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Goal

Optical spectroscopy techniques
 Some notions

 QWs

 Examples from literature (III-N mainly)

GaN peculiarities
 Quantum Confined Stark Effect

 Localization…

Books on the topic:

Semiconductor Optics, Springer
(C. F. Klingshirn)

Building Electro-Optical Systems : Making it all work, Wiley
P. C. D. Hobbs
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Spectroscopy of GaN

E&M, eanmint.co.jp

I have a piece of GaN and want to optically probe its optical properties…

Another wide band gap semiconductor
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Spectroscopy of GaN
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Spectroscopy of GaN : photoluminescence

Sample

CCD

Very commonly used

Easy to perform 
=> simple set-up
=> only PL signal
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The grating spectrometer
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Spectroscopy of GaN : photoluminescence

244 nm
300 K
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Comparing intensities…

300 K, GaN on sapphire
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Comparing intensities…
100 µm
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AlGaN on GaN NWs

 For wide spectral ranges (especially in UV)
off-axis parabolic mirrors are recommended !
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Comparing intensities…
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=> Jacobian transformation

J. Mooney et al., J. Phys. Chem. Lett. 4 3316 (2013)
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Spectroscopy of GaN : PL

What is probed in PL??

VB

CB

k

E

Excitation
PL photon

In general, relaxation is very fast
=> much faster than radiative rates

=> PL probes the 
lowest available energy states
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Spectroscopy of GaN : PL
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Spectroscopy of GaN : photoluminescence

Limitations of photoluminescence:

Only lowest energy state probed

Pump laser might affect the electronic properties

Advantages of photoluminescence:

Very versatile and easy to set-up technique

Usually large (positive) signal

No issue with substrate

Data interpretation ?
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Spectroscopy of GaN : reflectivity

Sample

Tunable light source:
White light + monochromator
Tunable laser (dye, titanium sapphire...)
Synchrotron radiation

Reference 
detector

Detector:
Photodiode
Photomultiplier

Often used in conjunction with modulation techniques
=> what is really measured?
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Spectroscopy of GaN : reflectivity

Kornitzer et al. PRB 60 1471 (1999)

1.5 µm GaN on bulk GaN substrate
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Spectroscopy of GaN : reflectivity

Limitations of reflectivity:

Weak signal (especially if large broadening)

Complex data interpretation

Advantages of reflectivity:

Probing of the electronic states (coupled to the light!)

Measurement does not perturb the system at low power

No issue with substrate
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Spectroscopy of GaN : reflectivity vs PL

Ursaki et al. JAP 94 4813 (2003)

10 K
1.3 µm GaN on sapphire

1.5 µm GaN on bulk GaN substrate
Kornitzer et al. PRB 60 1471 (1999)
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Spectroscopy of GaN : peak position

Ursaki et al. JAP 94 4813 (2003)

10 K
1.3 µm GaN on sapphire

1.5 µm GaN on bulk GaN substrate
Kornitzer et al. PRB 60 1471 (1999)
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Spectroscopy of GaN : strain dependence

Gil et al., PRB 52 R17028 (1995)

The « Bernard Gil » plot
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Spectroscopy of GaN : broadening

Ursaki et al. JAP 94 4813 (2003)Kornitzer et al. PRB 60 1471 (1999)

100 µeV
5 meV

Temperature (kT@ 2K = 0.15 meV)

Strain inhomogeneity (due to extended defects, point defects….)

Lifetime (∆E ∆t > ħ/2)
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Excitons, what are they?

One electron + one hole
bound by Coulomb interaction

=> Hydrogen-like particle

e

h

Kexc

a (nm) EX (meV)

GaN 2.8 25

GaAs 12 4.8

kT @ 300K
25 meV

3.45 3.46 3.47 3.48 3.49
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Excitons, what are they?

Ga N

GaN

Ga N

SiN

Ga N

GaN

Ga N

GaN

Ga N

GaN

Ga N

GaN

Ga N

SiN

Ga N

GaN

Ga N

GaN

e

h

Neutral donor bound exciton D0X
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Photoluminescence of bulk GaN

1 Si atom for 107 Ga atom (~10 per (100 nm)3) is enough
to have a low temperature PL dominated by neutral donor

bound exciton

4 K nanowires
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Excitons and polaritons in GaN

Does the exciton really exist?

e

h

Kexc

γ e

h

Kexc

γ
J.J. Hopfield, Phys. Rev. 112 1555 (1958)

+ Pekar, Agranovich…

Polariton = mixed exciton-photon particles

J.J. Hopfield, Annu. Rev. Condens. Matter Phys. Vol. 5, 1 (2014)
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JJ Hopfield

Very numerous papers on the theory of semiconductor optics… 

… but his most famous paper is :
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Excitons and polaritons in GaN

UPB

LPB

∆LT

∆LT measures the intrinsic light-exciton coupling in the material

Note : in WZ GaN : A, B and C excitons + anisotropy

GaN : ∆LT(A)=0.8 meV GaAs : ∆LT=0.08 meV
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Consequences of the polariton picture
Absorption

Beer-Lambert law

 

 

Propagating polariton
(attenuation = scattering)

L
eII

α−= 0
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Consequences of the polariton picture

Luminescence

Polariton propagating to 
the surface !

