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Optical devices

- Optical properties and basics

- Quantum wells
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Light-matter interaction



The absorption coefficient α, defined at 
the absoption edge, increases with the 
band gap energy

Absorption coefficient: bandgap dependence
AlxGa1-xN

Optical properties

I(z) = I0 e ‒α z
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α is the absorption coefficient 
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Absorption in bulk GaN

GaN

10 K

Optical properties
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Exciton: electron-hole pair in coulomb interaction

Wannier exciton

Frenkel exciton

n = 1
n = 2

K

CB

1/mr=1/me+1/mh

Hydrogenoid model

Optical properties
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Optical properties

Exciton: electron-hole pair in coulomb interaction

GaN: binding energy of 25 meV

 65% of the carrier population is
excitonic at 300 K
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T = 10K

DX

Photoluminescence and reflectivity (GaN)
Spontaneous emission - photoluminescence

Optical properties 

“hot” carriers (electrons and holes) 
release their kinetic energy via 
optical and acoustic phonon 
emission
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Photoluminescence of bulk GaN

GaN on sapphire

GaN on GaN

Optical properties



Optical properties

10

Photoluminescence of bulk InGaN alloy

Photoluminescence mapping



Electronic properties of quantum wells
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Transmission electron microscopy Scanning tunneling microscopy



Quantum well: 2D heterostructure (1 confinement axis)

Electronic properties of quantum wells

QW band structure: 
⇒ defined by the bandgaps, the valence band offset, the fermi level, and the electric field
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Type I Type IIA (staggered)
CB

VB

Eg,QW

Eg,barrier

∆EC

∆EV

Type IIB (misaligned) 
|∆EV|> Eg,A

Eg,A

Eg,BEg,B

Eg,A
GaAs/AlGaAs (xAl < 0.37), 
InGaN/GaN systems InAs/GaSb

system

GaAs/AlSb 
system

Quantized energy levels in CB and VB

Parameters to be considered:
• Well thickness
• Barrier height
• Carrier effective mass
• Dielectric mismatch

Electronic properties of quantum wells

Single quantum well – band structure

In III-V semiconductor compounds sharing the same anion: ∆VVB = 0.3 x ∆Eg



theoretical predictions
NATURE | VOL 423 | 5 JUNE 2003 |Applied Physics Letters 72, 2011 (1998

Valence band edge and band-offset
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Electronic properties of quantum wells



Envelope function formalism G. Bastard Phys. Rev. B 24, 5693 (1981)

1D Schrödinger-like equation :

• The quantized energies are calculated by applying the continuity at the 
interfaces of the wave function χn(z) and the particle current (1/ 𝑚𝑚𝑒𝑒

∗)(∂χ/∂z)

𝜓𝜓 = �
𝐴𝐴,𝐵𝐵

𝑒𝑒𝑖𝑖𝐤𝐤⊥.𝐫𝐫𝑢𝑢𝑐𝑐𝑐𝑐
𝐴𝐴,𝐵𝐵 𝐫𝐫 𝜒𝜒𝑛𝑛 𝑧𝑧

⇒ Separation of in-plane (x-y) and vertical (z) components

Periodic part of Bloch wavefunction

envelope wavefunction (n is the level energy) 

Single quantum well: electronic states

electron effective mass confinement energy of the carriers

−
ℏ2

2𝑚𝑚𝑒𝑒
∗ 𝑧𝑧

𝜕𝜕2

𝜕𝜕𝑧𝑧2 + 𝑉𝑉𝐶𝐶 𝑧𝑧 𝜒𝜒𝑛𝑛 𝑧𝑧 = 𝜀𝜀𝑛𝑛𝜒𝜒𝑛𝑛 𝑧𝑧

defined by the CB edge
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Electronic properties of quantum wells
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Single quantum well: electronic states

The 1D quantization is along the growth axis. The
carriers are free to move in the plane. The total energy
of an electron (nth level) is

