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Bell Labs nobel prizes

1937, Clinton Davisson The wave nature of matter

1956, Shockley, Bardeen and Brattain Transistor

1977, Philip Anderson Electronic structure of glass and magnetic mat.

1978, Penzias and Wilson Cosmic microwave background radiation
1997, Chu Cool and trap atoms with laser light
1998, Stormer, Laughlin, and Tsui Fractional quantum Hall

Other inventions: MBE, Unix, C++, etc...
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History of self assembled Rings

InAs/GaAs

— QR at UCSB (study of QD in RTD)
« J.M. Garcia et al. APL, 71 (1997) 2014

— QR at IMM (fundamental growth studies)
* D.Granados et al APL, 82 (2003) 2401

InAs/InP
- T.Razetal. APL 82 (2003) 1706, ...

S1Ge
— J.Cu, APL, 83 (2003) 2907, ...

Droplet epitaxy growth
— S. HUANG et al, Solid state data. B, vol. 121-23 (2007), 541, ...



Motivation

Quantum nformation

manipulation

A Quantum Dot Single-Photon
Turnstile Device,

P. Michler, A. Kiraz, C. Becher, W. V.
Schoenfeld, P. M. Petroft, Lidong

Fig. 1. The microdisk structure, which consists
of a 5-um-diameter disk and a 0.5-pm post.

N The GaAs disk area that supports high-quality
Zhang,E. Hu, A. Imamogl,ﬂu’ factor WGMs is 200 nm thick and contains InAs

quantumn dots,

SCIENCE 290, p 2282 (2000)

B Exciton transition {1X)

Flexibility of design required for devices with nanostructures

in the active region.

— Lasers, solid state near RT Q-bits operation, etc...

Non trivial quantum geometry. Rings under Magnetic Field
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GROWTH - From Dots to Rings: In(Ga)As/GaAs(001)

Quantum Dots

Top=540°C,
B 2 ML InAs

Partial cap
2 nm GaAs

+

anneal

AFM 1x1 micron?

10 /)-\
N SIZE of capped QD
g z \ From X-TEM and X-STM
; e ,! \ H ~6nm
4 L~ D ~30nm
i
jﬂ A_ 20% GaAs

-60-45-30-15 0 15 30 45 60
X (nm)

Large Ga-In mixing

00d v M

SIZE of capped QR
X-TEM and X-STM
f TEETRTRY FEPPRE PRPPRRRY - ST H ~3.5 nm

D ~20nm along [1-10],
~25nm along [110]

60 45 30 45 0 15 30 45 60
X fm)

Vertical size reduction




Requierements for Ring formation
o QD

— Very uniform size distribution
— Large QD. Height > 10 nm
— (3.5x10° mbar As,, Ts=540°C)
* Ring formation
— GaAs Capping with 20% height QD
— Lower T (500°C) and As,

APPLIED PHYSICS LETTEERS WVOLUME 32, NUMBEER 13 14 AFPRIL 2003

In(Ga)As self-assembled quantum ring formation by molecular beam
epitaxy

Daniel Granados and Jorge M Garcia®

&



Morphology and relaxation processes during MBE epitaxial growth

SPECIAL TECHNICS @ IMM

«Reflectance Difference(RD)

rACCUMU LATED STRESS

(monitoring of sample curvature measuring

Deposition of epitaxial the deflection of two laser beam)
stressed layer or surface stress

M
h

A (1/IR) « A (surface tension)
[A(1/R)=6 A(c h)/ (M h?)]

%o



1ML InAs/GaAs(001)

Observed features
=Isotropic effect, [110] and [110]

*Linear incorporation rate<c,,

*No sharp interface, In segregation

lengh W(T)

=Unexpected increase of Stress
Thickness while capping
“pseudomorphic” InAs

il 110111 B

InAs

GaAs

Accumlated stress (N/m)

o

1ML InAs/GaAs(001) + GaAs CAP

N

—

| BEP(As, )=2.2x10 mbar
- Ts=414°C

| |
As

T %/1MLInT s cap
0 20 40 |
Time (sec)

J.M. Garcia etal. APL 77,409 (2000)
J.P. Silveira et al, J. Cryst. Growth, 227-228, 995, (2001)




Wetting Layer vs. Embedding Layer

Liquid “Floating” Indium

In deposition capping

A
01D o Y I~ -
s - 2
£ g
GaAs O ° ] =5
ﬂ Fully relaxed § IW <
InAs 3 - =
2D compresse d 5o gn

—>¢<— 3D compresse d

InAs(solid) + In (liquid) + InAs(liquid)

Dinamical equilibrium in which the stress
elastic energy plays the main role



Accumulated Stress (N/m)
= = b Db
i A

o
o

BIG QUANTUM DOTS

Accumulated Stress (AS) during
Dots formation

1T=540°C
1P As =1.2x 10 “torr.

