[.ection 3

3). Optics of excitons in nanostructures (4h)

(exciton -photon interaction, bulk polaritons, exciton -photon
Interaction in a SQW, array of QWSs;, short-period SR;

Bragg QW structures, diffraction from an array of QWWs and QDs,
polaritons in microcavities)




Reflectivity and transmitivity
of a single quantum well

D.(r,t)= j dtfdvgij (r—r’,t—=t)E;(r’,t")

r=(t-t) 7>0 R=r—r’

g (w,K) = Idz'j dRe™ "¢ (R, 7)
0

D, (@,k) = ¢, (0,K)E; (,k)



Sandwich B-A-B

B A B
Normal incidence
lot+kz
S - k =k =0
E e/a)z‘-kz x — Ky =
Ee/'a)l‘—kz L -

At the left —incident wave with the amplitude E,
and reflected wave with the amplitude E

At theright — transmitted wave E,



The only difference between A and B isthat thereare no
excitonsinin B = barrier, thereisexcitonin A = quantum well

rZE, t:E Reflection and transmission

5 E
If no absorption = MZ +\t\2 =1
@), - Exciton resonance frequency

Let 74" Exciton radiative lifetime
7 - Exciton nonradiative lifetime

it

After creation of the exciton its wavefunction ‘W (t)~e

-1

where Q,=w,—i(T+T,) T,=(2z)" I =(2r)



Coefficients (@) and t(w) areresponse functions

Reflection and transmission coefficients describes linear response
of the layer A on the incident el ectromagnetic field
These values should have poles on the eigenfrequencies =

r(w)=C, + _dr
@, —i(o+)—@
t(w)=C, + d,

As usually in optics, incident field induced polarization that

|s coherent with thisfiedld E..€



Let thewavein B, isasum of incident Eoe‘i“’t+ikZ and

| | o
emitted coherently by exciton waves Eoc€'“"

Due to mirror symmetry inz=0 — E,.=E
— tw)=1l+r(w) —> d =4,

Fare from theresonance—> r=0, t=1 —> C =0, C =1

If absorption is absent

‘ r ‘ t :I| :I
0 I

(@, — ) +T7?
Solve this square equation

_I_




Will get for reflectivity and transmission of QW
iT,

w,—o—i(T'+T,)
1T,

w,—o—i(T'+T,)

r(w) =

t(w) =1+

Absorption by QW

OTT,
(@, —a))2 +(1“+1“0)2

A=1-|r[ -t =



*Quantum well can not be considered as a dielectric media.
|/t iIsa2D molecule.

*We can't use usual dielectric function.

*Nonlocal response.




Exciton in a QW
Remaining
QW Exciton Schrodinger equation

21/ 2
(H; + HQ+ Heh)qlexc(re,rh):[E—Eg —%}‘Pexc(re,rh)

. B 0° HM=_ h”_ o +V, (z,) (holes)
Y +V,(z,) (electrons) ° oM 92 ! %
(0> 9% | €
He = — + - =J(p.—p.) +(z.-2,)
2 (apez ap,f) " r=(p.=p) +(2-2)

2D approximation eT -
0

Yoe(on) = =€"%0(p.2,2), 0(p.2,2)=1(p)0.(2)0,(2)
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Radial tria function, 2D hydrogen-like

f(p):\/fz:i;e_pas P =%) + (Yo vi)’

Bloch envelop functions are solutions of electron and hole 1D equations
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Exciton photon interaction

System of equation for electromagnetic field and exciton polarization

2
Wave equation for electromagnetic field  AE+ ciE?TD 0

For pI ane waves d_2 E = _(_wjz D= _(_wjz |:g E+A47P (z)]
— b exc
dz* C C

2

= L E(zt)+KE(zt) =K 4rP, (21) o= K=&k

dz

Equation for exciton polarization

2
o (e} 1 _nea,
|:Ih§_H0:|Pexc(Z’w):0{E(Ziw) * (a)on'b] ag A

H, - Hamiltonian of the mechanical pert of the exciton,



Solutions:

For electromagnetic field

E(zw)=E,(z,0)¢€ +47zk0_[ w)G(z,Z,w)dz'

G(z,Z',®) 1sGreen function of the wave equation

Inour case of 3D itis ~ &<z

For the exciton polarization

exc

AP (z,a)):j;((z,z’,a))E(z',a))dz'

Here ¥(ZZ,®) is susceptibility
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® (2) D, (2)

For QW exciton  y(z,Z,w)=ra eba)LTZ 3
@’ — -

Consider lowers exciton states

®(2) P (Z)
w,—w—I1T"

1(2.7,0) = rage w4

Substituting P.. intoeg.for E , weobtain

exc
E(zw)=Ege“+27i -2 3 J‘d 7" 7p, (7, )
Taking into account

E(2)

