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Welcome
On behalf of the Institute of Physics (IOP) and the Electron Microscopy and Analysis Group (EMAG), we
welcome all registrants to the 21st International Conference on Microscopy of Semiconducting Materials to
be held at Fitzwilliam College, Cambridge, 9-12 April 2019.
We have put together a single-stranded programme of nine sessions with 14 invited and 35 contributed
talks, along with two poster sessions and several short company presentations, and hope you will find it
interesting and stimulating. Besides the traditional sessions on electron microscopy techniques as well as
quantum domain structures and devices there we will have sessions on ion beam microscopy, atom probe
tomography (APT) and a combined APT/SPM session on doping effects.
The absence of parallel sessions means you will have the opportunity to attend every presentation and
engage in discussions with all presenting colleagues, asking questions directly after the talks or during the
poster sessions and numerous short breaks.
We also plan to offer guided tours to the Department of Materials Science and Metallurgy or a college library,
and hope you will enjoy the conference dinner during which we will again organize a quiz!
Finally, we would like to thank all our sponsoring and exhibiting companies for their financial support!
Thomas Walther & Rachel A Oliver

Sponsors
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Programme
Tuesday, 9 April
09:00

Opening Remarks
Auditorium
Analytical Transmission Electron Microscopy and Electron Holography
Auditorium
Chair: Martin Hytch, CEMES Toulouse, France

09:20

(Invited) Phase-shifting holography of semiconductor materials
Chris Boothroyd, Nanyang Technological University, Singapore

10:00

3D characterization of nanowire devices with STEM based modes
Hugo Bender, IMEC, Belgium

10:20

 easuring polarization induced electric fields in AIGaN/GaN nanowires using nano-beam electron diffraction
M
and momentum-resolved 4D-STEM
Tim Grieb, Institut für Festkörperphysik, Universitat Bremen, Germany

10:40

E lectron tomography measurement of III-V semiconductor interface roughness
Lars Nicolai, Paul-Drude-Institut für Festkörperelektronik, Germany

11:00

Coffee Break
Auditorium Foyer
Analytical Transmission Electron Microscopy and Electron Holography
Auditorium
Chair: Dr Chris Boothroyd, Nanyang Technological University, Singapore

11:20

( Invited) Materials for quantum computing : topological insulators
Martina Luysberg, Research Center Jülich GmbH, Germany

12:00

 esign a coherent sampler in scanning transmission electron microscopy to characterize the 2D strain field in
D
crystalline material on a large field of view
Alexandre Pofelski, McMaster University, Canada

12:20

 dvanced moiré strain measurement technique using smart scanning strategies
A
Viveksharma Prabhakara, University of Antwerp and IMEC, Belgium

12:40

E DS for composition and thickness analysis as well as measurements at elevated temperatures
Meiken Faulke, Bruker, Germany

13:00

L unch
Upper Hall 1&2

	In-Situ and In-Operando Micrscopy
Auditorium
Chair: Martina Luysberg, Research Center Jülich GmbH, Germany
14:00

( Invited) In situ MOCVD growth of III-V Nanowires in the lund ETEM
Crispin Hetherington, Lund University, Sweden

14:40

F IB sample preparation for in situ electrical characterization of semiconductor devices in the TEM
Rémy Berthier, Protochips, USA

15:00

E lectromechanical current mechanisms in GaAs nanowires probed by conductive AFM
Yonatan Calahorra, University of Cambridge, UK

15:20

Coffee Break
Auditorium Foyer
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	In-Situ and In-Operando Microscopy
Auditorium
Chair: Dr Crispin Hetherington, Lund University, Sweden
15:40

( Invited) Measuring electric fields in operando devices by in-situ electron holography
Martin Hytch, CEMES Toulouse, France

16:20

In-situ observation of ∑3{112}twin boundary motion at atomic resolution in III-V nanowires
James Gott, University of Warwick, UK

16:40

In situ transmission electron microscopy observation of solid phase epitaxy of Ge on Fe3Si
Markus Terker, Paul Drude Institute for Solid State Electronics, Germany

17:00

In-Situ transmission electron microscopy annealing for crystallization and phase stability studies in the
Ga2O3-In2O3-Al2O3
Charlotte Wouters, Leibniz Institute for Crystal Growth, Germany

17:20

 elcome Reception
W
Upper Hall 1&2

18:00

 oster Session 1
P
Upper Hall 1&2

20:00

Dinner (pre-bookable)
Old SCR

Wednesday, 10 April
	Lattice Defects in Bulk Materials
Auditorium
Chair: Fabien Massabuau, University of Cambridge, UK
09:20

( Invited) Dislocations in semiconductors: atomic structures and dynamic properties
Ichiro Yonenaga, Tohoku University, Japan

10:00

T wo-dimensional polymorphic structure on {111}/{115} grain boundaries in Si
Yutaka Ohno, Tohoku University, Japan

10:20

 haracterization of Pb0.93Sb0.05S by double aberration corrected STEM
C
Yang Qiu, Southern University of Science and Technology, China

10:40

 berration corrected HRTEM analysis of Shockley partial dislocations in GaN
A
George Dimitrakopulos, Aristotle University of Thessaloniki, Greece

11:00

 offee break
C
Auditorium Foyer

	Strained Layer Epitaxy and Quantum Wells
Auditorium
Chair: Professor Dr Ichiro Yonenaga, Tohoku University, Japan
11:20

( Invited) Preparation and nanocharacterisation of Si-Ge and III-Sb semiconductor heterostructures
Ian MacLaren, University of Glasgow, UK

12:00


Origin
of the two-dimensional electron gas at the interface between BaSn03/LaInO3 wide bandgap oxides
Martina Zupancic, Leibniz-Institut für Kristallzüchtung, Germany

12:20

E ffects of well width fluctuations on green InGaN/GaN quantum wells grown at different temperatures
Boning Ding, University of Cambridge, UK

12:40

 rdered structure of FeGe2 formed during solid-phase pitaxy
O
Bernd Jenichen, Paul Drude Institute for Solid State Electronics, Germany
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13:00

Lunch
Upper Hall 1&2

	Strained Layer Epitaxy and Quantum Wells
Auditorium
Chair: Dr Ian MacLaren, University of Glasgow, UK
14:00

( Invited) Strain accommodation in InGaN heterostructures: from epilayers to monolayers
George Dimitrakopulos, Aristotle University of Tessaloniki, Greece

14:40

 imultaneous determination of local thickness and composition for ternary III-V Semiconductors by aberrationS
corrected STEM
Pirmin Kükelhan, Philipps University Marburg, Germany

15:00

 athodoluminescence study of non-radiative recombination on dislocations in In-rich and In-poor InGaN QWs
C
emitters
Piotr Perlin, Institute of High Pressure Physics, Poland

15:20

 l5Si5+ N12, a new nitride semiconductor
A
Philippe Vennéguès, Université Côte d’Azur, CNRS, CRHEA, France

15:40

 offee Break
C
Auditorium Foyer

16:20

E xhibitors Session
Upper Hall 1&2

17:00

 oster Session 2
P
Upper Hall 1&2

Thursday, 11 April
	Scanning Electron and Ion Beam Microscopy
Auditorium
Chair: Giorgio Divitini, University of Cambridge, UK
09:00

( Invited) Structural and luminescence imaging and characterisation of semiconductors in the scanning elctron
microscope
Carol Trager-Cowan, Strathclyde University, UK

09:40

T owards large area semi-automatic phase mapping in semiconducting nanostructures
Antonius van Helvoort, Norwegian University of Science and Technology, Norway

10:00

 euromorphic MoS2 memtransistors fabricated by localised helium ion beam irradiation
N
Jacob Jadwiszczak, Trinity College Dublin, Ireland

10:20

 elium ion microscopy as a novel probe for complex quantum heterostructures in core-shell nanowires
H
Gregor Koblmueller, Technical University of Munich, Germany

10:40

 ontacting nanostrusctures: detailed characterisation of the Au/Ge/GaAs nanowire interface
C
Julie Nilsen, Norwegian University of Science and Technology, Norway

11:00

 offee break and exhibition
C
Upper Hall 1&2

	Atom Probe Tomography
Auditorium
Chair: Dr Catherine Bougerol, CNRS Institut Neel, France
11:30

( Invited) Optical spectroscopy and atom probe tomography on single semiconductor nanoscale specimens: from
the sequential to the in-situ approach
Lorenzo Rigutti, University of Rouen, France
5

12:10

 orrelative atom probe tomography of low angle grain boundaries in high performance multicrystalline silicon
C
and their response to industrial processing
David Tweddle, University of Oxford, UK

12:30

 tom probe tomography: toward improved productivity and correlative analysis in the semiconductor industry
A
Peter Clifton, Cameca Instruments Inc, France

12:50

L unch and exhibition
Upper Hall 1&2

	Nanowires and Quantum Dots
Auditorium
Chair: Yonatan Calahorra, University of Cambridge, UK
13:50

( Invited) The microstructure of III-V nanowires and its importance for nanowire-based optoelectronics
Hannah Joyce, University of Cambridge, UK

14:30

 athodoluminescence visualisation of local thickness variations of GaAs/AIGaAs quantum-well tubes on
C
nanowires
Anders Gustafsson, Solid State Physics NanoLund, Sweden

14:50

T EM compositional and structural analysis of MBE grown wurtzite (Ga,In)As nanowires with (Ga,Al)As and
Ga(Bi,As) shells
Slawomir Kret, Instytut of Physics PAS, Poland

15:10

T he structure of MoTe2 and Mo6Te6 layers and nanowires grown by MBE on GaAs substrates
Janusz Sadowski, Univesity of Warsaw, Poland

15:30

III-V semiconductor nanowire heterostructures grown by metal organic chemical vapour deposition
Jennifer Wong-Leung, The Australian National University, Australia

15:50

 offee Break and exhibition
C
Upper Hall 1&2

	Doping Studies by Microscopy
Auditorium
Chair: Lorenzo Rigutti, University of Rouen, France
16:20

( Invited) Investigation of doping and alloy composition in III-nitrides thin films from atom probe tomography and
EDX spectroscopy
Catherine Bougerol, CNRS, France

17:00

 etection limit of dopants in silicon crystalline by TEM
D
Kei-ichi Fukunaga, JEOL Ltd, Japan

17:20

Dopant mapping using advanced STEM/EDX techniques
Raghda Makarem, LPCNO/INSA, France

	Doping Studies by Microscopy 2
Auditorium
Chair: Lorenzo Rigutti, University of Rouen, France
17:40

( Invited) Exploration of doping atoms in semiconductors at the atomic scale
Paul Koenraad, Eindhoven University of Technology, The Netherlands

18:20

 eception and Exhibition
R
Upper Hall 1&2

19:00

 onference Dinner
C
Sponsored by JEOL
Dining Hall
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Friday, 12 April
	Advanced Devices
Auditorium
Chair: David Cooper, CEA, France and Dr Carol Trager-Cowan, University of Strathclyde, UK
09:00

( Invited) TEM investigations of gate-all-around nanowire devices
Paola Favia, IMEC, Belgium

09:40

 ynamics of tuneable defect-rich grains in organic-inorganic halide perovskite films
D
Stuart Macpherson, University of Cambridge, UK

10:00

F abrication of vertically arrayed Si/InP core-shell nanowire heterojunction based solar cell using MOCVD
Biswajit Pal, Indian Institute of Technology Kharagpur, India

10:20

Imaging the local optoelectronic response in high-performance, textured perovskite/Si tandem solar cells
Elizabeth Tennyson, University of Cambridge, UK

10:40

 offee break and exhibition
C
Upper Hall 1&2

	Advanced Devices 2
Auditorium
Chair: Paola Favia, IMEC, Belgium
11:20

( Invited) Field mapping in semiconductor materials by off-axis electron holography and other techniques
David Cooper, CEA LETI, France

12:00

 losing of meeting
C
Auditorium
SST arrangement

12:40

L unch and exhibition
Upper Hall 1&2
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Poster Session 1
Upper Hall 1&2
P1.1

 nalytical scanning transmission electron microscopy of monolayer thin embedded semiconducting layers
A
Thomas Walther, University of Sheffield, UK

P1.2

Influence of 2s Bloch wave state excitation on STEM-HAADF intensity and how it affects analysis in
ordered alloy structures
Charlotte Wouters, Leibniz Institute for Crystal Growth, Germany

P1.3

 omparison of difference ways to evaluate amount of interfacial excess atomic density from atom probe
C
tomography data
Thomas Walther, University of Sheffield, UK

P1.4

 ydrogen passivation of N:GaAs studied by cross-sectional scanning tunnelling microscopy
H
Douwe Tjeertes, Eindhoven University of Technology, The Netherlands

P1.5

In situ TEM thermal annealing and growth investigations of III/V semiconductor materials
Maximilian Widemann, Philipps-Universität Marburg, Germany

P1.6

 D reconstruction of chiral photonic metasurface patterned in monocrystalline silicon
3
Oleg Rogov, Russian Academy of Sciences, Russia

P1.7

Ion Auger electrons contrast on cross-beam systems
Alexander Pereyaslavtsev, Federal State Unitary Enterprise, Russia

P1.8

 ultimode scaning near-field optical microscopy applied on nonpolar InGaN/GaN quantum wells
M
Saulius Marcinkevicius, KTH Royal Institute of Technology, Sweden

P1.9

 athodoluminescence sprectroscopy of core-shell nanowire heterostructures
C
Jonas Lähnemann, Paul Drude Institute for Solid State Electronics, Germany

P1.10

 haracterization of solution-grown and sputtered In x(O, S)y buffer layers in Cu(In,Ga)Se2-based solar cells by
C
analytical TEM
Reinhard Schneider, Karlsruhe Institute of Technology, Germany

P1.11

Systematic study of the influence of surface oxide, amorphous carbon and built-in potential on BSE and SE
images of doped GaAs
Ran Guo, The University of Sheffield, UK

P1.12

E lectron microscopy investigations of Si vertical heterostructures
Saleh Firoozabadi, Philipps- Universität Marburg, Germany

Poster Session 2
Upper Hall 1&2
P2.1

 ynthesis and microstructural characterisation of size-tunable Gd2O3 crystals for lanthanide-doping and
S
upconversion luminescence
Zhili Dong, Nanyang Technological University, Singapore

P2.2

 ethodology for depth-dependent plan-view TEM – a study of dislocations in mesoporous GaN distributed Bragg
M
reflectors
Fabien Massabuau, University of Cambridge, UK

P2.3

Morphological and structural analysis of cadmium incorporated zinc oxide films grown on (111) silicon using
pulsed laser deposition for solar cell applications
Sugandha Sharma, University of Delhi South Campus, India

P2.4

Stacking faults in plastically relaxed InGaN epilayers
Joanna Moneta, Institute of High Pressure Physics, Poland

P2.5

E pitaxial growth and characterisation of Co2FeSi/MgO/GaAs heterostructures
Bernd Jenichen, Paul-Drude-Institut, Germany
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P2.6

E ffects of stacking faults on heterostructure compositions in Zincblende GaN LEDs
Boning Ding, University of Cambridge, UK

P2.7

 tructural features and interfaces of Al thin films grown on GaAs(001) by MBE
S
George Dimitrakopulos, University of Thessaloniki, Greece

P2.8

 rowth of indium gallium arsenide layer on silicon substrate by metal organic chemical vapor deposition
G
(MOCVD) technique
Sisir Chowdhury, ITT Kharagpur, India

P2.9

 hannel characteristics of InAs/AISb heterojunction epitaxy: comparative study on 4 kinds of epitaxies with
C
different thickness of InAs channel and AISb barrier
He Guan, Northwestern Polytechnical University, China

P2.10

 nalysis of the N distribution in GaAs(Sb)(N) superlattices from ADF imaging
A
Nazaret Ruiz Marín, Cádiz University, Spain

P2.11

 hallenges of HRTEM image contrast simulation of MoS2/TaS2 heterostructure
C
Holm Kirmse, Humboldt University of Berlin, Germany

P2.12

Investigation of photocalytic mechanism in (Fe, Ag) co-doped ZnO nanoparticles
Jiaxi Zhang, Southwest Minzu University, China

P2.13

 nalysis of FBE (floating body effect) induced threshold voltage shift in vertical-cell transistor DRAM
A
Young Seung Cho, Sungkyunkwan University, South Korea

P2.14

E ffect of different stabilizer on the microstructures and photocalytic activities of ZnO:Ag photocatalyst
synthesized by sol-gel method
Fei Yu, Southwest Minzu University, China

P2.15

 rowth and characterisation of InGaAs Nanowire on Si substrate without foreign catalysts
G
Sisir Chowdhury, IIT Kharagpur, India

P2.16

 ombined STEM-EDS tomography of nanowire structures
C
Hugo Bender, IMEC, Belgium

P2.17

T EM study of ZnO nanorods to unveil their growth mechanisms
Sarka Kucerova, Czech Academy of Sciences, Czech Republic

P2.18

 ynthesis and size dependent charge trap behaviour of graphene quantum dots
S
Kalyan Sarkar, Indian Institute of Technology Kharagpur, India

P2.19

In-situ observation of ∑3 {112} twin boundary motion at atomic resolution in III-V Nanowire
James Gott, University of Warwick, UK

P2.20

 anoscale characterisation of Perovskite chemical composition with multivariate statistical analysis
N
Feliz Kosasih, University of Cambridge, UK
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Session: Analytical Transmission Electron Microscopy and Electron Holography
(Invited) Phase-shifting holography of semiconductor materials
C Boothroyd
Nanyang Technological University, Singapore
When an electron wave in a transmission electron microscope passes through a material both its amplitude
and phase can be changed but in normal imaging only changes in the amplitude are visible. For a number of
applications, such as doped semiconductors, magnetic materials and bio-materials little, if any, amplitude
contrast is seen, so methods for measuring phase contrast are needed.
Off-axis electron holography is one technique that provides a means for determining the phase of an electron
wave by interfering with a reference wave that has passed around the sample to form interference fringes.
The phase is normally determined using Fourier methods to measure the displacement of the interference
fringes and is limited in spatial resolution by the fringe spacing and in phase resolution by noise. Reducing
the noise in a hologram and thus in the reconstructed phase requires long exposures once the optimum
coherence has been found, with the limitation being the amount of drift of the specimen or biprism that can
be tolerated.
In phase-shifting holography multiple holograms of the same area are obtained but with small phase shifts
present to move the fringes relative to the sample. The specimen wave can then be determined for each
point on the image independently meaning that the spatial resolution is no longer limited by the hologram
fringe spacing. An iterative method will be reported whereby a series of phase-shifting holograms can be
reconstructed to determine the specimen exit wave in the presence of both specimen and biprism drift and
indeed with this method the presence of some specimen and biprism drift is an advantage. Thus multiple
holograms can be combined even in the presence of drift to reduce the noise in the specimen phase.
3D characterization of nanowire devices with STEM based modes
H Bender1, O Richard1, P Favia1, E Bosch2, D Mendez2, and I Lazic2
1

IMEC, Belgium 2Thermo Fisher Scientific, The Netherlands

Future semiconductor device concepts will be based on horizontal or vertical nanowires (NW) with the gate
all around the device which is beneficial for the electrostatic control of the devices.
The nanowire dimensions in such structures are below 5-10 nanometer, i.e. even in very thin TEM specimens
excellently centered to the device, projection overlap of the gate stack and nanowires will occur and
complicate the detailed structural and chemical investigation. Obviously 3D analysis with high spatial
resolution is needed to characterize such devices which can be done either by tomography or through focal
imaging methods. Whereas STEM-EDS tomography allows full 3D resolution at nanometer scale, with
through focal imaging 2D lattice resolution orthogonal to the slicing direction is possible with about 5 nm
depth resolution.
In this work application of through focal iDPC [1-4] and HAADF-STEM series to Si and Ge nanowires
structures with all around replacement metal gate will be discussed. The TEM specimens are prepared
parallel the wire length. With both modes, slicing with 2D lattice resolution through the polycrystalline gate
stack and the monocrystalline wires is possible, while a resolution in the viewing direction on the order of 5
nm is obtained. Contrast and depth resolution of iDPC vs HAADF will be compared. Based on FFT analysis
the crystal distribution in the gate stack can be analyzed. Comparison will be made with standard TEM/STEM
imaging and combined STEM-EDS 180º tomography on pillar shaped TEM specimens of similar devices.
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[1]
[2]
[3]
[4]

Lazić, I. et al, Ultramicroscopy, 160, (2016) 265-280.
Lazić, I. and Bosch, E.G.T. Advances in Imaging and Electron Physics 199, (2017) 75-184.
Yücelen, E. et al., Scientific Reports, 8 (1), (2018) 2676.
Lazić, I. et al, Microscopy and Microanalysis, 24 (S1), (2018) 170-171.

