1=U20K

v &
Y o o

17th International Conference
. on I1-VI Compounds and Related Materials

PARIS
13-18 september 2015

UPMC ik S

1@A1 SORBONNE UNIVERSITES SAINT-QUENTIN-EN-YVELINES




17*" International Conference on 1I-VI Compounds and Related Materials

Welcome to the 17t International Conference on II-VI Compounds and Related Materials which is held in Paris,
France, from september 13th to 18th, at the Campus des Cordeliers located in the historical center of Paris.

II-VI 2015 continues a successful series of biennial conferences which started in Durham (UK) in 1983. Recent
conferences were held in Niagara Falls (USA, 2003), Warsaw (Poland, 2005), Jeju (Korea, 2007), Saint Petersburg
(Russia, 2009), Mayan (Mexico, 2011), and Nagahama (Japan, 2013).

This conference provides an international forum for scientists, students and industry representatives, to report new
developments in basic and applied research on 11-VI and related compounds such as oxides and chalcopyrite semi-
conductors; covering novel synthesis technigues, new physical properties and innovative device development. Since
the last conference in Nagahama, the scope has been extended to Related Materials like Photovoltaic materials, novel
2D systems: dichalcogenide and topological insulators.

The scientific program consists of three plenary review lectures, 15 invited talks, 64 contributed talks and about
200 contributed poster presentations. Review lectures are scheduled during sunday 13", talks will be given during
the week and are grouped under the following sessions:

Growth and characterization,

Zn0: Nanowires, Plasmonic & optical engineering, Transport & doping, Devices,
Dots & nanowires,

Colloidal systems,

Optical and excitonic properties,

Spin in dots,

Novel 2D systems, topological systems,

Detectors, Photovoltaic.

The local organization of this conference is the result of the commitment of researchers from the Institut des
Nanosciences in Paris and from the Groupe d’Etude la Matiére Condensée in Versailles.

Organizing such an important international event is a financial challenge and we want to acknowledge the sup-
port from national, international or private institutions.

Paris is a fascinating city and we hope that the situation of the Campus des Cordeliers will give the participants
the possibility to enjoy its beauty. Furthermore we offer you the possibility on Wednesday afternoon to visit the
Chateau de Versailles and its famous garden, and for the banquet, to appreciate the beauty of the center of Paris
during a dinner cruise.

We wish you a very nice week and hope that, the conference will be a great success thanks to your participation
and will remain in your memory.

Christophe Testelin
Institut des NanoSciences de Paris

Pierre Galtier
Groupe d'Etude de la Matiere Condensée

[I-VI-2015 Conference chair
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Scope and Topics

The 1I-VI compounds provide a variety of unique optical, electrical and magnetic properties. The Conference will
then cover all the aspects of basic and applied research, laying special emphasis on unigue physical and material
properties of 1I-VI compounds, related materials and nanostructures. A particular attention will be given to new
trends and pioneering directions, as well as to new materials and devices.

The conference will give also the opportunity to review the most important achievements in practical applications
of 11-VI compounds in mid-infrared, visible and UV range detectors, optoelectronic devices. ..

It is an international forum aimed at: - reviewing and stimulating the progress in basic and applied research on
[I-VI semiconductors and related materials, - facilitating the exchange of new ideas and establishing new scientific
contacts.

The topics include growth, characterization, structure, physics and devices of II-VI compounds. The evolution of
related materials such as oxide and chalcopyrite semiconductors is also included as topics. Typical topical areas in
theoretical and experimental research are:

Infrared, visible, and UV materials, structures, and devices

Growth and characterization
Zn0 and related oxydes
Doping and defects
Magnetic semiconductors
Transparent conductors
Biomaterials

Superlattices and nanostructures
Quantum dots and colloidal nanocrystals
Hybrid organic-inorganic structures

Theory and band structure

Optical and electrical properties

Photonic engineering

Spin-related phenomena

Topological insulators, novel 2D systems (II-A or B-VI), superconductors. ..

Solar cells

X- and gamma-ray high energy sensors

Magnetic devices

New materials, experimental techniques and devices
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Committees

International Program Committee

Moungi Bawendi (MIT USA)

Lucien Besombes (Institut Néel, France)

Arnold Burger (Fisk University, USA)

Irina Buyanova (Linkdping University, Sweden)
Maria Chamarro (P & M. University, France)
Christophe Delerue (IEMN, France)

Jan Franc (Charles University, Czech Republic)
Marius Grundmann (Leipzig University, Germany)
Grzegorz Karczewski (Acad. of Science, Poland)
Akio Kimura (Hiroshima University, Japan)
Mazakazu Kobayashi (Waseda University, Japan)
Michal Nawrocki (Warsaw University, Poland)
Florent Perez (P & M. University, France)
Chong-Xin Shan (Changchun Inst. Of Optic, China)
Alexey Toropov (loffe Institute, Russia)

Ulrike Woggon (Technical University, Germany)
Gyu-Chui Yi (Seoul National University, Korea)

Local Committee

Conference Chair

Christophe Testelin (INSPUPMC, Paris)
Pierre Galtier (GEMAC, UVSQ, Versailles)

Scientific Secretary
Florent Perez (INSPUPMC, Paris)

Secretary
Stéphanie Lagarde (INSPUPMC, Paris)

Members

Maria Chamarro (INSPUPMC, Paris)

Alain Lusson (GEMAC, UVSQ, Versailles)
Agnes Maitre (INSRUPMC, Paris)
Massimiliano Marangolo (INSPUPMC, Paris)
Vincent Sallet (GEMAC, UVSQ, Versailles)
Valia Voliotis (INSRUPMC, Paris)

Communication
Cécile Duflot (INSRUPMC, Paris)

International Advisory Committee

Rameshwar Bhargava (Nanocrystals, USA)

Shizuo Fujita (Kyoto Univ,, Japan)

Jacek K. Furdyna (Univ. Notre Dame, USA)

Fritz Henneberger (Humboldt Univ., Germany)

Isaac Hernandez-Caldern (Cinvestay, Mexico)

Sergey Ivanov (loffe Physical -Technical Institute, Russia)
Tae Won Kang (Dongguk Univ,, Korea)

Piotr Kossacki (Warsaw University, Poland)

Jacek Kossut (Institute of Physics, PAS, Poland)

S.J. Lee (Dongguk Univ., Korea)

Yichun Liu (Northeast Normal University, China)

Henri Mariette (CNRS, France)

Maria Tamargo (City Univ. of New York, USA)

Andreas Waag (Technical Univ. of Braunschweig, Ger-
many)

Daniel Wolverson (Univ. of Bath, UK)

Akihiko Yoshikawa (Chiba Univ., Japan)
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Special session

A special session will be devoted to the memory of

Prof. Fritz Henneberger

from Humboldt University, Berlin.

The Humboldt University communicates its sadness and dismay for the sudden death of its colleague. The Institute
of Physics he belonged to, will miss an outstanding scientist whose commitment to research, teaching and aca-
demic administration promoted the development of the institute significantly.

Fritz Henneberger received his PhD in 1980 from the Humboldt University and was awarded in 1986 with the Heinrich-
Hertz Prize from the Physical Society of GDR for his work on optical non-linearity and bistability in ll-VI semicon-
ductors. He became full Professor of the Humboldt University in 1993. During the first decade of 21st century, he
was director of the Institute of Physics and influenced considerably the structure of the institute. He initiated optics
and photonics in structured composite systems involving organic/inorganic semiconductors and oxydes (Zn0). For
these investigations he became quickly an internationnally reknown scientist.

In his memory, Sascha Kalusniak (Humboldt), will give an invited talk on ZnO-based plasmonics .

Click here for the Institute of Physics communication (pdf reader only).



http://photonik.physik.hu-berlin.de/Nachruf_Prof_Henneberger.pdf
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Venue

[1-V1 2015 will be held at the Campus des Cordeliers which is located in the geographical center of Paris, in the Quartier
Latin, and close to Sorbonne University and the Cathedral of Notre-Dame. The campus address is 21 rue de I'Ecole

de Médecine, Paris VI.

It is well connected to any part of Paris via the underground ("'metro’) and local trains ("RER").

p— — P r— &
o
o ; : o
q,b@ = Le Saint-André des l:r!s &
o
nt. G, Q“Q ©:
g, ® £
n =3 Lycée Fénelon # Salnt-MlcheI@ A
H _ Place Ue ey, Hotel Notre-Daj
” 5 Saint-André-des-Arts a"“/uc, ™ o int MicheT\
z i) Vary 5 Aue Suger tte 7
4abillon @ Sa’m‘\g £ & e Y b4
0 = @
3 § Le Caveau de la Huchette
@
& o 5'5 &
; ; :c{: e o & & Re Sa/hf Shakespeare & Company.
Iz H o MK20déon m Place Henri P ng £ / Séven},
= T ‘:_) Mondor o @ (3 8 N { s
g éon ', @
g g @ fﬁ@/)r zb d
=5 o] (‘:D Le Relais Saint Germain Patrick Roger S Qg
o | n ]
i Faculté de Médecine h
au
Rue Lobine Paris Descartes @
. <
Rue gaint-Sulpice = §J McDonald's ;'ﬁ
\pice & o & 2
Rue Saint-Suip ¥ - 2] Ecole Elémentaire e
= T & Mairie de Paris Se.. 0@‘\
% f
a '9(, Cluny - La Sorbnnne@
o Gp,. A,
= e = Ye s
g e < 7 Cb tha(
> palatiné 3 S & e & § Musée de Cluny - Musée
= 5 o = = national du Moyen Age &
< al o s & @ -
2 g % c? — & UROLINES - Agence
@ Q 3 o
™ = (v A
3 3 a5 w8 « Cluny — La Sorbonne »
’r_‘;’ =1 Bouillon Racine 51’
- S
Q
5 e
g e/
Conference campus entrance g & $ Lo
g 3
' 4 H IS § % & Au vieux campeur
21 rue de I'Ecole de Médecine & S § C
(=] G Ay /
s () 0,
a 2 @ [ 3
Palais du Luxembourg . RS 75;.: & Mar"@hn - ;;UE le

The historical site dates back to 1234. It became the Monastery of Cordeliers (Franciscans) until 1571 and also an
important educational center in competition with the Sorbonne. During French Revolution the site was the meeting
place of one of the popular clubs of this historical period, Club of Cordeliers, founded in 1790 to prevent the abuse

of power and human rights violations.

Today it welcomes biomedical research laboratories and hosts the Faculty of Medicine and the Institute of Doc-
toral Studies of Pierre et Marie Curie University.
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Practical information

The main entrance of the conference campus is 21 rue de I'Ecole de Médecine, Paris VI. It is 2min walk from the
closest metro station "Odéon" (Metro lines 4 or 10).

Presentations

Conferences will take place in the Amphitheatre Faraboeuf. Poster sessions will be held in the Campu’s garden and
cloister.

Review lectures are 50 min talk + 10 min of discussion.
Invited talks are 25 min + 5 min discussion.

Contributed talks are 12 min + 3 min discussion.

The maximum poster size is 100cm wide and 150cm high.

Lunches and coffee breaks

A welcome lunch and evening cocktail will be offered on sunday, 13" in room Marie Curie inside the Campus des
Cordeliers. We also offer lunch for every participants from monday, 14" to thursday, 17t". Coffee breaks will take
place in the room Marie Curie and cloister.

Registration

Registration will start from Sunday 13", 11:30 am, inside the Campus des Cordeliers.

Website

The conference website is:

http://ii-vi-2015.sciencesconf.org/

Contact

Please email us at: conf26@insp.jussieu.fr



http://ii-vi-2015.sciencesconf.org/
mailto:conf26@insp.jussieu.fr
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Social program

We are pleased to invite you for a break at Versailles to visit its famous Palace on Wednesday afternoon.

Departure time is scheduled at 1.30 pm, just after lunch.

Dedicated buses will take you from the Campus des Cordeliers to the Palace of Versailles.

Once on site, the visit is organized by groups of 30 people entering the Palace every 5 minutes, from 2.50 p.m. Ev-
eryone will be given an audioguide (11 languages are available).

The visit of the Palace and its most famous places (the Hall of Mirrors, Grand Apartments of the King and of the
Queen, King's Bedchamber .. .) lasts around 1 hour and a half.

Then, a walk in the gardens will be possible before returning.

The return to Paris by bus is scheduled at 6.00 pm.

Conference banquet

The conference banquet will be held on board an entirely glass-encased boat. You'll experience a dinner-cruise on
the Seine river, at night in the center of Paris, with illuminated historical buildings and monuments. The cuisine is
typically french and meticulously presented. Rendez-vous is given on thursday 7:30pm for the boarding, at the dock
of the "Bateaux Parisiens" ship company (http://www.bateauxparisiens.com). The boat will leave the quay
at 8:30pm sharp and return at 11pm. Disembarkation may take 30min.

The map below shows the cruise, the boat and the access to the dock, located at the foot of the Eiffel tower, Port de
la Bourdonnais.
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Proceedings

Proceedings of the I1-VI 2015 will be published as peer reviewed papers in PHYSICA STATUS SOLIDI (pss) journals. All
contributions will be considered as submissions to pss as an international scientific journal. Invited and Contributed
Articles may be published as a special issue in pss (c) - current topics in solid state physics.

Selected highlight presentations may be upgraded as QOriginal Papers or Feature Articles in pss (a) - applications
and materials science or pss (b) - basic solid state physics, or in selected special cases as Rapid Research Letter
or Review@RRL in pss (RRL) - Rapid Research Letters.

The article submitted for publication should be up to 4 printed pages for Contributed (oral and poster) presenta-
tions and up to 8-10 printed pages for Invited presentations. Feature Articles (topical review, 8-10 printed pages)
contributions are also possible to submit after invitation.

The manuscript should be submitted after the conference, using the journals’ online manuscript submission system.

Manuscript submission

All manuscript must submitted electronically using the online submission system Editorial Manager (link below):
https://www.editorialmanager.com/pssc-journal/default.aspx

Please login as an author. First-time users will need to register and enter the requested information.
For your paper submission, select "lI-VI Paris 2015 conference".

Instructions and guidelines for author are available online (link below):

http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1610-1642a/homepage/2133_authors_
EM.html



https://www.editorialmanager.com/pssc-journal/default.aspx
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1610-1642a/homepage/2133_authors_EM.html
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1610-1642a/homepage/2133_authors_EM.html
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PROGRAM
Sunday September, 13
12:30-13:30 Welcome Lunch
SuR 14:00-17:30 Review Lectures 36
Chair: Christophe Testelin, institut des NanoSciences de Paris (France)
Pierre Galtier, Groupe d’Etude de la Matiere Condensée, Versailles (France)
SuR-1  14:00-15:00 II-VI Semiconductors for Photonic Device Applications: Beyond the Blue Laser 37
Maria Tamargo
City University of New York (United States)
SuR-2  15:00-16:00 The adventure of copper indium gallium diselenide solar cells : recent develop- 38
ments and future challenges
Daniel Lincot
Institut de Recherche et Développement sur I'Energie Photovoltaigue, Chatou (France)
16:00-16:30 Coffee break (30min)
SuR-3  16:30-17:30 Surface-state transport in topological insulators 39
Hartmund Buhman
Physikalisches Institut, Universitédt Wiirzburg (Germany)
17:30-18:45 Cocktail
12 ToC
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Monday September, 14

MoA

MoA-|

MoA-2

MoA-3

MoA-4

MoA-5

MoB

MoB-1

MoB-2

MoB-3

MoB-4

08:45-09:00

09:00-10:30

09:00-09:30

09:30-09:45

09:45-10:00

10:00-10:15

10:15-10:30

10:30-11:00

11:00-12:15

11:00-11:15

11:15-11:30

11:30-11:45

11:45-12:00

Opening Session

Growth and Characterizations 1
Chair: Shizuo Fujita, Kyoto University (Japan)

ZnTe/CdSe type Il heterostructures investigated by transmission electron
microscopy (HR-STEM) and atom probe tomography (APT)

Bougerol Catherine (Invited)

Institut Néel, Grenoble (France)

ZnTe Layers on R- and S-plane Sapphire Substrates
Nakasu Taizo

Department of Electrical Engineering & Bioscience, Waseda University (Japan)

Near-forward Raman Study of Zn(Se,S) and (Zn,Be)Se bulk Phonon-polaritons
Collapse vs. Reinforcement Regimes of the Intermediary Mixed-bond Branch
Dicko Hamadou

Laboratoire de Chimie et Physique, Approche Multi-Echelle des milieux complexes, Metz (France)

Internal Laser Characteristics of Optically Pumped Yellow-Orange Lasers
Alyamani Ahmed

Stepanov Institute of Physics, National Academy of Science of Belarus (Belarus)

Growth of Liln; _,.Ga,Ses Semi-Insulating Crystals
Stowe Ashley
Consolidated Nuclear Security Y12 (United States)

Coffee break (30min)

Zn0, Nanowire
Chair: Ji rgen Gutowski, institute of Solid State Physics, University of Bremen (Germany)

On the benefits of annealing ZnO nanowires under zinc pressure
Zehani Emir
Groupe d’Etude de la Matiere Condensée, Université de Versailles (France)

Large scale well-ordered, periodically patterned multifunctional ZnO
Gokarna Anisha

Laboratoire de Nanotechnologie et d'Instrumentation Optique, Troyes (France)

Efficient Nitrogen Incorporation in ZnO Nanowires by Unintentional Doping

Stehr Jan Eric
Linkdping University (Sweden)

Luminescence dynamics of hybrid ZnO nanowire/CdSe quantum dot structures
Bley Stephanie

Institute of Solid State Physics, Semiconductor Optics, University of Bremen (Germany)

40

41

42

43

44

46

47

48

49

50

51

13

ToC
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MoB-5

MoC

MoC-

MoC-2

MoC-3

MoC-4

MoD

MoD-|

MoD-2

MoD-3

12:00-12:15

12:15-13:45

13:45-15:00

13:45-14:15

14:15-14:30

14:30-14:45

14:45-15:00

15:00-15:30

15:30-17:15

15:30-16:00

16:00-16:15

16:15-16:30

Thermal Conductivity of a Single ZnO Nanowire
Yuldashev Shavkat

Quantum-Functional Semiconductor Research Center, Dongguk University (South Korea)

Lunch break (90min)

Spin in Dots
Chair: Sergey Ivanoy, lofffe Physical -Technical Institute (Russia)

Individual ions of transition metals in 1I-VI quantum dots and photonic structures
Pacuski Wojciech (Invited)

Insitute of Experimental Physics, Faculty of Physics, University of Warsaw, (Poland)

Strain controlled coherent dynamics of coupled carriers and Mn spins in a
charged Mn-doped quantum dot

Lafuente Sampietro Alban

Institut Néel, Grenoble (France)

Spin Relaxation Dynamics of an Individual Co?* lon in a CdTe/ZnTe Quantum
Dot
Bogucki Aleksander

Institute of Experimental Physics, Faculty of Physics, University of Warsaw (Poland)

Colloidal CdS/ZnS Quantum Dots - Doped with Manganese and Functionalized
with Organic Dye Molecules
Heimbrodt Wolfram

Department of Physics and Material Sciences, Philipps University Marburg (Germany)

Coffee break (30min)

Detectors
Chair: Arnold Burger, Fisk university (United States)

UV-APDs using ZnSe-based organic-inorganic hybrid structure with long lifetime
and device integration

Abe Tomoki (Invited)
Tottori University (Japan)

[I-VI Broadband Quantum Cascade Detectors
De Jesus Joel
Department of Physics, The Graduate Center and The City College of New York (United States)

Gamma-Ray Tolerance of CdS/CdTe Photodiodes for Radiation Tolerant Compact
Image Sensor with Field Emitter Array
Okamoto Tamotsu

Department of Electrical and Electronic Engineering, National Institute of Technology, Kisarazu College (Japan)

92

53
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99

96

57

58

99

60

62
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MoD-4  16:30-16:45 High Power 1I-VI/InGaN Laser Diode Converters Emitting in the Green-Yellow 64
Spectral Region
Ivanov Sergey
loffe Institute, St. Petersburg (Russia)

MoD-5 16:45-17:00 HgCdTe p*-n structures grown by MBE on Si (013) substrates for high operating 65
temperature MWIR detectors
Yakushev Maxim
AV Rzhanov Institute of semiconductor physics (Russia)

MoD-6  17:00-17:15 Electric Field Inhomogeneity in Ohmic Cd(Zn)Te Detectors Measured by Time-of- 66
Flight Technique
Suzuki Kazuhiko
Hokkaido University of Science (Japan)

MoP 17:15-18:45 Poster Session 1 (MoP) 145

15 ToC
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Tuesday September, 15

TuA 08:30-10:00 Growth and Characterizations 2 67
Chair: Maria Tamargo, City University of New York (United States)

TuA-l 08:30-09:00 MBE growth of 2D layered chalcogenides 68
Liu Xinyu (Invited)
Department of Physics, University of Notre Dame (United States)

TuA-2  09:00-09:15 Hydrogen contamination in ZnO films grown at low temperature 69
Guziewicz Elzbieta

Institute of Physics, Polish Academy of Sciences, Warsaw (Poland)

TuA-3  09:15-09:30 Nearest-neighbour Lattice Distortions in Oxygen-deficient Mn-doped Zn0O and 70
MgZnO Thin Films, Probed by Electron Paramagnetic Resonance
Lorenz Michael
Institut fiir Experimentelle Physik II, Universitét Leipzig (Germany)

TuA-4  09:30-09:45 Homoepitaxial nonpolar Zn0/ZnMgO multilayers: fabrication of Distributed 71
Bragg Reflectors and optical microcavities
Zuniga-Perez Jesus
Centre de recherche sur I'hétéroepitaxie et ses applications, Valbonne (France)

TuA-5  09:45-10:00 Characterization of doping by Scanning Capacitance Microscopy and C(V) 72
technigue in ZnO nanowires for optoelectronique application
Wang Lin
Laboratoire de Physique de I'ENS Lyon (France),

10:00-10:30 Coffee break (30min)

TuB 10:30-12:15 Novel 2D systems, topological systems 74
Chair: Rameshwar Bhargava, nanocrystals (United States)

TuB-IT  10:30-11:00 Terahertz Radiation Induced Electric Currents in Topological Insulators 75
Ganichev Sergey (Invited)

University of Regensburg (Germany)

TuB-2  11:00-11:15 Electrical detection of spin polarization in the surface Dirac states of a 3D 76
topological insulator, BiSeTeSe
Shiraishi Masashi
Department of Electronic Science and Engineering, Kyoto Univ. (Japan)

TuB-3  11:15-11:30 Valley dynamics probed through exciton emission in monolayer Wses, MoSes 77
and MoS,
Wang Gang

Laboratoire de Physique et Chimie des Nano-Objets, Toulouse (France)

TuB-4  11:30-11:45 Quantum Transport in HgTe/CdTe Topological Insulator structures. 78
Thomas Candice
CEA-LETI, MINATEC, Grenoble (France)
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TuB-15  11:45-12:15 Advances and Perspectives in II-VI Telluride Heterostructures 79
Wojtowicz Tomasz (Invited)
Institute of Physics, Polish Academy of Sciences, Warsaw (Poland)
12:15-13:45 Lunch break (90min)
TuC 13:45-15:15 Photovoltaic 1 80
Chair: Alexey Toropov, loffe Institute (Russia)

TuC-l  13:45-14:15 Semiconductor Quantum Dots and Solar Energy Conversion 81
Klimov Victor (Invited)

Chemistry Division, Los Alamos National Laboratory (United States)

TuC-2  14:15-14:30 Dielectric Confinement in Layered II-VI Semiconductor Colloidal Nanoplatelets 82
and Hybrid Perovskites
Even Jacky
Fonctions Optiques pour les Technologies de I'information, Rennes (France)

TuC-3  14:30-14:45 Crystallographic and Optical Characterizations of Ag(Ga,Al)Te, Layers Grown on 83
c-plane Sapphire Substrates by Closed Space Sublimation
Uruno Aya
Department of Electrical Engineering and Bioscience, Waseda University (Japan)

TuC-4  14:45-15:00 Novel Ternary Wurtzite Semiconductor 8-CuGa0s 84
Suzuki Issei
Osaka University (Japan)

TuC-5  15:00-15:15 Electronic Structure and Relative Stability of Binary (Ga/In)Se and Pseudoternary 85
Cu(In,Ga)Se, Semiconductors
Srour Juliana
Laboratoire de Chimie et Physique - Approche Multi-échelles des Milieux Complexes, Metz (France),

15:15-15:45 Coffee break (30min)
TuD 15:45-17:15 Dots and Nanowires 1 86
Chair: Piotr Kossacki, Warsaw University (Poland)

Tub-l  15:45-16:15 Laser Cooling of CdS II-VI Semiconductor Nanoribbons: Towards All Solid State 87
Semiconductor Optical Cooler
Xiong Qihua (Invited)

Nanyang Technological University (Singapore)

TuD-2  16:15-16:30 Measurement by Photon-Correlation Fourier Spectroscopy of the spectral 88
diffusion and time-coherence of the trion fluorescence in thick-shell CdSe/CdS
nanocrystals
Hermier Jean-Pierre
Université Versailles Saint-Quentin en Yvelines (France)
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TuD-3

TuD-4

TuD-5

TuP

16:30-16:45

16:45-17:00

17:00-17:15

17:15-18:45

Mid-infrared detection with interband and intraband colloidal quantum dot

transitions
Guyot-Sionnest Philippe
University of Chicago (United States)

Control of semiconductor quantum dot emission intensity and polarization by

metal nanoantennas
Kulakovskii Vladimir

Institute of Solid State Physics Russian Academy of Sciences (Russia)

Vertical CdSe/ZnSe nanowire quantum dot and photonic wire for single-photon

emission
Cremel Thibault

Laboratoire Nanophysique des Semiconducteurs, Grenoble (France)

Poster Session 2 (TuP)

89

219
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Wednesday September, 16

WeA 08:30-10:15 Spin and Magnetism 92
Chair: Jacek Kossut, imstitute of Physics, Polish Academy of Sciences (Poland)

WeA-l  08:30-09:00 Coherent optical spectroscopy in CdTe quantum well structures: Storing lightin 93
the electron spin ensemble
Akimov llya (Invited)
TU Dortmund University (Germany)

WeA-2  09:00-09:15 Atomic-like spin fluctuations of Manganese atoms in CdTe quantum wells 94
Cronenberger Steeve
Laboratoire Charles Coulomb, Montpellier (France)

WeA-3  09:15-09:30 Spin-orbit Stiffness of the Spin-polarized Electron Gas 95
Baboux Florent
Institut des NanoSciences de Paris (France)

WeA-4  09:30-09:45 Charged Carrier Spin Dynamics in ZnO Epilayers and Quantum Wells 96
Puls Joachim
Institute of Physics, Humboldt-University, Berlin (Germany)

WeA-5  09:45-10:00 Long-range p-d exchange interaction in a ferromagnet-semiconductor hybrid 97
structure
Debus Joerg
Experimentelle Physik 2, TU Dortmund, Dortmund, Germany (Germany)

WeA-6  10:00-10:15 (Al)GaAs:Be/Zn(Mn)Se Heterovalent Quantum Well Heterostructures: Electrical 98
and Structural Properties
Komissarova Tatiana
loffe Institute, St. Petersburg (Russia)

10:15-10:45 Coffee break (30min)

WeB 10:45-12:15 Zn0, Plasmonic and optical engineering 99
Chair: Joachim Puls, institute of Physics, Humboldt-University, Berlin (Germany)

WeB-I  10:45-11:15 Zn0 plasmonic 100
Kalusniak Sascha (Invited)
Institut fiir Physik, Humboldt-Universitét zu Berlin (Germany)

WeB-2  11:15-11:30 Free-electron concentration and polarity inversion domains in plasmonic 101
(Zn,Ga)o
Sadofev Sergey
Institut fiir Physik, Humboldt-Universitét zu Berlin (Germany)

WeB-3  11:30-11:45 Enhanced luminescence excitation via efficient optical energy transfer 102
Aad Roy

Laboratoire de Nanotechnologie et d'Instrumentation Optique, Troyes (France)

19 ToC



[I-VI 2015 International Conference

WeB-4  11:45-12:00 Interface engineering in ZnO/organic hybrid structures for optimized excitonic 103
coupling and charge transfer
Blumstengel Sylke

Humboldt Universitét, Berlin (Germany)

WeB-5 12:00-12:15 Colloidal Quantum Dot-Based Excitonic Light-Emitting Devices 104
Lee Seonghoon
School of Chemistry, Seoul National University (South Korea)

12:15-13:30 Lunch break (75min)

13:30-19:00 Social Program
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Thursday September, 17

ThA

ThA-|

ThA-2

ThA-3

ThA-4

ThA-5

ThB

ThB-I

ThB-2

ThB-3

ThB-4

08:30-10:00

08:30-09:00

09:00-09:15

09:15-09:30

09:30-09:45

09:45-10:00

10:00-10:30

10:30-12:15

10:30-11:00

11:00-11:15

11:15-11:30

11:30-11:45

Colloidal systems
Chair: Grzegorz Karczewski, nstitute of Physics, Polish Academy of Sciences (Poland)

Preparation and study of semiconductors with a honeycomb nanogeometry
Vanmaekelbergh Daniel (Invited)
University of Utrecht (Netherlands)

Transport properties of 2D colloidal nanoplatelets to achieve enhanced photo-
conduction properties

Lhuillier Emmanuel

Laboratoire de Physique et d’Etude des Matériaux, Paris (France)

Polarimetric Determination of CdSe/CdS Dipole Orientation
Maitre Agnes

Institut des Nanosciences de Paris (France)

Alignment of Rod-Shaped Single-Photon Emitters Driven by Line Defects in Liquid
Crystals
Pelliser Laurent

Institut des Nanosciences de Paris (France)

Gold Plated and Thick Shell Quantum Dots: Two Examples of Colloidal Quantum
Dots with Much Improved Optical Properties
Nasilowski Michel

Laboratoire de Physique et d'Etude des Matériaux, Paris (France)

Coffee break (30min)

Zn0, Transport and Doping
Chair: Chong—Xin Shan, Changchun Institute of Optics, Chinese Academy of Sciences (China)

Novel Quantum Transport of 2D Electrons in MBE-Grown Zn0O Heterostructures
Kozuka Yusuke (Invited)
University of Tokyo (Japan)

Zn0-Based Oxide Semiconductors for Transparent Electronics
Lu Jianguo

School of Materials Science and Engineering, Zhejiang University (China)

Electrical properties, and Optical properties of p-n and p-i-n heterostructures
based on p-Zn0, n-GaN and i-Al;03

Przezdziecka Ewa

Institute of Physics Polish Academy of Sciences (Poland)

Stabilization of p-type N-doped Zn-deficient ZnO Nanoparticles
Jobic Stéphane

Institut des Matériaux Jean Rouxel, Nantes (France)
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ThB-5

ThB-6

ThC

ThC-l

ThC-2

ThC-3

ThC-4

ThC-5

ThD

ThD-|

11:45-12:00

12:00-12:15

12:15-13:45

13:45-15:15

13:45-14:15

14:15-14:30

14:30-14:45

14:45-15:00

15:00-15:15

15:15-15:45

15:45-17:15

15:45-16:15

Research on p-type Doping, Bandgap Engineering and Stability of Thin-Film
Transistors in ZnO and its Related Oxide
Ye Zhizhen

School of Materials Science and Engineering, Zhejiang University (China)

The Zn0:(N, Al)-based homojunction deposited at low temperature
Snigurenko Dmytro
Institute of Physics, Polish Acad. of Sciences, Warsaw (Poland)

Lunch break (90min)

Photovoltaic 2
Chair: Henri Mariette, institut Néel (France)

Progress in polycrystalline CdTe PV beyond 21%
Gloecker Marcus (Invited)
First Solar Inc. (United States)

Chemical engineering of CdTe and Cd,Zn;_,Te surfaces in aqueous HBr/Bro
solutions
Etcheberry Arnaud

Institut Lavoisier, Université de Versailles (France)

Valence band offset between CdX and CdCl,
Tomic Stanko
University of Salford (United Kingdom)

Molecular Beam Epitaxy of Short-Period Zn(S)Se/CdSe/Ing.3Gag.7As Superlat-
tices with the Effective Bandgap Energy of 2.1-2.2 eV

Sorokin Sergey

loffe Physico-Technical Institute, St. Petersburg (Russia)

Four-Junction Heterovalent Solar Cells Based on II-VI/IlI-V/Ge Coherent and
Metamorphic Heterostructures

Toropov Alexey

loffe Physico-Technical Institute, St. Petersburg (Russia)

Coffee break (30min)

Zn0, Device
Chair: Michael Lorenz, institut fiir Experimentelle Physik Ii, Universitét Leipzig (Germany)

Recent Progress on Electrically Pumped ZnO Lasers
Liu Jianlin (Invited)

University of California, Riverside (United States)

116
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ThD-2  16:15-16:30 10 GHz Operation of Schottky Diodes Based on 1GZ0 127
Zhang Jiawei
School of Electrical Engineering and Electronics, University of Manchester (United Kingdom)

ThD-3  16:30-16:45 Resistive-switching Memory and Ultraviolet Light-emitting Diodes Based on ZnO 128
related Materials
Liu Yichun

Center for Advanced Optoelectronic Functional Materials Research, Northeast Normal University (China)

ThD-4  16:45-17:00 Zn0-Based Avalanche Photodetectors 129
Shan Chong-Xin

Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences (China)

ThD-5  17:00-17:15 High Performance Indium-Gallium-Zinc-Oxide-Based Schottky Diodes Fabricated 130
at Room Temperature
Xin Qian
Shandong University (China)

ThP 17:15-18:45 Poster Session 3 (ThP) 298

19:30-23:30 Conference Banquet
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Friday September, 18

FrA

FrA-1

FrA-2

FrA-3

FrA-4

FrA-5

FrA-6

FrB

FrB-

FrB-2

FrB-3

08:30-10:00

08:30-08:45

08:45-09:00

09:00-09:15

09:15-09:30

09:30-09:45

09:45-10:00

10:00-10:30

10:30-12:00

10:30-11:00

11:00-11:15

11:15-11:30

Optical and Excitonic properties
Chair: Irina Buyanova, Linkaping University (Sweden)

Second-Harmonic Generation Spectroscopy of Excitons in ZnO
Pavlov Victor

loffe Physical-Technical Institute, the Russian Academy of Sciences (Russia)

Spectroscopy of Trion states in non-polar ZnO Quantum Wells and their use to
monitor Spin Injection

Morhain Christian

Centre de recherche sur I'hétéroepitaxie et ses applications, Valbonne (France)

Exciton-polariton thermodynamics in ZnSe-based microcavities
Klembt Sebastian

Institut Néel, Grenoble (France)

Interaction of Tamm plasmons with cavity photons and excitons in ZnSe-based
microcavities
Rahman Sk. Shaid-Ur

Institute of Solid State Physics, Semiconductor Optics, University of Bremen (Germany)

Effect of parity in magneto-optical spectra of quantum wells
Kochereshko Vladimir
loffe Physical-Technical Institute, St. Petersburg (Russia)

Laser Induced Tellurium Formation Detected by Coherent Phonon Excitation in
Plasmonic Crystals
Kreilkamp Lars Erik

Experimentelle Physik 2, Technische Universitat Dortmund (Germany)

Coffee break (30min)

Dots and Nanowires 2
Chair: Maria Chamarro, institut des NanoSciences de Paris (France)

Dangling Bond Magnetic Polaron in CdSe Nanocrystals
Rodina Anna (Invited)

A.F loffe Physico-Technical Institute of Russian Academy of Sciences (Russia)

Magnetic Polaron Formation in (Cd,Mn)Te Quantum Dots inserted in ZnTe
Nanowires
Artioli Alberto

Institut Néel, Grenoble (France)

Magneto-photoluminescence of Tellurium Isoelectronic Bound Excitons in
Zn-Se-Te in the Presence of Type-Il Submonolayer Quantum Dots

Deligiannakis Vasilios

The Graduate Center, CUNY New York, New York 10016 (United States)
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FrB-4  11:30-11:45 Strain induced energy gap variation and valence band mixing in 143
(Zn,Mn)Te/(Zn,Mg)Te core/shell nanowires
Wojnar Piotr
Institute of Physics, Polish Academy of Sciences, Warsaw (Poland)

FrB-5  11:45-12:00 Cd(Se,Te)/ZnSe Quantum Dots: Beyond the Crossroad of Se and Te Based 144
Systems
Sciesiek Maciej
Institute of Experimental Physics, Faculty of Physics, University of Warsaw (Poland)

12:00-12:30 Closing Session
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Poster Session 1, Monday September, 14 (17:15-18:45)

MoP-I Growth and characterization , doping and defects 146
MoP-1  Deuterium diffusion in nitrogen-doped Zn0O at room temperature 147
MoP-2  Electronic Band Structure Engineering of Zn0; _,.S, and Zn0; _, Te,. Highly Mismatched Alloys 148
MoP-3  Quasiamorphous Zn0 layers produced by the ALD technique 149
MoP-4  MOCVD growth of ZnO nanowires on Ni-W metallic substrates 150
MoP-5  Influence of ZnO Admixture and Co?* Doping on the Photolytic Behavior of Nanocrystalline Zinc 151
Sulfide

MoP-6  ZnO microstructures Obtained by HFCVD and Its Characterization. 152

MoP-7  High quality ZnO nanotube on conductive substrate by pulsed laser deposition 153

MoP-8 Influence of Substrate Temperature on Crystalline Characteristics and Optical Properties of Tour- 154
maline/Zn0 Thin Film

MoP-9  Enhanced Photocatalytic Activity of Hierarchical ZnO Nanostructure for Water Purification 155

MoP-10 Chemical and Physical Growth Mechanisms of Zinc Sulfide and Zinc Oxide Thin Films Grown by 156
Mist Chemical Vapor Deposition

MoP-11  Energy Harvesting Based on ZnO Nanostructure 157

MoP-12  ZnO Nanostructure Synthesis via Hydrothermal and Electrospinning Methods for Gas Sensor 158

MoP-13 Polarity Effects on the Formation of ZnO Nanowires and Related Heterostructures with CdSeand 159
CdTe

MoP-14  Spatially controlled growth of highly crystalline ZnO nanowires by an inkjet-printing catalyst-free 160
vapor-solid method

MoP-15 Controlling the structural uniformity of ZnO nanowires grown by chemical bath deposition 161

MoP-16  Structural and optical characterization of hybrid ZnO/polymer core-shell nanowires fabricated by~ 162
oxidative chemical vapor deposition

