Nanostruktury — druty i kropki
kwantowe

Struktury niskowymiarowwe

Yicehyn (0, y,2) = exp(ikeyx) exp(ikyy) un(2) = Pien(r, 2) = exp(ik - 1) uy (2)

thZ thZ thZ
e 4 En(k) = gy +——

En(kxky) = e + 2m  2m 2m

() i

0 1
n(E)/ eV-' nm=

FIGURE 4.7. (a) Potential well with energy levels, (b) total encrgy including the transverse kinetic
cnergy for each subband, and (c) steplike density of states of a quasi-two-dimensional system. The
example is an infinitely deep square well in GaAs of width 10nm. The thin curve in (c) is the
purabotic densily of stales for unconfined three-dimensional electrons.
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Struktury niskowymiarowe

Peten Hamiltonian w naszym wszechswiecie ma 3 wymiary przestrzenne (x,y,z,t) = (ﬁ, t)
h? o, - -
___p2 -
[ Vit V(R)] Y(R) = Ey(R)
Dla V(R) = V(z) mamy:
h? (02 9% 9?
[—m (ﬁ + 37 + ﬁ) + V(Z)] Y(x,y,2) = EY(x,y,2)
Wzdtuz kierunkéw x i y mamy ruch swobodny:
Yx,y,2) = exp(ikex) exp(ikyy) u(z)

Mozna pokazaé (przy tablicy!), ze ostatecznie energie wtasne potencjatu V(z) s3 w postaci:

h? d? k2 R2k2
[_md7+ V(Z)]u(z) = ¢eu(z) e=F——X_ "

2m 2m
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Komentarz o pasmie przewodnictwa

W zaleznosci od poétprzewodnika dno pasma przewodnictwa moze by¢ zbudowane z réznych
dolin — ta sama hetereostruktura moze by¢ studnig w jednym pasmie (np. I') i barierg w innym
(np. X)

(a) () r (c) r

r r
Al ,Ga, A GaAs  AlAs  GaAs AlAs  GaAs  AlAx

GaAs GaAs

FIGURE 3.8. Barriers and wells in GaAs~Al Gaj_, As, showing the three lowest conduction

bands. (a) Barrier of Alj3Gap7As. where T is the lowest minimuwm throughout. (b Barrer o
AlAs, where X is the fowest minimum in the barrier. (¢) Well of GaAs surrounded by AlAs.
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Komentarz o pasmie walencyjnym

Obecnos¢ studni zmieni a symetrie krysztatu (np. studnia kwantowa na kierunku [001]
odpowiada ci$nieniu jednoosiowemu przytozonemu prostopadle do warstwy). Trzeba rozwigza¢
réwnanie kp (Chemla 1983):

AE
72
Epn(k) = _ﬁ[(]ﬁ + 2k + (r1 — 2y2)kZ] B
B2 Eypn i I, = ii
Ep(k) = -ﬁ[(h —¥2)k% + (y1 + 2y2)kZ] 2
Eyp ], = 41
)
AE
kx
E h?
b ﬁ(}ﬁ +72)
Eqn
hz
ﬁ()ﬁ —72)
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Potencjat harmoniczny
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Komentarz o pasmie walencyjnym

Obecnos¢ studni zmieni a symetrie krysztatu (np. studnia kwantowa na kierunku [001]
odpowiada ci$nieniu jednoosiowemu przytozonemu prostopadle do warstwy). Trzeba rozwigzac
réwnanie kp (Chemla 1983):

fa COMPRESSHON (b} NI STRAIN 1) TENSION
PRE aini - =0

Effects of biaxial strain: decrease of the
degeneracy of the valence band and change
of the effective masses in the Ga,In; As /
Ga,Iny,As yP, , material system.

S.L. Chuang, Phys. Rev. B 43, p. 9649 (1991). 9, 10
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Kropki kwantowe

2013-02-27 8

2013-02-27



Struktury niskowymiarowwe

Vhgheyn (6,7, 2) = exp(ikex) exp(ikyy) un(2) = Ypn(r,2) = exp(ik - 1) un(2)

n2kZ  R2k2 n2k?
En(kx ky) = &, + 5t o En(k) = &n +—

086

Czastki Ai B majg
te samg energie!

continuum

0 1

k/nm-!

z/nm

FIGURE 4.9. Quasi-two-dimensional system in a potential well of finite depth. Electrons with the
same total energy can be bound in the well (1) or free (B).
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Studnie 2D i 3D _