Project funded by the Electronic Component Systems for European Leadership Joint Undertaking No
692527.
Measuring polarization induced electric fields in AlGaN/GaN nanowires using nano-beam electron diffraction
and momentum-resolved 4D-STEM
T Grieb1, K Müller-Caspary2, S van Aert3, M Eickhoff1, H Soltau4, A Rosenauer1, J Müßener1, N Gauquelin3, R
Ritz4, M Simson4, P Hille1, J Schörmann5, H Soltau4, and J Verbeeck3
1

Universität Bremen, Germany 2Ernst-Ruska-Centre for Microscopy and Spectroscopy with Electrons,
Forschungszentrum Jülich, Germany 3EMAT, University of Antwerp, Belgium 4PNDetector GmbH, Germany 5I.
Physikalisches Institut, Justus-Liebig University Gießen, Germany
AlGaN/GaN heterostructures are applied in a wide range of applications such as sensing, nanoelectronics
and optoelectronics. Along the polar c-direction, internal electric fields occur induced by piezoelectric
polarization and the difference between the spontaneous polarization of AlN and GaN, influencing the optical
properties due to the quantum-confined Stark effect.
We present the determination of internal electric fields in an AlGaN heterostructure consisting of a 40-stack
of AlN nano discs in a GaN nanowire using 4D-scanning-transmission electron microscopy (STEM): For each
scan point in a high-resolution (HR) STEM image, a diffraction pattern is recorded using the MediPix camera.
A shift of the center of mass (COM) of the intensity distribution in the diffraction patterns can be interpreted
as a transfer of momentum of the beam electrons.
Besides the presence of electric fields on atomic scale, fields are measured on scales larger than unit cells.
This contribution can be separated into electric fields which are caused by the difference in polarization and
those caused by the difference in mean inner potential (MIP) between AlN and GaN layers. The difference in
polarization is determined to 5.3 MV/cm ±1.5 MV/cm which is in agreement with photoluminescence
measurements and field simulations using the nextnano software. The error of 1.5 MV/cm is mainly caused
by the non-vanishing unit-cell averaged component of the momentum transfer along the c-direction which
depends on thickness and which is different in GaN and AlN.
By using nano-beam electron diffraction (NBED), similar measurements were performed by recording the
central 000 disc from the diffraction pattern with the pnCCD (S)TEM camera. This allows to measure the
polarization induced fields with spatial resolution comparable to HR-4D-STEM. Furthermore, it is shown by
means of simulations that the error due to the non-vanishing momentum transfer along c-direction is
significantly smaller compared to the COM method.
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Electron tomography measurement of III-V semiconductor interface roughness
L Nicolai, K Biermann, and A Trampert
Paul-Drude-Institut für Festkörperelektronik, Germany
The comprehensive characterization of heterostructure interfaces plays a key role for the development of
advanced semiconductor devices. In contrast to surfaces, where a variety of methods is available for the
analysis of their topography and chemistry, the possibilities for a detailed characterization of deeply buried
interfaces are limited. Interfaces in semiconductor heterostructures are almost never perfectly atomically flat
and consequently have a certain degree of three-dimensional (3D) extension. Therefore, the interpretation of
two-dimensional projections of those interfaces can be very challenging and even misleading.
In this contribution, it will be demonstrated that electron tomography allows an accurate determination of
the roughness of buried interfaces in III-V multi-layer samples in a quantitative manner. As case study,
(Al,Ga)As Bragg reflector structures providing several interfaces with alternating high and low Al content
grown on GaAs(001) by MBE are investigated to evaluate the methodological capabilities. For the
tomography experiment, well-defined needle-shaped specimens are customized fabricated by focused ionbeam (FIB) techniques allowing full 180° rotation for tilt series acquisition. The needle diameter is adjusted
to obtain a large probe volume with optimized contrast detection during scanning transmission electron
microscopy.
The reconstructed volume is used to create an isosurface for each interface describing its position in 3D
space. Subsequently, the isosurfaces are used to create topographic height maps of the interfaces. These
maps enable new approaches to quantitatively characterize the buried interfaces. It is shown that the
determination of root mean square (RMS) roughness values for areas larger than 100nm x 100nm is
feasible. Furthermore, the tomography results reveal anisotropic features of the interface roughness.
Additionally, it is found that the RMS roughness systematically varies for the growth on (Al,Ga)As layers with
low and high Al content demonstrating the sensitivity of the method. Finally, the topographic maps are
discussed regarding morphological and chemical (intermixing) contributions.
(Invited) Materials for quantum computing: topological insulators
M Luysberg
Research Center Jülich GmbH, Germany
Quantum information technology is considered to overcome the fundamental limits of today's computer
hardware. A promising candidate for the key component of a quantum computer, the quantum bit (qbit), is
the interface between topological insulators and superconductors. Here Majorana fermions are formed,
which are topologically protected and hence promise to compute fault-tolerantly. Both, the development of
suitable topological insulators of high crystalline perfection and a perfect interface to a superconductor are
essential to achieve quantum computing.
In our research we focus on the (Bi,Sb)-Te system, which we grow by molecular beam epitaxy on Si(111). In
general these materials consist of e.g. Te-Bi-Te-Bi-Te layers and possibly Bi-Bi layers, which are bound by
van der Waals forces. Depending on the growth conditions various stoichiometries can be realized, which
result in a different stacking and hence different topological properties. For instance Bi2Te3 shows topological
states on all surfaces, while in Bi1Te1 topological protected states occur only on one face. Onto these layers
superconducting metals such as Al or Nb are deposited. Advanced scanning transmission electron
microscopy and energy dispersive X-rax analyses are performed to study structure and composition across
the topological interface/superconductor interface.
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Design a coherent sampler in scanning transmission electron microscopy to characterize the 2D strain field
in a crystalline material on a large field of view
A Pofelski, S Ghanad-Tavakoli, D Thompson, and G Botton
McMaster University, Canada
Recent developments in strain characterization revealed the possibility to interfere the Scanning
Transmission Electron Microscope (STEM) scanning grid with a crystalline lattice to generate a STEM Moiré
hologram. Features in the hologram embed structural properties of the sample such as a deformation field.
By applying sampling theory, wavevectors from the STEM Moiré hologram are converted into crystalline
wavevectors, that can be used to calculate the 2D strain field using the Geometrical Phase Analysis (GPA)
method. The STEM Moiré GPA (SMG) technique offers the option to directly measure, in STEM mode, the
strain field in a crystalline material over a large field of view (up to a few micrometers in length) [1].
The complexity of the STEM Moiré hologram formation makes the choice of sampling parameters (i.e. pixel
spacing, scanning rotation) non-trivial. In this study, we detail a procedure to choose the sampling
parameters of the STEM scanning grid that optimize the use of SMG for any single crystal material. First, the
coherent interference of the sampling grid with the crystal lattice is simulated to capture the evolution of the
STEM Moiré hologram reflections with different sampling parameters. Then, all sets of suitable sampling
parameters are determined by fixing a minimum distance between reflections, that defines the maximum
resolution for the strain maps. The procedure is tested on an InP/InAsxP1-x/InP sample grown by Molecular
Beam Epitaxy, and results (obtained using STEM_Moire_GPA software [2]) are compared with other strain
characterization methods (Dark Field Electron Holography, High Resolution STEM GPA). Finally, SMG reveals
to be a robust strain characterization technique, capable of simultaneous acquisition of spectroscopy data,
while being easy to apply in any modern transmission electron microscope.
[1]
[2]

Pofelski et al., Ultramicroscopy, 187, 1-12 (2018), doi: 10.1016/j.ultramic.2017.12.016.
STEM_Moire_GPA software, https://github.com/slimpotatoes/STEM_Moire_GPA

Advanced Moiré strain measurement technique using smart scanning strategies
V Prabhakara1,2, D Jannis1, H Bender2, W Vandervorst2, S Bals1, and J Verbeeck1
1

University of Antwerp, Belgium 2IMEC, Belgium

Strain engineering is commonly used to increase device performance of advanced semiconductor
nanodevices. Several TEM based methods have been discussed to analyse the strain with high spatial
resolution. HR(S)TEM with GPA provides good spatial resolution, but is limited in the field of view and thin
samples are required, which could induce relaxation of strained layers. Diffraction techniques like Nanobeam diffraction provide good spatial resolution but the precision is limited by dynamical diffraction effects.
Nano-beam diffraction with precession (N-PED) significantly improves the situation and provides good
precision and high spatial resolution at the expense of added instrumentation complexity. Recently, Bessel
beams were used for diffraction and were shown to provide similar advantages as N-PED with minimal
hardware complexity. Moiré based imaging techniques combine a wide field of view and very high strain
sensitivity.
In this work a new Moiré based strain measurement technique will be discussed based on phase stepping
Interferometry and Quadrature demodulation. A programmable scan engine is used to provide a hybrid
scanning strategy that measures local strain in combination with the free choice of area to sample. Every
point in the image is scanned over a local unit cell, providing local strain measurements in comparison to a
reference region. Nonlinear fitting of a strained model for the unit cell provides the strain parameters for each
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image point independently. Examples of application of this technique to strained SiGe/Ge FinFET structures
will be discussed.
EDS for composition and thickness analysis as well as measurements at elevated temperatures
M Falke, I Nemeth, and R Terborg
Bruker, Germany
We present standard EDS of Si-based and III-V semiconductor nanostructures as well as of III-V-based
nanorods. We also discuss thickness determination using the Zeta-Factor method. If EDS is used for
composition analysis instead of EELS, retrieving the sample thickness from EDS is a valuable addition to
obtainable results. We use element specific Zeta-factors which, once determined relying on one or several
standards for a given data acquisition geometry, allow absorption corrected composition mapping and
thickness retrieval for an unknown specimen investigated in the same geometry. For this the beam current
must be known. Thickness maps can be calculated when calibrating the mass thickness using a density
value, which must be either known or can be estimated from the element composition found by EDS [1].
Furthermore, experiments at temperatures up to1000°C in STEM and SEM will be used to discuss
challenges of in-situ EDS. Heat radiation changes the low energy part of EDS spectra. Still, low energy
element ID and chemical phase analysis are available within certain limits.
One certain request from EDS for many applications, apart from in-situ, is speed. Fast efficient EDS is
achieved using large solid and high take-off angles for photon collection, good collimation and suitable
sample holders. Geometric optimization in combination with high brightness electron sources and aberration
correction allows EDS identification and tracking of single light atoms at low accelerating voltages in STEM
within a few seconds [2]. For in-situ analysis, reaction cell geometry and materials must be considered [3].
Constantly changing data streams demand new ways of data acquisition and processing.
[1]
[2]
[3]

M. Falke et al., Composition and Thickness Mapping Using STEM EDS, Microscopy and
Microanalysis 24(S1) (2018) 764, DOI: 10.1017/S1431927618004312
R. M. Stroud et al. Appl. Phys. Lett. 108 (2016) 163101
T. T. van Omme et al., Ultramicroscopy 129 (2018) 14

Session: In-Situ and In-Operando Microscopy
(Invited) In situ MOCVD growth of III-V nanowires in the Lund ETEM
C Hetherington, D Jacobsson, L R Wallenberg, and K A Dick
Lund University, Sweden
In situ Transmission Electron Microscopy (TEM) studies have successfully imaged growth of III-V
semiconductor nanowires by metal-organic chemical vapour deposition (MOCVD). A newly installed ETEM
(Environmental TEM) in Lund offers enhanced capabilities such as atomic resolution detail, composition
data, multiple precursors and improved control of gas flows. The core microscope is a Hitachi HF3300S
ETEM with cold FEG and imaging aberration corrector. The expanded polepiece gap accommodates
specimen holders that incorporate gas lines, a heating MEMS chip that can maintain temperatures of 700 C,
and a double tilt mechanism. The holder is of the open type and up to 4 Pa of nitrogen may be injected into
the specimen area, or up to 400 Pa if an apertured lid is fitted. The gas handling system (GHS) is custombuilt for 9 different gases, trimethylgallium, trimethylindium, trimethylaluminium, trimethylantimony, arsine,
phosphine together with nitrogen, hydrogen and oxygen. Other equipment includes a fast camera for real-
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time video recording, an X-ray detector for energy dispersive spectroscopy, and a secondary electron
detector that proves especially useful for imaging surface facets in scanning TEM. Residual gas analysers
provide data on the presence of gas species. Studies are now underway on, for example, the gallium content
in the gold seed particle as a function of temperature, or of flow rates of the precursor gases. Where growth
proceeds by one bilayer at a time, it is now possible to measure both the precise time for completion of each
bilayer and the incubation time between those events. We acknowledge financial support from the Knut and
Alice Wallenberg Foundation (KAW), the Swedish Research Council (VR), the Swedish Foundation for
Strategic Research (SSF) via a Research Infrastructure Fellowship and Nanolund at Lund University.
FIB sample preparation for in situ electrical characterization of semiconductor devices in the TEM
R Berthier1, C Nail2, G Molas2, D Cooper2, G Kapun3, and G Drazic4
1

Protochips, USA 2CEA-Leti, 3Jožef Stefan Institute, Slovenia 4Slovenia National Institute of Chemistry,
Slovenia
In this presentation, we will show new ways to perform quantitative measurements in the TEM during in situ
operation of microelectronic devices using the Protochips Fusion™ system. in situ TEM is the most promising
technique to obtain quantitative data at the atomic scale on a functioning device. It can help us
understanding the dynamic mechanisms responsible for their operation. The presented results were obtained
at the Nano Characterization PlatForm (PFNC) at CEA-Leti in Grenoble, France, and at the Centre of
excellence in Nanoscience and Nanotechnology (Nanocenter), Jožef Stefan institute, and National Institute
of Chemistry in Ljubljana, Slovenia.
Sample preparation methods using Focused Ion Beam (FIB) techniques were developed to address the
different challenges emerging from in situ heating and biasing experiments. We will show that high quality
TEM foil containing a singular device can be prepared and connected to the Fusion™ holder in a few hours.
Two samples are presented: first, the preparation method is demonstrated through in situ biasing of a
ferroelectric ceramic sample. Domain walls displacement is observed in the TEM upon the application of an
electric field.
Then, a single Conductive Bridge Resistive Memory (CBRAM) device is prepared using the FIB. in situ
electrical characterization results are compared to conventional ex situ electrical characterization performed
on the same device. Results show that the device connected to the Fusion™ holder was still functioning
properly and could be operated with a precise electrical control. Moreover, Energy Dispersive X-ray
Spectroscopy results show chemical changes in the sample following in situ operation.
We will discuss the developments performed in order to improve the efficiency and reliability of FIB sample
preparation for in situ biasing. These developments allowed to successfully detect changes at the nanoscale
during in situ biasing of complex devices such as resistive memories.
Electromechanical current mechanisms in GaAs nanowires probed by conductive AFM
Y Calahorra and S Kar-Narayan
University of Cambridge, UK
Piezoelectric semiconductors offer unique properties due to the intersection of electromechanical coupling
and the highly tuneable conductivity of semiconductors. In particular, the piezoelectric effect is transient in
nature, i.e. applying pressure to a piezoelectric result in a decaying peak of current, due to free carrier
screening. In comparison, when pressure is applied to a depleted piezoelectric semiconductor, the
polarisation charge is not fully compensated resulting in a steady state electromechanical effect – acting as
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an additional handle to control device conductivity. The above has been coined as the piezotronic effect
when describing the steady state change in current of a piezoelectric diode due to stress.
The commonly studied materials for piezotronics are ZnO and III-N materials and nanomaterials. However,
non-nitride III-V semiconductors are also piezoelectric materials, and their distinct direct band gap and
alloying possibilities make them an attractive research subject for applications relating to optics and fast
electronics in combination with mechanical input, for example sensing or stress controlled light emitting
diodes.
Semiconductor nanowires have been extensively studied in recent decades due to their interesting transport,
optical and synthesis properties. Atomic force microscopy (AFM) has been widely used to examine these
properties, and particularly the mechanical and electromechanical properties of nanowires. For
electromechanical characterisation, conductive AFM is usually used: current is measured while nanowires
are compressed/bended by the tip.
Herein we discuss and discern the different current mechanisms dominating this kind of measurements,
using GaAs NWs under an intermittent contact conductive AFM apparatus. We show three current
mechanisms are present, namely semiconducting (piezotronic), triboelectric (static or contact
electrification), and piezoelectric. We show the experimental setup and measurement sequence required for
distinguishing between the mechanisms, in light of current work published in literature. Overall this work
provides a practical tool for accurate analysis of electromechanical property measurements of piezoelectric
semiconductor nanowires.
(Invited) Measuring electric fields in operando devices by in-situ electron holography
M Hytch1, R Serra2, L Chapuis2, A Masseboeuf2, B Warot-Fonrose2, and C Gatel2,3
1

Centre d'Elaboration de Materiaux et d'Etudes Structurales, France 2CEMES-CNRS, 3 Unversité de Toulouse,
France
Electron holography is an established technique for measuring electric and magnetic fields at the nanoscale.
The difficulty lies in applying the technique on working devices. Samples must be sufficiently thin but also
electrically contacted. We have been developed methods of sample preparation combining FIB, FEBID, chipbased electrical connections and dedicated sample holders for observing working electrical devices [1,2].
Results will be presented of quantitative in-situ electron holography of nanocapacitors composed of Si or Ti
electrodes separated by SiO2 or Si3N4 insulating layers. The electric phase is mapped across the device at
nanometre spatial resolution for different applied biases. Dynamic automation to correct drift during the insitu experiments allows the collection of high quality data [3]. The internal and external fields are modelled
by finite element method and compared with the experimental results. The influence of surface amorphous
layers and beam-induced charging will also be discussed.
[1]
[2]
[3]

L. de Knoop, F. Houdellier, C. Gatel, A. Masseboeuf, M. Monthioux, and M.J. Hÿtch, Micron 63, 2–8
(2014).
J. F. Einsle, C. Gatel, A. Masseboeuf, R. Cours, M. A. Bashir, M. Gubbins, R. M. Bowman, and E.
Snoeck, Nano Research 8, 1241 (2015).
C. Gatel, J. Dupuy, F. Houdellier, M.J. Hÿtch, Appl. Phys. Lett. 113, 133102 (2018).

