fig. 1a). With the freeze-drying technique it was also possible to image individual 
particles and their interactions at much higher resolutions (Fig. 1b insert), clearly demonstrating the 
potential advantages that this methodology offers. It  is  strongly believed  that  the methodology can  be  
applied  to  other  material  systems, including biologicals and pharmaceuticals. 

 

Figure 1. ESEM images of polymethylmetaclylate latex: (a) air-dried and (b) in-situ freeze-dried (insert, high 
resolution image of the same latex, where individual particles are well-defined). 

  



 
 
P:19 Microstructure investigation and mechanical properties of bulk, nanocrystalline Fe-based alloys 
obtained by rapid quenching technique 

M Tkaczyk1,2, M Hasiak1, J Kaleta1 and K I Dragnevski2 
1Wroclaw University of Science and Technology, Poland, 2University of Oxford, UK 

Bulk metallic glasses (BMGs) and their derivative metal matrix composites (BMGMCs) are emerging as high-
performance engineering materials that are on the precipice of widespread commercialisation due to their 
excellent magnetic and mechanical properties. In this work, the microstructure and mechanical properties of 
bulk, nanocrystalline alloys with nominal composition of Fe79B20Cu1, Fe79B16Ti4Cu1, Fe79B16Mo4Cu1 and 
Fe79B16Mn4Cu1 (at. %) were investigated. The alloys were cast by using rapid quenching technique. The 
material’s microstructure was examined by Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM). The SEM observations carried out using back scatter electron (BSE) detector have 
confirmed that the materials on a micro scale comprised of regions differing in atomic composition. Alloying 
additions resulted in obtaining a finer structure. Additionally, TEM investigations confirmed that in nano 
scale, alloys consisted of amorphous phase and nanocrystalline regions (Figure 1). Hardness and 
compression strength of the manufactured alloys were also determined. The results together with the 
microstructure investigations have proven that bulk, nanocrystalline composites with high mechanical 
properties can be obtained directly during the manufacturing process. 

 
Figure 1. TEM images of amorphous region of Fe79B20Cu1  alloy (a) and nanocrystalline region of 
Fe79B16Ti4Cu1 alloy (b). 

  



 
 
P:20 Cold Chocolate under stress: An alternative approach to study high-rate behaviour in polymers  

R Heard and K Dragnevski  

University of Oxford, UK 

Quasi-static loading of polymers has many industrial applications with this study focussing on the 
confectionary market. This research investigates quasi-static loading of polymers in the Environmental 
Scanning Electron Microscope (ESEM) in an attempt to characterise the high rate behaviour of Lindt 85% 
chocolate. It combines the techniques of the Brazilian Disk Test whilst simultaneously imaging with the ESEM 
at a range of temperatures in order to identify the optimal conditions for preventing chocolate from fracturing 
during transport and storage. 

The circular specimens (14 mm diameter) used for the Brazilian Disk Test were made from Lindt Chocolate, 
which contains 85% cocoa mass (cocoa powder and cocoa butter), with the remaining 15% Demerara sugar 
[Lindt, 2015] and vanilla extract, which is considered negligible by most chocolatiers. The Brazilian Disk Test 
was conducted on a 5kN Deben tensile stage equipped with a Peltier cooling module, within the chamber of 
a Carl Zeiss EVO L515 ESEM in-situ in order to facilitate understanding of chocolate’s behaviour at “extreme 
temperatures” ranging from 25 to -20°C. 

 

The Brazilian Disk test results produced a negative linear correlation below 20°C with a decrease in 
temperature resulting in an increased strength, as shown in Fig 1. The only exception occurred at 25°C; this 
is attributed to the initial melting stages of the specimen (supported by the DSC results), which causes a 
reduction in brittleness, which itself is reducing the effectiveness of the Brazilian Disk test. Between 20°C 
and -10°C the cocoa butter is thought to undergo solidification but once the cocoa butter has reached a 
100% solid form it is believed to crystallise. This is considered as the cocoa butter has already reached solid 
form at -10°C and hence may undergo further crystallisation. 

This is supported by the ESEM images where at room temperature the chocolate structure is polymer-like 
with no obvious structure as shown in Fig 2a, but at -20°C some crystallisation is visible (Fig 2b). The ESEM 
part of the testing procedure was vital in validating the results and ensuring the crack was propagating from 
the centre of the disk and facilitated the environment to reach the colder temperature of -20°C, which was 
key to exploring the extent of crystallinity in chocolate and hence how it  behaves under  quasi-static loading. 
The results indicate a temperature range between -3°C and -20°C for the ideal storage conditions to 
minimise breakage whilst not impacting on the taste and texture as exhibited by the difference in surface 
properties from the ESEM images. 

  



 
 
P:21 Micromechanics of pharmaceutics – a novel in-situ tensile test  

R Heard1, K Dragnevski1, A Cocks1 and C Sinka2 
1University of Oxford, UK, 2University of Leicester, UK 

In-situ examination of tablets on a microscopic level will facilitate a clearer understanding of the structure-
property-composition relationship of pharmaceutics and thus identify the cause of breakage. The 
pharmaceutical industry only has a success rate of 70% yield compared to >99.999% for crisps due to 
breakage in manufacturing or transport [1]. 

The study focussed on pharmaceutical excipients, an inactive substance used as a carrier for the Active 
Pharmaceutical Ingredient (API), as they are viewed on the surface and generally make up the bulk of the 
tablet. The excipients used were Mannitol Pearlite 200SD, Cacium Phosphate (ATAB), Calicium Dihydrate 
(EMCompress), Microcystaline Cellulose (Avicel), Lactose Monohydrate Fast Flow. All excipients were 
characterised in powder form using a Carl Zeiss EVO LS15 VP-SEM in order to identify the particle size and 
shape before re-examination upon compaction into 16mm diameter tablets at 100MPa industry standard. 
Post surface imaging, the Brazilian Disk Test (BD) was carried out on a miniature tensile (Deben UK) stage 
equipped with a 660N calibrated load cell, both in-situ and ex-situ to determine the tensile strength of the 
tablets. 

All excipients, except Avicel, were found to give higher values in-situ compared to ex-situ, see Fig 1. This is 
most likely due to the difference in pressure as ex-situ was carried out at atmospheric pressure where as in-
situ was at 10Pa during which the tablet underwent a slight shrinkage. Avicel produced lower values of 
tensile strength when tested in- situ and this is thought to be due to its notable 5% moisture content [2]. 

