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Heteroepitaxy of IlI-V

GaAs (dark regions) AlAs (lighter regions) superlattice:
interesting for laser



Molecular beam epitaxy =~ Metal organic vapor
(MBE phase epitaxy (MOVPE)
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How nanowires grow...

liquid
Metal Au-Ill-vV Vapor
particle eutect

O _em

[1l1-V nanowire

time
Wagner and Ellis, APL, 1964

Nature Nanotechnology 2, 541 (2007)

Different semiconductor classes:
o |V:Si, Ge

e [II-V: GaAs, InP, etc.

e |I-VI: ZnO, CdSe, etc.
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InSb Zinc Blende nanowires, growth along [111]
Iength ~2-3 um diameter ~100 nm

, i l

Plissard, Bakkers et al., Nanoletters (2012)
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Epitaxy of semiconductor-superconductor

nanowires

P. Krogstrup™, N. L. B. Ziino', W. Chang’, S. M. Albrecht’, M. H. Madsen', E. Johnson'?, J. Nygard'**,
C. M. Marcus' and T. S. Jespersen™




Balk et al 2016




Results from Peter Krogstrup (Growth in Copenhagen) and
David van Woekom, Attila Gersdi & John Watson (Device fab in Delft)
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CONTACTS



1D quantum wire

* discrete modes

e ballistic transport

= quantized conductance

source

guantized conductance in 1D requires transparent contacts



surface treatment/oxide removal

InSb nanowire

Au contact

Si substrate
dielectric layer

100 nm

FEI microscopy



nanowire contact areas

Hjort (2014)
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how to extract mobility

=== model
- experiment

http://arxiv.org/pdf/1411.7285.pdf




how to extract mobility

B [ ong evacuation
B Short evacuation

—Long evacuation
——Long evacuation
Short evacuation

—Short evacuation

1234567 8 91011
device (#)

http://arxiv.org/pdf/1411.7285.pdf

Note: Extracted field effect mobility is not the same as mobility and mean-free-path used
by theorists in e.g. lattice models!
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Ballistic one-dimensional nanowire
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InSb




Ballistic one-dimensional nanowire

* Subband spacing~15meV



Ballistic one-dimensional nanowire

guantized conductance for all wires






1D magneto-subbands

dI/dV (2e2/h)

=> gInSb = 50!

E,/B="gus = 1.5 meV/T




Orbital effect

e Orbital effects dominate sub-band dispersion
e B-field orientation important
* Orbital sub-band degeneracies possible

arXiv:1603.03751
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1D subbands with Rashba
spin-orbit interaction =» helical liquid

BSO

k




SPIN ORBIT INTERACTION (SOl)

Momentum



SPIN ORBIT INTERACTION (SOl)

Momentum




SOl+Magnetism
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SOl + Magnetism
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SOI + Magnetism

B<B B>B

critical critical




SOI + Magnetism

B<B B>B

critical critical critical

TOPOLOGICALLY DISTINCT
Number of crossing different in parity







PHYSICAL REVIEW B 90, 235415 (2014)

Conductance behavior in nanowires with spin-orbit interaction: A numerical study

Diego Rainis and Daniel Loss
Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
(Received 4 August 2014; revised manuscript received 14 October 2014; published 5 December 2014)
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Spin-orbit interaction, helical gap

Experimental
di/dVv (2e?/h)
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Spin-orbit coupling from helical gap :
£IS0 =1...4 melV=10...40 A on multiple devices



Spin-orbit interaction, helical gap

Experimental Simulation
di/dV (2e?/h)

eeman
gap
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theory and simulation by Michael Wimmer,
preliminary data

Spin-orbit coupling from helical gap :
£IS0 =1...4 melV=10...40 A on multiple devices
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PHYSICAL REVIEW B 91, 201413(R) (2015)

Spin-orbit interaction in InSb nanowires

I. van Weperen,' B. Tarasinski.> D. Eeltink.! V. S. Pribiag.!* S. R. Plissard,’*T E. P. A. M. Bakkers,'-*
L. P. Kouwenhoven,' and M. Wimmer!+*

'QuTech and Kavli Institute of Nanoscience, Delft University of Technology, 2600 GA Delft, The Netherlands
2Instituut-Lorentz, Universiteit Leiden, P.O. Box 9506, 2300 RA Leiden, The Netherlands
3Department of Applied Physics, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands
(Received 26 November 2014; revised manuscript received 12 May 2015; published 29 May 2015)

We use magnetoconductance measurements in dual-gated InSb nanowire devices, together with a theoretical
analysis of weak antilocalization, to accurately extract spin-orbit strength. In particular, we show that
magnetoconductance in our three-dimensional wires is very different compared to wires in two-dimensional
electron gases. We obtain a large Rashba spin-orbit strength of 0.5-1 eV A corresponding to a spin-orbit energy
of 0.25—-1 meV. These values underline the potential of InSb nanowires in the study of Majorana fermions in
hybrid semiconductor-superconductor devices.
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Spin-orbit interaction, W(A)L data

Spin-orbit coupling from magnetoconductance:
£lS0=0.25...1 meV=3K..10




Strength spin-orbit interaction

E.,~E, @ 1T ~ 10 Kelvin
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normal - normal normal - superconductor
interface interface

single 1D subband and T = 1:
dl/dV = 2e/h dl/dV = 4e?/h
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guantized plateaus
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Gls=4eT2 /hGin T2 /
theory: ReEXcYWY;

Beenakker PRB (1992)

(experiment)

— Gn
G_ (experiment)
— G_(theory)




d//dV (2e%/h)

Comparison to numerics (Michal Nowak, KWANT)

experiment simulation
2 2
—c) G (/=10pm)
— G, G_ (/=20 um)
— G _(/ =5um)
1 - 19 — 6 (1=2.5um)
G_(/ =1pm)
0 I T 0 T T
-13 -8 -3 -25 -15

Ie ~ few micron => ballistic Andreev transport
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On-chip microwave spectroscopy of
semiconductor nanowire Josephson junctions
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Superconductor-Semiconductor-Superconductor
Josephson junctions

* InAs nanowires
» Ti/Al superconducting contacts
» Spacing ~< 800 nm

— supercurrent

DC Josephson effect: I.= I sin(p,- ¢,)




SNS Josephson junction




SNS Josephson junction

Doh et al, Science, 309, 272 (2005)
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SNS Josephson junction

Doh et al, Science, 309, 272 (2005)
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SNS Josephson junction

Doh et al, Science, 309, 272 (2005)
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SNS Josephson junction

Doh et al, Science, 309, 272 (2005)