This work has been carried out in the framework of the MIMETIS project (No. ANR-10-EQPX-38-01)
supported by the French National Research Agency under the "Investissement d'Avenir" program and the
ADVENT project (Grant Number: 16ENG06 ADVENT) which is supported by the European Metrology
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Programme for Innovation and Research (EMPIR). The EMPIR initiative is co-funded by the European's
Horizon 2020 research and innovation programme and the EMPIR Participating States.
In-Situ observation of Σ3 {112} twin boundary motion at atomic resolution in III-V nanowires
J A Gott1, R Beanland1, H A Fonseka1, Y Zhang2, H Liu2, and A M Sanchez1
1

University of Warwick, UK 2University College London, UK

Semiconductor nanowires (NW) are often described as being defect free due to their ability to expel mobile
defects with long-range strain fields. Most defects can be detrimental to electronic properties and so the
device performance. Less than perfect tip regions are formed during the droplet consumption phase of selfcatalysed vapour-liquid-solid grown NWs [1]. The type and occurrence of defects in the tip region of NWs
have been identified using aberration corrected scanning transmission electron microscopy (STEM).
The stability of the defects found has been probed by exposing the NWs to high temperatures in-situ whilst
examining them at atomic scale with STEM. It is found that the type and specific configuration of defect
dictate if and how the defect moves, with a range of velocities observed for different configurations and
temperatures. The defect motion is found to be dependent on size, position, and surrounding environment of
the defect, with the forces behind the motion being relatively large. The geometry of the NW is seen to
be an important factor in how defects move. Examples of defect behaviour are given and range from defects
seen to be completely removed from the system, to some getting trapped from interacting with other defects,
to some which do not move at all. An upper limit to activation energy for the motion of the Σ=3 {112} twin
boundary type defects is found to be around 2eV in GaAsP NWs.
[1]

A.M. Sanchez , J. A. Gott et al., Nano. Lett. 18, 3038 (2018)

In situ transmission electron microscopy observation of solid phase epitaxy of Ge on Fe3Si
M Terker1, B Jenichen2, and A Trampert2
1

Paul Drude Institute for Solid State Electronics, Germany 2Paul-Drude-Institut für Festkörperelektronik,
Germany
The direct epitaxial growth of layer stacks of very different materials as Ge an Fe3Si has been demonstrated
to be quite challenging due to the very different growth temperatures used for the various materials. One
approach to circumvent this basic problem is the application of the so-called solid-phase epitaxy. Here, an
amorphous Ge layer is deposited at low temperature and the crystallization of the epitaxial film is achieved
utilizing subsequent annealing. In this contribution we present highly-resolved in-situ TEM investigations
of the epitaxial crystallization process.
The investigated structure initially consist of an amorphous Ge film of 5 nm thickness that is deposited on an
epitaxial Fe3Si layer grown on lattice matched GaAs(001) by MBE. Cross-sectional TEM specimens were
conventionally prepared by mechanical grinding and Ar-ion beam milling. The TEM specimen is then
transferred to MEMS based heating chip (DENSsolution lightning D9+ holder) by means of a dual-beam FIB
device. The targeted region of interest is cut out using the ion beam without irradiating the area to be
investigated. This hybrid approach facilitates the preparation of very thin cross-sectional samples
without implanting Ga ions.
During in-situ heating of the sample to temperatures above 200°C, the initial crystallization of the
amorphous Ge layer is directly observed starting at the interface to the Fe3Si. Instead of three-dimensional
(3D) nucleation, a 2D layer is developed along the interface. An ordered layer structure is instantaneously
formed during the layer growth. Complementary TEM studies demonstrate the appearance of ordered FeGe2
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– as previously shown in case of solid-phase epitaxy during MBE. We will discuss the principles of
crystallization and phase forming processes by varying the in-situ annealing temperature and applying
supplementary EDX measurements to correlate the structural data with local chemical information.
In-situ transmission electron microscopy annealing for crystallization and phase stability studies in the
Ga2O3-In2O3-Al2O3 System
C Wouters1, T Markurt2, O Bierwagen3, C Sutton4, and M Albrecht2
1

Leibniz-Institut für Kristallzüchtung, Germany 2Leibniz Institute for Crystal Growth, Germany 3Paul-DrudeInstitut für Festkörperelektronik, Germany 4Fritz Haber Institute of the Max Planck Society, Germany
The potential of group-III sesquioxides Ga2O3, In2O3 and Al2O3 as transparent semi-conducting oxides, could
be greatly increased by forming solid solution of them to tune their physical properties over a wide range.
Forming solid solutions is not only technologically important, but also a scientifically interesting problem,
since these compounds have different thermodynamically stable structures (monoclinic, cubic and trigonal
respectively) and the cations have different coordination environments. For the (InxGa1-x)2O3 system, recent
calculations of the phase diagram show rather narrow stability windows with low solubility limits for the
monoclinic (β) and cubic phases at the Ga- and In-rich edges respectively.
In this contribution, we investigate these theoretical predictions by crystallizing amorphous (InxGa1-x)2O3 thin
films deposited on sapphire substrates in situ in an environmental holder in the transmission electron
microscope. The samples were heated up to 1000 °C in different annealing atmospheres. To obtain a clean
and damage free electron transparent lamella, a preparation method based on wedge polishing of the
specimen was used. As a first experiment an amorphous (In0.55Ga0.45)2O3 thin film was annealed in vacuum
(/oxygen atmosphere). In contrast to theoretical predictions, the film crystallized in the cubic structure with
random nucleation of small crystallites starting from T=680°C (/780°C), which increased in size as T
increased. Another (InxGa1-x)2O3 sample with even lower indium content of x=0.33 showed similar results,
while a pure Ga2O3 sample stabilized in the expected thermodynamically stable β-structure.
Theory shows that configurational entropy stabilizes the cubic phase. This is because cations are differently
coordinated in the monoclinic phase, while they are six-fold coordinated in the cubic phase. The formation of
the metastable cubic solid solution could thus be explained by the configurational entropy present in the
initial amorphous phase. This finding is interesting from application point of view since the accessible
composition range of alloys is extended.

18

Session: Lattice Defects in Bulk Materials
Dislocations in semiconductors: atomic structures and dynamic properties
I Yonenaga
Tohoku University, Japan
The increasing miniaturization and large-scale integration of modern semiconductor devices demand
an accurate understanding of structural defects such as dislocations, impurity-defect complexes, etc., which
play a role as essential entities in the device function. Their atomic and electronic structural
characterizations have been the subject of intense experimental and theoretical investigations. Longstanding great efforts using various microscopic imaging methods succeeded in providing structural
information on defects in real space to establish them as misfit dislocations in epitaxy growth. Sometimes
those images are art-like. However, by fickle interests in hot materials, some defect-related phenomena
remain unclear even now, such as the nucleation mechanism of bulk crystal growth. In addition, recent
findings due to the marvelous development of experimental techniques and ab initio calculations have made
established consensuses controversial. For example, there are some puzzles or discrepancies of several
physical aspects on the dislocation dynamics as brittle-to-ductile transition, shuffle-glide set dislocations,
small-large samples, atmospheric-confining pressure, etc. even in Si. Here, several aspects of microscopic
understanding of dislocations and related phenomena as above-mentioned together with impuritysegregation and other topics are comprehensively overviewed.
Two-dimensional polymorphic structure on {111}/{115} grain boundaries in Si
Y Ohno1, H Yoshida2, T Yokoi3, K Matsunaga3, Y Shimizu1, and Y Nagai1
1

Tohoku University, Japan 2Osaka University, Japan 3Nagoya University, Japan

Polymorphism in crystallography means the ability of a solid material to exist in more than one crystalline
form, and the forms differ in physical properties although their chemical components are identical. In this
study, we find two-dimensional polymorphic nanostructures self-organized along Σ9{111}/{115} grain
boundary (GB) in silicon. Their atomistic structure and segregation ability are determined by atom probe
tomography (APT) combined with scanning transmission electron microscopy (STEM) and ab-initio
calculations [1].
A Σ9{111}/{115} GB has a periodic interface structure with a period of 2 nm along the GB, and the GB unit
is composed of Σ9{221}-like and Σ9{114}-like nanofacets involving 2 <110> reconstructed bonds (named
type-I GBs) [2]. Ab initio calculations reveal the GB energy of 0.6 J/m2, that is higher than the sum of the GB
energies of Σ9{221} (0.18 J/m2) and Σ9{114} (0.36 J/m2) GBs, presumably due to the <110> bonds.
The GB unit in type-I GBs is changed by annealing at 1100oC. The GB unit in the annealed GBs is composed
of Σ3{111}-like nanofacets involving 4 <110> bonds, with the period of 2 nm (type-II GBs). Type-II GBs can
be introduced by forming stacking faults of low GB energy (~0 J/m2) on the Σ9{221}-like and Σ9{114}-like
nanofacets in type-I GBs. The GB energy of type-II GBs is estimated to be 0.45 J/m2. Therefore, type-I GBs
change into type-II GBs so as to remove Σ9{221}-like and Σ9{114}-like nanofacets of high GB energy, via
the formation of Σ3{111}-like nanofacets of low-energy, although 2 <110> bonds of high-energy are added
in each GB unit.
APT reveals the oxygen segregation ability of type-I GBs (0.04-0.06 atoms/nm2) and that of type-II GBs
(0.03 atoms/nm2), as expected with our model [1].
[1]

Y. Ohno, et al., J. Microsc. 268 (2017) 230.
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[2]

Y. Ohno, et al., Appl. Phys. Lett. 110 (2017) 062105.

Characterization of Pb0.93Sb0.05S by double aberration corrected STEM
Y Qiu, Q Wang, B Jiang, and J He
Southern University of Science and Technology, China
It is well known that the imperfect structures within the thermoelectric (TE) materials can significantly affect
material’s electrical and thermal transport properties thus the performance of the TE material. The imperfect
structures include grain/phase boundaries of micro/meso-scale; precipitates, twins or stacking faults of
nanoscale; and line or point defects of atomic-scale. Thus the transmission electron microscope (TEM) is
crucial for the investigation. In this work, a double aberration corrected scanning transmission electron
microscopy (STEM) with super X-ray detector (4 detectors) had been used to examine Pb0.93SB0.05S, the
performance of which is very attractive with ZT value reaches ~1.5 at 900 K. There are 2 kinds of
defects were found: 1) conventional line defect with direction parallel or perpendicular to the z direction and
2) the "thicker" defects. The "thicker" defect was investigated with atom resolved STEM and EDX mapping.
The gathered Sb element can be confirmed by the high resolution high angle annular dark field (HAADF)STEM images and EDX mapping with viewing along <110> direction. The interface between matrix PbS and
Sb-rich particles has been characterized as [111] and [200] planes mainly. The interface shows a semimatching coalescence because of the different lattice parameters between matrix PbS and Sb-rich particles.
The different parameters provide the possibility of strong stress around the interface, which probably will
scatter the heat-carrying phonons and result in the depressed lattice thermal conductivity.
Aberration-corrected HRTEM analysis of shockley partial dislocations in GaN
I Vasileiadis1, J Smalc-Koziorowska2, I Belabbas3, and G Dimitrakopulos4
1

Aristotle University of Thessaloniki, Greece 2Polish Academy of Sciences, Poland 3Université de Bejaia,
Algeria 4Aristotle University of Thessaloniki, Greece
Partial dislocations in III-nitrides have concentrated a lot of interest because of their introduction in high
concentrations in certain heteroepitaxial films such as InGaN alloys [1]. The investigation of the atomic
structure of such dislocations could elucidate their influence on the optoelectronic properties and also
contribute to understanding the mechanisms that promote the nucleation of threading dislocations [2].
Shockley partial dislocations that delimit I2 basal stacking faults in GaN were explored using aberrationcorrected high-resolution transmission electron microscopy (AC-HRTEM). The experimental observations were
compared to structural models obtained by molecular dynamics and density functional theory calculations.
The energetically relaxed models of such defects were used as input for HRTEM image simulations at the
pertinent imaging conditions. Emphasis was placed on dipoles of Shockley partials arising from the
decomposition of screw lattice dislocations along <11-20> line directions. For imaging, a slightly negative
spherical aberration coefficient was selected, and a focal series was recorded for each dislocation core. As
GaN is a compound semiconductor, each core configuration may exist in two different polarities, gallium or
nitrogen, and exhibit also glide or shuffle structure. The most prominent models are proposed based on the
results of this analysis.
[1]
[2]

C. Bazioti, et al., J. Appl. Phys. 118, 155301 (2015).
J. Smalc-Koziorowska et al., Appl. Phys. Lett. 108, 051901 (2016).
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Session: Strained Layer Epitaxy and Quantum Wells
(Invited) Preparation and nanocharacterisation of Si-Ge and III-Sb semiconductor heterostructures
I MacLaren
University of Glasgow, UK
In order to optimise the growth of heterostructures, atomic-resolution and few-Å-resolution techniques are
necessary. Specifically in this talk, I will present some of our latest work on the fabrication of Si-Ge quantum
well structures and strained disks, together with work on the growth of III-Sb heterostructures. I will
particularly concentrate on the use of multiple techniques to elucidate the details of strain, layer sharpness,
and defect density, including conventional TEM, scanning TEM imaging and EELS mapping, and atom probe
tomography. In order to prepare high quality specimens for these techniques, focused ion beam preparation
techniques are necessary, and I will also report on recent advances in liftout techniques, including
comparison between Ga-FIB and Xe-FIB preparation, and understanding where and why cryo-FIB preparation
may be necessary.
Origin of the two-dimensional electron gas at the interface between BaSnO3/LaInO3 wide bandgap oxides
M Zupancic1, T Markurt1, M Albrecht1, Y Mo Kim2, Y Kim2, and K Char2
1

Leibniz-Institut für Kristallzüchtung, Germany 2Seoul National University, South Korea

The demonstration of two-dimensional electron gas (2DEG) at the interface between two wide bandgap oxide
materials has lately attracted a lot of interest, both due to the promise to realize novel electronic devices and
because of interesting physical phenomena. In case of the famous prototypical LaAlO3/SrTiO3 system it is
believed that the polar discontinuity and an electronic reconstruction at the n-type LaO-TiO2 interface are the
origin of the 2DEG.
Recently, BaSnO3 was intensively investigated due to its highest electron mobility (~300 cm2/Vs) among
other transparent conductive oxides at room temperature even for a doping concentration of 1020 cm-3.
Similar to the LaAlO3/SrTiO3 case, growing a LaInO3/BaSnO3 heterostructure leads to the formation of a
2DEG. However, its origin remained unclear.
To resolve the atomic origin of this open question we performed transmission electron microscopy (TEM) of
LaInO3/BaSnO3 heterointerfaces. Our investigation revealed that the LaInO3 film, although grown coherently
on the BaSnO3 buffer, consists of approximately 5-20nm wide domains which correspond to the different
90° rotated variants of the pseudocubic unit cell. Surprisingly, the formation of the 2DEG is robust against
interface roughness of several nanometers. Moreover, the cation termination at the LaInO3/BaSnO3 interface
does not seem to affect the situation. Overall, the results raised the assumption that a more fundamental
mechanism independent of the interface chemistry is responsible for the formation of the 2DEG. Analysing
exit wave reconstructions obtained from aberration corrected high resolution TEM focal series we found that
the change of the tilt of oxygen octahedra from the cubic BaSnO3 (no tilt) to the bulk value of LaInO3 (5.5°)
does not occur abruptly at the interface, but occurs gradually along three pseudocubic unit cells in the
LaInO3. We believe that the suppression of octahedral tilt causes an interfacial polarization which in turn
leads to the formation of the 2DEG.
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Effects of well width fluctuations on green InGaN/GaN Quantum Wells grown at different temperatures
B Ding, L Sahonta, M Kappers, and R Oliver
University of Cambridge, UK
InGaN/GaN quantum wells (QWs) are commonly used for light emitting diodes (LEDs) emitting in green and
blue spectral region. However the efficiency of the devices has been reported to fall when the InN fraction
exceeds 25%. The poor crystal quality of high indium content QWs is believed to contribute to this problem.
InGaN is generally grown at temperatures in the range of 700-900 °C, in order to overcome the thermal
instability of InN and to achieve high indium fraction, whilst the optimal growth temperature of GaN is around
1050 °C. In a recent study, an increase of internal quantum efficiency was observed when blue and green
samples of similar QW composition and thickness were grown under higher temperature (the indium
precursor flow being adjusted to compensate the effect of the temperature change). However, the reason of
this change is not very clear.
In this project, 3 green-emitting 5-QW samples, where the indium content was kept approximately the same
but the growth temperature varied, are inspected by cathodoluminescence in the scanning electron
microscope (SEM-CL), atomic force microscopy and transmission electron microscopy (TEM).
CL mapping reveals that as the growth temperature decreases dark patches on the scale of a few
micrometres are seen. They appear very frequently in the sample grown at the lowest temperature and have
well-defined boundaries. CL line scans have been taken across these boundaries showing that the dark
patches emit at a longer wavelength than the brighter areas. A focused ion beam microscope was used to
create cross-sectional TEM samples at the exact locations of the CL line scan on the sample. The dark
patches are observed to have relatively intact quantum wells (QWs) whilst the QWs in the brighter areas
exhibit a high density of gross well width fluctuations (GWWFs).
Ordered structure of FeGe2 formed during solid-phase epitaxy
B Jenichen1, H Kirmse2, M Hanke3, J Herfort3, S Gaucher3, and A Trampert3
1

Paul Drude Institute for Solid State Electronics, Germany 2Humboldt-University Berlin, Germany 3PDI,
Germany
The structures of epitaxial Ge and Fe3Si films on GaAs substrates match well to those of their bulk materials.
However, when a Fe3Si film is used as a substrate for epitaxial growth of Ge, the influence of the Fe3Si
structure on the growing epitaxial Ge film unexpectedly turns out to be stronger and ordering phenomena
occur. These ordering phenomena are induced by the epitaxial growth and were not observed in bulk
material up to now. Recently, we utilized the method of solid-phase epitaxy of Ge in order to achieve a high
crystallinity of the film and superior interface quality. However, the interdiffusion of Fe, Si, and Ge was not
entirely prevented during the annealing process. Therefore the Ge film contained some amount of Fe and Si,
leading to a shift of the x-ray diffraction peak of the Ge(Fe,Si) film and the formation of a superlattice-like
structure inside the Ge(Fe,Si) film. In the present work [1] we investigate the structure of the thin Ge(Fe,Si)
films. We recognize a superstructure in the Ge(Fe,Si) film. On the basis of the Z-contrast of our HAADF
micrographs obtained along the two crystal orientations [100] and [110], we are able to propose a
structural model for the Ge(Fe,Si) film: It is the tetragonal FeGe2 structure with space group P4mm. The
experimental micrographs are compared to structural models and corresponding simulations using the FeGe2
structure. From synchrotron x-ray diffraction we are able to determine the degree of FeGe2 ordering,
investigate ultrathin FeGe2 films on semiconducting GaAs substrates, and study the kinetics of FeGe2
crystallization and ordering.
[1]