Drut prostokatny (a X b)- rozwigzania typu: h2m? (n}c nf,)

http://www.almaden.ibm.com/vis/stm/images/stm14.jpg

Studnie 2D i 3D

Drut prostokatny (a X b)- rozwigzania typu: 272 (n}C n},)

http://wn.com/2d_and_3d_standing_wave
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Studnie 2D i 3D _
Studnia cylindryczna (o nieskoriczonych $cianach) 92
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Studnie 2D i 3D

Studnia Cylindryczna

low temperature scanning tunneling
microscope (STM)
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Studnie 2D i 3D

Studnia Cylindryczna

low temperature scanning tunneling
microscope (STM)
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Studnie 2D i 3D
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Marc Baldo MIT OpenCourseWare Publication May 2011
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Druty kwantowe

Fignre 8 Quantum wire fabication based on nanoscale stching and re-growth

[EY] (b)
quantum wire
buffer
substrate
alching r-growth
Figure 12 Selective growth of quantum wires on a pre-pattemed V-groove substrate

(a) (b) [——
barriar (AlGaAs) T/!//
. “
Figure 11 Growth of quantum wires on a vicinal surface with multistonue steps

(a) (w01 (b)

oS y 4

buffer (AlAs/Gaks)

' substrats (Gaks ’
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Druty kwantowe

www.ece.odu.edu/g_seminar.htm

mmﬂmkm E\l-:-lbﬂlinl
from the surrounding of the whisker.

http://www.mpi-halle.mpg.de/~mbe/
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Druty kwantowe

1. Maw 2 Cleaving 3. Waler Bending

4. Selective etching 5 Re-Growth 6 2 Waler

g g -

7. Selective Etching 8. Repeat

Microelectronics Journal 39, 2008, 369-374
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Miniband properties of
superlattice quantum dot arrays
fabricated by the edge-defined
nanowires

Microelectronics Journal 39, 2008, 369-374

Druty kwantowe
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1-d: Quantum Wire
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2 mode
1%t mode

Marc Baldo MIT OpenCourseWare Publication May 2011

Miniband properties of
superlattice quantum dot arrays
fabricated by the edge-defined
nanowires

Microelectronics Journal 39, 2008, 369-374

kwantowe
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e first four modes of the gquantum win ince in this example, L, > L, the
maode has lower energy than the n, = mode.
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Kropki kwantowe

Quantum
Dot
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Potencjat harmoniczny

EPITAXIAL

'y
LAYER L Energy L,
(e.g. InAs) Jle o oNX R
ceeds A
oocoo§§oodooooo

: S+ Py =
eeee0c000000000

00000 ccccccccoe Island
e0cecccccccccce formation
SUBSTRATE :T|me
(GaAs)

A
A A
) A

)
\‘l\-l
]

% ; ¢ Defect-free semiconductor “clusters”
0.250m x 0.251m on a 2D quantum well wetting layer
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Potencjat harmoniczny
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Potencjat harmoniczny.2D
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Kropki kwantowe
InGaAs/GaAs
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(a) Lateral QD

(b) Vertical QD
sonree drain
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L

Figure 1.5: Electron How in planar (a) and vertical (b) QD setup.

S.Raymond et al Phys. Rev. B 54; 11548 (1995)
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Potencjat harmoniczny.2D
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Konwenhoven ef al, 2001

(e}
Fig. 1. {a) Schematic diagram of the gated DBH. (b) Scanning electron micrograph image of a typical section of
part of a wire test mesa. There is no short between the metal on the top (A), and the gate metal on the etched

surface (B). The two white parallel markers show the position of the DBH. (c) One-dimensional self-consistent
band diagram calculated for the DBH with no lateral confinement.

Jpa. 3. Appl Phys. Vol. 36 (1997) pp. 3917-3023
Part 1, No. 68, June 1997
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Potencjat harmoniczny.2D

1 ) ) 2D disk sh
EY = hw, <nx + E) w kierunku x i taka sama w y ! aped dot
, s =
E; = hwo|ny, + 3 i
Degeneracy
Ey = E¥ + E = hoo(N +1) | 4
a4
Degeneracja? N=n,+n, 2
— _.r
Fig. 5. Schematic model for the vertical dot with a harmonic lat-
eral potential. The single-particle states are laterally conl’mad_
into discrete equidistant 0D levels whose degeneracies are 2, 4,
6, 8, -« including spin degeneracy from the lowest level.
Ipa. 1. Appd Phys. Vol. 36 (1997) pp. 3017-2023
Part 1, No. 6B, June 1997
2013-02-27
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Potencjat harmoniczny.2D