MoP-17  Transparent Conducting Magnetic V:ZnO 163

MoP-18 Unambiguous defect identification in compound semiconductors by positron annhiliation spec- 164
troscopy

MoP-19 Dependence of the Structural, Chemical and Electrical Properties of GaAs/ZnSe Heterovalent 165
Interface on MBE Growth Mode

MoP-20 Significantly improved interface recombination velocity and minority carrier lifetime for 166
CdTe/MgCdTe double heterostructures

MoP-21 Influence of Source Transport Rate upon Compositions of Mg and Se in Zn;_,Mg,Se,Te;—, 168
Layers grown by Metalorganic Vapor Phase Epitaxy

MoP-22 ZnSTe Lattice-matched to GaP Substrates Grown by Molecular Beam Epitaxy Using ZnS Buffer 170
Layers

MoP-23 Low Pressure MOVPE Growth and Characterization of ZnTe Homoepitaxial Layers 171

MoP-24 Diffusion Driven Growth of Nanowires: The case of ZnTe 173

MoP-25 Photoluminescence of High-Resistivity ZnTe Crystals Doped with Gallium and Indium 174

MoP-26 Ultrasonic-Assisted Mist Chemical Vapor Deposition for Oxide and Sulfide Semiconductor Thin 175
Films

MoP-27 Percolation-type Multi-phonon Pattern of Zn(Se,S): Ambient/High-pressure Backward/Near- 176
forward Raman Scattering and Ab Initio Calculations

26 ToC



[I-VI 2015 International Conference

MoP-28 Growth and Characterization of Mg; _,.Cd,0 Thin Films 177
MoP-29 Electronic spectrum of Bi-related defects in crystalline cadmium telluride 178
MoP-30 Application of the difference spectroscopy for studying of complex acceptors in Cd(Zn)Te 179
MoP-31 Preparation of CusZnSnSey films from selenization of Cu-Zn-Sn spin-coated precursors by 180
dimethyl selenide
MoP-ll  ZnO, related oxydes and Transparent conductors (devices and physics) 181
MoP-32 Persistent photoconductivity of ZnO nanowires under varying ambient conditions 182
MoP-33 Band Tail Induced Photoluminescence Broadening in Heavily-Doped n-Type ZnO Nanowires 184
MoP-34 Annealing effects on nitrogen-doped ZnO nanowires 185
MoP-35 Enhanced Ultraviolet Luminescence of ZnO Nanorods Treated by High-Pressure Water Vapor An- 186
nealing
MoP-36 Enhanced ultraviolet emission from Au/Ag-nanoparticles@Mg0/Zn0 heterostructure light- 188
emitting diodes: A combined effect of exciton- and photon- localized surface plasmon couplings
MoP-37 Improvement of thermal stability of p-Zn0:(AI,N) thin films by oxidizing Zn3Ns:Al thin films 189
MoP-38 Characterization of ZnO Thin Film Grown on Vicinal-Cut Sapphire (0001) Substrates by MOCVD 190
MoP-39 Growth, optical and structural properties of Zn0/ZnMgO core-shell guantum wells 197
MoP-40 MgZn0 growth on (0001)sapphire by mist chemical vapor deposition 192
MoP-41 Properties of Zn0/ZnMgO Nanostructures Grown on R-plane Alo03 Substrates by MBE 193
MoP-42 Structural, Electrical and Optical Properties of Ga-Doped Zn0 Films Grown on Flexible Substrates 194
by Using Plasma-assisted Molecular Beam Deposition
MoP-43 ZnO:Tb Films Grown by RF Magnetron Sputtering: the dependence of structural and luminescent 195
properties on the type of the substrate
MoP-44 Effects of band anticrossing on the temperature dependence of the band gap of Zn(Cd)TeO 196
MoP-45 Positron lifetime spectroscopy of vacancy-related defects in ZnO 197
MoP-46 Fabrication of Flexible and Freestanding ZnO Few Layers 199
MoP-lll  Detectors and new devices: X and gamma high energy sensors , Infrared, visible, and 200
UV materials and devices
MoP-47 20 MHz Operation of Organic Nano-Diodes 2071
MoP-48 Multi-Band Radiation Detector Based on HgCdTe Heterostructure 202
MoP-49 1I-VI Quantum Cascade Emitters in the 6-8 um range 203
MoP-50 Photosensitive MIS Structures with Ultrathin Dielectric Based on Cd,Hg; . Te (z ~ 0.4) 205
MoP-51 Application of Indium Tin Oxide to the p-cladding Layers of Yellow/Green II-VI Compound Semi- 206
conductor Laser Diode Structures on InP Substrates
MoP-52 Molecular Beam Epitaxy of II-VI/GaAs Laser Heterostructures for Yellow-Orange Spectral Range 208
MoP-53 Terahertz Excitations in HgTe-based Field Effect Transistors 210
MoP-54 Growth and characterization of ZnCdSe/ZnCdMgSe two-color quantum-well infrared photode- 211
tectors
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MoP-55 Mid-infrared light sensitive p-CdZnTe/i-CdTe/n-CdTe diode structures with PbTe nanoinclusions 212
MoP-56 Investigation of Yellow/Green II-VI Compound Semiconductor Laser Diode Structures onInP Sub- 213
strates
MoP-57 Analysis of the diffusion of charge carriers in the photosensing film of photovoltaic n-on-p 215
HgCdTe IR FPA detectors
MoP-58 640x512 Focal Plane Assemblies based on HgCdTe heterostrucutres grown by MBE 217
MoP-59 Investigation of Au/Zn composite electrode on CdZnTe detector 218
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Poster Session 2, Tuesday September, 15 (17:15-18:45)

TuP-I Low-dimensional structures and related physics (novel 2D systems, nanostructures, 220
quantum dots, colloidal nanocrystals)
TuP-1  Influence of Shell Thickness on the Charge Transfer Dynamics from Photoexcited PbS/CdS Quan- 221
tum Dots to Metal Oxides
TuP-2  Electric field imaging in single ZnO nanowire Schottky diodes 222
TuP-3  Polarization Resolved Photoluminescence Excitation Studies of Individual CdSe Quantum Dots 223
Emitting in Yellow Spectral Range
TuP-4  Photoinduced Transformations of Optical Properties of the CdSe and AgIinS, Quantum Dots Em- 224
bedded in the Films of Polyvinyl Alcohol
TuP-5  Defect composition in acceptor doped Zn0 quantum structures 225
TuP-6  Application of DBRs for the Enhancement of CdTe Quantum Dots Photoluminescence in Single 226
Emitter StudiesApplication of DBRs for the enhancement of CdTe Quantum Dots Photolumines-
cence in Single Emitter Studies
TuP-7  Magneto-Optical Studies of Semimagnetic Cavity Polaritonsin a (Cd,Zn,Mg)Te Based Microcavity ~ 227
TuP-8  Collinear Four-Wave Mixing using Laguerre-Gauss modes in CdTe quantum well 228
TuP-9  Comparative studies of CdSe/ZnSe Quantum Dot Structures Epitaxially Grown either with or with- 229
out a Sub-monolayer CdTe Stressor
TuP-10  Direct determination of zero field splitting of a Co?* ion ina CdTe/ZnTe QD 230
TuP-11  Coherent spin evolution of acceptor-bound excitons in a CdTe quantum well 232
TuP-12  Spectral selection of excitonic transitions in a dense array of epitaxial CdSe/ZnSe quantum dots 233
TuP-13  Using single CdTe nanocrystals to study excitons from the quantum confined to the bulk regime 234
TuP-14  Mobility of the Two-Dimensional Electron Gas in Modulation Doped CdTe Quantum Well Struc- 235
tures with Gate Controlled Electron Concentration
TuP-15  Magneto-optical studies of CdTe and CdSe quantum dots 236
TuP-16  Quantum confined Stark effect of polar and non-polar Zn0/ZnMgO quantum wells grown by MBE 238
TuP-17  Magnetic Ground State of an Individual Fe?* lon in a Strained Semiconductor Quantum Dot 239
TuP-18  Strong excitonic effects dominate linear and nonlinear optical response in monolayer Wseq and = 240
MoSeq
TuP-19  Marking of individual CdTe/ZnTe Quantum Dots containing a single Mn?* ion using single-color, 241
in situ photolithography technique
TuP-20 Synthesis and characterization of opto-magnetic ZnO/MgQO core/shell doped copper ions 242
nanoparticles
TuP-21 Influence of Phonon Confinement on Optical Phonon-Mediated Carrier Capture into 243
CdSe/ZnS/H20 Quantum Dots
TuP-22  Tuning the emission energy from CdTe and CdSe quantum dots by copper doping 244
TuP-23 A correlative study of interfacial structure in type Il ZnTe/CdSe superlattices 245
TuP-24  Mn-enhanced collective emisson of CdMnSe quantum dots 247
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TuP-II Spin related phenomena (topological insulators , magnetic semiconductors , mag- 248
netic devices)
TuP-25 Growth, Structure, Electronic and Vibrational properties of Epitaxial BioSes Topological Insulator 249
Films on GaAs(111) Substrates.
TuP-26  Rhenium monoselenide: an investigation by density functional theory 250
TuP-27  Sum rule constraints on the surface state conductance of topological insulators 251
TuP-28  Spin Dynamics of Tellurium Isoelectronic Bound Excitons in Zn-Se-Te Nanostructures 252
TuP-29  Peculiarities of Room Temperature Magnetic Properties of single ZnO:Mn Nanowires revealed by 254
Magnetic Force Microscopy
TuP-30  Spin dependent energy transfer in [I-Mn-VI DMS nanostructures 255
TuP-31  Highly Spin-Polarized Green Electroluminescence Achieved by Spin Filter in Semimagnetic Semi- 256
conductor Bicrystals
TuP-32  Long Spin-Flip Time and Large Zeeman Splitting of Holes in Type-Il ZnTe/ZnSe Submonolayer 257
Quantum Dots
TuP-33 Vibrational and Magnetic Properties of Co-doped Hexagonal ZnO 258
TuP-34  Enhanced Conduction- to Valence-Subband Overlap in the HgTe Double Quantum Well 259
TuP-35 Electron Spin Flip Raman Spectroscopy and Magneto-Resistance of the Diluted Magnetic Semi- 261
conductor Zn_,Mn,Se below the Metal-Insulator Transition
TuP-36  Evidence of Exchange Interaction of Localized Carriers and Transition Metals in Diluted 1I-VI 262
nanostructures: ODMR Study
TuP-37  Optical probing of the spin state of a single Cr?* ion in a quantum dot 263
TuP-38  EPR Study of Layers Obtained from ZnCrTe Target by PLD Method 264
TuP-39  Optical and magnetic studies on MBE-grown ferromagnetic CrSe and CrS layers in zincblende 266
structure
TuP-40 Magnetic Phase Transitions in ZnO Doped by Transition Metals 267
TuP-ll  Growth and characterization , doping and defects 268
TuP-41  Spectroscopic and Kinetic Studies of ZnSe and ZnSe:Mn Colloidal Quantum Dots 269
TuP-42  Application of Diffuse X-ray Scattering and Polarization Dependent Photoluminescence for Real- 270
istic Modeling of Ultra-thin Quantum Dots
TuP-43  Microchip Laser Converter based on InGaN LD and ZnCdSe QDs Heterostructure 272
TuP-44  Cd,Zn;_,Se quantum dots: Correlation between chemical composition and optical properties 274
TuP-45  Peculiarities of CdS Nanocrystals Formation at Annealing of a Langmuir-Blodgett Matrix 276
TuP-46  CusZnSnSey thin film grown by molecular beam epitaxy on GaAs 277
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II-VI Semiconductors for Photonic Device Applications: Beyond the Blue
Laser

Maria C. Tamargo
The City College of New York

Since the rapid development of GaN materials about twenty years ago, the focus of II-VI compound
semiconductor research for photonic applications has shifted away from that one time prime goal of
development of a blue laser. Several directions emerged, including visible light emitters, vertical cavity
surface emitting lasers, intersubband devices, photovoltaics, and others. I will present a brief review of the

field with emphasis on some of the most recent activities in this direction.
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The adventure of copper indium gallium diselenide (CIGS) solar cells :
recent developments and future challenges

Daniel LINCOT"3* Jean Francois GUILLEMOLES"**, Negar NAGHAVI'3, Laurent
LOMBEZ"?, Julien VIDAL?®, Myriam PAIRE?®
Centre National de la Recherche Scientifique, Paris, France
2Electricité de France, Paris, France
3 Institut de Recherche et Développement sur I’Energie Photovoltaique (IRDEP), Unité
Mixte de Recherche CNRS-EDF-Chimie Paristech, Chatou, France
*Institut Photovoltaique lle de France, Antony, France
® Next PV, Joint Lab. CNRS-Tokyo University, Tokyo, Japon
Email: daniel.lincot@chimie-paristech.fr

Copper Indium Diselenide CulnSe, (CIS) is belonging to the Cu ternary chalcopyrite
semiconductor compounds which appeared in the mid seventies as candidates for non linear optical
applications. It was immediately recognized for its photovoltaics properties with heterojunctions

between p-type single crystal CIS and n type cadmium sulfide, with efficiencies reaching 12% in 1975.

However, the interest for such materials, with high absorption coefficients was mostly driven by the
search of light weight and efficient thin film solar cells, especially, at that time, for space applications,
as an alternative to wafer based Si technologies. The main explored thin film technologies were
cadmium telluride/cadmium sulfide and cuprous sulfide/cadmium sulfide ones, also based on 11-VI
compounds, with also amorphous silicon as an emerging technology. However cuprous sulfide/CdS
solar cells presented important problems of stability and were abandoned at the beginning of the 80’s
in favor of CIS/CdS cells in thin film form which was taking off from late seventies. As compared to
Cu,S/CdS solar cells, the striking feature of CIS solar cells was their much better stability, which was
explained in the 90’s on equilibrium thermodynamic considerations. Then, from the 2% record
efficiency in 1975, 30 years of an extraordinary scientific and discovery pathway, have brought this
efficiency to 21.7% in 2015, which overpass the record efficiency of polycrystalline silicon (20.8%),
representing the highest performance of thin film solar cells, ahead from cadmium telluride which has
made also great progress (21,5%) and well beyond silicon thin film solar cells (13.5%).

The progression consists in a succession of discoveries /breakthroughs followed by
consolidation phases : the introduction of gallium to tune the band gap, the introduction of sodium by
serendipity, the introduction of V shaped Ga/S graded band gap, interface engineering on the back
side and the front side of the device with CdS buffer layers and work function controlled Zn(O,S)
layers, grain boundaries engineering. Recently, the discovery of the effect of potassium alloying at the

surface allowed a new boost in efficiency, which opens the route towards 25 % efficiency in the future.

All these improvements are related to specific fundamental properties of CIGS and its interfaces with
front and back contacts. An enormous work is presently done to understand these properties by using
most advanced characterization and modelling tools, since many of these discoveries have been made
without strong preceding knowledge. Fundamental understanding of these complex materials and
interfaces is a key challenge for the future [1].

Beside the search for record efficiencies, new directions are explored i.e. : to find higher band gap
materials in the (Cu,In,Ga,S,Se) system which could serve for tandem higher efficiency devices (30%),
low temperature processes for making technologies on light weigh plastic substrates. Also new
architectures are under study like ultrathin CIGS solar cells with light trapping [2] or microcells
working under high concentration[3], allowing both an increase of efficiency and indium saving for
large scale industrial production.

[1] M. Paire, S. Delbos, J.Vidal, N. Naghavi, J.F. Guillemoles, Chalcogenide thin film Solar Cells, in Solar
Cells Materials, Wiley, 2014

[2] Z. Li kao, N. Naghavi, F. Erfurth, J.F. Guillemoles, I. Gerard, A. Etcheberry, J.L. Pelouard, S. Collin, G.
Voorwinden, D. Lincot, Progress in Photovoltaics, 20(2012)582

[3] M. Paire, L. Lombez, J.F. Guillemoles, D. Lincot, J. Appl. Phys., 108(2010)034907
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Surface-state transport in topological insulators

H. Buhmann

Physikalisches Institut, Universitat Wirzburg, Am Hubland, 97074 Wirzburg, Germany

Topological insulators (TI) are characterized by an insulating bulk and conducting
surfaces. The conducting surface states exhibit a characteristic Dirac band dispersion
and therefore offer a lot of new and interesting properties, especially with respect to
future device applications. In this presentation, | will review the development of
transport experiments on topological insulators:

- Summarizing the realization of a 2D TI structure in HgTe quantum wells its
potential for spin injection and detection purposes in spintronic applications
without any magnetic materials or applied magnetic fields.

- Presenting transport experiments on pure 3D TI surface states which are rare,
even though numerous TI materials have been identified and fabricated
worldwide.

- And introducing the feasibility of proximity induced superconductivity in the
surface of a 3D TI which provides the basis for the formation zero-energy, so-

called Majorana bound states.
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ZnTe/CdSe type Il heterostructures investigated by transmission
electron microscopy (HR-STEM) and atom probe tomography (APT)

Bastien Bonef“2, Jean-Luc Rouviere'?, Benedikt Haas'?, Adeline Grenier®?,
Pierre-Henri Jouneau™?, Edith Bellet-Amalric'?, Henri Mariette™*, Régis André™*,
Catherine Bougerol™**
1Univ. Grenoble Alpes, F-38000 Grenoble, France
2CEA, INAC-SP2M, F- 38054 Grenoble, France
$CEA, LETI, MINATEC Campus, F-38054 Grenoble, France.

*CNRS, Inst. NEEL, F-38042 Grenoble, France
*catherine.bougerol@neel.cnrs.fr

11-V1 semi-conductors with a wide and direct band gap have attracted considerable interest
due to their optical properties and potential applications as photovoltaic devices. Among them,
ZnTe and CdSe have a very small lattice parameter mismatch (a=0.6103 nm and 0.6078 nm,
respectively) in their cubic zinc-blende structure which makes this couple a good candidate to
grow almost strain-free super-lattices. Furthermore, ZnTe and CdSe present a staggered band
alignment (so-called type-I1) allowing a straight forward spatial separation of electrons and
holes at their interface. Short period ZnTe/CdSe super-lattices prove to be efficient sun light
absorbers and benefit from their type-11 band alignment to extracted photo-generated charge
carriers at their boundaries. However, even if high-quality super-lattices can be grown by
molecular beam epitaxy (MBE), their performances are directly linked to structural properties,
and are highly sensitive to details at the interfaces (width of the interfacial area, atomic
arrangements,...) when short periods are required. Moreover the ZnTe/CdSe interface is
made complex by the simultaneous change of group 11 and group VI elements and can be
ZnSe-like, or CdTe-like or a mixture of ZnTe and CdSe. The atomic scale structure of such
ZnTe/CdSe super-lattices grown by MBE has been solved from high resolution scanning
transmission electron microscopy (HR-STEM) combined with laser-assisted atom probe
tomography (APT). In particular, the presence of ZnSe has been evidenced at both interfaces
which may influence the optical properties.

growth

HR-STEM image of a ZnTe/CdSesuperlattice
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ZnTe Layers on R- and S-plane Sapphire Substrates

T. Nakasu', S.Yamashita®, T. Aiba', S. Hattori', T. Kizu®, W. Sun', K. Taguri', F. Kazami’,
Y. Hashimoto®, S. Ozaki*, M. Kobayashi'?, and T. Asahi®
!Dept of Elec. Eng. & Biosci., Waseda University, Tokyo, Japan
Kagami Memorial Res. Inst. for Mater. Sci. & Technol., Waseda University, Tokyo, Japan
*Technol. Dev. Center, JX Nippon Mining & Metals Corp., Kitaibaraki, Japan
*E-mail of the corresponding author: n-taizo.nakasu@asagi.waseda.jp

ZnTe thin films are attractive for electro-optic (EO) devices and terahertz wave devices.

Sapphire is an advantageous substrate for the EO device structures because it is a transparent
material and simplifies the alignment of the optical path in device applications. It was
confirmed that (111)-oriented ZnTe layers with a single domain structure were formed on
(0001) c-plane sapphire substrates [1], while (211)- and (100)-oriented ZnTe layers were
grown on (1-100) m-plane sapphire substrates [2]. It is expected that the crystal orientation of
ZnTe could be tuned by the surface inclination from the c-plane to the m-plane. In this study,
ZnTe epilayers were grown on (10-11) S-plane, and (10-14) R-plane sapphire substrates by
MBE. The S-, and R-plane of sapphire were inclined from c-plane toward the m-axis direction
about 72 and 38°, respectively. The growth temperature of the ZnTe layer was 340°C, and the
film thickness was around 1 um. The film growth was initiated by the deposition of a thin (a
few nanometers) buffer layer of ZnTe at very low temperature, followed by the annealing at
350°C for 5 min prior to the nucleation. The influence of the substrates’ orientation on the
orientation of the epilayer was studied by means of X-ray diffraction measurements including
the #-26 and the wide-range reciprocal space mapping [3]. In particular, X-ray diffraction
pole figures were employed and domain structures along with their orientations were
extensively investigated. Pole figures of ZnTe 111 and sapphire substrates were mainly
analyzed to clarify the relationship of axis between the film and the substrate.

When ZnTe layers were grown on the S- and R-plane sapphire substrates, (111) ZnTe
layers were confirmed by the 6-26 measurements. Pole figures of ZnTe 111 indicated that two
kinds of (111) domains were formed in layers grown on both kinds of sapphire substrates.
After the pole figure measurement, all measured signals were shifted along the y direction by
the computer simulation, and the origin of the pole figure was moved to the m-plane of the
sapphire. The resulting pattern indicated that ZnTe (211)-plane was formed on the sapphire
m-plane when the S-plane sapphire substrate was used. Similarly, ZnTe (100)-plane was
formed on the sapphire m-plane when the R-plane sapphire was used. These results coincided
with the domain structures of ZnTe layers grown on the m-plane sapphire substrate [2]. The
selectivity of the orientation would be related to the interface valency as well as the
interfacial bond structure.

This work was supported in part by Waseda Univ. Research Initiatives, "Early Bird"
grant for young researcher at Waseda Research Inst. for Sci. & Eng., collaboration between
Mitsubishi Mat. Corp. & Faculty of Sci. & Eng., Waseda Univ., JSPS Research Fellowships
for Young Scientists, and the Foundation of Ando Laboratory.

[1] T. Nakasu et al., Appl. Phys. Express, 5, 095502, (2012).
[2] T. Nakasu et al., Phys. Status Solidi, 11, 1182-1185, (2014).
[3] T.Nakasu etal., J. Cryst. Growth, (2015) in press

42

ToC



MoA-3

Near-forward Raman Study of Zn(Se,S) and (Zn,Be)Se bulk Phonon-polaritons —
Collapse vs. Reinforcement Regimes of the Intermediary Mixed-bond Branch

Dicko H.,* Hajj Hussein R.,* Pagés O.,™* A.,? Firszt F.,> Marasek A., Paszkowicz W.,>
Maillard A.,* Jobard C.* and Broch L.}

'LCP-A2MC / Institut Jean Barriol, Université de Lorraine, Metz, France
%Institute of Physics, Nicolaus Copernicus University, Torufi, Poland
3Institute of Physics, Polish Academy of Sciences, Warsaw, Poland
ALMOPS, Université de Lorraine — Sup’elec, Metz, France
*Corresponding author: olivier.pages@univ-lorraine.fr

In such a polar material as a zincblende AB crystal, the transverse optic (TO) phonon near the
centre of the Brillouin zone (I", g=0), is likely to be accompanied by an electric field, i.e. a
transverse one, thus identical in nature to that carried by a photon. The ‘frequency (®) vs. q’
dispersion of such mechanical/electrical-coupled TO, currently referred to as a
phonon-polariton (PP), was extensively studied in pure AB crystals since the mid-sixties [1],
mostly by using near-forward Raman scattering (schematically operating in a ‘transmission’
mode). Due to the quasi vertical dispersion of a photon, a phonon-polariton can exist only
close to I'. Away from T, the TO is deprived of electric field; it reduces to a purely
mechanical (PM-TO) mode. The strong PP coupling occurs when the quasi vertical
photon-like asymptote (electrical aspect) crosses the horizontal PM-TO (mechanical aspect)
oneina ‘o vs. q’ plot. This gives rise to an anticrossing resulting in two PP’s, i.e. a lower PP
that is (PM-TO)-like away from T" and photon-like near T', and an upper PP that is
photon-like away from I'" and identifies with the longitudinal optical (LO) mode rightat I".

An interesting question is how such PP picture modifies for a A;.xBxC zincblende alloy? Bao
and Liang provided a pioneering theoretical insight into the ‘® vs. q” PP-dispersion of various
alloys [2]. On the experimental side, we are only aware of our recent near-forward Raman
studies of ZnSe-based alloys [3,4]. What emerges is that in a A;.xBxC alloy an intermediary
(A-C,B-C)-mixed PP (Int-PP) occurs between PP~ and PP*. Int-PP is distinct in nature from
the latter two in that it exhibits an overall S-like shape governed by two (horizontal) phonon
asymptotes, i.e. the higher PM-TO frequency away from I', and the lower LO one near T.

In this work we report on a near-forward Raman study of the presumed reinforcement of
Int-PP when turning LO-like near T, following its original collapse when departing from the
PM-TO regime away from T", as predicted by the linear dielectric response theory of Raman
scattering [4]. We study both Zn;..BeSe (x=0.33; 0.53) and ZnSe1.,Sey (y=0.22; 0.32) alloys,
corresponding to extreme cases with respect to Int.-PP: ZnBeSe (ZnSeS) exhibits highly
contrasted (quasi-identical) bond physical properties (length, stiffness), resulting in a large
(narrow) gap between the natural vibration frequencies of the constituent bonds, with
concomitant impact on the magnitude of the Int.-PP dispersion. The discussion is supported
by a Raman symmetry analysis of the ZnBeSe- and ZnSeS-like Int-PP’s, both in their
collapse (PM-TO-like) and reinforcement (LO-like) regimes — depending on the used laser
excitation or alloy composition, and by a contour modeling of the multi-PP ZnBeSe and
ZnSeS Raman lineshapes in their dependence on the scattering angle within the formalism of
the linear dielectric response, based on ellipsometry measurement of the refractive index.

[1] Henry C. H. and Hopfield J. J., Phys. Rev. Lett. 15, 964 (1965).

[2] BaoJ. and Liang X. X., J. Phys. Condens. Matter 18, 8229 (2006).

[3] Hajj Hussein R., Pagés O., Firszt F., Paszkowicz W. and Maillard A., Appl. Phys. Lett. 103, 071912 (2013).

[4] Hajj Hussein R., Pages O., Firszt F., Marasek A., Paszkowicz W., Maillard A. and Broch L., J. Appl. Phys.
116, 083511 (2014).
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Internal Laser Characteristics of Optically Pumped Yellow-Orange Lasers

A. Alyamani®, E.V. Lutsenko?", A.G. Vainilovich?, G.P. Yablonskii®, M. Aljohenii*,

A. Aljerwii*, S.V. Sorokin®, S.V. Gronin®, 1.V. Sedova® and S.V. Ivanov®
'KACST, National Nanotechnology Center. P.O. BOX 6086, 11442 Riyadh, Saudi Arabia
2Stepanov Institute of Physics, National Academy of Science of Belarus,

220072 Minsk, Nezhaleznasty 68 str., Belarus
3loffe Physico-Technical Institute, Russian Academy of Science,
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The yellow range (560-590 nm) of visible spectrum is of a great importance for medical
applications because of the absorption maximum of triple oxygen. The yellow lasers are also
demanded for the laser TV and multimedia devices to improve the color rendering. However,
the existing DPSS lasers do not allow choosing the lasing wavelength because the wavelength
is determined by the laser crystal. The 11-VI wide-gap laser heterostructures look perspective to
cover the whole yellow spectral range. In part, the microchip laser converters emitting in
565-567 nm were recently demonstrated [1]. This paper reports on the studies of internal laser
characteristics of optically pumped CdSe/Zn(Cd)Se quantum dot (QD) laser heterostructures
emitting from “true” yellow up to orange ranges. The laser structures have been grown by
molecular beam epitaxy (MBE) on GaAs(001) substrates using the double-chamber 111-V/11-V1
MBE setup (SemiTEq, Russia). The structures consist of top and bottom ZnMgSSe claddings,
graded-index waveguide based on Zn(Mg)SSe/ZnSe superlattices (SLs) [2], and
3 nm-ZnSe/2.8 ml-CdSe QDs/(2-3) nm-Zn;«CdxSe/3 nm-ZnSe active layer [3]. The only dif-
ference between two structures is the QW thickness and Cd content in Zn;.,CdsSe QW:
3 NM-Zng g5Cdo3sSe (structure A) and 2 nm-ZngsCdosSe (structure B), correspondingly. The
laser cavities were obtained by cleavage of the heterostructures. The cavity length was varied
within 125-730 pum and 120-500 um ranges for the structures A and B, respectively. The opt-
ical pumping was realized by focusing the emission of N, laser into the stripe perpendicular to
cavity edge. The lasing wavelength is varied within 555-575 nm and 583-593 nm ranges de-
pending on the cavity length for the structures A and B. The minimum laser threshold is as low
as 1.27kW/cm? (Leay=734pm) and 2.5kW/cm? (L, =500um) for the structures A and B, re-
spectively. The threshold increases up to 7.4kW/cm? (structure A) and 8.8kW/cm? (structure B)
with the cavity length decrease down to ~120um. The internal laser characteristics were cal-
culated from the experimental dependencies of reciprocal differential quantum efficiency on
cavity length and threshold power density on reciprocal cavity length. The details of the cal-
culations could be found in [4]. The characteristic gain is of 51 cm™ and 76 cm™ for the
structures A and B, respectively. The transparency threshold, internal quantum efficiency and
internal losses are 0.6kW/cm?, 83%, 4.3cm™ (structure A), and 1.12kW/cm?, 72%, 4.4cm™
(structure B), respectively. The difference in characteristic gain is likely caused by
non-optimum waveguide in structure A. Alternatively, the high value of the characteristic gain
in structure B in comparison with commonly used CdSe/ZnSe QD active region [4] could be
explained by localization of non-equilibrium carriers in QD+QW. The increase in the trans-
parency threshold as well as decrease in internal quantum efficiency is likely associated with
effects caused by higher Cd content.

[1] E.V. Lutsenko et al., Quantum electronics 43(5), 418 (2014)

[2] 1.V. Sedovaetal., Appl. Phys. Lett. 98, 171103 (2011).

[3] S.V.Groninetal., Acta Physica Polonica A 126(5), 1096 (2014)
[4] A.G Vainilovich et al., Phys. Stat. Sol. (c) 7(6), 1961 (2010)
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Growth of Liln,,Ga,Se, Semi-Insulating Crystals
Brenden Wiggins™?, Arnold Burger”®, Keivan Stassun®®, Ashley Stowe®

'y-12 National Security Complex, Oak Ridge, TN, USA
2Vanderbilt University, Nashville, TN, USA
*Fisk University, Nashville, TN, USA

Crystal growth and material engineering have become complementary fields in the development of new
materials with versatile optical-electrical properties. Ternary Li-containing chalcogenide single crystals
have been intensively investigated over the past fifteen years for non-linear optical applications and more
recently detection of ionizing radiation. One such composition in this class, ®LilnSe,, respond to radiation
both as a semiconductor and as a scintillator with high intrinsic efficiency. One drawback to the °LilnSe,
semiconductor is the efficiency lose due to a neutron capture reaction with the indium-115 isotope. In
order to improve the overall thermal neutron efficiency and tune the electro-optical properties, gallium has
been systematically substituted for indium within the compound. ®LilnSe, and ®LiGaSe, have been
separately synthesized via a two-step synthesis method whereby lithium and either In or Ga are alloyed
prior to addition of the chalcogenide. The two ternary compounds are then physically mixed in the
appropriate concentration prior to vertical Bridgman growth. Crystallography, electro-optical and radiation
response properties will be discussed for the Liln; ,Ga,Se, single crystals.
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On the benefits of annealing ZnO nanowires under zinc pressure

E. Zehani* !, S. Hassani !, A. Lusson *, F. Jomard , J. Vigneron %, A. Etcheberry 2,
V. Sallet * and P. Galtier *
'Groupe d’Etude de la Matiére Condensée (GEMAC), CNRS - Université de Versailles
St Quentin, 45 avenue des Etats Unis, 78035 Versailles France
?Institut Lavoisier Versailles (ILV), CNRS - Université de Versailles St Quentin,
45 avenue des Etats Unis, 78035 Versailles France
*corresponding author : emir.zehani@uvsq.fr

ZnO has attracted intensive research effort for its unique properties and versatile
applications such as ultraviolet light emitting diodes (LEDs). Nevertheless, the growth of
high-quality and stable p-type ZnO material is still a major issue. Several approaches have
been investigated to achieve p-type doping in ZnO bulk crystals, layers and nanowires : ion
implantation, ex situ diffusion of dopants, or in situ doping during growth. Most of the time,
an annealing step under inert gas, air, or oxygen is carried out in an attempt to : i) improve to
crystalline and optical quality, and ii) electrically activate the acceptor impurities.

In this work, doped and undoped ZnO nanowires are grown using metal organic chemical

vapour deposition (MOCVD) on sapphire substrates. Subsequently, the samples are annealed
under zinc pressure in a vacuum-sealed ampoule, at temperatures ranging from 550 to 800°C.
The originality, and the main motivation to provide a zinc-rich atmosphere, was to prevent
the diffusion of zinc from the nanowires.
Interestingly, photoluminescence experiments performed on nanowires processed in a harrow
window of temperature [580-620°C] show a spectacular improvement of the optical quality,
as transitions commonly observable in high quality bulk samples are found. In addition, the
intensity of the so-called "surface exciton" (SX) is strongly decreased. To accurately
investigate the structural modifications of the surface, XPS experiments were carried out, and
show that zinc hydroxide species (adsorbed molecules, and/or Zn(OH), sublayer) are
removed from the surface. The results suggest that thermal treatment under zinc pressure
helps to reconstruction properly the surface of ZnO nanowires, and improves the optical
quality of their core.

6
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Figure : SEM image of as-grown ZnO nanowires (left), and PL spectra measured at 5K for ZnO nanowires
samples, as grown and annealed at 580 °C with Zn source (right)
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Large scale well-ordered, periodically patterned multifunctional ZnO

Anisha Gokarna”, Hind Kadiri, Agnieszka Gwiazda, Komla Nomenyo, Roy Aad and
Gilles Lerondel*
LNIOQ, Institut Charles Delaunay, CNRS UMR 6281, University of Technology of Troyes,
12 Rue Marie Curie, CS 42060, 10004 Troyes Cedex, France
*anisha.gokarna@utt.fr, gilles.lerondel@utt.fr

The growth of well-ordered, controlled, periodic two-dimensional (2D) semiconductor
nanostructure patterns with enhanced surface morphology and advanced Light-matter
Interaction control i.e. absorption and emission enhancement is becoming increasingly
important because of the need to understand the fundamental growth mechanism as well as its
potential applications in nanoscale electronics, biological sensing and diagnosis, and
nanophotonics.

The aim of this work is to demonstrate selective, patterned growth of ZnO using low
cost, easy-to-fabricate templates on a large area by the bottom-up and top-down approach.
Patterning of silicon substrates was conducted using two methods: top-down and a bottom-up
approach. The bottom-up approach involves fabrication of self-organized templates of
functionalized polystyrene (PS) beads as masks for patterning silicon. Silicon patterns in the
form of small inverted cones is formed by this technique. Earlier Gokarna et al. used PS
beads as templates for fabrication of urchin-like ZnO structures [1]. In the top-down approach,
patterns in silicon are formed using laser interference lithography (LIL) patterning. Different
kinds of silicon patterns in the form of inverted cones or pillars can be obtained using two
beam LIL technique. This patterning can be performed on a large scale and in a homogeneous
manner (Figure 1(a, b)). ZnO nucleation layer is deposited on these patterns using a two-step
method prior to the synthesis of ZnO NWs. Chemical bath deposition (CBD) method is used
for the growth of the nanowires on these silicon patterns. Formation of highly crystalline,
luminescent NWs (of diameter less than 50 nm) is observed to be formed on these silicon
patterns as seen in figure 1(b). The structural and optical properties of these patterned ZnO
NWs structures will be presented. Combining both these approaches for patterning along with
the CBD method allows more access to large-scale uniformly patterned nanostructures at a
high-throughput rate and a substantially reduced cost, both in time and in equipment
resources, providing an efficient approach for fabricating highly ordered nanostructures at
wafer scale without using cleanroom technology.

——
LAHO" 31 PRV 6 Ginto: x X 50K SEY w4eie 304 M 500

Figure 1: (a) Photograph of the LIL patterned sample, (b) SEM image of homogeneously
patterned ZnO on a large scale by LIL (c) zoomed in image of the ZnO nanowires grown on
the silicon cone shaped patterns

[1] A. Gokarna, R. Parize, H. Kadiri, K. Nomenyo, G. Patriarche, P. Miska and G. Lerondel RSC Advances, 4,
47234 (2014).
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Efficient Nitrogen Incorporation in ZnO Nanowires by Unintentional
Doping

Stehr JE'*, Chen WM!, Reddy NK?, Tu CW?, and Buyanova IA!

!Department of Physics, Chemistry and Biology, Linképing University, 581 83 Linkdping,
Sweden
2Institute of Chemistry, Humboldt University, Berlin, DE 12489, Germany
3Department of Electrical and Computer Engineering, University of California, La Jolla,
CA 92093, USA
* Corresponding author: janst@ifm.liu.se

ZnO is a promising electronic material for a wide variety of applications ranging from
sensing to light emission. Furthermore, ZnO is a sustainable and cheap material that can be
easily synthesized in various nano-scale forms, e.g. tetrapods and nanowires (NWs), which
allows one to further enhance its functionality. All these applications, however, require a good
understanding and precise control of optical and electrical properties of the material that are
known to be largely affected by intrinsic defects and impurities. Thus, chemical identification
of these impurities, as well as understanding their local structure and effects on material
properties, are the key requirements for advances in nanowire-based device technologies.