 
The ESEM images produced demonstrate that the difference in size and shape of each of the excipients 
correlates to their use. For example, Mannitol is used as a dilutant and thus creates a smoother surface with 
larger particles that are more easily compacted, as opposed to Avicel, which is made up of very small sharp, 
particles and used as a binder, creating a much rougher surface, which also appears to improve tablet 
strength, Fig 2. 

 

Tablet surface also dictates the crack propagation and hence strength where those that broke in layers with 
distinctive grain boundaries such as Avicel had a Avicel Layered BD Crack Lactose BD Crack Other-half 
dropped higher maximum tensile strength. This is Fig 3: ESEM images of Avicel (LHS) and Lactose (RHS) 



 
 
post BD test. attributed to crack propagation occurring along the path of least resistance and hence a less 
direct route to the edges of the tablet. Those with lower tensile strength that did not follow the grain 
boundary also tended to distengrate and drop away in the vice on one side once the crack had propagated 
such as Lactose (Fig3). 

[1]  Price Water House Coopers. Productive and the economics of regulatory compliance in 
 pharmaceutical production. Technical report, 2001 [2] Rowe et al. Handbook of Pharmaceutical 
 Excipients. London: Pharmaceutical Press, 2012 

P:22 Microdamage observations in rat tail tendons 

C-H Hou, K Dragnevski and M Thompson  

University of Oxford, UK 

Tendons consist of bands of fibrous tissue that connects our muscles to our bones and are responsible for 
the transmission of mechanical load and motions in the musculoskeletal system. Tendinopathy is a 
common, painful and debilitating overuse condition affecting both athletes and elderly patients. The 
condition is linked to the accumulation of micro-damage in the tendon material; however the precise 
mechanisms and local mechanical effects of this damage remain unknown. In this study we utilise different 
sample preparation and scanning electron microscopy imaging techniques aiming to obtain high quality 
images of tendons, and provide further insight into the microdamage mechanisms taking place during 
loading. This was achieved using i) in situ mechanical testing combined with Environmental Electron 
Microscopy (ESEM) and ii) Peltier stage based freeze drying with follow on gold coating. We were able to 
successfully observe tendon deformation in-situ in the ESEM; however the obtained image quality did not 
permit high enough magnification to investigate damage mechanisms. The pre-damaged specimens 
subjected to freeze-drying followed by gold coating and imaging in high vacuum environment showed that 
fine features could be successfully preserved (Fig 1). In particular the size and extent of cracking in the 
collagen fibres appeared to be related to the amount of permanent strain. Lower damage levels were 
associated with aligned and uniform structures with thin and broken fibres arranged in similar directions. 
Higher levels of damage resulted in irregular fractures, with well-connected fibre bundles in some areas and 
web-like arrangements of filaments in severely damaged areas. 

 
Figure 1 SEM micrographs of freeze-dried, gold-coated tendons at different levels of strain: (a) 7% & (b) 
10%. It is seen that increases in load leads to not only increase in the number of individual filament ruptures 
(1a), but also to crack formation in thicker fibre bundles (1b). Overall, it is believed that the combination of 
techniques used in this study will provide a useful tool for probing the structure-property relationships and  
related microdamage mechanisms in tendons. 



 
 
P:23 Size dependent electron beam induced structural modifications in silver nanoparticles 

D G Rickerby 

European Commission Joint Research Centre, Italy 

Silver nanoparticles prepared by a low temperature microwave-assisted aqueous synthesis technique were 
examined in an aberration corrected transmission electron microscope (FEI Titan 80–300). The mean 
diameter of these nanoparticles was 14 nm, with a size range from 2 to over 40 nm. Relatively small 
nanoparticles (less than 5 nm diameter) exhibited instability under electron beam irradiation. In particular, 
atomic rearrangement caused shifts in internal twin boundaries, surface reconstructions and migration of 
silver atoms into the surrounding amorphous carbon support film. Movement of twin boundaries was 
extremely fast, typically occurring over a timescale of only a fraction of a second. Figure 1 shows an example 
of the types of contrast changes seen due to these phenomena. Large nanoparticles (greater than 10 nm 
diameter) were more stable and could be observed at high magnifications over longer periods with little 
evidence of structural changes. The contrast from very small nanoparticles (below 3 nm diameter) tended to 
weaken quite rapidly, presumably as a result of migration and/or sublimation processes that dispersed silver 
atoms, thereby destroying the crystalline structure. Sputtering can occur due to knock-on effects because 
the surface binding energy of the silver atoms is lower than the transferred energy from the electron beam for 
high angle inelastic scattering [1, 2]. Manifestation of dynamic structural instabilities and dissipation of 
small diameter nanoparticles under electron beam irradiation have been reported previously for palladium 
[3] and electron beam induced structural transformations have been observed in gold nanoclusters that led 
to development of stable atomic configurations [4]. These high resolution in situ studies provide insight into 
the influence on the fundamental mechanisms that control the structural evolution of metal nanocrystals due 
to interactions with energetic electrons. 

 
Figure 1. Modifications in the structure of a silver nanoparticle resulting from electron beam irradiation. The 
time interval between successive frames was a few seconds in each case. 

[1]  Y. Liu and Y. Sun, Nanoscale 32 (2015) 13687-13693. 
[2]  R.F. Egerton, R. McLeod, F. Wang and M. Malac, Ultramicroscopy 110 (2010) 991-997.  
[3]  M. Tanaka, M. Takeguchi and F. Furuya, Micron 33 (2002) 441-446. 
[4]  Z.W. Wang and R.E. Palmer, Physical Review Letters 108 (2012) 245502. 

  



 
 
P:24 Studies of carbon-supported Co3O4 nanocrystals using aberration-corrected exit wavefunction 
reconstruction 

O Makgae1, A Moya1, C Huang1, E Liberti1,2 and A I Kirkland1,2 

1University of Oxford, UK, 2Diamond Light Source Ltd., UK 

The activation of cobalt (Co) in Fischer-Tropsch synthesis (FTS) has an effect on its catalytic activity and 
selectivity.[1] Since Co is rarely available as a pure reduced metal for industrial FTS, the production of active 
metallic Co typically occurs in the FTS reactor prior to the synthesis by reduction of cobalt oxide (Co3O4).[1] 
The surface structure of this precursor is therefore key to understanding preferential evolution pathways of Co 
surfaces. Co3O4 has a normal-spinel crystal structure with an oxygen face centred cubic (fcc) lattice. The Co2+ 
and Co3+ cations occupy one-eighth of the tetrahedral interstitial sites (8a) and half of the octahedral sites 
(16d) per unit cell ([Co+2]8a[Co+3

2]16d[O4]32e), respectively.[2] The complexity of this spinel structure offers 
several possible surface terminations depending on the shape of the crystal. The local atomic structure of 
carbon supported Co3O4 nanoparticles has been studied by restoring the object exit wavefunction from a 
focal series of aberration-corrected TEM (AC-TEM) images acquired on a double-corrected JEOL ARM-300CF 
at 300 kV from which the phase of the exit wave can be directly related to the materials local structure.[3,4] 
However, it has been shown that the reliability of a phase shift in a restored object wavefunction depends on 
the electron dose fractionation over the series.[5] In this study, we have optimised the required electron 
dose distribution over the focal series to give a reliable phase shift in the restored object wave function 
without inducing facet/structural rearrangement. This provides direct structural information, where both 
oxygen and cobalt atomic columns are resolved on alternative surface terminations of Co3O4 observed along 
several zone axes.  