_E(9)-E(9¢” f— |
L E,(2)e"

E(2)e™

13



Reflection and Transmission coefficients

here

F0=27Zk0 e‘pcv‘ [_[d)(z)cos(kz)dz]2

Overlap of the EM field with electron and hole wavefunctions

D(2)®(Z)

@, = @, +%ka)ﬂ7za§ﬂ' dzdZ sink|z-Z

Renormalization of the resonant frequency 14



To describe exciton photon interaction we have
to consider equation for the exciton polarization
Induced by the el ectromagnetic field and equation

for the electromagnetic field induced by exciton
polarization.
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L ocal respond instead of nonlocal
Nonlocal =P, (2)=[dz'x(z2)E(2)

B A

B

-a/2 0 a2

Introduce formally dielectric function

£, (W) |Z| <al2
e(w,z) = /
& |4>al2 o effective oscillator strength
eff
Ep(w) =€+ “or

@, —w—iT



Reflectivity from a plate A

1-e
. : S _ -i¢
Summarizing all multiple reflectionsin A = rA—1 Zioy 2 € "I
—€ g,
Ng =Ny
here fea = Mg =&y Ny=4/&,y
Ng +N,

¢p=k,a  phaseshiftinthelayer A
Inthecaseif o <<T
i w7 sSin®

2w,—w-iT

Fa

o 2, 2,
consequently @it = sink a =~ —ko 3

17



Reflectivity from areal structures

Summarizing multiple contributions from surface and QW

2i
r=r,+ lorl1o® ¢2_ Fow here ¢p=kb+k(al2)
1-rofon€™’

. 2
r2 + 2Re{ loalow€ 2'¢ +‘ ‘

1+ 2Re{ 1l €] +r01‘ ‘

R_

R=R)| 1+ 2%l Re! 1o € |

r01

2
B2 n-1 | toalyy _ aly
. r, n’-1
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Reflection from quantum well defined by
Interference of the light reflected from the
surface and from the quantum well
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Obliqueincidence

R= I?2((00) [1"' S((oo) f (X’ (I))]

_ (cosg, -5
£, —SiN°
(@) = 8\/ 08 1 %o ; &, COSP, _p
°  &,008° ¢, —sin® @,

o Sin® + xcos®
r 1+ Xx°

f(x,®) =

c1>:2c1>1+c1>2+%
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Using obligue geometry we can suppress
reflectivity from the surface and by this way
Increase the contribution from the QW
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Exciton photon interaction asa function
of QW with

I, = 2;8':0 {12” Ucb(z) coskzdz]2

Narrowwells ak<<l o a<A

O_Ecb(z) coskzdz — jcb(z) dz

I, = % ke, 7ra; Uqﬁ (2) dz]2

21 .
Using trial function f (p) — f¢(2)d2=\/:—|11

T a

15 = [0.(2)0,(2)dz
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Overlap of electron and hole functions

R
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Exciton oscillator strength depends on
the nanostructure size
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Oscillator strength as a function of the QW width
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Short remarks related to oscillator strength

QW exciton wavefunction

_ 1 KR
D, —(Mje f,0 (P)0:(Z.) 9, (Z,)U.(r)u, (1)

Radiative damping
1 1

T ~| T2 O] [ 2.(2) coh(zh)coskzdz]2 here |, (0)] = oy

Oscillator strength  f2°: Ty =N f°

X

Because all unit cells can participate in absorption N=A-L,

Here A issquareof thesample = rz° ~

A
A,

2 A
A

For the bound (or localized) exciton  T'g* ~
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The oscillator strength of the bound exciton normalized on one

Impurity (or localization) center isequal to the oscillator strength
of the free exciton normalized on unit cell.

The exciton radiative lifetime is equal to the
Inverse exciton radiative damping.

It Ismaximal for bulk and minimal for qguantum
dots
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Oscillator strength as afunction of the environment

Qw
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’ r.QW

21
1- Fo1fow€

, .
Wy =) +1,9N2¢p

Iy =T,(1+r, COS20)

n-1 3—1_05

= —"~5,-05 = [, from 0.5, to ZLSF03

0



Exciton oscillator strength depends
on the environment
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Exciton reflectivity line-shape as a function of the environment

A+ Bx
1+ X°

reflection  R(@) =|r(@)| =R, +

|2

_a) _
here x=wF°, Ry = o

A=ttt S[t,t,,S5—2r, (1-5) cos2¢]

| L, o TG
B=2rt.t,SSn2¢p S= T S = T
n -1 4an,

inci [y ==l =——, U l,=
At normal incidence o1 10 0 +1 LET (n +1)°

A+ BX
1+ X°

consider R =R+
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A>0 B=0

11 1
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B>0

A<O
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Exciton line-shape depends strongly on the
cap layer thickness
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