Quantum dots:
irom theory to applications

Rashid Nazmitdinov

BLTP, JINR, Dubna, Russia

Dubna, 17-22 September, 2018



A Introduction: basics
A 2e quantum dot: quantum computer ?

A Quantum dots as building blocks for
photovoltaics.



Confining electrons in a
semiconductor
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J.M. Elzerman et al.: Semiconductor Few-Electron Quantum Dots as Spin Qubits, Lect. Notes Phys. 667, 251 95 (2005) (Springer, Berlin)

(a) Semiconductor heterostructure containing a 2DEG (indicated in white)
approximately 100nm below the surface, at the interface between GaAs and
AlGaAs. The electrons in the 2DEG result from Si donors in the n-AlGaAs layer.
(The thickness of the diferent layers is not to scale.)

(b) By applying negative voltages to the metal electrodes on the surface of the
heterostructure, the underlying 2DEG can be locally depleted. In this way, electrons
can be confned to one or even zero dimensions



Spin-orbit in a semiconductor
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Spin-orbit coupling:

particles, FE > mc2
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Spin-orbit coupling:

#® spin—-orbit coupling: relativistic correction to electron’s
Kinetic energy; motional + spin states interdependent
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# In solids: electron states similar to those in vacuum,
but parameters (e.g., mass, or strength of spin—orbit
coupling) changed from that for free electrons

# in the conduction band of llI-V semiconductors (InAs):
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Spectral Problem of Rashba
Hamiltonian

O Rashba Hamiltonian of infinite 2DEG: Kinetic energy + SO coupling
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Q Since Hamiltonian commutes with the 2D momentum operator, we can
classify its eigenvectors and eigenvalues with wave numbers £, , ky ;
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Spin splitting: mechanisms

Spin degeneracy

spatial inversion symmetry:

time inversion symmetry (Kramers):

Inversion asymmetry =

= two energy surfaces E-(k)

Caused by:

spin-orbit interaction

o Bk 1) =Ek|)

E(k, 1) # E(k, |)

structure inversion asymmetry, e.g., gate

{ bulk inversion asymmetry, e.g., zinc blende structure
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Figure 1: Electrically-injected
electrons become spin polarized
through two different mechanisms
during nominally “simple” transport
in semiconductors. Electrons can
experience anisotropic spin scattering
from impurities in the presence of
spin-orbit coupling, producing the
spin Hall effect where “up” and
“down” spins (green arrows)
accumulate at opposite edges of the
channel. In addition, symmetry-
related spin-orbit fields can produce a
homogeneous electron spin
polarization throughout the channel
(blue arrows).



Electron:
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# . conventional electronics uses only electron’s charge

e.g., bipolar transistor or field—effect transistor
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charge and spin
carriers

A higher level of device integration
A faster data manipulation
A lower power consumption

Noveldevices ha (antim mechanics

|.Zutic, J.Fabian and S. Das Sarma, Rev.Mod. Phys/6, 323 (2004).

D.D. Awschalom and M.E. Flatte,  Nature Phys3, 153 (2007).



magneto: ectronics

# celectron = charge and spin carrier: spin(elec)tronics

s

Ferromagnel nonmagnelic material Ferromagnet

Ideal magnetoresistance

Two half-metallic
ferromagnets, having only majority type
conduction electrons, are connected in
series with nonmagnetic conductor
between them. When their
magnetizations are parallel (upper
panel), majority electrons injected from
Vad one electrode are majority electrons in

the second electrode, and current is
:-l.
i - -

finite for finite source-drain voltage. In
Ferromagnet nonmagnetic material Ferromagnet

o 0

the antiparallel configuration (lower
panel), electrons injected from the left
electrode cannot enter the second
electrode because no minority electrons
are allowed to exist there.

data storage technology



spint onics:
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berromagnet 2D electron system  Ferromagnet
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Electrons ballistically pass through a
channel and their spin precession
angle is controlled by

A6 = 2m*aL/R?