B. Jenichen et al., Phys. Rev. Materials 2, 051402(R) (2018).
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(Invited) Strain accommodation in InGaN heterostructures: from epilayers to monolayers
G Dimitrakopulos
Aristotle University of Thessaloniki, Greece
Interfacial phenomena pertinent to the relationship between strain, structure, and composition, are at the
core of compound semiconductor innovation engineering. We hereby discuss the response of InGaN/GaN
heterostructures to the misfit-induced plane stress. The concept of critical thickness is commonly associated
to the introduction of misfit dislocations to relieve elastic strain when slip systems are operating. In wurtzitestructured InGaN, a compositional interplay can become favourable for strain relief during polar epilayer
growth, since there is no resolved shear stress on the primary slip systems. In epilayers with a high alloy
content, compositional pulling leads to delayed strain relaxation that takes place mainly through Shockley
partial dislocations. Shockley partials and I2 type basal stacking faults (BSFs) are normally introduced from
dissociation of a-type threading dislocations (TDs) but can also result from the overlaps and foldings of I1
BSFs formed during growth. In this case, BSF domains act as significant TD sources in the film, and this is
also observed in multi-quantum well (QW) systems. Based on TEM/HRTEM observations, the crystallography
of this nanomechanism is discussed in detail.
QW thickness reduction down to a few monolayers (MLs) has been proposed as a means to incorporate
more indium while avoiding strain relaxation. Short period superlattices comprising such QWs promise
bandgap engineering and topological insulator behaviour. Quantification of the indium content and strain at
ML scale has been performed from HRSTEM observations by comparison with image simulations obtained
from energetically relaxed supercells. For ML-thick QWs, the calculated elastic strain deviates from
continuum elasticity predictions. An experimental correlation between composition and strain was
established.
Acknowledgement: Work supported by the projects: “INNOVATION-EL” (MIS 5002772), funded by the
Operational Program "Competitiveness, Entrepreneurship and Innovation" (NSRF 2014-2020) and cofinanced by Greece and the EU, and HARMONIA UMO-2016/22/M/ST5/00298 funded by the Polish
National Science Centre.
Simultaneous determination of local thickness and composition for ternary III-V semiconductors by
aberration-corrected STEM
P Kükelhan, A Beyer, S Firoozabadi, T Hepp, and K Volz
Philipps University Marburg, Germany
III-V semiconductors are technologically highly relevant and have a large variety of applications. Structural
characterization plays an important role in an interplay with theory and growth to improve actual device
performance.
Quantitative scanning transmission electron microscopy (STEM) is a widespread method for the analysis of
nanostructures, especially composition determination. Absolute composition determination can be achieved
by comparing experimental STEM results to complementary image simulations. For this, the local specimen
thickness has to be known with high accuracy. A common approach is to interpolate thicknesses from
regions with known composition to regions with unknown composition [1]. Additionally, thickness and
composition sensitive electron scattering into different angular ranges can be used to determine both
thickness and composition [2].
Here, we show a method to determine the local thickness and composition of every atomic column from one
STEM image of ternary III-V semiconductors.
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In a simulation study, the feasibility of the method is proven for the example of Ga(As,Bi). Additionally, the
influences of detector range and specimen thickness are investigated. With the knowledge from this
simulation study, we apply the proposed method to an experimental STEM image of Ga(As,Bi)/GaAs grown
by metal organic vapour phase epitaxy. The resulting concentration profile shows excellent agreement with
high resolution x-ray diffraction results but exhibits superior lateral resolution.
[1]
[2]

Rosenauer A et al, 2011 Composition mapping in InGaN by scanning transmission electron
microscopy Ultramicroscopy 111 1316–1327
Müller-Caspary K et al, 2016 Materials characterisation by angle-resolved scanning transmission
electron microscopy Sci. Rep. 6 1–9

Cathodoluminescence study of non-radiative recombination on dislocations in In-rich and In-poor InGaN
QWs emitters
P Perlin1, A Bojarska1, Ł Marona1, J Smalc-Koziorowska1, and S Grzanka2
1
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The “old magic” of nitride light emitters is their insensitivity to the presence of threading dislocations in their
active layers. This fact enabled the fabrication of nitride LEDs on sapphire and consequently helped to
initiate LED light bulb revolution, which shaped the modern lighting technologies. There were two main
hypothesis proposed to explain this experimental observation, first is a carrier localization and the second an
existence of potential barrier protecting the dislocation from carrier penetration. This work may help
differentiating between these two hypothesis by bringing the results obtained on two sets of InGaN laser
diodes structures grown on sapphire (high dislocation density) or on bulk GaN substrates (low dislocation
density). We observe that for longer wavelength devices (higher In content in QWs), the intensity of the
emitted light from both type of structures is nearly the same while for low In content quantum wells , the
radiative efficiency is high only for structures grown on bulk GaN. This finding corresponds to totally different
image obtained by SEM cathodoluminescence. For short wavelength structures all the dislocations are
visible in the CL microphotograph as dark spots while for longer wavelength only around 1% of dislocations
is visible as nonradiative recombination centers. We discuss these results in term of the barrier for nonradiative recombination existing around majority of dislocations.
Al5Si5+δN12, a new Nitride semiconductor
P Vennéguès1, R Dagher2, L Lymperakis3, V Delaye2, L Largeau4, and A Michon1
1
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Silicon plays a major role for the growth of GaN heteroepitaxial layers. In MOVPE, the exposure of the growing
surface to a silane/ammonia flux allows changing the growth mode from 2D to 3D. This induces the in-plane
bending of threading dislocation and their possible annihilation. A high resolution electron microscopy (TEM)
study has revealed that this “SiN treatment” results in the formation of a monolayer thick crystalline GaSiN3
compound. The aim of the present study is to investigate the possibility of obtaining a similar compound in
the case of AlN. AlN heteroepitaxial films are annealed under a silane flux at temperature above 1300°C
and X-ray photoelectron spectroscopy shows a Si surface enrichment. Cross-section corrected-TEM is used
to investigate the atomic structure of these Si-rich layers. These layers, a few nanometers thick, presents an
in-plane triple periodicity and an out-of-plane double periodicity as compared to the AlN wurtzite structure.
Energy dispersive X-Ray spectroscopy shows a composition of 50% of Si and 50% of Al for the cations.
Strain determination using geometrical phase analysis of HRTEM images reveals that the AlSiN layer is
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coherent with the AlN template in-plane whereas the out-of-plane lattice parameter is 3% lower than AlN
one. Based on these experimental observations and on density functional theory calculations, a structural
model is proposed. The obtained structure may be described in regard of the parent wurtzite structure as the
stacking of 2 different planes of N-tetraedra: in the first one, 1/3 of the tetrahedral sites are empty whereas
in the second layer all the tetrahedral sites are occupied by an equal number of Si and Al atoms. To obey the
electron counting rule, a few Si atoms are introduced in the non-occupied tetrahedral sites. High
temperature annealing of AlN under a silane flux allow synthetizing a new semiconductor: Al5Si5+δN12.

Session: Scanning Electron and Ion Beam Microscopy
(Invited) Structural and luminescence imaging and characterisation of semiconductors in the scanning
electron microscope
C Trager-Cowan
Strathclyde University, UK
The scanning electron microscopy techniques of electron backscatter diffraction (EBSD), electron
channelling contrast imaging (ECCI) and hyperspectral cathodoluminescence imaging (CL) provide
complementary information on the structural and luminescence properties of materials rapidly and nondestructively, with a spatial resolution of tens of nanometres. EBSD provides crystal orientation, crystal
phase and strain analysis, whilst ECCI is used to determine the planar distribution of extended defects over a
large area of a given sample. CL reveals the influence of crystal structure, composition and strain on intrinsic
luminescence and/or reveals defect-related luminescence. Dark spot features are also observed where
carrier recombination at defects is non-radiative. The combination of EBSD, ECCI and CL is a powerful tool
for clarifying the role of crystallography and extended defects on materials’ light emission properties.
In my talk I will describe the EBSD, ECCI and CL techniques and illustrate the use of coincident
EBSD/ECCI/CL with results from nitride semiconductor structures. I will discuss our investigations of the
type, density and distribution of defects in patterned polar, semi-polar GaN and in polar AlN and AlGaN, and
I will also discuss the determination of the polarity of GaN nanostructures.
Towards large area semi-automatic phase mapping in semiconducting nanostructures
S Høgås1, J Stene Nilsen1, D Johnstone2, PMidgley3, and A van Helvoort1
1
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Modern microscopes allow automated collection of large data sets for detailed material characterization.
However, specialized analysis strategies are required to utilize the full potential of such data. Here, we
compare three methods of crystal phase mapping, based on scanning precession electron diffraction (SPED)
data comprising of diffraction patterns acquired along a 10 μm long GaAs nanowire containing six axial
GaAs1-ySby superlattices. This nanowire contains zinc blende in two distinct orientations as well as the
wurtzite crystal phase. It depicted room temperate single-mode lasing in the near-IR range [1]. The analysis
methods compared are Non-negative Matrix Factorization (NMF), clustering following dimensionality
reduction using Uniform Manifold Approximation and Projection (UMAP), and template matching. These are
performed using the open-source Python library pyXem [2].
Variations between patterns unrelated to phase or orientation switching, rather than data size, are the
limiting factors when analyzing larger areas. NMF can successfully represent short (ca. 500 nm) segments
into the three expected components. However, for longer segments bending increases the number of
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components needed to describe the data. Splitting the data into smaller, real-space sections can be a
solution and makes more efficient use of computer memory. The cluster approach can also separate the
phases with a reduced reconstruction error compared to NMF. However, correctly handling transition regions
and the need to optimize the clustering parameters make this approach less attractive. Template matching
to simulated kinematic patterns returns both phase and orientation. So far, this method has the best
success rate close to the ZB orientation [110]. Further improvements are required for data with fewer
reflections and to reduce the overall process time.
Relevant for analysis of semiconductor nanostructure and devices, this work demonstrates that large area
SPED data analysis using different methods is within reach.
[1]
[2]

D. Ren et al., Nano Lett.(2018), 18, 2304
www.github.com/pyxem/pyxem

Neuromorphic MoS2 memtransistors fabricated by localised helium ion beam irradiation
J Jadwiszczak1, D Keane1, J Boland1, Y Zhou2, Z Liao3, and H Zhang1
1
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Two-dimensional layered semiconductors have recently emerged as attractive building blocks for nextgeneration low-power non-volatile memories. However, challenges remain in the controllable submicron
fabrication of bipolar resistively-switching circuit components from these novel materials. Here we report on
the scalable experimental realisation of lateral on-dielectric memtransistors from monolayer molybdenum
disulfide (MoS2) utilising a focused helium ion beam.
Site-specific localised irradiation with the focused probe of a helium ion microscope (HIM) allows for the
creation of charged defects in the MoS2 lattice, confining the damaged region to < 5 nm. The
reversible drift of these locally-seeded defects in the applied electric field changes the resistance of the
semiconducting channel, opening up versatile memristive functionality additionally facilitated by
the field effect. The device can reliably retain its resistance ratios and set voltages for hundreds of
switching cycles at sweep frequencies of up to 2.9 V/s. High-resolution Raman and PL spectroscopy
mapping have been employed to reveal the role of mobile defective sites in the switching mechanism of
the device.
Cryogenic charge transport studies down to 1.5 Kelvin have revealed an early onset metal-insulator
transition in the low resistance state of the memtransistor due to the high degree of reversible doping
brought about by the drift of mobile n-type donors. Moreover, we demonstrate long-term potentiation
and depression with sharp habituation that promises rich applications in future neuromorphic architectures,
as well as the ability to tune device conductance by cross-terminal stressing with perpendicular contacts.
This work advances the down-scaling progress of memristive devices without sacrificing key performance
parameters such as power consumption (< 20 nW) or applicability for synaptic emulation. We
exemplify the pertinence of gas ion microscopes to material modification in atomically-thin devices
and demonstrate the utility of controllable dopant implantation by a helium ion beam.
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Helium ion microscopy as a novel probe for complex quantum heterostructures in core-shell nanowires
G Koblmueller1, C Pöpsel2, J Becker2, T Stettner2, M Döblinger3, and L Lauhon4
1
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We demonstrate that scanning helium ion microscopy (SHeIM) provides a powerful and straightforward
method to map the unique material contrast of quantum heterostructures in III-V semiconductor nanowires
(NW) in their native environment with an accuracy at the ~1-nm resolution level. By probing the crosssections of GaAs-Al(Ga)As core-shell NWs with coaxial GaAs or InGaAs quantum wells (QW) [1,2] as well as
short-period GaAs/AlAs superlattice (SL) structures in the shell [3], the Al-rich and Ga/In-rich layers are
accurately discriminated by their image contrast with excellent agreement to correlated scanning
transmission electron microscopy (STEM) and atom probe tomography (APT) methods. Most interestingly,
quantitative He-ion dose dependent SHeIM analysis of the ternary AlGaAs shell layers and of
compositionally non-uniform GaAs/AlAs SLs reveals distinct alloy composition fluctuations in the form of Alrich clusters with size distributions between ~1-10 nm. In the GaAs/AlAs SLs the alloy clustering vanishes
with increasing SL-period (> ~5-nm GaAs/4-nm-AlAs), providing insights into critical size dimensions for
atomic intermixing effects in short-period SLs within a single NW [4]. The small-size alloy clusters correspond
to previously identified sources of quantum-dot like emitters in AlGaAs-based NW shell layers that are
otherwise only detectable by advanced, yet destructive APT methods [5]. Moreover, our SHeIM data also
evidences first indications of atomic segregation at twin-plane defects in the AlGaAs alloy shell system [4,6],
illustrating excellent sensitivity in image contrast at the single monolayer level.
[1]
[2]
[3]
[4]
[5]
[6]

T. Stettner, et al., Appl. Phys. Lett. 108, 011108 (2016)
T. Stettner, et al., Nano Lett. 18, 6292 (2018)
D. M. Irber, et al., Nano Lett. 17, 4886 (2017)
C. Pöpsel, et al., Nano Lett. 18, 3911 (2018)
N. Jeon, et al., ACS Nano 9, 8335 (2015)
N. Jeon, et al., Nano Lett. 18, 5179 (2018)

Contacting nanostructures: Detailed characterization of the Au/Ge/Pd – GaAs nanowire interface
J S Nilsen1, J Huh1, A Mazid Munshi2, B Ove Fimland1, H Weman1, and A T J van Helvoort1
1
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Obtaining ohmic contacts is a crucial step in device fabrication as well as electronic characterization of
semiconductors. Much effort has been put into optimizing planar metal-semiconductor contact formation on
the microscale. However, the question remains if these well-established recipes are transferable to the
nanostructured semiconductors, a key factor for utilization in future applications. In this work, we investigate
if the recipe for Au/Ge/Pd – p-GaAs contacts [1] is suited to achieve ohmic characteristics to nanowires
(NWs) with hexagonal shape. In this contribution, the attention is on the intermetallics formed during the
annealing step. Focused ion beam prepared contact-NW cross-sections are studied using scanning
precession electron diffraction for a semi-automated mapping of the phases formed and their orientation
with nm-scale resolution. The data is analyzed using the open-source python library PyXem [2]. Nonnegative matrix factorization algorithms are used for data reduction prior to crystal phase template matching.
The results are verified with quantitative X-ray energy dispersive spectroscopy analysis using the zeta factor
method in the open-source python library HyperSpy [3]. Due to the geometry of the NWs, the metal stack is
not deposited evenly. The previously reported polycrystalline PdGe structure only forms on the top, horizontal
NW facet. The other facets are either not contacted at all due to shadowing during deposition, or are subject
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to an incomplete solid state regrowth reaction as the uneven deposition and formation of Kirkendall voids
prevents in-diffusion of Ge to dissolve the intermediate Pdx(GazAs1-z)y phase. This deviation from the expected
interfacial structure could explain the Schottky behavior observed after annealing. When contacting
semiconductor nanostructures, the geometry must be considered and new contacting strategies developed.
[1]
[2]
[3]

L. C. Wang et al., Applied Physics Letters 67, 509-511 (1995).
www.github.com/pyxem/pyxem.
F. de la Peña et al., HyperSpy v.1.4.1. Zenodo (2017).

Session: Atom Probe Tomography
(Invited) Optical spectroscopy and atom probe tomography on single semiconductor nanoscale specimens:
from the sequential to the in-situ approach
L Rigutti
University of Rouen, France
Correlating two or more microscopy and spectroscopy techniques on the same nanoscale object may yield a
large amount of information, which would be difficult to achieve by other means. In this contribution, we
present selected studies of micro-photoluminescence (μ-PL), high-resolution scanning transmission electron
microscopy (HR-STEM) and laser-assisted atom probe tomography (APT) performed sequentially on single
nano-objects containing quantum confined systems based on III-V and II-IV materials. This approach can be
applied to the study of heterostructure interface definition, presence of extended defects such as stacking
faults or dislocations, carrier localization and optical emission in quantum confined systems [1-4].
Furthermore, the use of complementary techniques may be extremely helpful for a correct interpretation of
atom probe results and for understanding its limitations in terms of compositional and spatial accuracy
[3,5]. Finally, we will show that the study of PL in situ in an atom probe opens up novel possibilities, such as
the discrimination - with a spatial resolution beyond the diffraction limit - of the optical signal of two
quantum wells (QWs) and the manipulation of the optical signal of color centers by the application of an
electrostatically-induced stress [6].
[1]
[2]
[3]
[4]
[5]
[6]

L. Rigutti et al., Nano letters, 14, 107–114 (2014).
L. Mancini et al. Appl. Phys. Lett., 108, 042102 (2016)
E. di Russo et al. Appl. Phys. Lett. 111, 032108 (2017)
L. Mancini et al., Appl. Phys. Lett. 111, 243102 (2017) and Nano letters 17, 4621 (2017)
L. Mancini et al. J. Phys. Chem. C 118, 24136 (2014).
L. Rigutti et al. Nano letters 17, 7401 (2017)

Correlative atom probe tomography of low angle grain boundaries in high performance multicrystalline
silicon and their response to industrial processing
D Tweddle1, P Hamer2, M Moody1, and P Wilshaw1
1
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The efficiency of high performance multicrystalline silicon solar cells, which currently represent around 60%
of world photovoltaic module production, is strongly limited by the incorporation of impurities. These
impurities, namely transition metals and also light elements such as C, N and O, are present in the feedstock
and can also be introduced by the production environment. These elements are known to segregate to
crystallographic defects, such as dislocations and grain boundaries, which then act as strong recombination
centres. It is believed that the presence of very low concentrations of impurities present at isolated
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microstructural features can significantly affect the electrical properties of the material. Furthermore, the two
key industrial techniques used to reduce the effects of such defects, gettering and hydrogen passivation, are
not completely effective, the reasons for which are not well understood. Improving these techniques, and
hence the efficiency of the material, represents a significant microscopical challenge, as it requires
characterising atomic scale distributions of trace elements in correlation with material performance at
various processing steps.
This study develops a complementary Atom Probe Tomography (APT), Electron Beam Induced Current
(EBIC), Electron Backscatter Diffraction (EBSD) and Photoluminescence (PL) approach to characterise the
chemical and electrical properties of microstructural defects pre and post gettering and hydrogen
passivation. To this end, a novel Focused Ion Beam (FIB) lift-out method which enables correlative
Transmission Electron Microscopy (TEM) and atomic scale APT analysis of large targeted sections of grain
boundaries is presented. Finally, a discussion is given regarding ions with a mass-to-charge-state ratio at
35 Da, which are often seen at recombination active grain boundaries.
Atom probe tomography: toward improved productivity and correlative analysis in the semiconductor
industry
P Clifton1, T J Prosa1, I Martin1, A Merkulov2, and V Delaye3
1
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Key technology advances in the semiconductor industry have been motivated by minimization of feature size
and optimization of process time (money). The combination of these concepts is well captured in the recent
literature by the statement that expectations for data are “as precise as possible” and “as fast as
possible”[1]. While the atom probe tomography (APT) technique has been around for 50 years[2], only
recently there has been substantial effort toward application in the semiconductor industry. One critical
improvement, called for in reference[3], is faster “time-to-knowledge”, which is directly related to improving
“productivity”. With respect to APT, improving productivity can range from removing certain individual user
input requirements up to complete automation of the large processes of specimen preparation, data
acquisition, data analysis, etc. It also means lowering barriers for comparing APT results with other more
traditional and mature characterization techniques. The continuous scaling of feature size, and the challenge
this brings to existing characterization techniques, essentially requires correlative analysis methods.
This presentation shares recent progress made toward improving productivity and time-to-knowledge for APT
using automated and semi-automated analysis features. We conclude with an example of correlating
transmission electron microscopy (TEM) and APT on an InGaAs finFET type test structure and discussing the
requirements for making these comparisons more readily accessible.
This project has received funding from the Electronic Component Systems for European Leadership Joint
Undertaking under grant agreement No 692527. This Joint Undertaking receives support from the European
Union’s Horizon 2020 research and innovation programme and Netherlands, Belgium, France, Hungary,
Ireland, Denmark, Israel.
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P. van der Heide, J. Vac. Sci. Technol. B 36, 03F105 (2018).
E.W. Müller, J.A. Panitz, and S.B. McLane, Rev. Sci. Instrum. 39, 83 (1968).
A.D. Giddings et al., Scr. Mater. 148, 82 (2018).