S
(3}
[

oy

Phase equilibrium

3D-RHEE

3!!‘7 7

,/ﬂ'm 2 ML InAs

0 10 20 30 40 50 60 70 80
Time (s)

*Relaxation of incoming material on top of QD



TRANSFORMATION SCHEME

LIQUID InAs
HIGLY STRESSED InAs
THIN GaAs CAP

=500 °C A,
=1.1x10° mbar

WEAK InGaAs Alloying




Accumulated stress
Partial sumary

» Large fraction of In 1s in a liquid-like,
stress-free state, which “floats” and
progressively incorporates into the capping
layers.

 Stress induced melting of QD tip during
capping 2> Enhancement of mobility -
nanoeruption
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Ring Shape is preserved after capping

AFM profile

AFM:100 nm

EEEREEEL XTEM:20 nm Ins

g‘%‘ Daniel Granados et al. APL. 82, 2401 (2003), APL 86, 071918 (2005)



X-STM of capped Rings

[10]

¥ *ﬁ’ e il T sy
AFM profile

Figure 2.6 Fillad state X-5Tk] image of o seleassembled Inds epontam rings eleaved
in the (110=plane (o) ond In the (118 plaps () shewing the asymumetry of e rings
o this saopgele, The Inszt shews the 30 mede] of the rings ebserved by X=BT%] Iinng:
from |13,

Dr. Paul Koenraad, Univ. Eindhoven
P. Offermans et al. Appl. Phys. Lett. 87, 1 (2005)



Parametrization of potential
from X-STM data

600

-20 20

Figure 2.12: The shape of the ring as modelled by equations 2.22 and 2.23,
with A#=11.5nm, hp=1.6nm, hyy=3.6nm, h=04dnm, vp=3nm and ~. =5nm.
anisotropy parameter £ is set on 0.2

The

Figure 2.14

: The adiabatic potential of a quantum ring with the same parameters as
in figure 2.12

. The potential has valleys where the rims are higher and hills where the
rims are smaller. The potential reflects the asymmetry of the ring. In the % y-plane
the top view of the ring of fizure 2.12 is shown.



Structural Characterization
Partial sumary

* Ring shape 1s preserved after capping
 Drastic reduction 1n vertical size

« Knowledge of realistic distribution of
Indium
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Tuning of emission

Wavelength (nm)
11 1400 1300 1200 1100 1000 900 800

1.0- —— QuantumDots
09- 15K | —— QuantumRings

0.8-
0.7 A

0.6 \ Ga/s

,I
0. 5— T ' Exdted State \

] i
A

0.3
0.2

0.9 1.0 1.1 1.2 13 1.4 15
Energy (eV)

E
Large change in Optical properties due to vertical confinement.

Normalized PL signal (a.u.)

0.0

*Tunability of the nanostructures properties...Perfect for device applications!!
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QUANTUM...OK
but... Rings or small Dots?

Aharonov — Bohm Effect

SeconD Seres, Vo 115, No. 3 ' AUGUST 1, 1959

Significance of Electromagnetic Potentials in the Quantum Theory

¥, Asaronow axo 1. Boxw
H. H. Wills Physics Laboradery, Unsiersily of Brislol, Bresiol, Faeoland
{F‘.m&i verd Dlaw 2B 1959; revizsed manuzcript received Juns 16, 1959)

In thia paper, we discuse gome interesting properties of the electromagnetic potentials in the quantum
domain. We shall show that, contrary to the conclusiong of classical mechanics, there exist effects of poten-
tials on charged particles, even in the region where all the fields (and therefore the forces on the particlea)

vanish. W shall then discuss possible cxperiments to test these conclusions; and, fimally, we shall suggest
further possible developments in the interpretation of the potentials,

b= e S,

[P—(e/c)AT?

2m

H=
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eh
4rm R’

D
4zm R’

The persistent current /(®) of a ring as function of magnetic flux @. The Aharonov-Bohm effect implies that all
physical properties of a 1D quantum ring of radius R in a magnetic field B are periodic functions of the enclosed magnetic flux
with period @,=h/e (the flux quantum)

At B =0 there is no persistent current in the ring. At small B the ground state has zero orbital momentum (¢ = 0),
and to compensate for the magnetic flux that penetrates the ring, a (diamagnetic) persistent current appears in the ring (yellow
arrow). At a magnetic field for which @ = 7@, the orbital momentum of the ground state £ changes from 0 to I, together with an
abrupt change in direction of the persistent current. For a ring with radius 11.5 nm the value of /2®, corresponds to a magnetic
field of B=S T. With further increasing B the persistent current decreases linearly and is zero again at @ = @, when the ring
encloses precisely one flux quantum (green arrow). This behaviour repeats itself periodically and each time the flux equals
(t+%)®D,, € is increased by 1, a jump in the magnetic moment occurs with magnitude uB/m*.