Datta and Das spin-transistor
Appl.Phys.Lett. 56, 665 (1990)

A Spin-orbit coupling in

nonmagnetic 2D electron system
iInduces a precession of spin
(indicated as short arrows) for
electrons propagating between
ferromagnetic contacts. The
length scale on which a full spin
rotation occurs is tunable by a
gate voltage (Vg). Hence, the
spin precession of electrons
injected into the 2D electron
system by a magnetic (polarizer)
electrode can be adjusted such
that they become either majority
or minority electrons in the
second (analyser) electrode.
Such a field-effect switch works
without charge accumulation in
the semiconductor.



QDs created In thin film
semiconductor heterostructures

With the use of epitaxial deposition techniques (like molecular beam epitaxy) it is
possible to grow semiconductor crystals in coherent layers, a few lattice constant
thick, and create multilayer semiconductor heterostructures.

By sandwiching a 10 nm thickness of GaAs between AlGaAs (insulator) layers, one
confines electrons in a GaAs ‘quantum well'.

Bulk Film

Reduction of the remaining 2D O6i nlitérahi t ed e xt
confinement, leads to carrier confinement in all three dimensions and creation of a QD.
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1A If the carrier motionin a
solid is limited in a layer
of a thickness of the

& order of the carrier de
Broglie wavelength (a),
one will observe effects

1cm 1um 10 nm

Macroscopic Wavelength de Broglie _ _ _
of light wavelength of size quantization.
at 300 K
Volume Waveguide Quantum Atom / = h _ h _ 1.22nm
semiconductor dot - - -
Py 3m kT JE./[eV]
Band structure - == Levels

Quantum dots (QD) are small boxes (217 10 nm on a side,
corresponding to 10 to 50 atoms in diameter), contained in
semiconductor, and holding a number of electrons.

At 10 nm in diameter, nearly 100000 quantum dots can be fit within the width of a human thumb.

The confinement can be due to electrostatic potentials (generated by
external elctrodes), due to the presence of interface between different
semiconductors (SAQD), due to the presence of the semiconductor
surface (a semiconductor nanocrystal).



Electrostatic DQs

M.A.Reed et al, PRL 60, 535 (1988)

' GaAs
- AlGaAs barrier
InGaAs well

AlGaAs barrier
'nt GaAs

A scanning electron micrograph of various size GaAs nanostructures containing quantum dots. The
dark regions on top of the column is the electron-beam defined Ohmic contact and etch mask. The
horizontal bars are 0.5 em.



Electrostatic DQs

drain
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Schematic illustration of typical electrostatic DQs. Left-hand side: capped dot;

right-hand side: pillar dot. The capped dot can be made either from a quantum
well (as shown) or from a heterojunction.



By sandwiching a 10 nm thickness of GaAs
between AlGaAs (insulator) layers, one
confines electrons in a GaAs 'quantum well'.
By placing electrostatic gates on the surface
of the wafer, we can laterally confine this 2D
electron gas and create a quantum dot

For the typical voltage ~ 1V applied to the
gate (top plate), the confining potential is
some eV deep which is large compared to
the few meV of the confining frequency.
Hence, the electron wave function is
localized close to the minimum of the well
which always can be approximated by a
parabolic potential.

blockingbarrier . AlGaAs

a Top
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FIR spectroscopy

Sikorski and Merkt, PRL 62 (1989) 2164 - The first direct observation of resonance transitions
between discrete states of QDs on InSb.

I T
p-InSb{111)
30 T=4K
BVg=8V
— theory

H—(M
0 | | |
0 10 B(T) 30 “0
N /\ e Left: Scanning electron micrograph of arrays of QDs on InSb
R — z =k and the schematic sketch of the band structure across the dots.
/ | ve

Right: Experimental resonance positions (bullets) together with
N theoretical curves calculated from w. = (W} +u?)"?° w,.
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The Hamiltonian

2-£Ie0 1 Quantum.ot
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Using the symmetric gauge A = l[§3 F] with B = (0,0,B), itfollows
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where W =eB/2m'cC isa Larmor frequency and W, =[uf + nf]">.

H =

+ \/\/2(x +v°)- wl,

The problem was solved more than 90 years ago (Fock, 1928; Darwin 1930).
The so called Fock-Darwin levels are

E,m =>W)(200+ | M| +1) ° > m

where n and m are the radial and magnetic quantum numbers



FIR spectroscopy

Sikorski and Merkt, PRL 62 (1989) 2164 - The first direct observation of resonance transitions
between discrete states of QDs on InSb.
50

The problem was solved more than 90 years ago
(Fock 1928, Darwin 1930). The so-called Fock- L0
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The Kohn theorem

The Kohn theorem - In a parabolic confining potential the centre-of-
mass (CM) and relative (rel) motion decouple.