29

Session: Nanowires and Quantum Dots
(Invited) The microstructure of III-V nanowires and its importance for nanowire-based optoelectronics
H Joyce1, N Jiang2, J Wong-Leung2, H Tan2, C Jagadish2, and M Johnston3
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III–V semiconductor nanowires couple the quasi-one dimensional nanowire geometry with the superior
electronic and optical properties of III–V semiconductors. III–V nanowires therefore show unique promise as
nanoscale building blocks for a multitude of optoelectronic devices with novel and enhanced functionality,
ranging from high efficiency solar cells to ultrafast terahertz photonic devices. Non-nitride III–V
semiconductor nanowires exhibit one particularly interesting property: the ability to crystallise in the wurtzite
crystal phase, rather than the zinc-blende crystal phase that is the stable phase for bulk. By controlling
growth parameters such as temperature and V/III ratio, the crystal structure of III–V nanowires can be tuned
and so-called crystal phase heterostructures can be achieved. The surface facets of the nanowires are
correlated with the internal crystal structure of the nanowires.
The crystal structure and surface facets determine the electronic properties of the nanowires, including the
band structure, defect levels and surface recombination velocity. For instance, the band gap of wurtzite GaP
is direct whereas it is indirect for bulk zinc-blende GaP. The ability to tailor nanowire structure therefore offers
new opportunities for engineering nanowire devices. We study the electronic properties of these structurally
distinct nanowires using optical pump–terahertz probe (OPTP) spectroscopy, a powerful contact-free method
of assessing carrier dynamics at room temperature and on ultrafast timescales. This presentation will discuss
the epitaxial growth of III-V nanowires in novel geometries and crystallographic phases, and the use of OPTP
spectroscopy to study the influence of structure on nanowire electronic properties and to guide the rational
development of nanowire-based devices.
Cathodoluminescence visualisation of local thickness variations of GaAs/AlGaAs quantum-well tubes on
nanowires
A Gustafsson1, N Jiang2, Q Gao2, H Tan2, C Jagadish2, and J Wong-Leung2
1

Solid State Physics and NanoLund, Sweden 2The Australian National University, Australia

Semiconductor nanowires (NWs) have potential applications in a range of devices including light emitting
diodes, lasers and solar cells. The NWs have a large surface-to-volume ratio and can be used to increase the
surface area compared with a two-dimensional substrate. This is especially the case for NWs covered with a
radial quantum well (QW), where the total area of the QW can exceed that of the substrate surface. Due to
their shape, these QWs are referred to as quantum-well tubes (QWTs). The present QWTs are GaAs
embedded in AlGaAs barriers, grown radially around a 4 µm long 50 nm diameter zinc blende GaAs core,
grown in an axial [111]B direction. We have investigated three different nominal QWT thicknesses: 1.5, 2.0,
and 6.0 nm. We present spatially and spectrally resolved emission from NWs of all three QWT thicknesses.
They all show average emission spectra from the QWT with an energy spread corresponding to a thickness
variation of ±30%. We observe no thickness gradient along the length of the nanowires. Individual NWs show
a number of peaks, corresponding to different QW thicknesses. Apart from the thinnest QWT, the total
emission from the QWTs shows homogeneous emission intensity along the NW. The thinnest QWTs shows
patchy emission intensity due to incomplete coverage of the QWT. We observe a few NWs with larger
diameters. The QWTs in these NWs show spatially resolved variations across the NW. The zinc blende
structure has a 3-fold symmetry about the [111] axis which can explain the side to side variations observed
in the QWTs. The QWT is thicker at three specific corners (due to the 3-fold symmetry) and thinner at the
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other three corners. This results in a chevron-like thickness of the QWT, effectively blocking diffusion across
the QWT, enabling us to visualise the thickness variations.
TEM compositional and structural analysis of MBE grown wurtzite (Ga,In)As nanowires with (Ga,Al)As and
Ga(Bi,As) shells
S Kret1, D Janaszko1, S Kryvyi1, A Kaleta1, A Sanchez2, and J Sadowski3
1
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Alloying GaAs with Bi results in a ternary compound with interesting optical properties, due to the important
band-gap reduction and enhancement of the spin-orbit splitting in Ga(Bi,As). We have investigated
distribution and concentration of Al and Bi elements in core-shell nanowires (NWs) containing Ga(As,Bi) and
(Ga, Al)As shells. (Ga,In)As. NW cores were grown on GaAs(111)B substrates by Au-catalyzed vapor-liquidsolid (VLS) grow mechanism. Both core and the shell crystalized mostly in the wurtzite polytype, but cubic
segments were also observed in the upper part of the core. Heterostructures with Ga(Bi,As) shells grown on
{110} side-walls of (Ga,In)As core NWs were investigated in planar and cross-sectional geometry. Crosssection of individual nanowires was performed by focused Ion Beam (FIB). Al and Bi elemental distribution
was studied by EDS and Z-contrast analysis of high resolution STEM images. The maximum bismuth
concentration reaches 4 at% near the interface with the (Ga,Al)As shell and drops to about 2 at % at outer
wall of the shell. Neither bismuth-rich clusters or significant variation out of the random alloy distribution
were observed in the Ga(Bi,As). A segregation model of Bi radial concentration was fitted to experimental
data. We infere that Bi incorporation is more effective in cubic than in wurtzite (Ga,In)As, which implies
preferential segregation of excess Bi as droplets (nanocrystals at ambient conditions) at WZ segments of the
NWs. Moreover, for Al atoms clear segregation on SFs or on short cubic segments with WZ is observed and
quantified. The local high aluminum concentration in the (Ga,Al)As shells introduced isolated misfit
dislocation at interfaces between (Ga,Al)As shell and (In, Ga)As core. Misfit dislocation were also observed
in the BiAu solidified droplet.
This work is partially supported by the National Science Centre (Poland) through grants No..
2014/13/B/ST3/04489, 2016/21/B/ST5/03411 and 2017/25/N/ST5/02942
The structure of MoTe2 and Mo6Te6 layers and nanowires grown by MBE on GaAs substrates
J Sadowski1, S Kret2, W Pacuski1, Z Ogorzalek1, B Seredynski1, and A Kaleta2
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MoTe2 has recently become a material of interest since between several crystallographic phases, e.g. 2H
hexagonal one with several polytypes, a phase with lower symmetry - 1T’, monoclinic one exhibits
topological Weyl semimetal properties [1]. MoTe2 is an interesting case where the switching between
topologically protected 1T’ and topologically trivial orthorhombic phase can be induced by temperature [2].
Moreover it has been noticed recently that 2H MoTe2 can be partially decomposed to topologically trivial
Mo6Te6 phase by high temperature (400 – 500 °C) annealing in the ultra-high-vacuum environment [3]. We
have observed the same occurring during the MBE growth of 1T’ MoTe2 at similar substrate temperatures
range. The emergence of Mo6Te6 phase changes the MBE growth mode from 2-dimensional layer-by-layer to
3D growth of quasi 1-dimensional nanowires (NWs). This transformation occurs repetitively, after the
thickness of 1T’ MoTe2 reaches 4¸5 tri-layers.
We have done thorough TEM investigations of such samples with Mo6Te6 NWs anchored in 1T’ MoTe2 layers.
TEM studies were performed on FIB cross-sections of GaAs/MoTe2/Mo6Te6 heterostructures embedded in the
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epoxy glue. Structure of individual NWs was investigated using holey-carbon grids. The morphology and
structure of interfaces between Mo6Te6, MoTe2 and GaAs substrate were determined by HR-STEM, HRTEM and
EELS. Mo6Te6 NWs have diameters in the range of 5¸15 nm, few micrometers lengths and have well-defined
side walls visible in cross-section as rhomboidal shapes. We observe that 2D MoTe2 layer is loosely
connected to the GaAs substrate however it usually in epitaxial relation to it, and reproduces the substrate
surface roughness.
This work has been supported by the National Science Centre Poland through project No:
2017/27/B/ST5/02284
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J. Jiang, et. al. Nat. Comms. 8, 13973 (2017).
R. He, et. al. Phys. Rev. B 97, 041410(R) (2018).
H. Zhu, et. al. Adv. Mater. 29, 1606264 (2017).

III-V semiconductor nanowire heterostructures grown by metal organic chemical vapour deposition
J Wong-Leung1, I Yang1, C Zheng2, M Lockrey1, C Jagadish1, and L Fu1
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The Australian National University, Australia 2Monash University, Australia

III-V semiconductor nanowires are of interest for applications in optoelectronics, microelectronics and
thermoelectric devices. III-V nanowires can be grown (a) by vapour-liquid-solid growth using a catalyst
particle like Au and (b) by selected area epitaxy (SAE) using no catalyst particle but uses a patterned
substrate as growth templates.
In this presentation, we will report recent results from SAE grown InGaAs nanowires and InP/InGaAs
quantum well heterostructures. (111)A InP wafers and (111)B GaAs wafers were used as substrates for
InP/InGaAs and InGaAs nanowire growth respectively. Scanning electron microscopy was performed to
assess the size of the openings prior to growth (which determines the nanowire diameter) and the
morphology of the nanowires after growth. Optimised nanowires were selected for cathodoluminescence
studies and transmission electron microscopy studies.
For the InP/InGaAs nanowire heterostructures, both cross-sectional and plan view sections were prepared by
focused ion beam (FIB) methods. Transmission electron microscopy analysis of the nanowires was carried
out to determine the crystal structures and the growth of the heterostructures in the axial and radial
directions. Aberration corrected scanning transmission electron microscopy on the quantum well structures
reveals distinct differences in crystal structure between the quantum well (InGaAs) and InP barrier layers. The
interface of InP grown on InGaAs appeared to be more diffused compared to InGaAs grown on InP. Both axial
and radial heterostructures were carefully examined.

Session: Doping Studies by Microscopy
(Invited) Investigation of doping and alloy composition in III-nitrides thin films from atom probe tomography
and EDX spectroscopy
C Bougerol1, L Amichi2, A Grenier2, P-H Jouneau2, E Robin2, and D Cooper2
1

CNRS, France 2CEA, France

The enhancement of the performance of advanced nitride-based optoelectronic devices requires the fine
tuning of their morphology and composition as well as the control of the doping. In that context, Atom Probe
Tomography (APT) has emerged as a reliable chemical analysis technique as it provides the direct
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measurement of the chemical composition of the analyzed material together with the 3D distribution of the
atoms in a tip-shaped specimen with hundred-nanometer diameter. Moreover, combining APT with other
characterization methods such as EDX, Electron off-axis holography or Photoluminescence (PL) enables first
to overcome some artefacts inherent to the technique but also permits to correlate the structural and
chemical features with electrical and/or optical properties of nanometer size objects.
The presentation will be devoted to the case of doping. In the last years, we have successfully applied APT
and EDX for studying both n-type (Ge) and p-type (Mg) doping of (Al)GaN layers grown by MBE and MOCVD,
respectively. Besides providing the average doping level, APT has allowed us to detect the presence of
dopants’ clusters as well as the dopants’ diffusion in adjacent undoped regions or dislocations depending
on the growth conditions. Moreover, it has been possible to access to the dopant concentration in the
clusters as well as in the matrix around them. From these data, the concentration of dopants which could
potentially participate to the electrical activity has been estimated. Complementary analyses have been
carried out by off-axis electron tomography and will be briefly mentioned.
Detection limit of dopants in silicon crystalline by TEM
K Fukunaga, N Endo, and Y Kondo
JEOL Ltd., Japan
Transmission electron microscope has been equipped with detectors for elemental analysis such as an
energy dispersive spectrometer (EDS) or an electron energy loss spectrometer (EELS). Recently, the
detection sensitivity of the EDS is drastically improved by developments of detector having large sensing
area, the use of multiple detectors for a sample and the optimized detector arrangement around the sample
in TEM. On the other hand, for developing new semiconductor devices, the measurement of dopant
concentration is craving for the industries. Even for failure analysis, which needs to be quick, it has come up.
In this work, we explore the limit of detection (LOD) for the dopants in silicon crystalline.
We have measured the LOD of As in Si by 200 kV field emission TEM (JEM-2800, JEOL) with a modern EDS
system, where two 100-mm2-sized detectors were installed. The LODs were estimated to be 30 ppm (1.5x
1019 atoms/cc) when As-Kα line was used and 70 ppm (3.5 x 1019 ) when As-L lines were used with
measuring time around one hour. When multiple peaks appear in the spectrum such as K and L lines, the
detection limit becomes smaller when using characteristic X-ray with smaller background. The measured
values were calibrated with the results of a depth profile for the same Si wafer by secondary ion mass
spectrometry (SIMS). These values have reached the range of the practical concentration required in the
semiconductor devices.
Naturally, the LOD reduce with further signal collection by increasing the acquiring time and probe current.
However, it is limited by allowed measuring time, and is limited with contamination and beam damage of the
sample. Thus, the treatment of the sample with a plasma or ion cleaner before testing the sample is
absolutely effective in practical measurements.
Dopant mapping using advanced STEM/EDX techniques
R Makarem1, P-F Fazzini2, and F Cristiano3
1

INSA, France 2LPCNO/INSA, France 3LAAS-CNRS, France

One of the key issues for the miniaturization of semiconductor nanodevices is the precise control of their
doping. Today, the doping spatial distribution must be controlled with a precision higher than 1 nm while
atomic concentrations below 1% have to be measured. This calls for the use of high resolution techniques
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such as scanning transmission electron microscopy (STEM) associated with Energy Dispersive X-ray
spectroscopy (EDX).
Measuring low concentrations with STEM/EDX requires a high signal-to-noise ratio. This is difficult to obtain
since probe current normally decreases abruptly when small probe sizes are used. In addition, the
quantification of the results represents one of the most critical steps of the analysis. Different physical
phenomena occurring between the X-ray emission and the EDX detection must be taken into account since
the artifacts and parasites can have a significant impact on the final result. Both issues must be addressed
at the same time.
In this work, we address both issues to successfully apply STEM/EDX for the investigation of dopant mapping
in advanced nanodevices. First, we use a cold FEG, Cs-corrected electron microscope (JEOL ARM) equipped
with a high-collection angle EDX detector to obtain atomic resolution with high probe currents. Moreover, we
have developed an auto-consistent approach to take into account specimen absorption. This technique has
been applied to dopant mapping in FinFET and concentration measurement in ultra-thin SOI/SiGeOI. In the
case of dopant mapping the measurement error has been estimated by using Rutherford back scattering
measurements.
(Invited) Exploration of doping atoms in semiconductors at the atomic scale
P Koenraad
Eindhoven University of Technology, The Netherlands
Already in the early days of semiconductor physics it was clear that impurities, or better doping atoms, play
an essential role and deserve full attention. This fact is still valid at present where novel devices and
materials are only possible through an accurate understanding of and control over doping atoms. For
instance we are now able to create devices where its functionality is determined by just one single impurity
[1]. In this contribution I will present recent work performed in my group where we have used two techniques
that allow for an atomic scale exploration of doping atoms in semiconductor nanostructures. Firstly I will
discuss Scanning Tunneling Microscopy (STM) which we have used to study isoelectronic impurities like B, Bi
and N in a range if III/V materials. I will show that this technique allows studying the local structural
deformation near single iso-electronic doping atoms and visualising the electronic structure of them [2]. STM
also allowed analyzing correlations in the spatial distribution of various iso-electronic doping species and
identifying the compensating defects in strongly doped materials [3]. Secondly I will present Atom Probe
Tomography (APT) as another technique that we have used to study the incorporation and distribution of
doping atoms at the atomic scale in semiconductor nanostructures. I will focus on doping in III/V nanowires
and show the unique prospects of APT for such an exploration [4]
[1]
[2]
[3]
[4]

P.M. Koenraad and M.E. Flatté, Nature Materials 10, 91 [2011]
R.C. Plantenga et al., PRB 96, 155210 (2017)
C. Krammel et al, PRM 1, 034606 (2017)
S. Kölling et al, Nano Letters 17, 599 (2017)
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Session: Advanced Devices
(Invited) TEM investigations of gate-all-around nanowire devices
P Favia1, H Arimura1, E Capogreco1, G Eneman1, H Mertens1, and A Hikavyy2
1

IMEC, Belgium

Vertically stacked gate-all-around nanowires (GAA NWs) are considered as the promising architecture for
ultimately scaled CMOS devices. They are the natural evolution of the finFET design and enable a better
electrostatic control and a higher drive current per footprint w.r.t. previous architectures [1].
TEM analysis in different modes is key in most steps of the development of the process flow of GAA NWs. The
fabrication of these advanced devices consists of the following steps: Si/SiGe multilayer epitaxial growth, fin
patterning, shallow trench isolation filling, dummy gate patterning, spacer formation, source/drain epitaxial
growth, dummy gate removal, wire release and metal gate fill. Morphology and chemical analysis are
important at all steps but particularly in the earlier and final stages of the manufacturing process: a) after
Si/SiGe epitaxial growth to investigate interfaces sharpness and the eventual Ge diffusion in the Si layer; b)
after the sacrificial layers etching to monitor the desired nanowires shape and size.
Strain along the nanowire is a key parameter: how does it evolve from the multilayer epitaxial deposition
through wire release and metal deposition? Measuring strain along the nanowires at the end of processing
is particularly challenging due to the overlap of the nanowires with the metal and special care needs to be
taken in the TEM lamella preparation.
This work focuses on the answers that TEM investigations provide and on the challenges that such analyses
involve at some of the most critical steps of the process flow.
[1]

K. J. Kuhn, Trans. Electron Devices, vol. 59, no. 7, p.1813, 2012

Dynamics of tuneable defect-rich grains in organic-inorganic halide perovskite films
S Macpherson1, A Winchester2, K Galkowski1, E Tennyson1, T Doherty1, M Anaya1, C Petoukhoff2, M Man2, K
Dani2, and S Stranks1
1

University of Cambridge, UK 2Okinawa Institute of Science and Technology Graduate University, Japan

The photovoltaic performance of world-leading organic-inorganic halide perovskite (OHP) solar cells remains
limited by defective electronic states, which introduce non-radiative recombination pathways for charge
carriers. In OHP thin films, it is emerging that surface defects are those most prevalent and thus have the
largest impact on luminescence and device efficiency.
Here, we employ a state-of-the-art photoemission electron microscopy (PEEM) setup to map local surface
defect states on triple cation, mixed-halide perovskite ((CsFAMA)Pb(I0.83Br0.17)3) films with 30 nm spatial
resolution. We detect a nanoscale population of defective grains which exhibit significant photoemission
from intraband trap states. Integrating PEEM with time-resolved pump-probe spectroscopy enables
monitoring of the rate and intensity of hole trapping into these defect sites. Confocal photoluminescence
maps of fiducially marked sites show a clear anti-correlation between areas of high photoluminescence
intensity and the locations of defect-rich grains. We have previously shown the incorporation of potassium
halides to increase substantially the luminescence yields of the perovskite films, by reducing surface defect
density.
In this work we utilise light treatments in a variety of atmospheric conditions to gain control of the surface
trap distribution. With PEEM, we observe the creation of defect states during in situ illumination of the
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perovskite, in ultra-high vacuum conditions. Conversely, illumination in a dry air environment leads to a
tuneable suppression of the photoemission from defect-rich sites. We show that the photoluminescence
heterogeneity previously reported for perovskite films is inherently linked to the distribution of these
nanoscale defects and can be similarly controlled.
Finally, we apply Kelvin probe force microscopy (KPFM) to elucidate the nature of the defect-rich grains and
reveal nanoscale variation in work function, namely local n-type regions which retain a prominent intraband
density of states.
Fabrication of vertically arrayed Si/InP core-shell nanowire heterojunction based solar cell using MOCVD
B Pal, K Jyoti Sarkar, and P Banerji
Indian Institute of Technology Kharagpur, India
We fabricated vertically arrayed Si/InP core-shell nanowire heterojunction solar cell. Silicon nanowire (SiNW)
arrays were prepared by room temperature metal assisted chemical etching method of a boron doped p-type
Si (100) wafer using silver nanoparticle whereas n-InP layer as a shell was deposited onto the SiNW arrays
by atmospheric pressure metal organic chemical vapor deposition to obtain core-shell radial heterojunction.
A ~150 nm transparent conductive oxide layer was deposited on top of the n-InP layer by pulsed laser
deposition. The morphology of the heterostructure was characterized by scanning electron microscopy,
energy-dispersive x-ray spectroscopy, and high-resolution transmission electron microscopy (HRTEM).
HRTEM images confirm the formation of Si/InP core-shell radial NW heterostructure. The average length and
diameter of the combined Si-InP nanowires are found to be ~12 µm and ~240 nm, respectively. The coreshell radial heterojunction solar cell on nanowire arrays also provides great improvement of the performance
in comparison with conventional geometry planar p-n junction solar cell. In studies of reflectance
spectroscopy measurement show higher absorption of visible photons compared to scattering losses. From
the photovoltaic current-voltage measurement the device is found to provide a conversion efficiency of
4.76% under 1.5 solar spectrums (100 mW/cm2) at room temperature. Our finding provides new insights
into the fabrication of Si/InP core-shell NW heterojunction which can have potential applications in
nanoscale devices on Si platform for photovoltaic application.
Imaging the local optoelectronic response in high-performance, textured perovskite/Si tandem solar cells
E Tennyson1, K Frohna1, Q Jeangros2, T C-J Yang2, F Fu2, J Werner2,3, C Ballif2, and S Stranks1
1

