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Classification of luminescence by intensity

Low-fluence (Weak) excitation (0.01- 10 W/cm?): gas-discharge lamp, incandescent lamp,
continuous-wave gas laser

- Recombination of free excitons (FE or X; FE-LO phonon)

- Recombination of a bound exciton (BE): (D°-X; A%-X; D*-X; A—X, isoelectronic impurity)

\/— Recombination of donor-acceptor pairs (D°-A0)

\/ - Recombination of free hole/electron with neutral donor/acceptor (h-D°; e-A°; e-h)
1sun=0.1 mW/cm?2=0.1 W/cm? =1 kW/m?

High-fluence (Strong) excitation (1 kW-10 MW/cm?):

& - Radiative decay of excitonic molecule (EM or XX)

- Luminescence from inelastic collisions of excitons (X-X collisions)
- Luminescence of electron-hole liquid (EHL) or electron-hole plasma (EHP)

)( - Bose-Einstein condensation of excitons or excitonic molecules

These excitations can occur simultaneously, in these two chapters
we focus on low-fluence excitation and neglected luminescence
from excitons



Excitons

* Electron and hole not independent, treated as one quasi particle
* Energy < E, because of Coulomb interaction

* Three types

1. Frenkel exciton
* Distance about one unit cell
* Molecular crystals
2. Charge transfer exciton
e A bit larger radius
e, O CIYSIaLS et ees et s s
: 3. Wannier exciton
* Separation over many lattice constants
* Moves freely, delocalized wavefunction (if not bound, we will discuss later)

* Free excitons

: * Bound excitons



@ ] (h) ] : e\
I i " Tam ° AN~
Wannier exciton SONSSSVL
BEENEEY;
° ° \ e/
: : mee)
* Radius estimeted to be a, =100*a, = 5nm ! T
* Binding energy estimated to be 13meV () Ep contimun "
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Wannier exciton — Absorption spectrum

Direct bandgap
e Dipole approximation
a(hv) ~ (hv — Eg)'/?,  hv > E,.

* T =0K, no kinteic energy = only vertical
transitions (k)

* As in hydrogen atom, absorption line series

E
hv=Eg— —, n=12.3,...00
n

* Intensity is proportional to - 1/2*

* Also, enhanced absorption above Eg
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Wannier exciton — Absorption Spectrum

Indirect bandgap

* Group veolcity of e and h equal
1 9E

" h ok

 Minimum energy if Ki= KKy’

Ve

* Onset of absorption #v = Esi—Ex +ho
* Transition (1) and (2) equally probable -
density of states important
[E~(Egi~Exmn)1"/?.

* Note: excitons with non-zero kinetic energy
possible!
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Resonant luminesence : direct E, : free exciton-polaritons

@ RTEGCIENC
. . . hoton upper polariton
* Absorption != emission E\ Viompexim E | Jbranchwpg) E

o Arr
exciton
like ;r__

* Strong reabsorption

. . . | lower polariton
* Photon-Exciton dispersion SI branch (LP5)
curves combined m“] . [ P [
= oton g —Lx 0
. like
* Degeneracy lifted : band | | K | llg R
S p | itl.-i N g _— emission intensity
. . 5 TG:afSK )
* No simple equation s o0y} ir
1.5|10 1.5I12 1.5I14 1.5|16 1.5I18 8

Photon energy (eV)




Luminesence : direct E, : free excitons and OP

hvx_m1.0 ~ (Eg —Ex) —mhwy, m=1,2,3,... (a) ‘J hekies
E n=2
* Very strong lines, why? . E)/————/nzl
* Energy of photon < Eg g
 All excitons regardless of k can participate hv
* Lineshape Maxwell-Boltzmann + varriaiton |
. : - k
* Probability of phonon creation 0 h? | m o
(b) | |
A I |
IS(I’)n) (hV) ~ (hl) - [(Eg - Ex) — mth])1/2 hal;:o Optz‘:cal vibrations E
hv — [(E; — Ex) — mhw | —
xexp | — [((Eg — EX) 0] : Ji—
kT i :
| | i
W(m) (mqphonon ~ Kexc), : acoustic vibrations E K
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Luminesence : direct E_ : free excitons and OP

