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Low dimensional structures

lpkx,ky,n(x: y,z) = exp(ik,x) eXp(ikyY) un(z) = djk,n(r: z) = exp(ik - 1) u, (2)
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Low dimensional structures

Full Hamiltonian in our universe has three spatial dimensions (x,y,z,t) = (ﬁ, t)
hz - - -
- 3 7+ V) 9(R) = B4 (R)

For V(I_f) = V(z) we obtain:

h% [ 02 0% 0%
[_ 2m <0x2 T 0y? * 622) i V(Z)] peoy.2) =Bty z)

Along directions x and y we have uniform motion (ruch swobodny):
Y(x,y,z) = exp(ik,x) exp(ikyy) u(z)

We can show (on the blackboard!), that final eigenenergies of the potential V(z) are:
h? d? 21,2 p21,2
[——— + V(z)] u(z) = eu(z) c=F — hki hoky
2mdz? 2m 2m
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Low dimensional structures

l/)I\",x,ky,n(x: y,z) = exp(ik,x) eXp(ikyY) un(z) = l/)k,n(r: z) = exp(ik - 1) u, (2)

h2k2  h2k2 h2k?
En(kx, ky) =&, + om + om En(k) = &n —+ om
(a): (c} :
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FIGURE 4.7. (a) Potential well with energy levels, (b) total energy including the transverse kinetic
energy 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 10 nm. The thin curve in {c) is the
parabolic densily of states for unconfined three-dimensional electrons.
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Low dimensional structures

l/)I\",x,ky,n(x: y,z) = exp(ik,x) eXp(ikyY) un(z) = wk,n(r: z) = exp(ik - 1) u, (2)

n2k? h%kZ h?k?
En(kx» ky) =é&n + me + Zmy En(k) = &, +

2m

continuum

20 o, 2 -1 0 4/pm-

1

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 (.4) or free ( 5).
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Low dimensional structures

Effective mass in the barrier mg and in the well my,

hz 2 - - -
g 7+ V()| () = Bu(
For separated wave functions: 1/)(13) = Ypn(r, z) = exp(ik - r) u,(2)

2

72 4 EW] W (&) = Ep(R)

zmo myy
2

Zmo mpg

7 + EB] W(R) = Fy(R)
We got (on the blackboard!):

[ h?  d? h2k?

_ E —
2mg myy, dz2 * 2mgy my, * W] un(2) = €Uy (2)

[ I h%k?

2m0 mpg dZZ T zm() mpeg B] un(Z) gun(Z)
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Low dimensional structures

The particle moves in the well which potential depends on k, in fact k = | k]|

h? d?

- zmo mW de un(Z) — gun(z)
h?  d?

- Zmo mB dZZ + Tl(Z) — gun(z)

o \Mp

R

= \Lp w) T o

The particle gains partially the effective mass of the barrier:
2k2 hzkz

2momyy n( )+ 2MoMesys

En(k) = en(k) +

1

energy of the bound state dependson k

1
myy,

E.g. in GaAs-AlGaAs heterostructure
mpg > my, thus the well gets ,shallow”

Merr = My Py + mpPp

[ 1

the probability of finding a particle
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Low dimensional structures

The particle moves in the well which potential depends on k, in fact k = | k]|

h? d?
- Zmo mW de un(z) — Sun(z)
[ h?  d?
- 2m0 mB dZZ + Tl(Z) — gun(z)

TR = (5 — Ey) + e (- 2
B B w Zmo me myy

TABLE 4.2 Decpendence on transverse wave vector k| of the energies of
the states bound in a well 5 nm wide and | eV deep, with effective mass mw =

0.067 inside the well and mp = 0.15 outside.

E.g. in GaAs-AlGaAs heterostructure
mpg > my, thus the well gets ,shallow”

h2k? h2k?
2momw 2moing
(nm~1) (eV) (eV) (eV) (V) (eV) (eV)

0.0 0.000 (.000 1000 0108 0446 (1.969  0.067
0.5 0.142 0.064 0.921  0.106 0435 0919 0.069
1.0 (L.570 (0,254 0.685 0.09% 0397 — 0.076

Vo(k) £l €2 £3 I off

k

2017-06-05




Opticial transitions

(a) £® N } (b) 4
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Quantum wire |

Yipmn (5,9, 2) = U (,y) exp(ik,2) = albo np. = 1y (r, 0) exp(ik,2)

h2k§
2m

En(ky ky) = emn +

1-d: Quantum Wire +E
1 ' 39 mode
2"d mode
1st mode
L,
X »
y Lx “ >
kz
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Quantum wire

Yipmn (5,9, 2) = U (,y) exp(ik,2) = albo np. = 1y (r, 0) exp(ik,2)

h2k§
2m

En(ky ky) = emn +
Square quantum well 2D Ly Ly, infinite potential:

Vi,mn (Y, 2) = umn(x,y) exp(ik,z) = exp(ik,x) exp(ik,y) exp(ik,z)

With boundary conditions Lyk,, = n,m and Ly k, = n,m (dicrete spectrum)

1-d: Quantum Wire WE
. | | 3rd mode
_ 1 _ 2nd mode
i 1st mode
X >
z
y L, « 4

z

Marc Baldo MIT OpenCourseWare Publication May 2011
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Quantum wire

Marc Baldo MIT OpenCourseWare Publication May 2011

Fig. 2.13. The first four modes of the quantum wire. Since in this example, L, > L, the
ny = 2, n,= 1 mode has lower energy than the n, = 1, n, = 2 mode.
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Quantum wire |

Rectangular wire (a X b) — solutions like: h2m? (n?C nf,)

_|_
Ly L

http://wn.com/2d_and_3d_standing_wave
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Quantum wells 2D and‘3D

Rectangular wire (a X b) — solutions like:
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Quantum wells 2D and 3D