1 ”
EY¥ = hwy <nx + E) w kierunku x i taka sama w y 2D disk shaped dot

1 Sz
EY) = hw, <ny + —) T

2 i

Degeneracy
| En = Ef +E} = hwo(N +1) | e
Degeneracja? N=n,+n, ; i-h
gyn=N+1 il

(nx' le) Fig. 5. Schematic model for the vertical dot with a harmonic lat-

eral potential. The single-particle states are laterally conl’med_
0 (0,0) into discrete equidistant 0D levels whose degeneracies are 2, 4,
6, 8, -« including spin degeneracy from the lowest level.
1 (1,0) (0,2)
2
3

Jpa. 3. Appl Phys. Vol. 36 (1997) pp. 30173023
Part 1, No. 68, Juve 1997

(2,0) (1,2) (0,2)
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a
g\‘Dﬂ-"}L HZ;:{, mode field diameter
— |_\"| = ¢ Collection (600 ym) 5.5pm

e e
L STl

T=300K

Minimum step~50 nm
Maximum step ~1 pm
T=4.2K

Minimum step™5 nm
Maximum step ~100 nm

A.Babinski, et al. Physica E 26 (2005) 190
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Spektroskopia kropek kwantowych
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Spektroskopia kropek kwantowych
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Potencjat harmoniczny.2D

Harmonic oscillator model:

<\ /
p ® s-, p-, d-,... shells
s\ / « Allowed interband transition

Wetting
layer

N

GaAs
substrate

/ PL Intensity

o
/

VB

1200 1250 1300 1350 1400 1450 1500 1550
Energy (meV)

2013-02-27 37
- .

Potencjat harmoniczny.2D

Szkic dowodu
Funkcja Blocha nosnika w krysztale::

V(@) = Z CnkUnk (ﬂeiE;
nk

Dla elektronu:

W) = ) ety o@e ™ = ur oI )
3
Dla dziury:

v, () » €1, klirg,, Pk = urg,;, F, ()
o= £372,41/2,) o= £372,41/2,)

Dipolowe przejscia optyczne miedzypasmowe:

(lpc @ |ﬁ|‘{’v,]z (F)) = (urs,o @ |ur8,]z (F))<Fe (@) |17|F]z (F)) + (urs,o @ |13|ur3,/Z (F»(FE (@) |F]Z @

o
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Potencjat harmoniczny.2D

Harmonic oscillator model:

CB
\ / ® s-, p-, d-,... shells

p

s and transition

Wetting
layer

GaAs
substrate

1200 1250 1300 1350 1400 1450 1500 1550
Energy (meV)

Potencjat harmoniczny.2D

CBp\ /
\
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Intens. PL {j. .w.)

N

1.25 1.30 135 1.40 145
Energia (V)

S Zaleznos$¢ od mocy pobudzania widm
/ fotoluminescencji otrzymanych w temperaturze
p bliskiej temperatury ciektego helu (ok. 5 K) dla
/ licznego (wielomilionowego) zbioru kropek
VB kwantowych InAs/GaAs.

/ PL Intensity
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Potencjat harmoniczny.2D Potencjat harmoniczny.2D

#2154

Heavy Hole  Conduction Band %

Power

i The electronic structure of a strained InAs

CBMe1 (110) pyramidal quantum dot embedded
within GaAs. The strain-modified band
offsets are shown above the atomic
structure. They exhibit a well for both
heavy holes and electrons.

e Isosurface plots of the four highest hole
z CBM2 states and four lowest electron states, as

A ©  InAs Pyramid obtained from pseudopotential
A ©  InAs Wetting Layer calculations, appear on the left and

0 == ) - ; .
1.0 11 1.2 1.3 1.4 1.5 Jﬁ 8 Sk right. CBM means conduction band

minimum and VBM valence band
Ener e H R
ay [eV] VEM-3

minimum
Adam Babinski

2013-02-27 n 2013-02-27 2

PL Intensity (normalized)

MRS Bulletin Vol. 23 No. 2, p. 35 (1998).

Potencjat harmoniczny.2D

N

| LT

T , 2
B
Harmonic oscillator
) ,—f‘,:ﬁ:'“’ ‘potential and 03 1.0 1.1 1.2 |I3 1-4 Ts 1.25 1.30 135 1.40 145
v A wavefunctions g\ WZ - h . . . : i Energia (eV)
0, o Energia (eV)

Zaleznos$¢ od mocy pobudzania widm

ARMR (j. w.)