[1] Gnanamani, M.K. et al., (2013), Catal. Today, 215, 13. 
[2] Yu, R. et al., (2010) Phys. Rev. lett., 105(22), 226101. 
[3] Kirkland, A.I. and Meyer, R.R., (2004) Microsc. Microanal., 10(4), 401.  
[4] Meyer, R.R et al., (2002) Ultramicroscopy 92(2), 89. 
[5] Huang, C. (2017) D.Phil Thesis, Department of Materials, University of Oxford. 

 

P:25 MAX phases for future fission and fusion environments 

J Ward, M Rigby, D Bowden and M Preuss 

The University of Manchester, UK 

Our collaboration with the ‘Carbides for Future Fission Environments’ (CAFFE) and new nuclear 
manufacturing (NNUMAN) consortiums assesses the suitability of promising ‘MAX phases’ (nanolayered 
ternary carbides & nitrides) for use in next generation nuclear fission and fusion environments. The unusual 
combination of both ceramic and metallic properties demonstrated by MAX phases align them as potential 
candidates for in-core applications for fission as well as first-wall / shielding materials for fusion. This work 
focuses on the materials’ response to irradiation by proton and electron beams. Characterisation by x-ray 
diffraction, scanning electron microscopy and scanning transmission electron microscopy (STEM), has 
revealed previously unforeseen irradiation-induced crystallographic instabilities within the materials. Atomic 
resolution STEM imaging in particular has allowed the local defect structures within these materials to be 
explored. Correlation of experimental results with density functional theory modelling has shown good 
agreement for the presence of defect structures such as antisites and Frenkel pairs, which lead to lattice 
parameter alterations. It was also found that the unit cell evolution can be reduced by raising the 
temperature of the material during irradiation. 



 
 
P:26 Using transmission electron microscopy to investigate the relationship between platinum nanoparticles 
structure and electrocatalytic efficiency  

H E M Hussein, H Amari and J V Macpherson 

University of Warwick, UK 

Over the past two decades, transmission electron microscopy (TEM) has become an essential pillar in the 
cycle of catalysis experiments and evaluation.[1] Yet, electrochemical investigation of electrocatalysis for 
energy storage and conversion, and the relationship between structure and activity, still relies heavily on 
indirect analysis of current-voltage curves.[2] Here we explore the relationship between the parameters for 
electrodeposition of platinum nanoparticles (Pt NPs), their resulting structure and crystallography and 
resulting electrocatalytic activity for the electro-oxidation of methanol. TEM images show that by employing a 
pulsed laser heating approach during electrodeposition, whereby the electrode/electrolyte interface is 
continually heated and cooled, NPs with a nanoporous structure, can be grown directly on the electrode 
(boron doped diamond) surface.[3] Transmission electron microscopy shows the NPs to be composed of 
loosely packed aggregates of much smaller crystalline particles of size 2-5 nm, with the porosity increasing 
with increasing deposition overpotential. In contrast electrodeposition at room temperature (RT) results in 
particles which show a considerably more compact morphology, and fewer higher index crystal facets, as 
revealed by electron diffraction techniques. This suggests that crystallographic plane and the architecture of 
NPs play the predominant role in fuel electrocatalysis. This study therefore shows the importance of using 
TEM and electron diffraction techniques to reveal how surface structure impacts methanol oxidation 
efficiency. Also a more precise measurement of the size of the NPs is feasible by TEM when compared to 
images obtained by AFM that suffer from tip deconvolution artefacts when imaging sub nanometre NPs. 
Finally, we also find that pulsed heating offers a route towards controlling the monodispersity of the 
electrodeposited NPs.3  

 

Figure 1: TEM image of densely packed and porously open Pt NPs made by RT and pulse heating by infra-red 
laser electrodeposition respectively. 

[1] Tao, F.; Crozier, P. A. Atomic-Scale Observations of Catalyst Structures under Reaction Conditions 
 and during Catalysis. Chem. Rev. 2016, 116 (6), 3487–3539. 
[2] Tian, N.; Zhou, Z.-Y.; Sun, S.-G.; Ding, Y.; Wang, Z. L. Synthesis of Tetrahexahedral Platinum 
 Nanocrystals with High-Index Facets and High Electro-Oxidation Activity. Science (80-. ). 2007, 316 
 (5825), 732–735. 
[3]  Hussein, H. E. M.; Amari, H.; Macpherson, J. V. Electrochemical Synthesis of Nanoporous Platinum 
 Nanoparticles Using Laser Pulse Heating: Application to Methanol Oxidation. ACS Catal. 2017, 7 
 (10), 7388–7398. 

 



 
 
P:27 Electron microscopy for analysis of temperature stable relaxors 

T Roncal-Herrero1, A Zeb2, S Milne1 and A Brown1  
1University of Leeds, UK, 2Islamia College Peshawar, Pakistan 

There is an increasing technology demand for high charge storage Class II capacitors that can operate at 
temperatures, T ≥300°C to develop electronic components for extreme environments [1]. This study aims to 
achieve a breakthrough in understanding the local structure in temperature stable relaxor dielectrics to aid 
the design of device-quality perovskite, high temperature capacitors. Temperature stable relaxor materials 
display a broad flat εr value over a wide temperature range (150 to 500 °C) [2]. This behaviour cannot be 
explained by conventional theories of a normal relaxor (exhibiting a relatively sharp peak in εr at a specific 
temperature, Tm). However the presence of a range of nano-polar domains expected since, they would act to 
broaden the dielectric peak through a distribution of relaxation times [3]. 

The particular electroceramic presented here has a general chemical compositions as follows (1-
x)Ba0.8Ca0.2TiO3-xBiMg0.5Ti0.5O3 (BCT-BMT). The solid solution BCT-BMT presents a range of εr responses as a 
function of composition [Figure 1]. The characterization of this ceramic with composition x=0.55 
(temperature stable relaxor) and x=0.1 (normal relaxor) BCT-BMT, have been carried out by a combination of 
S/TEM using a 300 kV FEI Titan3 Themis G2 and X-ray diffraction (PANalytical). Careful HAADF acquisition at 
low electron flux is essential due to Bi mobility during the electron irradiation [5]. 