In this work we employ magnetic resonance spectroscopy to investigate defect
formation processes in nominally undoped ZnO NWs grown by chemical vapor deposition,
aiming to single out chemical origin of incorporated contaminants. The EPR spectra of the
NWs are found to exhibit three EPR signals. The first signal has an electron spin S = % and
an isotropic g-value of 2.002 and can be assigned to dangling bonds on the surface of the
NWs, which seems to be very likely considering a large surface-to-volume ratio in the NWs,
The second signal consists of a single line with g = 1.957 and g. = 1.956 and can be
attributed to a shallow donor (SD). And the third signal contains three equally spaced lines
implying a resolved hyperfine interaction between an electron with an effective spin 1/2 and a
nucleus with a nuclear spin 1 with g|| = 1.995 and g. = 1.963. This signal is an EPR signature
of a nitrogen atom occupying an oxygen lattice site (No) that acts as a deep acceptor in ZnO.
The photo-ionization threshold energy of the No center in the ZnO NWs is lower compared
with its value in bulk ZnO, indicating that the defect might be located in proximity to the
surface. This assumption is consistent with theoretical predictions of enhanced N
incorporation at the ZnO surface [1]. The incorporated nitrogen stems from an unintentional
doping from residual N2 background gas. This doping process is shown to be very efficient
leading to a rather high concentration (~ 2-4 x 10 cm™) of unintentional N dopants in the
NWs. Our finding thus underlines the importance of controlling such background
contamination as compensation by the No acceptors may hinder achieving high n-type
conductivity in nanostructured ZnO. On the other hand, the lowered formation energy of No
in NWs might be beneficial for achieving p-type conducting ZnO nanostructures via nitrogen
doping, e.g. due to N-containing defect complexes or nitrogen molecules.

[1] Gutjahr, J, Sakong, S, and Kratzer J, Nanotechnology, 25, 145204, (2014).
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Luminescence dynamics of hybrid ZnO nanowire/CdSe quantum dot
structures

Stephanie Bley"”", Friederike Albrecht', Sebastian Resch?, Siegfried R. Waldvogel®, Andreas
Menzel®, Margit Zacharias®, Tobias Voss™* , and Jiirgen Gutowski*

YInstitute of Solid State Physics, Semiconductor Optics, University of Bremen, 28359 Bremen,
Germany
?Institute of Organic Chemistry, Johannes Gutenberg University Mainz, 55128 Mainz, Germany
®Laboratory of Nanotechnology, IMTEK, TF, Albert Ludwigs University, 79110 Freiburg,
Germany
*Institute of Semiconductor Technology, Braunschweig University of Technology, 38106
Braunschweig, Germany
“E-mail of the corresponding author: bley@ifp.uni-bremen.de

Electronic and optical coupling as well as electron transfer across the internal interfaces of hybrid
nanostructures opens possibilities to specifically tailor their microscopic transport and
luminescence processes by combining specific properties of different organic and inorganic
material systems.

In this respect, ZnO nanowires (NWSs) functionalized with colloidal quantum dots (QDs) through
organic linker molecules allow a detailed coupling investigation of the 3D (NW) and 0D (QD)
electronic systems. The tight and selective binding of the QDs to the ZnO NW surface can be
achieved through a special design of organic linker molecules, and the interaction between the 3D
and OD electronic systems can be precisely controlled by adjusting the lengths of the linker
molecules and their electronic system.

CdSe quantum dots (QDs) with different organic linker molecules are attached to ZnO nanowires
(NWs) to study luminescence dynamics and electron tunneling from the QDs to the nanowires in
time-resolved photoluminescence (PL) and photoconductivity measurements. The PL transients of
the QD luminescence indicate two different recombination channels: the direct recombination
inside the QD core and the recombination via QD surface defect states. After linking the QDs to the
ZnO NW surface, photo-induced electron tunneling from an excited state of the QD into the
conduction band of the nanowire becomes visible by a clear decrease of the PL decay time. By
comparing the PL transients of QDs in solution with those of QDs linked to ZnO NWs, the
photo-induced electron tunneling (PET) process between excited states of the QD and the nanowire
is demonstrated and discussed in the frame of a rate equation model.

Efficient electron tunneling is confirmed by a strong enhancement of the photocurrent through the
functionalized nanowires in which the tunneling rate can be controlled by using different organic
linker molecules. Desorption and re-adsorption of oxygen molecules from and on the oxide as well
as the QD surfaces play an important role for the electron transfer processes between both material
systems as shown also in previous studies. Assuming that the linker molecules constitute diffusion
barriers for the oxygen molecules, whereby the thickness of the barrier scales with the molecule
length we can explain the experimental results based on the typical model™™! for photoconductivity
in bare or functionalized ZnO nanowire samples.

[1] D. Hou, A. Deyv, K. Frank, A. Rosenauer, and T. Voss, Journal of Physical Chemistry C, 116, 19604 (2012)
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Thermal Conductivity of a Single ZnO Nanowire
Sh. U. Yuldashev, V. Sh. Yalishev, H. D. Cho and T. W. Kang
Quantum-Functional Semiconductor Research Center, Dongguk  University, 3-26 Pil-dong,
Chung-gu, Seoul 100-715, Korea (E-mail: shavkat@dongguk.edu)

Electrical power generation from waste heat, for example, in cars, aircrafts, power
plants, and thermo-photovoltaic cells, requires high stability thermoelectric materials with
high figures of merit ZT at temperatures above 600 K, where ZT = 0?6 T/k, a is the Seebeck
coefficient, o is the electrical conductivity, k is the thermal conductivity, and T is the absolute
temperature. Nontoxic and low-cost oxides such as ZnO are promising for such applications
because their excellent charge carrier transport properties are tunable via doping. However,
decreasing k is a major challenge because of the high lattice thermal conductivity k. of these
materials. Nanostructuring has been shown to be more effective than incorporating dopants
and/or alloying elements or nanopores to decrease k; . In our recent work [1] we demonstrated
the decreasing of the thermal conductivity of ZnO nanowires with different diameters
embedded into PMMA matrix compare to the bulk ZnO.

In this work the thermal conductivity of a single ZnO nanowire with diameter of ~150
nm was measured using a four-point-probe 3-w method over a temperature range of
140-300K.

Fig. 1. Optical microscope image of a four-point-probe device for the thermal conductivity
measurements.

The measured thermal conductivity of ZnO nanowire is strongly reduced compared to
bulk ZnO crystal due to the enhanced phonon-boundary and impurity (isotope) scattering.
The maximum of the thermal conductivity is shifted to a higher temperature than that of bulk
counterpart. Temperature dependent measurements show that beyond the low-temperature
maximum, the thermal conductivity decreases with temperature as T™° indicating strong
impurity (isotope) scattering at intermediate and high temperatures.

[1] Kh. T. Igamberdiev, Sh. U. Yuldashev, H. D. Cho, T. W.Kang, and A. G. Shashkov, Appl. Phys. Express 4,
015001 ( 2011).
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Individual lons of Transition Metals in 11-VI Quantum Dots and Photonic
Structures

Woijciech Pacuski
Institute of Experimental Physics, Faculty of Physics, University of Warsaw,
ul. Pasteura 5, 02-093 Warsaw, Poland
Woijciech.Pacuski@fuw.edu.pl

This work presents molecular beam epitaxy and time-resolved magneto-optical
spectroscopy of novel quantum dots (QDs) with individual transition metal ions. We report
on the first optical observation of individual cobalt [1] and iron [2] ions in quantum dots.
Both CdTe QDs in ZnTe barrier and new (in this context) system - CdSe QDs in ZnSe barrier
[1-3] are applied for optical study and spin manipulation of individual magnetic ions:
manganese, cobalt and iron. Photoluminescence (PL) study of QDs with single magnetic ions
are compared with the measurements of excitonic PL [4,5] of epitaxially grown [1-VI diluted
magnetic semiconductors (DMS).

One of the most surprising finding is related to the exciton recombination channels. In
case of DMS structures with excitonic energy exceeding the intra-ionic transition energy, the
excitonic PL is weak due to quenching by magnetic ions. However, for single magnetic ions
in QDs, the effect of quenching is found to be negligible. This is proved by the measurements
of excitonic PL decay, which revealed no difference in decay dynamics from nonmagnetic
QDs and the dots with single magnetic ions [1]. This opens a possibility of exploiting new
solotronic systems with reduced sources of decoherence: ions without nuclear spin (such as
iron or chromium) and wide gap QDs with weak spin-orbit interaction. Indeed, we observe
significant differences in relaxation times of single magnetic ions in various systems [1,6,7].

QDs containing exactly one magnetic ion exhibit characteristic PL spectra modified by
the s,p-d exchange interaction. As expected [8], the exciton and biexciton emission lines are
split by 6 in case of a single Mn?* in various 1I-VI QD systems. In case of QDs with
individual Co?*, the exciton and biexciton lines are split by 4 (due to 4 spin projection of
Co%*: +3/2, +1/2) [1]. The case of Fe?* ion is more complex: Fe?* is nonmagnetic
(non-degenerate ground state) in bulk, but we find that strain of a QD induces distinctive
changes in Fe?* energy spectrum leading to the magnetic ground state of Fe?* ion [2].
Consequently, the Fe?* ion in a QD exhibits a ground state spin projection of +2 [2].

Finally, we present application of lithography techniques for studying individual
magnetic ions in microstructures, such as micropillar cavities [9,10].

[1] J. Kobak, T. Smolenski, M. Goryca, M. Papaj, K. Gietka, A. Bogucki, M. Koperski, J.-G. Rousset, J.
Suffczynski, E. Janik, M. Nawrocki, A. Golnik, P. Kossacki, W. Pacuski, Nature Commun. 5, 3191 (2014).

[2] T. Smolenski, T. Kazimierczuk, J. Kobak, M. Goryca, A. Golnik, P. Kossacki, W. Pacuski, arXiv:1505.06763
(2015); see also related poster at this conference.

[3] T. Smolenski, W.Pacuski, M.Goryca, M. Nawrocki, A. Golnik, P. Kossacki, Phys. Rev. B 91, 045306 (2015).
[4] M. Papaj, J. Kobak, J.G. Rousset, E. Janik, M. Nawrocki, P. Kossacki, A. Golnik, W. Pacuski, J. Cryst.
Growth 401, 644 (2014).

[5] M.J. Grzybowski, A. Golnik, M. Sawicki, W.Pacuski, Solid State Commun. 208, 7 (2015).

[6] M. Pilat , M. Goryca, T. Smoleniski, W. Pacuski, P. Kossacki, Acta Phys. Pol. A 126, 1212 (2014).

[7]1 M. Goryca, M. Koperski, T. Smolenski, L. Cywinski, P. Wojnar, P. Plochocka, M. Potemski, and P. Kossacki,
Phys. Rev. B 92, 045412 (2015).

[8] L. Besombes, Y. Léger, L. Maingault, D. Ferrand, H. Mariette, J. Cibert, Phys. Rev. Lett. 93, 207403 (2004).
[9] W. Pacuski, T. Jakubczyk, C. Kruse, J. Kobak, T. Kazimierczuk, M. Goryca, A. Golnik, P. Kossacki, M.
Wiater, P. Wojnar, G. Karczewski, T. Wojtowicz, D. Hommel, Crystal Growth & Design 14, 988 (2014).

[10] K. Sawicki, F. K. Malinowski, K. Gatkowski, T. Jakubczyk, P. Kossacki, W. Pacuski and J. Suffczynski,
Appl. Phys. Lett. 106, 012101 (2015); see also related poster at this conference.
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Strain controlled coherent dynamics of coupled carriers and Mn spins in a
charged Mn-doped quantum dot

A. Lafuente-Sampietro™?, H. Boukari'?, L. Besombes"?*
Univ. Grenoble Alpes, Grenoble, France
2CNRS, Institut Néel, Grenoble, France
*lucien.besombes@grenoble.cnrs.fr

Semiconductor quantum dots (QDs) allow for the manipulation of single charge and
spins in a solid-state system. It has been shown that optical spectroscopy of QDs can be used
to access the spin of individual or pairs of magnetic atoms. The spin of a magnetic atom can
be prepared, by the injection of spin polarized carriers, and it can be read through the energy
and polarization of the photons emitted by the QD. The insertion of a magnetic atom in a QD
where the charge and strain states can be controlled offers degrees of freedom to tune the
properties of the localized spin. Information processing with individual spins requires a fast
coherent control of a single spin and its coherent coupling to neighbour spins. The exchange
coupling of the spin of a single carrier with the spin of individual magnetic atoms is an
example of system where coherent transfer of information between spins could be realized.

The coherent dynamics of coupled carriers and individual Mn spins is analyzed through
resonant photoluminescence (PL) of the positively charged exciton (X*) in a charge tunable
CdTe/ZnTe QD [1]. The electron-Mn spin relaxation channels are identified in the energy and
polarization of the resonant PL (figure 1a). The auto-correlation of the resonant PL reveals a
large photon bunching resulting from the spin fluctuations of the electron-Mn and hole-Mn
complexes. The dynamics of the coupled hole-Mn spins is measured in time resolved
resonant optical pumping experiments. The coherent dynamics of the coupled electron-Mn
spins is directly observed in the time resolved resonant PL: the presence of strain anisotropy
at the Mn location induces quantum beats between electron-Mn spin states (figure 1c). The
strain induced coherent coupling can be
continuously tuned by an external
magnetic field. This complete set of
experiments show that a p-doped magnetic
- } QD forms an ensemble of ten optical
A systems (figure 1 (b)) that could be used
for a coherent control of the ferromagnet
formed by the coupled hole-Mn spins.

(a)

Figure 1: (a) PL (black) and resonant PL of X*-Mn
in a p-type Mn-doped QD. Resonant spectra are
obtained under CW circularly polarized excitation
M for three different energies of the resonant laser
’ (green). (b) Scheme of the energy levels of X™-Mn
and h-Mn illustrating the coupling of the A levels
associated with |3,+1> and |3,-1> on one hand and
|2,+1> and |2,-1> on the other hand by the strain
anisotropy term E(S,%-S,%) (green arrows). The
states are displayed as a function of their angular
momentum M,. (c) Time resolved resonant PL for co
an cross-circularly polarized excitation-detection of
the state [3,+1> and corresponding time
dependence of the circular polarization rate.
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Spin Relaxation Dynamics of an Individual Co®* lon in a CdTe/ZnTe
Quantum Dot

A. Bogucki*, M. Goryca, K. Oreszczuk, T. Smolenski, J. Kobak , W. Pacuski, P. Kossacki
Institute of Experimental Physics, Faculty of Physics, University of Warsaw,
Ul. Pasteura 5, 02-093 Warsaw, Poland
*aleksander.bogucki@fuw.edu.pl

Studies of single dopants in semiconductors constitute one of the research areas of the
dynamically developing field of solotronics [1]. The progress of the field is driven by the
perspectives of the ultimate miniaturization of information storage and processing devices, as
well as by the possibility to investigate interactions between impurities and the host crystal in
a single-atom scale. From scientific point of view quantum dots (QDs) containing single
magnetic dopants seem to be as a model system to study those interactions. Until recently,
only QDs with single manganese ions have been investigated, since other magnetic impurities
were believed to quench any photoluminescence (PL) of the dots. However, this turned out
not to be true in the case of a single impurity embedded in the dot, as a few new systems of
single magnetic ions in semiconductor QDs were presented [2]. Systematic investigations on
spin dynamics in those systems are important in the context of future optoelectronic devices.

In this work we present studies of spin
—————— dynamics of a single Co?* ion embedded in a
CdTe/znTe QD. The sample used in the
experiment contains a single layer of
MBE-grown, self-assembled dots. The presence
of a single Co®* ion in selected dots was
confirmed by observation of characteristic
. . patterns in the excitonic PL spectrum with and
0 20 40 60  without magnetic field [2]. In order to determine
Storage time [pis] spin-relaxation time of the single Co®* ionwe
Fig.1Spin-relaxation time of the performed time-resolved measurements of the
singleCo*"ionin CdTe/ZnTeQD determinedby QD PL under quasi-resonant, modulated
time-resolved PL under modulated excitation. excitation (see Fig. 1). It is experimentally
simpler than themethod previously used for the
Mn?" ion [3]. The measurements were carried out at various magnetic fields. The obtained
values of relaxation time stay in an agreement with the values determined previously under
non-resonant excitation [2] and are much shorter than those reported for the Mn?* ion [3].

We discuss the impact of the local strain on the spin relaxation. The Co®" ion has
non-zero orbital momentum, thus it is more sensitive to the local anisotropy of surrounding
lattice than the Mn?* ion. Analyzing different dots, we show that local distortion has minor
influence on the cobalt relaxation time. This new observation can help to determine the
spin-lattice relaxation mechanism of a single magnetic ion in a QD.

We also show that similarly to the case of the QDs with Mn®" ions [3], qusi-resonant
injection of spin polarized excitons leads to the orientation of the Co?* spin. The time
resolved measurements of this effect reveals that the spin orientation efficiency per one
exciton for a Co®* ion in a CdTe dot is much larger than for Mn?* ion in a similar dot.
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[1] P. M. Koenraad, M. E. Flatté, Nat. Mater. 10, 91-100 (2011)
[2] J. Kobak, T. Smolenski, et al., Nat. Commun., 5, 3191, (2014)
[3] M. Goryca, T. Kazimierczuk, et al., Phys. Rev. Lett. 103, 087401, (2009)

56

ToC



MoC-4

Colloidal CdS/ZnS Quantum Dots — Doped with Manganese and
Functionalized with Organic Dye Molecules

Uwe Kaiser, Mikko Wilhelm, Nadeem Sabir, Carolina Carrillo-Carrion, Wolfgang J. Parak,
and Wolfram Heimbrodt*
Department of Physics and Material Sciences Center, Philipps University Marburg, Germany
*wolfram.heimbrodt@physik.uni-marburg.de

Conjugates consisting of semiconductor quantum dots (QDs) and functional dye molecules are
wildly used for biophysical applications e.g. investigations of cellular processes. The energy
transfer between the QDs and these molecules is one of the key aspects in such systems and
can be used as a sensitive probe for different properties. Reabsorption as well as fluorescence
resonance energy transfer (FRET) lead not only to a change of the optical spectra, but
additionally influence the photoluminescence (PL) lifetime of the QDs as well as the attached
dye molecules in such conjugates, which lies in the range of several nanoseconds.

In this contribution we present investigations on QD dye conjugates which are additionally
doped with Mn atoms. A multistep growth of the ZnS shell around the CdS core preserves the
incorporation of the Mn atoms in the shell. The luminescence decay of the QD PL around
440nm is mainly determined by the interplay between different excitonic states leading to a
non-exponential decay in the range of hundreds of nanoseconds. The Mn PL around 580 nm
on the other hand shows a rather mono-exponential decay with a decay constant of 6 ms,
which is tremendously longer than the QD lifetime.

By coating the doped QDs with an amphiphilic polymer shell we not only obtain water soluble
QDs, but we are able to further functionalize these QDs with fluorophores. The attachment of
different dye molecules to the polymer shell of the doped QDs introduces another PL band
between 600 and 700nm, depending on the specific molecule. The sophisticated energy
transfer pathways in these QD dye conjugates involve a transfer between the QD, the Mn and
the dye levels. The interplay of these energetic states is described within a kinetic model
leading to a good description of the time resolved measurements of the respective PL bands.
Our time resolved investigations reveal the twofold functionality of the Mn ions within the
conjugates. On the one hand the Mn states act as energy acceptor for the high energetic CdS
states leading to a faster decay of the QD PL. Within the interaction of Mn and dye states the
Mn ions in turn act as an energy donor, increasing the lifetime of the dye PL by several orders
of magnitude from nanoseconds to milliseconds. The nonradiative energy transfer also leads
to a faster luminescence decay of the Mn states. The use of different dye molecules with a
variation of the spectral overlap between the Mn emission and the dye absorption even let us
control the exact lifetime of the Mn and dye states.

The functionalization of Mn doped QDs with organic dye molecules results in conjugates with
a tunable PL lifetime in the range of milliseconds. This time regime opens up several new
applications for semiconductor QDs and functional molecules e.g. the use in multiplex sensing
applications.
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UV-APDs using ZnSe-based organic-inorganic hybrid structure

with long lifetime and device integration
T. Abe, R. Inoue, T. Fujimoto, K. Tanaka, S. Uchida, H. Kasada, K. Ando, and K. Ichino
Department of Information and Electronics, Graduate School of Engineering,
Tottori University, Tottori, Japan
E-mail: abe@ele.tottori-u.ac.jp

Ultraviolet avalanche photodiodes (UV-APDSs) are attractive new optical devices which
play a key-role in establishment of medical imaging devices (e.g. positron emission
tomography; PET), radiation technology, astronomical applications, and next-generation ultra
large capacitive optical storage system. Photomultiplier (PMTs) are commonly used as the
UV detectors now for PET system, but they have many disadvantages for using in the PET
system. For example, PMTs cannot be integrated due to use of vacuum tubes and operation at
high voltage. Therefore, as next-generation alternate devices of PMTs, wide bandgap
semiconductor UV photodiodes such as GaN, SiC, ZnO, ZnSe have been developing.

ZnSSe APDs show very low-voltage operation at around reverse bias of ~30V[1], which
is originated from the band structure of ZnSe with very small impact ionization threshold
energy. This low APD operation voltage is a very important point for the device full
integration. The low voltage operation leads to a low level photosignal cross-talk, so the
low-voltage APD operation of ZnSSe is very profitable for integration of UV APDs.
Previously, we have developed PEDOT:PSS/ZnSSe organic-inorganic hybrid structure APD
with polyimide passivation and sealing the devices into N, atmosphere[2]. The device
exhibited lifetime of 25 days. We also demonstrated 2x6 integrated APDs operated in PIN
photodiode mode.

In this study, we have successfully realized longer lifetimes and lower dark current ( < 2
X 10 A/mm?) of the hybrid APDs by passivation with spin-coated polyimide films and
sealing them into N, atmosphere. The device exhibits long lifetimes more than 100 days and
over 500 times operation with no detectable device degradation. The present devices also
exhibit PIN mode response time of 3 ~ 10 ns (device area; 0.4 ~ 1.1 mm¢), which is the half
the decay time of the next-generation scintillator (Pr:LUAG; 20ns) for high-speed PET system.
The response times are proportional to device area, which means that response time is limited
by CR time constant and can be reduced by reducing device area.

Next, we fabricated an integrated device with three APDs array separated only by
window layer spot of PEDOT:PSS without any device isolation process, such as etching, ion
implantation, or guard ring structure. We traced the APDs by UV-laser with monitoring
photocurrent of each APD in the avalanche region (avalanche gain of M = 10 ~ 30 and
responsivity of 0.75 ~ 2.2 A/W). The present APDs array devices show photosignal cross-talk
of -50dB under APD operation between the neighboring APDs. These results show that the
present PEDOT:PSS/ZnSSe hybrid APD is expected as a new practical integrated UV-APD.

[1] Y. Inagaki, M. Ebisu, M. Otsuki, N. Ayuni, T. Shimizu, T. Abe, H. Kasada, and K. Ando, Phys. Status
Solidi C 9, 1852, (2012).

[2] T. Abe, N. Ikadatsu, R. Inoue, T. Fujimoto, K. Tanaka, A. Tazue, Y. Inagaki, M. Ebisu, H. Kasada, and K.
Ando, Phys. Status Solidi C 11, 1300, (2014).
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11-VI Broadband Quantum Cascade Detectors

Joel De Jesus, Thor A. Garcia®, Arvind P. Ravikumar®, Claire F. Gmachl?, Maria C. Tamargo®

! Department of Physics, The Graduate Center and The City College of New York (CUNY), New York, NY 10031
? Department of Chemistry, The Graduate Center and The City College of New York (CUNY), New York, NY 10031
3 Department of Electrical Engineering, Princeton University, Princeton, NJ 08544

Quantum cascade (QC) detectors [1] are photo-voltaic intersubband devices that rely on the
displacement of charge perpendicular to the growth direction. The electrons in the doped quantum
wells (QW) are excited by IR light and are carried away through a series of fast LO phonon transitions,
thus creating a photovoltage. The ZnCdMgSe family of 11-VI semiconductors offers the possibility of
designing such detectors to respond to a wide range of wavelengths due to its large conduction band
offset and absence of intervalley scattering.

After demonstrating the first II-VI-based detector [2], which exhibited good device properties, we are
now interested in combining two or more active cores designed for response at different wavelengths to
achieve broadband detection.

We recently grew a sequentially stacked design [3], where 15 repetition of 3 different cores (8.0 um, 6.8
um, 5.0 um) are stacked one on top of one another. We obtained better responsivities, but the detector
was mostly active in the 5.5um region (the top active core). A new design using interleaved active
regions (one single active core combining the different wavelength regions) has now been grown and is
being tested.

The lattice-matched ZnCdMgSe-based QC structures are grown by molecular beam epitaxy on InP
substrates, and characterized by photoluminescence (PL), X-Ray diffraction (XRD), FTIR transmittance,
and scanning electron microscope (SEM). The devices are fabricated into rectangular mesas with a 45°
wedge configuration using lithography and etching techniques. Top and bottom contacts were made of
Ti/Au. The processed devices were mounted on copper sub-mounts and wire bonded for electrical
measurements.

The performance of these novel IR broadband devices will be discussed.

References:

[1] — F.R. Giorgetta, et al, IEEE J. Quantum Electron. 45 (2009) 1039.
http://dx.doi.org/10.1109/JQE.2009.2017929.

[2] — A.P. Ravikumar, et al, Appl. Phys. Lett. 105 (2014) 061113. http://dx.doi.org/10.1063/1.4893359.

[3] - Presented at the 18™ International MBE Conference, Sept. 2014, at Flagstaff, Arizona, USA
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Gamma-Ray Tolerance of CdS/CdTe Photodiodes for Radiation Tolerant
Compact Image Sensor with Field Emitter Array

Okamoto T.**, Igari T.}, Taki M.%, Yasuda N.*, Takahashi K.}, Hosono A.}, Ogawa Y.},
Gotoh Y.?, Sato N.%, Akiyoshi M.*, and Takagi I.*
! Department of Electrical and Electronic Engineering, National Institute of Technology,
Kisarazu College, 2-11-1 Kiyomidai-higashi, Kisarazu, Chiba 292-0041, Japan
?Department of Electronic Science and Engineering, Kyoto University,
Kyotodaigaku-Katsura, Nishikyo-ku, Kyoto 615-8510, Japan
*Division of Physics and Astronomy, Research Reactor Institute, Kyoto University,
2, Asashiro-Nishi, Kumatori-cho, Sennan-gun, Osaka 590-0494, Japan
*Department of Nuclear Engineering, Kyoto University, Kyotodaigaku-katsura, Nishikyo-ku,
Kyoto 615-8540, Japan
*okamoto@e.kisarazu.ac.jp

Since the disaster of the Fukushima nuclear power plant in the Great East Japan
Earthquake, image sensors with high-radiation tolerance are strongly required. Until now, we
proposed a compact image sensor with a combination of a matrix-driven Spindt-type field
emitter array (FEA) and a photoconducting film based on CdTe [1]. In this work, we
investigated the influence of gamma-ray irradiation to CdS/CdTe photodiodes as
photoconducting films for a compact image sensor with FEA.

First of all, we investigated the gamma-ray irradiation tolerance of the glass/ indium tin
oxide (ITO) / n-type CdS / p-type CdTe structure. Corning Eagle XG with thickness of 0.7
mm was used as a glass substrate. The ITO layer was used as a transparent conductive thin
film. The CdTe and CdS polycrystalline thin-films were fabricated using close-spaced
sublimation (CSS) and chemical vapor deposition (CVD), respectively [2]. The thickness of
CdTe and CdS were approximately 5 um and 60 nm, respectively. In order to evaluate I-V
characteristics and spectral responses, Cu-doped carbon electrode was prepared on the CdTe
layer [2]. This structure was the same as the conventional superstrate-type CdTe thin-film
solar cells [2]. The gamma-ray irradiation was performed using ®°Co gamma-ray irradiation
facility of Kyoto University Research Reactor Institute (KURRI). The dose of
gamma-irradiation was approximately 75 kGy. After the gamma-ray irradiation, the glass
substrates were colored, and short-circuit current density (Jsc) decreased from 23.5 to 21.2
mA/cm? in the 1-V characteristic under the simulated solar light (air mass (AM) 1.5, 100
mW/cm?). On the other hand, open-circuit voltage (Voc) did not change by the gamma-ray
irradiation. The decrease in the Jsc was probably due to the decrease in the transmittance of
glass substrate.

In order to avoid the influence of the coloring of the glass substrate, we fabricated
Al-doped ZnO / n-CdS / p-CdTe / graphite structure (substrate-type configuration). The
graphite was used as a substrate. The Al-doped ZnO layer was used as a transparent
conductive thin film. Little degradation in I-V characteristic and spectral response was
observed after the gamma-ray irradiation. These results suggest that the CdS/CdTe
photodiodes have sufficient tolerance against gamma-ray irradiation except the decrease in
the transmittance of glass substrate.

A part of this study is the result of "Development of radiation tolerant compact image
sensor with a field emitter array"”, carried out under the Initiatives for Atomic Energy Basic
and Generic Strategic Research by the Ministry of Education, Culture, Sports, Science and
Technology of Japan.

[1] Gotoh Y., Tsuji H., Nagao M., Yoshizawa S., Akiyoshi M., and Takagi ., 27th International Vacuum

Nanoelectronics Conf., 71-72, (2014).
[2] Okamoto T., Hayashi R., Ogawa Y., Hosono A., and Doi M., Jpn. J. Appl. Phys., 54, 04DR01, (2015).
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High Power 11-VI/InGaN Laser Diode Converters Emitting
in the Green-Yellow Spectral Region

S.V. Ivanov'’, E.V. Lutsenko?, A.G. Vainilovich?, G.P. Yablonskii?, S.V. Sorokin®,
S.V. Gronin*, 1.V. Sedova’, P.S. Kop’ev', M. Aljohenii®, A. Aljerwii®, A. Alyamani®
Lioffe Institute, St.Petersburg 194021, Russia
“Stepanov Institute of Physics, NASB, Minsk 220072, Belarus
*KACST, National Nanotechnology Center, P.O. BOX 6086, Riyadh 11442, Saudi Arabia
*ivan@beam.ioffe.ru

The wide-gap 11-VI compounds are still the main candidates for fabrication of efficient
optoelectronic semiconductor devices emitting in the yellow-green and yellow ranges of
visible spectrum. During last two years the significant progress towards the realization of
microchip yellow-green (A~565 nm) II-VI/I1I-N laser converters has been achieved [1]. The
optimization of molecular beam epitaxy (MBE) of CdSe/ZnSe quantum dot (QD) based I1-VI
laser heterostructures with a graded-index waveguide (GIW) has resulted in the decrease of
the threshold power density down to Py, ~ 0.8 kW/cm? at T=300K owing to the reduction of
the density of non-equilibrium point defects in the active region [2]. The proposed method
utilizes the migration enhanced epitaxy growth of ZnSe layers confining the CdSe QD sheet.
Furthermore, the proposed the strain-balanced laser structures with the CdSe QDs embedded
in a strained Zn;.4CdySe (x <0.5) quantum well (QW) has resulted in efficient room tempera-
ture photoluminescence (PL) up to 590 nm [3]. Recently the GaAs-matched II-VI laser
structures emitting in the “true” yellow (570-580 nm) and even orange (590-593nm) spectral
ranges have been demonstrated [4].

This paper presents our latest results on II-VI/InGaN LD converters based on the
low-threshold 11-VI laser heterostructures. The wide spectrum of Cd(Zn)Se/ZnMgSSe QD
laser heterostructures grown by MBE pseudomorphically to a GaAs(001) were employed.
The general structure design as well as details of MBE growth have been reported earlier
[4,5]. The ability to cover the whole green and yellow-green ranges (500-565 nm) with the
microchip A3N/II-VI converters has been demonstrated, the lasing wavelength being
determined mainly by the CdSe QD nominal thickness (2.5-3 MLs). An increase in the output
pulsed power of the converters was achieved by optimization of the operation mode of the
pulsed InGaN LDs used for the excitation. In particular, the decrease of the pulse time down
to 4 ns (f=250 Hz) allowed rising the pumping power of the InGaN LDs from the nominal

CW output power Pey~3.5 W up to the pulse Pex. ~ 40-50 W without catastrophic degradation.

This has resulted in the enhancement of the output pulse power and quantum efficiency of the
converter based on a single-sheet CdSe/ZnSe QD heterostructure up to 5W and ~12.5%, re-
spectively. Moreover, the using of other I1-VI laser heterostructures with multiple QD sheets
and extended waveguide as an active element of the converter allows further enhancement of
the converter output pulse power and efficiency owing to the increase in both the absorption
efficiency of the pumping LD emission and the internal quantum efficiency. The data on rea-
lization of yellow laser converters based on I1-VI laser heterostructures with the active region
based on two CdSe/ZnSe QD sheets [1] and single CdSe QD sheet embedded in a strained
Zn;xCdxSe quantum well [4] will be presented.

[1] E.V. Lutsenko et al., Quantum Electron. 43(5), 418-422 (2013)

[2] S.V. Sorokin et al., Semiconductors 49(3), 331-336 (2015).

[3] S.V. Gronin et al., Acta Physica Polonica A 126(5), 1096-1099 (2014)

[4] S.V. Gronin et al, this conference

[5] S.V. Ivanov, S.V. Sorokin, 1.V. Sedova. In: Henini M, editor. Molecular Beam Epitaxy: From research to
mass production. Elsevier Inc., 2013. pp. 611-630.

64

ToC



MoD-5

HgCdTe p*-n structures grown by MBE on Si (013) substrates
for high operating temperature MWIR detectors

V.M. Bazovkin, A.A. Guzev, A.P. Kovchavtsev, A.V. Tsarenko, Z.V. Panova,
M.V. Yakushev*, V.S. Varavin, V.V. Vasilyev, S.A. Dvoretsky, D.V. Marin,
1.V. Sabinina, G.Yu. Sidorov, Yu.G. Sidorov

A.V. Rzhanov Institute of semiconductor physics, SB RAS, Novosibirsk, Russia
*yakushev@isp.nsc.ru

The main trends in the development of 2D focal plane arrays (FPAS) for cooled infrared
(IR) detectors include increasing the total number of elements in focal plane arrays and
raising the FPA operating temperature over liquid nitrogen temperature. Increasing the FPA
operating temperature reduces the weight and power consumption of the detectors through
the use of smaller-capacity coolers, improves the performance of the detectors and expands
their application range, and reduces the cost of the devices.

HgCdTe (MCT) solid solutions are one of the basic materials in fabrication IR FPA
especially as heterostuctures on silicon substrates. Such heterostructures are fundamentally
solve the problem of matching of the thermal expansion coefficients of IR photosensitive
array (PSA) and multiplexer at hybridization.

In using p-n junctions as FPA elements, an increase in the operating temperature can be
achieved via reduction of the generation/recombination current density, this density being
defined by the density of deep levels in the bandgap of the semiconductor and, hence, by the
purity of the semiconductor material.

In the present study, the CdHg:.xTe heterostructures with graded-gap MCT layers were
grown by MBE on Si (013) substrates. The thickness of the CdxHgi.xTe absorber layer (x ~
0.3-0.4) was 4 to 6 um. During the growth, the MCT layers were doped with In to a
concentration of (1-5)-10" cm™. The density of morphological V-defects in the layers was
about 500 cm .,

The p-n junctions were formed by implantation of arsenic ions into n-type MCT layers
followed by annealing-induced activation of arsenic impurities. The diode area in the
fabricated focal plane arrays was 10x10 pm?, and the diode pitch was 30 um. We measured
the temperature dependence of the reverse bias current of diodes at several bias voltages.

A one-dimensional drift-diffusion model was used to calculate the theoretical current-
voltage characteristics of the diodes. To this end, we simultaneously solved the Poisson
equation for the electric potential as distributed across the MCT photosensing layer with
regard for the MCT composition and the continuity equations for the electron and hole
concentrations in the allowed bands of the semiconductor. We assumed that the trapping and
emission of free charge carriers in the semiconductor proceeded with participation of one
type of deep-level traps according to the thermal Shockley-Read-Hall mechanism.

A comparison of experimental curves for dark currents with simulated data was
performed to determine the density of deep-level traps in the forbidden gap of the
semiconductor, which proved to be ~ 5 - 10** cm™. Numerical simulations were also
performed to determine the optimum position of the metallurgical boundary of the p-n
junctions in the contact layer.

Using the designed focal plane arrays, 320x256 short-wave IR FPA detectors with long-
wave cutoff wavelength 11,,=3.0 um at 170 K were fabricated. For NETD and specific
detectivity (D*) at T=170 K, values of 40 mK and 2-10% cm-HzY>W™* have been
respectively obtained.

This work was supported by the Ministry of Education of the Russian Federation (Grant
RFMEF160414X0134).
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Electric Field Inhomogeneity in Ohmic Cd(Zn)Te Detectors Measured by

Time-of-Flight Technique

Kazuhiko Suzuki'*, Takayuki Sawada®, and Satoru Seto?

! Department of Electrical and Electronic Engineering, Hokkaido University of Science,

Sapporo 006-8585, Japan

2 Department of Electrical Engineering, Ishikawa National College of Technology, Ishikawa

929-0392, Japan
* suzukik@hus.ac.jp

CdTe and Cd;.xZn,Te are practically used for X and gamma ray detectors without
cooling owing to their high resistivity (typically in the order of 10° Qcm for CdTe and
10" Qcm for Cd;.,Zn,Te) and good transport properties. Since such high resistivity is
attained by electrical compensation induced by intentionally doped donor impurity during
growth, there are several deep levels in the band gap of these materials [1]. Space charges
resulted from trapping and/or detrapping of charges to these levels may have a possibility
to perturb the uniformity of electric field leading to a deterioration of the detection
performance. The catastrophic degradation due to the bias induced polarization in
Schottky type detectors are well investigated by several authors [2]. While on the other
hand, although the effect is less remarkable, an instability of the electric field in Ohmic
type detectors is not well understood. We have investigated the internal electric field
distribution and its temporal evolution in Ohmic type detectors measured by a
time-of-flight (TOF) technique at several different temperatures.