S0

0N
For a N-electron QD: 3 y/ i
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Since Q/M = e/m*,the CM energy is identical 10/ i}
to the single-electron energy E, 0 |  nootin,
0 10 B(T) 30 40
The generalized Kohn theorem 1 A,y = (n{r € |nim),

The far-infrared (FIR) absorption
spectra are independent on the

Dm=°1 Dn=01
number of electrons.

DE. =>w. =>W° >uy,



Lateral and vertical quantim dots

t
gate depleted

region

Ohmic
contact

GaAs

(a) Schematic view of a device. Negative voltages applied
to metal gate electrodes (dark gray) lead to depleted
regions (white) in the 2DEG (light gray). Ohmic contacts
(light gray columns) enable bonding wires (not shown) to A} soiinoe DOT " b)
make electrical contact to the 2DEG reservoirs. ce SOURCE
(b) Scanning electron microscope image of an actual
device, showing the gate electrodes (light gray) on top of

J

the surface (dark gray). The two white dots indicate two GATE
guantum dots, connected via tunable tunnel barriers to a @
source (S) and drain (D) reservoir, indicated in white. R

The two upper gates can be used to create two quantum
point contacts, in order to detect changes in the number of
electrons on the dot



Conductance
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soulomb blogtias:
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Heiss&Nazmitdinov, Phys.Lett.A222 (1996) 309
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S.Tarucha et al, Phys. Rev. Lett. 77, 3613 (1996).

A i
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[Source}— 22
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2 FE = N) — N —1
h= p* + [Wozl‘2+l/l/2222] add :u( ) M( )
2m 2 A= (Ng,+ 1)(Ng,+2)

=2,6,12..(N, =0,1,2..)

Shell structure of a circular symmetric shape.



Heiss&Nazmitdinov, Phys. Lett. A222, 309 (1996)
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A B =0 the magic numbers (including
spin) turn out to to be the usual
sequence of the two-dimensional
Isotropic oscillator, ¥ =¥, thatis 2,
6,12, 20, .. ..
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A B & 1.23 we find a new shell
structure as if the confining
potential would be a deformed
harmonic oscillator without
magnetic field. The magic numbers
are 2,4, 8,12,18, 24, . .. which
are just the numbers obtained from
the two-dimensional oscillator with
¥, =27%.

;
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Models

The standard theoretical model is based on a number of approximations:

A The underlying lattice structure is taken into account in effective
mass approximation: me = m®.

A The confining potential is parabolic.

A The electrons interact via a screened Coulomb interaction.

The Hamiltonian for N electrons interacting in a QD in a magnetic field B, perpendicular to the
dot plane reads:

Na 1 1 ez NN
=3 z p - €A ) += m*W2r —+9*mBS,,
n=1 gzm* ( ) 2 H 4p ﬁr Ia.—l ell |J /Té

where e, m*, (} and U and the unit charge, effective electron mass, vacuum and relative
dielectric constant of a semiconductor, respectively.

J.L.Birman, R.G.N., V.I.Yukalov, Phys.Rep.526, 1 (2013)



Two-electrom quantuim dot

The Hamiltonian for the axially symmetric (w, =w, * wp) two-electron quantum dot in
magnetic field reads

H = Ho—l-Hc-I-HZ

2
_ 1 2 2, 2
Hy = j§=:1 {—Qm* _]> > [Wo(flj —I—y])-l—w ]}
(8%
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r{—ro]
e? eh

471'60874, 2mecC
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Fig. 9. Schematic energy diagrams depicting the spin states of two electrons occu-
pying two spin degenerate single-particle levels (g and £1). (a) Spin singlet, which
is the ground state at zero magnetic field. (b)—(d) Lowest three spin triplet states,
Ty, Ty and T, which have total spin S = 1 and quantum number ms = +1, 0 and
—1, respectively. In finite magnetic field, the triplet states are split by the Zeeman
energy. (e) Excited spin singlet state, S1, which has an energy .J compared to triplet
state To. (f) Highest excited spin singlet state, S



