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Optical devices

- Optical properties and basics

- Quantum wells




Introduction
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Optical properties

Absorption coefficient: bandgap dependence
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Optical properties

Absorption in bulk GaN
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Optical properties

Exciton: electron-hole pair in coulomb interaction
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Optical properties

Exciton: electron-hole pair in coulomb interaction
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Optical properties

Spontaneous emission - photoluminescence
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“hot” carriers (electrons and holes)
release their kinetic energy via
optical and acoustic phonon
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Optical properties

Photoluminescence intensity (a.u.)
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Temperature quenching of photoluminescence intensities in undoped

and doped GaN

M. Leroux, N. Grandjean, B. Beaumont, G. Nataf, F. Semond, J. Massies, and P. Gibart
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Optical properties

Photoluminescence of bulk InGaN alloy
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Electronic properties of quantum wells

Transmission electron microscopy Scanning tunneling microscopy
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Electronic properties of guantum wells

Quantum well: 2D heterostructure (1 confinement axis)
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Electronic properties of quantum wells

Single quantum well — band structure

Type | Type IIA (staggered) Type IIB (misaligned)
CB —& v T |AE,[>E
E E,
E; barrier ET GaAs/AlGaAs (x, < 0.37), T g’BGaAs/AISb 7P I
gilw InGaN/GaN systems Egn lsystem E,n Lr;?tse/r(rﬁ]aSb
VB —Y A l

Quantized energy levels in CB and VB

Parameters to be considered:
*  Well thickness

Barrier height

Carrier effective mass
Dielectric mismatch

In [ll-V semiconductor compounds sharing the same anion: AV, = 0.3 x AE,
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Electronic properties of quantum wells

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

Single quantum well: electronic states

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

envelope wavefunction (n is the level energy)
_ ik,.r, AB '

Y= et () ()

A,B

Periodic part of Bloch wavefunction

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

1D Schrodinger-like equation :

hz 92
<_ 2m?*(2) 972 + VC(Z)>Xn(Z) = e, Xn(2)

1 \

electron effective mass  defined by the CB edge confinement energy of the carriers

e The quantized energies are calculated by applying the continuity at the
interfaces of the wave function y,(z) and the particle current (1/ m;)(0y/0z)

AIN

AlIN
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Electronic properties of quantum wells

Single quantum well: electronic states

Electron | V[?_}
;’:llra\vc?ion
Ve
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The 1D quantization is along the growth axis. The
carriers are free to move in the plane. The total energy
of an electron (nt" level) is
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Electronic properties of quantum wells

QW with infinite barrier height (1D case), V.= o0

«— L, —>

h% 0%y, 0%xn 2mie
_ 2., — : 2 _ 2Mfen
— om: 922 EnXn = 32 +kix, =0 with kj = 72

Solutions have the general expression:

Xn(z) = Asin(k,z) + B cos(k,,z)

with the boundary conditions:

Xn(o) — Xn(Lz) =0 .
hence xn(2) = Asin(knz) with k, =

Z

L oo Lz L / 2
Determination of the constant A: f lxn(2)|2dz = 1 = A2 j sin?(k,z) dz = A? 72 > A= |—
— 00 0 VA

n?m?h?
= " 2
2m,Ly

2
Xn = jL:Zsm (L_> Energy of the n'" level: | ¢,

%, dimensionality with d oc L2
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Quantum confinement

QW with finite barrier height!

500 [ hZ
-V

400 [ zm*(z) Vlrb(r) + VO (Z)l/)(?") = Elp(?")

200 | The function y can be written as follows

Energie (meV)

100

Y(r) = xn(2) exp(iK.R)

-V 0

25 O 25

Position (nm) d hZ

dz2m*(z)dz

+Vo(2) | Xn(2) = enkn(2)

h2K?
2m*

with E, =¢, +

- 1G. Bastard, Phys. Rev. B 24, 5693 (1981) and Phys. Rev. B 25, 7584 (1982)
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Electronic properties of quantum wells