Intens. PL {j. .w.)

©
!

Energy [eV]

7

3 -2 0 1 2 3 Widmo fotoodbicia z temperatury pokojowej dla fotoluminescencji otrzymanych w temperaturze
Angular Momentum -L struktury z kropkami kwantowymi In-As/GaAs bliskiej temperatury ciektego helu (ok. 5 K) dla
nm=0.12 [W. Rudno-Rudzinski, et al. Solid State Commun. licznego (wielomilionowego) zbioru kropek
s S 1,2, 135, 232 (2005)] kwantowych InAs/GaAs.
L =n —m (elektron)
Adam Babinski
2013-02-27 23 2013-02-27 a
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Potencjat harmoniczny.2D

h? d?
[—ﬂm

eB

m

+%mw§x2] 0O = Ep(x) wo = =

Wazny przyktad — czastka w polu magnetycznym. Czestosc¢ cyklotronowa w,

s\ \\_
.ﬂ\w'l_l"ur'l ﬁ \ [ \A )" ll\ s

1 2 4

El
B(T)

7 oscylacje Shubnikova-de Haasa
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y
http://www2.warwick.ac.uk/fac/sci/physics/c
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Sferyczne kropki kwantowe

Przerwa energetyczna w sferycznych kropkach kwantowych [Brus, L. E. J. Phys. Chem. 1986, 90,
2555, Brus. L. E. J. Chem. Phys. 1984, 80, 4403]

. o . PP (11 1.8¢2 i
Eg(R) = Eg*¥ + —— —t— ) -—— R —érednica
2R*my\m, my 4meegR
Lokalizacja kwantowa (quantum localization): mniejsza czastka — Czes¢ kulombowska oddz. e — h z
wigcej wektoréw k potrzebnych do opisu stanu nosnika. Czyli uwzglednieniem polaryzacji (sfera)
czastka w studni! ZWIEKSZA energie przerwy OBNIZA energie. Potencjat obliczony

dla funkeji w postaci W, (r) (n = 1) :

_RG RnPn?

&

= = C, . (mnar
T 2m 2ml? ¥ (r) = —sin (T)

2013-02-27
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Potencjat harmoniczny.3D

1
Ef = hw, <nx + E) w kierunku x, y iz

2

3
En:E,’f+E,{+E,{:hmO<N+—>

Degeneracja? N=n,+n,+n,

(N + DV +2)
=

(0,0,0)
(1,0,0) (0,1,0) (0,0,1)
(2,0,0) (0,2,0) (0,0,2) (1,1,0) (1,0,1) (0,1,1)
3x(3,0,0) 1x(1,1,1) 6x(2,0,1)

wN»—\OH
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Sferyczne kropki kwantowe

Przerwa energetyczna w sferycznych kropkach kwantowych [Brus, L. E. J. Phys. Chem. 1986, 90,
2555, Brus. L. E. J. Chem. Phys. 1984, 80, 4403]

50 T T T T T
APPROACH OF CLUSTER LOWEST EXCITED ELECTRIC
45| STATE TO THE BULK BAND GAP
a0k CLUSTER
sk A —n0
BAND GAP
— 30
§ — cds
5 28k \
g kK
= \
s GOAS A / 4 4
ok \ - —
osf- \ m'l
o L L 1 — L B
30 50 100 200 300 3500 P 18/QDSpect
DIAMETER (A]
Figure 5. Caleulated energy of the ¢l lowest excited el

in relation to the bulk band gap, Adapted from ref 31.
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Sferyczne kropki kwantowe

Przerwa energetyczna w sferycznych kropkach kwantowych [Brus, L. E. J. Phys. Chem. 1986, 90,
2555, Brus. L. E. J. Chem. Phys. 1984, 80, 4403]

35
——eksperyment
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301, —-— bulk
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i 25 i
o ~
-~
= 2.0 —
1.5 ; ; ; ; ; N
3 4 5 6 7 & 9
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Przerwa energetyczna CdSe
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Sferyczne kropki kwantowe
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Sferyczne kropki kwantowe

Przerwa energetyczna w sferycznych kropkach kwantowych [Brus, L. E. J. Phys. Chem. 1986, 90,
2555, Brus. L. E. J. Chem. Phys. 1984, 80, 4403]

nn? (11 1.8¢?
Ej(R) = EJ¥k 4+ — e el R - érednica
2R*my\m, my 4meegR

Lokalizacja kwantowa (quantum localization): mniejsza czastka — Czg$¢ kulombowska oddz. e — h z

wiecej wektoréw k potrzebnych do opisu stanu nosnika. Cayli uwzglednieniem polaryzadji (sfera)

czastka w studni! ZWIEKSZA energie przerwy OBNIZA energie. Potencjat obliczony
dla funkcji w postaci W, (r) (n = 1) :