 

Figure 1. Low current HAADF STEM images and the measured dielectric properties for x=0.1 and x=0.55 BCT-
BMT. 

X-ray diffraction from the powders suggests uniform crystallinity with a cubic symmetry. STEM high angle 
annular dark-field (HAADF) imaging at the atomic level and electron energy loss spectroscopic elemental 
mapping show that nanoscale compositional segregation occurs in the temperature stable relaxor 
composition (x=0.55), with Ba/Ti clusters some 2-4 nm in extent, separated by Bi-rich regions of 
comparable size. This nanomosaic structure is consistent with phase separation into a ferroelectrically active 
BaTiO3 – type phase (Ba/Ti rich) and a weakly polar Bi/Mg rich perovskite solid solution. The possibility that 
nanophase segregation is the cause of weak dipole coupling and suppression of the dielectric relaxation 
peak is considered. 

[1]  E.A. Patterson and D.P. Cann.  J. Am. Ceram. Soc. 95 (11) 3509-3513 (2012) 
[2]  M Groting, et al. J Solid State Chem.184, 2041-46 (2011) 
[3]  A Feteira, et al. J. Am. Ceram. Soc. 93 (12) 4174-4181 (2010) 
[4]  A Zeb and S J Milne. J. Am. Ceram. Soc.96, 2887-2892 (2013) 
[5]  S. Sepulveda-Guzman, et al. Nanotechnology, 18(33), 335604 (2007). 



 
 
P:28 Reduction of systematic and excessive noise in charge-coupled device measurements 

T Heil 

Max Planck Institute of Colloids and Interfaces, Germany 

When dealing with low-signal measurements, usually neglected noise can become an important factor in the 
signal-to-noise ratio. With TEM CCD measurements, random noise can be successfully flattened using a 
multi-frame acquisition approach. However, systematic noise cannot be countered this way and intense 
random noise, like x-ray spikes, might not be reduced sufficiently. 

Removing the sources for systematic noise and eliminating the influence of x-ray events are therefore of high 
importance to improve the quality of low-signal measurements. One such source is excessive noise in the 
reference images, which are automatically applied to correct flaws of the CCD chip. For example, x-ray spikes 
in the dark-reference image can become an issue in drift-corrected multi-frame images (figure 1a) or in 
measurements integrated over a larger number of pixels, like EELS spectra (figure 1b). The later can become 
especially problematic for the energy-offset correction method, otherwise a suitable way to counter the 
systematic noise [1,2], since the intensity of the normally easily spotted negative spike will be distributed 
over the whole range of the applied energy offset. 

The benefit of a high-quality dark-reference image has been acknowledged before [3,4], but so far only 
simple multi-frame approaches have been reported. However, having access to a stack of images offers the 
possibility to apply routines to separate intense outlier noise like x-ray spikes from wanted features like hot 
pixels and to remove their influence on the merged image altogether, instead of only diminishing it by 
merging only [5]. This approach is not limited to dark-reference images, but can be used for any suitable 
multi-frame measurement. 

 

 

 

Fig 1: a) Artefacts in a drift-corrected multi-frame EFTEM image caused by x-ray noise in the dark-reference 
image. The artefacts can easily be recognised as similar shaped clusters of darker pixels. b) EELS spectrum 
with artefacts caused by x-ray noise in the dark-reference image (dark pointers) and during the signal 
acquisition (bright pointers). 

[1]  M. Bosman, V.J. Keast Ultramicroscopy 108 (2008) 837–846. 
[2]  Y. Wang, M.R.S. Huang, U. Salzberger, K. Hahn, W. Sigle, P.A. van Aken Ultramicroscopy 184 (
 2018) 98–105.  
[3]  V.D.-H. Hou Microscopy and Microanalysis 15 (2009) 226–227. 
[4]  L. Jones, A. Varambhia, D. Kepaptsoglou, Q. Ramasse, R. Freer, F. Azough, S. Lozano-Perez, R. 
 Beanland, P. Nellist EMC 2016: Proceedings (2016) 809. 
[5]  T. Heil, G.J. Tatlock Microscopy 67 (2018) 123–132. 

  



 
 
P:29 Atomic resolution STEM imaging of defects in air-sensitive 2D materials 

D G Hopkinson1, A P Rooney1, D Terry1, M J Hamer1, E Khestanova1, V Zólyomi1, C S Allen2, R V Gorbachev1, I 
V Grigorieva1, V I Fal’ko1 and S J Haigh1 
1The University of Manchester, UK, 2Diamond Light Source Ltd., UK 

The family of 2D materials is continually expanding, driven by the search for materials with ever more exotic 
properties (electronic, optical, optoelectronic, mechanical, etc.) when reduced  to  single  layer  
thicknesses.[1]   However,  whilst  many  of  these  new  candidate materials, such as black phosphorus and 
NbSe2[2] have exciting properties, they are less thermodynamically stable than their more established 
counterparts, and are highly susceptible to atmospheric oxidation, which degrades these desirable 
properties and reduces practical device lifespan. Atomic-scale defects (e.g. vacancies, adatoms) and 
extended defects (e.g. stacking faults, edges) in 2D materials are known to affect material performance 
characteristics but understanding the nature of such defects requires advanced characterisation techniques 
such as atomic resolution electron microscopy. By mechanical exfoliation of air sensitive materials in a glove 
box environment, and protecting the material through encapsulation using stable 2D materials such as 
graphene and hBN, atmospheric degradation is greatly reduced.[2,3] There is also the additional benefit of 
improved electron irradiation stability.[4,5] Aberration-corrected scanning  transmission electron microscopy 
(STEM) and TEM allows imaging of these air sensitive materials for multiple frames, facilitating accurate 
determination of defect population, stacking faults and local thickness.[6] 

[1] Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499, 419–425 (2013). 
[2] Cao, Y. et al. Quality Heterostructures from Two-Dimensional Crystals Unstable in Air by Their 
 Assembly in Inert Atmosphere. Nano Lett. 15, 4914–4921 (2015). 
[3] Kretinin, A. V. et al. Electronic properties of graphene encapsulated with different two- dimensional 
 atomic crystals. Nano Lett. 14, 3270–3276 (2014). 
[4] Algara-Siller, G., Kurasch, S., Sedighi, M., Lehtinen, O. & Kaiser, U. The pristine atomic structure of 
 MoS2 monolayer protected from electron radiation damage by graphene. Appl. Phys. Lett. 103, 
 203107 (2013). 
[5] Zan, R. et al. Control of radiation damage in MoS2 by graphene encapsulation. ACS Nano 7, 
 10167–10174 (2013). 
[6] Nguyen, L. et al. Atomic defects and doping of monolayer NbSe2. ACS Nano 11, 2894–2904 
 (2017). 