QW with finite barrier height : determination of &,

for |z| < L/2
forz > L/2
forz < —L/2

In the barrier :

e = \/sz(VO B gn)
B h

[~ Even case Odd case
_ xn(2) = Acoskz, for |z| < L/2 Xn(z) = Asinkz,
Wavefunctions: - = Bexp[—k(z—L/2)] forz>L1/2 = Bexp[—k(z—L/2)]
= Bexplk(z+ L/2)] forz < —L/2 = —Bexplk(z + L/2)]
h2k? h2 K2
where &, = — inside the well and ¢,, =V, — —outside the well
2my 2mpg
e
Determination of g,
Continuity conditions® at z = i% yield L sinkz
<"
k AN ] =
- tan{—-) = - Egs. solved numerically or V, — | —cos kz
graphically to determine the L~ | €
K\ ot [\ 2 Z€  energies of the bound states — B c
my 2 mp corive 2 Ex 4 1
eg. oeries £, tX.
’ L2 0 +L2

1) Continuity at the interfaces of y,(z) and particle current (1/ m3)(0y/0z)

Inversion symmetry around the center of the well
= patrity of the wave function

The extension of the
wavefunction in the
barriers depends on &
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Electronic properties of quantum wells

Energy [eV]

QW with finite barrier height

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

=
4
|

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

=
e
]

=
)
]

Number of bound states :

1

2muVol\2| .
1+ Int W 1fmA=mB

=
[
]

T T 1 1
0 20 4,0 6.0 8.0 10,0

) A and B the well and barrier materials, respectively
Width d; [nn] >

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

Absorption in quantum wells
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Electronic properties of quantum wells

Excitons in QWS: case of finite barriers

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

determination of Ry?® when taking in finite well depth (simple parabolic
hole bands)! and valence-band mixing, dielectric mismatch, Coulomb
coupling between subbands, nonparabolicity effects?

Introduction of a fractional-dimensional space 1 < o< 3:3

+a—32
n > ap

R *
Ey =E; — 24 n=12,... ag,=

a —31%°
[n+ >

Ry?P > Ry°P 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
1R. 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).

E!g (I'I'IGV)

T T T

HEAVY-HOLE EXCITON

——— LIGHT-HOLE EXCITON

GaAs/Al,Ga, ,As QW
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Electronic properties of quantum wells

Spontaneous emission - photoluminescence

Photoluminescence intensity (a.u.)

Photoluminescence intensity (a.u.)

Photoluminescence

AlGaN/GaN SQW 1
x=0.1

T=10K

8 ML

GaN QW |

FWHM = 17 meV

IR U 0 SR

3.40 3.45 3.50 3.55 3.60 3.65 3.70

Photon energy (eV)

3.460  3.465  3.470 3475  3.480

Photon energy (eV)

Narrow PL linewidth (FWHM) at low temperature

Disappearance of optical transitions due to bound excitations

ascribed to?:

- 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)
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Electronic properties of quantum wells

Localization of Excitons in QW: impact of interface disorder

10000
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Journal of Applied Physics 70, R1 (1991) Phys. Rev. B 44, 8792 (1991)



Electronic properties of quantum wells

Quantum well interface morphology

Surface segregation
Intermixing/diffusion

Available online at www.sciencedirect.com _
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= Physica E 17 (2003) 526-532
EgeV) [Ty x (nm) e
o N =
& = Composition profiling at the atomic scale in III-V
nanostructures by cross-sectional STM
PM. Koenraad®*, D.M. Bruls*, 1. H. Davies®, S.P.A. Gill¢, Fei Long¢, M. Hopkinson?,
M. Skolnick?, J.H. Wolter*
N
S o
=
S—
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Scanning tunneling microscopy (STM) in cross-section
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High temperature growth

\ Band profile

\ / Phys. Rev. B 53, 998 (1996)

Band profile
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Optical properties of QWSs

QW dipolar matrix element r,,

infinite barrier

1) Energy level

[ [ , hznz
® |- En=mn 2m*L2,
l 1 Then # B, _E,=E,=3%
en = — — —
W12 2 1 12 Zm*L%V

N
Vv

w 2) Dipole element ry,

r1o = (W (0)|x|¥W;(x)) with LPl(x)=\/chos(nx/Lw) and l}’2(3c)=\/Lzsin(an/LW)

2*Ly, ,  27h?
T2 = 32772 and |13 = z3—5—1/E;