hvx—mro ~ (Eg — Ex) —mhwy, m=1,2,3,... (a)

q phonon

7
* Probability of phonon creation v Koo Ko @t Tpnonon

q photon

1/2 IKBXC| ~ |qph()n()n|

I8 (hv) ~ (hv — [(Eg — Ex) — mhax))

qpho non
[ hv — [(Eg — Ex) — mhwo]] /
Xexp | — /\

kgT
( ) photo
w (mqphonon N Kexc),
* m =1 - phonons with A similar to linear size of K exc=@photon* Dronor* A honon
. 1 ~ 2
exciton are more probable < )(qphonon ~ Kexe) ~ Ko

q photon

Is(;})(hv) ~ (hv — [((Eg — Ex) — ha)o])3/2

hv — [(Eg — Ex) — o]
exp | — ‘T
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Luminesence : direct E, : free excitons and OP
hVX—mLO ~ (Eg _ EX) _ mhw()a m = 1’ 29 3’ o o . (@) 9 phonon
"

* Probability of phonon creation

I8 (hv) ~ (hv — [(Eg — Ex) — mhaq])'/?

(b) q;honon
hv — [(Eg — Ex) — mhawo] /
xXexp | — S
P kaT q/\ . Ko
W(m) (mqphonon ~ Kexc), 4 bhonon

* m =2 - many possibilities, Maxwell like K o= Qoon Lonont Lhonon

\/
I
a

I (hv) ~ (hv — [(Eg — Ex) — 2hawo])'/?

hv — [(Eg — Ex) — 2hax]
exp | — kT
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Luminesence : direct E_ : free excitons and OP

hvx_mio ~ (Eg — Ex) —mhwy, m=1,2,3,...

* Free exciton recombination is a linear function of
excitation intensity

* Aucustic phonons have too small momentum

* Has to be optical ones — are they allowed?
* Symmetry argument : YES
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Luminesence : : free excitons

* Exciton and phonon dispersion curves ) jrewie WWZ:
don’t cross — no polaritons W'“&/n_l )
* Phonons assist: whole populaiton can ohoton \%on ; Ihwz(FEI)h -
recombine EulEa-Eolm 2
* Probability doesn’t depend on phonon | £
momnetum = Maxwell-Boltzmann o Lu(FE)
0 «N, S I G N N I
Ki=qQpnonon  (K-Kj)=Kexe ] & 1
e
S

hv — [(Egi — Ex) — hw]

I (hv) = (hv — [(Eg — Ex) — hw])'/%exp —
kpT

sp(1)
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Luminesence : indirect Eg : free excitons

* Which phonon will participate?
e Selection rules based on symmetry
e Si: LO, TO, LA, TA but LA and LO degenrate at X

* Impurities in crystals make transitions without phonon possible

* Linear depencence on pump intensity
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Classification of luminescence by intensity

Low-fluence (Weak) excitation (0.01- 10 W/cm?): gas-discharge lamp, incandescent lamp,

continuous-wave gas laser

- Recombination of free excitons (FE or X; FE-LO phonon)

- Recombination of a bound exciton (BE): (D°-X; A%-X; D*-X; A—X, isoelectronic impurity)

\/— Recombination of donor-acceptor pairs (D°-A0)

\/ - Recombination of free hole/electron with neutral donor/acceptor (h-D°; e-A°; e-h)
1sun=0.1 mW/cm?2=0.1 W/cm?2=1kW/m?

High-fluence (Strong) excitation (1 kW-10 MW/cm?):

& - Radiative decay of excitonic molecule (EM or XX)

- Luminescence from inelastic collisions of excitons (X-X collisions)
- Luminescence of electron-hole liquid (EHL) or electron-hole plasma (EHP)

)( - Bose-Einstein condensation of excitons or excitonic molecules

These excitations can occur simultaneously, in these two chapters
we focus on low-fluence excitation and neglected luminescence
from excitons
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Bound Excitons Si horo(FE)

Dominates free excition

* Large radius: likely to encounter a trap
e Giant strength from all unit cells within the volume

h
* PL can give us defects! D, L AN

. . , 102 104 106 1.08 1.10 112 1.14 1.1
* No kinetic energy --> no broadeing with T Photon energy (eV)