Cylindrical well (with infinite walls) 9h2
---------- V 0 + zmrz
hz az+1a+1 9 V) wir0) = Eur, 6)
arz2 " ror r2902  ° Y 0) = Eylr,
Y(r,0) = u(r) exp(ilf) ,
the depth of the potential depends on [? Vs + 4h
2 2 T e 0 2mr2
h d N 10 N h°l 4 (") = Eu(r)
2m\or2 ror omr2 oM T EUT 72
_____ Vo +
: . . . e 2mr?
What gives solutions in the form Bessel functions ey
0
d’u  du , 2 1 1
2 _ k 2 l2 =0 ~ | —_ - — —
T +rd + [(kr) Ju J,(kr) . C0S (kr zln 47T>
k =.2m(E —Vy)/h
2 .
h ]l,n Zeros of the Besseel function are j; ,,

Gri (1) °<]z( )exp(zl@) e =5
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Cylindrical well

low temperature scanning tunneling
microscope (STM)

aden 1bm.com/vis/stm/corral. htriL et
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Quantum wells 2D and'3D

. . 48 Atom Ring
Cylindrical well 001V

—

Height (A)

low temperature scanning tunneling
microscope (STM)

http: [/www.almadentbm.com/vis/stm/corral. ht Skl
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Quantum wells 2D and 3D
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Quantum wires

Figure 8 The trend of the reduction of semiconductor laser threshold
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uantum wires

PHYSICAL REVIEW B VOLUME 52, NUMBER 15 15 OCTOBER 1995-1

Dimensionality effects on strain and quantum confinement
in lattice-mismatched InAs, P,_, /InP quantum wires

M. Notomi*
NTT Opto-electronics Laboratories, 3-1 Morinosato- Wakamiya, Atsugi, Kanagawa 243-01, Japan
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[nAsP OW
InP sub.

(a) CBE Growth (d] Reverse-mesa Etching

{b) EB Writing (e} Wire Formation

i) Cap Etching (f} Overgrowth

FIG. 1. Fabrication process of strained InAsP/InP quantum

2017-06-05 .
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Quantum wires

Figure 9 Quantum wire fabrication based on nanoscale etching and re-growth

(a) (b)
quantum wire
buffer

etching re-growth

Figure 10 Formation of one-dimensional nanoscale quantum wires by strain-induced lateral
ordenng

quantum wire array

(b)

| buffer (InGaAs)
substrate (InP)

Int. J. of Nanotechnology, Vol. 1, Nos. 1/2, 2004

Samuel S. Mao

Nanolasers: Lasing from nanoscale quantum wires

42
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Quantum wires

Figure 11 Growth of quantum wires on a vicinal surface with multiatomic steps

@ e (b)

ﬁ;?r y,

— buffer (AlAs/GaAs)
substrate (GaAs)

Figure 12 Selective growth of quantum wires on a pre-patterned V-groove substrate

(a) (b)

quantum wire

barrier (AlGaAs)

I ——

Int. J. of Nanotechnology, Vol. 1, Nos. 1/2, 2004

Samuel S. Mao

Nanolasers: Lasing from nanoscale quantum wires

42
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Quantum wires

Figure 13 Selective growth of quantum wires on a pre-patterned A-nidge substrate

(a) (b) quanium wire

‘ barrier (AlAs)

substrate (GaAs)

Figure 14 Formation of one-dimensional T-intersection quantum wire structure by cleaved-edge
overgrowth

(a) (b) (c)
[001]
RN { quantum wire
TTTYCYT [11[]] 3
- 4

Int. J. of Nanotechnology, Vol. 1, Nos. 1/2, 2004

Samuel S. Mao

Nanolasers: Lasing from nanoscale quantum wires
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ECOLE FOLYTECHNIQUE
FEDERALE DE LAUSANNE

A0 1

' pt AlGaAs
, n* AlGaAs

nt GaAs

FIG. 1. TEM cross section of the V-groove QWR LED schematically show-
ing the vertical electron and hole injection via the self-ordered VQW. Mea-
sured Al composition (open circles) and calculated conduction- (solid black
curve) and valence-band potential (solid white curve) of the triple-branch
VQW, is shown as a function of lateral distance.




Quantum wires

APPLIED PHYSICS LETTERS VOLUME 72. NUMBER 6 9 FEBRUARY 1098

Ing.1sGagesAs QW
S S AlGaAs Self-ordering and confinement in strained InGaAs/AlGaAs V-groove
Vertical quantum wires grown by low-pressure organometallic chemical
vapor deposition

E. Martinet,® F. Reinhardt,”) A. Gustafsson,® G. Biasiol, and E. Kapon
Department of Physics, Swiss Federal Instinute of Technology (EPFL), 1015 Lausanne, Switzerland

vQw

FIG. 1. Dark field TEM micrograph showing a cross-sectional view of an
In,Ga; _,As/Al,Ga, _,As QWR (sample Ing ;).

Ml Barrier R

10 nm
S —

FIG. 1. Cross-sectional TEM micrograph of the QWR region in
sample A with a schematic illustration of the electron and hole

mnjection via the VQW's.
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Quantum wires

(111350 Subnira

Fig. 3) Growth contains three components:

Beside diffusion trough the droplet (I) and diffusion on the
droplet surface (I1), there is a strong surface diffusion
componet (I11) along the whisker. Si matenial is coming
from the surrounding of the whisker.

http://www.mpi-halle.mpg.de/~mbe/
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AFM manipulation of Main method of deposition:
single-wall carbon nanotubes on SiO,

spin coating of suspension of tubes

0
2
[ 4 ) )
V2T A

100 nm

Results in individual tubes on electrodes !

http://online.itp.ucsb.edu/online/ghall_c98/dekker/oh/07.html



STM nanostructuring: Cutting nanotubes

before cut
cutting occurs
upon applying
voltage pulse
to the STM tip

after cut:

STM |-V curves
show quantum size
effects after cutting:

current (nA)

0.0

\ﬂtlﬂ' cut

o1 0.0 0.1
voltage (V)

‘\Jr.na.-.I hjillu?r} T‘-mu-si-ht_c..h’ M«'r} qﬁﬁ‘l’-u, LJlrh
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Nano —manipulation of CNT

Cees Dekker, dekker@qt.tn.tudelft.nl
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Manipulati f CNT
nature materials | VOL 4 | JULY 2005 | www.nature.com/naturematerials
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Manipulation of CNT

nature materials | VOL 4 | JULY 2005 | www.nature.com/naturematerials
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Manipulation of CNT - nanotransistor

“CONSTRUCTIVE DESTRUCTION”

1. The scientists deposit ropes of “stuck together”
metallic and semiconducting nanotubes on a
silicon-oxide wafer,

2. Then a lithographic mask is projected onto the
wafer to form electrodes (metal pads) over the
nanotubes. These electrodes act as a switch to
turn the semiconducting nanotubes on and off,

.3 Using the silicon wafer itself as an electrode, the
scientists "switch-off" the semiconducting
nanotubes, which essentially blocks any current
from traveling through them,

4.. The metal nanotubes are left unprotected and an
appropriate voltage is applied to the wafer,
destroying only the metallic nanotubes, since
the semiconducting nanotubes are now
insulated,

5. The result: a dense array of unharmed, working
semiconducting nanotube transistors that can
be used to build logic circuits like those found in
computer chips.