Ground-state transitions in a magnee il

a b
L(N+1)
IEadd r D
Us H(N) Up FR
H(N-1)

plunger gate voltage (mV)

£
=

magnetic field (T)
Ellenberger, et al., PRL96 (2006)126806

FIG. 2 (color online). Differentiated current all/deg at
Viias = 2.5 mV. Gray striped regions (red online) marked by
symbols correspond to positive (peaks) dI/ dVp,. The dark black
region (also black online) corresponds to negative d[/deg.
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2e0D in a maygnetic field)

Nazmitdinov&Simonovic, PRB76 (2007)193306
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Opln quibie  (vasic idea)

2DEG high-g layer back gate

Fig. 2. Schematic picture of the spin qubit as proposed by Loss and DiVincenzo [2].
The array of metal electrodes on top of a semiconductor heterostructure, containing
a two-dimensional electron gas (2DEG) below the surface, defines a number of quan-
tum dots (dotted circles), each holding a single electron spin (arrow). A magnetic
field, B, induces a Zeeman splitting between the spin-up and spin-down states of
each electron spin. The spin state is controlled either via an oscillating magnetic
field, Bge (on resonance with the Zeeman splitting), or via an oscillating electric
field created with the back gates, which can pull the electron wavefunction into a
layer with a large g-factor. Coupling between two spins i1s controlled by changing
the voltage on the electrodes between the two dots (Adapted from [2])



What Is photovoltaics ?

x-qays visible micro waves
Fore e G,
ganmma uv infrared radio waves

P % % ] EEE \i E R 3| I % R %,
N i £ ) B 3| i

E E

o = _._E :?E L"'E :E E‘.E E E E E E E E E E e E E E E £ wavelength

& & & & & & & & & &6 5 & 5 65 5 & g B8 3 5 5 B

> E—nr-1° < ]
wavelength — = 1 energy

A Drivoction of Propagntion  ==——_
x A Th s @" Representation of Light as
o ,: o, o
/’L g \ |||\ @-’ a stream of Photons
e ! Ay v o
v ‘/:_ ¥ -7 L /@-) @-} ;
fet @EEB >

i Tyl

Photon propagation as an electromagnetic wave

o
Coboms? S etgoared
4 ¢

>

The electrical effects in materials caused by interaction with W - ;

Light was reported by Edmond Becquere(France) in 1839 A'exandrf;g@g&f?OUEREL



Example of photovoltaic systems
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Wig, vorking principle
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_;;{?{, Photovoltaic c

1 K

Continuous
Current

N-type silicon

P-type silicon

back contact |

AConventional 0 phot owqhctioai ¢ ce
between semiconductors. When charged by the sun, the cell
generates a dc photovoltage of 0.5 to 1 volt.
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Optical effects:

This can occur provided Wy, oon > Wyqp
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Optical properties :
'E®K) Y (r) = exp(i[_ff)ug(?)
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Efficiency

One of the most important parameters of the photovoltaic cell is the efficiency

Max electrical power produced by the cell

defined as:
Total solar power impinging on the cell

EFEICIENCY =h =

Example:

h =10% 1w

|

1dm
h = 20% 2 W

//
I

i

L\

(i

A

It is important to increase as much as possbile

1dm
the efficiency.
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Too keep things straight...

» "Normal” crystalline Si homojunction solar cells are NOT bad
solar cells!

+ Best crystalline Si solar cell efficiency: 24.7 % (1 Sun)
 Best large area Si-based solar cell: 23.4 % (1 Sun)
 Best large area Si-based solar module: ~ 20 %

* Current market share: >90 %
 Energy payback times (solar energy system): ~ 2 years

* Non-toxic and abundant raw materials




Spectral power density [(W/m?2)/nm]

Solar spectrum

The amount of energy that
reaches the earth's surface
every year exceedsthe

energy [W/(m2nm)]

UV | visible | infrared — total energy consumption
16 L by roughly a factor of
10000.