E I'=25K
z
* Localized, looses kinetic energy 5 Aso(BE)
® y— T ’
* Extrinsic S Asyp(BE)
>
%
5
z
=
—

* Linear dependency on intensity until saturation

* Lower hv compared to free excition, no kinetic energy
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Bound Excitions : shallow impurities

€ electron,

R, hole,

De......ccon.... neutral donor; also D?,

Oh. oo, neutral acceptor; also A°,

FE................ free exciton,

< Y ionized donor; also DT,

S J ionized acceptor; also A,

Deh.............. exciton bound to ionized donor; also (DT—X) or (DT, X),
eeh.............. exciton bound to ionized acceptor; also (A™—X) or (A™, X),
Geeh............. exciton bound to neutral donor; also (D°-X) or (D°, X),
®heh............. exciton bound to neutral acceptor; also (A’-X) or (A, X).

®+FE - ®eh + D

h =FE—-D{=Z(E, —Ex)—D
®eh - @+ hvpg, } VBE 1 = (Eg — EX) 1



Bound Excitions : shallow impurities

D1 e |onized

Deh.............. exciton bound to ionized donor; also (DT-X) or (DT, X),
SV BT, 5 i 2o 2ok 6 5 exciton bound to ionized acceptor; also (A™-X) or (A~ , X),
. D] A
* D1 hard to compute theoretically e -
* Effective ma
cHVE Tass | (D™-X) (A-X)
e Light hole in +eh will break away from the neutral +e g ~

* Heavy = small kinetic energy

. . = 0. l/g=2.33
* A—Xunlikely holes are usually heavier l /
([

Esx » Neutral : stable for any effective mass ratio 0 T
—Me I’}’lh e
Peeh............. exciton bound to neutral donor; also (D°-X) or (DY, X),
@heh............. exciton bound to neutral acceptor; also (AY-X) or (A?, X).
hveg = FE — Epx = (Eg — Ex) — EBx Direct

hvgg = FE — Egx = (Egi — Ex — ha)) — EBx Indirect 18




Bound Excitions : shallow impurities

* Here: D1 > Epy ! DX
 D1(D*-X) emission more redshifted E(DO_X L
than EBx(DO-X) i (D+'X) iDl(D+'X)

or l=

(h-D),

* This is material dependent

Dl)EBX-

Luminescence intensity (r.u.)

x 1

| | I I U |
833 831 829 827 821 820 819 818 817
Wavelength (nm)

0o O O =me/mp
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Bound Excitons : shallow impurities

* Hayne’s rule

* Not only effective masses, also atom itself!

*Si:ra=0,b=0.1

Egx =a+ b Ep

Exciton binding en. Egy (meV)

Binding energy of donor £}, acceptor £, (meV)
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. (a) (b)

° ° 4 BE *OC5
Bound multiexciton complexes ==
2BE v 3 . _
T (R
] o ] ] ] IBE=DX) ¥ <z |y
* Shift of emission line by sum of all binding D I
energies N i 4 S 4
Se+FE— Geleh) + bpx (& TR o
@e(eh) — Ely + FE - @ e(2eh) + ESX) e T=42K
E] =R
®e(2eh) — (Egy + Egy) +FE > @ e(eh) + ES, A
D L s
©e((m—1)eh)— Y EYY+FE > @e(meh) + ER. (7.24a) S ||FiSE =
P g | 2! o oo =
. . A
* Intensity decreases for higher m L L j{ _
* More probable in indirect because longer T oo

lifetime
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Quantitative analysis of shallow imputities in Si

* BE/FE
* Challenges:

Detector
range

High S/N
High
resolution

Need low
excitation

Table 7.2 Spectral positions of luminescence lines (TO-replicas) due
to excitons bound at various impurities in Si; 7 = 4.2 K*

Impurity Type Wavelength (nm)
P SD 1135.13
As SD 1135.97
Sb SD 1135.04
Bi SD 1138.32
Li ID 1133.74
B SA 1134.39
Al SA 1135.60
Ga SA 1136.15
In SA 1144.83
Tl SA 1177.59
C I 1164.36
free exciton - 1129.76

*)SD stands for a substitutional donor, ID interstitial donor, SA substitutional
acceptor, I isoelectronic impurity.