2017-06-05

Yorktown Heights, N.Y., April 27, 2001 ... IBM
scientists developed a breakthrough transistor
technology that could preview how computer chips
can be made smaller and faster than what is
currently possible with silicon.
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Quantum wires

2017-06-05

P.X. Gao et al. | Chemical Physics Letters 408 (2005) 174-178 175

Fig 1. (a) A typical low magnification SEM image of the as-grown networks of ZnO nanowires and nanorods consisting two types of morphologies,
as indicated by area b (bc) and ¢ (d.e). (b,c) Enlarged SEM images of uniform networks of ZnO nanowires and nanorods. (d,e) Enlarged SEM
images of clumps of nanowires showing the interconnected nanowires and nanorods.
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short nanowires and nanorods. (c) The beginning of the
about the 3D Zn0O networks with mesh space around 2 = 2x 2

Fig. 4. (a,b) Interconnection tvpes of Zn0 nanowires in the nano-n d) Bright-field and dark-field TEM imag [Wi T
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Quantum wires

arah i o B S e

Figure 3. Si/SiOy/Ti/Pt/ZnO/Nanowire.

Tamkang Journal of Science and Engineering, Vool. 7, No 3, pp. 135-138 (2004) 135

Growth and Patterning of ZnO Nanowires on Silicon
and LiNbO; Substrates

T. K. Shing*, H. H. Pan, 1.-C Chen and C. 1. Kuo

2017-06-05




Quantum wires

ZnO nanowires

sapphire
substrate
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Quantum wires

1. MQW 2. Cleaving 3. Wafer Bonding
4. Selective etching 5. Re-Growth 6. 2" Wafer
g g o

7. Selective Etching 8. Repeat 9. Edge Defined QWR QD Array

Microelectronics Journal 39, 2008, 369-374

2017-06-05 38




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

Microelectronics Journal 39, 2008, 369-374



20

2017-06-(

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

Microelectronics Journal 39, 2008, 369-374
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Quantum dots

Quantum
Dot
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Harmonic potential
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Rysunek 10.3: Funkcje wlasne i gestosci prawdopodobienstwa oscylatora harmonicznego.
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Semiconductor heterostructures
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The band theory of solids.
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Harmonic potential
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Harmonic potential 2D

InGaAs

Digital Instruments NanoScope = <
Scan size 2.000 pm & g5

Scan rate 1.969 H=z ; InGaAs
Number of samples 512

Image Data Height

Data scale 100.0 nm

[] view angle
light angle

X 0.500 pm/div

™ Z 100.000 nm/div

AFM IMS-NRC ___ w705
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Harmonic potential 2D |

Kropki kwantowe
InGaAs/GaAs

S.Raymond et al Phys. Rev. B 54; 11548 (1995)
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Harmonic potential 2D

0.5 pm

(b)

n-GaAs e [~
Dot
AlGaAs
InGaAs
AlGaAs
Side gate 7" ——n-GaAs
Source
6 meV
Figure 1.4: (a) Schematic diagram of a semiconductor heterostructure. The —
dot is located between the two AlGaAs tunnel barriers. A negative voltage
applied to the side gate squeezes the dot thus reducing the effective diam- AlGaAs AlGaAs
e?;er of the dot (dashed. curves). (l?) Scannmg electron micrographs of a n-GaAs InGaAs n-GaAs
circular quantum dot pillar. The pillar has width of about 0.5pum. After
(c)

Kouwenhoven et al. [2001].

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.

Jpn. J. Appl. Phys. Vol. 36 (1997) pp. 3917-3923
Part 1, No. 6B, June 1997
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(a) Lateral QD (b) Vertical QD

source drain

Figure 1.5: Electron flow in planar (a) and vertical (b) QD setup.
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Harmonic potential 2D

1 :
E} = hwg <nx + 5) in the x-direction and the same in y 2D disk shaped dot

r
y 1 —
ETL = h(l)o ny + E

Degeneracyl l
Ey = EX + EY = hao(N + 1) - \ /I
Degeneracy? N=n,+n do \U/ | g
. y 2 ... 1
_-.r

Fig. 5. Schematic model for the vertical dot with a harmonic lat-
eral potential. The single-particle states are laterally confined
into discrete equidistant 0D levels whose degeneracies are 2, 4,
6, 8, - - including spin degeneracy from the lowest level.

Jpn. J. Appl. Phys. Vol. 36 (1997) pp. 3917-3923
Part 1, No. 6B, June 1997
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Harmonic potential 2D

1 :
E} = hwg <nx + 5) in the x-direction and the same in y 2D disk shaped dot

r
: 1 —
ETL = h(l)o ny + E

Degeneracyl l
8 ...
E, = EX + E) = hwy(N + 1) 6o\ /
4o /
Degeneracy? N =n, +n, 5 ... \v/ ;F"“n
IN = N+1 i
(n n ) Fig. 5. Schematic model for the vertical dot with a harmonic lat-
a4 eral] potential. The single-particle states are laterally conﬁneq
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)(0,1) Jpn. J. Appl. Phys. Vol. 36 (1997) pp. 3917-3923
Part 1, No. 6B, June 1997
2 (2,0) (1,1) (0,2)
3 (3,0) (2,1) (1,2) (0,3)
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Spectroscopy of Quantum Dots
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r)y of Quantum Dots
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A.Babinski, et al. Physica E 26 (2005) 190
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Spectroscopy of Quantum Dots
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Harmonic oscillator model:
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Harmonic oscillator model:
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Intens. PL (j. .w.)

