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OPTICAL POLARISATION

Polarisation in second quantisation:
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With the field operators in the Bloch functions basis: &(r, i Z axx(t)va(k,r)
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Pair function:
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ESNONCOF MOTION FOR THE PAIRT RN GRS

Interaction with light in dipole approximation:
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Electron Hamiltonian:
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Dynamics of interband polarisation function (from Haisenberg equation of motion):
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piese GING™ TIHE EQUATION FOR POLEARISENRIEIN

Quasi-equilibrium:  nex(t) = fek Wkl T
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Recipe to solve:
make Fourier transform into frequency domain,
solve equation,
find the result by back transformation into time domain
(already seen In free carrier case)
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Fourier transform into real space:
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WANNIER EQUATION IN 2

Solve first homogeneous equation:
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2D exciton bound state energies:
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2D exciton wave functions:
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The normalised wave function for ionisation continuum in 2D:
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WAVE FUNCTIONS FOR EXCITONS IN 2D




D TICAL SPECTIRUIRS

To solve the inhomogeneous equation for the polarisation: P, (r,w) = Zby Y, (1)

Put the ansatz into inhomogeneous equation for B find
coefficients b, make many Fourrier transforms:
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Known relation:

Electron-Hole Pair susceptibility:
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resonant non-resonant




O AL SPECTRUM N 2

The resonant part of the optical susceptibility in 2D case:
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2D Elliott formula (absorption spectrum):
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Normalised detuning: /
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SR @RENON SPEC TRUM FOR 2D SEMICONBEIE

Coulomb enhancement factor:
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N@IF=S"ON EXCITONS IN 2D NANOSTREGHRS| i

X The theoretical description is very close to the 3D case

X The absorption line of the |s exciton is better resolved than
in 3D case, but the further excrted exciton states are more
»dissolved” In the absorption spectrum of free carriers

* The absorption at the band gap edge is enhanced by the
Coulomb interaction




WANNIER EQUATION IN D CAS

h2V2
_ [ Zmr + V(r)] Y, (r) = Ep1,(r) VWannier equation

In I D case we have to replace the Coulomb potential with envelope
averaged potential in a quantum wire (radius R):
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| D exciton bound state energies:
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| D excrton wave functions:
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WEN@ AL OPEC TRUM FOR 1D SEMICONIEIS G R

Optical susceptibility in |D case:
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SR @R RGN SPECTRUM FOR |

Sommerfeld factor:
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The pick in absorption from | D free carrier of states is suppressed due to Cpulomb
interaction. The band gap energy cannot be defined from absorption spectra

excitons

free carriers |
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NOTES ON EXCITONS INTD NANOSTRUCTURES

X The theoretical description starts from general Wannier
equation, but requieres special treatment

X The absorption line of the 2s exciton is well resolved, the |s
state does not contribute to the optical spectrum due to odd

parity.

* The high excited states in a quantum wire are described by
odd wave functions, therefore do not have any fingerprints In
the spectra.

* The absorption at the band gap edge is reduced by the
Coulomb Interaction




QUANTUM DOTS: 0

Approximation for the electron wave function:

Y(r) = ((r)uy(k ~0,r)
/i e

envelope function Bloch function in bulk material

Boundary conditions: Y(r > R) =0

Hamiltonian for excitons in quantum dots:

(N il Ve T VYRR T Ven )




EXCITON STATES IN QUANTUM

Ansatz for exciton wave function:

s} = / / @1 i on (o, T B (x)P! (T1) [0)

Inserting this state representation into Hamiltonian (***) gives:
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RO WAINON FOR THE EXCITON WAVE FEINGE
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Blueshift of absorption frequency for

smaller quantum dot sizes Simultaneous excitation at 365 nm
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SINGLE PARTICLES STATES

Approximation for exciton wave function:  Eep nim = Fe nim + Fh nim

Use Schrédinger equation to find eigenvalues:  H|we) = Ee |1e)

Apply ansatz the} = / &r . (0)d1 (x) 0)

2
Single electron eigenvalue equation: - 2h V. (r) = (E. — E,) . (r)
Me

VWave functions for single electron

In a quantum dot (the same applies for single
hole states, just exchange the index and
exclude band gap energy from calculations )
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DIPOLE TRANSITIONS

To know optical response, we need to know dipole moment matrix elements:
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Intraband transitions Interband transitions:

creation and annihilation

of excrton pair states
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Intraband transition dipole moment matrix elements:
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FE@@ENEQUATIONS FOR SINGLEEE G HESN

Assume two level system - ground state and exciton state:

H = hwele){e| (wo = 0) o
Interaction with light: <Iu>
o>

Hi = —pieo|€) (0] = ioe|0) (€]

pij = dij - E(t)

Density matrix:
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0
Dynamics of density matrix elements: ihap = |H + Hy, p|

Solution:
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OPTICAL SPECTRA FOR QUANTUM DOTS

Linear polarisation:

Plz"n, e doepeo G Xlin = Plin (W)/g(w)

To the first order of the field and with phenomenological damping constant:
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Linear optical susceptibility:  Xlin = = Z [ s [7 T

Linear absorption coefficient

4922

11. 38s8 4026 H, 4472 4713 HF.; G015 III. 3888 4026

(a) Helium-"real atom”

s-shell

(b) Quantum dot-"artifical atom”




NEGATIVE OPTICAL ABSORPTION

Non-linear regime:

by certain light intensrity
optical gain can be
obtained.