0

Electronic properties of quantum wells



𝜒𝜒𝑛𝑛 𝑧𝑧 = 𝐴𝐴 sin 𝑘𝑘𝑛𝑛𝑧𝑧 + 𝐵𝐵 cos 𝑘𝑘𝑛𝑛𝑧𝑧

Solutions have the general expression:

with the boundary conditions:

𝜒𝜒𝑛𝑛 0 = 𝜒𝜒𝑛𝑛 𝐿𝐿𝑧𝑧 = 0
hence 𝜒𝜒𝑛𝑛 𝑧𝑧 = 𝐴𝐴 sin 𝑘𝑘𝑛𝑛𝑧𝑧 with 𝑘𝑘𝑛𝑛 =

𝑛𝑛𝑛𝑛
𝐿𝐿𝑧𝑧

�
−∞

+∞
𝜒𝜒𝑛𝑛 𝑧𝑧 2 𝑑𝑑𝑑𝑑 = 1 = 𝐴𝐴2 �

0

𝐿𝐿𝑧𝑧
sin2 𝑘𝑘𝑛𝑛𝑧𝑧 𝑑𝑑𝑑𝑑 = 𝐴𝐴2 𝐿𝐿𝑧𝑧

2 ⇒ 𝐴𝐴 =
2
𝐿𝐿𝑧𝑧

−
ℏ2

2𝑚𝑚𝑒𝑒
∗

𝜕𝜕²𝜒𝜒𝑛𝑛
𝜕𝜕𝑧𝑧2 = 𝜀𝜀𝑛𝑛𝜒𝜒𝑛𝑛 ⇒

𝜕𝜕²𝜒𝜒𝑛𝑛
𝜕𝜕𝑧𝑧2 + 𝑘𝑘𝑛𝑛

2𝜒𝜒𝑛𝑛 = 0 with 𝑘𝑘𝑛𝑛
2 =

2𝑚𝑚𝑒𝑒
∗𝜀𝜀𝑛𝑛

ℏ2

QW with infinite barrier height (1D case), Vc = ∞

Lz

n = 1

n = 2

n = 3

𝜀𝜀𝑛𝑛 =
𝑛𝑛2𝜋𝜋2ℏ2

2𝑚𝑚𝑒𝑒
∗𝐿𝐿𝑧𝑧

2
𝜒𝜒𝑛𝑛 =

2
𝐿𝐿𝑧𝑧

sin
𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝐿𝐿𝑧𝑧 Energy of the nth level:

Determination of the constant A: 

17
χn dimensionality with d ∝ L-d/2

Electronic properties of quantum wells



−∇
ℏ2

2𝑚𝑚∗ 𝑧𝑧
∇𝜓𝜓 𝑟𝑟 + 𝑉𝑉0 𝑧𝑧 𝜓𝜓 𝑟𝑟 = 𝐸𝐸𝐸𝐸 𝑟𝑟

𝜓𝜓 𝑟𝑟 = 𝜒𝜒𝑛𝑛 𝑧𝑧 exp 𝑖𝑖𝑖𝑖. 𝐑𝐑

The function ψ can be written as follows

1G. Bastard, Phys. Rev. B 24, 5693 (1981) and Phys. Rev. B 25, 7584 (1982)

QW with finite barrier height1

−
𝑑𝑑

𝑑𝑑𝑑𝑑
ℏ2

2𝑚𝑚∗(𝑧𝑧)
𝑑𝑑

𝑑𝑑𝑑𝑑 + 𝑉𝑉0(𝑧𝑧) 𝜒𝜒𝑛𝑛(𝑧𝑧) = 𝜀𝜀𝑛𝑛𝜒𝜒𝑛𝑛(𝑧𝑧)