1.25 1.30 1.35 1.40 1.45
Energia (eV)

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

Electron States

CBM+3

The electronic structure of a strained InAs
(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.

Isosurface plots of the four highest hole
states and four lowest electron states, as
obtained from pseudopotential
calculations, appear on the left and
right. CBM means conduction band
minimum and VBM valence band
minimum

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

Przejscia w kropkach

||

AR/R (j. w.)

09 10 11 12 13 14 15

Energia (eV)

The spectrum of photo reflections at room
temperature of the quantum dots In-As / GaAs
structure [W. Rudno-Rudzinski, et al. Solid State
Commun. 135, 232 (2005)]
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Intens. PL (j. .w.)

1.25 1.30 1.35 1.40 1.45
Energia (eV)

The dependence of photoluminescence spectra
of the intensity of stimulation at temperatures
close to liquid helium temperature (approx. 5 K)
for a large number (several million) of quantum
dots InAs / GaAs.




Harmonic potential 3D

1
E} = hw, <nx + E) in the x-direction and the same in y
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THE ARTICLE

ARTIFICIAL ATOMS

The charge and energy of a sufficiently small particle of metal
or semiconductor are quantized just like those of an atom.
The current through such a quantum dot or one-electron
transistor reveals atom-like features in a spectacular way.

Marc A. Kastner
M A Kastner, Phys. Today , 46, 24 (1993)
REVIEW ARTICLE

Electrons in artificial atoms

R. C. Ashoori

Progress in semiconductor technology has enabled the fabrication of structures so small that
they can contain just one mobile electron. By varying controllably the number of electrons in
these ‘artificial atoms’ and measuring the energy required to add successive electrons, one can
conduct atomic physics experiments in a regime that is inaccessible to experiments on real
atoms.

R C Ashoori, Nature, 379, 413 (1996)
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MNATURE |VOL 405 22 JUNE 2000 |www.nature.com

Figure 1 Scanning electron micrographs illustrating the experimental technique used for
studying single self-assembled quantum dots. a, Scanning electron micrograph of a GaAs
semiconductor layer on which Ing goGag 40As self-assembled quantum dots with a density
of about 10" cm™ have been grown by molecular beam epitaxy. To permit their
microscopic observation these dots—unlike those used for speciroscopy—have not
been covered by a GaAs cap layer. To a good approximation, all quantum dots have the
same shape exhibiting rotational symmetry. However, their size varies by a few
nanometres around an average diameter of 15 nm. This inhomogeneity resulis in a
considerable broadening of the emission lines in speciroscopic studies. b, To avoid this
broadening we have studied the emission of a single quantum dot. Lithographic
techniques were used to fabricate small mesa structures on samples capped by a GaAs
layer. The lateral mesa size was reduced to such an extent (<100 nm) that only a single
dot is contained in it. These mesa structures have been studied by photoluminescence
spectroscopy at low temperature. A laser beam (shown schematically as a truncated cone
above the mesa) injects a conirolled number of elecirons and holes into the dot indicated
by the lens shape, and the emission spectrum of this complex is recorded. To reduce
sample heating under optical excitation, the structures are held in superfluid helium at
about 1.2 K. After dispersion by a monochromator, the emission is detected by a CCD
(charge-coupled device) camera.
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NATURE |VOL 405 |22 JUNE 2000 | www.nature.com
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Electrons
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Energy (eV)

Figure 2 State filling spectroscopy on quantum dots. On the left is a scheme of the dot
energy levels, their occupation by carriers and the radiative transitions. Spin orientations
of electrons and holes: grey triangles, spin-down; black triangles, spin-up. On the right
are typical emission spectra resulting from these transitions for an ensemble of

INg 50Gag 40As quantum dots; these spectra were recorded at different excitation powers

(an Ar-ion laser was used).
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Figure 3 Contour plot of the variation of the emission of an Ing gyGag 4as single quantum
dot with excitation power and with energy. Bright regions indicate sfrong emission
intensities, blue regions low intensities. When optically exciting far above the bandgap,
carrier relaxation involving multiple phonon emission processes leads to considerable
sample heating, which causes the system to be in strong non-equilibrium. To reduce
heating, a Ti-sapphire laser was used as excitation source. lts energy was tuned to
£=1.470¢V, corresponding to emission close fo the bottom of the wetting layer (see
Fig. 2). The excitation power P, was varied between 50 nW and 5 mW.
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K.Karrai et al., Nature 427, 135 (2004)
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Spherical quantum dots

The energy gap in spherical quantum dots [Brus, L. E. J. Phys. Chem. 1986, 90, 2555, Brus. L. E. J.
Chem. Phys. 1984, 80, 4403]
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Quantum localization: the smaller the particle - more vectors k Part of the Coulomb e — h interaction
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Spherical qguantum dots

The energy gap in spherical quantum dots [Brus, L. E. J. Phys. Chem. 1986, 90, 2555, Brus. L. E. J.

Chem. Phys. 1984, 80, 4403]
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Figure 5. Calculated energy of the cluster lowest excited electronic state
in relation to the bulk band gap. Adapted from ref 31.
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Spherical quantum dots

Current Opinion in Chemical Biology 2006, 10:423—-429 Nanoscale controlled self-assembled monolayers and quantum dots
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The energy gap in spherical quantum dots [Brus, L. E. J. Phys. Chem. 1986, 90, 2555, Brus. L. E. J.
Chem. Phys. 1984, 80, 4403]
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Przerwa energetyczna CdSe
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Spherical quantum dots

The energy gap in spherical quantum dots [Brus, L. E. J. Phys. Chem. 1986, 90, 2555, Brus. L. E. J.
Chem. Phys. 1984, 80, 4403]
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Spherical qguantum dots

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

eNonaqueous Solution

eTypically the rapid reduction of organmetallic precusors in hot
organics with surfactants