Luminescence intensity ratio BE/FE

102

101

10°

13_/%

boron

phosphorus

10" 10
Dopant concentration (cm—3)
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Bound Excitons : isoelectric impurities

* Impurities from the same group
e Same number of valence electrons

* N for Pin GaP & | for Br in AgBr lodide impurity emission

* Electronegativity Zef = lodio (BE) Tid 44 (103 /3)
. Ito (FE)  trE

* Linesha pe Free exciton emission

* Short range forces : no broadening

e Exciton-phonon interaction

* Weak --> narrow line (small reaction from surrounding lattice)
» Strong --> broader line (larger ineraction with surroinding lattice)

e Effective enhancement!

23



Bound Excitons : isoelectric impurities

* Why such effective enhancement?
* Trapping
* No Auger recombination

e Strong localization in x -> strong delocalization in k
* AxAk<1/2
* Can stretch all the way to the direct Eg!

Tod; o (BE
ter = 2dLo BF) Thod 454 (103/3)
Ito (FE) trE

24



= @ 2.=35120nm AgCL||(®) 7,-197k
. = T=2K
Self trapped excitons < 1
+
* Strong exciton phonon interaction 8
* A moving exciton polarize its é
surroundings (hole is the heavier, drives) £ [
. -
* = moves slower = more polarization =2 , e

slows down even more = more 400 450 500 550 380 382 384
... . : Wavelength (nm)
polarization = stands still = localized

* Local energy minima
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Classification of luminescence by intensity

Low-fluence (Weak) excitation (0.01- 10 W/cm?): gas-discharge lamp, incandescent lamp,

continuous-wave gas laser

- Recombination of free excitons (FE or X; FE-LO phonon)

- Recombination of a bound exciton (BE): (D°-X; A%-X; D*-X; A—X, isoelectronic impurity)

\/— Recombination of donor-acceptor pairs (D°-A0)

\/ - Recombination of free hole/electron with neutral donor/acceptor (h-D°; e-A°; e-h)
1sun=0.1 mW/cm?2=0.1 W/cm? =1 kW/m?

High-fluence (Strong) excitation (1 kW-10 MW/cm?):

& - Radiative decay of excitonic molecule (EM or XX)

- Luminescence from inelastic collisions of excitons (X-X collisions)
- Luminescence of electron-hole liquid (EHL) or electron-hole plasma (EHP)

)( - Bose-Einstein condensation of excitons or excitonic molecules

These excitations can occur simultaneously, in these two chapters
we focus on low-fluence excitation and neglected luminescence
from excitons
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Highly Excited Semiconductors

* Until now only 0.01 — 10W/cm?
* Now: 1k-1MW/cm?

* Pulsed laser

* New emission lines:

* Radiative decay of excitonic molecules (=biexcitons) M

* Collissions between excitons P

* Luminescence of electron hole liquid or electron hole plasma
* Bose Enistein condensation of excitons or biexcitons

Wavelength (nm)
486 488 490 | 492 | 4
Ly CdS
T=18K

excitation laser
power

10

M
J] P Ths
M 2.8
x1/1.9
1.9
Iy x 1 1
<1 N\ X-LO ~ |
Hg excitation

255 254 253 252 251
Photon energy (eV)

Luminescence intensity (linear, r.u.)

- Not today ®
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Highly Excited Semiconductors

When power is increased the concentration of free excitons increase

When the mean separation is about two times the separation between electron
and hole = interaction

Reality: density not homogenous but rapid decrease from surface
* Two photon excitation

Indirect E, - lower threshold
Mechanical threshold!

29



Fusion of two excitons into one quasi-particle

Stability depends on ratio between effective masses

>
Typical values 0.5-0.1 - E, = 0.1E, s - -
* Less resistant to thermal dissociation § - e]///
e 1.3-50K needed ;; //
Radiative recombination: €2
* Biexcition = free exciton (n=1 state) and one photon 0.3%b, ¢
e Mline d f




Direct semiconductor
* Fermi’s golden rule IM(hv) ~ on(hv) far (Av)| My |
* M,,independent of hv

* Effective temperature T,

(a)

2(E,-Ey)

* Population factor f,, : Even n umber of fermions : total
spin integer : bosons : don’t have to take population

factor into account
* Inverse Maxwell-Boltzmann distribution

 Recombining exciton takes a recoil k

IM(hv) = [(Eq — Ex — Ep) — hv]'/?
cXp {_[(Eg — Ex — Eg) — hv] /kgTwm}

excitonic

N

IS
0
Sy

n

> K

2(Eq — Ex) — Eg = hvy + (E; — Ex)

hvm = (Eg — Ex) — EB
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Direct semiconductor
* Fermi’s golden rule
* M,,independent of hv

* Effective temperature T,

I3 (hv) ~ pp(hv) fp(hv)| Myi|*

intensity (r.u.)