  



 
 
P:30 Assessing lamellae thickness during FIB milling with monte carlo modelling 

E Tillotson1, A Rakowski1, A Rooney2 and S Haigh1 

1The University of Manchester, UK, 2Aalto University, Finland  

The focussed ion beam (FIB) instrument is a versatile tool for imaging and precision etching at the nanoscale 
1. It is unrivalled in its ability to produce high quality, site-specific lamellae suitable for high resolution 
imaging in the transmission electron microscope (TEM). The specimen region of interest is thinned with 
energetic ions until electron transparent. The quality of the TEM imaging depends on accurate thinning of the 
material but this is hindered by the difficulty of determining lamellae thickness within the FIB instrument. 
Inaccurate thickness estimation can lead to overly thick or damage to the sample, reducing both imaging 
resolution and spectroscopic data acquisition. 

The quality of lamellae sample preparation has improved in recent years with advances in the variety of ion 
species available and the precision of ion beam technology [2,3]. Nevertheless, the ability to estimate 
thickness of the lamella within the FIB SEM remains qualitative. Post preparation, TEM methods such as 
electron energy loss spectroscopy and convergent beam electron diffraction are able to measure lamella 
thickness with accuracies of ±10 nm [1,2,4]. However, a method to use the SEM secondary electron 
detectors in the FIB would be highly desirable. To develop improved thickness estimation requires better 
modelling of the electron specimen interactions to understand detector behaviours. Most existing models, 
such as SRIM and CASINO [5,6], do not include ‘slow’ secondary electrons (SSEs), possessing energies 
<100 eV. We show that these are the principal electrons detected; as such these programs are not ideal for 
modelling SEM detector response. Furthermore, neither SRIM nor CASINO account for Auger electron 
generation, a duplicative process which is a large and potentially important source of SSEs. Here we present 
a more  complete  Monte  Carlo  method  which  can  accurately  model  the  generation  and trajectories of 
these SSEs and hence better replicate detector behaviour. 

 
Figure 1 illustrates the geometry of the ion conversion and electron (ICE) and true lens detectors (TLD) inside 
the FIB-SEM and how this affects the electrons which they detect. We have modelled the interaction of the 
electron beam with a silicon lamella specimen, and calculated the resulting signal detected on the ICE and 
TLD detectors inside an FEI Helios 660 FIB-SEM. We demonstrate that the geometry of the two detectors 
may offer the potential to be exploited for accurate lamellae thickness measurement during ion milling. 

[1] Bassim, N., Scott, K. & Giannuzzi, L. A. Recent advances in focused ion beam technology and 
 applications. MRS Bull. 39, 317–325 (2014). 
[2]         Rooney, A. Characterisation of buried interfaces in van der Waals materials by cross sectional 
 scanning transmission electron microscopy. (2016). 
[3]         Schaffer, M., Schaffer, B. & Ramasse, Q. Sample preparation for atomic-resolution STEM at low 
 voltages by FIB. Ultramicroscopy 114, 62–71 (2012). 
[4]         Haigh, S. J. et al. Cross-sectional imaging of individual layers and buried interfaces of graphene -
 based heterostructures and superlattices. Nat. Mater. 11, 764–767 (2012). 
[5]         Ziegler J, Ziegler M, Biersack J.P. (2010). SRIM – The Stopping and Range of Ions in Matter. United 
 States Naval Academy, Physics Dept.... (1), p1-14. 
[6] Hovington, P. Drouin D. Gauvin R. (1997) “CASINO: A New Monte Carlo code in C language for 
 electron beam interaction – Part I”, Scanner 19 (1) p1-14. 



 
 
P:31 Optical and terahertz properties of structurally-modified carbon nanotubes: photoconductivity of thin 
films 

M G Burdanova and J Lloyd-Hughes 

University of Warwick, UK 

Transient optical-pump terahertz - probe (OPTP) spectroscopy provides an ideal tool to investigate 
photoinduced charge dynamics. By varying the delay between the optical pump and the THz probe, the time 
evolution of the photoinduced conductivity can be measured on a picosecond time scale. By changing their 
geometrical structure one can fine-tune the optoelectronic properties of carbon nanotubes. This can be 
achieved by doping, fuctionalizing, or increasing the number of defects. I will present my recent work on the 
structurally modified carbon nanotubes that show either a negative or a positive photoconductivity on 
picosecond time scales (Figure 1, a and b). Negative photoconductivity and the related photo-induced 
change have been recently studied in 2D material and an improved understanding of its origin may lead to 
its successful use in future devices with an ultrafast optoelectronic response [1]. Understanding the ultrafast 
processes in proto-exited nanomaterials is important due to their applications in optoelectronics [2]. 

 
Figure 1. The photo-induced relative change in the Thz transmission ΔE/E due to 650 nm photoexcitation; a) 
for DWCNT and SWCNT as a function of pump-probe delay time, b) the photoinduced change in the 
transmission as a function of pump–probe delay time and frequency for SWCNT. 

[1] L. Junpeng and et. al. ‘Negative terahertz photoconductivity in 2D layered materials’, 
 Nanotechnology, 2017, 28(46), 464001. 
[2] F. Leonard. ‘The physics of carbon nanotube devices’, 1st Edition, William Andrew, 2008, 296 P. 

  



 
 
P:32 Atomic resolution imaging of 2D materials in controlled atmospheres 

G Leuthner, T Susi, S Hummel, C Mangler, J Meyer and J Kotakoski 

University of Vienna, Austria 

We have studied the effect of a controlled gas environment in the transmission electron microscope (TEM) on 
the surfaces and edges of graphene and MoS2. The Nion Ultra-STEM100 instrument in Vienna has been 
uniquely modified with a leakvalve system that allows to leak small amounts of a desired gas into the 
microscope column (pressure range of 10-10 − 10-6 mbar), while simultaneously imaging a sample at atomic 
resolution. According to density functional theory calculations, the armchair edge in graphene should be 
more stable than the zigzag edge under an electron beam at typical voltages. However, TEM imaging studies 
of graphene edges have until now revealed mostly zigzag edges. Through experiments in oxygen atmosphere, 
we show here that this is due to an electron-beam-driven chemical etching process that preferentially erodes 
armchair edges, caused by the residual gases in typical (non-UHV) TEM columns. We also show that the 
leakvalve system can be used to clean graphene surfaces without damaging the pristine lattice due to the 
higher reactivity of the contamination species. 