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

lI-V: InP, InAs

MO: TiO,, ZnO, Fe,0,, PbO, Y,0,
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Spherical quantum dots

Schematic illustration of bioconjugation
methods. (a) Use of a bifunctional ligand
such as mercaptoacetic acid for linking QDs
to biomolecules [8**]. (b) TOPO-capped QDs ' _ - )
bound to a modified acrylic acid polymer by OS'GHE'GD'NHW Q_: ﬁ@
hydrophobic forces. (¢) QD solubilization and *
bioconjugation using a mercaptosilane
compound [7**]. (d) Positively charged
biomolecules are linked to negatively

(a) Bifunctional linkage (d) Electrostatic attraction

(b) Hydrophobic attraction

charged QDs by electrostatic attraction [9]. COOH

(e) Incorporation of QDs in microbeads and /-"'J‘-"IWHNDG CO-NH-bi

nanobeads [20**]. O=P"77 iNoc )
\.\_\’\_ COOH

(e) Nanobeads
(c) Silanization

I - - ' @ o
stsll-o-guww 2.° o4 “GH,-GO-NH-{bio Q
@9 -
-

Current Opinion in Biotechnology

Luminescent quantum dots for multiplexed biological detection and imaging
W. Chan et al. Current Opinion in Biotechnology 2002, 13:40-46
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In vivo molecular and cellular imaging with quantum dots Xiaohu Gao Current Opinion in Biotechnology 2005, 16:63—72

QD capping
ligand TOPO

Amphiphilic
polymer coating

Affinity ligands: antibody, peptide,
small-molecule drug, inhibitor, etc

Current Opinion in Biotechnology

The structure of a multifunctional QD probe. Schematic illustration showing the capping ligand TOPO, an encapsulating copolymer layer,
tumor-targeting ligands (such as peptides, antibodies or small-molecule inhibitors), and polyethylene glycol (PEG).
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Synthesis of multi-shell nanocrystals by a single step coating process, Nanotechnology 2006
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Figure 1. (a) Elemental ratios of Cd to Se and Zn to Se {measured by ICP), (b) a conceptual drawing of the CdSe core — CdSe/CdS
core/shell — CdSe/CdS/ZnS core/multi-shell structure, and (¢) PL peak positions, and QY's of CdSe/CdS/ZnS nanocrystals taken at different _

time intervals during the reaction.
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In vivo molecular and cellular imaging with quantum dots Xiaohu Gao Current Opinion in Biotechnology 2005, 16:63—72

(b)
10 Time (min) quantum dots
7+ 3] 10 15 20 25 30 30

s I ——

Quantum dots
0.8 -

S

< 0.6

2

3 (@)

D 0.4 - T

E

—— QDs: 520 and 650 nm
02 Texas red El —— Mouse skin
E—: Excitation III — Mouse skin + QDs
0 ' ' ‘ ' ' ‘ ' ‘@ 1 350 nm '
0 =20 40 60 80 100 120 140 160 S \
i =
Time (s) Texas red = -
=
3
w
3 -
s]
=
i
Y
400
Wavelength (nm)

2017-06-05




Spherical quantum dots

Current Opinion in Chemical Biology 2006, 10:423—-429 Nanoscale controlled self-assembled monolayers and quantum dots
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Figure 5

Fluorescence micrographs of QD-stained cells and tissues. (a) Actin
staining (green QDs) on fixed 3T3 fibroblast cells. (b) Live MDA-MB-231
breast tumor cells labeled with a red QD-antibody conjugate

targeting the urokinase plasminogen receptor. (c) Intracellular

labeling of live mammalian cells using QD-Tat peptide conjugates
[25°°]. (d) Frozen tissue specimens stained with QDs (targeting the
CXCR4 receptor, red) and a nuclear dye (green).

In vivo targeting and imaging with QDs. (a) Ex vivo tissue examination
of QD-labeled cancer cells trapped in a mouse lung [44°).

(b) Near-infrared fluorescence of water-soluble type Il QDs taken up
by sentinel lymph nodes [49°°]. (c) In vivo simultaneous imaging of
multicolor QD-encoded microbeads injected into a live mouse [25°°).
(d) Molecular targeting and in vivo imaging of a prostate tumor in
mouse using a QD-antibody conjugate (red) [25%°].
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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

Labelling Hydra with nanocrystals
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Magnetic
Quantum

Composite with A Novel Structure for Active Sensing in Living cells

(D Cobalt core : active manipulation

# diameter: ~10nm

# superparamaanetic NPs

— manipulated or positioned by an
external field without aggregationin
the absence of an external field

Justin Gallowa
Y ® CdSe shell : imaging withfluorescence

# thickness: 3-5nm

# visible fluorescence (-450- /700 nm)

@ Silicashell : bio-compatibility & & ability to tune the band gap

functionalization with specific — by conftroling the thickness, able to

¢ fi tune the emission wavelength,i.e.,
argeting group emission color

¢ thickness: ~10nm @ InS shell : electrical passivation

# bio-compatible, # thickness: 1-2 nm
& non-toxic to live cell functions

. . # havingwider band gap (3.83eV)
# stable in aqueous envircnment thanCdSe (1.91eV)

# ability to functionalize its surface & enhancement of QY

with specific targeting group _, CdSe (5-10%) = CdSe/InS (~50%)
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Selction rules in condensed matter

Proof sketch
Bloch function of a carrier in the crystal:

W) =) cnjtne e

nk

For the electron:

() = ) cuittngoe™ = ur o PF(P)

k
For the hole:
WA Y g, = Y (DF,G)
]Z= i3/21i1/2'k ]z= i3/2,i1/2,k

Intersubband dipole optical transitions:

(P [B|Wy,;, ) = (urg,0 @ |ury 5, ONFD|B|F, ) + (ur,, 0 P)|Blur,, ;, INEE)|F, (7))
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Time-dependent perturbation theory

General solution of Schrodinger equation

2
ih% Y(#t) = —;—m V2@, t) + VE DY, t)

Time-independent potential

h? 02 i
Ho= =525 4U()  $() = Agy (e Ent/t
Time-irdependent potential H=H,+V(t)
: da0<t<rt
The simplest case: Wt ==
P V(t)={ (()) dat<0it>rt