Fig. 1 shows AT_ dependence of electron transient current waveforms of an Ohmic
type CdTe detector at constant bias voltage of 300V. Here, AT, is defined as a delay of
laser excitation from the onset of pulse bias application. At the shortest AT of 30 us, the
current waveform shows a plateau

during carrier drift indicative of very L | | | | | _
long deep trapping time t* compared 0 @_3°2TVL I;O‘T: K
with transit time Tg, t* >> Tgr While E B e ;szmmss T
the current waveforms at longer AT, s | e 4,08 1
show decrease of the current with 5

time which is supposed to be due to S - =
a decrease of the electric field from

the cathode side to the anode side. M R ix 5 15
Assuming a homogeneous Time (ns)

distribution, a positive space charge Figure 1. TOF current waveforms for an Ohmic type
buildup of 5 x 10'° cm™ is estimated at CdTe detector measured at 313 K with different
AT_= 4.0 s. A possible origin for the AT from 30 psto 4.0s.

buildup will be discussed at the conference.
[1] M. Fiederle et al., J. Appl. Phys. 84 (1998) 6689-.
[2] See, for example, A. Cola and I. Farella, Appl. Phys. Lett. 94, (2009) 102113.
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MBE growth of 2D layered chalcogenides (invited)

Xinyu Liu'*, S. Vishwanath?, S. Rouvimov®*, D. Jena?, H. G. Xing?, and J. K. Furdyna®
'Department of Physics, Univ. of Notre Dame, Notre Dame, IN 46556, USA
2School of Electrical and Computer Engineering, Department of Materials Science and
Engineering,Cornell University, Ithaca, NY 14853, USA
3Department of Electrical Engineering, Univ. of Notre Dame, Notre Dame, IN 46556, USA
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*xliu2@nd.edu
Intensive research is currently being aimed at understanding both the growth and the physical
properties of a wide range of two-dimensional (2D) layered chalcogenides (e.g., Bi,Ses,
MoS,, etc.), since this class of materials is expected to lead to entirely new types of devices
on the nanoscale. Most of these studies have been performed by exfoliating thin layers from
natural or synthetic crystals.However, practical manufacturing will require the production of
large-area materials via scalable approaches. Molecular beam epitaxy (MBE) is widely used
for a variety of materials systems to obtain electronic-grade materials with abrupt interfaces,
excellent thickness control and capabilities for precise doping. This technique thus opens the
door for precise fabrication of high purity 2D chalcogenide heterostructures over wafer scale
that is sufficient for device applications, and for designing experiments aimed at
understanding the novel physics of these 2D systems. Here we will address the opportunities
and challenges of MBE growth of 2D chalcogenides from three perspectives.

We will first review the MBE growth of typical 2D chalcogenides, such as Bi,(SeTe)s,
Mo(SeTe),, and SnSe, on various substrates, including the issue of appropriate substrate
preparation. As an illustration of a key step towards achieving high-quality electronic grade
2D chalcogenides, we will present a growth study on one model material, MoSe;, on Se-
terminated GaAs (111)B, on highly oriented pyrolytic graphite (HOPG), and on CaF, (111)
substrates, as well as on epitaxial graphene on SiC.Extensive characterizations, such as cross-
sectional scanning transmission electron microscopy (STEM), scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), Raman
spectroscopy, reveal that MoSe, grows by van-der-Waals epitaxy on all these substrates with
a preferred crystallographic orientation aligning with the underlying substrate. Note that
overcoming the observed small grains by promoting mobility of Mo atoms would makeMBE
a powerful technique to achieve high quality 2D materials and heterostructures.

Stacking of 2D layered materials has been in limelight in this field due to the fact that
atomically thin heterostructures can be formed from these materials, thus enabling one to
tailor structures for specific nanoscale device requirements. During MBE growth we expect
rotational orientation corresponding to thermodynamically stable configuration to be
achieved.Importantly, we have been able to fabricate various 2D layered chalcogenides
together, such as MoSe,/Bi,Ses; SnSe,/Bi;Ses; and MoTe,/MoSe,. Here, in the second part of
this talk, we will use the MBE growth of MoTe,/MoSe,superlattice (4 periods) as an
illustration of these new structures. Cross-sectional STEM and corresponding energy-
dispersive X-ray spectroscopy (EDS) line scan results of the MoTe,/MoSezsuperlattice
clearly authenticate the claim that 2D superlatticeindeed has been obtained.

Importantly, the introduction of dopants(such as magnetic dopants) into a 2D lattice can
bring out new functionalities, providing new opportunities for device applications. In the last
part of this talk, we explore this area by introducing Mn ions into the 2D lattice of Bi,Se; and
SnSe,. Again, rigorous characterization of the physical properties of these new materials was
carried out by a wide range of complementary studies, including XRD, electric transport,
magnetometry, Raman spectroscopy, and TEM. Based on these measurements, the Mn
distributions in these magnetic 2D materials will be addressed and discussed in some detail.
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Hydrogen contamination in ZnO films grown at low temperature

E. GuziewicZ', T.A. Krajewski, D. Jaros?, E. PrzezdzieckaG. Lukd, D. Snigurenkd
R. Jakield, K. Kopalkd, A. Stoner, R. Ratajczak W. Lisowsk?, J.W. Sobczak

Ynstitute of Physics, Polish Academy of Scienceardaw, Poland
’National Centre for Nuclear Research, Swierk, Rblan
3Institute of Physical Chemistry, Polish AcademyBafences, Warsaw, Poland
guzel@ifpan.edu.pl

The origin of the commonly observed high baokgd donor conductivity of zinc
oxide has been a subject of extensive researctor@tieal calculations supported by electron
paramagnetic resonance experiments show that naivets defects alone cannot be
responsible for a high electron conductivity, bessad, is a deep donor while the energy
formation of Zn is relatively high [1]. Based on both theoretieald experimental studies
hydrogen is widely regarded as a dominant dontmigymaterial [2-3].

However, this model does not work for zinc oxidemfi deposited at the low
temperature range (280 and below) [4-5]. For such films the scaling dEaotron
concentration with deposition temperature is oleerj4-5], i.e. electron concentration in
ZnO films deposited at 100 is at the level of 1§cm® and is 3 orders of magnitude lower
than electron concentration observed when the grdarnperature achieves 2@0 On the
other hand, electron concentration is accompanjed high hydrogen content as measured
by SIMS and both this quantities anti-correlate Mpreover, hydrogen content considerably
exceeds electron concentration.

In the presented work we investigated a serieshof ZnO films deposited at
temperature between 100 and ZD0by Atomic Layer Deposition with diethylzinc and
deionized water precursors. Our detailed X-ray &dlettron Spectroscopy studies show the
increase of the oxygen to zinc ratio when depasit@mperature drops from 200 to 200
The Rutherford Backscattering (RBS) measurementdiroo this result. Rapid Thermal
Annealing (RTA) performed in an oxygen atmosphe&ds to the slight lowering of the
hydrogen content, but it still remains at a verythievel of 18°cm®.

In temperature dependent photoluminescence (Plotrspaken in the range of 10 — 300K
we observe a big difference betwesgrown and annealed samples. In both cases the peak
related to the donor bound excitorXDat energy 3.367 eV (with FWHM = 8 meV) is
observed at 10K. However, the dominant emissioreafgpat 3.322 eV. Phonon repetition
have been observed as well. After 3 min. RTA preadkPL features become considerable
sharper and the intensity of thé>Drelated emission considerably increases. Theroof

PL peaks has been analyzed.

The presented data suggest that low depositiondmahpe provides oxygen-rich
conditions in which lower concentration of oxygeacancies is created. The oxygen
vacancies decorated with hydrogen seem to act akwhdonors in this material, while a
main part of hydrogen remains electrically inactive

The Authors EG, SD and KK were supported by thésRdllational Science Centre (NCN) Project basethen
decision No. DEC-2012/07/B/ST3/03567. The Author E&s supported by the NCN Project based on the
decision No. DEC-2013/09/D/ST3/03750.

[1] A.Janotti and C.G. van der Walle, Phys. Re¥683165202 (2007).

[2] A.Janotti and C.G. van der Walle, Rep. Prog. PF3s126501 (2009).

[3] D.M. Hoffman, A. Hofstaetter, F. leiter, H.J. Zhat,al., Phys. Rev. Le8, 045504 (2002).

[4] E. Guziewicz, et al., Semicond. Sc. Techn.074011 (2012).

[5] S.C. Gong, S. Bang, H. Jeon, H.H. Park, Y.C. Ching, Chang, Metals and Materials 1b6, 953 (2010).
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Nearest-neighbour Lattice Distortions in Oxygen-deficient Mn-doped ZnO
and MgZnO Thin Films, Probed by Electron Paramagnetic Resonance

Michael Lorenz'*, Andreas Péppl*, Stefan Friedlander®, Daniel Spemann’, Rolf Béttcher® and
Marius Grundmann®
YInstitut fiir Experimentelle Physik 11, Universitat Leipzig, D-04103 Leipzig, Germany
*E-mail: mlorenz@physik.uni-leipzig.de

The structure and functional properties of ZnO-based thin films for device applications
are largely affected by oxygen vacancies. While the macroscopic relationship between
functionality and growth-induced oxygen vacancies is easy to access, the local influence of
changing oxygen content on the next-neighbour structure around the incorporated metal ions
has been rarely investigated. As a model system, we use 0.02% to 0.05% Mn as a local probe
in hetero- and homoepitaxial ZnO and MgZnO thin films for electron paramagnetic
resonance (EPR).

Mn is expected to be incorporated as Mn?" in the Zn-lattice site of ZnO and MgZnO
films. The zero field splitting (ZFS) parameter D depends on the crystallographic c/a ratio of
ZnO:Mn lattice constants as it measures the trigonal distortion of oxygen tetrahedra at the
Zn*" site with respect to the Mn*" site. The ZFS parameter D correlates linearly with
displacement of Mn** ions along the c-axis in the MnQ, tetrahedra and the corresponding
bond lengths between the Mn®" ions and the axial oxygen ion [1]. Beginning with 3% Mg
content in MgzZnO films, there are clear signs of a cubic nearest-neighbour coordination
around Mn*", which is expected to be representative also for the Zn?* environment [2].

N
o
N

N
o
o

<

< 1.98

o

ot * 5 o-a°
< -

o e

520 521 522 523
c(A)

Fig. 1. Electron paramagnetic resonance of PLD-grown oxygen deficient ZnO:Mn thin films
provides linear correlation of zero field splitting and displacement of Mn®** in the MnO,
tetrahedrons, and corresponding bond lengths [1]. Figures adopted from [1].

[1] M. Lorenz, R. Béttcher, A. Poppl et. al., J. Mater. Chem. C 2, 4947 (2014)
[2] M. Lorenz, A. Pdppl et al., in preparation (2015)
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Homoepitaxial nonpolar ZnO/ZnMgO multilayers:
fabrication of Distributed Bragg Reflectors and optical
microcavities

C. Deparis, L. Kappei, and J. Zuniga-Perez*

CRHEA-CNRS, Rue Bernard Gregory, 06560 Valbonne, France

Semiconductor-based microcavities have arisen as a prolific system for studying light-
matter interaction between a spatially-confined photonic mode and an excitonic resonance.
The quasiparticles resulting from this coupling, namely microcavity-polaritons, have enabled
the observation of new lasing regimes, in which no population inversion is required, as well
as polariton Bose-Einstein condensates, vortices and lately solitons. In this panorama, ZnO
appears as an alternative material to more mature ones, such as GaAs or CdTe, with larger
oscillator strengths and enhanced exciton stability. These two properties render ZnO very
interesting for studies and applications where large particle densities and/or high
temperatures (e.g. 300K) are required. However, the fabrication of ZnO-based planar
microcavities is still challenging and it often requires the use of either nitrides [1] or
dielectric materials [2] for fabricating Distributed Bragg Reflectors (DBRs). These two
approaches have enabled to fabricate state-of-the-art polariton lasers operating at room-
temperature [1,2], as well to illustrate ZnO’s peculiarities [3], e.g. enhanced phonon-assisted
polariton relaxation. Meanwhile, these cavities differ largely from those allowing to study
more fundamental polariton physics, mainly based on GaAs-based technology, in which both
the active region and DBRs are grown monolithically on GaAs substrates [4].

In this work we will first discuss the advantages and disadvantages of monolithic ZnO-
based microcavities as compared to previous approaches (based on nitride and dielectric
DBRs). Secondly, to illustrate the feasibility of this monolithic approach ZnO/ZnMgO-based
DBRs and microcavities have been grown by molecular beam epitaxy on m-plane (10-10)
ZnO substrates. The structural and optical properties of the fabricated structures have been
characterized by high-resolution X-ray diffraction and reflectivity/photoluminescence
measurements. The effect of the total epilayer thickness (i.e. number of DBR pairs) on these
properties will be described, outlining the limits and perspectives of the monolithic solution.

[1] J. Zuniga-Perez et al., Appl. Phys. Lett. 104 (2014) 241113
[2] Feng Li et al., Appl. Phys. Lett. 102 (2013) 191118

[3] Feng Li et al., Phys. Rev. Lett. 110 (2013) 196406

[4]E. Wertz et al., Nature Phys. 6 (2010) 860

*Electronic mail: jzp@crhea.cnrs.fr
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Characterization of doping by Scanning Capacitance Microscopy and C(V)
techniquein ZnO nanowiresfor optoelectronique application

L. Wand, J. Laurent, A. Sabaé, J.M. Chauveat, V. Sallet, F. Jomarfj C.Sarted,
R. BrenieP, G. Brémond %
lnstitut des Nanotechnologies de Lyon, UMR-5270, Uniuérde Lyon, INSA Lyon, 7
avenue Jean Capelle 69621 Villeurbanne, France
2Centre Lyonnais de Microscopie, INSA Lyon, 69621 Villeunha, France
3Centre de Recherche sur I'Hétéro-Epitaxie et ses ApmicatiCNRS, rue Bernard Grégory,
06560 Valbonne, France
4Groupe d'Etude de la Matiére Condensée, UMR-8635, 45 awdggIEtats Unis, 78035
Versailles, France
SInstitut Lumiére Matiere, UMR-5306, Université de Lyon, BCyon 1, 43 boulevard du 11
novembre 1918, 69622 Villeurbanne, France
*georges.bremond@insa-lyon.fr

ZnO is a wide band-gap II-VI semiconductor (3.4 eV) very usdbr diverse applications
such as optoelectronics and sensor devices. The developienrelated technology suffers
from a lack of p-type doping feasibility. At the same time tlwthe development of nano-
science and technology, semiconductor nanowires open tads fof investigation in
fundamental physics and offer opportunities for the futgeneration of devices. This
strongly request methods to quantitatively determine teier/dopant profile in such one-
dimensional NW structure. In the last two decades, scantapgcitance microscopy (SCM)
has been developed as well-recognized techniques for imversional (2D) carrier/dopant
profiling in semiconductor materials and devices[1,2].eThbjective of our work is to
electrically characterize the doping of ZnO nanostrucag@&Ws by SCM, to detect the local
carrier type and determine its concentration.

For SCM measurement on NWs, we have developed a process ofdiWles preparation,
based on dip-coating filling and polishing of vertical NWsld. The process proved to be
viable from the resulted proper topography and the conbrastteen NWs and SiO2 matrix
under SCM.

For the purpose of carrier/dopant profiling, calibratiorethodology is involved. Cross-
sectional SCM were performed on Ga-doped MBE grown ZnO nrapgr structures
consisting of layers with various Ga concentrations. Goaatrasts of SCM signal between
the ZnO layers with different Ga densities were obtainedroligh comparison with Ga
dopant profiles from SIMS measurements, the dynamic rah@CM for dopant profiling in
ZnO are identified to be up to 3®cm?®. Then calibration curves were established and
through its combination with the SCM result of NWs, the @rdoncentration inside the NW
is estimated to be around 5E18 €m

Besides nano-characterization with SCM, conventionahrgpes I(V) and C(V) were
employed to investigate the characteristics of the calacbf NWs at the macroscale. The
results were compared to that from SCM analysis.

[1] C.C. Williams, Annu. Rev. Mater. Sci. 29, 471 (1999).
[2] R. A Oliver, Reports Prog. Phys. 71, 076501 (2008).
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Terahertz Radiation Induced Electric Currents in Topological Insulators

S.D. Ganichev
Terahertz Center, University of Regensburg, Regensburg, 93051 Germany
*sergey.ganichev@physik.uni-regensburg.de

The paper overviews experimental and theoretical studies of photocurrents excited by
polarized terahertz (THz) radiation in Bi,Tes, Sh,Te; and HgTe based topological insulators
(T1). We show that the photocurrents are caused by photogalvanic (PGE) or, in the presence
of magnetic field, magneto-photogalvanic (MPGE) effects: nonlinear transport effects
yielding a dc electric current proportional to the square of the ac electric field [1,2]. We
discuss the phenomenological and microscopic theory of these phenomena, present the
state-of-the-art of the experiments and show that nonlinear transport excited by THz laser
radiation opens up new opportunities for probing of Dirac electrons in 3D TI even in the
materials with substantial conductance in the bulk.

The PGE is caused by asymmetric scattering of Dirac fermions driven back and forth by
terahertz electric field which results in a dc electric current [3]. A selective excitation of dc
current in TI surface states becomes possible due to the specific feature of PGE, whose
prerequisite is a lack of inversion center. As Bi,Tes or Sh,Tes crystals, like most of the 3D TI,
are centrosymmetric, this requirement is fulfilled for the surface states only. Because of the
“symmetry filtration”= the dc current is generated by the surface electrons only. The
photocurrent, being sensitive to the surface symmetry and scattering details, provides a
simple method to determine the orientation of the surface domains, to probe high frequency
conductivity in TI, and to study details of electron scattering the surface states even at room
temperature.  Further interesting access to spin transport in Tl provide circular PGE solely
driven by the light's helicity and yielding photocurrent whose sign reverses upon switching
the radiation handedness from left- to right-handed circularly polarized light [4].

Magneto-photogalvanic, in particular cyclotron resonance induced MPGE [5,6], can also be
efficiently generated in the topologically protected surface states. We show that the effect
belongs to the class of magnetic quantum ratchet effects. It emerges due to the joint orbital
action of the ac electric and static magnetic fields on the 2D Dirac fermions in the system
with structure inversion asymmetry. The latter leads to an asymmetric scattering of carriers in
the momentum space resulting in a fully spin polarized dc electric current. Studying CR
induced photocurrent in the gated samples enables us to probe the effective masses and the
momentum relaxation times of 2D Dirac surface states, when the Fermi energy lies in the
bulk energy gap or even in the conduction band [6].

[1] M.M. Glazov, and S.D. Ganichev, Physic Reports, 535, 101, (2013).

[2] S. D. Ganichev and W. Prettl, Intense Terahertz Excitation of Semiconductors (Oxford University Press,
Oxford, UK, 2006).

[3] P. Olbrich, L.E. Golub, T. Herrmann, S.N. Danilov, H. Plank, \.V. Bel'kov, G. Mussler, Ch. Weyrich, C.M.
Schneider, J. Kampmeier, D. Grutzmacher, L. Plucinski, M. Eschbach, and S.D. Ganichev, Phys. Rev. Lett.,
113, 096601, (2014).

[4] J. W. Mclver, D. Hsieh, H. Steinberg, P. Jarillo-Herrero, and N. Gedik, Nature Nanotech., 7, 96, (2012).

[5] C. Zoth, P. Olbrich, P. Vierling, K.M. Dantscher, V.V. Bel'kov, M.A. Semina, M.M. Glazov, L.E. Golub,
D.A. Kozlov, Z.D. Kvon, N. Mikhailov, S.A. Dvoretsky, S.D. Ganichev, Phys. Rev. B 90, 205415, (2014).

[6] K.-M. Dantscher, D.A. Kozlov, P. Olbrich, C. Zoth, P. Faltermeier, M. Lindner, G.V. Budkin, S.A.
Tarasenko, V.V. Belkov, Z.D. Kvon, N.N. Mikhailov, S.A. Dvoretsky, D. Weiss, B. Jenichen, and S.D.
Ganichev, arXiv cond-mat 1503.06951 (2015).
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Electrical detection of spin polarization in the surface Dirac states of a 3D
topological insulator, BiSeTeSe

Masashi Shiraishi ' , Yuichiro Ando ], Takahiro Hamasaki l, Gaku Eguchi l,
Fang Yang *, Kouji Segawa >, Satoshi Sasaki %, Yoichi Ando *
1. Department of Electronic Science and Engineering, Kyoto Univ., Kyoto, Japan.
2. Institute of Scientific and Industrial Research, Osaka Univ., Ibaraki, Japan

Topological insulators (TIs) are a new class of solids, where a band gap is formed for a
bulk state and a linear Dirac-type band is formed for a surface (or edge) state. More
interestingly, the linear band is not spin-degenerated, i.e., 100% spin polarized, which means
spin and momentum directions are locked (spin-momentum-locking). Thus, TIs attracts
tremendous attention in solid-state physics, especially in spintronics. The first experimental
demonstration of detecting the surface spin-polarized state was implemented in a
2-dimensional TI, HgTe [1], and the next challenge is to detect the edge current in
3-dimensional (3D) TIs, because a number of spin channel can be dramatically increased in
3D TIs.

Here, we present the successfully electrical detection of the surface spin polarized state
in a 3D TI, BiSbTeSe [2]. BiSbTeSe was known as a bulk insulative 3D TI with the largest
bulk band gap [3], until TIBiSe was clarified to have the largest bulk band gap [4]. We
introduced a standard non-local spin detection technique, which is widely used in spintronics
[5]. The spin signal due to the spin accumulation between a ferromagnetic electrode and
BiSbTeSe was detected electrically, and the non-local resistance hysteresis due to the
detection of the surface spin polarization was successfully reversed, which provide solid
evidence of the detection. The signal was observed up to 150 K.

We will introduce more detail of our results in the presentation.

References:

[11 M. Koenig et al., Science 318, 766 (2007).

[2] Yu. Ando, Yo. Ando, M. Shiraishi et al., Nano Lett. 14, 6226 (2014).
[3] T. Arakane, Yo. Ando et al., Nature Commun. 3, 636 (2011).

[4] G. Eguchi, M. Shiraishi et al., Phys. Rev. B90, 201307(R) (2014).
[5] F.J.Jedema et al., Nature 416, 713 (2002).
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Valley dynamics probed through exciton emission
in monolayer WSe,, MoSe, and MoS,

Gang Wang*, Louis Bouet, Delphine Lagarde, Andrea Balocchi, Thierry Amand,
Xavier Marie and Bernhard Urbaszek
Université de Toulouse, INSA-CNRS-UPS, LPCNO, 135 Avenue de Rangueil, Toulouse, France
* g wang(@insa-toulouse.fr

The physical properties of  transition-metal
dichalcogenides (TMDCs) MoS,, MoSe,, WS, and WSe, Monolaye
change drastically when thinning the bulk material down <

to one atomic monolayer (ML). TMDCs MLs have a
direct optical bandgap in the visible range at the K-point
of the Brillouin zone, allowing developing applications
such as transistors and LEDs. The absence of an inversion
center in the crystal combined with a large spin-orbit
interaction leads to a coupling of carrier spin and k-space valley physics, i.e., the circular
polarization (c+ or 6—) of the absorbed or emitted photon can be directly associated with
selective carrier excitation in one of the two nonequivalent K valleys (K+ or K-,
respectively), see Fig.1 [1,2]. This provides convenient access to controlling the carrier valley
degree of freedom, and makes MLs TMDCs a promising platform for the emerging field of
'Valleytronics'.

Here we probe the valley dynamics in monolayer WSe, by monitoring the emission and
polarization dynamics of the well-separated neutral excitons (bound electron-hole pairs) and
charged excitons (trions) in photoluminescence. The neutral exciton photoluminescence
intensity decay time is about 4 ps, whereas the trion emission occurs over several tens of ps,
as in the case of ML MoSe; [3]. The trion polarization dynamics in ML WSe, shows a
partial, fast initial decay within tens of ps before reaching a stable polarization of =20%, for
which a typical valley polarization decay time of the order of 1 ns can be inferred [4]. The
limitations of valley index stability of neutral excitons in the presence of strong Coulomb
exchange effects are discussed [5].
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[1] D. Xiao et al, Phys. Rev. Lett. 108, 196802 (2012).
[2] D. Lagarde et al, Phys. Rev. Lett. 108, 196802 (2012).
[3] G. Wang et al, Appl. Phys. Lett. 106, 112101 (2015)
[4] G. Wang et al, Phys. Rev. B 90, 075413 (2014)

[5] M. Glazov et al, Phys. Rev. B 89, 201302 (R) (2014)
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Quantum transport in HgTe/CdTe Topological Insulator structures.

C. Thomas'*, O. Crauste?, P. Ballet!, T. Meunier? and L.P. Lévy?

ICEA-LETI, MINATEC Campus, 17 rue des Martyrs, F-38054 Grenoble cedex 9, France
2 Institut Néel, C.N.R.S.- Université Joseph Fourier, BP 166, 38042 Grenoble Cedex 9,
France
*candice.thomas@cea.fr

First predicted in 2005 by Kane and Mele [1] as a new class of matter, topological insulators
(Tls) are of main interest in condensed matter physics thanks to their unique electronic and spin
properties that arise on their interfaces. Tls gather the graphene-like transport properties with
massless Dirac fermions together with the topological protection that prevents backscattering
phenomena. These interfaces exhibit spin-momentum locking which polarizes the spin
perpendicular to the momentum. Control of the spin and coherent spin transport are then easily
achievable in Tls making them very attractive for spintronic applications [2].

Due to its strong spin-orbit interaction, HgTe is a semi-metal with a band inversion around the
I' point and has been identified as a strong TI assuming the opening of a bandgap. Quantum
confinement for 2D structures [3] or application of a tensile strain for 3D bulk ones [4] allow
to generate this bandgap.

With constant improvement of the growth process by molecular beam epitaxy, HgTe/CdTe
structures are now characterized with sharp interfaces having interdiffusion limited to the
nanometer scale range [5]. The influence of surface roughness and interface sharpness is clearly
seen through low temperature quantum Hall effect measurements. Carrier mobility up to
440.000 cm2.V1s? and density in the range of 10 cm™ are measured. Moreover, the
topological insulator nature is evidenced as well as quantized conductance in both 2D and 3D
structures.

Based on these results, we realized HgTe topological insulator nanostructures. By reducing the
dimensions toward 1D and coupling them to superconducting contacts, we aim at studying some
of the peculiar spin properties of the Tls. We will present the quantum transport behavior of
such nanostructures.

[1] C.L. Kane and E.J. Mele, Phys. Rev. Lett. 95, 146802 (2005)
[2] V. Krueckl and K. Richter, Phys. Rev. Lett. 107, 086803, (2011)

[3] M. Konig, S. Wiedmann, C. Brune, A. Roth, H. Buhmann, L.W. Molenkamp, X.L. Qi, and S.C. Zhang, Science
318, 766 (2007)

[4] P.Ballet, C.Thomas, X.Baudry, C.Bouvier, O.Crauste, T.Meunier, G.Badano, M.Veillerot, J.P.Barnes,
P.H.Jouneau and L.P.Lévy, Journ.of Elec. Mat., 43, 2955-2962, (2014)

[5] C.Thomas, X.Baudry, J.P.Barnes, M.Veillerot, P.H.Jouneau, S.Pouget, O.Crauste, T.Meunier, L.P. Lévy,
P.Ballet, to be published in Journ. Of Crystal Growth, (2015)
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Advances and Perspectives in 11-VI Telluride Heterostructures

T. Wojtowicz'*
YInstitute of Physics, Polish Academy of Science, Warsaw, Poland

*wojto@ifpan.edu.pl

The role played by 11-V1 tellurides in both basic and applied science would be greatly
increased if only heterostructures of sufficient quality become available, especially those
containing low dimensional electron gas. The great advantage of 11-VI telluride nanostructure
is that they do not lose their high quality when doped with Mn, which acts as isoelectric
impurity carrying localized spin 5/2, as opposite to the case of 111-Vs where Mn acts as an
acceptor. This is important because incorporation of Mn into Il-Te-based heterostructures
allows for an effective spin engineering, which provides unique possibilities in the area of
spin-based physics and spintronic. Firstly, such nanostructures are characterized by
exceedingly high values of the effective Lande g-factor of low-dimensional electrons
(reaching +500) which can be manipulated over a wide range (including a change of sign) by
choosing appropriate parameters during the growth. Secondly, and even more importantly, the
g-factor of electrons in a given structure can be widely tuned by temperature, external
magnetic field and voltage applied to electrical gate.

In my talk 1 will review recent progress in the MBE technology of II-Mn-Te
nanostructures containing two dimensional electron gas (2DEG) that led to the first time ever
observation of fractional quantum Hall effect in magnetic system (based on CdMnTe) [1].
This, interesting by itself, opens new perspective in the field of spintronics. I will first discuss
already demonstrated applications of such high mobility magnetic-2DEG system for: a) THz
and microwave radiation induced zero-bias generation of pure spin currents and very efficient
magnetic field induced conversion of them into spin polarized electric current [2]; b) clear
demonstration of THz radiation from spin-waves excited via efficient Raman generation
process [3]; c) experimental demonstration of working principles of a new type of spin
transistor based on controlling the spin transmission via tunable Landau-Zener transitions in
spatially modulated spin-split bands [4].

I will further discuss the perspective of using magnetic-2DEG for developing of a new
system where non-Abelian excitations can not only be created but also manipulated in a
two-dimensional plane. The system is based on high mobility CdTe quantum wells with
engineered placement of Mn atoms, where sign of the Lande g-factor can be locally
controlled by electrostatic gates at high magnetic fields. In a further perspective such a
system may allow for building a new platform for topologically protected quantum
information processing. | will also discuss our first results where electrostatic control of 2D
gas polarization in a quantum Hall regime is demonstrated.

The research was partially supported by National Science Centre (Poland) grant
DEC-2012/06/A/ST3/00247, by ONR grant N000141410339, and by the Foundation for
Polish Science through International Outgoing Scholarship 2014.

[1] C. Betthausen et al., Phys. Rev. B 86, 085310 (2014).

[2] S. D. Ganichev et al., Phys. Rev. Lett. 102, 156602 (2009); P. Olbrich et al., Phys. Rev. B 86, 085310
(2012).

[3] R. Rungsawang et al., Phys. Rev. Lett. 110, 177203 (2013).

[4] C. Betthausen et al., Science 337, 324 (2012).

[5] A. Kazakov et al., APS March Meeting 2015, March 2-6, 2015, San Antonio, TX, USA,
http://meetings.aps.org/link/BAPS.2015.MAR.A7.13

79 ToC



[I-VI 2015 International Conference

Tuesday September, 15 - Oral Session - TuC
13:45-15:15
Photovoltaic 1

Chair: Alexey Toropov, loffe Institute (Russia)

80

ToC



TUC-l - Invited

Semiconductor Quantum Dots and Solar Energy Conversion

Victor 1. Klimov
Chemistry Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
klimov@lanl.gov

Quantum-confined semiconductor nanocrystals, or “quantum dots,” are promising
materials for applications in low-cost solar cells fabricated using solution-based methods. In
addition to solution processability, they feature size/shape-tunable optical spectra, as well as a
variety of novel physical properties that can enable fundamentally new schemes of solar
energy conversion. Specifically, several recent reports have demonstrated the great potential
of colloidal nanocrystals for the realization of generation-III photovoltaics by employing
concepts such as hot-electron extraction and carrier multiplication, that is, generation of
multiple electron-hole pairs by single photons.

This presentation provides an overview of fundamental and applied studies of quantum
dots conducted in the context of solar energy conversion. The specific topics will include
applications of “Stokes-shift-engineered” quantum dots in luminescent solar concentrators [1],
charge transport properties of quantum dot assemblies evaluated via a novel technique of
ultrafast photoconductivity, charge transfer at quantum-dot-metal-oxide interfaces [2], and
the recent progress in understanding of carrier multiplication in quantum confined materials
[3, 4]. The discussion of carrier multiplication will focus on spectroscopic versus
photoconductive signatures of photogenerated multiexcitons, the effect of structural
parameters such as particle size, shape, and composition on carrier multiplication yields, and
recent efforts on increasing multiexciton production by controlling a competing process of
intraband cooling.

[1] F. Meinardi, A. Colombo, K.A. Velizhanin, R. Simonutti, M. Lorenzon, L. Beverina, R. Viswanatha, V.I.
Klimov, S. Brovelli, Nature Phot. 8, 392 (2014).

[2] H. McDaniel, N. Fuke, N.S. Makarov, J.M. Pietryga, V.I. Klimov, An integrated approach to realizing
high-performance liquid-junction quantum dot sensitized solar cells, Nature Comm. 4 2887 (2013).

[3] L.A. Padilha, J.T. Stewart, R.L. Sandberg, W.K. Bae, W.-K. Koh, J.M. Pietryga, V.I. Klimov, Acc. Chem.
Res. 46 1261 (2013).

[4] C.M. Cirloganu, L.A. Padilha, Q. Lin, N.S. Makarov, K.A. Velizhanin, H. Luo, 1. Robel, J.M. Pietryga, V.I.
Klimov, Enhanced carrier multiplication in engineered quasi-type-II quantum dots, Nature Comm. 5, 4148
(2014).
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Dielectric Confinement in Layered 11-VI Semiconductor Colloidal
Nanoplatelets and Hybrid Perovskites

J. Even'*, L. Pedesseau’, M. Kepenekian?, D. Sapori', J.-M. Jancu®, R. Benchamekh?®, M.
Nestoklon®*, B. Dubertret®, P. Voisin® and C. Katan?
'FOTON, Université de Bretagne and CNRS, Rennes, France
2 |SCR, Université de Rennes 1, Rennes, France.
3LPN-CNRS, Marcoussis, France
*loffe Institute RAS, St Petersburg, Russia
*LPEM, ESPCI and SCNRS, Paris, France

*jacky.even@insa-rennes.fr

Due to their atomic flatness and strictly quantized thickness distribution, colloidal
nanoplatelets (CNP) [1] are ideal objects to test electronic structure theories in a regime of
extreme, yet perfectly defined quantum confinement. A first issue is to start with accurate
bare single particle states, taking into account native stoichiometry defect (a n-monolayer
CdSe CNP consists of n planes of Se and n+1 planes of Cd, with dangling bonds on (001)
surfaces saturated with carboxylic ligands). Extended basis spds* tight-binding model, in
connexion with first-principle calculations, is well suited for this purpose, thanks to full-band
capability and good transferability of parameters from bulk to nanostructures [2]. However,
one must also consider a strong renormalization of bare electron and hole states due to the
“dielectric confinement” effect: due to large dielectric constant contrast between CNP and
their ligand environment, carriers generate and self-interact with a surface polarization. The
same effect substantially increases the exciton binding energy. Band gap renormalization and
exciton binding energies become very large (hundred meVs) when thickness reaches the nm
scale, but at the same time accurate calculation becomes difficult due to the “atomistic”
nature of local charge density and non-abrupt dielectric constant profile. Previous
calculations in k.p [3] and TB [2] schemes have provided orders of magnitude, but did not
face these difficulties. A method based on first-principle calculations is proposed to compute
dielectric constant and self-energy potential profiles in these nanoscale objects, beyond the
abrupt dielectric interface model [4]. Understanding of dielectric confinement has also to be
gained for 2D layered Hybrid Organic Perovskites (HOP) [5]. The method reveals the real
influence of inorganic as well as organic layers, beyond the standard approximation for
dielectric constant profiles with abrupt interfaces.

[1] S. Ithurria, M. D. Tessier, R. P. S. M. Lobo, B. Dubertret and A. L. Efros, Nat. Mater., 10, 936 (2011).

[2] R. Benchamekh, N. A. Gippius, J. Even, M. O. Nestoklon, J.-M. Jancu, S. Ithurria, B. Dubertret, A. L.
Efros and P. Voisin, Phys. Rev. B, 89, 035307 (2014)

[3] A. W. Achtstein, A. Schliwa, A. Prudnikau, M. Hardzei, M. V. Artemyev, C. Thomsen and U. Woggon,
Nano Lett., 12, 3151 (2012).

[4] J. Even, L. Pedesseau ,and M. Kepenekian, Phys. Chem. Chem. Phys., 16, 25182 (2014).
[5] J. Even, L. Pedesseau, M.-A. Dupertuis, J.-M. Jancu and C. Katan, Phys. Rev. B, 86, 205301 (2012)
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Crystallographic and Optical Characterizations of Ag(Ga,Al)Te, Layers
Grown on c-plane Sapphire Substrates by Closed Space Sublimation

Aya Uruno®’, Yuji Takeda', Tomohiro Inoue’, and Masakazu Kobayashi'?
'Dept. of Elec. Eng. & Biosci., Waseda Univ., Tokyo, Japan
2Kagami Mem. Res. Inst. for Mat. Sci. & Technol., Waseda Univ., Tokyo, Japan
*a.uruno@fuji.waseda.jp

CdTe is one of the most promising photovoltaic materials available for use in low-cost
and high-efficiency solar cells. Ternary I-11I-VI, group compounds with chalcopyrite
structure are also widely used for solar cells. I-111-Te; compounds replace Cd in CdTe with
group | and 11 elements, and are hence expected to be another attractive candidate for novel
solar cell materials. The bandgap of AgGaTe; at room temperature is around 1.3 eV. This
value is slightly lower than the optimum value for fabricating solar cells. Formation of solid
solutions of AgAIlTe, (Eg = 2.2 eV) and AgGaTe, is an approach to optimize the bandgap
energy. AgGaTe; and AgAlTe, have been successfully grown on c-plane sapphire substrates
by the closed space sublimation (CSS) method [1]. The CSS method is widely used in
fabrication of CdTe thin film solar cells since it has many advantages for the fabrication of
low cost solar cells. In this study, layers of solid solutions were grown on c-plane sapphire
substrates by the CSS method, and the optical property was studied. The crystallinity and
the stoichiometry of grown layers were also studied.

Sources used were powdered AgGaTe, and AgAlTe, with various mixing ratios. The
source temperature and the substrate temperature were 775 °C and 730 °C, respectively. Its
crystallographic properties were evaluated by X-ray diffraction (XRD). The transmittance
in visible range was measured by an ultraviolet visible spectrophotometry (UV-VIS) and the
bandgap of grown layers was evaluated by use of Tauc-plot-type analysis.

Figure 1 shows a transmittance spectrum of a Ag(Ga,Al)Te, layer. The source weight
ratio of AgGaTe,:AgAITe; was 1:5. As shown in Fig. 1, there was a rapid decrease in the
transmittance value near absorption edge. Absorption edge of the Ag(Ga,Al)Te; layer was
appeared about 590 nm. The value of optical bandgap at the room temperature was about
2.1 eV. From this, the growth of the solid solution of AgGaTe, and AgAIlTe, was
successfully achieved. Based on the transmittance spectrum, the Ga mole fraction was
evaluated, and it was about 18%. The Ga mole | \ [
fraction was increased when the source weight RT
ratio of Ga to Al was increased. The XRD
spectrum of grown layer contained peaks
originating from Ag(Ga,Al)Te;, and the 112 peak
was the dominant peak. From this, the
Ag(Ga,Al)Te, layer exhibited the strong preference
for the (112) orientation.  The tuning and
lowering of the optical bandgap energy toward the
solar cell application is currently ongoing.