P:33 Direct observation of intrinsic twin domains in tetragonal CH3NH3PbI3 

M Uller Rothmann1, W Li2, Y Zhu3, Udo Bach2, L Spiccia2, J Etheridge2 and Y-B Cheng2 

1University of Oxford, UK, 2Monash University, Australia, 3Hong Kong Polytechnic University, Hong Kong 

Organic-inorganic hybrid perovskite solar cells have attracted a lot of interest recently due to their high 
efficiency (over 22 %) and solution-based processing. While much research has been done into the general 
structure of the CH3NH3PbI3 (MAPbI3) perovskite material using X-ray, neutron diffraction, and spectroscopy 
analyses, transmission electron microscopy (TEM) investigations have not been done extensively. This lack is 
possibly due to the highly damaging effect the electron beam has on the soft perovskite material, leading to 
many inconsistent findings being reported. This talk will outline conditions under which TEM can reliably be 
used to study MAPbI3: low dose conditions have been specifically developed which allow for detailed study 
of the micro- and crystal structure of MAPbI3 using TEM. It was found that fragile crystallographic twinning 
mirrored across the {112} planes is intrinsic to MAPbI3 at room temperature, but disappears after a few 
minutes of very low electron dose rate (approximately 2 e/(Å2 s)) exposure. The twinning was found to 
disappear once the MAPbI3 was heated above its tetragonal to cubic phase transition temperature (57 °C), 
but reappeared when allowed to cool back down to room temperature. This indicates that the twinning is a 
result of strain alleviation in the crystal following a change in the unit cell volume during phase transition. 
Local high symmetry twin planes in other materials have been shown to act as charge transport highways, 
significantly facilitating movement of charges throughout the crystal. Since most reported MAPbI3 films 
undergo an annealing step above the phase transition temperature, the twins can be considered to be 
ubiquitous in MAPbI3-based solar cells and can be part of the explanation of the excellent charge transport 
properties of this material. 

  



 
 
P:34 Growth and characterization of ultrathin indium and indium-oxide on graphene 

G Zagler, K Elibol, T Gupta, J Meyer, B Bayer-Skoff and J Kotakoski 

University of Vienna, Austria 

Heterostructures of two-dimensional materials have recently drawn great interest. In a building-block 
approach the electronic properties of a compound can be tailored with its constituent materials and their 
interactions. One interesting material is indium, which was already shown to grow as a two-dimensional 
monolayer on silicon with (111)-orientation [1]. Here we present a STEM study of in-situ and ex-situ 
deposited ultrathin indium and indium-oxide on free-standing graphene. Elemental and structural analysis of 
Indium and Indium-oxide are conducted with scanning transmission electron microscopy (STEM) and 
electron energy loss spectroscopy (EELS). For the ex-situ deposited In2O3 on graphene, two favourable 
orientations, (111) and (100), In2O3 were found. Elemental indium was found to be much more stable 
under the electron beam as compared to the oxide. Our results show great promise for the growth of ultrathin 
and possibly two-dimensional In2O3 and possibly other indium-based materials on graphene. 

[1]  Saranin et al. PRB 74, 035436 (2006) 

P:35 Modelling effects of electron-beam irradiation 

E Mortimer, S T Skowron and E Besley 

 University of Nottingham, UK 

Transmission electron microscopy (TEM) is traditionally used as a tool to characterise materials, providing 
atomic resolution imaging of low dimensional nanostructures such as graphene and carbon nanotubes. In 
this context, damage to materials imaged by TEM (caused by collisions with the highly energetic electrons) is 
generally considered as something to be avoided or limited. However, with detailed understanding of the 
effects of the electron beam (e-beam), the energy transmitted from it can be used to drive chemical 
reactions that would be otherwise unfeasible. 

A mechanistic understanding of beam-driven chemical reactions can be achieved with the comparison of 
experimental TEM images to the results of modelling. The dynamic response of nanotube-encapsulated 
organic species to an e-beam stimulus can be simulated through density functional theory (DFT) and 
classical molecular dynamics. With a combination of the two approaches, accurate models of the 
interactions between relativistic electrons and the atomic nuclei can be developed, giving insight into the 
atomistic and continuum scale behaviour of materials under e-beam irradiation. 

DFT based techniques have enabled the accurate characterisation of e-beam induced atomic mechanisms, 
such as the emission of light atoms from organic molecules.1

 Classical approaches provide powerful 
methods for modelling the cumulative effects of many electron impacts in large ensemble systems.2 By 
combining the two methods and generating simulated images that are directly comparable to experimental 
TEM imaging, systems such as organic molecule encapsulation in carbon nanotubes can be studied3. This 
has initially been demonstrated with two example reactions, in which organic molecule precursors are 
activated by the e-beam, eventually forming novel one-dimensional materials (Figure 1). 



 
 

 
Figure 1. The initial stages of e-beam induced 1D polymerisation of octathio[8]circulene molecules. 
Experimental TEM images, top; DFT simulations, bottom. 

[1] Chamberlain, T. W. et al. Small 11, 622–629 (2015). 
[2] Skowron, S. T., Lebedeva, I. V, Popov, A. M. & Bichoutskaia, E. Nanoscale 5, 6677–6692 (2013). 
[3] Chamberlain, T. W. et al. ACS Nano 11, 2509–2520 (2017). 

P:36 Model-based quantification of ADF STEM images in the presence of crystal tilt 

A De wael, L Janssens, A De Backer and S Van Aert 

University of Antwerp, Belgium 

Recently, it has become clear that the quantitative analysis of annular dark field (ADF) scanning 
transmission electron microscopy (STEM) is a powerful technique to recover the 3D atomic structure of 
nanoparticles. Treatment of the ADF STEM images as numerical datasets allows us to quantify the so-called 
scattering cross-sections (SCSs), corresponding to the total scattered intensity of each atomic column in the 
nanoparticle. The SCS can be obtained by integrating the intensity using Voronoi cells [4-5], or by modelling 
the ADF STEM image as a superposition of 2D Gaussian peaks [1-3,6]. Using the obtained SCSs, the 
number of atoms per column can be determined by using a statistics-based analysis [1-3] or by comparison 
with image simulations [4]. 