2017-06-05 91




Time-dependent perturbation theory

Time-dependent Schrodinger equation:

iﬁ%lp = Ho + V(¢) P, t) = Y Ap(t)@n(x)e Ent/h

By analogy A

Time-independent potential

h? 02 i
Ho= =525 4U()  $() = Agy (e Ent/t
Time-irdependent potential H=H,+V(t)
: da0<t<rt
The simplest case: Wt ==
P V(t)={ (()) dat<0it>rt

2017-06-05 92




Time-dependent perturbation theory

Time-dependent Schrodinger equation:

d —iE,
=1 = Ho + V(1) P(x,t) = ZAn(t)wn(x)e Ent/h

For t < 0 the system was in the initial state m Y(x,t <0) = (pm(x)e‘iEmt/h

For t > 7 the system will be in a different state ~ Y(x,t > 1) = Z A (D)@, (x) e ~Ent/h
n

wherein the probability that the system will be in a steady state of energy E,, is given by the
transition probability at time 7 from an initial state m to a state n.

Wnn = |Amn () |2

Functions @, (x) are eigenstates of the Hamiltonian, i.e.: Hy@p,(x) = E2¢, (x)
i.e. Hyln) = EQ|n)

We have to compute: ih%z,b(x, t)
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Time-dependent perturbation theory

Time-dependent Schrodinger equation:

0 —iE,
=1 = Ho + V(1) P(x,t) = ZAn(t)wn(x)e Ent/h

For t < 0 the system was in the initial state m Y(x,t <0) = (pm(x)e‘iEmt/h

For t > 7 the system will be in a different state ~ Y(x,t > 1) = Z A (D)@, (x) e ~Ent/h
n

wherein the probability that the system will be in a steady state of energy E,, is given by the
transition probability at time 7 from an initial state m to a state n.

Winn = |Amn (D)7 i.e. Holn) = EQ[n)

d .
We calculate coefficients A, ihaAml(t) = Z(l|w(t)|n) Amne+lwlnt
n

AW (D)) = f 01" W () pndx
h(i)ln = El — En
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Time-dependent perturbation theory

Unfortunately, the exact solution of the equation is not possible

ih%Aml(t) =Z(l|W(t)|n)Amne+iwlnt (UW (&) |n) = j o'W () pndx

We calculate coefficents A, iteratively hw;, = E; — E,

A () = (Upm(x)) = (lIm) = Eim,

d
lh A(])(t) —Z(”W(t)ln)/l(] 1) ptiwmt

7 AN

New solution Previous soluti

Odcatkowywujewujemy:

1 r* .
AR = 40O +— j E AW () ) 4D e+t gt
0
n

T~ W(t) Isintherangeof Otot
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Time-dependent perturbation theory

Unfortunately, the exact solution of the equation is not possible

ih%Aml(t) =Z(l|W(t)|n)Amne+iwlnt (UW (&) |n) = f o'W () pndx

We calculate coefficents A, iteratively hw;, = E; — E,

A @© = (Upmn(0) = (Um) = 6 <

Initially, the system was

d .
lh A(J)l(t) = Z(Z|W(t)|n)AU Dgt+iwmt in state m
New solution Previous solution
Odcatkowywujewujemy:

AD®) = 420 +— f Z(lIW(t)In)A(O) Hiowt gy =

1 1 (* .
= O + EJ Z“'W@M Sne Ot dt = Sy +— f ([IW (£)Im)e+iwmt dt
0 n 0
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Time-dependent perturbation theory

Unfortunately, the exact solution of the equation is not possible

ih%Aml(t) =Z(l|W(t)|n)Amne+iwlnt (UW (&) |n) = j o'W () pndx

We calculate coefficents A, iteratively

A @© = (Upmn(0) = (Um) = 6 <

ha)ln = El — En

Initially, the system was

d - . .
A(])l(t) _ Z(”W(t)ln) A,gjml)eﬂwmt in state m

i,

New solution

Odcatkowywujewujemy:

AL = 4D + = f Z<z|w<t)|n>A<°> Hiomt g

Only when the initial and final
are the same. And we
calculate the probability of
transition to another state.

1 T .
= O + EJ Z“'W@M Sne Ot dt = Sy +— f ([IW (£)Im)e+iwmt dt
0 n 0
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Time-dependent perturbation theory

Substitute into the equation, we consider the initial condition (see Quantum Mechanics S.A
Dawydov)

2

T
f (m|W (£)|nye +Homnt dt
0

1
Wmn = |Amn(T)|2 = ﬁ

When W (t) = const = W for 0 < t < T it is easy to obtain:

lwnT _

f W lDeiontas = £ : (W)
0

nl

Then the corresponding probability of transition under perturbation is given by

1 — cos [(En — E,,) %]

2
Winn = [Amn(D)]* = ﬁl(mlwlnnz 112
l(En - Em)ﬁ]
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Time-dependent perturbation theory

0.45 - . 1 — cos l(En —E,,) %]

vroe=t | [~ En) 3]

0.3

0.25}~

0.2+~

0.15}-

0.1

0.05 |~
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Time-dependent perturbation theory

T
0.45 - 1 1 —cos l(En — Ep) ﬁ]
04 — ] 2
=1 1
0.35 - . [(En B Em) ﬁ]
50 o C L C L L C L T
03
45
0.25-
40/ _
0.2k T=10
35
0.15-
3
01
25
0.05 -
20 -
0 8 6 A
10 -
5 _/\MI\J M
0 r r r
10 -8 6 4 =2 o 2 a4 6 8 10
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Time-dependent perturbation theory
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1 — cos l(En —E,,) %]

ot
-10
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Time-dependent perturbation theory

Substitute into the equation, we consider the initial condition (see Quantum Mechanics S.A
Dawydov)

2

T
f (m|W (£)|nye +Homnt dt
0

1
Wmn = |Amn(T)|2 = ﬁ

When W (t) = const = W for 0 < t < T it is easy to obtain:

lwnT _

j W lDeiontas = £ : (W)
0

nl

Then the corresponding probability of transition under perturbation is given by

1 — cos [(En — E,,) %]