This work was supported in part by Waseda
Univ. Research Initiatives, Waseda Univ. Grant for \ \
Special Research Project, "Early Bird" grant for 500 550 600 650
young researcher at Waseda Research Institute for Wavelength (hm)
Science and Engineering and JSPS Research

Fellowships for Young Scientists. ) )
[1] A. Uruno, A. Usui, T. Inoue, Y. Takeda, and M. Fig. 1 Transmittance Spec”"{“gl Ga)Te
Kobayashi: to be published in J. Electron. Mater. giAl 2

Ag(Al,Ga)Te:

Transmittance (a. u.)
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Novel Ternary Wurtzite Semiconductor; p-CuGaO,

. Suzuki®, H. Nagatani®, M. Kita?, H. Yanagi®, N. Ohashi*, T. Omata™*
Graduate School of Engineering, Osaka University, Suita, Japan
*Toyama National College of Technology, Toyama, Japan
University of Yamanashi, Kofu, Japan
% National Institute for Materials Science (NIMS), Tsukuba, Japan
* omata@mat.eng.osaka-u.ac.jp

B-NaFeO; structure is an orthorhombic wurtzite-derived structure, in which divalent zinc
ions in wurtzite ZnO are regularly replaced by monovalent sodium and trivalent iron ions
similar to the structural relationship between the zincblende and chalcopyrite structures. The
oxides with this structure are very attractive materials because of their wide variety of energy
band gap, such as B-LiGaO, (Eg=5.6 eV), B-AgAIO, (Eg=2.8 eV) and PB-AgGaO;
(Eg=2.2eV). The compounds containing monovalent copper usually shows isostructure with
the compounds containing monovalent silver, such as delafossite a-AgIinO, and a-CulnO,.
However the B-NaFeO, type copper oxides had not been reported. Recently, we successfully
synthesized the p-NaFeO, type B-CuGaO; [1]. In the present paper, we report its structural,
optical and electrical properties.

B-CuGaO;, was synthesized by the ion-exchange from Na® to Cu® in the B-NaGaO,
precursor that possesses B-NaFeO; type structure. Rietveld analysis of the obtained powder
after the ion-exchange indicated that B-CuGaO, with the B-NaFeO, structure was successfully
obtained. The pseudohexagonal wurtzite lattice parameters of B-CuGaO,, a= 3.231 A and ¢ =
5.278 A, are very close to those of ZnO, a =3.250 A and ¢ = 5.207 A, that is, the lattice
mismatch between B-CuGaO, and ZnO is only 0.6% in the ab-plane and 1.4% along the
c-axis. This is an advantage of the B-CuGaO; in
order to fabricate multilayered thin films with
Zn0.

Optical absorption spectrum of B-CuGaO,
indicated that its energy band gap was 1.47 eV as
shown in Fig.1; this is the energy band gap
realizable maximum conversion efficiency of the
single-junction solar cell. The electrical
conductivity at room temperature of the
B-CuGaO, sinter without intentional doping was
very small, 1x10° Scm®  but the
thermoelectromotive force was +400 VK™, This 0 . s s
indicates that p-CuGaO, exhibits a p-type o 15 20 25 30 35
semiconductor. Photon energy / eV

The calculated electronic band structure  Fig.l Optical absorption spectrum of
indicated that p-CuGaO, is a direct powdered pB-CuGaO,. The inset is
semiconductor and shows intense absorption of  conversion efficiency of a single-junction
light near the band edge. These properties render  solar cell as a function of the energy band
this new material promising as a solar cell  gap based on the Shockley-Queisser theory.
absorber.

=
(6]
T

=
o
T

Absorption, F (Ry)
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[1] T.Omata, H. Nagatani, I. Suzuki, M. Kita, H. Yanagi, N. Ohashi, J. Am. Chem. Soc. 136, 3378, (2014)
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Electronic Structure and Relative Stability of Binary (Ga/ln)Se
and Pseudoternary Cu(In,Ga)Se, Semiconductors

Srour J*?, Postnikov A VV**, and El Haj Hassan F?
'LCP-A2MC, Institut Jean Barriol,Université de Lorraine, Metz, France
?Laboratoire de Physique et d’Electronique, Université Libanaise, Beirut, Lebanon
*andrei.postnikov@univ-lorraine.fr

The GaSe and InSe semiconductors possess cations from column 11, that brings about
modifications in the crystal structure compared to conventional 11-VI compounds: direct
cation-cation bondings and weak Se-Se interactions across the van der Waals gap. Still, the
bond angles support largely tetrahedral environment, and the optical gap is appreciable.
Different stacking of Se-cation-cation-Se layers gives rise to a number of polytypes, whose
relative stability seems to differ for GaSe and InSe. An insertion of an anion layer breaking
the cation-cation bonds leads to (Ga/ln),Se; compounds whose structure resembles defected
wurtzite. Finally, an addition of copper, a column-I cation, leads to a family of ternary (or
pseudoternary, in view of easy Ga-In substitution) semiconductors of mostly chalcopyrite
structure, whereby, on the average, the octet rule is maintained as in Il-VI systems. These
latter pseudoternary alloys are well known in photovoltaic studies, because of high efficiency
and stability of properties in this sense [1]. Polycrystalline CuGaxln;xSe, is since long
counted between the best thin-film materials for photovoltaic applications, yielding solar
eneegy conversion efficiencies of up to 18.8% [2].. Note that deviations from nominal
chalcopyrite structure are quite common, especially (or, at least) in the surface regions [3].

Interested in the evolution of properties from
pure binary to defected binary to ternary etc.
structures within the family in question, we offer a
thorough analysis of electronic structure and equi-
librium crystallographic parameters throughout diffe-
rent phases (of binary systems) and compositions (in
the chalcopyrite-structure Culny,Ga;<Se;), on the
basis of first-principles (density-functional) calculati-
ons done with the WIEN2k code [4]. Total energy
relations are extracted based on generalised gradient
approximation, whereby the band structures and opti-
cal properties are moreover systematically analysed
with the use of modified Becke-Johnson exchange-
correlation potential [5], known for offering a prac-
tical way to correct the estimates of the optical gap.
Our results systematize, and largely go beyond, a big Calculated charge density in the (102)
number of previous studies, done on different plane of (ordered) CulngsGagsSe,.
systems using methods of variable accuracy.

Rockett A and Birkmire RW, J.Appl.Phys. 70, R81 (1991).

Contreras MA, Egaas B, Ramanathan K, and Hiltner J, Photovolt. Res. Applic. 7, 311 (1999).
Kuznetsov MV, Shalaeva EV, Yakushev MV, and Tomlison RD, Surf.Sci.Lett. 50, L297 (2003).
http://lwww.wien2Kk.at

Tran F and Blaha P, Phys.Rev.Lett. 102, 226401 (2009).

agrwdE
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Laser Cooling of CdS I11-VI Semiconductor Nanoribbons:
Towards All Solid State Semiconductor Optical Cooler

Qihua Xiong

Nanyang Associate Professor and Fellow of Singapore National Research Foundation
School of Physical and Mathematical Sciences,

Nanyang Technological University
Email Address: Qihua@ntu.edu.sg.

Optical irradiation accompanied by spontaneous anti-Stokes emission can lead to cooling of
matter, a phenomenon known as laser cooling or optical refrigeration proposed in 1929 by
Peter Pringsheim. In solid state materials, the cooling is achieved by annihilation of lattice
vibrations (i.e., phonons). Since the first experimental demonstration in rare-earth doped
glasses, considerable progress has been made particularly in ytterbium-doped glasses or
crystals with a recent record of ~110 K cooling from ambient. This has surpassed the
thermoelectric Peltier cooler and the cryogenic temperature defined by NIST, reaching the
limit imposed by Boltzmann distributions of rare-earth systems. On the other hand,
semiconductors exhibit potentially even higher cooling efficiency and lower cooling
temperature down to liquid Helium temperature, nevertheless numerous attempts in laser
cooling of I11-V quantum wells led to very minimum progress in the past decades. Recently,
our NTU group discovered that group II-VI semiconductors, such as CdS in nanoribbon
morphology, exhibit an exceptionally strong exciton-longitudinal optical phonon coupling,
which enables the resonant annihilation of multiple LO phonons during the luminescence
upconversion process. We demonstrate a 40 K cooling from room temperature with a cooling
efficiency of ~ 5.0%, and 15 K cooling from 100 K. Our data also suggest that group 11-VI
materials exhibit great promise for optical refrigeration, however the challenge is whether we
can scale up to achieve laser cooling in bulk crystal or thin film. So in the end of this talk we
will discuss our progress in scale up materials for practical applications and all solid state
semiconductor cryocoolers.
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Measurement by Photon-Correlation Fourier Spectroscopy of the spectral
diffusion and time-coherence of the trion fluorescence in thick-shell
CdSe/CdS nanocrystals

L. Biadala®, H. Frederich?, L. Coolen®3, S. Buil*, X. Quélin', C. Javaux®, M. Nasilowski*,
B. Dubertret®, and J.-P. Hermier®"
'Groupe d'Etude de la Matiére Condensée, Université de Versailles
Saint-Quentin-en-Yvelines, CNRS UMRB8635, 45, avenue des Etats-Unis, F-78035
Versailles, France
2 Sorbonne Universités, UPMC Univ Paris 06, UMR 7588, Institut de NanoSciences de Paris
(INSP), F-75005, Paris, France
3 CNRS, UMR 7588, Institut de NanoSciences de Paris (INSP), F-75005, Paris, France
* Laboratoire de Physique et d'Etude des Matériaux, CNRS UMR8213,ESPCI, 10, rue
Vauquelin, F-75231 Paris, France
> Institut Universitaire de France, 103, bd Saint-Michel, 75005 Paris, France
*jean-pierre.hermier@uvsg.fr

When compared to standard CdSe/ZnS colloidal nanocrystals (NCs), the fluorescence of
thick-shell CdSe/CdS NCs exhibit very low blinking at room temperature. At 4K, these
emitters are always ionized and Auger recombinations as well as blinking are completely
suppressed. The quantum efficiency is perfectly stable and very close to 1. The carriers are
also confined in the core of the NC.

Several studies reported that the single CdSe NC emission is characterized by spectral
diffusion, i.e the emission wavelength is not constant. It was early shown that the SD
dynamic is closely related to the movements of the charges at the surface of the NC. As
blinking, SD is due to the interaction between the NC and its very close environment.

The fast dynamics of the SD can be investigated by an original method we developed and that
is called photon correlation Fourier spectroscopy (PCFS). Enabling to achieve simultaneously
a high resolution in both the temporal and spectral domain [1], it is based on the measurement
of the time correlations between the photons collected at the two outputs of a Michelson
interferometer.

In this presentation, the SD and time coherence properties of the fluorescence of CdSe/CdS
NCs with a very thick shell (greater than 10 nm) are characterized by PCFS. First results are
obtained with a standard spectrometer. Several lines (zero phonon line (ZPL), acoustic and
longitudinal-optical phonon replicas) are identified. Their linewidth are then measured by
PCFS. For the ZPL, the linewidth is equal to 50 peV. This value is significantly greater than
the exciton linewidth observed for standard CdSe/ZnS NCs (6.5 peV) [2] and for CdSe/CdS
NCs with a 5-nm thick shell (15 peV) [3].

To better understand the origin of this enlargement, we studied the dynamic of the SD at a
fast time scale reaching 250 ns by PCFS. Above this limit, we show that SD is weak and
cannot explain the large ZPL linewidth. We attribute it to the ionization of the NC. The
presence of a third charge in the trion (when compared to the exciton) increases the
polarizability of the emitting state which is efficiently coupled to the very fast movements of
the charges located at the surface of the NC [4]. Even if the crystalline shell is very thick and
the charges are confined far from the surface, the trion is not isolated from the environment.

[1] X. Brokmann, M. Bawendi, L. Coolen, and J.-P. Hermier, Opt. Expr. 14, 6333 (2006)

[2] L. Coolen, X. Brokmann, P. Spinicelli, and J.-P. Hermier, Phys. Rev. Lett. 100, 027403 (2008)

[3] A.P.Beyler, L. F. Marshall, J. Cui, X. Brokmann, and M. G. Bawendi, Phys. Rev. Lett. 111, 177401 (2013)

[4] L. Biadala, H. Frederich, L. Coolen, S. Buil, X. Quélin, C. Javaux, M. Nasilowski, B. Dubertret, and J.-P.
Hermier,, Phys. Rev B 91, 085416 (2015)
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Mid-Infrared Detection with Interband and Intraband Colloidal Quantum
Dot Transitions

Philippe Guyot-Sionnest
James Franck Institute, The University of Chicago, 929 East 57" Street, Chicago, IL 60637,
USA
*pgs@uchicago.edu

HgTe is a 11-VI semimetal. Colloidal quantum dots (CQD) of sizes between 10 and 20
nm readily lead to infrared gaps tuning between 3 and 12 microns respectively. Infrared
photodetection using dried films of these CQDs has been demonstrated up to 12 microns. Further
improvement through device and chemistry will raise the detectivity to the level required to
transform thermal infrared detection technology. Figure 1 shows two photocurrent spectra taken
with films of HgTe colloidal dots at 80K. The films are drop-cast on a Si/SiO; substrate with 50
nm Pd interdigitated electrodes separated by 20 microns. With this low-tech approach and
partially absorbing samples (< 10%), the detection is readily obtained with a standard FTIR
scanning instrument. The dip at 1100 cm™ is due to the absorption of the SiO, 1 micron thick
layer, and the partial reflection from the Si substrate. The Urbach tail, arising from size
distribution and possible gap states, is limited to 10 meV at 80K.*

In contrast to HgTe CQDs which tend to be intrinsic, beta-HgS and HgSe CQDs are
naturally n-doped, in the first such instance with CQDs. With optimal doping of 2 electrons per
CQD, both HgSe and HgS CQDs gave the first CQD photocurrent spectra based on the intraband
absorption. This is a breakthrough in the field of colloidal quantum dots where interband
transitions had been exclusively used for the past 30 years. Figure 1b shows the photoconductive
spectrum with a film of HgSe quantum dots, which differs mostly from HgTe, by the narrower
optical response since it is now dominated by the intraband 1Se-1Pe absorption.’

Besides optimizing device structures for rapid improvements, two longer term challenges
with both interband and intraband infrared CQDs, will be (i) to provide a practical control of the
Fermi level and (ii) to reduce the nonradiative recombination, which will improve the detectivity
as well as allow to use their infrared luminescence for LEDs and possibly photopumped lasers.

1

Absorption (295K)
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! Mercury Telluride Colloidal Quantum Dots: Electronic Structure, Size-Dependent Spectra, and
Photocurrent Detection up to 12 um, SE Keuleyan, P Guyot-Sionnest, C Delerue, G Allan, ACS
nano 8 (8), 8676-8682 (2014)

2 Colloidal Quantum Dots Intraband Photodetectors, Z Deng, KS Jeong, P Guyot-Sionnest, ACS
nano 8 (11), 11707-11714 (2014)
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Control of semiconductor quantum dot emission intensity and polarization
by metal nanoantennas

V. D. Kulakovskii'*, V. I. Kukushkin?, 1. M. Mukhametzhanov?!, I. V. Kukushkin®,

. V. Sedova?, S. V. Sorokin?, A. A. Toropov?, S. V. Ivanov?, and A. S. Sobolev®
YInstitute of Solid State Physics, RAS, 142432 Chernogolovka, Moscow district, Russia
?|offe Physical-Technical Institute, RAS, Polytekhnicheskaya 26, St. Petersburg, Russia
3Kotel’nikov Institute of Radio Engineering and Electronics, RAS, 125009, Mokhovaya

Street 11/7, Moscow, Russia
*kulakovs@issp.ac.ru

The emission, detection, and amplification of electromagnetic waves in the
radio-frequency range by different antennas have been well studied and detailed in numerous
textbooks. However, the emission peculiarities of nano-objects with characteristic sizes close
to a nanometer (for instance, emission of a single molecule) and the feasibilities of emission
control are still problems of profound importance in modern nano-optics [1,2]. Solutions to
these problems would enable us to achieve significant emission amplification coefficients for
nano-objects as well as to control their emission directivity. At the low-frequency range
metals are nearly perfect mirrors; in contrast, in the visible range they exhibit intensive
transmission and absorption of light. Therefore, the ideas on antenna design developed in the
radio-frequency range should essentially be revised for application in nano-optics.

We have studied the amplified emission properties of nanoislands > -
Wlth CdSe quantum dots in ZnSe/CdSe/ZnSe heterostructures surrounded =~ <=
. by linear and curved silver nanoantennas |«
as shown in Fig.1. Fig.1 Typical photos
Variations of the optical antenna of the structures.

length have been found to give rise to periodic amplification
of the integral emission intensity (Fig.2) The period of the

Enhancement factor

o 200 400 600 800 1000

Antenna Length (nmj discovered oscillations is equal to 220 nm, which corres-

Fig.2 Enhancement factor of the  ponds to the wavelength Ay=Ao[(e1+ep)/e1ep]™? =207 nm of
emission of QDs embedded in the surface plasmon-polariton mode propagating in the metal-
Ag linear antennas vs its length lic antenna. Here 2,=488 nm is the light wavelength, €,=—9.56
T | is the real part of the Ag di- electric constant and £5=3.5 is the

V: %ﬁ’o %@OW effective dielectric constant of the semiconductor structure.

The velocity of surface polaritons has been found to depend
not only on the parameters of the dielectric constants of the
metal and of the semiconductor substrate but also on the width
o4 pogos- 220 b and thickness of the metallic antenna.

0N et of antorma vy The influence of antenna antisymmetry (its helicity) on
Fig. 3. (a) Enhancement factor and  Selective amplification of the degree of circular polarization
(b) strength of the selective polari-  Of photoexcitation is shown in Fig. 3. It shows that plasmon-
zation dichroism effect induced by ~ polaritons induced in curved (S-type, Fig.1) antennas by cir-
photoexcitation with circular pola-  cularly polarized light, which was used for QD excitation, re-
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rization in the emission of QDs sult in enhanced polarization selectivity of the QD emission.
embedded in curved antennas as a  Fig. 3 shows that (i) the sign of polarization is opposite for
function of antenna length. the left- and right-hand antennas and (ii) the selectivity of the

_ polarization of excitation is a periodic function of its length[3]
[1]1 Y. W. C. Cao, R. C. Jin, and C. A. Mirkin, Science 297, 1536 (2002).

[2] S. Nie and S. R. Emory, Science 275, 1102 (1997).

[3] V. I. Kukushkin et al, Phys. Rev. B 90, 235313 (2014).
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Vertical CdSe/ZnSe nanowire quantum dot and photonic wire for
single-photon emission

T. Cremel'?*, E. Bellet-Amalrict?, L. Cagnon?, N. Gregersen*, and K. Kheng?*
! Univ. Grenoble Alpes, F-38000 Grenoble, France
2 CEA, INAC-SP2M, F-38000 Grenoble, France
8 CNRS, Institut Néel, F-38000 Grenoble, France
* Department of Photonics Engineering, DTU Fotonik, Technical University of Denmark,
DK-2800 Kongens Lyngby, Denmark
*thibault.cremel@cea.fr and kkheng@cea.fr

CdSe/ZnSe nanowire quantum dots (NW-QD) are promising structures for application
as single photon sources since they can show single photon emission up to room temperature
[1]. By coating such NW-QDs with a shell, it is possible to create photonic wires to extract
more efficiently the photons along the photonic wires axis [2]; in this case the control of
vertically oriented NWSs is compulsory. For this reason, we have first developed the growth of
vertically oriented and low density ZnSe NWs by molecular beam epitaxy on a ZnSe(111)B
buffer layer, under different 11/VI flux ratios. The NWs have a typical diameter of 10 nm and
show only weak luminescence. We demonstrate that a ZnMgSe shell passivates the NWs
surface and increases the ZnSe near-band-edge luminescence by two orders of magnitude. We
also show for the first time luminescence from CdSe insertions in [111] ZnSe NWs covered
by a ZnMgSe shell and grown by molecular beam epitaxy. The low NW density we managed
to obtain (~ 1 NW/4 um?) allows us to study single NWs directly on the as-grown sample.
Exciton, biexciton and charged exciton lines are clearly identified.

In a second step, we have created photonic wires by coating the NW-QDs with a thick
conformal dielectric coating of Al.Os using Atomic Layer Deposition (ALD) [3]. Our
calculations show that the emission of the orthogonal dipoles (perpendicular to the NW axis)
is strongly inhibited in a 10nm diameter NW, while the dipoles emission can be changed and
enhanced with an Al>Os coating of 120 nm (NW radius increase). This effect will be
presented quantitatively with microphotoluminescence measurements on our CdSe/ZnSe
NW-QDs coated with thick Al>Os shells.
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Figure 1. Scanning electron microscope images: a) 65°-tilted ~ Figure 2. Microphotoluminescence spectrum at 5K of
image of vertical CdSe/ZnSe NW-QDs with a thin ZnMgSe a single CdSe /ZnSe NW-QD (on the as-grown

shell on the as-grown sample b) top view image of a similar sample) as a function of the 488nm cw laser power.
NW-QD coated with a 120 nm thick Al2Os shell.

[1] S. Bounouar, M. Elouneg-Jamroz, M. den Hertog, C. Marchutt, E. Bellet-Amalric, R. André, C. Bougerol,
Y. Genuist, J.-P. Poizat, S. Tatarenko, and K. Kheng, Nano Lett. 12, 2977 (2012).

[2] J. Claudon, J. Bleuse, N.S. Malik, M. Bazin, P. Jaffrennou, N. Gregersen, C. Sauvan, P. Lalanne, and J.-M.
Gérard, Nat. Photonics 4, 174 (2010).

[3] T. Cremel, M. Elouneg-Jamroz, E. Bellet-Amalric, L. Cagnon, S. Tatarenko, and K. Kheng, Phys. Status
Solidi C 11, 1263 (2014).
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Coherent optical spectroscopy in CdTe quantum well structures:
storing light in the electron spin ensemble

Ilya Akimov

Experimentelle Physik 2, Technische Universitat Dortmund, D-44221 Dortmund, Germany
*ilja.akimov@tu-dortmund.de

Coherent optical spectroscopy provides essential information on dynamical properties of
charge and spin excitations in semiconductor nanostructures [1]. It delivers rich information
on the energy structure and the main mechanisms responsible for the relaxation in the system
under study. Here, we present an overview on optical studies in semiconductor (Cd,Mg)Te
quantum well structures subject to magnetic field [2,3]. The investigated structures are doped
with resident electrons (n-type) which allow optical excitation of both neutral and charge
excitons (trions). Use of I1-VI structures provides strong oscillator strength of elementary
optical excitations and large separation between exciton and trion resonances which is
supported by large binding energies. This allows to address solely trion transitions with
spectrally broad ultrashort picosecond pulses.

We use spontaneous (two-pulse) and stimulated (three-pulse) photon echoes for studying the
coherent evolution of optically excited ensemble of trions which are localized in
semiconductor quantum well. Application of transverse magnetic field leads to the Larmor
precession of the resident electron spins, which shuffles the coherence between optically
accessible and inaccessible states. This results in several spectacular phenomena. First, we
demonstrate magnetic field induced oscillations of spontaneous photon echo amplitude [1].
Second, in three-pulse excitation scheme, the extension of photon echo delay time by three
orders of magnitude is realized [2]. In this study, short-lived optical excitation, which is
created by the first pulse, is coherently transferred into a long-lived electron spin state using
the second optical pulse. This coherent spin state of electron ensemble persists much longer
(~ 10 ns) than any optical excitation in the system (~ 100 ps), preserving phase information
on initial optical field, which can be retrieved as a photon echo by means of third optical
pulse. Such approach allows to access long-term optical memories in semiconductor
nanostructures.

[1] G. Moody et al., Phys. Rev. Lett. 112, 097401 (2014).
[2] L. Langer etal., Phys. Rev. Lett. 109, 157403 (2012).
[3] L. Langer etal., Nat. Photonics 8, 851 (2014).
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Atomic-like Spin Fluctuations of Manganese in CdTe Quantum Wells

S. Cronenberger!, D. Scalbert'”, H. Boukari?, D. Ferrand?, R. André? and J. Cibert?
!\_aboratoire Charles Coulomb, CNRS and Université Montpellier, Montpellier, France
?Institut Néel, CNRS and Université Grenoble-Alpes, Grenoble,
*denis.scalbert@univ-montp2.fr

Spin noise spectroscopy (SNS) is a powerful optical technique, which in atomic vapors
revealed detailed information on nuclear magnetism and the hyperfine interaction [1]. In
recent years it has been widely used to probe the carrier spin relaxation in various
semiconductors and heterostructures [2]. Typically SNS probes spontaneous spin fluctuations
by off-resonant Faraday rotation. Spin noise spectra are equivalent to electron spin resonance
spectra, by virtue of the fluctuation-dissipation theorem, and are quite interesting for quantum
non-demolition measurements of either atomic or electronic spins [3].

We show that atomic-like spin fluctuations of magnetic impurities in semiconductors can also
be detected by SNS, with results on bulk and quantum wells of CdTe:Mn. In QWSs about
4x10° Mn spins are detected in the laser spot size of ~5um. The spectra exhibit both Zeeman
transitions within hyperfine levels with g-factor equal 1, and inter-hyperfine transitions. They
also reveal the cubic symmetry of the crystal field and local strain.

To illustrate these findings we show in Figure (1) contour plots of the spin noise spectra for
different magnetic field orientations in the (1-10) plane of a bulk Cdg.g9sMno 01 Te sample. 6
is the angle between the applied field and the [001] crystal axis. The spectra (Fig. 1b) exhibit
many of the spectral features predicted by a spin hamiltonian calculation (Fig. 1a). The
experimental noise spectra are very well fitted with a single adjustable parameter, the Mn
spin coherence time T,=20 ns. This is close to the expected value for dipolar broadening.

[001] [110] [001]
T0ns | b T-ask A Figure 1: Angular resolved Mn spin
B10smT [ o noise spectra for magnetic field in
' : ' S the (1-10) plane of bulk CdMnTe.
(a) calculated spectra using spin
hamiltonian with cubic crystal field
and hyperfine interaction. (b)
experimental spectra. (c) comparison
between experimental and
theoretical spectra measured at
0=45°. The spin noise spectra are
normalized to the photon noise.
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[1] S.A. Crooker, D. G. Rickel, A. V. Balatsky, and D. L. Smith, Nature 431, 49 (2004).
[2] J. Hubner, F. Berski, R. Dahbashi, and M. Oestreich, Physica Status Solidi (b), 251, 1824 (2014).
[3] A. Kuzmich, L. Mandel, J. Janis, Y. E. Young, R. Ejnisman, N. P. Bigelow, Phys. Rev. A, 60, 2346 (1999).
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Spin-orbit Stiffness of the Spin-polarized Electron Gas

F. Baboux™, F. Perez'", C. Ullrich?, G. Karczewski® and T. Wojtowicz®
YInstitut des Nanosciences de Paris, CNRS/Université Paris V1, Paris, France
2Department of Physics and Astronomy, University of Missouri, Columbia, Missouri, USA
3Institute of Physics, Polish Academy of Sciences, Warsaw, Poland
* present : Laboratoire de Photonique et Nanostructures, LPN-CNRS, Marcoussis, France
*florent.perez@insp.jussieu.fr

In a conducting spin-polarized system, Coulomb interaction couples spin and motion
degrees of freedom to build macroscopic oscillation of the spins which propagates as
spin-waves. The spin-wave stiffness y quantifies the energy cost to excite a spin-wave with a
kinetic disturbance of the electron gas, e.g, in a ferromagnetic metal the spin-wave disperses as
ho, = xh°q* 12m,, where q is the transferred momentum and mj, is the electron band mass.
Recently, the spin-orbit (SO) coupling has emerged as an important protagonist for spin-based
electronics. It offers new means to manipulate spin-waves with electric fields through the
spin-polarization generated by a charge current. Then, an important issue is the cost to excite a
spin-wave with a spin-polarization generated by the spin-orbit coupling. We define it as the
spin-orbit stiffness. We have investigated the spin-orbit stiffness of a model spin-polarized and
conducting electron system. Our model system is a paramagnetic spin-polarized
two-dimensional electron gas (SP2DEG) embedded in doped diluted magnetic quantum well
of CdMnTe. In past works [1] we investigated the spin-modes of this model SP2DEG and
measured the spin-wave dispersion by angle-resolved magneto-Raman scattering. More
recently, we investigated the action of spin-orbit fields onto the spin-wave [2]. Here, we
calculated by first-principles the SO stiffness of the SP2DEG spin-wave. Surprisingly, the SO
stiffness is shown to be y /. We further employed electronic Raman scattering to study the
density dependence of the SO stiffness and demonstrate the validity of our theory. We
evidenced that the SO stiffness grows with the 2DEG density and decreases with the
spin-polarization degree. Recently, spin-waves were excited by SO fields in a spin-wave based

transistor. Our findings reveals the importance of the SO stiffness for such a future device.

[1] J. Gomez, F.Perez, E. M. Hankiewicz, B. Jusserand, G. Karczewski, and T. Wojtowicz, Phys. Rev.B 81,
100403(R) (2010)
[2] F. Baboux, F. Perez, C. A. Ullrich, I. D'Amico, J. Gomez, and M. Bernard, Phys. Rev. Lett. 109, 166401
(2012); F. Baboux, F. Perez, C. A. Ullrich, I. D'Amico, G. Karczewski, and T.Wojtowicz, Phys. Rev. B 87,
121303(R) (2013).
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Charged Carrier Spin Dynamics in ZnO Epilayers and Quantum Wells
Jungtaek Kim, J. Puls*, and S. Sadofev
Institut fir Physik, Humboldt-Universitat zu Berlin, D-12489 Berlin, Germany
*puls@physik.hu-berlin.de

ZnO and related heterostructures are considered as potential materials for spintronics
applications. Since the Elliot-Yafet spin relaxation mechanism is dramatically reduced by the
extremely small ratio between spin-orbit (SO) coupling and gap energy, only the
D'yakonov-Perel mechanism is expected to contribute significantly both in bulk and quantum
well structures. For localized electrons, the interaction with magnetic nuclei has to be
additionally considered [1]. So far, only studies are known on electron spin coherence [2] and
hole spin relaxation [3] on ZnO bulk samples and epilayers. The recent proof of the
negatively charged exciton X" transitions in ZnO/(Zn,Mg)O quantum wells (QWSs) [4] has
offered a tool to trace carrier spin dynamic for ZnO in the case of reduced dimensionality,
where usually an increased transversal and longitudinal spin relaxation time is expected [1].

Here, an exemplary study on the longitudinal carrier spin dynamic in ZnO related
structures will be presented both for QWs and epitaxial layers grown under comparable
conditions. The possibility of a reduced SO coupling via increased sub-valence band splitting
in ZnO QWs by strain and/or confinement as well as the role of hyperfine interaction in ZnO
with extremely diluted magnetic nuclei will be treated. Since X™ and D°X bound exciton in
MQW and epilayers, respectively, possess the same spin configuration with paired electron
spins, the hole spin can be directly traced by the circular polarized luminescence of both
complexes. The spin dynamic of resident electrons in QWs and donor electrons is accessible
via the bleaching of the initial state of the X" and D°X, respectively, photo-excitation.

Hole spin relaxation times of 80 and 140 ps are found for D"X and X, respectively. The
only marginal increase found for the reduced dimensionality of a QW is attributed to the fact
that the conditions favorable for a slow hole spin relaxation via spin-orbit coupling are
already present in the bulk case. The quantum confinement of holes in ZnO QWs do only
marginally vary the A-B valence band splitting since the rather congeneric orbital symmetry
of I'7- and I's-holes leads to practically the same strain-induced shift and similar confinement
energies.

The spin relaxation of resident electrons in QWs and donor electrons in epilayers is
dominated at zero external magnetic field by the hyperfine interaction which can be
practically completely suppressed by a by a proper magnetic field applied along the ZnO
c-axis. A field strength of 2 mT is already large enough proving the extremely small value of
the Overhauser field in ZnO caused by the very restricted number of magnetic nuclei
interacting with an electron inside the volume of the exciton complex.

[1] M.I. Dyakonov (Ed.), Spin Physics in Semiconductors, Springer-Verlag, Berlin 2008.

[2] S. Ghosh, V. Sih, W. H. Lau, and D. D. Awschalom, Appl. Phys. Letters 86, 232507 (2005).
H. Horn, A. Balocchi, X. Marie, A. Bakin, A. Waag, M. Oestreich, and J. Hubner
Phys. Rev. B 87, 045312 (2013)
S. Kuhlen, R. Ledesch, R. de Winter, M. Althammer, S. T. B. Gonnenwein, M.Opel, R. Gross, T. A.
Wassner, M. S. Brandt, and B. Beschoten, Phys. Stat. Sol. (b) 251, 1861 (2014).

[3] D. Lagarde, A. Balocchi, P. Renucci, H. Carrére, F. Zhao, T. Amand, X. Marie, Z. X. Mei, X. L. Du, and Q.
K. Xue, Phys. Rev. B 78, 033203 (2008)
W.M. Chen, I.A. Buyanova, A. Murayama, T. Furuta, Y. Oka, D. P. Norton, S.J. Pearton, A. Osinsky, and J.
W. Dong, Appl. Phys. Letters 92, 092103 (2008).

[4] J.Puls, S. Sadofev, and F. Henneberger, Phys. Rev. B 85, 041307(R) (2012).
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Long-range p-d exchange interaction in a ferromagnet-semiconductor
hybrid structure

V. L. Korenev'?, M. Salewski?, I. A. Akimov*?, V. F. Sapega™®, L. Langer?, I. V. Kalitukha®,
J. Debus?, R. I. Dzhioev?, D. R. Yakovlev!?, D. Muller?, H. Hovel*, G. Karczewski®, M.
Wiater®, T. Wojtowicz®, Yu. G. Kusrayev', and M. Bayer™?

!loffe Physical-Technical Institute, Russian Academy of Sciences, St. Petersburg, Russia
*Experimentelle Physik 2, TU Dortmund, Dortmund, Germany
3physical Faculty of St. Petersburg State University, St. Petersburg, Russia
*Experimentelle Physik 1, TU Dortmund, Dortmund, Germany
*Institute of Physics, Polish Academy of Sciences, Warsaw, Poland

Correlated magnetism in condensed matter, such as ferro-, antiferro- or ferrimagnetism,
originates from exchange interactions. In magnetic semiconductors, the exchange occurs
between free charge carriers and localized magnetic atoms and is determined by their
wavefunction overlap. Hybrid structures consisting of a ferromagnetic layer and a
semiconductor quantum well (QW) are appealing objects to assess and control this overlap.
In particular, for a two-dimensional hole gas (2DHG) in a QW, the overlap of the hole
wavefunction with the magnetic atoms in a nearby ferromagnetic layer is believed to result in
a p-d exchange interaction. In the effective magnetic field of that p-d exchange the 2DHG
spin system can become polarized. Recently, it was shown that additionally to this equilibrium
2DHG polarization there is an alternative mechanism involving spin-dependent capture of
charge carriers from the semiconductor into the ferromagnet [1]: for ferromagnetic GaMnAs
on top of an InGaAs QW, the capture of electrons induces their spin polarization in the QW,
thus representing a dynamical effect in contrast to the exchange-induced equilibrium
polarization.

Here, we report on a different ferromagnet/semiconductor hybrid system consisting of a
cobalt layer and a CdTe QW separated by a non-magnetic barrier. Due to negligible hole
tunneling, this hybrid combination shows mostly the quasi-equilibrium ferromagnetic
proximity effect due to the p-d exchange interaction between Co atoms and heavy holes in the
CdTe layer. For conventional p-d exchange via wavefunction overlap, an exponential decay
with the barrier width of about a nanometer would be expected. Surprisingly, we found that
the proximity effect, measured through the spin polarization of the heavy holes in the QW, is
almost constant over long distances of more than 10 nm barrier width. This novel exchange
coupling effect is therefore truly long-range, which is highly advantageous because it is
robust with respect to hybrid interface variations. As possible origin of this long-range
proximity effect we suggest an effective p-d exchange interaction mediated by elliptically
polarized phonons emitted from the ferromagnet into the QW.

[1] V. L. Koreney, I. A. Akimoyv, S. V. Zaitsev et al., Nature Commun. 3, 959 (2012).
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(A)GaAs:Be/Zn(Mn)Se Heterovalent Quantum Well Heterostructures:
Electrical and Structural Properties

T.A. Komissarova*, G.V. Klimko, S.V. Gronin, I.V. Sedova, S.V. Sorokin, B.Ya. Ber,
A.A. Toropov, and S.V. lvanov
loffe Institute, St. Petersburg, Russia
*komissarova@beam.ioffe.ru

Ferromagnetic semiconductors with high Curie temperature Tc have been intensely
studying last two decades. Maximum achieved T value is 185K for GaMnAs epitaxial films
[1]. However, further increase of the T¢ in GaMnAs is prevented by its specific growth con-
ditions. Namely, it is known that the T¢ value of diluted magnetic semiconductors (DMS) is
governed by the concentrations of holes and Mn ions [2]. In case of GaMnAs layers, it is dif-
ficult to increase hole concentration and Mn ion density simultaneously, since the high Mn
solubility in this material can be achieved only at low growth temperature (300°C), which, in
turn, leads to increasing the donor defect density and limits the hole concentration. This
problem might be overcome by using the (Al)GaAs:Be/Zn(Mn)Se heterovalent heterostruc-
tures involving the high quality GaAs/AlGaAs quantum well (QW) with the lower AlGaAs
barrier modulation-doped with Be acceptors and the upper [1-Mn-V|1 barrier proposed to be a
source of Mn ions for the GaAs QW [3].

This work is devoted to study of electrical and structural properties of the
(ADGaAs:Be/Zn(Mn)Se QW heterovalent heterostructures grown by molecular beam epitaxy
(MBE). Complex design of the structures with several conductivity channels and the close
position of the GaAs QW and the heterovalent interface (HI), which can result in influence of
the interdiffusion effects on the QW electrical properties, need in detailed consideration. The
growth mode of the HI (the GaAs surface reconstruction and the growth initiation technique
of the 11-VI part) and the distance from the GaAs QW to the HI were varied for different

samples. 11, VI and 111, V elements diffusion was studied by secondary ion mass spectroscopy.