Model-based quantification of SCSs using 2D Gaussian peaks implicitly assumes that the shape of the 
projected atomic columns in the ADF STEM image can be described by a round symmetric function. Often, 
however, the atoms in the columns of the nanostructure under study are not perfectly aligned with respect to 
the incident electron beam, for example due to small sample mis-tilt or sample bending. In such cases, an 
elliptical shape for the projected atomic columns in the ADF STEM images is observed rather than a perfectly 
round shape, as can be seen from figure 1. 

We therefore investigate if a model-based quantification of SCSs using 2D elliptical Gaussian peaks results 
in more reliable estimates as compared to the use of 2D round Gaussian peaks. As shown in figure 2, the 
SCSs estimated using the elliptical Gaussian model, decrease with tilt in the same manner as the SCSs 
obtained from the symmetric Gaussian model. Although the shape of the elliptical model better matches 
with the underlying ADF STEM images, the SCSs remain constant and correspond to the values obtained 
when using Voronoi cells. The decrease of SCSs with tilt, which is observed in figure 2, can be understood 
from [7]. 

To conclude, the parametric model consisting of a superposition of 2D round Gaussian peaks yields accurate 
SCSs, even in the presence of crystal tilt. At first sight, the extra computational effort of estimating additional 
parameters using an elliptical model has no clear benefit on the accuracy with which SCSs can be 
estimated. Other examples will be investigated, and a comparison in terms of precision will be made. 



 
 

 
Figure 1: simulated ADF STEM image of a tilted Pt nanoparticle. Figure 2: SCS estimated using Voronoi cells 
and round and elliptical Gaussians, for different sample tilts 

[1]  S Van Aert et al., Nature 470 (2011) p 374 
[2]  S Van Aert et al., PRB 87 (2013) p 064107 
[3]  A De Backer et al., Ultramicroscopy 134 (2013) p 23 
[4]  L Jones, IOP Conf. Series: Mat. Science and Eng. 109 (2016) p 012008  
[5]  H E et al., Ultramicroscopy 133 (2013) p 109 
[6]  A De Backer et al., Ultramicroscopy 171 (2016) p 104 
[7]  K MacArthur et al., Ultramicroscopy 156 (2015) p 1. 

P:37 Atomic resolution electron tomography of nanoparticles on tungsten tips 

T Poon1, A Pattison1, A Da Silva1,2, P Ercius2 and W Theis1 
1University of Birmingham, UK, 2Lawrence Berkeley National Laboratory, USA 

A major challenge in electron tomography is the degradation of the signal-to-noise ratio at high tilt angles, 
which is due to the increase in thickness of the support that the beam must pass through as the sample is 
tilted. This restricts the range of tilt angles from which information can be gathered, thereby limiting the 
resolution of the final reconstruction. This so-called ‘missing wedge’ problem can be avoided by placing the 
sample on the apex of a tungsten tip rather than a planar support like a TEM grid. By orienting the tip 
perpendicular to the direction of the beam, the beam will only pass through the sample and avoid the 
support altogether. The tip can then be rotated about its axis to access the full range of tilt angles (±180°), 
thereby avoiding missing wedges. 

Nanoparticles can be deposited onto to the apex of an electrochemically-etched crystalline tungsten tip by 
thermal evaporation or drop-casting from solution. Preliminary analysis of a Au nanoparticle dataset with 60 
projections over 180° is presented here. The dataset was taken with a beam energy of 300 keV and a probe 
convergence angle of 17 mrad in annular dark field STEM mode. 

 



 
 
 

Figure 1: ADF STEM image of the apex of a tungsten tip with Au nanoparticles formed by Au evaporation. The 
lattice structure of the Au nanoparticle and tungsten tip can be clearly seen and the interface can be 
identified. The inset shows the corresponding convergence beam electron diffraction (CBED) pattern of the 
tungsten tip at 400 nm from the apex. 

P:38 STEM imaging of zeolite ZSM5 with cu cations 

E Brooke1, C Allen2, D Özkaya1, M Shannon1 and A Turrina1 

1Johnson Matthey, UK, 2University of Oxford, UK  

Zeolites, used widely as solid acid catalysts in the petrochemicals industry, find increasing application as 
catalysts for developing technologies in the automotive industry due to their excellent activity in the selective 
catalytic reduction (SCR) of NO with NH3 to treat exhaust from diesel engines. [1].  Catalytic activity is 
directly related to ability of the gas molecules to reach the active cation sites within the zeolite channels. This 
is highly dependent on both the precise location of the cations within the zeolite channels and any local 
crystallographic faults. Atomic resolution scanning transmission electron microscopy is increasingly used to 
obtain detailed structural information relating to the local zeolite structure around active cations positions 
[2]. This information is then correlated to the catalytic activity of the material ultimately leading to the design 
of more efficient catalysts. 

In this study, A ZSM5 zeolite with Cu impregnation has been examined using an aberration corrected ARM 
300F STEM, at the electron Physical Sciences Imaging Centre (ePSIC), Harwell. The aims of the examination 
was to find optimum imaging conditions to reveal the atomic structure and cation positions such as which 
detector angles to use. Below is a set of three images taken at the same time from the same area of ZSM5 in 
[010] zone axis showing a) bright field, b) low angle annular dark field (LAADF) and c) high angle annular 
dark field (HAADF) images. It is clear there is some intensity in the middle of some of the 10 ringed cages, it 
is likely that this is caused by presence of cations. It is however interesting that this contrast is maximised in 
the LAADF image, it is likely that in HAADF images the contrast will be dominated by the framework due to 
contrast enhancement by channelling effects. 

Further work on simulations are underway to understand how the various cation positions effect the intensity 
at various scattering angles. 

[1] P.G. Blakeman et al. Catal. Today, 2014, 231, 56–63. 
[2] Diaz I, Mayoral A.  Micron. 2011. 42(5), 512-27. 

  



 
 
P:39 Atomically sharp interlayer stacking shifts at anti-phase grain boundaries in overlapping MoS2 

secondary layers 

S Zhou, J Warner, Z Shi, H Sawada, A Kirkland and J Li 

University of Oxford, UK 

MoS2 is a semiconducting transition metal dichalcogenide (TMD) with a direct band gap in monolayer form, 
and indirect in the bulk. It offers a band gap in the red visible spectrum and semiconducting properties that 
expand the applications for 2D materials beyond what graphene can achieve. In the production of large-area 
2D materials, grain boundaries (GBs) are inevitably produced between randomly oriented crystal domains 
within a polycrystalline film. The 60º GBs (also denoted as antiphase boundaries), are of particular interest 
as they form one-dimensional metallic wires in a semiconducting MoS2 matrix and act as conductive 
channels that have a profound influence on both transport properties and exciton behavior of the 
monolayers. Experimental studies have shown that a single 60º GB can enhance the in-plane electrical 
conductivity and substantially quench the local photoluminescence. 