&



Magneto-Torsion experiments

laser beam
The sample (7x8 mm?) is mounted

onto a thin torsion wire (yellow).
In a magnetic field B (Blue
arrow), the induced
magnetization of the sample M

(green arrow) results in a torque :
which tends to rotate the sample,
trying to align M and B. This
optically detected rotation is
counteracted by sending a
current through a feedback coil
of known area, located
underneath the sample. The
current through the feedback coil
is a quantitative measure of M

guadrant detector

torsion wire
/

*Up to 15 Teslas o LS = mirror

g\%‘ ‘T=1.2 K

—mirror
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PRL 99, 146808 (2007) PHYSICAL REVIEW LETTERS 5 oveck ending

Oscillatory Persistent Currents in Self-Assembled Quantum Rings

N. A.J.M. Kleemans,' I. M. A. Bominaar-Silkens,” V. M. Fomin,'** V. N. Gladilin,** D. Granados,” A. G. Taboada,”
J. M. Garn:ia,j P Il.'Z:'ﬂ'um'nmns,J L Exeimar,2 P C.M. Christianen ,2 J.C. I*»Iaan,2 J.T. [:'ewees»a-,J'3 and P.M. Koenraad®

JPS;\", COBRA, Eindhoven Universitv of Technology, The Netherlands
2H;'T."Ir:i'.‘; IMM, Radboud University Nifmegen, The Netherlands
“TFVS, Universiteit Antwerpen, Belgium
AFSM, Uniiversitatea de Stat din Moldova, Chisinaw, Moldova

SCSIC, Instituto de Microelectronica de Madrid, Spain
(Received 14 March 2007, published 5 October 2007)

We report the direct measurement of the persistent current carried by a single electron by means of
magnetization experiments on self-assembled InAs/GaAs quantum rings. We measured the first
Aharonov-Bohm oscillation at a field of 14 T, in perfect agreement with our model bazsed on the structural
properties determined by cross-sectional scanning tunneling microscopy measurements. The observed
oscillation magnitude of the magnetic moment per electron is remarkably large for the topology of our
nanostructures, which are singly connected and exhibit a pronounced shape asymmetry.

DOL: 10.1103/PhysEevLen 99 146808 PACS numbers: 7321 .La, T3.23Ra, 7867 He



Magneto-Torsion
Design and growth of sample

MBE Growth at IMM

*High uniformity <10% (Critical!)
*High density—> 29 layers stacked QR
*1-2¢ per QR > Modulation doping

x29

Tum Sabs

24nrn GoAs
2 nm Gaas:s (1.6010 )
24nm GoAs

24nm GoAs
2 nm GaAs:sl (7x109)

24nm GoAs

24nn GaoAs

2 nm Gaks:Sl [1.6x10'7)
24rvm GaAs
Tum GaAs

GoAs subsirate
{sernHnzsulating, as
less Cr as possole)

GR=a0+2nrm GaAs

QR=QD+2nm Gals
Densly @r=7x107
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Theoretical approach

Prof. Devreese, V. Fomin miadimir.fomin@ua.ache) €t al, Uni. Anwerpen

Based on the structural information from X-STM
measurements on buried self-assembled InGaAs/GaAs
quantum rings, we calculate the electron energy spectra and
the magnetization as a function of the applied magnetic field.

Since the lateral size of quantum rings substantially exceeds
their height, we consider the lateral motion of electrons to be
governed by the adiabatic potential related to the fast electron
motion along the growth axis.

The electron states are calculated by diagonalizing the
adiabatic Hamiltonian in the basis of in-plane wave functions.
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Theory: Magnetization
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RESULTS: QR under Magnetic Field

2x10"
Magnetic moment of electrons in QR. b ]
*Oscillation at 14 T - ‘
=2 0}
*Theory from realistic experimentally § o . Boh oscilation 14T
f aronov-oponm osciiation
measured X- STM data | /
‘Excellent agreement demonstrate ;o |
persistent currents associated with Magnetization
RING geometry —— 7=4.2K
7=1.2K
-4x10" : : :
o S o 10 5
40 0 5
| EXPERIMENT _ | first derivative THEORY ~ _°|first derivative
20 % 0.5 -5 _%'U X
. = =
5 T=1.2K = 7=1.2K
=1 10 15 A -2 ' '
0 B(T) el 10 41 20
AN T'= 0K
"~ 17ug T=12K
——T=4.2K - -5 g | = — T=42K
20F 712K _
9 12 15 0 10 20 30 40 50
B(T) 5 (T)

7

0

Magnetic moment per electron, (1=M/N)



Micro PL set up,

A.G.Taboada @ Eindhoven, NL
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Micro PL from one single Quantum Ring: Fitting
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Possible explications

-Aharonov-Bohm effect: Capture of one quanta flux by the exciton due to the
different radial sizes of the electron and the hole due to the ring geometry.
Transition p, .-to-S

electron A.O. Govorov et al, PRB 66 (2002) 081309

-Magnetic field breaks the ring into two dots. _ o

-Mixture of heavy-hole/ light hole due to breaks of symmetry rules by B. (Bayer
et al...) But intensity distribution is very different.

@
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*Quantum rings preserve shape after capping

*Key.role of stress-free-state of In on growth of
self assembled nanostructures

Tunning of properties. Reduction in vertical
size-achieved in a controlled way

Demonstrate the AB effect...
Quantum Rings

e Conclustons

&
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