University of Cambridge, UK 2Ecole Polytechnique Fédérale de Lausanne, Switzerland 3University of
Colorado, USA
The encouraging economic prospects of solar energy has been primarily driven by the increase in powerconversion efficiency (η) of Silicon solar cells as well as the rapid reduction in production costs, where prices
are projected to be as low as 20-30c/W in the upcoming years. However, solar energy adoption must
accelerate faster to mitigate the consequences of climate change, thus, the need to cut costs of
photovoltaics (PV) further, persists. A promising path forward is to fabricate multi-junction solar cells, where
a layer of another semiconducting material is coated on top of Silicon, boosting the amount of solar energy
harnessed. Metal-halide perovskites are the ideal candidate for the task, as they have high η along with
tunable optoelectronic properties. The perovskite bandgap can be adjusted to match the theoretical optimal
one, of 1.81 eV for a four-terminal device, by altering the constituent elements within the material’s
composition. To date, the maximum perovskite/Si tandem solar cell has reached a remarkable η=28%, yet
to reach the desiderate η=30%, light-management optimisation is necessary. State-of-the-art multi-junction
devices are textured with micron-sized pyramids that are currently designed in size and shape for enhanced
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photon coupling for single-junction Silicon solar cells, and not the full perovskite/Silicon stack. Thus, it is
likely that a new texturing architecture is required to attain maximum η. To understand how the micron-sized
constructs influence performance, we map the local optoelectronic properties for samples with variable
charge transport layers and texturing schemes. For this, we implement wide-field hyperspectral
photoluminescence and optical (reflection/transmission) imaging to acquire maps of both the emission and
absorption, respectively, with ~500 nm spatial resolution on a range of perovskite/Si tandem solar cells. By
visualising these optoelectronic properties, we reveal heterogeneous emission/absorption distributions with
simultaneous bandgap segregation. Moving forward, we provide suggestions for improved light capturing to
enhance performance.
(Invited) Field mapping in semiconductor materials by off-axis electron holography and other techniques
D Cooper1, V Boureau2, L Amichi2, and J-L Rouviere2
1

CEA LETI, France 2Université Grenoble Alpes, France

We will present results obtained by off-axis electron holography and diffraction based techniques for
measuring the fields in semiconductor materials with nm-scale resolution. Off-axis electron holography has
been used for measuring the electrostatic potentials and strain fields in a range of different materials, such
as for measuring the activity of dopants in Si CMOS devices, Mg doping in GaN for tunnel junction
applications and the magnetic potentials around MRAM specimens for memory devices. To improve the
signal to noise, large stacks of holograms have been summed and to achieve spatial resolutions of better
than 1 nm, double exposure holography has been performed. We will demonstrate that by using these
approaches it is now possible to measure the piezoelectric fields in 2-nm-wide InGaN QW devices.
In addition, differential phase contrast and electron diffraction (4D STEM) have also been used to obtain
maps of the electric fields and the deformation in the same devices. Here the shift of the centre of mass of a
transmitted beam is mapped by using either a segmented or a fast CCD detector. Dynamical diffraction
leads to inaccurate results when using these techniques and precession has been used to reduce these
problems.
In this presentation, all of the different approaches for measuring fields will be compared and the
advantages and disadvantages of each will be discussed.
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Poster Session 1
P1.1. Analytical scanning transmission electron microscopy of monolayer thin embedded semiconducting
layers
T Walther
University of Sheffield, UK
The University of Sheffield has recently acquired and installed a JEOL F200 FEG-STEM with double X-ray
detectors that yield a combined collection angle of 1.7srad. It will be shown how this improves the statistics
of X-ray mapping, enabling the detection and quantification of the atomic occupancy of semiconducting thin
films consisting of single monolayers. Examples will include
1. a P- and B- co-doped tilt grain boundary in Si,
2. insertion of a fractional Al-occupied monolayer during the growth of InGaAs quantum dots by
molecular beam epitaxy.
P1.2. Influence of 2s Bloch wave state excitation on STEM-HAADF intensity and how it affects analysis in
ordered alloy structures
C Wouters1, T Markurt2, E Rotunno3, V Grillo3, and M Albrecht2
1

Leibniz Institute for Crystal Growth, Germany 2Leibniz Institute for Crystal Growth, Germany 3CNR-NANO,
Italy
It is a well-accepted fact that the 1s Bloch wave states and the short-range channeling dominate the
propagation of the STEM electron wave function through a crystal lattice in zone-axis imaging. In this work,
we combine Bloch wave and multislice investigations of a STEM electron probe to demonstrate that the
excitation of 2s Bloch wave states can make an important contribution to the electron wave function as well
as the resulting HAADF-STEM intensity. Simulations on isolated atomic columns show that there exists a
threshold in average atomic number from which the 2s state is excited, and that it produces, just like the 1s
excitation, a wave function oscillation due to interference with the unbound states. This wave function
oscillation reflects on the HAADF intensity, where long-wavelength oscillations persist up to large
thicknesses. Especially significant is the extra intensity gain around the first beating wavelength period
(typically at a few tens of nm). An important consequence of this effect arises for STEM contrast analysis of
alloys that consist of a mixture of elements with atomic numbers above and below the excitation threshold,
such as InGaO3, InGaN or AuCu3. For the disordered alloy, the average intensity is systematically higher by a
few % than for the ordered alloy with the same average composition, with the divergence in intensity starting
from specimen thicknesses >≈40nm. This hinders reliable compositional quantification for these kinds of
materials systems, which is usually performed in this thickness regime. On the other hand, it can be
exploited to estimate the degree of long-range order in alloyed material systems of known composition. A
parabolic relation is found between the long-range order parameter of the alloy and the STEM-HAADF
intensity at large thicknesses.
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P1.3. Comparison of different ways to evaluate amount of interfacial excess atomic density from atom probe
tomography data
T Walther
University of Sheffield, UK
Grain boundary segregation is an important phenomenon both in metallurgy and semiconductor technology.
For comparison between different experimental methods as well as for setting up appropriate
computer models for atomic-scale simulations it is important to measure the interfacial excess of atoms
segregated to grain boundaries or incorporated at interfaces between thin films highly accurately.
Some recent studies by tomographic atom probe tomography claim to have measured the interfacial excess
of atoms segregated to grain boundaries with ultra-high precision, down to 0.01 [1] or 0.02 [2]
atoms/nm2 although the experimental scatter from repeated measurements is typically 1-2 orders of
magnitude higher, cf. figure 4 in [3].
This study critically evaluates these claims, evaluating compositional profiles of simulated interfaces in three
different ways, namely by
1. standard line profile integration,
2. the ladder approach developed by Krakauer & Seidman [4],
3. the conceptEM approach developed originally for TEM [5] and STEM [6] by the author.
[1]
[2]
[3]
[4]
[5]
[6]

M Herbig, M Kuzmina, C Haase, RKW Marceau, I Gutierrez-Urrutia, D Haley, DA Molodov, P Choi, D
Raabe. Acta mater 83 (2015) 37-47
Y Ohno, K Inoue, K Fujiwara, K Kutsukake, M Deura, I Yonenaga, N Ebisawa, Y Shimizu, K Inoue, Y
Nagai, H Yoshida, S Takeda, S Tanaka, M Kohyama. Appl Phys Lett 110 (2017) 062105
M Herbig, D Raabe, YJ Li, P Choi, S Zaefferer, S Goto. Phys Rev Lett 112 (2014) 126103
BW Krakauer, DN Seidman. Phys Rev B 48:9 (1993) 6724-6727
T Walther. J Microsc 215:2 (2004) 191-202
T Walther. J Microsc 223:2 (2006) 165-170

P1.4. Hydrogen passivation of N:GaAs studied by cross-sectional scanning tunneling microscopy
D Tjeertes, A Gonzalo, J M Ulloa, M S Sharma, M Felici, F Biccari, M Gurioli, and P M Koenraad
Eindhoven University of Technology, The Netherlands
Introduction of a few percent N in GaAs causes a large reduction of its bandgap. This effect can be
passivated by post-growth introduction of hydrogen into the material, the bandgap will then return to the
value of N-free GaAs. Hydrogen is incorporated in the material in the form of two different NH-complexes, N2H and N-3H. N-2H is responsible for the restoration of the bandgap, while N-3H influences the strain in the
material. These NH-complexes can be removed again by annealing the samples either above 250C, to
remove the N-3H, or 330C, to remove the N-2H. The complexes can also be removed at a local scale, either
by laser irradiation or scanning near-field microscopy. This completely reverses the effects of the passivation,
which allows for the creation of nano-structures such as quantum dots and nano-wires. With cross-sectional
scanning tunneling microscopy we have been able to directly study the NH-complexes at the atomic scale for
the first time. Cross-sectional scanning tunneling microscopy was performed on various hydrogen passivated
N:GaAs samples. We classified three features, two of which have never been seen before on non-passivated
N:GaAs. The first feature is a N atom adsorbed on the surface. The other two are related to NH-complexes,
which can be switched or modified by local voltage pulses. We discuss a number of possible lattice
configurations of these features based on crystal-symmetry arguments.
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P1.5. In-situ TEM thermal annealing and growth investigations of III/V semiconductor materials
M Widemann, R Straubinger, D Krug, A Beyer, and K Volz
Philipps-Universität Marburg, Germany
III/V semiconductors are used for many technical applications, like for example LEDs, lasers and solar cells.
A widely used fabrication process of these materials is metal organic vapor phase epitaxy (MOVPE).
However, structural investigations of the samples are usually carried out post growth. In-situ studies of the
growth process promise an improvement of the performance of the fabricated materials. In-situ (scanning)
transmission electron microscopy ((S)TEM) allows to investigate dynamic processes, which occur during the
thermal annealing or the growth of III/V semiconductors. However, these studies come along with several
problems, like the evaporation of the group V compound at elevated temperatures. Gas environmental cell
and heating holders enable to supply gases while heating the sample, so that conditions comparable to
those during the MOVPE process can be realized.
To this end a commercially available Protochips in-situ system has been modified. In order to allow usage of
toxic and pyrophoric gases, like the precursor gases used in MOVPE growth, a gas mixing system, an
appropriate gas monitoring system as well as a gas scrubbing system have been added. A sample
preparation technique is necessary, which allows a safe transfer of a microscopic and electron transparent
sample into a gas environmental cell holder. This is given by the focused ion beam (FIB) lift out technique
and was performed in a JEOL JIB-4601F dual beam system. A double CS-corrected JEOL JEM 2200FS
operating at 200 kV was used for the TEM observations.
With the modified in-situ system, experiments have been performed supplying tertiarybutylphosphine,
investigating the behavior of III/V semiconductor heterostructures during post growth rapid thermal
annealing under atomic resolution conditions and group V stabilization. Moreover, first experiments
investigating the growth of III/V semiconductors have been carried out. We will summarize our current
progress on investigating such annealing and growth processes using in-situ (S)TEM.
P1.6. 3D reconstruction of chiral photonic metasurface patterned in monocrystalline silicon
O Rogov, A Kondratov, M Gorkunov, V Artemov, and R Gainutdinov
Russian Academy of Sciences, Russia
The necessity to characterize the material microstructure in three dimensions (3D) has grown under
increasing demand for versatile composite materials. Precise adjustment of the fabrication routines requires
the knowledge of the resulting structure and poses new challenges for the 3D shape reconstruction
techniques. Numerical simulations of the processes occurring on the submicron scale rely on the knowledge
of the 3D material structure. To take advantage of such simulations, one needs precise 3D models that are
barely achievable with the focused ion beam (FIB) tomography alone.
We report a 3D reconstruction of chiral silicon metasurface: a 4-fold symmetric square lattice of twisted
crosses with a period of 370 nm patterned by FIB within circular areas of 68 μm in diameter in a
monocrystalline 300 nm thin silicon-on-sapphire layer. Since FIB milling degrades optical transmission in
the visible, the patterned silicon is annealed and its optical properties are restored. Optical studies indicate
the exceptional optical properties of the metasurface combining strong chirality with visible transparency,
and suggest that its performance can be further improved by eliminating the light scattering on the
annealing-caused imperfections.
The metasurface shape reconstruction is carried out by a combination of microscopic techniques and
specially developed numerical image processing algorithms. The metasurface relief topography is acquired
by the AFM in the tapping mode. FIB tomography is used to acquire series of SEM images of the cross-
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sections with a 10 nm step. SEM- and AFM- images are then processed with a numerical routine employing
a subtraction of the AFM tip radius, noise reduction, and averaging over all unit cells and their 4-fold
rotations.
Finally, a ‘simulated annealing’ numerical routine is developed that reproduces the real patterned silicon
oxidation and allows for virtual adjustment of the FIB parameters (e.g. the dwelltime or milling order) to
achieve the desired nanostructure shape.
P1.7. Ion Auger electrons contrast on cross-beam systems
A Pereyaslavtsev1, and A Vatopedsky2
1

Federal State Unitary Enterprise, Russia 2FSUE VNIIA, Russia

Interaction of medium-energy ions with the surface of a solid leads to a number of secondary effects, one of
which is Auger electron radiation. The ionization of the inner shells of target atoms proceeds through a
quasimolecular mechanism. The formation of vacancies can lead to both symmetric Al-Al and to asymmetric
Ion-Al collisions. Ion-stimulated Auger radiation can be realized by any ions whose energy exceeds the
threshold for the formation of vacancies. The greatest contribution is made by symmetric collisions,
therefore, for an aluminum target 2.5 times, it is possible to assume a difference in the signal power of the
surface (Al2O3) and the base material (Al). In addition, atomic-like peaks in the process of ion stimulation
have a much greater signal-to-background ratio than their electronically-stimulated counterparts.
Dependence of the image contrast with electronic excitation and negative displacement of the ET-collector,
there are no differences in the signal of the surface and the base material, whereas for ionic excitation and
zero displacement we have a pronounced dependence of the difference in the coefficients of secondary
electron emission. When a negative bias is applied, the contrast is reversed and the fraction of Auger
electrons in the integral spectrum is increased. The bias supply to the ET-collector is similar to an energy
filter that changes the zero position of the kinetic energy scale. Thus, the change in contrast is directly
related to the increase in the fraction of Auger electrons. This approach allows us to use an alternative
method of contrast, which has an increased sensitivity to the chemical environment of atoms.

P1.8. Multimode scanning near-field optical microscopy applied on nonpolar InGaN/GaN quantum wells
S Marcinkevicius
KTH Royal Institute of Technology, Sweden
InGaN/GaN quantum wells (QWs) form active regions in GaN-based light emitting and laser diodes operating
in the visible spectral range. These QWs experience large band potential fluctuations that induce carrier
localization, broaden emission spectra, and affect recombination dynamics and diffusion. To study these
effects, we have developed a multimode scanning near-field optical microscopy (SNOM) technique that
allows simultaneous measurements of photoluminescence (PL) spectra, PL dynamics and polarisation.
Applied on single m-plane InGaN/GaN QWs, the multimode SNOM revealed several novel effects. First, not
only the nonradiative but also radiative carrier lifetimes were found to be spatially nonuniform. The latter
observation was assigned to electron and hole localization at different sites. Second, polarization-resolved
SNOM allowed establishing the origin of the localized states and dispersion of the conduction and valence
bands. In addition, SNOM investigations demonstrated an anomalous narrowing of the emission linewidth
with increased temperature, which was explained by the carrier redistribution between localization minima.
Finally, mapping of the PL dynamics and time-integrated PL intensities in illumination and illumination-
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collection modes enabled to evaluate components of the ambipolar diffusion coefficient. The latter were
found to be highly anisotropic, possibly, because of the anisotropy of the top-most valence band.
P1.9. Cathodoluminescence spectroscopy of core-shell nanowire heterostructures
J Lähnemann1, J Herranz2, D van Treeck2, M O Hill3, L J Lauhon3, and L Geelhaar2
1

Paul Drude Institute for Solid State Electronics, Germany 2Paul-Drude-Institut für
Festkörperelektronik, Germany 3Northwestern University, USA
In semiconductor nanowires, core-shell heterostructures such as quantum wells can serve as a basis for,
e.g., light-emitting devices with an increased junction area. However, to understand variations between
nanowires or along the length of single nanowires, it is necessary to determine the emission properties on
the nanoscale, to which end cathodoluminescence (CL) spectroscopy in a scanning electron microscope is a
well suited technique. On the one hand, alloy fluctuations become visible in CL maps. On the other hand,
nanowires are prone to include stacking faults or segments of different crystal polytypes, which also affect
the emission properties. The correlation with other microscopic techniques can help to understand the
observed spectral properties.
We will present results for the investigation by CL of both III-nitride and III-arsenide core-shell nanowires
grown by molecular beam epitaxy (MBE). The directed fluxes in MBE allow the selective deposition of shells
on one side of a nanowire. As an example, we will compare the emission of (In,Ga)N shells on GaN
nanowires for circumferential shells with those deposited only on one side of the nanowire. Circumferential
shells allow for a higher In incorporation at the same growth temperature, but result in parasitic growth with
further enhanced In incorporation towards the tip of the nanowire. In contrast, the one-sided In incorporation
can strain the nanowires to a degree that they are visibly bent. In the (In,Ga)As/GaAs material system, it is
possible to grow nanowires containing extended segments of the wurtzite and zincblende polytypes, as
demonstrated by electron backscatter diffraction. Here, we observe a blue-shift of the shell quantum well
emission on the wurtzite segment that, through a correlation with atom probe tomography measurements on
the same individual nanowires, can be attributed to a reduced In incorporation.
P1.10. Characterization of solution-grown and sputtered Inx(O,S)y buffer layers in Cu(In,Ga)Se2-based solar
cells by analytical TEM
X Jin1, R Schneider1, D Hariskos2, W Witte2, M Powalla2, and D Gerthsen1
1