DC and AC (up to 1 MHz) electrical measurements were carried out in the temperature range
of (4.2-300)K. The values of the hole concentration and mobility were determined from the
Hall measurements. The results of the AC measurements were analyzed in terms of the Ny-
quist plot (dependence of the imaginary part of the impedance on its real part).

It has been shown that the total conductivity of the heterovalent heterostructures is go-
verned by two conductivity channels: GaAs QW and AlGaAs:Be barrier layer. Conductivity
through the GaAs QW is strongly influenced by the space charges at the GaAs/AlGaAs in-
terface and HI, which leads to occurrence of the capacitive contribution to the QW conduc-
tivity and prevents the reliable magnetic measurements. Relationships between the space
charge values at the HI, effects of 11,VI and Ill, V element interdiffusion and growth condi-
tions were studied. As a result, the method of the HI formation which allows the significant
reduction of the relaxation processes related to the space charges at the HI has been deter-
mined. Optimized structure design for decreasing the influence of the space charge at the
GaAs/AlGaAs interface has been proposed.

The work is partially supported by the Russian Foundation for Basic Research (grant
## 15-52-12014) and the Deutsche Forschungsgemeinschaft in the frame of International
Collaborative Research Center TRR 160.

[1] Wang M., Campion R.P., Rushforth A.\W., Edmonds K.W., Foxon C.T., and Gallagher B.L., Appl. Phys.
Lett. 93, 132103 (2008).

[2] Dietl T., Ohno H., Matsukura F., Ciberrt J., and Ferrand D., Science 287, 1019 (2000).

[3] Evropeytsev E.A., Klimko G.V., Komissarova T.A., Sedova L.V., Sorokin S.V., Gronin S.V., Kazantsev
D.Yu., Ber B.Ya., lvanov S.V., and Toropov A.A., Semiconductors 48, 30 (2014)
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Zn0O-based Plasmonics

Kalusniak S* and Sadofev S
Institut fir Physik, Humboldt-Universitat zu Berlin, Newtonstr. 15, 12489 Berlin, Germany
*kalus@physik.hu-berlin.de

In this special talk, devoted to the memory of Prof. Fritz Henneberger, we recall his main
scientific achievements, which had a strong impact on the 11-VI community during the last
decade. We focus on ZnO-based plasmonics, which was one of his last main research areas.
We will show that strongly n-type doped ZnO is an excellent plasmonic material in the
infrared spectral range and discuss the surface plasmon polariton dispersion curves, in
particular thus obtained in epitaxial multi-layer structures of different doping level. We will
show resonant coupling of such surface plasmon polaritons to molecular vibrations and
finally discuss the realization of metamaterials with ZnGaO as a plasmonic component.
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Free-electron concentration and polarity inversion domains
in plasmonic (Zn,Ga)O

Sadofev S*, Kalusniak S, Schifer P, Kirmse H and Henneberger F
Institut fiir Physik, Humboldt-Universitit zu Berlin, Newtonstr. 15, 12489 Berlin, Germany
*sergey.sadofev@physik.hu-berlin.de

Highly n-doped ZnO is attracting increasing attention as an alternative tunable
plasmonic material [1]. It has been recently shown that free carrier concentrations of n ~ 102
cm’ are readily achievable in ZnO doped with several mol.% of Al or Ga [2, 3]. Such high
electron densities extend the metallic range with negative real part of the dielectric function
from the mid to the near infrared reaching thus the wavelengths important for
telecommunication processes. Recently we have demonstrated that in single crystalline
(Zn,Ga)O layers grown on a-plane sapphire by molecular beam epitaxy (MBE) the
zero-crossover wavelength of the dielectric function can reach A; = 1.36 um at about 6 mol.%
of incorporated Ga, while the plasmonic damping does not exceed 50 meV [4]. In order to
address processes limiting n and increasing damping in (Zn,Ga)O, we performed a study of
the layers grown on bulk ZnO wafers, aiming to probe the material with substantially better
crystalline quality.

The MBE growth of (Zn,Ga)O is found to proceed in a two-dimensional mode
coherently with substrate up to the carrier concentration of n ~ 8x10% cm™. The layers show
high crystalline perfection documented by full-widths at half maxima of the X-ray omega
curves of 30-50 arcsec and distinct interference fringes in the ©-20 scans. The out-of-plane
lattice constant increases linearly as n increases with a slope of 1.4x10%® A.cm®. At higher
doping levels a gradual transition from two- to three-dimensional growth accompanied by
overall degradation of material quality is observed. Transmission electron microscopy and
convergent beam electron diffraction measurements reveal that the transition occurs via
formation of Zn-polar inversion domains in the O-polar ZnO matrix [5]. The domain
formation can be inhibited by low deposition temperatures or larger excess of Zn during the
growth. This results in up to 1.4 times increase of free carrier concentration and a
short-wavelength shift of a surface plasmon resonance of z4® = 100 meV covering now fully
the telecommunication spectral region.

Despite more than 40 times smaller width of the omega curves compared to the layers
grown on sapphire no remarkable improvement of the plasmonic properties of (Zn,Ga)O is
observed. Thus, in the carrier concentration range of n ~ 10%° cm™ the plasmonic damping is
mainly defined by intrinsic scattering processes in (Zn,Ga)O, while a degree of crystalline
perfection of the ZnO matrix plays a minor role.

[1] A. Boltasseva and H. A. Atwater, Science 331, 290 (2011)

[2] D. Look, T. Droubay, and S. Chambers, Appl. Phys. Lett. 101, 102101 (2012)

[3]1 H.Y. Liu, V. Avrutin, N. lzymskaya et al., J. Appl. Phys. 111, 103713 (2012)

[4]1S. Sadofev, S. Kalusniak, P. Schifer, and F. Henneberger, Appl. Phys. Lett. 102, 181905 (2013)

[5] S. Sadofev, S. Kalusniak, P. Schifer, H. Kirmse and F. Henneberger, Phys. Status Solidi B, 252, 607 (2015)
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Enhanced luminescence excitation via efficient optical energy transfer
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Luminescent nanoscale materials (LNMSs) have received widespread interest in sensing

and lighting applications due to their enhanced emissive properties. For sensing applications,
LNMs offer improved sensitivity and fast response time which allow for lower limits of
detection. Meanwhile, for lighting applications, LNMs, such as quantum dots, offer an
improved internal quantum efficiency and controlled color rendering which allow for better
lighting performances. Nevertheless, due to their nanometric dimensions, nanoscale materials
suffer from extremely weak luminescence excitation (i.e. optical absorption) limiting their
luminescence intensity, which in turn results in a downgrade in the limits of detection and
external quantum efficiencies. Therefore, enhancing the luminescence excitation is a major
issue for sensing and lighting applications.
In this work, we report on a novel photonic approach to increase the luminescence excitation
of nanoscale materials. Efficient luminescence excitation increase is achieved via a
gain-assisted waveguided energy transfer (G-WET). The G-WET concept consists on placing
nanoscale materials atop of a waveguiding active (i.e. luminescent) layer with optical gain.
Efficient energy transfer is thus achieved by exciting the nanoscale material via the tail of the
waveguided mode of the active layer emission. The G-WET concept is demonstrated on both
a nanothin layer of fluorescent sensitive polymer and on CdSe/ZnS quantum dots coated on
ZnO thin film, experimentally proving up to an 8-fold increase in the fluorescence of the
polymer and a 3-fold increase in the luminescence of the CdSe/ZnS depending of the active
layer emission regime (stimulated vs spontaneous emission). Furthermore, we will discuss on
the extended G-WET concept which consists on coating nanoscale materials on a
nanostructured active layer. The nanostructured active layer offers the necessary photonic
modulation and a high specific surface which can presumably lead to a more efficient
G-WET concept. Finally, the efficiency as well as the observation conditions of the GWET
will be discussed and compared with more conventional charge transfer or dipole-dipole
energy transfer.

[1] Roy Aad et al., ACS Photonics, 1, 246-253, (2014).
[2] Roy Aad et al., accepted in Materials (2015).
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Interface engineering inZnO/organic hybrid structures for optimized
excitonic coupling and charge transfer

Bianchi F*, Sparenberg M*, Sadofev S*, SchlesingerR*, Kobin B?, Hecht S Koch N*, and
BlumstengelS™*
nstitute of Physics, Humboldt University Berlin, Berlin,Germany
?Institute of Chemistry, Humboldt University Berlin, Berlin,Germany
*Sylke.Blumstengel @physik.hu-berlin.de

ZnO is currently attracting significant interest as a candidate for hybrid photovoltaic and
light-emitting devices.The key for achieving improved device performance or even new
functionality is the control and engineering of the hybrid interface. We studied - in an
all-ultrahigh vacuum approach - the interface formation of ZnO with various prototypical
conjugated organic molecules, including perylene derivatives, oligo(phenylenes) as well as
ladder-type oligo(phenylenes), whose fundamental optical excitation is resonant with the
ZnOexcitonic transition, employing in-situ scanning probe microscopies, photoemission and
differential reflectance spectroscopy, complemented by ex-situ transmission electron
microscopy and X-ray diffraction analysis.The talk will summarize our recent efforts to
control the morphology and the electronic structure of the hybrid interface [1,2]. By
appropriate interfacial design, we are able to manipulate electron-hole separation at the
ZnOlorganic interface and, alternatively, to achieve excitonic energy transfer from ZnO
quantum wells to organic overlayerswith efficiencies of up to 80 % [2,3].

[1] Sparenberg M. et al., Phys. Chem. Chem. Phys. 16, 26084, (2014).
[2] Schlesinger R. et al., Nat. Commun. 6:6754 doi: 10.1038/ncomms 7754 (2015).
[3] Bianchi F. etal., Appl. Phys. Lett. 105, 233301, (2014).
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Colloidal Quantum Dot-Based Excitonic Light-Emitting Devices

Seonghoon Lee*
School of Chemistry, Seoul National University, Seoul, Korea 151-747

*E-mail address: shnlee@snu.ac.kr

Colloidal nanobuilding blocks called gigantic artificial atoms or quantum dots have
been well-developed and provide us with tremendous opportunities for the creation of new
materials. The various artificial atoms with constituent interaction ranging from ionic to
covalent are generated by wet chemical methods. The nanoscopic phenomenon of quantum
confinement effect in artificial atoms allows us to control excitonic energies by tuning their
sizes and understand broad absorption and narrow emission of light, phonon bottleneck, and
energy transfer. The creation, recombination, annihilation, and separation, transport of
excitons are investigated in artificial atoms-embedded conducting matrix or inorganic-organic
hybrid materials. The portable, thin flexible highly bright, efficient, low-voltage driven red,
green, blue, and natural white light-emitting devices (R/G/B/white-LEDSs), enabled by the
direct exciton formation within gigantic artificial atom-embedded active layers in a
conducting polymer matrix or organic materials, have been demonstrated. The luminances of
red-, green-, and blue-emitting devices are 23040, 218800, and 2250 cd/m? at the maximum,
respectively. In addition, the external quantum efficiencies (EQESs) of the RGB devices were
7.3, 5.8, and 1.7%, respectively. White-QLEDs with a luminance of 5,000 cd/m? at an applied
bias less than 6 V and external quantum efficiency of 1% or more have been successfully
realized. Practicable everyday applications to traffic signals, display back-lights, and

solid-state white illumination sources for the next generation are also exemplified.

[1] W. K. Bae, J. Lim, D. Lee, M. Park, H. Lee, K. Char, C. Lee, Seonghoon Lee, Adv. Mater., 26, 6387-6393,
(2014).

[2] J. Lim, M. Park, W. K. Bae, D. Lee, Seonghoon Lee, C. Lee, K. Char , ACS Nano, 7(10), 9019-9026,
(2013).

[3] J. Kwak, W. K. Bae, D. Lee, I. Park, J. Lim, M. Park, H. Cho, H. Woo, D. Y. Yoon, K. Char, Seonghoon
Lee, C. Lee. Nano Lett., 12(5), 2362-2366, (2012). Also reported in C&E News in April 10, 2012 and in
PHYSORG.com in April 20, (2012).

[4] J. Lim, W. K. Bae, D. Lee, M. K. Nam, J. Jung, C. Lee, K. Char, Seonghoon Lee, Chem.
Mater, 23, 4459-4463, (2011).

[5] W. K. Bae, J. Kwak, J. Lim, D. Lee, M. K. Nam, K. Char, C. Lee, Seonghoon Lee, Nano Lett., 10(7),
2368-2373, (2010). Also highlighted in MRS Bulletin, 35, Aug, (2010).
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Preparation and study of semiconductors with a honeycomb nanogeometry

W. H. Eversl, M. P. Boneschanscherl, J.J. Geuchiesl, J. Peters, C. Overbeekl, C. de Morais

(1]

(2]

Smithz, E. Kalesaki3, C. Delerue’ ,and D. Vamaekelbergh'*
lDebye Institute for Nanomaterials Science, University of Utrecht, Utrecht, NL
*Institute for Theoretical Physics, University of Utrecht, Utrecht, NL
3IEMN—ISEN, University of Lille, Lille, France

*d.vanmaekelbergh@uu.nl

The interest in 2-dimensional systems with a honeycomb lattice and related Dirac-type
electronic bands has exceeded the prototype graphene. Currently, 2-dimensional atomic
and nanoscale systems are extensively investigated in the search for materials with novel
electronic properties that can be tailored by geometry. I will show how atomically
coherent honeycomb superlattices of rock salt (PbSe, PbTe) and zinc blende (CdSe,
CdTe) semiconductors can be obtained by nanocrystal self-assembly, covalent attachment,
and subsequent cation exchange. A detailed analysis with STM, GISAXS, and
HAADF-STEM of these systems learned that self-assembly and oriented attachment leads

to buckled (i.e. silicene-type) honeycomb structures with a periodicity of about 6 nm.

Atomistic and analytical theory predict that these artificial graphene systems combine
Dirac-type electronic bands with the beneficial properties of a semiconductor, such as the
presence of a band gap and strong spin-orbit coupling, leading to the quantum spin Hall
effect. Finally, I will present the first experimental results on the opto-electrical

characterization of PbSe and CdSe honeycomb semiconductors.

Boneschanscher, M. P., Evers, W. H., Geuchies, J. J., Altantzis, T., Goris, B., Rabouw, F. T., van
Rossum, S. A. P., van der Zant, H. S. J., Siebbeles, L. D. A., Van Tendeloo, G., Swart, I,
Hilhorst, J., Petukhov, A. V., Bals, S., Vanmackelbergh, D., Science 344, 1377 (2014).

Kalesaki, E., Delerue, C., Smith, C. Morais, Beugeling, W., Allan, G., Vanmaekelbergh,
D., Physical Review X 4, 011010 (2014)
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Transport properties of 2D colloidal nanoplatelets to achieve enhanced
photoconduction properties
Emmanuel Lhuillier™", Adrien Robin'?, Jean-Francois Dayen®, Benoit Dubertret®

INexdot, 10 rue Vauquelin, Paris, France
2 Laboratoire de Physique et d’Etude des Matériaux, ESPCI-ParisTech, PSL Research University,
Sorbonne Université UPMC Univ Paris 06, CNRS, 10 rue Vauquelin 75005 Paris, France.

SUniversité de Strasbourg, IPCMS-CMRS UMR 7504, 23 Rue du Loess, 67034 Strasbourg, France
*Emmanuel.lhuillier@espci.fr

2D colloidal nanoplatelets (NPL) made of cadmium chalcogenides offer unique optical

properties (fast and narrow PL) thanks to the atomic control of their surface [1]. The use
of these new materials for optoelectronic devices also requires to reach a high level of
control on their conduction properties. In particular the photoconduivity of NPL film
remains limited by traps and the high exciton binding energy which prevents an efficient
electron hole dissociation. Here we present two strategies to achieve enhanced

photoconduction properties in thin film on NPL.

To reduce the effect of trap our strategy is to control the carrier density and to bring the fermi

level close to the conduction band whoch will prevent electron trapping. The tunning of
the Fermi level is achieved thanks to ion gel electrolyte gating [2]. The latter allows a
large current modulation (>10° on-off ratio) with limited gate bias (2V). In this
phototransistor configuration the photocarrier lifetime is significantly enhanced which

lead to a rise of the materail resposnivity by three decades [3].

Further improvement of the material photoconductance can be obtained by achieving a larger

(1]

(2]

(3]
(4]

electron hole pair dissociation. In this case larger volatge drop per particle has to be
applied, which can be doen connecting NPL over a nanotrench. In this case the
mechanism of transport swicthes from a hopping process to a single tunnel event. Again
the potoresponse is significantly boosted by 7 decades and leads to the highest value
reported in CdSe nanomaterial (R~kA.W™) [4], while the noise level in the system also
drops.

E. Lhuillier, S. Pedetti, S. Ithurria, B. Nadal, H. Heuclin, B. Dubertret, Accounts for chemical research 22,
48 (2015).

E. Lhuillier, S. Pedetti, S. Ithurria, H. Heuclin, B. Nadal, A. Robin, G. Patriarche, N. Lequeux and B.
Dubertret, ACS nano 8, 3813(2014).

E. Lhuillier, A. Robin, S. Ithurria, H. Aubin, B. Dubertret, Nano Lett. 14, 2715(2014).

E. Lhuillier, J.F. Dayen, D. O. Thomas, A. Robin, B. Doudin, B. Dubertret, Nano Lett 15,1736 (2015).
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Polarimetric Determination of CdSe/Cds Dipole Orientation

. Lethiec™, L. u uyen-, J. Laver ant™, . Nasilowski”, C. Javaux”, B. Dubertret”, F.
C. Lethiec!, L. Thu N’Guyen?, J. Laverdant™?, M. Nasil k'3CJ*3BDb 5 F
Pisanello*, L. Carbone®, L. Coolen®, A. Maitre!

1. Institut des Nanosciences de Paris, Université Pierre et Marie Curie, 4 place Jussieu, 75252
Paris cedex 05, France

2. Institut Lumiere Matiére, Université de Lyon, Université Lyon 1, Villeurbanne, France

3. Laboratoire de Physique et d’Etude des Matériaux, ESPCI, UPMC,CNRS, 10 rue
Vauguelin, 75005 Paris, France

4. Universita del Salento, via per Monteroni, 73100 Lecce, Italy
“agnes.maitre@insp.upmc.fr

Efficient coupling of nanoemitters to photonic or plasmonic structures requires specific
orientation of their emitting dipoles which remains an experimental challenge. We propose in
this paper to determine the nature and the orientation of 1I-VI nanoemittor dipoles by
polarization analysis of their emission[1].

A nanoemittor can be considered either by a single radiating dipole (molecule or nanorod
for example), or by the sum of two orthogonal incoherent dipoles (CdSe / ZnS nanocrystal for
example) - known as 2D dipole [2]. By analogy, 200 nm spheres filled with a large number of
dye molecules, can be modeled of a 3D dipole (sum of three orthogonal incoherent dipoles).
The polarization anisotropy distribution, defined as (Ix-ly)/(Ix*1y), of a statistical collection of
several hundreds of individual emitters randomly oriented[3], reveals the dimensionality of
the dipoles. For colloidal CdSe/CdS nanocrystals, the anisotropy shows a clear signature of a
2D dipole, whereas CdSe/CdS nanorods are 1D dipoles.

Once the dimensionality of the emitter is known, at the single scale, its orientation can be
determined by considering the phase and the contrast of the sinusoidal curves obtained by
turning an emission polarizing analyzer. This analysis has been performed as well in the case
of 11-VI colloidals nanocrystals [1], nanorods [2] and nanoplakelets.

Polarized Intensity Polarized Intensity
[it:! 08
IlE [il:
0z 0z

m 2m 3m 4m o 200 3m 4m
a) Polarizer angle b) polarizer angle

Fig 1: intensity transmitted by the polarizer for a single nanoemitter as a function of the polarizer rotation angle. red line
simulation, blue ponts :experimental points. a) CdSe/CdS nanorod,(1D dipole) , b) CdSe/CdS nanocrystals (2D dipole)

This determination of dipole orientation by polarization analysis is complementary to
defocused microscopy, and can give information even when defocused microscopy is not
suited (2D dipole at a metallic interface...). The knowledge of the dimensionality and
orientation of I1-VI nanoemittor dipoles ensures a better control of their emission properties
especially when they are included in photonic structures.

References

[1] C. Lethiec et al, “Three-dimensional orientation measurement of a single fluorescent nanoemitter by
polarization analysis”, Phys. Rev. X 4, 021037 (2014)

[2] C. Lethiec et al, “Polarimetry-based analysis of dipolar transitions of single colloidal CdSe/CdS dot-inrods”,
New Journal of Physics 16, 093014 (2014)

[3] I. Chung, et al, "Room temperature measurements of the 3D orientation of single CdSe quantum dots using
polarization microscopy", Proc. Nat. Ac. Sci. 100, 405 (2003)
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Alignment of Rod-Shaped Single-Photon Emitters Driven by Line Defects
in Liquid Crystals

PelliserLaurent*, ManceauMathieu?, LethiecClotilde®, CoursaultDelphine®, VezzoliStefano? *,
LeménagerGodefroy?, CoolenLaurent*, DeVittorioMassimo* * °, PisanelloFerruccio®,
CarboneLuigi®, MaitreAgnes®, BramatiAlberto?, and LacazeEmmanuelle!

Institut des NanoSciences de Paris (INSP), CNRS, UMR 7588, Paris, France
?Laboratoire Kastler Brossel, Collége de France, Paris, France

$Centre for Disruptive Photonic Technologies, Singapore

*Dipartimento di Ingegneria dell’Innovazione, Universita del Salento, Lecce, Italy

SCenter for Biomolecular Nanotechnologies @Unile, Istituto Italiano di Tecnologia (11T),
Lecce, Italy

®National Nanotechnology Laboratory (NNL), CNR-Istituto Nanoscienze, Lecce, Italy

Arrays of liquid crystal defects—Ilinear smectic dislocations—are used to trap semiconductor
CdSe/CdS dot-in-rods which behave as single-photon emitters. Measurements of the emission
diagram are combined together with measurements of the emitted polarization of the single
emitters whose unicity was verified through antibunching measurement. It is shown that the
dot-in-rods are confined parallel to the linear defects to allow for a minimization of the
disorder energy associated with the dislocation cores. It is demonstrated that the electric
dipoles associated with the dot-in-rods, tilted with respect to the rods, remain oriented in the
plane including the smectic linear defects and perpendicular to the substrate, most likely due
to dipole/dipole interactions between the dipoles of the liquid crystal molecules and those of
the dot-in-rods. Using smectic dislocations, nanorods can consequently be oriented along a
unique direction for a given substrate, independently of the ligands’ nature, without any
induced aggregation, leading as well to a fixed azimuthal orientation for the dot-in-rods’
dipoles. These results open the way for the fine control of nanoparticle anisotropic optical
properties, in particular, fine control of single-photon emission polarization.
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Pelliser L. et al., Alignment of Rod-Shaped Single-Photon Emitters Driven by Line Defects in Liquid Crystals, Advanced Functional
Materials, 25, 11, 1719-1726, 2015
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Gold Plated and Thick Shell Quantum Dots: Two Examples of
Colloidal Quantum Dots with Much Improved Optical Properties

M. Nasilowski, P. Spinicelli and B. Dubertret*
LPEM, ESPCI, 10 rue Vauguelin, 75005 Paris, France
*e-mail : benoit.dubertret@espci.fr

The quest for the perfect quantum dot (QD) is a drive for both chemists and
physicists. Many studies have tried to understand and limit QD emission blinking in time[1].

The most widely accepted explanation for the emission intensity flickering is the
presence of an excess charge, in or in close proximity to the nanocrystal[2] that can
recombine non radiatively with the exciton through Auger processes. This results in lower
quantum vyield and fluctuation of the QD emission in time when observed at the single
particle level.

Recently, two routes have been proposed to decrease the efficiency of Auger
recombination: composition gradient between the core and the shell[3] and thick shell
QDs[4]. While these two routes have led to QDs with improved fluorescent properties, they
both have their limitations: limited quantum yields for gradient QDs and strongly temperature
dependent quantum yield for thick shell QDs.

We present here two new generations of quantum dots with unmatched optical
properties. The first one, a CdSe/CdS QD with a thick CdS shell and a gradient interface
between the core and the shell, exhibit a quantum yield of 100% at room temperature, with a
perfectly stable, non-blinking, fluorescence emission over long periods of time (hours). We
measured a similar quantum yield for the monoexciton and for the biexciton, which shows
that Auger recombinations are completely suppressed in these QDs. At high excitation
powers, these QDs show multiexcitonic emission even at the single dot level, another proof
of the complete suppression of Auger recombination.

The second one consists of a single quantum dot encapsulated in a silica shell coated
with a continuous gold nanoshell.[5] It provides a system with a stable and Poissonian
emission at room temperature. This novel hybrid quantum dot/silica/gold structure behaves as
a plasmonic resonator with a strong Purcell factor. The gold nanoshell also enhances the
QDs’ resistance to high-power photoexcitation or high-energy electron beams.

These two types of new QDs bring a rupture in the family of colloidal QDs in the
sense that they are the first examples of 100% quantum yield QD at room temperature even at
high excitation power, regardless of their charge state and with robust optical properties.

[1] M. Nirmal, B. O. Dabbousi, M. G. Bawendi, J. J. Macklin, J. K. Trautman, T. D. Harris, and L. E. Brus,
Nature, vol. 383, no. 6603, pp. 802-804, Oct. 1996.

[2] M. Kuno, D. P. Fromm, H. F. Hamann, A. Gallagher, and D. J. Nesbitt, J. Chem. Phys., vol. 115, no. 2,
p. 1028, 2001.

[3] G. E. Cragg and A. L. Efros, Nano Lett., vol. 10, no. 1, pp. 313-7, Jan. 2010.

[4] C. Javaux, B. Mahler, B. Dubertret, A. Shabaev, A. V Rodina, A. L. Efros, D. R. Yakovlev, F. Liu, M.
Bayer, G. Camps, L. Biadala, S. Buil, X. Quelin, and J.-P. Hermier, Nat. Nanotechnol., vol. 8, no. 3, pp.
206-12, Mar. 2013.

[5] B. Ji, E. Giovanelli, B. Habert, P. Spinicelli, M. Nasilowski, X. Xu, N. Lequeux, J.-P. Hugonin, F.
Marquier, J.-J. Greffet, and B. Dubertret, Nat Nano, vol. 10, no. 2, pp. 170-175, Feb. 2015.
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Novel Quantum Transport of 2D Electrons in MBE-Grown ZnO
Heterostructures

Yusuke Kozuka'*
'Department of Applied Physics, University of Tokyo, Tokyo, Japan
*kozuka@ap.t.u-tokyo.ac.jp

High-mobility electron gas has been formed at heterointerfaces of clean materials,
including Si, GaAs and CdTe. In such a two-dimensional electron gas (2DEG), a novel
quantum phenomenon called quantum Hall effect emerges at low temperature under high
magnetic field. However, the physics of the quantum Hall effect has developed mainly using
Ga,zAs heterostructures owing to the extremely high electron mobility exceeding 10 million
cm/Vs.

Here we show that crystal quality of ZnO heterostructures is now comparable to GaAs
heterostructures. Based on our continuous effort, the mobility of the ZnO heterostructure
reaches 1 million cm?Vs, which corresponds to ~ 5 million cm?/Vs for GaAs in terms of the
transport scattering time [1]. Furthermore, the quantum scattering time, which more precisely
reflects total scattering rate, is nearly the same value as that of the best-quality GaAs system.
This outstanding property enabled the observation of the unprecedented even-denominator
fractional quantum Hall effect [2]. The case of ZnO clearly demonstrates that the
improvement of crystal quality of semiconductors is fundamentally important, leading to new
physics or applications [3].

[1] J. Falson, D. Maryenko, Y. Kozuka, A. Tsukazaki, and M. Kawasaki, Appl. Phys. Express 4, 091101
(2011).

[2] J. Falson, D. Maryenko, B. Friess, D. Zhang, Y. Kozuka, A. Tsukazaki, J. H. Smet, and M. Kawasaki,
Nature Phys. in press.

[3] Y. Kozuka, A. Tsukazaki, and M. Kawasaki, Appl. Phys. Rev. 1, 011303 (2014).
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Zn0O-Based Oxide Semiconductors for Transparent Electronics

Jianguo Lu*, Qingjun Jiang, Lisha Feng, Genyuan Yu, and Zhizhen Ye
State Key Laboratory of Silicon Materials, School of Materials Science and Engineering,
Zhejiang University, Hangzhou 310027, China
* lujianguo@zju.edu.cn

ZnO is an 1I-VI compound semiconductor with a wide bandgap of 3.37 eV. ZnO-based
oxides are ideal semiconductors for transparent electronics. In this report, we will present the
growth, properties, and applications of ZnO:Al (AZO) and ZnMSnO (M=Al and Si) films.
The two materials are indium-free and very promising for transparent electronic devices.

AZO is a typical transparent conductive oxide (TCO) that can replace commercial ITO

and FTO for practical applications. The optimal Al content was determined to be 4 at. % [1,2].

At optimized conditions, high-quality AZO films could be grown at room temperature [3],
with a low resistivity ~10~ Qcm and high visible transmittance ~90 %. AZO films were used
as transparent electrodes in GaN light-emitting diodes (LEDSs) [4], having a forward voltage
of 3.36 V, an electroluminescence emission at 526 nm, and a light output power of 386 mcd
at 20 mA. AZO films, with texture surfaces produced by ammonium acetate, were used as
front transparent electrodes in solar cells [5], for example, showing a high conversion
efficiency of 10.75% for single-junction amorphous silicon thin-film solar cells. AZO films
could be widely used in various fields including flexible devices.

For replacing InGaZnO, we have developed a new amorphous semiconductor (AQOS),
ZnMSnO (M=Al and Si). Sn is a competitive alternative for In due to the similar electron
configurations (4d*°5s°) of Sn** and In** [6]. The lower standard electrode potential (SEP) of
Al (-1.66 V) and Si (-0.91 V) indicates a much effective substitution for the traditional
suppressor of Ga (-0.55 V). The introduction of Al and Si could enhance the stability, densify
the active layers, and suppress the formation of oxygen vacancies [7-9]. Amorphous
ZnMSnO (M=Al and Si) is an ideal channel material for thin-film transistors (TFTs). For
example, the a-ZnAISnO TFTs exhibited acceptable performances, with an on/off current
ratio of ~10’, field-effect mobility of 2.33 cm?V'S™?, threshold voltage of 2.39 V, and
subthreshold swing of 0.52 V/decade [9]. The indium-free ZnAISnO TFTs may be very
promising for practical applications in flat panel and next-generation displays.

By using a-ZnAISnO as the channel and AZO as the electrodes, fully transparent TFTs
have been fabricated recently. We will also present the results in this report. The study in this
work can be expected to facilitate the development of transparent electronics.

[1] J.G Lu, Z. Z.Ye,Y.J. Zeng, L. P. Zhu, L. Wang, J. Yuan, B. H. Zhao, and Q. L. Liang, J. Appl. Phys. 100,
073714, (2006).

[2] J. G Lu, S. Fujita, T. Kawaharamura, H. Nishinaka, Y. Kamada, T. Ohshima, Z. Z. Ye, Y. J. Zeng, Y. Z.
Zhang, L. P. Zhu, H. P. He, and B. H. Zhao, J. Appl. Phys. 101, 083705, (2007).

[3] Y.P.Wang,J. G Lu, X. Bie, L. Gong, X. Li, D. Song, X. Y. Zhao, W. Y. Ye, and Z. Z. Ye, J. Vac. Sci.
Technol. A 29, 031505 (2011).

[4] D. Chen,J. G. Lu,J.Y. Huang, Y. Z. Jin, H. X. Zhang, and Z. Z. Ye, J. Inorg. Mater. 28, 649, (2013).

[5] Q.J.Jiang, J. G. Lu, J. Zhang, Y. L. Yuan, H. Cai, C. J. Wu, R. J. Sun, B. Lu, X. H. Pan, and Z. Z. Ye, Sol.
Energy Mater. Sol. Cells, 130, 264, (2014).

[6] Q.J.Jiang, J. G. Lu, J. P. Cheng, X. F. Li, R. J. Sun, L. S. Feng, W. Dai, W. C. Yan, and Z. Z. Ye, Appl.
Phys. Lett. 105, 132105, (2014).

[7] C.J.Wu, X. F.Li,J. G Lu, Z. Z. Ye, J. Zhang, T. T. Zhou, R. J. Sun, L. X. Chen, B. Lu, and X. H. Pan,
Appl. Phys. Lett. 103, 082109 (2013).

[8] P.Wu,J. Zhang, J. G. Lu, X. F. Li, C. J. Wu, R. J. Sun, L. S. Feng, Q. J. Jiang, B. Lu, X. H. Pan, and Z. Z.
Ye, IEEE Trans. Electron Dev. 61, 1431, (2014).

[9] Q.J.Jiang, L. S. Feng, C. J. Wu, R. J. Sun, X. F. Li, B. Lu, Z. Z. Ye, and J. G. Lu, Appl. Phys. Lett. 106,
053503, (2015).
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Electrical properties, and Optical properties of p-n and p-i-n
heterostructures based on p-ZnO, n-GaN and i-Al,O3

E. Przezdziecka*, S. Chusnutidinow, M. Stachowicz, E. Guziewicz, D. Snigurenko,
K. Kopalko, R. Jakieta, A. Kozanecki
! nstitute of Physics, Polish Academy of Sciences, Warsaw, Poland
*eilczuk@ifpan.edu.pl

Zinc oxide (ZnO) is a promising candidate for applications as ultraviolet (UV)
photodetectors due to its large direct band gap and the high absorption coefficient in the
UV spectral range. UV detectors based on wide bandgap semiconductors as GaN and
ZnO have recently received a lot of attention due to their chemical and thermal stability
in harsh environment. In the case of ZnO the p-type doping is required for many
applications. It is known, however, that the p-type doping of ZnO is a difficult task due
to the background n-type centers.

The p-n structures consisting of acceptor doped ZnO:N films were grown by
plasma-assisted molecular beam epitaxy (MBE) on n-type GaN on sapphire templates.
In the case of p-i-n heterostructure a thin isolating Al,O3 layer was deposited on GaN
template by atomic layer deposition before the growth of ZnO layer by MBE. In both
cases the ZnO was doped by nitrogen using rf N, plasma cell. The concentration of
nitrogen in ZnO, measured with secondary ion mass spectroscopy, is about 2*10%
at/cm™ and acceptor-related lines in temperature dependence photoluminescence are
observed. We show that the maximum forward-to-reverse current ratio Ig/lgr in the
obtained diodes is relatively high (about 10") for the applied voltage of +5 V [1] which
is 2-5 orders of magnitude higher than previously reported values for this type
of heterojunctions. The very low dark current of 10**A and the high breakdown voltage
(<-7V) are characteristic of this type of the obtained diodes. Electron Beam Induced
Current (E- BIC) measurements confirmed the formation of the junctions[2, 3] at the p-
ZnO:N/n-GaN interface. The presence of isolating Al,Os layers is also visible, with the
E-BIC scan superimposed on cross-sectional SEM image, which is an unusual result.
The diffusion length and activation energy of charge carriers have been calculated from
E-BIC scan profiles. It was shown that heterostructures exhibit strong and selective
absorption in the UV range and the photocurrent signal was modified by adding an
isolating Al,O3 layer at the interface. The difference between the light and dark currents
is above four orders of magnitude and it strongly depends on the powers of UV light.
The investigated ZnO:N/GaN and ZnO:N/AIl,O3/GaN structures are promising for UV
sensor application.

The research was partially supported by the NCN project DEC-2013/09/D/ST3/03750.

[1] E. Przezdziecka, M. Stachowicz, S. Chusnutdinow, R. Jakieta and A. Kozanecki, Appl. Phys.
Lett. 106, 062106 (2015).

[2] L. Chernyak , C. Schwarz , E. Flitsiyan, S. Chu , J. L. Liu, and K. Gartsman , Appl. Phys. Lett. 92,
102106 (2008).

[3] O. Lopatiuk-Tirpak , L. Chernyak , L. J. Mandalapu , Z. Yang , J. L. Liu, K. Gartsman, Y. Feldman,
and Z. Dashevsky , Appl. Phys. Lett. 89, 142114 (2006).
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Stabilization of p-type N-doped Zn-deficient ZnO Nanoparticles

Renaud A.%, Chavillon B.}, Rocquefelte X.!, Faulques E., Deniard P.}, Bouijtita M., Pellegrin
Y.2, Blart E.%, Odobel F.2, Cheviré F.3, Tessier F.3, Cario L.* and Jobic S.*"
YInstitut des Matériaux Jean Rouxel, Université de Nantes, CNRS, 2 rue de la Houssiniére,
44322 Nantes cedex 3, France
2CEISAM, Université de Nantes, CNRS, 2 rue de la Houssiniére, 44322 Nantes cedex 03,
France
®Institut des Sciences Chimiques de Rennes, Université de Rennes 1, CNRS, 263 Avenue du
General Leclerc, 35042 Rennes cedex, France

*stephane.jobic@cnrs-imn.fr

Nowadays zinc oxide is regarded as a very promising material deemed to compete in
the near future with GaN for optoelectronic applications. Unfortunately, the durability of
p-type ZnO is yet a blockage that singularly slows down the launching of ZnO based devices.
In that context, we embarked recently on the synthesis as powdered samples of a p-type zinc
oxide material with the wurtzite structure by ammonolysis at low temperature (e.g. 250 °C)
of zinc peroxide [1]. The nature of the charge carriers was identified without ambiguity by
photo-electrochemistry, complex impedance spectroscopy and transient spectroscopy.
P-typeness in ZnO would result from an extraordinary huge amount of Zn vacancies (up to
20%) coupled with the insertion of nitrogen within nanoscale spherical particles. Remarkably,
the p-type conductivity remains stable for periods longer than two years and a half in ambient
conditions. Here the chemical route to produce p-type ZnO, as well the optical and electrical
properties of the synthesized material, will be described. In addition, the origin of the strong
Zn deficit, which probably plays a major role in the establishment of p-typeness, will also be
addressed [2].