with 𝐸𝐸𝑛𝑛 = 𝜀𝜀𝑛𝑛 +
ℏ2𝐾𝐾2

2𝑚𝑚∗

Quantum confinement

18



𝜒𝜒𝑛𝑛 𝑧𝑧 = 𝐴𝐴 cos 𝑘𝑘𝑘𝑘 ,  for 𝑧𝑧 < ⁄𝐿𝐿 2
= 𝐵𝐵 exp −𝑘𝑘 𝑧𝑧 − ⁄𝐿𝐿 2 for 𝑧𝑧 > ⁄𝐿𝐿 2
= 𝐵𝐵 exp 𝑘𝑘 𝑧𝑧 + ⁄𝐿𝐿 2 for 𝑧𝑧 < − ⁄𝐿𝐿 2

where 𝜀𝜀𝑛𝑛 =
ℏ2𝑘𝑘2

2𝑚𝑚𝐴𝐴
∗ inside the well and 𝜀𝜀𝑛𝑛 = 𝑉𝑉0 −

ℏ2𝜅𝜅2

2𝑚𝑚𝐵𝐵
∗ outside the well

ε

0 +L/2-L/2

V0
ε2

ε1

∼sin kz

∼cos kz
∼e-κz

~e-κz

Even case Odd case

Inversion symmetry around the center of the well 
⇒ parity of the wave function

Continuity conditions1) at 𝑧𝑧 = ± 𝐿𝐿
2

yield

𝑘𝑘
𝑚𝑚𝐴𝐴

∗ tan
𝑘𝑘𝑘𝑘
2 =

𝜅𝜅
𝑚𝑚𝐵𝐵

∗

𝑘𝑘
𝑚𝑚𝐴𝐴

∗ cot
𝑘𝑘𝑘𝑘
2 =

−𝜅𝜅
𝑚𝑚𝐵𝐵

∗

Eqs. solved numerically or 
graphically to determine the 
energies of the bound states

𝜒𝜒𝑛𝑛 𝑧𝑧 = 𝐴𝐴 sin 𝑘𝑘𝑘𝑘 ,  for 𝑧𝑧 < ⁄𝐿𝐿 2
= 𝐵𝐵 exp −𝑘𝑘 𝑧𝑧 − ⁄𝐿𝐿 2 for 𝑧𝑧 > ⁄𝐿𝐿 2
= −𝐵𝐵 exp 𝑘𝑘 𝑧𝑧 + ⁄𝐿𝐿 2 for 𝑧𝑧 < − ⁄𝐿𝐿 2

QW with finite barrier height : determination of 𝜀𝜀𝑛𝑛 

1) Continuity at the interfaces of χn(z) and particle current (1/ 𝑚𝑚𝑒𝑒
∗)(∂χ/∂z) 19

𝑘𝑘 =
2𝑚𝑚𝐵𝐵

∗ (𝑉𝑉0 − 𝜀𝜀𝑛𝑛)
ℏ

In the barrier : 

eg. Series 2, Ex. 4

Wavefunctions:

Determination of 𝜀𝜀𝑛𝑛

The extension of the 
wavefunction in the 
barriers depends on k

Electronic properties of quantum wells



Energy variation of quantized levels as a function of the 
well width

⇒ Confinement energy, band offset and well width will 
define the possible number of confined states

Rem: the design of the quantum wells depends on the devices and materials constraints

Number of bound states :

1 + Int
2𝑚𝑚𝐴𝐴

∗ 𝑉𝑉0𝐿𝐿2

𝜋𝜋2ℏ2

1
2

if 𝑚𝑚𝐴𝐴
∗ = 𝑚𝑚𝐵𝐵

∗

QW with finite barrier height

20

A and B the well and barrier materials, respectively

Electronic properties of quantum wells



Absorption in quantum wells

T = 300 K

Bulk X

QW XHH

QW XLH

Staircase profile (DOS)

21

⇒ additional absorption peak due to excitons (X)

Electronic properties of quantum wells



determination of Ry2D when taking in finite well depth (simple parabolic 
hole bands)1 and valence-band mixing, dielectric mismatch, Coulomb 
coupling between subbands, nonparabolicity effects2

Introduction of a fractional-dimensional space 1 ≤ α ≤ 3:3

1 R. L. Greene et al., Phys. Rev. B 29, 1807 (1984).
2 L. C. Andreani and A. Pasquarello, Phys. Rev. B 42, 8928 (1990).
3 X.-F. He, Phys. Rev. B 43, 2063 (1991); H. Mathieu et al., Phys. Rev. B 46, 4092 (1992).