2
Winn = [Amn(D)]* = ﬁl(mlwlnnz 112
l(En - Em)ﬁ]

A 1 — cos [(En —E.) %]

For 7> ~ th (En — Em)

E,—E, [(En —E,) %]2
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Time-dependent perturbation theory

Finally, the probability of transition

21T
Wmnmn = 7 |<m|W|n>|275(Em - n)
The probability of transitions is proportional to the perturbation time, so the probability of
transition per unit time is given by:

w: 2T
Pon = ;nnz 7 |<m|W|n>|26(Em_ n)
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Time-dependent perturbation theory

If the perturbation is in the form of a periodic wave we back to the general formula:

2

T
f (n|W (£)[m)e +Hiommt dt
0

1
Wnm = |Anm(T)|2 = ﬁ

for the case where W (t) = wtet@t for 0 < t < it is easy to calculate:

e (wpTw)T _ 1

T
] (n|wi|l)et@nt@)tge = (n|wt|l)
0

i(wnl i w)

Transition probability:

21 + 2
W = == |(n|wE|m)| ©6(E, — E,, + hw)

Transition probability per unit time:

2
=20 = 2 |l m)| (s — By + ho)

an
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Time-dependent perturbation theory

Conclusions:

W(t) = wretiot Wm 2T

2
|(n|wE|m)| 8(E, — E, + hw)

0<t<rt Frm T h

The transitions are possible only for states E,;, = E,, + hw

The system can either gain energy (absorbs) or lose (emits).
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Electromagnetic wave

The perturbation in a form of an electromagnetic wave.

2

2
Zm _ 22 | n|w|m)| §(En — Epy + ho)

T h

an

General form of the hamiltonian in the electromagnetic field is given by tha vector potential A
and scalar ¢:

H=—(3+ed) 14
—Zm(p+e)—eg0+

Assuming suitable gauging (pol: ,,cechowanie”) @ =0, divA=0 and neglecting terms with A2
(low radiation, etc.) e .,
~—Ap

m
Vector potential for an electromagnetic wave may be introduced in the form :

A= A_’O{e—i(wt—fc?) n ei(wt—fé?)}

R oA L R
E=-Vp- 3% E = 2wA, sin(wt — ki)
B=VxA4 B = 2(k x Ay )sin(wt — k7)
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Dictionary

D =¢E

£o vacuum permittivity, permittivity of free space (przenikalnosc¢ elektryczna prézni)
&, relative permittivity (wzgledna przenikalnos¢ elektryczna)
€ = gy&, permittivity (przenikalnos¢ elektryczna)

—

B = uH
1o vacuum permeability, permeability of free space (przenikalnos¢ magnetyczna)
to = 4m-1077H/m
U, relative permeability (wzgledna przenikalnos¢ magnetyczna)
U = Uol, permeability (przenikalno$¢ magnetyczna)

magnetic susceptibility y,,, = u, — 1

electric field E and the magnetic field B
displacement field D and the magnetizing field H
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Electromagnetic wave

The perturbation in a form of an electromagnetic wave.

2

2
Zm _ 22 | n|w|m)| §(En — Epy + ho)

T h

an

General form of the hamiltonian in the electromagnetic field is given by tha vector potential A
and scalar ¢:

H=—(3+ed) 14
—Zm(p+e)—eg0+

Assuming suitable gauging (pol: ,,cechowanie”) @ =0, divA=0 and neglecting terms with A2
(low radiation, etc.) e .,
~—Ap

m
Vector potential for an electromagnetic wave may be introduced in the form :

A= A_’O{e—i(wt—fc?) n ei(wt—fé?)}

R oA L R
E=-Vp- 3% E = 2wA, sin(wt — ki)
B=VxA4 B = 2(k x Ay )sin(wt — k7)
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Electromagnetic wave

The perturbation in a form of an electromagnetic wave.

e -, w: 21 2
H ~ —Ap Pum = :”" == |(n|wt|m)| 8(E, — Ep, + hw)

A= A—O’{e—i(wt—%f) n ei(wt—%?)}

expanding a series 5 o —iKP) p [1 n (_i]_éf’) + —( 4 ..
[

We use the commutation rules [ H, | = 7Hy, — Hy' = —p
m

we get (n|plm) = imwpy (nl7lm)

Subsequent terms in this expansion give: dipole magnetic transitions, quadrupole electric
transitions etc.
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Electromagnetic wave

The perturbation in a form of an electromagnetic wave.

2

- 2
H~Z A3 Pum = =21 = 22 | (n|wE|m)| 8(Ep — Em + )

m T h

after laborious calculations we get the probability of emission of electromagnetic radiation
dipole (described by the operator er)

3 2
Wnm Wnm™ € S
Apm = = n|7#|m)|? =

4a Wy e? 1
3 2 [(n|7|m)|? a ~

~

N dmteghc 137

It is one of the Einstein coefficients (lasers, etc. - next week!) for nondegenerated states.
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Electromagnetic wave .

The perturbation in a form of an electromagnetic wave.

4at Wy

3,2
w e
——— |(m|7|n)|? =

1) ]2
3meyhc3 3 c? [ml7in)]

Apm =

In the case o degenerated states we introduce ,,oscillator strength”

4 38 ,
Anm _ a Wpnm™ 2mn Snm = ZzKTll'Tlm])lz
|

3 ¢? gnm

\

In the case of the hydrogen atom states it is convenient to represent operator 7 in the circular
form: 1 1

the degeneracy of the initial state

R 2 2 . 2 . 2
[(ral Flmy) ™ = [(ralzlmy)|” + 5 (e + iy [mg) [ + = [ (e = iy )|
it is easy to then integrate spherical harmonics, because:
Z =1cosV ‘
x + iy =ret?siny c\\ec\“t'
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Electromagnetic wave

Some final remarks

4 ) 4
Apm = = Dnm_ 2mn Snm = Z anilrlmj)lz
A

3 ¢? g,

By calculating the Einstein coefficients of eg. the hydrogen atom, we can get the so called
optical transitions selection rules , eg. for hydrogen:

Al = +1 momentum conservation rule — the photon has an integer spin

Am = +1  transition in circular polarization o

Am =0 transition in linear polarization

Optical transitions are possible only between atomic levels of different symmetry, since the
operator 7 is antisymmetric
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Electromagnetic wave

Some final remarks

4 ) 4
Apm = 3a Dnm_ Jmn Snm = ZZ'(nilrlijZ
A

2
C Im

We can introduce radiative recombination rate (recombination lifetime) 7,,,,,

1 czas zycia

Tnm
A
nm

In the case of dipole optical transition this lifetime is of the order of nanoseconds.