[1] Chavillon B., Cario L., Renaud A., Tessier F., Cheviré F.,, Boujtita M., Pellegrin Y., Blart E., Smeigh A.,
Hammarstréom L., Odobel F.and Jobic S., J. Am. Chem. Soc. 134, 464, (2012)
[2] Renaud A. et al., submitted (2015)
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Research on p-type Doping, Bandgap Engineering and Stability of
Thin-Film Transistors in ZnO and its Related Oxide

Z.Z.Ye* S.S. Chen, X.H. Pan, C. Chen, H.H. Zhang, J. Zhang, J.Y. Huang, L.X. Chen
!School of Materials Science and Engineering, Zhejiang University, Hangzhou, People’s
Republic of China
* E-mail address: yezz@zju.edu.cn

Among all wide band gap semiconductors, ZnO with its direct band gap of 3.37 eV and
large exciton binding energy has attracted much attention in optoelectronics and electronics.
High-quality p-n homojunction is the main factor to realize its applications in light emitting
devices. Reliable p-type ZnO has always been a major challenge. We report repeatable p-type
conductivity with a hole concentration of about 3.0x10'® cm™ in ZnO:Na films. Na doping
behavior has been further studied, and two acceptor levels have been confirmed in different
ZnO:Na films. In addition, bandgap engineering which is also a crucial step in designing
modern light emitting devices has been carried out to obtain high luminescent efficiency.
Zn;xMgxO is considered as a desired barrier material of ZnO based multiple quantum wells
(MQWs). Hig{h—quality Zn;xMgxO film and ZnO/zZn;.xMg«O MQWs have been fabricated
and analyzed.™ The valence band offsets of ZnO/Zn;,Mg,O heterojunctions were measured
by photoelectron spectroscopy. A systematic investigation of the valence and conduction
band offsets at ZnO/Zn; «MgxO heterojunctions with various Mg compositions, and the Mg
composition dependent band alignment is revealed and analyzed.!” Meanwhile, the increased
conduction band offsets and the control of local strain are supposed to benefit Na doping by
alloying Mg in ZnO. The design of desired band structure has been further studied for p-type
doping by doping and polarity control.®*

On the other hand, ZnO and its related oxide semiconductors thin-film transistors (TFTs)
have numerous advantages including high mobility, high optical transparency and low
processing temperature, making them suitable to be used in transparent and flexible display.
Our work focused on three different oxide semiconductors: ZnO, InGaznO (IGZO) and
InAIZnO (IAZO). Annealing treatment was used to control the carrier concentration in ZnO
films and achieve the operation of ZnO TFTs.!®! The stability of IGZO TFTs was investigated,
and two instability mechanisms were observed. The first one is shallow trap mechanism, and
the other one is interface trapping mechanism."® Besides, oxygen and water in air may be the
dominant factors for threshold voltage instability for unpassivated or not-well passivated
devices. Therefore, we proposed a model to explain how the ingredients of ambient affect the
TFT performance by investigating amorphous IAZO TFTs under vacuum conditions and an
oxygen atmosphere with different rates of relative humidity. The mechanism of water assisted
oxygen absorption on the back channel is proposed to explain the phenomenon that wet

oxygen leads to a larger positive threshold voltage shift than dry oxygen.!”!

[1] H. Zhang, X. Pan, P. Ding, J. Huang, H. He, W. Chen, Y. Li, B. Lu, J. Lu, Z. Ye, Opt. Commun. 96, 301,
(2013).

[2] H. Zhang, X. Pan, B. Lu, J. Huang, P. Ding, W. Chen, H. He, J. Lu, S. Chen, Z. Z. Ye, Phys. Chem. Chem.
Phys. 15, 11231, (2013).

[3] H. Zhang, X. Pan, Y. Li, Z. Ye, B. Lu, W. Chen, J. Huang, P. Ding, S. Chen, H. He, J. Lu, L. Chen, C. Ye,
Appl. Phys. Lett. 104, 112106, (2014),.

[4] S. Chen, X. Pan, W. Chen, H. Zhang, W. Dai, P. Ding, J. Huang, B. Lu, Z. Ye, Appl. Phys. Lett. 105, 122112,
(2014).

[5] J. Zhang, X. Li, J. Lu, P. Wu, J. Huang, Q. Wang, B. Lu, Y. Zhang, B. Zhao, Z. Ye, AIP Advances 2, 022118,
(2012).

[6] J. Zhang, X. Li, J. Lu, Z. Ye, L. Gong, P. Wu, J. Huang, Y. Zhang, L. Chen, B. Zhao, J. Appl. Phys. 110,
084509, (2011).

[7] 3. Zhang, X. Li, J. Lu, N. Zhou, P. Guo, B. Lu, X. H. Pan, L. X. Chen, Z. Z. Ye, RSC Adv. 4, 3145, (2014).

116

ToC



ThB-6

The ZnO:(N, Al)-based homojunction deposited at low temperature

D. Snigurenko®*, T. A. Krajewski, K. Kopalko, R. Jakiela, B. S. Witkowski, P. Dluzewski and
E. Guziewicz
Institute of Physics, Polish Acad. of Sciences, al. Lotnikow 32/46, 02-668 Warsaw, Poland
*snigurenko@ifpan.edu.pl

Zinc oxide (ZnO) is a II-VI semiconducting material with a series of unique physical
properties such as transparency (E; = 3.4 eV) and a very high exciton binding energy (60 meV)
at RT. The main obstacle in using this material for various electronic and optoelectronic
purposes is the lack of reliable, reproducible and tunable p-type doping. For this reason ZnO-
based homojunctions suffer from a rather poor electrical characteristic and low time stability [1].

Nitrogen, as a group V element with the ionic radius very similar to the one of oxygen,
has been regarded as the best candidate for a p-type dopant in ZnO. However, the p-type
conductivity of ZnO:N material is usually not stable in time and obtained homojunctions lose
their rectification behavior even after a few days [2]. Recently N and Al co-doping has been
reported as an effective way to achieve p-type conductivity in ZnO [3]. Theoretical
investigations show that (N, Al) co-doping leads to the formation of (Al-2N) acceptor complexes
with ionization energy lower than that of the single nitrogen acceptor [4].

In this work we present the ZnO homo-junction fabricated by Atomic Layer Deposition
with p-type ZnO achieved by nitrogen and aluminium co-doping. ZnO films were grown using
diethylzinc and water precursors. Nitrogen has been introduced to the ZnO films during the ALD
growth process by replacing the water precursor with the ammonia water one at every fourth
ALD cycle, which resulted in 0.15% of nitrogen content in the grown films. As an aluminum
precursor we used trimethylaluminium, which was introduced altemnately with diethylzinc. We
investigated ZnO:N films with aluminum content at the level of 1% as measured with EDS. All
deposited layers of ZnO (p-ZnO and n-ZnO) are obtained at low (100°C) temperature. The
ZnO:(N, Al) films show hole conductivity type without any post-growth treatment on the
contrary to ZnO:N films obtained in the same technology, which require post—%rowth annealing
to achieve p-type conductivity. The concentration of acceptors is up to 10" c¢cm™ with hole
mobility varying between 1 to 6 cm?/Vs. The ZnO-ALD based homojunction obtained with Al
and N co-doping exhibits good technical characteristics (Iox/Iorr at the order of 4x10%).
Noteworthy, it is obtained in one technological ALD process at low temperature which makes it
an interesting device for applications in transparent organic electronics.

[11Z.P. Wei, Y.M. Ly, D.Z. Chen, Z.Z. Zhang, B. Yao, B.H. Li, J.Y. Zhang, D.X. Zhao, X.W. Fan, Z.K Tang, Appl.
Phys. Lett. 90, 042113 (2007)

[2]J.G. Lu, S. Fyjita, T. Kawaharamura, H. Nishinaka and Y. Kamada, Phys.stat.sol(c) 5, 3088 (2008)

[3]1 G.D. Yuan, Z.Z. Ye, L.P. Zhu, Q. Qian, B.H. Zhao, R.X. Fan, C.L. Perkins, S.B. Zhang, Appl. Phys. Lett. 86,
202106 (2005)

[4] X.M. Duan, C. Stampfl, M.M. Bilek, D.R. McKanzie, Phys. Rev. B 79,235208 (2009)

The Authors [D.S., E.G. and K.K. and P.D.] were supported by the Polish NCN project DEC-2012/07/B/ST3/03567
and the author T.A.K. was supported by the Polish NCN project DEC-2013/09/D/ST5/03879.
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Progress in Polycrystalline CdTe PV Beyond 21%

Markus Gloeckler
First Solar, Inc., Perrysburg, Ohio, USA

In 2015, First Solar announced a record cell efficiency of 21.5% and record module
efficiency of 18.6%. The module efficiency is 2% higher than the 16.7% cell result by Wu
et al. [1], which held the cell record for over 10 years and was believed by many to be the
highest achievable efficiency for polycrystalline CdTe. Starting in 2011, with the
announcement of a 17.3% cell by First Solar, a frenzy of new records was started [2], which
was initially fueled by competition and later by collaboration [3] between First Solar and
General Electric research teams.

The record cell efficiency is higher than the current multi-crystalline Si efficiency
record [4] and yet has higher upside relative to fundamental and practical limits of
single-junction energy conversion. The paper will review the areas of progress achieved in
the past five years and compare the progress against fundamental limits and secondary device
metric. The future of CdTe technology remains bright with upside demonstrated on
individual metrics such as short-circuit current, fill factor, or lifetime. Open-circuit voltage
is key to this next frontier of the technology and the least understood due to the complexity of
defect structure and multitude of recombination sources. Simple models can be used to
predict toward efficiency up to 25%, at which point polycrystalline CdTe would match very
high quality MBE-grown single-crystal efficiencies of GaAs.

[1] Wu X, Keane JC, Dhere RG, DeHart C, Duda A, Gessert TA, Asher S, Levi DH, Sheldon P, Proceedings of
the 17" European PV Solar Energy Conf., Munich, 22-26 October 2001; 995-1000

[2] Markus Gloeckler, Igor Sankin, and Zhibo Zhao, 39th IEEE Photovoltaic Specialists Conference, June 16-21,
2013, Tampa, Florida, USA

[2] First Solar, Inc., press release, August 6%, 2013. http://investor.firstsolar.com/release
detail.cfm?ReleaselD=783197

[4] Green MA, Emery K, Hishikawa Y, Warta W, Dunlop ED, Prog. Photovolt: Res. Appl., 23, 805-812 (2015)
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Chemical engineering of CdTe and CdxZn1-xTe surfaces in agueous
HBr/Br2 solutions

A-Vallée!, I. Gérard®, Tommy Vairon®, L. Mollard?, J. Baylet? , J. Vigneron®, M. Bouttemy*
and A. Etcheberry®”
Y Institut Lavoisier Versailles, UMR CNRS-UVSQ 8180, Université de Versailles St Quentin
en Yvelines, 45 ave des Etats Unis 78035Versailles, France
2 CEA, LETI, 17 rue des Martyrs, 38054 Grenoble, France
E mail : arnaud.etcheberry@uvsq.fr

In this work, the surface modification of CdTe (CT) and CdzZnTe (CZT) surfaces using a
HBr/Br, chemical etching is studied. A multi-scale characterization of the surface
composition and morphology is performed enabling for a precise description of the surface
evolution combining large area and local considerations. SEM and AFM observations reveal
the surface topography modification after aqueous bromine etching with the formation of
nanometric pillars randomly dispersed on the surface. AFM phase contrast images suggest a
chemical heterogeneity. XPS and Auger characterizations determine the global and local
surface composition immediately after the HBr/Br, treatment and after ageing of the surfaces.
XPS show an oxide free surface, just after the treatment, with a tellurium excess due to the
presence of elemental Te (Te®). The XPS and ARXPS analyses of the same sample surface
after air ageing evidence an additional ultra- thin layer which seems mainly ascribed to a
direct oxidation of the CZT matrix with the formation of a thin Cdox-Teox mixed layer, the
oxidation of the surface happening mainly in-between the pillars. The nano-Auger local
analyses (14nm spot size) enable to separately analyze the pillars and surroundings. It shows
that the extreme surface of the pillars is only composed of Te whereas, around the pillars, the
surface is constituted of a Cd and Te rich mixture. This is in agreement with AFM phase
contrast images which suggest a chemical heterogeneity. Based on these complementary
results, we propose a schematic kinetic mechanistic model of the complex structuration of the
CZT surface after HBr/Br, etching and ageing, with pillars covered by Te® and surrounded by
a Cd-Te oxide mixture. The complementary use of reductive solutions just after the bromine
treatment enables to eliminate the Te® on top of pillars while conserving the topography of
the surface. This surface structuration (with or without Te®) is particularly interesting as it
represents a direct mean to prepare contacts for Cd(Zn)Te based solar cells or others devices
with specific surface morphology and chemical modulation.
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Valence band offsets between CdX (X=S,Se,Te) and CdCl,

Mark Lundie and Stanko Tomic¢*
Joule Physics Laboratory, University of Salford, Manchester M5 4WT, UK
*E-mail: s.tomic@salford.ac.uk

Recent advances in synthesis of colloidal quantum doth (QD) make possible the design
of complex core/shell structures in order to alternate the interfaces between QD and the
colloid. In this way fundamental QD properties that rely on the interplay between quantum
confinement, Coulombic interaction between charges and dielectric confinement can be
tailored to provide for desired functionalities of optolelectronic devices like solar cells,
semiconductor lasers or single photon sources in quantum information processes. It has been
found recently that the QD surface treatment with CdCl, dramatically increases the yield
from Cd-based multi-exciton generation (MEG) solar cells [1]. However very little is
known about the band alignment and the nature of the conduction and valence band offset
across the CdX (X=S, Se, Te) and CdCl, interface [2]. We demonstrate our methodology on
CdTe/CdCl;, interface. Band alignments across the interface between two semiconducting
materials are influenced by two effects: (1) “chemical” alignment that provides information
on the position of the edges relative to the common chemical potential, and (b) “mechanical”
or “strain” component of the alignment which is due to lattice mismatch between the two
crystals forming the interface. As a first step we use all electron basis approach in the ab
initio density functional theory (DFT), as implemented in the CRYSTAL code [3]. From that
we compare the Kohn-Sham eigenvalue spectra of the constituent materials to align the Cd
(which is common cation on both sides of the interface) 1s core state as a reference level. We
have found that CdTe/CdCl, forms type I band alignment with the top of unstrained CdCl,
valence band at 1.37 eV below the CdTe VB edge. It is also worth mentioning that the energy
gap of CdCl,, estimated by hybrid B3LYP DFT [4], is 5.7 eV. As a second step we form a
model heterojunction from CdTe [111] and CdCl, [001] surfaces. In plane lattice mismatch is
estimated to be 11%. This choice of interface both minimizes the lattice mismatch and
preserves the greatest symmetry. From the planar average microscopic and macroscopic
electrostatic potentials across the interface [5], we have found the strained valence band
offset to be 1.91 eV, where VBE is measured again relative to the bulk macroscopic
potentials. Our analysis for the first time estimated the valence band offsets between CdX
(X=S,Se,Te) and CdCI, and reveal qualitatively its character and distinguish quantitatively
both chemical and mechanical contributions to VBO. We will discuss effect of piezoelectric
field and spontaneous polarization on VBO too.

5.38 eV
2.02eV
1.37eV

Viev]

Vi
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cdte cdct Fig 2 Micro and macrosc;giqc average of electrostatic
Fig 1 Chemical VBO between CdTe and CdCl, potentials across CdTe/CdCl, interface.
[17 Robert C. Page et al, Small, 2014 , DOI: 10.1002/sml1.201402264
[2] M.A. Lourenco, W.L. Ng, K.P. Homewood, K. Durose,. Appl. Phys. Lett. 75, 277 (1999)
[3] LJ.Bush, S. Tomié, B.G. Searle, et al, Proceedings of the Royal Society A 467, 2112 (2011)
[4] S. Tomi¢, B. Montanari, and N.M. Harrison, Physica E 40, 2125 (2009)
[5] A. Baldereschi, S. Baroni, and R. Resta, Phys. Rev. Lett. 61, 734 (1988)
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Molecular Beam Epitaxy of Short-Period Zn(S)Se/CdSe/Iny3Gag7AsS
Superlattices with the Effective Bandgap Energy of 2.1-2.2 eV

S.V. Sorokin*, G.V. Klimko, E.A. Evropeytsev, S.V. Gronin, 1.V. Sedova, A.A. Sitnikova,
A.A. Toropov, and S.V. lvanov
loffe Institute, 194021, Politekhnicheskaya 26, St.-Petersburg, Russia
*E-mail: sorokin@beam.ioffe.ru

One of the promising applications of wide-gap 11-VI compounds is realization of the
widest gap cascade in the heterovalent multijunction solar cells (SC) based on Ge-A®B® [1].
The using of InyGa;xAs (x~0.3) metamorphic buffer layer (MBL) in such SCs to accommo-
date the lattice mismatch between the Ge substrate and the Iny(Al,Ga)1.xAs cascades, having
the optimum Eg values of 1.0 and 1.4 eV, potentially allows realization of 4-junction SCs with
the conversion efficiency of more than 55% (under AMO0:500 suns conditions), if the upper
wide gap cascade has Eg=2.0-2.1eV. In this case, the short-period CdSe/Zn(S)Se superlattices

(SLs) grown coherently on InGaAs with the independently varied effective bandgap (Ege”)

and lattice constant are considered as a perspective material for the wider-gap cascade.
The paper presents the results on molecular beam epitaxy (MBE) growth of In,Ga;«As
MBLs with low density of threading dislocations on GaAs (001) substrates as well as reports

on MBE growth of the CdSe/Zn(S)Se SLs having Egﬁ =2.1-2.2eV on the Ing3Gag 7As "virtual

substrates”. The structural properties of linearly graded (with the rate of 30mol.% In/um)
InyGa;xAs MBLs, which are the key element of the SCs, were studied in detail by X-ray dif-
fraction (XRD) and transmission electron microscopy (TEM) techniques. The data on XRD
reciprocal space mapping suggest that the optimum feedback step in the In content (Ax) of the
linearly graded InsGa;.xAs MBL is in a good agreement with calculations reported in Ref. [2].

The CdSe/Zn(S)Se SL structures were grown coherently on the Ing3Gag 7As "virtual sub-
strates” by MBE at Ts~250-280°C using a double-chamber setup (SemiTEq, Russia). The
sulfur content in SLs was varied from x=0 to x=0.3. The thicknesses of the SL layers pro-
vided the strain balance between the tensile-strained Zn(S)Se and compressively strained
CdSe layers. The sulfur-free CdSe/ZnSe SLs look more preferable taking account of the
higher growth temperature and better reproducibility. In contrast to the CdSe/Zn(S)Se SLs
lattice-matched to GaAs [3,4], the effective bandgap of the {CdSe/Zn(S)Se}/Ing3Gag 7As SLs
can be lowered down to the 2.1 eV range corresponding to the calculated maximum of the
4-junction SC efficiency. However, the calculations carried out in the envelope function

approximation predict that the lowest value of the CdSe/ZnSe SL E;” is limited to

~2.15eV only due to the steep narrowing of the heavy-hole miniband width (<10 meV),
which hinders the vertical transport of photo-excited carriers in the SLs. Alternatively, the
main disadvantage of the CdSe/ZnS,3Sep7 SLs is low Ts~250°C which is governed by the
temperature dependence of S incorporation coefficient. Good agreement between the calcu-
lated and experimental SL parameters has been demonstrated. The studies of crystalline qual-
ity of the {CdSe/Zn(S)Se}/Ing3Gag7As SLs by using XRD and TEM techniques as well as
the results on p-type doping of the SLs using a nitrogen plasma source will be presented. This
work was supported by the Ministry of Education and Science of RF (project
#14.604.21.0008 from 17.06.2014 with the applied research unique identifier RFME-
F160414X0008).

[1] M.A. Green, K. Emery, Y. Hishikawa, W. Warta and E.D. Dunlop, Prog. Photovolt: Res. Appl. 21, 1 (2013)
[2] A. Sacedon etal., Appl. Phys. Lett. 66, 3334 (1995)

[3] E.A. Evropeytsev et al., Acta Phys. Polonica A 126(5), 1156 (2014)
[4] S.V. Sorokin et al., J. Cryst. Growth, (2015) (in print) (http://dx.doi.org/10.1016/j.jcrysgro.2015.02.007).
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CdSe/ZnSSe SL lattice-matched to InGaAs (30% In)
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Fig 1. The parametric dependence of the effective bandgap and heavy-hole miniband width on the SL
layer thicknesses and S content for CdSe/ZnSSe SLs lattice-matched to Ing3Gag 7AS.
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Fig 2. XRD curve of the structure with
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Fig 3. XRD reciprocal space mapping of the
structure with {CdSe-3.8ml/ ZnSe-8ml} SL lat-
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Four-Junction Heterovalent Solar Cells Based on 11-VI/111-VV/Ge Coherent
and Metamorphic Heterostructures

A.A. Toropov*, E.A. Evropeytsev, S.V. Sorokin, G.V. Klimko, S.V. Gronin, I.V. Sedova,
V.S. Kalinovskii, E.V. Kontrosh, A.A. Usikova, N.D. II’inskaya, and S.V. Ivanov
loffe Institute, Politekhnicheskaya 26, 194021, St. Petersburg, Russia
*E-mail: toropov@beam.ioffe.ru

Multijunction semiconductor heterostructures are currently among the best candidates
for ultra-high efficiency concentrator solar cells (SCs). Current state-of-the-art SCs take ad-
vantage of triple-junction heterostructures based on 1l1-V semiconductors and Ge or 1l1-V
semiconductors alone. The heterostructures can be either completely lattice-matched or use
metamorphic buffer layers matching junctions with different lattice constants. In the former
case, the SC performance is limited by the lack of a lattice-matched 1.0-1.3 eV bandgap sem-
iconductor. On the other hand, the metamorphic structures suffer from increased defect den-
sity, which causes enhanced recombination losses. The efficiency of these monolithic SCs is
limited by the value ~44% for terrestrial- and ~35% for space applications. Further improve-
ment implies increasing the number of junctions that is hampered by the lack of suitable I11-V
semiconductors with wide enough bandgap. Note that application of wafer bonding technique
has allowed recently fabrication of a four-junction I11-V SC with the efficiency 46% [1].

In this paper we present original design and performance simulations of four-junction
heterovalent SCs with monolithically integrated junctions based on Ge, I11-V, and 11-VI sem-
iconductors. Furthermore, experimental results are reported, demonstrating ability of mole-
cular beam epitaxy (MBE) to fabricate all key elements of such SC heterostructures grown
atop of a Ge junction formed on a Ge substrate. Both lattice-matched and metamorphic de-
signs are considered. The first one consists of two I1I-V junctions (InGaAs and InGaAlAs)
and a I1-VI junction (ZnCdSSe), grown pseudomorphically to Ge. In the metamorphic SC, all
three junctions are grown pseudomorphically to a metamorphic Iny3Gag 7As buffer deposited
atop the Ge structure. The photoactive region of the II-VI junction in both structures is
represented by a short-period alternately-strained CdSe/ZnSSe superlattice with its bandgap
energy optimized within the 2.1-2.5 eV range. The performance calculations show that the
developed optimized four-junction designs may have significant advantage over the existing
monolithic three-junction ones. For the metamorphic SCs, the expected efficiency exceeds
46% for terrestrial applications (AM1.5, 500 suns) and can be as high as 44% for space ap-
plications (AMO, 500 suns). The pseudomorphic four-junction design also provides enhanced
efficiency for space applications, while it is practically ineffective for terrestrial ones. Expe-
rimentally, most of the key components of the four-junction SCs are developed using a
two-chamber MBE setup (SemiTEq) including a 111-V and I1-VI chambers interconnected by
an ultrahigh-vacuum transfer module. In particular, we demonstrate possibility to produce the
CdSe/znSSe superlattice providing simultaneously the required bandgap energy, efficient
vertical transport of photoexcited carriers, and relatively low density of extended defects. The
tunneling structures needed for efficient electrical interconnection of separate junctions are
produced within the I11-V part of the SC, using Si and Be as n- and p-type dopants, respec-
tively, as well as the efficient InGaAs metamorphic buffer matching the lattice constants of
Ge and Ing3Gag7As. Furthermore, as an intermediate result we developed the heterovalent
II-V/1I-VI SC, including the IlI-V photoactive junction and the n-type ZnSSe
wide-bandgap-window/contact layer. Fabrication of the four-junction heterovalent SC is cur-
rently on the way. The work was supported by the Ministry of Education and Science of RF
(Project #14.604.21.0008 of 17.06.2014 with ARUI - RFMEFI60414X0008).

[1] http://www.ise.fraunhofer.de/en/press-and-media/press-releases/press-releases-2014/new-world-record-for-
solar-cell-efficiency-at-46-percent
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Recent Progress on Electrically Pumped ZnO Lasers

Jianlin Liu
Department of Electrical and Computer Engineering,
University of California, Riverside, CA 92521, USA
*jianlin@ece.ucr.edu

Ultraviolet (UV) semiconductor lasers have many potential applications, such as
photonics, information storage, and medical therapeutics. As a direct wide bandgap (3.3 eV)
semiconductor material with a large exciton binding energy (60 meV) at room temperature,
ZnO is an important candidate for UV lasers. Although a great deal of research effort has
been spent on achieving optically pumped ZnO lasers, there lacks high-efficiency electrically
pumped laser diodes. In this presentation, we report our recent progress on various
electrically pumped ZnO lasers. These lasers include both thin film and nanowire based lasers.
Both random lasers and Fabry-Perot (FP) lasers will be reported.
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10 GHz Operation of Schottky Diodes Based on IGZO

Jiawei Zhang', Qian Xin®, and Aimin Song'**
'School of Electrical and Electronic Engineering, University of Manchester, Manchester,
United Kingdom
*School of Physics, Shandong University, Jinan, China
* A.Song@manchester.ac.uk

Amongst the available amorphous semiconductor films that are suitable for large-area
electronics, IGZO has shown perhaps the most commercial potential due to its high electron
mobility and possibility of low-temperature film deposition on glass or plastic substrates. So
far, however, most efforts have been focused on IGZO-based thin-film transistors, and very
limited attention has been paid on Schottky diodes. On the other hand, metal-IGZO Schottky
diodes can be used in a variety of other devices such as metal semiconductor field effect
transistors (MESFETSs), radio-frequency harvestors, and switch elements in memory arrays.

It has long been envisaged that transparent or semi-transparent mobile phones may one
day be built on a glass substrate. To achieve this, the most speed-demanding components in
such a phone, namely the front-end diode, needs to operate at 2.45 GHz to cover cellular
communications, Bluetooth and IEEE 802.11b/g/n WiFi frequency bands. Even more desired
is an even higher speed of 5 GHz in order to cover the newest 4G LTE band at 3.8 GHz and
802.11a/h/j/n/ac WiFi channels at 5 GHz.
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Schematic of the IGZO diode structure, and the curves of reactance and resistance versus frequency that are
obtained from S-parameter of the device, in log and linear scales, respectively.

Previous publications have shown that IGZO-based Schottky diodes are able to operate at
radio frequencies. The most recently achieved speeds of IGZO Schottky diodes include 900
MHz in 2012,' 1.8 GHz in 2013,” and 3 GHz in 2014.” However, this is still short of the
speed requirement for the newest 4G network and WiFi channels. In this work, we
demonstrate the first IGZO Schottky diode fabricated at room temperature on glass substrate
that operates beyond 10 GHz. First, we analyze the characteristics of Schottky diodes on
glass substrates with different IGZO thicknesses, deposition conditions, and device area sizes
in a coplanar mesa structure. The cut-off frequencies of the diodes are then extracted from
their S-parameters. The crossing point of the extrapolated reactance and resistance curves
yield diode speeds as high as 10.2 GHz, which is to the best of our knowledge the highest
achieved to date in IGZO-based diodes. Finally, we study the low-frequency noise of the
Schottky diodes and show that it exhibits 1/f behavior. Analysis reveals that the noise follows
mobility fluctuation model in the thermionic emission limited region and Hooge’s empirical
theory in the series resistance limited region. The demonstrated low noise properties are ideal
in applications as switch elements in memory devices, photosensors, and mixer diodes.

[1] A. Chasin, et al., Proceedings of 2012 IEEE International. Electron Devices Meeting (IEDM).

[2] A. Chasin, et al. IEEE Transactions on Electron Devices, 60, 3407-3412 (2013).

[3] A. Chasin, et al. IEEE Transactions on Electron Devices, 61, 3289-3295 (2014).

[4] Jiawei Zhang, Linqing Zhang, Xiaochen Ma, Josh Wilson, Jidong Jin, and Aimin Song, to be published.
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Resistive-switching Memory and Ultraviolet Light-emitting Diodes Based
on ZnO related Materials

Yichun Liu,* Haiyang Xu, Jiangang Ma, Zhonggiang Wang, Weizhen Liu
Key Laboratory for UV Light-Emitting Materials and Technology of Ministry of Education,
Northeast Normal University, Changchun, China
* ycliu@nenu.edu.cn

Wide band gap (3.37 eV) and high exciton binding energy (60 meV) make ZnO a
promising candidate for ultraviolet (UV) light-emitting diodes (LEDs) and low-threshold
lasing diodes (LDs). Recently, doping and alloying techniques of ZnO-based materials

extends their applications into some novel optoelectronic fields such as RRAM and memrister.

Herein, we will present our recent studies on ZnO-based RRAM and UV LEDs.

Firstly, we will discuss our group’s recent progress in the developing RRAM and
synaptic emulation. Our study shows that the performance of ZnO-based RRAM devices can
be improved by introducing Ag nanoclusters into the switching layer. ! The enhanced local
electric field around Ag NCs leads to the localization of resistive switching sites, which is
responsible for improving memory device performance. On the other hand, we also
demonstrated the synaptic emulation based on dual-layer InGaZnO devices. Several essential
learning abilities of synapse can be achieved, including the nonlinear transmission
characteristic, synapse plasticity, long-term/short-term plasticity, and learning behavior with
experience. The physical mechanism of device operation, which does not strictly follow the
memristor model, has been attributed to oxygen ion migration and diffusion. A correlation
between short term memory and ion diffusion is established by studying the temperature
dependence of the relaxation processes of short-term plasticity and ion diffusion.

Secondly, size-controlled ZnO-based nanostructures (e.g. ZnO/MgZnO core/shell
nanowires, ZnO/MgO core/shell nanowires and MgZnO/MgO strained multi-quantum-well
nanorods) were fabricated by hydrothermal synthesis and pulsed laser deposition (PLD)
technique. Based on these nano-heterostructures, two types of heterojunction LEDs,
including MIS and PN junctions, were demonstrated. The PN-heterojunction LEDs
employing ZnO/MgZnO core/shell nanowire arrays as active layers show higher efficiency
and stability than the one using bare ZnO nanowire array.®! While, electrically pumped
near-UV random lasing was achieved in the MIS-heterostructure devices that based on
ZnO/MgO core/shell nanowire array. To further improve internal quantum efficiency and
light-extraction efficiency of the LEDs, localized surface plasmon of Ag nanoparticles were
introduced into above two kinds of devices. By optimizing structural parameters, the UV EL
efficiency and spatial distribution uniformity were remarkably improved due to a combined
effect of exciton-LSP coupling and photon-LSP coupling.? *! Additionally, by employing thin
Cu sheets as bottom electrodes, the emission efficiencies of both LEDs and LDs were greatly
improved due to the good thermal dissipation of Cu.

[1] Z. Q. Wang, H. Y. Xu*, L. Zhang, X. H. Li, J. G. Ma, X. T. Zhang and Y. C. Liu*, Nanoscale, 5, 4490,
(2013).

[21 Z. Q. Wang, H. Y. Xu*, X. H. Li, H. Yu, Y. X. Liu, Y. C. Liu*, Z. J. Zhu, Adv. Funct. Mater., 22(13),
2759(2012).

[3] W.Z Liu, H.Y.Xu,J. G Ma,C.Y.Liu, Y. X. Liu, Y. C. Liu, Appl. Phys. Lett., 100, 203101 (2012).

[4] C.Y.Liu, H.Y. Xu,Y.Sun,J. G.Ma, Y. C. Liu, Opt. Express, 22, 16731 (2014).

[5] C. Zhang, C. E. Marvinney, H. Y. Xu, W. Z. Liu, C. L. Wang, L. X. Zhang, J. N. Wang, J. G. Ma, Y. C. Liu,
Nanoscale, 7, 1073 (2015).
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ZnO-Based Avalanche Photodetectors

C. X. Shan
! state Key Laboratory of Luminescence and Applications, Changchun Institute of Optics,
Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China
2 Department of Physics, Zhengzhou University, Zhengzhou 450001, China

Email: shancx@ciomp.ac.cn

Zinc oxide (ZnO) has a wide bandgap of 3.37 eV and relatively large electron saturation
volecity and high resistence to irradiation, which makes it a promising candidate for
ultraviolet (UV) photodetection. There have been many reports on ZnO-based UV
photodetectors including metal-semiconductor-metal, Schottky, photoconductive type have
been reported in recent years. Nevertheless, to realize both high gain and high resonse speed,
avalanche structure is almost indispensable. However, since the efficent p-type doping of
ZnO is still a huge challenging issue, none report on ZnO-based avalanche photodetectors has
been demonstrated before.

In this presentation, Au/MgO/ZnO structures have been designed and prepared, by applying a
bias onto the structures, carrier impact ionization will occur in the MgO layer due to its high
resistivity, and carrier multiplication will be induced in the impact ionization process. By
separating the multiplied carriers, ZnO-based avalanche photodetectors have been realized
for the first time. Furthermore, by injecting the holes generated in the impact ionization
process into ZnQO, intense emission resulting from the recombination of the injected holes and
the residual electrons in the ZnO has been observed.
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Fig. 1 Current-voltage curve of the Au/MgO/ZnO  Fig. 2 The structural illustration and emission
structured avalanche photodetectors under dark image of the Au/MgO/ZnO nanostructure
and illumination. devices.

[1] H. Zhu, C.X. Shan, J. Y. Zhang, Z. Z. Zhang, B. H. Li, D. X. Zhao, B. Yao, D. Z. Shen, X. W. Fan, Z. K. Tang, X. H.
Hou, K. L. Choy, Adv. Mater. 22, 1877 (2010).

[2] H. Zhu, C. X. Shan, L. K. Wang, J. Zheng, J. Y. Zhang, B. Yao, D. Z. Shen, J. Phys. Chem. C 114, 7169 (2010).
[3] J.Yyu, C. X. Shan, X. M. Huang, X. W. Zhang, S. P. Wang, D. Z. Shen, J. Phys. D: Appl. Phys. 46, 305105 (2013).
[4] 3. vu, C. X. Shan, H. Shen, X. W. Zhang, S. P. Wang, D. Z. Shen, Chin. Phys. B 22, 077307 (2013).

[5] J. vu, C. X. Shan, J. S. Liu, X. W. Zhang, B. H. Li, D. Z. Shen, Phys. Status Solidi RRL 7, 425 (2013).

[6] X.Y.Liu, C. X. Shan, S. P. Wang, H. F. Zhao, D. Z. Shen, Nanoscale 5, 7746 (2013).

129

ToC



ThD-5

High Performance Indium-Gallium-Zinc-Oxide-Based Schottky Diodes
Fabricated at Room Temperature

Qian Xin®, Linlong Yan®, Lulu Du', Yi Luo", and Aimin Song"?*
!School of Physics, Shandong University, Jinan, China
2School of Electrical and Electronic Engineering, University of Manchester, Manchester,
United Kingdom
*A.Song@manchester.ac.uk

Amorphous metal oxides semiconductors, particularly In-Ga-Zn-O (a-1GZO), have
attracted great attention due to their superior properties, such as high electron mobility (> 10
cm?/Vs), excellent optical transparency in visible light region, large-area uniformity, and
long-term stability against bias stress by conventional sputtering methods even at room
temperature. To date, most research on 1GZO-based devices has focused on thin-film
transistors, but the effort on pn and Schottky diodes is yet much limited. Like transistor, diode
is also a basic building block in most circuits. In many thin film electronics, e.g., radio
frequency identification tags, solar cells, amplifiers, logic gates, as well as the recently
developed oxide-semiconductor-based  metal-semiconductor  field-effect  transistors
(MESFETSs), high quality Schottky contacts are crucial. So far, the limited studies on
IGZ0-based Schottky diodes generally focused on the device performance and the influences
of thermal treatment, anode and cathode materials, and anode treatments for diodes with
particular IGZO-thicknesses (e.g. only one or two thicknesses) sputtered at particular oxygen
contents (e.g. only 0 and 20%)."® Systematic studies on the relationship between the
preparation conditions (e.g. RF powers, various oxygen contents, various 1GZO-thickness,
etc) and the device characteristics, as well as the device characteristics at high reverse bias
were rarely reported,* although these aspects are key factors for designing high quality
applicable Schottky diodes.

We have systematically investigated the dependence of the performance of Schottky
diodes with a structure of Pd/a-IGZO/Ti/Au on the preparation conditions. The a-1GZO layer
was deposited by RF magnetron sputtering method. All diodes are fabricated on glass but at
room temperature without any thermal treatment, so that the results are relevant to possible
applications on flexible plastic substrate. During the sputtering process, various conditions
including RF powers (50~130 W), oxygen content (0~15%), and thicknesses of a-1GZO
layers (25~200 nm) were applied to probe the optimized process parameters. The results
indicate that high performance Schottky diodes with high rectification ratio (e.g. ~107), high
barrier height (maximum 1.01 eV), low ideality factor (minimum 1.04), and high breakdown
voltage (~-15 V for the diode with 200-nm-1GZO) can be realized by using a-IGZO layers
sputtered at relatively low RF powers (< 70 W) and oxygen content of ~2.5-5%. The
breakdown voltage shows no clear dependence on the RF powers and oxygen contents but a
near linear dependence on the a-IGZO thickness. These results give important hints on
designing high quality flexible a-1GZO based rectifying diodes and MESFETS, etc.

[1] D. H. Lee, K. Nomura, T. Kamiya, and H. Hosono, IEEE Electron. Dev. Lett., 32, 1695 (2011).

[2] A. Chasin, S. Steudel, K. Myny, M. Nag, T.-H. Ke, S. Schols, J. Genoe, G. Gielen, and P. Heremans, Appl.
Phys. Lett., 101, 113505 (2012).

[3] A. Chasin, E. Simoen, A. Bhoolokam, M. Nag, J. Genoe, G. Gielen, and P. Heremans, Appl. Phys. Lett.,
104, 082112 (2014).