Karlsruhe Institute of Technology, Germany 2Zentrum für Sonnenenergie- und Wasserstoff-Forschung BadenWürttemberg, Germany
Nowadays, solar cells with thin-film absorbers of Cu(In,Ga)Se2 (CIGS) are widely used and show power
conversion efficiencies above 22%. For such CIGS-based cells, Cd-free materials with wider bandgap
energies are required to replace the commonly used CdS buffer layer, and Inx(O,S)y has become a promising
candidate among other possible materials.
In this work, TEM results are reported on CIGS-based solar cells with CdS and Inx(O,S)y buffer layers, which
were prepared by either chemical-bath deposition (CBD) or sputtering. In each case, the cell has a ~2 µm
thick CIGS absorber deposited on a Mo-coated soda-lime glass substrate by in-line co-evaporation of the
elements. In addition, after deposition of the buffer layers the cell setup was completed by sputtering of
ZnO/ZnO:Al window layers. The data obtained from the cells with Inx(O,S)y buffers are compared with those
of a standard CIGS solar cell with a CBD-CdS buffer with an efficiency of ~17.8%. Moreover, the influence of
the deposition temperature on the layer properties was analyzed.
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In detail, the microstructure of the different buffer layers was studied by diffraction-contrast and highresolution TEM imaging, nanobeam electron diffraction, and energy-dispersive X-ray spectroscopy was
performed for chemical analysis. Both the CBD-grown and sputtered Inx(O,S)y layers show a nanocrystalline
structure in contrast to larger grains in the standard CdS buffer. There are differences in the chemical
composition of the Inx(O,S)y layers, i.e. the oxygen content in CBD-Inx(O,S)y is considerably higher than the
applied oxygen concentration in sputtered-Inx(O,S)y. The difference in crystalline quality of the buffers and
CIGS/buffer interfaces might contribute to the different performance of the investigated CIGS-based thin-film
solar cells.
P1.11. Systematic study of the influence of surface oxide, amorphous carbon and built-in potential on BSE
and SE images of doped GaAs
R Guo and T Walther
The University of Sheffield, UK
The contrast of scanning electron microscopy (SEM) images is determined by the backscattered electron
(BSE) and secondary electron (SE) yields from the area scanned. For semiconductors, doping will populate
energy levels in the bandgap and change the Fermi level. The Fermi level of p-doped GaAs is near the
valence band and therefore the work function is increased and SEs needs more energies to escape from the
surface. For n-doped GaAs, it is vice versa.
However, when we take images, oxidization and amorphous carbon on the surface are unavoidable. The
gallium oxide formed has higher atomic number density than GaAs, in other words, gallium oxide is more
closely packed. This results in a higher BSE yield, and a higher BSE induced SE2 yield. By comparing the
image contrast of GaAs with different surface oxide thicknesses under identical acquisition conditions, we
can estimate how the surface oxide influences BSE and SE images.
For studying the carbon effect, we scanned a clean sample repeatedly at successfully decreased
magnifications, for 30mins at each magnification. By using atomic force microscopy (AFM), we can measure
the deposited carbon thickness and so calibrate its effect on SEM image contrast.
Besides, the oxide or carbon layers have different work functions relative to the doped GaAs. We need to
consider the contact formation. For gallium oxide, which has a higher work function than n-doped GaAs, a
Schottky contact will be formed and will increase the barrier for SEs.
P1.12. Electron microscopy investigations of Si vertical heterostructures
S Firoozabadi1, A Beyer1, A Ballabio2, G Isella2, and K Volz1
1
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Arrays of Si microcrystals grown using vertical hetero-epitaxy were investigated by electron microscopy
methods. The structural and optoelectronic features of the resulting structures are particularly suitable for the
fabrication of single-photon detectors with higher performances than the state-of-the-art devices. However,
the morphology of the microcrystals affects the photon detection efficiency and the electric-field distribution
at the built-in pn-junction. Moreover, the presence of any defects leads to charge carriers recombination and
affects the device efficiency.
The serial-sectioning tomography technique in a focused ion beam (FIB) / scanning electron microscope
(SEM) (JEOL JIB4601F) was applied to obtain the microcrystals three-dimensional morphology. Moreover,
electron transparent FIB lamellae were prepared from selected samples using the same machine and
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characterized by annular dark-field scanning transmission electron microscopy (ADF-STEM) in an aberrationcorrected JEOL JEM2200FS.
The three-dimensional volume obtained by serial-sectioning technique facilitates an in-depth investigation of
the microcrystal facets. In addition to the surface facets, nano-voids are found within the microcrystals. The
formation of voids during the growth can be explained by numerical phase field simulations. In addition,
ADF-STEM acquired from a FIB lamella allows the detection of the nano-voids on atomic resolution
conditions, and reveals they are facetted. The evolution of the void formation is studied using a set of Si
microcrystals containing 10 nm embedded Si0.9Ge0.1 markers. The side view SEM cross-sections of the
microcrystals are obtained by cutting them using the FIB/SEM machine. The higher Z-contrast backscattered electron imaging lets us observe the Si0.9Ge0.1 markers distinctly. With the help of resulting images,
the relevant parameters of kinetic growth simulations are extracted by extrapolating the simulations to the
experiments.
The structural information derived from electron microscopy is essential to find optimized growth condition
and allows an efficient device fabrication subsequently.
Poster Session 2
P2.1. Synthesis and microstructural characterisation of size-tunable Gd2O3 Crystals for lanthanide-doping
and upconversion luminescence
Z Dong1, M Wu1, and M-Y Han2
1

Nanyang Technological University, Singapore 2Institute of Materials Research and Engineering, A*STAR,
Singapore
Upconversion luminescence, where near-infrared excitation is converted into visible emission, has attracted
extensive interest in the fields of volumetric display, security encoding, multiplex sensing and biological
imaging [1]. Conventionally, fluorides like NaGdF4 and GdF3 were used for lanthanide-doping and
upconversion luminescence generation. Recently, a number of investigations have revealed that such
fluorides exhibit a cation-exchange behavior (Gd3+ by Ce3+/Mn2+/La3+) under ambient conditions[2,3] This
contributs to the facile functionalization of the upconversion nanoparticles. However, there are still problems
of long-duration stability for such nanoparticles. Such a challenge encourages us to study the upconversion
luminescence of their oxide counterpart, Gd2O3, which is more stable in structure due to the higher bond
dissociation energy (715 kJ/mol for Gd-O against 590 kJ/mol for Gd-F).
In our study, Yb/Er co-doped Gd2O3 nanorods (Gd2O3:Yb,Er) were generated through a surfactant-free
hydrothermal synthesis followed by a calcination transformation. As the temperature of calcination
increased from 400°C to 1,000°C, a hexagonal-to-cubic phase transformation, followed by a remarkable
improvement in crystallinity of Gd2O3:Yb,Er was achieved, as demonstrated by TEM, SAED and XRD analyses.
A quantum yield (QY) of 1.6% was achieved for 1,000°C calcined Gd2O3:10%Yb,1%Er nanorods, which was
comparable to that of NaGdF4:Yb,Er nanoparticles[4]. Such Gd2O3:Yb,Er nanorods exhibited inherent positive
charging and good dispersibility, suggesting their use as probes for cellular imaging.
[1]
[2]
[3]
[4]

Zhou, B.; Shi, B.; Jin, D.; Liu, X. Nature nanotechnology 2015, 10, 924.
Dong, C.; van Veggel, F. C. ACS Nano 2009, 3, 123.
Han, S.; Qin, X.; An, Z.; Zhu, Y.; Liang, L.; Han, Y.; Huang, W.; Liu, X. Nature communications 2016,
7, 13059.
Dong, H.; Sun, L.-D.; Li, L.-D.; Si, R.; Liu, R.; Yan, C.-H. Journal of the American Chemical Society
2017, 139, 18492.
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P2.2. Methodology for depth-dependent plan-view TEM – A study of dislocations in mesoporous GaN
distributed Bragg reflectors
F Massabuau, H Springbett, J Jarman, P Griffin, G Divitini, and R Oliver
University of Cambridge, UK
Transmission electron microscopy (TEM) is fundamentally requires electron-transparent samples, which
implies that there is a thickness limitation for the sample to image. This limitation can be particularly
restrictive for plan-view imaging, where only the first ca. 100 nm of material below the sample surface can
be observed, and no imaging of deeper regions of the sample is possible using standard preparation
techniques. In this study we designed a sample preparation methodology that allows to study samples at
different depths in plan-view. We applied this methodology to the investigation of the pore morphology in
mesoporous GaN distributed Bragg reflectors (DBRs), but the technique could be employed to perform planview imaging of other complex multilayer structures.
The sample consists of an InGaN quantum dot layer sandwiched between two 10-period GaN/porous GaN
DBRs – the thickness of the overall structure approaches 2.5 μm. Sample preparation for plan-view TEM
involved standard ion milling from the back of the sample, followed by several iterations of low voltage ion
milling of the front side and imaging in the TEM. We are able to observe individual porous layers located well
below the sample surface – which would be impossible by standard plan-view imaging. The method
maintains suitable sample quality to allow atomic scale imaging (e.g. for dislocation core identification).
The study reveals that porosification of the top layers of the DBR structure is dislocation-mediated. The
porous layer consists of domains of channels which radiate out from central spots. Each spot is a
nanometer-scale hollow channel that used to be a dislocation – as shown by a Burgers circuit drawn around
the hole. As porosification proceeds into the structure – especially beyond the QD layer, competition
between porosification channels occurs, with large domains of material porosified via a single dislocation,
and some regions porosified by other processes.
P2.3. Morphological and structural analysis of cadmium incorporated zinc oxide films grown on (111) silicon
using pulsed laser deposition for solar cell applications
S Sharma1, B Saini1, M Tomar2, V Gupta2, and A Kapoor1
1
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Zinc oxide (ZnO) is a versatile semiconductor with a direct and wide band gap of 3.37 eV, and operates in
the ultraviolet region of the spectrum. Interestingly, ZnO can be alloyed with cadmium oxide (CdO) in order to
achieve band gap energy ranging from 2.37 to 3.37 eV, which makes it possible to extend photonic
absorption to the highly irradiated blue and green regions of the spectrum. As such, CdxZn1-xO/ZnO
heterostructures become extremely important from the point of view of optoelectronic applications like light
emitting diodes and solar cells. In this report, a comparative analysis has been performed for bare ZnO and
cadmium incorporated ZnO (CZO) films grown on p-type silicon (111) substrates using pulsed laser
deposition (PLD). Oxygen gas was flown into PLD load-lock chamber and film growth was performed in low
pressure conditions. X-ray diffraction results show presence of (002) peak at 34.42° and 34.38°
respectively, indicating hexagonal wurtzite structure of deposited films. A lattice mismatch of 21.88 % and
21.61 % was estimated at ZnO/Si (111) and CZO/Si (111) interfaces, respectively, and the resulting biaxial
stress was evaluated. Atomic force microscopy images capturing 5 x 5 µm2 as well as 1.4 x 1.4 µm2
scanning area of the film surface reveal well-defined spherical grains, with the average grain height varying
from 12 nm to 16 nm. With the incorporation of cadmium in ZnO, the average grain size was found to reduce
from 130 nm to 100 nm, while root mean square (RMS) roughness of the film surface increased from 3.49 ±
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0.4 nm to 4.32 ± 0.4 nm. This report focused on investigation of structural and morphological characteristics
of (Cd)ZnO films, which is a precursory step towards studying electrical behavior of p-n junction formed
between p-Si (111) and unintentionally n-doped (Cd)ZnO for solar cells.
P2.4. Stacking faults in plastically relaxed InGaN epilayers
J Moneta, E Grzanka, H Turski, C Skierbiszewski, and J Smalc-Koziorowska
Institute of High Pressure Physics PAS, Poland
The growth of high indium content InGaN layers remains one of the challenges in III-nitrides development.
There are theoretical studies showing that introduction of higher amounts of In in the InGaN layers requires
substrates with higher lattice constant than bulk GaN.[1] The idea of using relaxed InGaN layers deposited
on GaN templates as pseudo-substrates for the growth of InGaN-based structures emerged recently. In this
work we study strain relaxation of InGaN layers via misfit dislocation generation and we show how the
presence of stacking faults influences relaxation process.
Using molecular beam epitaxy, good quality In0.18Ga0.82N layers have been grown successfully [2]. However,
the growth of higher indium content layers requires lower temperatures and higher nitrogen fluxes resulting in
a low mobility of adatoms and may induce creation of defects e.g. stacking faults. The series of InGaN layers
grown on bulk GaN substrates by molecular beam epitaxy with two different nitrogen fluxes were analyzed in
terms of transmission electron microscopy. We found out that layers grown under lower nitrogen flux relax
exclusively by formation of (a+c)-type misift dislocations which form a trigonal network along <1-100>
directions at the InGaN/GaN interface without creation of other defects. While layers grown under higher
nitrogen flux exhibit also stacking faults: I3 and I4 domains[3]. In turns, I4 domains could be sources of atype threading dislocations [3], which lean in strained layers and gives their contribution to strain relaxation
[4]. Moreover, the relaxation of InGaN layer via (a+c)-type dislocations is affected by stacking faults. We
show possible interactions between these defects.
[1] A. I. Duff et al.,Physical Review B 89, 085307 (2014).
[2] J. Moneta et al., Applied Physics Letters 113, 031904 (2018).
[3] J. Smalc-Koziorowska et al., Applied Physics Letters 108, 051901 (2016).
[4] P. Cantu et al., Journal of Applied Physics 97, 103534 (2005).
P2.5. Epitaxial growth and characterization of Co2FeSi/MgO/GaAs heterostructures
G Hoffmann, B Jenichen, J Herfort, and M Ramsteiner
Paul-Drude-Institut, Germany
The generation of spin-polarized charge carriers in a semiconductor is a basic building block for the
implemention of spintronic devices, where both charge as well as spin of the electron is used as independent information units. Commonly, ferromagnet/semiconductor hybrid structures are used for its
realization. By inserting a thin oxide tunnel layer into the structure diffusion phenomena should be
suppressed. We demonstrate the growth of crystalline Co2FeSi/MgO/GaAs hybrid structures of different MgO
interlayer thicknessess by molecular beam epitaxy. The MgO layer thickness was verified by X-ray reflectivity
measurements and high-resolution transmission electron microscopy images. They confirm the successful
growth of the full Co2FeSi/MgO/GaAs(001) hybrid structures. Furthermore, no precipitates of Fe and Co in
the GaAs are found for MgO interlayer thickness of 1.6 nm. Secondary ion mass spectroscopy confirmed that
the MgO layer works successfully as a diffusion barrier. The current-voltage characteristics of the
Co2FeSi/MgO/GaAs contacts approve MgO interlayers effectively working as tunnel barrier. In addition,
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magnetic measurements reveal a rotation of the easy axis of magnetization for all samples with MgO by 90°
with respect to samples without MgO. High-resolution transmission electron microscopy images together with
X-ray diffraction phi-scans also revealed an in-plane rotation of the Co2FeSi layer by 45° for samples with
MgO interlayers. Qualitatively changed spin transport properties due to the defect structure at the different
interfaces were observed. The spin generation efficiency increases for samples with MgO layer thicknesses
between 0.8 and 1.3 nm compared to samples without MgO. Our results demonstrate the potential benefit
of MgO interlayers in Co2FeSi/MgO/GaAs hybrid systems for future device applications.
P2.6. Effects of stacking faults on heterostructure compositions in Zincblende GaN LEDs
B Ding, L Sahonta, M Kappers, M Frentrup, D Wallis, and R Oliver
University of Cambridge, UK
Despite the huge success of blue LEDs based on high quality wurtzite GaN crystals, green and amber LEDs
lag behind in terms of performance. In this context, the alternative zincblende crystal structure may offers a
fundamental advantage over wurtzite: the absence of spontaneous and piezoelectric polarisation fields in the
growth direction, which suppress the internal quantum efficiency of conventional light emitting diodes
(LEDs). High quality growth of zincblende GaN has recently been achieved in MOCVD.
Two key elements of a typical GaN LED are the InGaN quantum wells (QWs) used to increase the radiative
recombination rate and the AlGaN electron blocking layers (EBLs) used to reduce electron leakage. We have
used scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS) to
inspect the microstructure and composition of these layers in zincblende LEDs.
Zincblende GaN typically has very rough surfaces and a large density of stacking faults. From cross-sectional
STEM, the morphology of QWs and EBLs are similar to the sample surface. EDS reveals that some of the
stacking faults result in a doubling of the indium content of the QWs and a large increase in the aluminium
content of the EBLs. However, the relative positions of the In and Al enriched regions relative to the stacking
fault are not the same. The mechanism of this composition change and the difference between In and Al
incorporation at stacking faults will be studied in aberration-corrected STEM. The QWs are also observed to
be thicker at stacking faults than in the surrounding material, whilst the bottom interface of the QWs are
relatively smooth. This indicates a higher growth rate of the QWs at stacking faults.
P2.7 Structural features and interfaces of Al thin films grown on GaAs(001) by MBE
I Vasileiadis1, T Kehagias1, G Dimitrakopulos1, Z Hatzopoulos2, G Konstantinidis2, and P Komninou1
1
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Contemporary research on high-quality aluminum thin films on GaAs showed significant interest on their
potential high Tc superconducting properties. Hence, we have grown pure Al thin films on GaAs(001)
substrates by molecular beam epitaxy (MBE) at various growth durations, resulting in average thicknesses
ranging from 9 to 51 nm. High-Resolution Transmission Electron Microscopy (HRTEM) imaging and related
quantitative techniques were employed to thoroughly analyze the epitaxial and structural features of the thin
films, as well as their interfaces with the GaAs substrates. Al films comprised single crystalline fcc crystals in
the form of dense islands adopting either an elongated platelet-like, or a truncated pyramidal shape. The
lateral dimensions of Al islands varied between 10 and 350 nm, depending on the island form and the
growth time of each sample. Three epitaxial orientation relationships of the Al islands relative to GaAs were
identified, with the predominant one being the {001}<1-10>GaAs//{001}<100>Al, while the other two are
variants of the {001}<1-10>GaAs//{110}<001>Al orientation. The former is linked to the platelet-like island
form, and the two other variants to the pyramidal morphology. Their emergence is due to the low possible
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misfit between the {220}GaAs and {200}Al crystal planes. Moreover, HRTEM imaging revealed the absence
of bulk defects in Al apart from a few {111} stacking faults localized in the truncated pyramids. Bragg
filtering and geometrical phase analysis of HRTEM images showed fully crystalline Al/GaAs interfaces and
periodic misfit dislocation arrays, implying a strain-free island growth mode of Al on GaAs.
Acknowledgments: We acknowledge support by the project “EINSTEIN” funded by the Operational
Programme "Competitiveness, Entrepreneurship and Innovation" (EPAnEK 2014-2020) under the federal
target program “Bilateral R&D Cooperation Greece-Russia”, and co-financed by Greece and the European
Union (European Regional Development Fund).
P2.8. Growth of indium gallium arsenide layer on silicon substrate by Metal Organic Chemical Vapor
Deposition (MOCVD) technique
S Chowdhury and P Banerji
IIT Kharagpur, India
The growth of III-V compound semiconductors on lattice matched substrate is well reported. But the growth
of III-V semiconductors on silicon platform is a challenging task due to lattice mismatch between them.
Because of the lattice mismatch direct epitaxial growth of III-V semiconductor on silicon substrate could not
be achieved other than the low dimensional structures (Quantum Dots, Nanowires etc.). In this work the
growth of indium gallium arsenide is studied on silicon substrate followed by a gallium arsenide and an
indium phosphide buffer layers. InxGa1-xAs layer is grown by Metal Organic Chemical Vapor Deposition
(MOCVD) technique on p-Si (100) substrate having a carrier concentration of 1016 cm-3. InxGa1-xAs layer
growth was carried out in a horizontal atmospheric pressure reactor.
The source of indium and gallium were metal-organics, i.e. tri-methyl indium (TMIn) and tri-methyl gallium
(TMGa) respectively. The source of arsenic was arsine gas (AsH3) and that of phosphorus was phosphine gas
(PH3). The flow rate of TMIn, TMGa and AsH3 were 10, 6.8 and 45 sccm respectively for the growth of the
InxGa1-xAs layer. The carrier gas was high purity hydrogen with a flow rate of 4 slpm. Growth of InxGa1-xAs was
carried out at a temperature of 625 0C. The buffer layers are grown at 550 0C.
The grown layer is studied by UV-Vis-NIR reflectance spectroscopy, grazing incidence X-ray diffractometry
(GIXRD) and X-ray photoelectron spectroscopy (XPS). Composition, band gap and thickness were estimated
from UV-Vis-NIR spectroscopy. The crystalline quality of the grown film has been investigated by GIXRD. The
binding energy of the electron in the XPS spectrum gives the elemental composition of the grown film. It also
confirms the growth of InxGa1-xAs layer.
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P2.9 Channel characteristics of InAs/AlSb heterojunction epitaxy: comparative study on 4 kinds of epitaxies
with different thickness of InAs channel and AlSb barrier
H Guan1, L Chen1, and H Lv2
1