272 22,2
£ = nks _ _henm nn‘r
m 2mi2 v, (r) = —sm

2013-02-27 50

Sferyczne kropki kwantowe

http://www.medicine.tcd.ie/molecular-medicine/gallery/pictures/scientific-pictures.php

Synthesis Techniques

« Vapor phase (molecular beams, flame synthesis etc...

« Solution phase synthesis

eAqueous Solution

*Nonagueous Solution

#Typically the rapid reduction of organmetallic precusors in hot
organics with surfactants

Semiconductor Nanoparticles
II-VI: CdS, CdSe, PbS, ZnS

11-V: InP, InAs

MO: TiO,, ZnO, Fe,0,, PbO, Y,0,

2013-02-27
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Sferyczne kropki kwantowe

Molecular Medicine

oo Scientific Pictures

of i
frethods. (a) Use of a bifunctional ligand
uch as mercaploscatic acid for lnking QDs
o biomolecules [8+]. (b) TOPO-cay abs _—
Joound 10 @ modified acrylc ackd Wg;c: by 05{.»—5-{,0«}1—@
ydrop forces. (c) 0D and
Jrioconjugation using a mercaptosiane
|- ompound [7%4]. (d) Positively charged
Jicmetocules are inked 1o nogatively
charged QDs by cloctrostatic atiraction [9].
() Incorporation of Qs in micrabeads and
ancteads [20%],

(a) Bitunctional inkage

(B) Hydrophobic attraction

{e) Silanization

D tos s

Curraet Cpirion in Bictachneiogy

W. Chan et al. Current Opinion in Biotechnology 2002, 13:40-46
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http://www.medicine.tcd.ie/molecular-medicine/gallery/pictures/scientific-pictures.php

{d) Elactrostatic attraction

IR,

{e) Manobeads
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o
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a3 3 ool
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L
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Luminescent quantum dots for multiplexed biological detection and imaging

http://www.evidenttech.com/)

Sferyczne kropki kwantowe
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mifunctional Q0 prote. Schomatic Bustntion showing the capping Sgand TOPO, an encapsulating copolymer ayer,
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Sferyczne kropki kwantowe

Synthesis of multi-shell nanocrystals by a single step coating process, Nanotechnology 2006

) 2=
) Quantum Yield =
i " i5) wydajnos¢ kwantowa
£l * @ Wydajnosé¢ kwantowa

fluorescencji definiuje
I sie jako stosunek liczby
E] : f o wyemitowanych
fotonéw do liczby
fotonéw promieniowa-
nia wzbudzajacego,
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In vivo molecular and cellular imaging with quantum dots Xiaohu Gao Current Opinion in Biotechnology 2005, 16:63-72
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Figure 4
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An Ancient Model Organism to Test In

Vivo Novel Functional Nanocrystals

By Claudia Tortiglione

"Biomedical Engineering - From Theory to Applications", Edited by
Reza Fazel-Rezai,

Figure 1.
Anatomical structure of Hydra vulgaris

1 & v -4| Figure 18.
Fe,0, Labelling Hydra with nanocrystals
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Magnetic
Quantum

Composite with A Novel Structure for Active Sensing in Living cells

@ Cobaltcore : active manipulation
# diameter : ~10nm
+ superparomaanetic NPs
+ manipulated or positioned by an
external field without aggregationin
the absence of an external field
Justin Galloway
) CdSe shell : imaging withfluorescence
# thickness : 3-5nm
# wvisible fluorescence [~450- 700 nm)
@ Slicashell : bio-compatibility &

functionalization with specific

+ abiity 1o tune the band gap

+ by controling the thickness, able to
targeting group ‘L,UITTWI\;‘: :er‘:rwn wavelenghtyie.,
¢ thickness: ~10nm @ InS shell: electrical passivation
# bic-compalibie,

& non-toxic to ive cell functions

# thickness: 1-2nm
. . # havingwider band gop [3.83eV]
# slable in aquecus environment than Cdse (1.91eV)

» b P P .
abiity 1o functionalize its surfoce + enhancement of QY

with specific targeting group — CdSe (5-10%) = CdSe/Ins (~50%)
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