B (’ solar spectrum (AM 1.5-G, 1000 W/m?2)

1.2 - ‘ converted by crystalline silicon cell
1100 nm ~ 1.1 eV = band gap of silicon

0.8 Ir
04
0.0 Wavelength [nm]

400 800 1200 1600 2400 2400
wavelength [nm]



Semiconductor nanocrystals

molecule nanoparticle bulk solid
LUMO ~| | conduction
: band
> ! :
3 | | (
5 | 45 4E |
CdSe | ! |y
| /
@ 3.5 nm HOMO _| | e

Absorbance
PL intensity

400 500 600
L [nm]

~200 atoms rEnoeStaIsiee ~6200 atoms 3



- A. Ekimov
The pioneers A=

L. Brus

Ekimov, Al et al., “Quantum size effect in three-dimensional microscopic semiconductor
crystals,” JETP Lett, vol. 34, No. 6, Sep. 20, 1981, pp. 345-349.

Al. L. Efros, A. L. Efros. “Interband absorption of light in a semiconductor sphere.” Sov. Phys.
Semicond. 16, 1982, 772-775.

Ekimov, A.l. et al., “Quantum size effect in the optical spectra of semiconductor microcrystals,”
Sov. Phys. Semicond. 16(7), Jul. 1982, pp. 775-778.

Electronic Wave Functions in Semiconductor Clusters: Experiment and Theory

Louis Brus
AT&T Bell Laboratories, Murray Hill, New Jersey 07974 (Received: December 26, 1985)

J. Phys, Chem. 1986, 90, 2555-2560
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Properties of Quantum Dots:
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Control of the band gap
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A mixture of different QDs

Distribution of Power in Sunlight
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Optical properties :
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High Efficiency Multijunction Solar Cells

Calculated efficiencies (ideal)

AWant 1eV material
lattice-matched to 500X
GaAs AM1.5D: 36% 47% 52%
Y Try GalnNAs One sun
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Multi-Exciton Generation
(MEG)

Multiple-Exciton Generation
by ONE absorbed photon

Carrier Carrier
Cooling ?gkllrfhpélés}mon
1P ’l
15 — —— — ) e
Eg®™hy [Eg=
18,0 : D
1P,,
-(3; o —

Effect of quantum confinement on:
Carrier relaxation
Exciton interaction (Annihilation and MEG)

MEG has been reported in:
CdSe, PbSe, PbS, PbTe, InAs, Si
Klimov

2004, PbSe: 2 excitons (PRL, 92, 186601)
2006: PbSe: 7 excitons (NanoLett, 6, 424)

2006: CdSe: (JPC B 110, 25332)
Nozik:

2005: PbSe, PbS (Nano Lett, 5, 865)
2006: PbTe (JACS, 128, 3241)
2007: PbSe film (Nano Lett, 7, 1779)
2007: Si (Nano Lett, 2007)

Bonn, Banin, Ruhman

2007: InAs (JPC C, 111,4146)
Prasad: (2008) (APL, 92, 031107)
PbSe photoconductor

MEG has been disputed:
Bawendi et al., PRB, 76, 081304R
(2007)

Bonn, Banin, Ruhman, NL,
(2008),8,1207




Coherent Superposition of Multi  -Excitonic States in

PbSe QDs
NanoLetts 5, 865 (2005)
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For QDs PbSe (diameter 2.9 nm) there were observed 3 excitons
at photon energy which is about 4 Egap



Ds technology basics

ATOM SMALL DYE FLUORESCENT COLLOIDAL BACTERIUM ANIMAL

MOLECULE PROTEIN GOLD CELL
N R
; o ' 3.7
I 4 & ¢ s
- TR ‘e, ®
T

I 1L i L Illl]lll Ll IIIlII‘ L1 IIlIu| | | llIIIII L1 IIIlII‘

LrT

Qoot
NANOCRYSTAL

FIGURE 5. DIFFERENT SIZE QUANTUM DOTS EMIT DIFFERENT COLOR  FIGURE 6. RELATIVE SIZE OF A QUANTUM DOT. Quantum dots ate about the
LIGHT. Quantum dots change emission color with size because additional energy is  size of alatge macromolecule or protein. Qdot Streptavidin Conjugates range in size

requited to “confine” the semiconductor excitation to a smaller volume. Any light  from 10-15 nanometers in diameter.

soutce “sLuer” than the dot of interest can be used.



Two Flavors of Quantum Dots: Epitaxial and
Nanocrystal Quantum Dots
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