[4] Q. Xin, L. Yan,Y. Luo, and A. Song, Appl. Phys. Lett., 106, 113506, (2015).
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Second-Harmonic Generation Spectroscopy of Excitons in ZnO

V. V. Pavlov'*, M. Lafrentz?, D. Brunne?, A. V. Rodina’,
R. V. Pisarev', D. R. Yakovlev'? A. Bakin®, and M. Bayer?

!loffe Physical-Technical Institute, Russian Academy of Sciences, St. Petersburg, Russia
Experimentelle Physik 2, Technische Universitat Dortmund, Dortmund, Germany
*Institut fir Halbleitertechnik, Technische Universitit Braunschweig, Braunschweig, Germany
*pavlov@mail.ioffe.ru

In semiconductors the optical properties in close vicinity to the band gap are largely
determined by excitons or electron-hole bound complexes. The exciton energy levels
including their spin properties have been intensely studied using both linear and nonlinear
optical methods such as absorption, reflection, photoluminescence, two-photon absorption,
four-wave mixing, etc. However, the contributions of excitons to optical harmonics
generation have remained essentially unexplored. Typically harmonics generation studies
lack a microscopic theoretical explanation, with rare exceptions.

Among nonlinear optical phenomena, the most prominent is the coherent three-photon
process of optical second-harmonic generation (SHG) [1]. We report results of a
comprehensive experimental and theoretical study of the SHG in the noncentrosymmetric
hexagonal wide-band-gap semiconductor ZnO in the photon energy range of 3.2-3.5 eV
which comprises the exciton resonances. ZnO crystallizes preferably in the wurtzite-type
hexagonal structure, having the noncentrosymmetric point group 6mm for which SHG is
allowed in the electric-dipole approximation. Hexagonal ZnO is characterized by a large
exciton binding energy of 60 meV and a rich exciton level structure. Three exciton series are
formed in ZnO by a I'; electron and a hole from one of the A(I'7), B(I'y), or C(I';) valence
bands.

Resonant crystallographic SHG is observed for the 1s(A, B), 2s(A, B), 2p(A, B), and
1s(C) excitons. We show that SHG signals at these exciton resonances can be induced by the
application of an external magnetic field perpendicular to the incident and the SHG light
wave vectors directed along the hexagonal z-axis of ZnO crystal. In this geometry the
crystallographic SHG response vanishes. A microscopic theory of the exciton SHG is
developed, which shows that the nonlinear interaction of coherent light with excitons has to
be considered beyond the electric-dipole approximation. Depending on the particular
symmetry of the exciton states the SHG can originate from the electric- and
magnetic-field-induced perturbations of the excitons due to the Stark effect, the spin and
orbital Zeeman effects, as well as the magneto-Stark effect [2, 3]. The importance of each
mechanism is analyzed and discussed by confronting experimental data and theoretical
results for the dependences of the SHG signals on photon energy, magnetic field, electric
field, crystal temperature, and light polarization. A good agreement is obtained between
experiment and theory proving the validity of our approach to the complex problem of
nonlinear interaction of light with ZnO excitons. This general approach can be applied also to
other semiconductors. Tailoring these symmetry reductions of the exciton level structure
opens new degrees of freedom in the nonlinear spectroscopy of excitons.

This work was supported by the Deutsche Forschungsgemeinschaft, the Russian
Foundation for Basic Research 15-52-12015 and the Government of the Russian Federation
through the Program P220 14.B25.31.0025.

[1] M. Fiebig, V. V. Pavlov, R. V. Pisarev, JOSA B 22, 96 (2005).

[2] M. Lafrentz, D. Brunne, B. Kaminski, V. V. Pavlov, A.V. Rodina, R. V. Pisarev, D. R. Yakovlev, A. Bakin,
M. Bayer, Phys. Rev. Lett. 110, 116402 (2013).

[3] M. Lafrentz, D. Brunne, A. V. Rodina, V. V. Pavlov, R. V. Pisarev, D. R. Yakovlev, A. Bakin, M. Bayer,
Phys. Rev. B 88, 235207 (2013).
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Spectroscopy of Trion states in non-polar ZnO Quantum Wells and their
use to monitor Spin Injection

C. Morhain®’, C. Deparis', M. Teisseire’, B. Vinter'?, J.-M. Chauveau?, J. Z(filiga-Pérez*

! Centre de Recherche sur I’'Hétéro -Epitaxie et ses Applications, Centre National de la
Recherche Scientifiqgue (CRHEA-CNRS), Rue B. Gregory, F-06560 Valbonne Sophia
Antipolis, France

2 University of Nice Sophia Antipolis, Parc Valrose, F-06102 Nice Cedex 2, France

*cm@crhea.cnrs.fr

We have grown high quality non-polar m-plane ZnO/ (Zn,Mg)O quantum well (QW)
heterostructures on ZnO substrates. The photoluminescence of the structures display narrow
and well resolved lines from the QW emission. They are identified as the free exciton line, X,
and the trion singlet ground state line, Xs. We have performed the optical spectroscopy of
these stuctures. Under external magnetic field, we could identify for the first time in ZnO
QWs, the first excited states of the trions, Xy, the first state having 2 electrons
ferromagnetically aligned. We will report on the electronic structure and properties of the
singlet, Xs, and triplet states, Xr.

In addition, ZnO QW heterostructures containing a thin (Zn,Mg,Mn)O spin aligner
were grown, the ZnO QW acting as a spin detector. We demonstrate the successful electron
spin injection into these structures. We will show that there is no possibility to analyze the
spin injection in nonpolar ZnO QWs by studying the circular polarization of the emitted light,
as traditionally done, for example, in spin LEDs. Instead, we propose to a different way of
monitoring the spin injection which does not rely on circular polarization of the
luminescence.
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Exciton-polariton thermodynamics in ZnSe-based microcavities

S. Klembt™*, E. Durupt}, S. Datta?, T. Klein®, Y. Léger*, A. Baas', C. Kruse®, D. Hommel?,
A. Minguzzi?, and M. Richard*
YInstitut Néel, CNRS-CEA-Université Grenoble Alpes, BP166, 38042 Grenoble, France
2CNRS-Université Grenoble Alpes, LPMMC, BP166, 38042 Grenoble, France
3IFP, Universitat Bremen, Otto-Hahn-Allee NW1, 28359 Bremen, Germany
*CNRS, Laboratoire FOTON, Insa de Rennes, 35708 Rennes, France
*Corresponding author: sebastian.klembt@neel.cnrs.fr

In the last two decades exciton-polaritons have attracted considerable interest since they
allowed for fundamental understandings of light-matter interactions such as polariton
Bose-Einstein condensation and superfluidity [1]. At high density, microcavity-polaritons
constitute indeed a driven dissipative quantum fluid of half-light half-matter integer spin
quasi-particles, which is embedded in a solid-state crystalline environment.

So far, the thermodynamic properties of polariton fluids have been mostly overlooked. An
intriguing specificity of polariton condensates and superfluids is that they are in contact with
three different reservoirs: the thermal phonon bath, the exciton bath and the electromagnetic
vacuum. A first interesting question is whether heat can be transferred from the phonon bath
to the polariton fluid.

To be able to study polariton thermodynamics, we use high-quality ZnSe-based microcavities,
since they provide a large Rabi splitting of hQQr=29 meV, low local disorder and Q-factors
well above 5000, and allow to have access to a high temperature phonon bath (up to T=270 K)
interacting with stable microcavity-polaritons.

We show experimentally and theoretically that indeed phonons can be efficiently absorbed by
inelastic scattering with polaritons. In this context we present a Raman spectroscopy based
technique using anti-Stokes fluorescence (ASF) [2]. Resonant excitation of ground state
polaritons (k; = 0, hwg) and subsequent phonon absorption is used to optically extract thermal
energy out of the system and thus cool it down. Owing to polariton’s cavity-like dispersion,
Stokes fluorescence (phonon emission) is fully inhibited while ASF is permitted and
enhanced by the polariton’s excitonic fraction (see Fig. 1). By carrying out angle-resolved
Raman spectroscopy, we measured the cooling power generated by polariton ASF. We
determine the temperature and laser power range where a net cooling rate is achievable. Our
experiments show that the highest cooling

power is achieved at an initial temperature of é
only 50 K [3]. hw] =
The interaction between polariton
condensates at temperatures up to T=270 K
with the respective phonon baths is also
investigated in this context.

J h(wo+)

0
Wavevector k|

[1] I. Carusotto et al., Rev. Mod. Phys. 85, 299 (2013) Figure 1: Diagram of polariton anti-Stokes
[2] P. Pringsheim, Z. Phys. A 57, 739-746 (1929). scattering. Thermal phonons of average energy
[3] S. Klembt et al., arXiv 1412.2630 (2014) hQ are absorbed by ground-state polaritons.
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Interaction of Tamm plasmons with cavity photons and excitons in ZnSe-
based microcavities
SK. S. Rahmanl*, M. Corneliusl, T. Kleinz, S. Klembtz**, C. Krusez, D. Hommelz***, J.
Gutowski', K. Sebald'
'Semiconductor Optics, “Semiconductor Epitaxy, Institute of Solid State Physics, University
of Bremen, P.O. Box 330440, 28334 Bremen, Germany
‘rahman @ifp.uni-bremen.de

Cavity polaritons are formed via strong interaction between excitons and photons. These
light-matter quasiparticles are extremely interesting for various optoelectronic applications
including polariton lasers. ZnSe-based microcavities (MCs) are very promising to realize
polariton-based devices at elevated temperatures due to the high oscillator strength and large
binding energy of the exciton [1]. Electromagnetic modes called Tamm plasmons (TP) can be
formed at the interface between a metallic layer and the distributed Bragg reflector (DBR)
[2]. Their in-plane wave vector is close to zero, thus they can be excited via photons. In order
to manipulate the light-matter interaction these TP can easily be obtained in our existing MC
structures, since their formation doesn’t require any complicated device processing steps.

In this contribution, we present the influence of TP on the optical properties of ZnSe-based
MCs grown by molecular beam epitaxy. The investigated cold MCs consist of a 12-fold
bottom DBR, a A/2 cavity and a 1.5-fold top DBR. Ag layers with thicknesses between 30
and 50 nm were deposited on the MC samples. Micro-reflectivity measurements on the cold
MC covered by a 40 nm Ag layer show a blue shift of the cavity resonance by 36 meV
compared to the metal-free areas, due to the influence of TP. When the top DBR layer
thickness is reduced by chemically assisted ion-beam etching, the bare TP resonance can be
observed besides the cavity resonance. The spectral position of TP can be tuned inside the
stopband by further reducing the top DBR layer thickness. The observed energy shift of the
cavity resonance and the tuning of the bare TP resonance can theoretically be reproduced by
simulations based on the transfer matrix method. Furthermore, we will present the interaction
of QW excitons with the bare TP resonance. For this investigation, we used an open cavity
sample consisting of an 18-fold bottom DBR and a A cavity including 3 ZnSe QWs. The TP
resonance is formed in this sample by depositing a 35 nm Ag layer. At room temperature, the
TP resonance is largely detuned from the QW energies. By changing the sample temperature,
the QW emission can be tuned. An anticrossing is observed between the QW exciton and the
TP resonance in temperature dependent micro-reflectivity measurements, being in good
agreement with simulations. This is a clear indication for the strong coupling regime being
achieved in this sample and showing a Rabi splitting of 18 meV. Our findings are very
promising in order to realize electrically tunable polariton devices with a simple sample
configuration. In addition, we will also present hybrid states of TP and exciton polaritons in a
complete MC sample.

[1] K. Sebald, et al., Eur. Phys. J. B 84, 381 (2011).

[2] M. Kaliteevski, et al., Phys. Rev. B 76, 165415 (2007).

Current affiliation: ~ Institute Néel, CNRS/UJF Grenoble, France; ““Institute of Experimental Physics,
University of Wroclaw and Wroclaw Research Center EIT, Poland.
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Effect of parity in magneto-optical spectra of quantum wells
V.Kochereshko®?, V.Kats*?, A.Platonov’, L.Golub®, L.Besombes®, D.Woverson*, H.Mariette®

A F.loffe Physical-Technical Institute, 194021, St. Petersburg, Russia
2 Spin Optics Laboratory, St Petersburg State University, St. Petersburg, Russia
3Institut Neel, CNRS, Grenoble, France
* University of Bath, Bath, UK
E-mail: Vladimir.kochereshko@mail.ioffe.ru

We have studied reflectivity spectra in magnetic fields from heterostructures with wide
quantum wells CdTe/CdZnTe and GaAs/AlGaAs. The well width was much larger than the
exciton Bohr radius. In such wells quantization of the exciton center of mass motion was
observed.

In the Vogt geometry, K1 H the effect of “magnetic field inversion” was observed in
which the reflection spectrum depends on the mutual direction of the exciton wave vector and
the magnetic field [1].

In the Faraday geometryK||H the “effect of parity” was found. This means that the
increasing of magnetic field induces redistribution of intensities between even and odd
exciton states. This redistribution depends on the polarization of the incident and reflected
light. Such redistribution looks very unusual because the odd and even states should be
absolutely equivalent to each other.

In the case if the incident light was circularly polarized and the circularly polarized
components of the reflected light was analyzed, the normal Zeeman (Faraday) effect was
observed in the spectra. (But as it was shown previously [2] the exciton Zeeman splitting was
proportional to the Kinetic energy of the exciton center of mass.) In the linearly polarized light
when the incident light was polarized along the (110) axis and analyzed light was polarized
along (110) or (1-10) we also observed normal Zeeman effect.

In the case if the sample was illuminated by linearly polarized light along (100) axis
and the circularly polarized components of the reflected light was analyzed, the intensity of
the lines of the even and odd states was depending on the sign of the circular polarization of
the analyzed light. If you change the sign of the polarization, there was a redistribution of the
intensity of the even and odd states. This effect was completely symmetric according to the
changes of the polarization of the incident light from (100) to (010). The effect was also
symmetric if the incident light was circularly polarized and linearly polarized component was
detected.

The observed phenomenon is explained by the effect of magnetic field induced non-
reciprocal birefringence [3]. That is, cubic crystal in a magnetic field in the Faraday geometry
acquired properties of the uniaxial crystal and the direction of the optical axis depends on the
sign of the magnetic field and exciton wave vector.

[1] D.G.Thomas and J.J.Hopfield // Phys.Rev.124, 657 (1961);E.F.Gross,
B.P.Zakharchenia,O.V.Konstantinov //Sov.Phys. Solid State 3, 305 (1961)

[2] J.J.Davies, D.Wolverson, V.P.Kochereshko, et al. // Phys. Rev. Lett. 97, 187403 (2006)
[3] E.L.lvchenko, V.P.Kochereshko, G.V.Mikhailov, I.N.Uraltsev // Phys.Stat.Sol. (b), 121,
221 (1984)
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Laser Induced Tellurium Formation Detected by Coherent Phonon
Excitation in Plasmonic Crystals
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'Experimentelle Physik 2, Technische Universitat Dortmund, D-44221 Dortmund, Germany
?Institute of Physics, Polish Academy of Sciences, PL-02668 Warsaw, Poland
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*Raith GmbH, Konrad-Adenauer-Allee 8, 44263 Dortmund, Germany
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Ultrashort-pulse lasers can be used to study the time-evolution of coherently excited
vibrations in crystalline materials. When the pulse duration is considerably smaller than the
period of an ionic vibration, impulsive excitation and subsequent phase-sensitive detection in
the time domain can be achieved via pump-probe experiments. [1] In order to enhance the
detection efficiency of such transient optical measurements, the electronic response near a
surface plasmon polariton (SPP) resonance can be employed to probe small changes in the
dielectric environment induced e.g. by the coherent motion of the crystal lattice. [2]
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Here, we present the results of ultrafast time-resolved pump-probe studies in hybrid
structures which consist of an epitaxially grown CdMgTe crystal capped with a
one-dimensional gold grating. The patterning allows for the excitation of propagating SPPs at
the metal-semiconductor interface which give rise to characteristic dispersive features in the
reflectivity spectrum shown in Fig. 1(2). In Fig. 1(b) differential reflectivity transients of such
a plasmonic crystal sample are presented. The signal shows pronounced oscillations with a
frequency of 3.6 THz (see Fig. 1(c)), which we attribute to coherent oscillations of the A;
breathing mode of a thin Tellurium layer forming on the sample surface upon laser
illumination, an effect that has been observed via CW micro-Raman experiments in several
other 11-VI compounds. [3] The build-up of this layer can be monitored over time by
analyzing the change in oscillation amplitude and frequency during prolonged exposure to the
pump beam. In contrast to the results obtained on the plasmonic sample, the oscillatory signal
is barely visible when no gold grating is patterned onto the semiconductor. By performing
polarization and energy resolved measurements and changing the angle of light incidence, we
find that SPPs lead to the observed enhancement of both, impulsive excitation of coherent
phonons and detection of crystal deformation in our structures.

[1] R. Merlin, Solid State Communications 102(2-3), 207 — 220 (1997).
[2] Z. Chenand M. F. DeCamp, Journal of Applied Physics 112(1), 013527 (2012).
[3] Wiedemeier et al., Semicond. Sci. Technol. 26(10), 105023 (2011)
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Dangling Bond Magnetic Polaron in CdSe Nanocrystals

AV. Rodinal*, and Al. L. Efros®
Noffe Physical-Technical Institute, Russian Academy of Sciences, St. Petersburg, Russia
*Naval Research Laboratory, Washington DC, USA
*anna.rodina@mail.ioffe.ru

We predict theoretically that non-magnetic CdSe nanocrystals may possess
macroscopic momentums due to the formation of dangling-bond magnetic polarons. We
suggest that interaction between excitons localized inside a CdSe nanocrystal and spins of
dangling bonds at the nanocrystal surface activates the ground-state "dark" exciton radiative
recombination by flipping the spins of the dangling bonds. At temperatures below critical, the
unpolarized state of the exciton and of the dangling bond spins (DBSs) becomes unstable
provided that the interaction between the electron spin and the DBS is ferromagnetic and that
the rate of optical pumping of the DBSs is faster than the DBS relaxation rate. As result, the
optical pumping of the nanocrystal and dangling-bond-assisted recombination of the dark
exciton lead to dynamic polarization of the dangling bond spins and formation of the
dangling-bond magnetic polaron. In turn, the formation of the dangling-bond magnetic
polaron partly suppresses the dangling-bond-assisted radiative recombination of the dark
exciton and leads to a temperature-dependent polaron contribution to the Stokes shift of the
photoluminescence.

The dangling bond magnetic polaron model consistently explains experimentally
observed low-temperature photoluminescence features of non-magnetic CdSe nanocrystals
as manifestations of their spin-related magnetic properties.
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Magnetic Polaron Formation in (Cd,Mn)Te Quantum Dots inserted in ZnTe
Nanowires

A. Artiolit?", P. Rueda-Fonseca?3, M. Orru!?3, T. Cremel'?, S. Klembt'?, K. Kheng”,
F. Donatini*?, E. Bellet-Amalric*®, M. Den Hertog™?, C. Bougerol*?, J.-F. Motte**,
Y. Genuist?, M. Richard™?, R. André'?, E. Robin*®, S. Tatarenko™?, J. Cibert'2
and D. Ferrand*?
1Univ. Grenoble Alpes, F-38000 Grenoble, France
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3CEA, INAC-SP2M, F-38000 Grenoble, France
* Corresponding author: alberto.artioli@neel.cnrs.fr

11-V1 diluted magnetic semiconductor nanostructures have been studied, in the last 20 years,
as model systems in spintronics [1]. The interest in using II-VI nanowires has recently
increased thanks to the possibility to realize new attractive systems (core-shell
heterostructures, multi-dot systems...) and the advantage to easily manipulate these structures
allowing the combination of optical and transport measurements. Moreover, using the
nanowire geometry, it is possible to have a stronger confinement and a better control of the
quantum dot (QD) allowing a more efficient coupling between the photocarriers and the
magnetic atoms [2].

We show, for the first time, the evidence of a magnetic polaron formation in (Cd,Mn)Te
qguantum dots inserted in ZnTe-(Zn,Mg)Te core-shell nanowires grown by molecular beam
epitaxy [3,4]. Nanowires, transferred onto home-made SisN, membranes using a ZEISS
Cross Beam NVision 40 nano-manipulator, were studied by means of different techniques
(Fig. 1). We used energy-dispersive X-ray spectroscopy (EDX) to check the insertion of the
(Cd,Mn)Te QD (Fig. 1 (b)) and cathodoluminescence (CL) to characterize its emission
energy (Fig. 1 (a)). Afterwards we performed a magneto-optical characterization of the QD
emission to check the good Mn incorporation: these studies were done at different
temperatures showing a clear Giant Zeeman Effect (Fig. 1 (c)). Temperature dependence (Fig.
1 (d)) and time resolved PL (to be shown in the presentation) shows a clear red shift both in
temperature and in time: this is the sign of a ferromagnetic ordering of the Mn’s spins in the
(Cd,Mn)Te QD induced by photocarriers, a clear evidence of the magnetic polaron formation,
first time observed in a nanowire geometry.
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Figure 1: (a) Superimposition of a monochromatic CL, at the (Cd,Mn)Te
emission, and a High Resolution SEM image of the nanowire. (b) EDX mapping
of the same NW highlighting the (Cd,Mn)Te quantum dot. (c) Giant Zeeman shift
of the PL (Cd,Mn)Te emission line vs. the applied magnetic field for different
temperatures. (d) Temperature dependence of the PL (Cd,Mn)Te emission line (at
zero field) showing the fingerprint of the magnetic polaron formation.

[1] L. Besombes etal., Int. J. of Nanotechnology 7, 641 (2010)

[2] L. Klopotowski et al., Physical Review B 83, 081306(R) (2011)
[3] P.Ruedaetal., Nano Lett. 14, 1877 (2014)

[4] A.Artioli et al., Appl. Phys. Lett. 103, 222106 (2013)
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Magneto-photoluminescence of Tellurium Isoelectronic Bound Excitons in
Zn-Se-Te in the Presence of Type-11 Submonolayer Quantum Dots

Siddharth Dhomkar'®, Haojie Ji*®, Vasilios Deligiannakis®®, Jonathan Ludwig®*, Dmitry
Smirnov®*, Carlos Meriles®®, Maria C. Tamargo®®, and Igor L. Kuskovsky®*
lDepartment of Physics, Queens College of CUNY, Queens, New York 11367, USA
’Department of Chemistry, City College of CUNY, New York, New York 10031, USA
*National High Magnetic Field Laboratory, Tallahassee, Florida 32310, USA
*Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
5Department of Physics, City College of CUNY, New York, New York 10031, USA
The Graduate Center, CUNY, New York, New York 10016, USA
*1gor.Kuskovsky@gqc.cuny.edu

Isoelectronic centers (ICs) have recently been proposed as a promising platform for
quantum information processing [1]. Here we report our recent study on Te-IC bound
excitons in Zn-Se-Te multilayer system grown via migration enhanced epitaxy with
submonolayer insertion of Te. Photoluminescence (PL) spectrum of such a sample has been
reported [2] to demonstrate coexistence of the isoelectronic centers along with the type-II
quantum dots. Spectrally, the band edge emission, originating from the IC bound excitons, is
observed as characteristic ‘sharp lines’ and their phonon replicas, whereas the low energy
side is dominated by spatially indirect, type-Il excitons bound to the quantum dots.

Here we report a high resolution spectral analysis of the magneto-PL spectra of
various samples with relatively low Te content. The quantum dot bound excitons exhibit
robust Aharanov-Bohm oscillations in the PL intensity as well as energy of the magneto-PL
up to 30 K, while no such effect is expected for the excitons bound to Te-ICs. This analysis
reveals additional features in magneto-PL intensity as well as energy appearing at much
lower temperatures (< 3 K). These features emerge at specific magnetic fields and only in the
spectral region dominated by the ‘sharp lines’. Circular polarization dependent magneto-PL
measurements show that these unique features are highly polarized indicating that the spin
selection rules is an important parameter to understand this behavior. The energy of one of
the sharp lines shows non-monotonic dependence on the external magnetic field and the
experimentally measured value of diamagnetic coefficient comes out to be about 1.2 peV/T?,
much smaller than that of the donor bound exciton in ZnSe. Although the precise origin of
these distinctive peaks in intensity of magneto-PL is still unknown, they are thought to be
arising due to crossing between multiple IC bound excitonic states.

This research is supported by the Department of Energy, Office of Basic Energy
Sciences, Division of Materials Sciences and Engineering under Award No. DE-SC003739.

[1] G. Ethier-Majcher, P. St-Jean, G. Boso, A. Tosi, J. F. Klem, S. Francoeur, Nat. Commun. 5, 3980 (2014)
[2] Y. Gu, I.L. Kuskovsky, M. van der Voort, G.F. Neumark, X. Zhou, M.C. Tamargo, Phys. Rev. B 71, 045340
(2005)
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Figure 1. (a) PL spectrum of the investigated samples. Shaded Regions ‘¢’ and ‘d’ correspond
to the emission from Te-IC, and Te-IC; respectively, whereas regions ‘@’ and ‘b’ are
dominated by guantum dot emissions. (b) Magneto-PL intensity as a function of magnetic
field for various spectral regions.
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Figure 2. PL energy as a function of magnetic field for (a) Te-IC, and (b) Te-IC;. Here
positive field corresponds to ¢* polarized PL, while negative field corresponds to ¢” polarized
PL.
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Strain induced energy gap variation and valence band mixing
in (Zn,Mn)Te/(Zn,Mg)Te core/shell nanowires

P. Wojnar'*, M. Szymural, L. Klopotowskil, M. Wiaterl, W. Zaleszczyk', J. Suffczynski
2, T. Smolenski 2, P. Kossackiz, E. Janik 1'2, M. Zielir'lski3, S. Kret 1, T . Wojciechowski 1,
L. T. Baczewski, G. Karczewski 1, T. Wojtowiczl, J. Kossut '

! Institute of Physics, Polish Academy of Sciences, Warsaw, Poland
2 Institute of Experimental Physics, University of Warsaw, Warsaw, Poland
3 Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus
University, Torun, Poland
*E-mail of corresponding author: wojanr@ifpan.edu.pl

The high aspect ratio being the characteristic of semiconductor nanowires results in
several novel and exciting properties of these structures, such as, e.g., the linear polarization
of the optical emission [1] and possibility of matching semiconductors with relatively large
lattice mismatch [2].

In this work, strain-induced changes of ZnTe nanowire energy gap, arising from the
lattice mismatch between the core and the shell semiconductor in radial ZnTe/ZnMgTe
core/shell structures, are studied by means of optical methods. It is shown that the increase of
the Mg content in the shell, as well as the increase of the shell thickness result in an effective
redshift of the near band edge emission from ZnTe nanowire cores. This reflects directly the
decrease of energy gap under tensile strain conditions. The conclusions are supported by
theoretical calculations in terms of the valence force field model. The maximum observed
change of ZnTe energy gap is as large as 120 meV with respect to the unstrained conditions
and can be tuned in a continuous manner by adjusting shell parameters, which opens a path
towards an effective band gap engineering using these structures [3].

The tensile strain acting on the ZnTe nanowire core lifts also the degeneracy of the
light and heavy hole band with the heavy hole band being the ground state of optical
transitions. This effect has been investigated in individual (Zn,Mn)Te/(Zn,Mg)Te core/shell
nanowires with the Mn molar fraction of about 5%. As shown previously [4], the presence of
magnetic Mn-ions enhances the spin splitting of the bands by an order of magnitude due to
the presence of the s,p-d exchange interaction. Most importantly, it is demonstrated that the
value of the spin splitting of the bands depends strongly on the direction of the applied
magnetic field with respect to the nanowire axis. When the magnetic field is applied along the
axis the spin splitting is up to 5 times larger then in the case of a perpendicular configuration.
This effect is attributed directly to the strain induced light and heavy hole level splitting with
the value being of the order of tens of meV and with the anisotropy axis corresponding to the
nanowire axis [5].

The research has been partially supported by National Centre of Science (Poland) grants
2011/01/D/ST5/05039 and DEC-2012/06/A/ST3/00247.

References

[1]J. Wang et al., Science 293, 1455, (2001).

[2] F. Glas, Phys. Rev. B 74, 121302 (2006).

[3] P. Wojnar et al., Appl. Phys. Lett. 104, 163111 (2014).
[4] P. Wojnar et al., Nano Lett. 12, 3404 , (2012).

[5] M. Szymura et al., Nano Lett. 15, 1972 (2015).

143

ToC



FrB-5

Cd(Se, Te)/ZnSe Quantum Dots: Beyond the Crossroad of Se and Te Based
Systems
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The efficiency of photoluminescence from typical CdTe/ZnTe QDs is limited by low
confinement energy of holes. We design, produce and study Cd(Se,Te) Quantum Dots (QDs)
embedded in ZnSe barrier. This system is beneficial for enhanced confinement of carriers of
both types [1]. Advanced structural, optical and magnetooptical methods are employed to
uncover Cd(Se,Te)/ZnSe QDs properties which, contrary to expectations, reach beyond a
range of properties typical for two, Te and Se based, combined systems.

Transmission electron microscope imagining 3'0, ' @ Cd(Se,Te)znSe
involving energy dispersive X-ray spectroscopy 25¢ 43{ 3 Sl
indicates the average tellurium content in Cd(Se,Te) 5,9l ]
QDs of ~ 0.2. However, different Te content in & - < =,
different QDs might be expected. Low QDs density <= 1'5f o . %8 “' T
induced by Mn assisted epitaxial growth allowed us =10/ o o® o0 o0 :
to observe individual Cd(Se,Te)/ZnSe QD emission 05l ]
lines. 1

Some properties of the studied QDs are quite 0.0 ’ ® CiGeToyinge
similar to the ones of CdSe/ZnSe QDs, including 100 ° ®| < cdTeznTe

. . e B CdSe/ZnSe
values of anisotropic exchange splitting and of __ | °
diamagnetic shift of excitonic lines. However, other, % 08 LIPS - 1
like energy difference between exciton and biexciton £ 0.6 ® o 1
transitions vary from 25 meV (as for CdSe/ZnSe - 04l b ) ® Om 1
QDs), through 14 meV (as for CdTe/ZnTe QDs), » ° o~
down to values of the order of 3 meV. Such a small 021 11;: W
exciton-biexciton energy difference has not been 0.0 L €@ L
reported for neither of the two, Se and Te based, 0 10 20 30
systems. Moreover, one could predict that g-factor E, - E,, (MmeV)

should be a resultant of values typical for CdTe/ZnTe

QDs (gcgre ~2) and CdSe/ZnSe (gegse ~1.6) QDs. This,
however, is not the case, with Cd(Se,Te)/ZnSe QDs
g-factor attaining values below 1.

Figure 1: Excitonic g-factor and
anisotropic splitting vs exciton -
biexciton energy difference for the
QD systems indicated.

Wide range of observed values of exciton-biexciton energy difference allows
discovering of its correlation: positive with excitonic g-factor and negative with anisotropic
splitting of excitonic lines (see Figure 1).

The photoluminescence (PL) measurements as a function of temperature from 2 K to
300 K show that quantum yield of such QDs is more robust with respect to increasing
temperature than quantum yield of both, CdTe/ZnTe and CdSe/ZnSe QDs.

[1] Y. Hinuma, A. Griineis, G. Kresse, and F. Oba, Physical Review B 90, 155405 (2014).
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Deuterium diffusion in nitrogen-doped ZnO at room temper ature
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In this work, the diffusion of deuterium is intigmted by secondary ion mass spectrometry
(SIMS) in nitrogen-doped homoepitaxial ZnO layeFhey were grown by molecular beam
epitaxy on m-plane ZnO substrates [1] with a nimgcontent varying from
non-intentionally-doped (<f@at.cm®) up to 5x16° at.cm® These layers having different
nitrogen contents were all treated with the sanmopol, namely an exposure to a RF
deuterium plasma during 1h at room temperature.

Deuterium diffusion is observed in all epilayerfieTpenetration depth of deuterium in
the epilayer decreases as the nitrogen concemrat@eases. This is a first evidence of a
diffusion mechanism limited by the trapping of d&uitm on a nitrogen-related trap.

The SIMS profiles are further analyzed using a tre@- model including a shallow trap,
associated with a fast diffusion, and a deep tetgited to nitrogen. The capture radius of the
nitrogen-related trap is determined. It presenssreng discrepancy with the value expected
for ND pairs formed by a coulombic attraction betweH and N. Other kinds of
nitrogen-deuterium complexes which could be forndewing the deuterium diffusion are
discussed.

[1] D. Tainoff et al., Appl. Phys. Let®8, 131915, (2011).
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The high demand and need for renewable energy has triggered a vast exploration of potential
materials for energy applications. Zinc Oxide (ZnO) is a material of great interest because it
is non-toxic, earth abundant and relatively inexpensive. The band gap of ZnO is too wide to
absorb visible light, which hinders its usefulness for solar energy conversion. Band gap
engineering is an attractive method that can make ZnO accessible for solar applications. Our
previous work on band gap engineering of O-rich Zinc Oxide Selenide (ZnO;Sex) highly
mismatched alloys (HMA) [1] has shown that substituting a small amount of the less
electronegative Se element for O in ZnO results in a large upward shift of the valence band
maximum (VBM). HMA are alloys that comprise of semiconductor compounds where the
anions are partially substituted with isovalent atoms of considerably different size and/or
electronegativity. The electronic band structure of HMA is well described by the band
anticrossing (BAC) model that considers an interaction between localized states introduced
by the minority anions and the extended states of the host conductor/valence band in the
dilute alloy composition limit.

In this work, we synthesized Zinc Oxide Sulfide (ZnO;.Sx) and Zinc Oxide Telluride (ZnO;.
xIex) to study the effects of the electronegativity and anion size on the bandgap of ZnO.
Based on the BAC model, the larger the electronegativity difference and anion size is
between the substituted anion and O, the larger the effect in the electronic structure. With our
results, we show that incorporating 10%S in a ZnO matrix results in a 0.46 eV upward shift
of the VBM; and a 10% Te incorporation results in a 1.5 eV [2] VBM upward shift.

Thin films of ZnO,Sx alloys with 0<x=<1 and ZnO;Tey alloys with x < 0.23 were deposited
by radio frequency magnetron sputtering and pulsed laser deposition respectively. The
composition of the alloys were measured by Rutherford Backscattering Spectrometry (RBS)
and the concentration of substitutional S in ZnO and Te in ZnO were calculated from shifts in
the X-Ray Diffraction (0002) peak using a linear extrapolation of the lattice parameter
between that of wurtzite ZnO and ZnS (or ZnTe). The band structures of these alloys were
determined by fitting the absorption coefficient spectra data with the calculated absorption
coefficient utilizing the BAC model. The upward shift of the VBM has been verified by X-
ray photoelectron spectroscopy (XPS). The structural properties, optical properties and the
electronic band structures of the II-VI mismatched alloy system will be compared. Potential
applications of these materials for solar power conversion devices will be discussed.

[1]. M. A. Mayer, D. T. Speaks, K. M. Yu, S. S. Mao, E. E. Haller, and W. Walukiewicz, Appl. Phys. Lett. 97,
022104 (2010).

[2] M. Ting, R. dos Reis, M. Jaquez, O.D. Dubon, K.M. Yu and W. Walukiewicz, Appl. Phys. Lett 106, 092101
(2015).

148

ToC



MoP-3

Quasiamor phous ZnO layer s produced by the AL D technique

A.Turos"?, E. Guziewicz®, D. Snigurenko®, B.S. Witkowski®, R.Diduszko', A.Stonert?,
M. Behar*

!Institute of Electronic Materials Technology, Wolczynska 133, 01-919 Warsaw, Poland
National Centre for Nuclear Research, Soltana 7, 04-500 Otwock, Poland
3Institute of Physics, Polish Academy of Sciences, 02-668 Warsaw, Poland
“Instituto de Fisica, Universidade do Rio Grande de Sul, 91501 Porto Alegre, Brasil
e-mail: andrzej.turos@itme.edu.pl

Although zinc oxide has been widely investigated for many important applications like laser
diodes, photovoltaics, sensors etc. some hasic properties of this materials has not been
established up to now. One of these is stopping power measurements which are crucial for the
Rutherford Backscattering Spectrometry analysis [1]. For this kind of measurements
amorphous materials should be used.

In this paper we show the results of stopping power measurements for ZnO films grown by
Atomic Layer Deposition with diethylzinc (DEZn) and water precursors. The films were
grown on silicon (100) substrate and parameters of the growth were chosen in a way that
prevent crystallization of ZnO films [2] e.g. the temperature of the growth was very low
(100°C) and short purging times were used (2s after DEZn and 6s after water). We grown
aseries of ZnO films with thickness between 20 and 160 nm. The surface of the films was
very smooth. The RMS vaue of the surface roughness as measured by Atomic Force
Microscopy was between 0.8 and 1.6 nm depending of the thickness, which far below this
value obtained for highly crystalline ZnO films obtained by ALD [2].

Siemens D500 powder diffractometer using K,;,Cu radiation (A= 0.15418 nm) has been
applied for X-ray diffraction measurements. The diffraction patterns were measured in a (6-
2°)/26 scanning mode. Accordingly, polycrystalline structure of the layers without any texture
has been revedled and the average crystallite size of about 25 nm has been estimated. Very
low background level in diffraction profiles indicates only small contribution of amorphous
phase. The width of 002 diffraction line of ZnO is broader than those for other indexes. This
can be explained by partial relaxation of crystallites dong ¢ axis i.e. perpendicular to the
surface as compared to full relaxation of crystallites of other orientations.

ZnO films have been used for precise stopping power measurement of MeV H- and He-ions
in the energy range from 200 to 150 keV. These results provided indispensable data for ion
beam modification and analysis of ZnO. They show that the obtained nanopolycrystalline
ZnO films can be considered as truly amorphous with respect to ion beam applications, and
we obtained the perfect agreement of our measurements and theoretical predictions using the
SRIM code.
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Research on semiconductor nanowires has opened new fields of investigation in
fundamental physics, and offers unique opportunities for the future generation of
(opto)-electronics, photonics, sensors... applications. For example, this has motivated the
preparation of ZnO nanowires on sapphire substrate completely free of defects although these
two materials exhibit a large lattice mismatch. Up to now, most of the investigations were
undertaken using semiconductors as substrate or insulating oxides (sapphire, SrTiOg, silicon)
An alternative route that we present here is to study and demonstrate the possibility to grow
“perfect” semiconductor nanowires on “imperfect” metallic substrates.

ZnO nanowires were grown by metalorganic chemical vapor deposition (MOCVD) on
Ni-W alloys substrates. These metallic substrates exhibit (001) textured crystalline structure.
DEZn and N,O were used as zinc and oxygen precursors, and growths were carried out at
800°C. Samples were characterized by scanning electron microscopy (SEM) to assess the
morphology and uniformity of the nanowires. Direct growth on Ni-W substrates shows no
deposition of nanowires, and rather a rough layer (although C-axis oriented nanowires are
easily achieved on sapphire using the same growth conditio