Ref. 1

𝐸𝐸𝑛𝑛
𝛼𝛼 = 𝐸𝐸𝑔𝑔 −

𝑅𝑅𝑦𝑦∗

𝑛𝑛 + 𝛼𝛼 − 3
2

2 , 𝑛𝑛 = 1,2, . . . 𝑎𝑎𝐵𝐵,𝑛𝑛
𝛼𝛼 = 𝑛𝑛 +

𝛼𝛼 − 3
2

2

𝑎𝑎𝐵𝐵

Binding energy Ry2D of excitons is increased compared to the 3D case

Ry2D > Ry3D case (e.g., 4-5 meV in bulk GaAs) ⇒ optical properties 
can be dominated by excitonic effects even at 300 K
⇒ large electro-optic coefficients

Excitons in QWS: case of finite barriers

22

GaAs/AlxGa1-xAs QW

Electronic properties of quantum wells



Spontaneous emission - photoluminescence

• Narrow PL linewidth (FWHM) at low temperature

• Disappearance of optical transitions due to bound excitations 
ascribed to1:

- smearing of the related luminescence bands
- change in the symmetry of the impurity ground-state 
wavefunction ⇒ reduced oscillator strength (transition 
probability)

⇒ QW PL spectra dominated by instrinsic radiative transitions in 
high quality QWs 

PL spectra of QW heterostructures are usually 
much simpler than their bulk counterparts.

1C. Weisbuch et al., Solid State Commun. 37, 219 (1981)

GaN bulk

GaN QW

Photoluminescence

23

Electronic properties of quantum wells



Cathodoluminescence mapping

Journal of Applied Physics 70, R1 (1991) Phys. Rev. B 44, 8792 (1991) 

Localization of Excitons in QW: impact of interface disorder

24

Electronic properties of quantum wells



Quantum well interface morphology

Scanning tunneling microscopy (STM) in cross-section

Growth

Phys. Rev. B 53, 998 (1996)

Intermixing/diffusion
Surface segregation

25

Band profile
Band profile

High temperature growth

Low temperature growth

Electronic properties of quantum wells



QW dipolar matrix element r12

1

2

1) Energy level

𝐸𝐸𝑛𝑛 = 𝑛𝑛2 ℏ2𝜋𝜋2

2𝑚𝑚∗𝐿𝐿𝑤𝑤
2

ℏ𝜔𝜔12 = 𝐸𝐸2 − 𝐸𝐸 1 = 𝐸𝐸12 = 3
ℏ2𝜋𝜋2

2𝑚𝑚∗𝐿𝐿𝑤𝑤
2

2) Dipole element r12

Then 

𝑟𝑟12 = Ψ2(𝑥𝑥) ⟩𝑥𝑥|Ψ1(𝑥𝑥) with Ψ1(𝑥𝑥) =
2

𝐿𝐿𝑤𝑤
cos( 𝜋𝜋𝜋𝜋/𝐿𝐿𝑤𝑤) and Ψ2(𝑥𝑥) =

2
𝐿𝐿𝑤𝑤

sin( 2𝜋𝜋𝜋𝜋/𝐿𝐿𝑤𝑤)

Finally, 𝑟𝑟12 =
24𝐿𝐿𝑤𝑤
32𝜋𝜋2 and 𝑟𝑟12

2 =
27ℏ2

33𝜋𝜋2𝑚𝑚∗ 1/𝐸𝐸12

Lw

Optical properties of QWs
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infinite barrier
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επτ 
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Radiative lifetime

R
ad

ia
tiv

e
lif

et
im

e 
(s
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Transition energy (eV)

Transition energies > 1 eV 
⇒ radiative lifetime ~1 ns

Rem: Intersubband optical transitions are 
expected to be slower than interband ones.