In this study, MoS2 samples were grown on Si substrates with a 300nm oxide layer. The samples of MoS2 
produced were predominantly monolayer, with occasional small bilayer domains on top of the larger 
monolayer film. When secondary domains nucleate and grow on the surface of monolayer MoS2, they can 
extend across grain boundaries in the underlying monolayer MoS2 and form overlapping sections. We 
present an atomic level study of these overlapping grain boundaries (GBs) in MoS2 monolayer-bilayers using 
aberration-corrected annular dark field scanning transmission electron microscopy. In particular we focus on 
the antiphase GB within a monolayer and track its propagation through an overlapping bilayer domain. We 
show that this leads to an atomically sharp interface between 2H and 3R interlayer stacking in the bilayer 
region. We have studied the micro-nanoscale “meandering” of the antiphase GB in MoS2, which shows a 
directional dependence on the density of 4 and 8 member ring defects, as well as sharp turning angles 90o 
~100o that are mediated by a special 8-member ring defect. Density functional theory has been used to 
explore the overlapping interlayer stacking around the antiphase GBs, confirming our experimental findings. 
These results show that secondary bilayer MoS2 domains can adjust their local atomic structure to 
accommodate the van der Waals interactions occurring at the anti-phase GB sites. 

 

Figure 1. (a-c) Schematics showing a secondary MoS2 layer C growing across the GB between two 
60ºrotated grains A and B. (d) Atomic model based on the schematic in c. (e) Magnified image of the model 
showing the antiphase GB in both monolayer and bilayer regions. (f) SEM image of several secondary layers 
grown on top of GBs, one of which is formed between two 60º rotated grains as indicated. (g) Low 



 
 
magnification ADF-STEM image of continuous monolayer MoS2 with scattered bilayer islands suspended on 
holey SiN TEM grid. (h) Intermediate magnification ADF-STEM image showing the propagation of a GB 
through monolayer and bilayer regions. Zones along the pathway of the GB are marked as A-F. A1, A2, Z1 
and Z2 represent armchair and zigzag directions. (i) ADF-STEM image of the GB in both monolayer and 
bilayer regions. Overlaid lattice diagrams show a 60º rotation for the monolayer grains and different stacking 
sequences in the bilayers.  (j and k) Magnified images of zone A and C, respectively. (i) Schematics showing 
the contraction difference between the 4-member rings in monolayer and bilayer systems. 

P:40 HRTEM of alkali-halide cluster ions deposited on graphene using electrospray ion-beam deposition 

N Vats1, A Markevich2, S Rauschenbach1,3, S Sen1, S Abb1, W Sigle1, M Burghard1, K Kern1, E Besley2 and P A 
van Aken1 

1Max-Planck-Institute for Solid State Research, Germany, 2University of Nottingham, UK, 3University of 
Oxford, UK 

Atomic clusters are an important class of structures as they lie in between discrete atoms/molecules and 
solid material systems. Furthermore, clusters provide a link to the transitions between the gaseous and 
condensed states of matter. It is, therefore, important to understand how structure, stability and electronic 
properties of atomic clusters change with their size. Among the different types of cluster systems, alkali 
halide clusters have been studied comprehensively using mass-spectrometry; however, detailed atomic 
scale characterization of alkali halide cluster ions has not been performed. In this work we have used 
aberration- corrected high resolution TEM (AC-HRTEM) to obtain atomically resolved images (See Fig 1) of 
small alkali halide clusters, namely (CsI)nCs+ and (RbI)nRb+, deposited on free-standing graphene by 
electrospray ion-beam deposition (ES-IBD). The clusters have been observed to be stable on the graphene 
surface on the time scale of few and few ten seconds after which they undergo transformation into a different 
shape or disappear. Combination of the TEM measurements and ab  initio calculations allows us to identify 
the atomic structure of the observed clusters and provides insight into the stability and properties of the 
cluster ions with respect to their size and geometry. 

 
Figure 1. (a) Ball and stick model of (Csl)6Cs+ cluster ion on single-layer-graphene. Cesium atoms green 
iodine atoms purple and Carbom atoms are brown. (b) Observation of individual (Csl)6Cs+ Cluster ion on 
graphen substrate. Scale bar corresponds to 1 nm.  

 

 

  



 
 
P: 53 Using transmission electron microscopy to track metal electrodeposition dynamics from nucleation 
and growth of a single atom to crystalline nanoparticle 

H E M Hussein1, R Maurer1, H Amari1, J J P Peters1, L Meng2, R Beanland1, M E Newton1 and J V Macpherson1 

University of Warwick, UK, 2University of Southampton, UK 

In electrodeposition the key challenge is to obtain better control over nanostructure morphology.[1] 
Currently, a lack of understanding exists concerning the initial stages of nucleation and growth, which 
ultimately impact the physicochemical properties of the resulting entities.[2] Using identical location 
scanning transmission electron microscopy (STEM), with boron doped diamond (BDD) serving as both an 
electron transparent TEM substrate and electrode, we follow this process, from the formation of an individual 
atom through to a crystalline nanoparticle, under potential pulsed conditions.[3] In doing so, we reveal the 
importance of electrochemically driven atom transport, atom cluster formation, cluster progression to a 
nanoparticle and the mechanism by which neighbouring particles interact during growth. Such information 
will help formulate new models and promote wider uptake of electrodeposited structures in a wide range of 
societally important applications. This type of measurement is possible in the TEM because the BDD 
possesses inherent stability, has an extremely high thermal conductivity, is electron beam transparent, free 
from contamination and robust enough for multiple deposition and imaging cycles. Moreover, the platform 
can be operated under conditions such that we have confidence that the dynamic atom events we image are 
truly due to electrochemically driven deposition and no other factors, such as electron beam induced 
movement. 

 
 

[1] Budevski, E.; Staikov, G.; Lorenz, W. J., Electrocrystallization: Nucleation and Growth Phenomena. 
 Electrochim. Acta 2000, 45, 2559-2574. 
[2] Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.; Norskov, J. K.; Jaramillo, T. F., Combining 
 Theory and Experiment in Electrocatalysis: Insights into Materials Design. Science 2017, 355, 1-12. 
[3] Hussein, H. E. M.; Maurer, R; Amari, H.; Peters J. J. P.; Meng, L.; Beanland, R.; Newton, M. E.; 
 Macpherson, J. V., Tracking Metal Electrodeposition Dynamics from Nucleation and Growth of a 
 Single Atom to Crystalline Nanoparticle. ACS Nano, In Press. 
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