= ¥

)

* Population factor f,, : Even n umber of fermions : total

spin integer : bosons : don’t have to take population

factor into account

* Inverse Maxwell-Boltzmann distribution

 Recombining exciton takes a recoil k

IM(hv) = [(Eq — Ex — Ep) — hv]'/?
cXp {_[(Eg — Ex — Eg) — hv] /kgTwm}

Wavelength (nm)

3925 3920 3915 3910
1@ cycl
T=42K M,
C 3160 3165 3170
Photon energy (eV)

2(Eq — Ex) — Eg = hvy + (E; — Ex)

hvm = (Eg — Ex) — EB
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Phonon assistance

Can’t use joint density of states

IM(hv) = /PM(EM)fM(EM)PX(EX)fX(EX) ‘ My

2

Parabolic approximation of densities of states

Lower integtion limit av = hv + hiw — Eo.
Bosons in groundstate : ignore f,

Sm(em) =~ exp(-em/kTm)

Matrix element not constant: changes with k

dewm.

Luminescence

Iiﬁd(hv)%/ «/eM\/w——HfM(EM)fx(EX)‘Mg[
hv

2
dEM.

(b)

exciton

excitonic
molecule

| )

2, Tx=Tu=19K

AgBr
I'~3K

2 MW/cm?2

4
Y0
.

ok
-----

464

466

468 470

Wavelength (nm)



Intensity dependence

* Expect quadratic depence: two excitons have to
be created

. . M Jn
*n=1.4-1.6inexperiments I~ lx

* Model with characteristic material dependent
excitation intensity

™ ~ const(y/1 + Ix/Io — 1)*.



Binding energy
e Direct: difference between FE and BE

* Indirect: Same but use fit of EM to get energy
position at dispersion curve minimum

* Also: themordynamic by FE and M position as
function of temperature

M line drops quicker than FE line when T
increases, lower binding energy

A\

1.0

0.3

1 mW

0.1

1H

1 ' H K\\
\\

1 2
1/kgTy (meV)
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Summary

* Free excitons

* Direct bandgap: FE or X or FE-LO phonon
* FE polariton or (optical) phonon assisted

* Phonon assisted
* Linear function of excitation intensity

* Bound excitons
» Shallow impurities (donors/acceptors)
* Narrow line
 |soelectric impurities
* Narrow line if low electron-phonon coupling
* No temperature broadening
* Linear function of excitation intensity until saturation
e Lower hv but stronger intensity

e Superlinear function of intensity
e Sort of inverse Maxwell-Boltzmann distribution
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Classification of luminescence by intensity

Low-fluence (Weak) excitation (0.01- 10 W/cm?): gas-discharge lamp, incandescent lamp,

continuous-wave gas laser

- Recombination of free excitons (FE or X; FE-LO phonon)

- Recombination of a bound exciton (BE): (D°-X; A%-X; D*-X; A—X, isoelectronic impurity)

\/— Recombination of donor-acceptor pairs (D°-A0)

\/ - Recombination of free hole/electron with neutral donor/acceptor (h-D°; e-A°; e-h)
1sun=0.1 mW/cm?2=0.1 W/cm? =1 kW/m?

High-fluence (Strong) excitation (1 kW-10 MW/cm?):

& - Radiative decay of excitonic molecule (EM or XX)

- Luminescence from inelastic collisions of excitons (X-X collisions)
- Luminescence of electron-hole liquid (EHL) or electron-hole plasma (EHP)

)( - Bose-Einstein condensation of excitons or excitonic molecules

These excitations can occur simultaneously, in these two chapters
we focus on low-fluence excitation and neglected luminescence
from excitons
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