Northwestern Polytechnical University, China 2Xidian University, China

Due to the requirement of high speed, low dissipation and low noise for the modern integrated circuits,
InAs/AlSb HEMTs as new III-V compound devices are receiving great attention due to their high electron
mobility and peak velocity. The properties of the InAs/AlSb HEMTs are fundamentally determined by the
performance of InAs/AlSb epitaxial materials, and so far there have been some reports on this aspect. In
order to understand its performance better, a further research on the influence of the structure of epitaxial
materials on the properties is significant. In this paper, the structure and working principle of InAs/AlSb
HEMTs were studied, the energy band distribution of the InAs/AlSb heterojunction epitaxy was analyzed in
detail, and the generation mechanism and scattering mechanism of two-dimensional electron gas (2DEG) in
InAs channel were demonstrated based on the software simulation. In order to discuss the impact of
different epitaxial structures on the 2DEG and electron mobility in channel, 4 kinds of epitaxies with different
thickness of InAs channel and AlSb upper-barrier were manufactured. The samples were evaluated with
contact Hall test. It is found the sample with channel thickness of 15 nm and the upper-barrier layer of 17
nm shows a best compromised sheet carrier concentration of 2.56×1012 cm-2 and electron mobility of
1.81×104 cm2/v·s, which we considered to be with the proper structure to ensure device performance.
P2.10 Analysis of the N distribution in GaAs(Sb)(N) superlattices from ADF imaging
N Ruiz Marín1, D F Reyes1, V Braza1, S Flores1, A Gonzalo2, J María Ulloa2, A D Utrilla2, T Ben1, and D
González1
1
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Recently, type-I (GaAsSbN/GaAs) and type-II (GaAsSb/GaAsN) dilute nitride superlattices (SLs) have been
suggested as promising structures for solar cell applications [1]. However, compositional control is
challenging due to factors such as competition among three group-V atoms for the same lattice position,
segregation or clustering. Though Sb distribution has been already described by EDX spectroscopy, the
characterization of N is very difficult using EELS or EDX techniques due to its very low content. In this work, a
simple method to obtain N compositional maps in GaAsSbN SLs from the combination of HAADF and LAADF
images using double-aberration corrected microscope is proposed [2]. Boundary conditions obtained by
analyzing the intensity ratios in regions with/without Sb of both images allow us to calculate images with
intensities proportional to the N content. Assuming the global N contents obtained by combination of EDX
and X-ray diffraction results, quantitative N maps are built. In order to evaluate the homogeneity of N, we use
both texture analysis by Gray Level Co-occurrence Matrices and quantitative determination of clustering
degree. Our results show that a better homogeneity of N is obtained with the simultaneous incorporation of
Sb in type-I SLs although at the expense of a higher Sb agglomeration. By contrast, when N and Sb fluxes
are separated in type-II SLs, Sb has a lower tendency to aggregate in GaAsSb layers and the opposite occurs
with N in GaAsN layers. After rapid thermal annealing, the samples show a reduction of the cluster area of
both N and Sb. It is found that the most balanced sample is the type-II annealed sample and this would
explain the higher increase of its PL intensity compared to the other ones.
[1]
[2]

A. Gonzalo et al Scientific Reports, (2018) 7(1), 4012.
N. Ruiz-Marín et al. Applied Surface Science, (2019) 475, 473–478.
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P2.11. Challenges of HRTEM image contrast simulation of MoS2/TaS2 heterostructure
H Kirmse, S Sadofev, S Blumstengel, and C T Koch
Humboldt University of Berlin, Germany
The 2H modification of MoS2 performs as a semiconductor and it belongs to the materials class of group VI
transition metal dichalcogenides (TMDCs) which rise vivid interest of fundamental research due to the
feasibility of both, n- and p-type doping as well as the strong light-matter interaction. TMDCs exhibit a strong
anisotropy of bonding forces. Van der Waals forces act in between covalently bonded atomic triple layers.
Pulsed thermal deposition was utilized to grow on an amorphous SiO2 substrate a heterostructure comprising
of a ca. 5 nm thick layer of metallic TaS2 and atop a ca. 5 nm thick layer of semiconducting MoS2 [1].
High-resolution TEM (HRTEM) imaging reveals azimuthal misorientation between the two layers due to weak
chemical bonding acting in between. The lateral size of single crystalline grains amounts to several tens of
nanometers. An almost perfect vertical stacking was found within the individual layers. For the area under
investigation the MoS2 was oriented along the [1210] zone axis whereas the zone axis of TaS2 cannot be
specified since just the (0001) lattice planes were seen edge on.
The Interpretation of HRTEM image contrast demands corresponding simulation due to unknown defocus and
TEM specimen thickness. Simulations were performed for a supercell containing the TaS2/MoS2 interface
utilizing QSTEM software package [2]. While the experimental defocus was uniquely identified to be df = 60 nm a thickness gradient of 7.5 nm for TaS2 and 5 nm for MoS2 had to be introduced to approach the very
details of the image contrast. Best agreement between experiment and simulation was found only after
considering an unintended tilt of the impinging electron beam by about 20 mrad with respect to the
[1210] zone axis of MoS2.
[1]
[2]

N. Mutz et al., arXiv:1811.07663 [cond-mat.mtrl-sci]
C.T. Koch, QSTEM software package, http://qstem.org

P2.12. Investigation of photocatalytic mechanism in (Fe, Ag) co-doped ZnO nanoparticles
J Zhang, X Wang, H Yuan, C Zhang, Q Zhang, and M Xu
Southwest Minzu University, China
We demonstrate the Zn0.97FexAg0.03-xO nanoparticles synthesized by two steps polymer-network gel method.
The microstructures of the nanoparticles were analyzed by combining X-ray diffraction spectra (XRD) and
transmission electron microscopy (TEM) images. By introducing Scherr formula into XRD spectrum, the
averaging crystallinity size was calculated as 27.2 nm. The size statistics of 160 nanoparticles are collected
from TEM images and fitted with Gaussian function, the 34.2 nm peak position with 6.8 nm standard
deviation indicates 66.7% of the particles size are in the range of 27.4 nm to 41 nm. The Fe2+ to Fe3+
valence state transition has been observed by X-ray photoelectron spectroscopy (XPS) when increasing the
Fe doping concentration. The optical properties of the sample have been investigated by photoluminescence
(PL) and ultraviolet visible (UV-vis) spectroscopy, the stronger absorption with weaker emission were
observed at Zn0.97Fe0.005Ag0.025O sample than Zn0.97Fe0.025Ag0.005O, which could possibly lead to the higher
exciton concentration in Zn0.97Fe0.005Ag0.025O sample. The large amount of residual free electrons could further
assist the photocatalytic activity and has been confirmed by methylene blue (MB) photocatalytic experiment
under ultraviolet and visible light illumination.
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P2.13. Analysis of FBE (floating body effect) induced threshold voltage shift in Vertical-cell transistor DRAM
Y S Cho and B Choi
Sungkyunkwan University, South Korea
Dynamic random access memory (DRAM) has been successfully scaled down to improve device
performance and reduce manufacturing cost. Recently, we have actively investigated the relationship
between the DRAM structure and the chip size. One of these is a vertical cell DRAM (Si wire), which has the
advantage of reducing chip area by about 33% compared to conventional cell DRAM. However, since Bit
Line is made in Si trenches, it can cause floating-body effect, which has a fatal weakness that increases the
threshold voltage shifts. the threshold voltage shift of the target cell for vertical cell DRAM devices induces
reliability problem. So we studied the relationship between FBE(floating body effect) and threshold voltage.
When the body is in an electrically floating state, normal operation of the device results in body
charging/discharging by carrier generation/recombination or intrinsic capacitive coupling of the body to the
node. The body–source junction can become forward biased, possibly activating the parasitic vertical n-p-n
bipolar transistor (BJT). The BJT behavior caused by FBE causes threshold voltage shift. Eventually, this
threshold voltage shift increases the off current in the vertical-cell DRAM. We have studied how to maintain
stable threshold voltage by analyzing threshold voltage shift caused by FBE. As a result, the new structure for
fabricating a successful vertical cell DRAM structure was obtained. This will be the most important factor in
implementing vertical cell DRAM, which is a promising DRAM structure in the future.
P2.14. Effect of different stabilizer on the microstructures and photocatalytic activities of ZnO:Ag
photocatalyst synthesized by sol-gel method
F Yu, H Yuan, X Wang, and M Xu
Southwest Minzu University, China
The ZnO:Ag nanoparticles were synthesized by a facile and one-step sol-gel method, using zinc acetate and
silver nitrate as the precursors, and monoethanolamine (MEA), diethanolamine (DEA) and triethanolamine
(TEA) as stabilizers. The samples with different stabilizer were characterized by X-ray diffraction (XRD),
scanning electron microscope (SEM), transmission electron microscopy (TEM), ultraviolet-visible absorption
spectroscopy (UV-vis), photoluminescence spectroscopy (PL) and X-ray photoelectron spectroscopy (XPS).
The photocatalytic performance of prepared ZnO:Ag nanoparticles were evaluated through degradation of
methylene blue (MB) under UV and visible light illumination. The results shows all kinds of stabilizer can be
used to fabricate ZnO:Ag nanoparticles, where massive of ZnO/Ag heterostructures composed of face
centered cubic metallic Ag attached on hexagonal ZnO particles were observed. However, the photocatalytic
activities of ZnO:Ag were influenced by stabilizer. XRD analysis showed ZnO:Ag sample prepared by DEA
stabilizer has moderate grain size (34.9 nm). UV-vis and PL measurements revealed higher absorbance in
UV-visible light region and weaker PL emission of ZnO:Ag sample prepared by DEA stabilizer, which means
it’s stronger optical absorption and smaller carrier recombination rates. Meanwhile, XPS measurements
confirmed that ZnO:Ag sample prepared by DEA stabilizer has higher oxygen defect concentration. All these
factors led to ZnO:Ag sample prepared by DEA stabilizer exhibited higher degradation rate for MB under UV
and visible light investigation.
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P2.15 Growth and characterization of InGaAs nanowire on Si substrate without foreign catalysts
S Chowdhury and P Banerji
IIT Kharagpur, India
InGaAs is an important III-V ternary semiconductor which has wide application in electronics and
optoelectronics application. Band gap of InGaAs lies in infrared region and can be tuned by varying the
composition. So, it shows good response over a broad spectral range in Infrared region and is a potential
candidate for the use of infrared detector. InGaAs has a large lattice mismatch with Silicon as well as there is
a difference in thermal expansion coefficients. So, Epitaxial growth of InGaAs on silicon substrate is a
challenge. Here, we demonstrate the growth of InGaAs nanowire on Silicon substrate by metal-organic
chemical vapor deposition. In this work, trimethylindium (TMIn) is sent to reactor at 500 0C and
decompostion of TMIn leads to the formation of indium droplets on Silicon substrate. Crystallographic
structure and morphologies of grown samples are characterized by grazing incidence X-ray diffractometry
(GIXRD), transmission electron microscopy (TEM) and Scanning electron microscopy (SEM). These
experimental results confirm the growth of InGaAs nanowire on Silicon substrate without using any foreign
catalysts.
P2.16 Combined STEM-EDS tomography of nanowire structures
H Bender1, P Kundu1, O Richard1, P Favia1, Z Zhong1, J Batenburg2, M Wirix3, and R Schoenmakers3
1

IMEC, Belgium 2Centrum Wiskunde & Informatica, The Netherlands, 3Thermo Fisher Scientific, The
Netherlands
For the future scaling of semiconductor technology, 3D nanowire devices with gate-all-around are heavily
studied. As the nanowire dimensions are below 5-10 nm, 3D structural and chemical analysis with
nanometer scale resolution is needed. With the recent development of high performance EDS detectors,
EDS-tomography is nowadays a feasible option for 3D chemical analysis [1, 2]. Reconstruction with the
common back-projection methods can be applied separately to the datasets of STEM and each element
involved. Recently a new tomographic reconstruction method that combines the STEM and EDS datasets in a
simultaneous reconstruction, ‘HAADF-EDS bimodal tomographic reconstruction – HEBT’ is proposed [3].
To obtain full 3D resolution, acquisition over a 180º tilt range using pillar shaped specimens is mandatory.
Furthermore such configuration avoids any shadowing effects of the sample holder for the X-rays towards the
EDS detector.
In this work +/-90º STEM-EDS tomography with automated acquisition is applied to Si nanowire structures.
Square-shaped pillar specimens are prepared including the source/drain and gate on top of several Si/SiGe
multilayer fin structures. Different tomographic reconstruction methods as applied to the STEM and EDS
volumes separately or with the combined HEBT method will be compared. The dependence on the
parameters involved and what the additional benefits of HEBT over the other considered methods are, will be
analyzed from an application point of view.
[1]
[2]
[3]

P. Burdet et al, Ultramicroscopy 160, 118 (2016)
T.J.A. Slater et al, Ultramicroscopy 162, 61 (2016)
Z. Zhong et al, Ultramicroscopy 174, 35 (2017)
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P2.17. TEM Study of ZnO nanorods to unveil their growth mechanisms
S Kucerova1, H Faitova1, J Vesely2, O Cernohorsky1, N Basinova1, and J Grym1
1

Czech Academy of Sciences, Czech Republic 2Charles University, Czech Republic

ZnO nanoribbons, nanopillars, nanowires, and nanorods are extensively studied in a large number of
research groups worldwide because of their wide range of possible applications including gas sensors,
piezoelectric nanogenerators, or photovoltaic devices. Majority of these applications require positioncontrolled ordered arrays of physically identical ZnO nanorods. Furthermore, to understand the growth
mechanisms of ZnO nanorods, hexagonal arrays of nanorods with identical distance from the nearest
neighbor are essential.
The ZnO arrays were prepared by chemical bath deposition (CBD) through a poly(methyl methacrylate)
(PMMA) mask on a sol-gel deposited ZnO seed layer or on a GaN substrate. Low growth temperature,
reproducibility, and low cost are the most significant benefits of CBD. The PMMA on the seed layer was
patterned by electron beam lithography (EBL). Patterning of the PMMA on the GaN substrate was performed
by focused ion beam lithography (FIBL). EBL and FIBL are both reliable methods with a high resolution,
which enable to prepare ZnO nanorods with different sizes and accurate positioning. The nanorod arrays
were examined by scanning electron microscopy (SEM). The interface between the nanorods and the
nucleation layers was investigated by transmission electron microscopy (TEM).
We introduce a comprehensive TEM study of the interfaces between the ZnO nanorods and the nucleation
layers. We discuss how the parameters of the growth process, such as the growth temperature, duration, the
concentration of precursors and the solution flow rate influence the growth of ZnO nanorods. We further
demonstrate that the solution supersaturation and the distance between the nanorods in the array are
essential parameters, which control their growth mechanisms.
The study was supported by the Charles University, project GA UK No. 1501318 and by the Czech Science
Foundation project 17-00355S.
P2.18. Synthesis and size dependent charge trap behaviour of graphene quantum dots
K J Sarkar, B Pal, and P Banerji
Indian Institute of Technology Kharagpur, India
In this study, we report size dependent charge trap behaviour of graphene quantum dots (GQDs) by
embedding them between poly(methyl methacrylate) (PMMA) sheets as control and tunneling dielectric
layers in a silicon metal-oxide-semiconductor-based nonvolatile memory device
(Au/PMMA/GQDs/PMMA/p-Si). Graphene quantum dots of average size 7 and 15 nm were synthesized by
solvothermal method. The structural analysis was carried out by X-ray diffraction technique. The morphology
and microstructures were investigated by atomic force microscopy and high resolution transmission electron
microscopy (HRTEM). A thin film of GQDs was grown between the tunneling and control oxide by spin coating
for device fabrication, and the device structure was characterized by cross-sectional TEM to evaluate the
thickness of grown layers. The conduction mechanism via PMMA stack embedded with GQDs was explained
by Fowler Nordheim (F–N) tunneling for both 7 and 15 nm device. A maximum memory window of ∼6.85 V
(at ± 6 V) was found from capacitance-voltage measurements for 15 nm GQD device with a low leakage
current density. Memory window of ∼4.75 V was found for 6 nm device. Control experiment without GQDs
shows very low hysteresis (~6.5 mV) even when the gate voltage is swept from +9.5 V to -9.5 V. The
maximum value of charge carrier density was found to be 5.1×1012 cm-2 for 15 nm device. A constant stress
of ±10 V was applied to study endurance and charge retention characteristics. The programming and erasing
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speed was found to be faster for 15 nm device due to quantum confinement and effect of edge state. In
charge retention studies, charge loss was found to be ∼13.5% and ∼16.6% after 105 s for 15 nm device
and 6nm device, respectively which shows the excellent charge confinement property of GQDs.
In-Situ observation of Σ3 {112} Twin boundary motion at atomic resolution in III-V nanowire
J A Gott1, R Beanland1, H Aruni Fonseka1, Y Zhang2, H Liu2, and A M Sanchez1
1

University of Warwick, UK 2University College London, UK

Semiconductor nanowires (NW) are often described as being defect free due to their ability to expel mobile
defects with long-range strain fields. Most defects can be detrimental to electronic properties and so the
device performance. Less than perfect tip regions are formed during the droplet consumption phase of selfcatalysed vapour-liquid-solid grown NWs [1]. The type and occurrence of defects in the tip region of NWs
have been identified using aberration corrected scanning transmission electron microscopy (STEM).
The stability of the defects found has been probed by exposing the NWs to high temperatures in-situ whilst
examining them at atomic scale with STEM. It is found that the type and specific configuration of defect
dictate if and how the defect moves, with a range of velocities observed for different
configurations and temperatures. The defect motion is found to be dependent on size, position, and
surrounding environment of the defect, with the forces behind the motion being relatively large. The geometry
of the NW is seen to be an important factor in how defects move. Examples of defect behaviour are
given and range from defects seen to be completely removed from the system, to some getting trapped from
interacting with other defects, to some which do not move at all. An upper limit to activation energy for the
motion of the Σ=3 {112} twin boundary type defects is found to be around 2eV in GaAsP NWs.
[1]

A.M. Sanchez , J. A. Gott et al., Nano. Lett. 18, 3038 (2018)

P2.20. Nanoscale characterisation of perovskite chemical composition with multivariate statistical analysis
F U Kosasih1, L Rakocevic2, J Poortmans2, and C Ducati1
1

University of Cambridge, UK 2IMEC and KU Leuven, Belgium

Organic-inorganic hybrid perovskite is now widely used in various optoelectronic devices due to its
favourable properties. However, its chemical composition is rarely characterised at the nanoscale and it is
usually assumed that the intended perovskite stoichiometry was achieved throughout the whole layer. In this
work, we applied energy-dispersive X-ray spectroscopy in a scanning transmission electron microscope
(STEM-EDX) to analyse the chemical composition of a perovskite solar cell with a nominal stoichiometry of
Cs0.1FA0.9PbI2.865Br0.135 in a spatially-resolved manner. We used three multivariate statistical analysis
algorithms to denoise and decompose the spectrum images, namely principal component analysis,
independent component analysis, and non-negative matrix factorisation. These algorithms enabled
acquisition of meaningful data with low beam current and dwell time. We show that non-stoichiometric
phases occupied a sizeable fraction of the perovskite layer, indicating incomplete perovskite formation
reaction. Further, our analysis also revealed halide segregation at the perovskite-hole transport layer
interface which could cause band gap heterogeneity and performance degradation over time.
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