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Fig, 1. Schematic size regimes for semiconductor nanocryatais
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SIZE EVOLUTION OF THE DENSITY OF
ELECTRONIC STATES IN NANOCRYSTALS

i defining characteristic of the
modern view of atoms is that
electronic energy levels are discrete
and well separated.

L contrast, the electronic levels in
crystalline solids are diffuse bands of
states.

n nanometer-size crystals, the
ensity of electronic energy levels
aries smoothly between the atom!

and bulk limits
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from A.P Alivisatos,1997



DOPING: DONOR IMPURITIES

Silicon I
atom added:

ompared to Si, Phosphorus has one extra
lence electron I
Hie extra valence atom is weakly bond to
P atom: an energy Ej=Ec-Ed« Eg|~

required to create a free electron frc
impurity atom

"his type of impurity is called dono
impurity



DOP NG: ACCEPTOR IMPURITIES

'-•Q.Q--

ihcon lattice with impurity Boron atom added:
Boron has one valence electron less than the

torn.
" n energy Ej =Ea-Ev« Eg is require

ectron in the valence band to fill the e
induced by the B atom. This transition <
holein the valence band.

This type of impurity is called accepWTimpurity.



Hydrogenic Effective Mass Theor MT)
L'équation de Schrödinge régissant le mvt du Donneur dans le potentiel
Coulombien s'écrit:

Lenergie d lonisation depend de la nature chimique du semiconducteur mais pas celle de







Exciton: bound electron-hole pair

Dans un cristal massif, I'energie et la fonction d'onde enveloppe de I'exciti
sont solutions de I'equation suivante

= EF\ r

Aux differents valeurs de n correspondent les niveaux
'excit

jue4 1
2|-|2 22£ZUZ n ex ,

fie
2n2



Quantum Wells

»Ws are formed from multiple heterojunctions. If a
thin layer of a narrower-bandgap material 'B' is
sandwiched between two layers of wider-bandgap
material 'A', then they form a double
heterojunction. I



Bexm-pz\) pour

\2m(V0-E



o 0 .2 0 .4 o. e o. a 1 1.2 1.4



Ouantum Confined Systems

Heterostructure Systems: Quantum Well (QW)

AEC = fAE empirically / = 0.65 for GaAs/AlGaAs

A I B I A
CB

Mil

hh2
VB

f

1
QW

Each state (cl, c2, hhl, hh2,
etc. corresponds to the
formation of a two-
dimensional subband, which
is free electron like in plane
parallel to well.
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Quantum Confined Systems: Optical Properties

The effective bandgap in a QW system:

+ E\ (electron) + E\ (heavy hole)

The effective bandgap will be
larger than that of well
material. It can be changed
by varying the well width L..
The blue shift of the effective
bandgap is called "quantum
size effect".
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l.SlS = 600

FIG. 2. Typical absorption spectra at 2 K, Tho t r ac -
es Labeled £ , =210 A and Z,c^l40 vV ahow excitoas a s -
sociated with the electron and holCj each in the ™th
bound state. For Lff = 4000 kt the absorption coeffi-
cient ^ (cm"1) 35 about S.H'J x lO1 at the ejioiton peak and
*1 x 104 in the band-to-band region. Similar valuea
are obtained for the thinner multilayers.
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Quantum Dot

QD result of the nanocrystal being smaller than the bulk
semiconductor Bohr exciton diameter.
By forcing the electron and hole to occupy a space smalL
normal equilibrium distance in the bulk material (dotted 1
more energy to promote the electron from the valance ba
conduction band
Hence the smaller the nanocrystal is the larger the band £
material is and the bluer the emission from the nanocryst
Nanocrystals have mainly interesting properties resulting from
quantum confinement effect

. Bohr Exciton Diameter

(The Rosenthal Group at Vanderbilt



ELECTRONIC STATES IN NANOCRYSTALS



Bulk semiconductor



Nanometer-size crystals of inorganic solids are the topic of much current
research area in materials physics and chemistry.

The physical properties of such crystals vary systematically as a function
of size, according to scaling laws.

Nanoscience attempts to make and organize materials on
length scale, and also to understand the evolution of the bulk properties
from the molecular properties in this region. B B

Very small clusters are essentially molecules with chemical bonding
different from that in the bulk.

As a cluster grows, it will at some size adopt the unit cell and bonding of
e bulk lattice - Such particles are

are crystalline matter that is very finely divided, but it is still
large compared with the atomic limit!



he emission from a nanocrystal comes at a very specific energy,
depending on the size.

• Nanocrystals may be thought of as a new class of tun dye
molecules \

I RL \ — a} ("ulur J]mH-csccno; ima^c uF(JD pahmei cumpuwitL ruili CKuiEcd by J I J V HU Lump (t\wu r
dii uf (CdSuJZnS ODs • 10 A. LJ A. 2] K,B A| bj Eind-uci photucnphx of C)D pulymLr ccimpuiL

I X 4>xdLci3 by 2 l.'V tamp from bclun-. Th«L ixxJs arc p ju l iuncd un Lfw CEE uhrania.iirity Jiuajurn nc-
JiTiJ Lu Oic i^mipijLud LiiurJinak^ (

Full Color Emission from II-VI Semiconductor
Ouantum Dot-Polymer Composites

f Jinwook Lee, Vikram C. Sundar, Jason R. Heir
Moungi G. Bawendi, and Klavs F. Jensen

A family of Qdot particles can be made to emit
a Ml spectrum of colors when e xcited with a
single excitition source.

Reprinted with permission from Felice Frankel.
Copyright, 1998 Felice Frankel, MT.