Infrared catastrophy?

Relaxation bottleneck
 Thermal like population

J. J. Hopfield, J. Phys. Soc. Jap.  21 77 (1966)

Y. Toyozawa, Prog. Theor. Phys. Suppl. 12 111 (1959)
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Consequences of the polariton picture

Luminescence

Relaxation bottleneck
 Thermal like population
around EX on UPB and LPB
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Luminescence properties are very complex to model !!
(sample and experiments dependent…)

Bottleneck
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Consequences of the polariton picture

Luminescence

"No single mechanism can explain the huge variety of observed polariton
spectra in various crystals"



33«NanoPhysique et SemiConducteurs» CEA-Grenoble Ganex School 2025        Porquerolles

Excitons and polaritons in GaN
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Spectroscopy of GaN : Absorption

Sample

Detector:
Photodiode
Photomultiplier
CCD

Reference 
detector

CCD

Grating monochromator

“White” light source:
White light
Short pulse laser
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Spectroscopy of GaN : Absorption

Sapphire

GaN, 0.4 µm

Muth et al. APL 71 2572 (1997)
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Spectroscopy of GaN : Reflectivity

Limitations of absorption:

Absorbing substrate (if substrate removal impossible)

Weak signal (especially if large broadening)

Complex structures

Advantages of absorption:

Direct probing of the electronic states (coupled to the light!)

Measurement does not perturb the system at low power
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Quantum wells, quantum dots in III-N

Localization, quantum confined Stark effect, excitons and all that…
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Quantum wells, the perfect case
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Quantum wells, the perfect case
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Quantum wells, the perfect case
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Quantum wells, the perfect case
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Quantum wells, the perfect case

Ideally, the quantum well exciton is
laterally fully delocalized

 A pure 2-D state
 Note that the exciton binding 

energy is up to 4 times larger in 
2D structures

What about the Bohr radius ???

2 times smaller in 2D structures !!
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Quantum wells, reality

Stokes-shift for quantum wells:

GaAs

AlGaAs

AlGaAs

Perfect QW:
electronic states 

with a well defined 
in-plane momentum

Reality:

Monolayer fluctuation

Alloy fluctuations

=> Localized states!!

See Nicolas Grandjean’s lecture
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Cultural pause : Sir George Gabriel Stokes, 1st Baronet

1819-1903

Major contributions in Mathematics (Stokes 
theorem), fluid mechanics (Navier-Stokes 
equation), optics (fluorescence, diffraction), 
biology (role of hemoglobin)…

We all admit that the book of Nature and the book of Revelation come alike 
from God, and that consequently there can be no real discrepancy between 
the two if rightly interpreted.
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Quantum wells, reality

Stokes-shift for quantum wells:

EnergyEgap

Excitonic resonances

DOS
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Quantum wells, reality

Stokes-shift for quantum wells:

Localized states
monolayer fluctuations

alloy fluctuations
impurity bound excitons

=> PL is not where the majority of states are
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Quantum wells, reality

Ideal QW Real QW

Fully in-plane delocalized exciton More or less localized « exciton »

Very short intrinsic lifetime Lifetime depends on lateral localization

Radiative lifetime / kT limited broadening Broadening reflects potential inhomogeneities
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Quantum wells, InGaN/GaN QWs
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Composition inhomogeneities
at various scales
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Quantum wells, InGaN/GaN QWs

Strong localization effects in 
InGaN QWs ??
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Quantum wells, InGaN/GaN QWs

InGaN/GaN QWs are happily pathological

A vigorous debate in the last 20 
years
…not settled yet (getting closer)

Indium clustering localization

Dislocations are not NR centers

Dislocations « protected » by V-pits

Localization intrinsic to random InGaN alloy

Dislocations « protected » by V-pits
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Quantum wells, InGaN/GaN QWs

InGaN quantum wells luminescence : 

- Role of dislocations (=> V-pits) 

- Role of point defects (=> Underlayer) 

- Dependency on excitation density ("carrier temperature")

Corollary 1 : the most efficient semiconductor emitting structure, the most
sold optoelectronic layer is still not yet well understood (…getting there !)

Corollary 2 : industrials have successfully spent big money to optimize
InGaN/GaN QWs, with very little physical understanding of what’s going on
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III-N quantum wells and the QCSE
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Spontaneous polarization : it’s complicated …

R. Resta, Rev. Mod. Phys. 66, 899 (1994)

Only polarization differences
can be measured !