Application:

quantum dot laser

Absorption (a.u.)

30 40 50
Detuning




COLLOIDAL QUANTUM DOTS

Broadening of the
absorption spectrum due
to variation of the radii of
the dots (Gaussian
distribution)

Shift of the
excrton
energy In
different
size
quantum
dots

Absorption (a.u.)

35

3
Energy (eV)

Luminescence
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In(Ga)As/GaAs, In(Ga)As/InP, SiGe/Si or CdSe/ZnSe

Heteroepitaxical growth methods:

-

Volmer—Weber

Stanski—Krastanow

Photoluminescence spectrum

Wetting
layer

PL Intensity (arbitary units)

1150 1200 1250 1300 1350 1400
Energy (meV)

1450




GATE DEFINED QUANTUM

Quantum dots In quantum wires:

Quantum dots in a 2D heterostructure:

gate depleted

_ region
Ohmic
contact




IREEERFAEETFL/C TUATION QUAINIREIN

AlGaAs

Photoluminescense spectrum

1655 1660
Energy (meV)




N@IEESSOIN EXCITONS N QOUANREINSIS

* Quantum dots exhibit atom-like optical properties: well-
defined absorption peaks

* The size and form (confining potential) of a quantum dot
have significant influence on optical properties

* The energy eigenvalues for exciton states can be defined
analytically in a strict approximation, otherwise only numerically




WANNIER EQUATION IN 2

Solve first homogeneous equation:

h2V : .
_ [2m 4+ V(r)| ¥(r) = E i, (r) VWannier equation

2 h2
With scaled radius p=ra and )= < /_ mr Ey = ;
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X < 0 ionisation continuum

2D Laplace operator, polar coordinates:




- ECTRON WAVE FUNCTION IN 2

Equation for radial part:

Ansatz:

assymptotic behaviour for p — 0 and p — 00

Inserting in (*) gives:

0°R OR 1
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Solution:

It
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2D exciton bound state energies: with n = 0,1,...




2D EXCITON WAVE FUNCTIONS

2D radial wave functions:

Vmaz frnm(p) = Cpl™e=23" B,p”

foo(r) = %46_2’7“’0

Fro(r) = s (1 s ) €%
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2D exciton wave functions:
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[ONISATION CONTINUUM IN 2

A negative

The same ansatz for radial part: £, (p) = pl™le=5 R(p)

The equation for R:

0°R R 1
'08—/)2_'_(2|m|+1_p)8_,0_ (z|)\\—|—|m\—|—§) RA=10)

The normalised wave function:
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WANNIER EQUATION IN D CAS

h2V2
_ [ Zmr + V(r)] Y, (r) = Ept,(r) VWannier equation

In I D case we have to replace the Coulomb potential with envelope
averaged potential in a quantum wire (radius R):

1D e? 1
()= € |z| + 7R

general scaled VWannier equation (—V% — é) Y(p) = —iw(/)) )

P
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in D case p%C:OA(]Z\-I-’YR) Vi:a_@

Equation () in 1D case: Assymptotic behavior for large radii (distances):

f(¢) = e 3 R(C)




ERE@IERON VWAVE FUNCTION IN A QUANIREIMEEAINE

VWannier equation in | D case i1s Whittaker equation:

GE ke .
<8_@+Z_Z+ ;2 )VTVM(C)O =117

Whittaker functions

| D excriton bound state energies:
1

A2

| D exciton wave functions:

i) = Nty (ZEER) e a0/ i =0)

E\ = —FE,

A from boundary conditions

Eigenvalue for the ground state:
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e. g. GaAs/GaAlAs wire: EAO i 5E0




[ONISATION CONTINUUM IN' |

Scaled Wannier equation with X\ negative;

- (35D r0 =0

Two independent solutions (Whittaker functions):

Wflz-)|A|,1/2(C) = D(L+dA)Ce™ " [F(1 +i|A,2;¢) + G(1 +4|A], 2; Q)]
IANCe ™2 [F(1+4|A,2;¢) — G(1 + ||, 25 Q)]

Even electron wave function combined of these two solutions and normalised:

= 1/2
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