The power of the optical transition B, = Apymbh wym
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Summary —Fermi golden rule

The probability of transition per unit time:

wt)=w
0<t<rt

Pmn

Wnn 2

;T|<m|W|n>|26<Em — Ey)

Transitions are possible only for states, for which  E,,, = E},

0<t<rt

Transitions are possible only for states, for which

2

2
Pam = % = == |(n|w[m)| (B, = B £ 1)
E,=E,+hw

The perturbation in a form of an electromagnetic wave:

2017-06-05

Anm

3,2

Wnm” e

3meghc3

3
a oy,

- 2 —
[{m|7[n)| 3 o2

[(m|7|n)|?

Pim = Anm5(En —En & hw)




Summary —Fermi golden rule

The transition rate — the probability of transition per unit time — from the initial state |i) to
final |f) is given by:

Szybkos¢ zmian — czyli prawdopodobienstwo przejscia na jednostke czasu — ze stanu
poczatkowego |i) do koricowego |f) dane jest wzorem:

P =%”|<f|W|i>|2pr(Ef\)

p(Ef) - the density of final states

W - interaction with tHe field

Perturbation I/ does not have to be in the form of an electromagnetic wave.
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Selction rules in condensed matter

Proof sketch
Bloch function of a carrier in the crystal:

W) =) cnjtne e

nk

For the electron:

() = ) cuittngoe™ = ur o PF(P)

k
For the hole:
WA Y g, = Y (DF,G)
]Z= i3/21i1/2'k ]z= i3/2,i1/2,k

Intersubband dipole optical transitions:

(P [B|Wy,;, ) = (urg,0 @ |ury 5, ONFD|B|F, ) + (ur,, 0 P)|Blur,, ;, INEE)|F, (7))

N
S0
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Opticial transitions

Er final energy Er = E; + hcQ energy conservation rule
E; initial energy Kf = K; + @ momentum conservation rule

Photon momentum hw = hcQ. For hw = 1 eV we got Q = 10”m™1. The size of the Brillouin

. VA ~ VA _ 10 -1 _ ~
zone is about SR — = 10*"m™". Therefore Kr = K; + Q = K;

(b)

r K I K I K

FIGURE 2.20. Optical absorption across the band gap in different types of semiconductor. (a) Ab-
sorption across a direct band gap at [ (b) Absorption across an indirect band gap is forbidden but
vertical transitions occur for all K. (¢) Transition across an indirect band gap with absorption of
both a phonon and a photon.
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Opticial transitions

@ =3 ] (b)
o X
hz 2.2 .grﬂu ez ‘/\\/r
< — pGads T 1Ne = g PN JMGaAs -
eNe — (o ' .
" 2momea® g-g Cel —= \l\’__ ol — % EAlGaAs
B
E;;aAs/l/ - Ew;}a}\s
3
ft:; Ehl J,r-—— %
2.2 2 ® = T
— GaAs nm Ny & \f\ ' H
€hnp = Ey - 2 2 =T By =
mempa S c B 4 ‘“ s
Nel —
AlGaAs GaAs AlGaAs absorption
barrier well barrier
A EGads | hem®n® (1 + 1 pGads h2m?n?
w,, = & — & = =
nTTeme Than T 2moa® \m, my g 2MoMep 2
. . 1 1 1
Optical effective mass = +
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Opticial transitions

.S.. E __/\ 7 (b)
222 B ez
c — pGads R m e = 9 A/f FMGass -
ene, — bEc > 2 .
2momea S8 Eq ——— Sl o
B
T :
GaAs 5
E, ® g
—— e 'lg
Q) N Eh1 ~ R
h2m?n? &> ?
gh:nh = EgaAS - 2 h2 %E €ha - g
mompa o E o _
AlGaAs GaAs AlGaAs absorption
barrier well barrier
h EGaAs + hZT[ZnZ 1 + 1 EGaAs n hZT[ZnZ
w,, = & — & = =
moTeme Thmn T 2moa® \me My g 2momepa®
. . 1 1 1
Optical effective mass = +
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Opticial transitions

% nm 6nm 4nm 2nm
——— - - B ]

12 — — . N
272192 _ {a)
_ pGaAs nm Ne 10 - .
fene = Ec 2mom,a? 1 (@
07"e S 8| (b) 4
]
|
36 -
= !
~
8 4L _
(c)
2..2..2 2 (d) 7]
_ Gads n“mnj L (e)
gh’nh -_— E‘U - 2 2 0 ] A . i T
mompQ 650 700 750 800

wavelength / nm

FIGURE 1.4. Photoluminescence as a function of wavelength for a sample with four quantum
wells of different widths, whose conduction and valence bands are shown on the right. The barriers

between the wells are much thicker than drawn. [Data kindly supplied by Prof. E. L. Hu. Universits
of California at Santa Barbara.}

) EGaAs 4 h*m?n® (1 + 1 pGads h?m?n?
w,, = & — & = =
moTeme Thmn T 2moa® \me My g 2momepa?
. . 1 1 1
Optical effective mass = +
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Opticial transitions

Intens. PL (j. .w.)

1.25 1.30 1.35 1.40 1.45
Energia (eV)

The power dependence of photoluminescence
spectra at temperatures close to liquid helium
temperatures (approx. 5 K) for a large number
set (several million) of quantum dots InAs/GaAs

wn
by
/ PL Intensity

VB
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Opticial transitions |
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Opticial transitions |

L I
o

Energy [eV]

t }| ' Harmonic oscillator
N\ wolssieal potential and ,
w wavefunctions l|f S -
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Angular Momentum -L
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