In materials with an inversion symetry, 
the spontaneous polarization is null

(by convention)

r

QW

P
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εε
0

r
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Review : Effects of Polarization in Optoelectronic Quantum Structures, R. Butté and N. Grandjean
In “Polarization Effects in Semiconductors: From Ab Initio Theory to Device Applications”, Springer, 2008
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III-N quantum wells and the QCSE

AlN AlNGaN

E

< GaN band-gap

Below well bandgap emission

Reduced oscillator strength

F. Bernardini et al., Phys Rev B 56, R10024 (1997)

[0001]

Most important effect = radiative lifetime
=> time-resolved PL

Damilano et al., Appl. Phys. Lett. 75 962 (1999)

Experimental result:
Psp,GaN+Ppz,GaN-Psp,AlN-Ppz,AlN
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Experimental technique : time-resolved PL

Sample

Fast detector
Photodiode
Avalanche photodiode
Photomultiplier
Streak cameraPulsed laser
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Experimental technique : time-resolved PL
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 Measurement of relaxation time
and spontaneous emission time
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III-N quantum wells and the QCSE

Bretagnon et al., PRB 73, 113304 (2006)

At « large » excitation density : 
screening of the QCSE

=> Extremely long lifetimes
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III-N quantum wells and the QCSE

Importance of the streak camera

Beware of data interpretation!

Lefebvre et al. PRB 69 035307 (2004)
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III-N quantum wells and the QCSE

Inhomogeneously broadened GaN/AlN QDs
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III-N quantum wells and the QCSE
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Quantum wells, GaN/AlGaN QWs
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QDs vs QWs
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TRPL STUDY
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QDs: constant decay time negligible non radiative processes

Absence of thermal escape 
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Quantum wells (1-3 nm)

QWs: strong decrease of the decay time  non radiative processes
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J. Renard et al. APL 95 131903 (2009)

Low radiative emission rate does not imply low efficiency !!!

Thermally
activated !
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The super exciton in GaN : it is useful?

a (nm) EX (meV)

GaN 2.8 25

GaAs 12 4.8

The excitonic force 
is strong in GaN

Why is it important ?
Is it useful ?

kT @ 300K
25 meV

e

h

 The binding energy of excitons in QW is up to 4 times larger than in bulk

M. Shinada and S. Sugano, J. Phys. Soc. Jpn. 21 1936 (1966)
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The super exciton in GaN : it is useful?
The QCSE reduces the exciton binding energy…

… but in thin QWs or non-polar QWs, the exciton binding energy can be large!

bulk

XE

P. Bigenwald et al., Phys. Stat. Sol. (b) 216 371 (1999)
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Excitonic effects in QWs

Strong confinement
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Lateral weak confinement
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A. V. Kavokin, Phys. Rev. B, 50, 8000 (1994).

L. C. Andreani et al., Phys. Rev. B 60 13276 (1999).

 Giant oscillator strength

fnE

1
2rad ∝τ

Robert C. Hilborn, "Einstein coefficients, cross sections, f values, dipole moments, and all that”
http://arxiv.org/ftp/physics/papers/0202/0202029.pdf

ξ

Do we get fast emission from a strong QW exciton?



68«NanoPhysique et SemiConducteurs» CEA-Grenoble Ganex School 2025        Porquerolles

 

 

Localization in k-space and real space
E

kx,y



69«NanoPhysique et SemiConducteurs» CEA-Grenoble Ganex School 2025        Porquerolles

 

 

Localization in k-space and real space
E

kx,y



70«NanoPhysique et SemiConducteurs» CEA-Grenoble Ganex School 2025        Porquerolles

Localization in k-space and real space
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Excitonic effects in QWs

2D limit = intrinsic lifetime of two-dimensional exciton

~ 10 ps for a GaAs/AlAs QW

L. C. Andreani et al., Solid State Commun. 77 641 (1991)
B. Deveaud et al., Phys. Rev. Lett. 67 2355 (1991)

Dephasing (exciton-exciton or exciton-phonon scattering) limits the 
coherence surface and hence the radiative emission rate
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Excitonic effects in QWs

The 2D quantum well excitons does couple efficiently to photons!