Optical properties of QWs
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nop: refractive index



Spontaneous emission - photoluminescence

with 1/τ = 1/τR + 1/τNR

IPL = I0 exp(‒ t/τ)
Recombination rate (PL decay time):

1/τR: radiative recombination time
1/τNR: non-radiative recombination time

Optical properties of QWs

Time-resolved photoluminescence

CB

VB

τR τNR

28

QW with purely 
radiative 
recombination

QW with non-
radiative 
recombination

Fourier transform

τR: radiative lifetime
τNR: non-radiative lifetime



2) Piezoelectric and spontaneous polarization in non-centrosymetric crystals
III-N, ZnO

Impact of an electric field

Polarization sheet 
charge density

Electric field 
created by the 
surface charge

𝐹𝐹𝑄𝑄𝑄𝑄 =
𝜎𝜎

𝜀𝜀𝜀𝜀0

29



Quantum confined Stark effect

1) Electric field in a pn (pin) junction
2) Piezoelectric and 
spontaneous polarization

• finite dipole between electron 
and hole δ = e (zh–ze) 

E = Eg + Ee+ Eh – e𝐿𝐿𝑤𝑤F (–Eb)

• red-shift of the QW transition energy

• Decrease of the oscillator strength

Impact of an electric field

Eb: exciton binding energy 

30



Triangular shape of confining 
potential, QCSE ⇒

(1) redshift of fundamental 
optical transition

(2) spatial separation 
of electron and hole 
wavefunctions

(3) decrease in oscillator 
strength fosc of optical 
transition and exciton 
binding energy

(increase in radiative lifetime)1

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟 =
2𝜋𝜋𝜀𝜀0𝑚𝑚0𝑐𝑐3

𝑛𝑛𝑜𝑜𝑜𝑜𝑒𝑒2𝜔𝜔𝐶𝐶𝐶𝐶
2 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜

1J. Feldmann et al., Phys. Rev. Lett. 59, 2337 (1987)

F

Quantity ∝ oscillator strengthQuantum confined Stark effect

Impact of an electric field
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Photon energy (eV)
Journal of Applied Physics 86, 3714 (1999)
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Well thickness (nm)

(a)

F = 0 kV/cm

F = 10 MV/cm

AlGaN/GaN QWs

Emission

Absorption

E. Berkowicz et al.,  Phys. Rev. B 61, 10994 (2000) 

InGaN/GaN QWsAppl. Phys. Lett. 75, 962 (1999)

Quantum confined Stark effect

Impact of an electric field
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laser power

1V. Fiorentini et al., Phys. Rev. B 60, 8849 (1999)

1

Self-consistent Schrödinger-Poisson calculations

𝑑𝑑
𝑑𝑑𝑑𝑑

𝜀𝜀0𝜀𝜀𝑟𝑟
𝑑𝑑

𝑑𝑑𝑑𝑑
𝑉𝑉 𝑧𝑧 = −𝑒𝑒 −𝑛𝑛3𝐷𝐷 𝑧𝑧 + 𝑝𝑝3𝐷𝐷 𝑧𝑧 −

𝑑𝑑𝑛𝑛2𝐷𝐷(𝑧𝑧)
𝑑𝑑𝑑𝑑

Quantum confined Stark effect

Impact of an electric field

InGaN/GaN quantum wells

https://www.insightmedia.info/porotech-announces-
worlds-first-all-in-one-full-color-microled-display/Application : microLED displays

33
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