The magnetron Rf-Sputtering technique has been
applied to the fabrication of small crystal-size of:
CdS-doped SiO2 films; CdS-doped Al2O3 films

(Braga)

• • •

ttitf

TEM image of CdS-annealed film (R#A8-3). The mear
diameter is ~6nm.



pour r <R

pour r >R

A-e \PllJJr)=0



Optical Transitions in a Q

En absence d interaction coulombienne, I etat de plus basse energie d,
trou a une energie plus grande que le gap du semiconducteur massif d

ire electron-
uantite

donnée par:

R((a B ex

V
R



CONFINED ELECTRONIC STATES IN
SEMICONDUCTOR QDS

Semiconductors quantum dots (QDs) possess discrete excitonic and phonon spectra

approximation (EMA) is well known [Ekimov A.I. et al, JOSA (B) (1993)]

E(R) =
2 2 2 2

+ -1.786 0 . 2 4 8 ^

ssume

to be spherical, α e and αh are the roots of a certain characteristic equation, ~ ^ the
electron charge and fi is the Plank's constant, me* and mh* are the effective masses of
the electron and hole, and and K and Ea are the relative dielectric constant and bulk

exciton energy of the QD materi



• The systematic variation of the density of electronic states as a function of the size is
seen clearly in the optical absorption spectra of semiconductors. ^ ^ ^

• In smaller nanocrystals, the threshold energy for absorption is shifted to higher
energy (lower wavelength), and the spectra start to develop discrete features.

2 1 A diameter
A
M
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5 2

Figure 2 (a) and (b): Size ©volution of the density of electronic states in nanocrystals, and
the resulting optical absorption spectra
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Optical Transitions

Via defauts
mpuretes



Transition bande a bande (sc a ga
direct)

coefficient d'absorption est donne par:

a(hv) = A*\hv-E 11/2 A »
2(2m.

i3/2

nek

h2t
2m^

"i "h

• 1 1 1

E,=







Absorption coefficient of magneto
Quantum Dots

coV

is the initial state of the donor (occupied) and Et

corresponding energy

is the final sate (empty) and Ef is its
corresponding energy





Coulomb Energy

Eke trie Energy = ri.z

Magnetic Energy
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Initial state

crystals

CuCI

CuBr

CdS

CdSe

ZnS

a [A\
B \ 1

6.896

11.910

24.981

39.878

9.824

RB (meV)
192.840

115.500

33.882

18.406

140.831

r
0.0145

0.0431

0.190

0.484

0.029

Values of the effective units of length, energy and magnetic field for B=







we use the second ordre perturbation
theory

nfm

nt "
m\l)[t- -m

= R4 jV' J2
t+ll2(kntRt)dt

nlm

The quantities knt are given as solutions of the f ollowj
equation

Jt+i/2\ktnR) -
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CdS

B-OT
B=5T

excentree

T71

20
f A

103 110

Photon energy (meV)

0-

70 30 90

Photon energy(meV)

The peak value of the absorption coefficient for infinite CdS QD as a function of the photon
energy for two magnetic field values B=0T and B=5T when the electromagnetic field is
polarized parallel to ri a) for a weak geometric confinement regime and b) for a strong

geometric confinement regime. E1 and E2 correspond to transitions involving donor at the



presents essentially two peaks; one at
higher energy associated with impuritiesM
located at the QD center, and another at
lower energies corresponding to transitions
involving donors at the QD edge. I
The off center absorption peak is much



Polarisability of magneto-donor in a
Quantum Dots

Magnetocapacitance measurement at low frequency (Low temperatures)

Cristal

Impurity

NJcm3)

s-1
e + 2 3

ND

Clausius Mossoti,

Ge

3.1+0.3 2.4+0.

As

1.0+0. >8+15



E(r\) = E(0)





¥o(P>z) =

N(f)(p)(f)(z)exp
8b2 %a2

\/H

pour z\{—

Az exp\— k2z z) pour z|) —



The polarizability values as a function of the dot radius
and several values of length (finite and infinite barrier).



The polarizability as a function of the magnetic field intensity γ
for several values of the radius R and for the length

H=6a*(finite barrier case).



Constant Couplage
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a* = 8.36 Å



H =-\' —

V(x,y) =

He-Ph = Wqa*q exp(-/q.r) + Va exp (iq.r)\



cos{kx)cos[knvy)exp{ikz.z)







(c): sans phonons LO
(d): avec phonons LO



Gallium Arsenide

r point :Jfc = (0,0,0) Conduction band:

Lowest valley: f-valley

Upper valley; £-va]|cy

X point: A = 2n( 1,0,0)
a

L point :Jfc = n (1*1,
a

L [iii] r L [Nl ] T [100] X

k
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Lattice Constant (A)
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InAs QDs InGaAs QDs InGaAs QWs

+ InGaAs
QW

+ GaAsN
QW

ln(Ga)As / InGaAs/lnGaAs
GaAsN InAs/lnGaAs

QDs QDs

InAsSb
QDs

InGaNAs
QWs

InGaNAsSib
QWs



Conclusions
•The ls-2p+ transition energy increases as f uncti<
of the magnetic field and the ls-2p- transition energy
may be increased or decreased as function of competion
between the magnetic and geometric confinements.

ietic

i
on£2As a consequence, of the scaling laws the absorption

coefficient varies systematically as a function of quantum
dot size.

ion
of the absorption peak and a displacement of
threshold energy.



Summary
Discrete energy levels, artificial atom

Making better lasers

Lots of room for further research!

Do it with Dots !
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