In a non perfect structure, the fundamental emitting states will be
laterally localized states

Even in a very good (i.e. III-As) quantum well, it takes very peculiar 
experimental conditions to observe the intrinsic fast lifetimes of 2D excitons

- Very low temperature (phonon scattering)
- Resonant and low excitation (carrier-carrier scattering)
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Excitonic effects in GaN QWs

Non-Polar QWs

P. Waltereit et al., Nature, 406 865 (2000)
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Excitonic effects in GaN QWs

Non-Polar QWs

P. Corfdir et al., Phys. Rev. B 83 245326 (2011)

GaN/Al0.06Ga0.94N QWs
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Experimental technique : cathodoluminescence

High voltage
generator

Everhard-Thornley 
detector

EM lens
=> focusing

Electron beam

Filament

EM lenses

Scanning coils

Sample

Vacuum
~10-7 mbar

PM

CCD

Monochromator
Cathodo-

luminescence

Pumping 
system

Parabolic mirror

Courtesy F. Rol, PhD thesis 2007
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Experimental technique : cathodoluminescence

Advantages of CL : 

- Excites any semiconductor (including large gap)
- High spatial resolution
- Easy scanning of sample

Limitations of CL :

- Requires a conducting substrate
- Messy excitation (lots of hot carriers created)
- Low collection efficiency
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Cathodoluminescence ≠ imaging technique !

GaAs luminescence

50 nm

InGaAs luminescence

J. Bolinsson et al. J. Cryst Growth 315 138 (2011)
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Excitonic effects in GaN QWs

Non-Polar QWs

P. Corfdir et al., Phys. Rev. B 83 245326 (2011)

GaN/Al0.06Ga0.94N QWs
grown on bulk GaN

~100 nm in-plane diffusion length
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Excitonic effects in GaN QWs

Non-Polar QWs

P. Corfdir et al., Phys. Rev. B 83 245326 (2011)

GaN/Al0.06Ga0.94N QWs
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Temperature dependence of GaN bandgap

…. beyond the Varshni empirical law

+ other references by R. Pässler
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Excitonic effects in GaN QWs

Non-Polar QWs

P. Corfdir et al., Phys. Rev. B 83 245326 (2011)
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Excitonic effects in GaN QWs
Is 100 ps @ 3.5 eV a fast recombination??

fnE

1
2rad ∝τ

GaAs QW emitting at 1.7 eV with a lifetime of 25 ps : f=320

GaN QW emitting at 3.5 eV with a lifetime of 100 ps : f=24 

 Strong excitonic effects in III-N, but ordinary recombination rates

 Quite strong localization effects, no giant oscillator strength
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Context : Nanowires

Physics Today, 50(12), Dec. 1997, p. 62
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Context : nitride nanowires
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Context : nitride nanowires
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GaN nanowires : fundamental studies

R. Dingle et al., Phys. Rev. B 4 1211 (1971)

Can nanowires help answer fundamental questions about GaN?
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MBE growth: R. Songmuang et al. APL 91, 251902 (2007)

600nm

Fundamental properties of MBE grown GaN nanowires

Plasma-assisted MBE
N-rich conditions
Si (111) substrate

200nm

M.A. Sanchez-Garcia et al., J. Crystal Growth 183 23 (1998)

Density :  1010 cm-2

Diameter : ~40 nm
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GaN nanowires : bulk properties

No deep defect (yellow) band
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600 nm long GaN nanowires on Si(111)
4 K
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Near Band Edge PL of GaN:Mg nanowires, 4K

GaN nanowires : bulk properties

3 µm GaN on sapphire
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A mysterious emission line

Many discussions on 3.45 eV luminescence line in 
PA-MBE-grown GaN nanowires

E. Calleja et al., PRB 62 16826 (2000) 
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D. Sam-Giao et al., JAP 113 043102 (2013) 

µPL on single NWs
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Many discussions on polarity of 
PA-MBE-grown GaN nanowires

-N or –Ga ??

5 Å

core shell

Core-shell structures !!

T. Auzelle et al., J. Appl. Phys. 117, 245303 (2015)

A mysterious emission line

(Ga)

(Ga)(N)

(N)

[0001] [0001]
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Inversion domain bound exciton

Systematic correlated existence of an inversion domain 
boundary (IDB) and a 3.45 eV luminescence.

Correlated microPL and TEM studies on single nanowires

T. Auzelle et al., Appl. Phys. Lett. 107, 051904 (2015)
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GaN nanowires : cubic phase
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Cubic phase GaN by lowering the growth temperature
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Cubic phase GaN by lowering the growth temperature

 Homogeneous cubic GaN
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D0X

FX

D0X FWHM : 1.6 meV
(previous state-of-the-art : 5 meV)

J. Renard et al., 
Appl. Phys. Lett. 97 081910 (2010) 

Wz GaN

ZB GaN

MBE : G. Tourbot/B. Daudin
TEM : C. Bougerol

GaN nanowires : cubic phase
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Experimental technique : PLE

=> Photoluminescence excitation

Sample

Tunable excitation

Detection of PL
at fixed wavelength

I(PLE) α Nabs.Nrelax
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GaN nanowires : cubic phase

Measurement of split-off exciton spectral position