Finally,
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Optical properties of QWSs

Radiative lifetime

4 3 * 3.9
3’ r°mchtg, 1
T. = n : refractive index
sp 27 2 E2 op*
q nop 12

0

o

=

T y |

= Transition energies > 1 eV

2 — radiative lifetime ~1 ns

©

©

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

0.001 ) s ;)_[}] - o h().l _ s 1

Transition energy (eV)
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Optical properties of QWSs

Spontaneous emission - photoluminescence

Time-resolved photoluminescence

Delay time (ns)

0.04

3.45 3.50 3.55 360 3.65
Photon energy (eV)

Fourier transform
4_.‘;?
FT.

|

EpPonenTiIAL. LolenTZIAN

radiative

- 10 K 100
— 50 K .
- - 00 K % 101 aw )
: = — 130K 2 with non-
QW with purely ; — 170 K & 1072 radiative
L s 210K = recombination
recombination > 250K & 1073
= 200K =
= . 107 4, .
10 0 10
Time (ns) Time (ns)
CB Recombination rate (PL decay time):
Ipy =1y exp(= /1)
R - TyR with 1/7= 1/7, + 1/1y,
1/75: radiative recombination time
VB  1/ty\g: non-radiative recombination time

Tx: radiative lifetime
Tyr: NON-radiative lifetime
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Impact of an electric field

2) Piezoelectric and spontaneous polarization in non-centrosymetric crystals
I1I-N, ZnO

Polarization sheet
charge density

Piezoelectric (cubic & wurtzite) Spontaneous (wurtzite) j
O [o001] Ppz [0001]
P, F = -ol2¢g, F = ol2¢g,
Ga / :a i Ga - —
\O
o~ N O © N o~ Electric field
N created by the

Equilibrium P, =0 Strain (e) Py, =0

Equilibrium Pg,#0

Macroscopic polarization:

Difference between the
barycenters of positive and

Polarisation

Ptotal =P pz+ Psp

. P ,
negative charges p v p .
0 QW = o
— EE
I:,total sz + Psp ~ Strain (€) °

surface charge
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Impact of an electric field

Quantum confined Stark effect

3
L})
e |

I
[a—
<
foer]
w
<
G
=
A1

A

e

1) Electric field in a pn (pin) junction

2) Piezoelectric and
spontaneous polarization

e finite dipole between electron
and hole o=e (z,~z,)

e red-shift of the QW transition energy
E=FE,+E*+ E,—eL,F (-E,)

E,: exciton binding energy

e Decrease of the oscillator strength
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Impact of an electric field

Quantum confined Stark effect Quantity oc oscillator strength
> 3 / '
’% F = 2.5 MV/em o o4l
c = E
conduction £ail AERIY g F=0 P i
band , ' & S g = 0.01§—
: 2 225 i
2 —f, ° 5 £ qeal
\I,e i ' wesl E
1 £ —f, g C n i
S _F . 2 35 51Eaf F =25 MVicm
3 - S ESE i
Ll : : b T 5 S1ES5L
Y 2 S |
© (=2 1E-6 L L L L .
valence : 2 & 5 3 o = 50 0 0 1 2 _ 3 4 5 6
band ' : > w Thickness (nm) Thickness (nm)
o o* z| [0001]
Triangular shape of confining (2) spatial separation (f) dectrhease '? oss.lllaltor
potential, QCSE = of electron and hole strength f,, of optica
wavefunctions transition and exciton
(1) redshift of fundamental binding energy
optical transition . . U
0 27T€0mOC3 (increase in radiative lifetime)*

Trad =
2,.2
Nop€ wey fosc

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



Impact of an electric field

Photoluminescence intensity (a.u.)

Quantum confined Stark effect

(o))

Appl. Phys. Lett. 75, 962 (1999) InGa N/GaN QWs
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Journal of Applied Physics 86, 3714 (1999) 0.07 m 4 + m 2 E. Berkowicz et al., Phys. Rev. B 61, 10994 (2000)
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Impact of an electric field

Quantum confined Stark effect

4.5

InGaN/GaN quantum wells

T T
[ T=13K
£ 1,=10 Wicm?®

Self-consistent Schrodinger-Poisson calculations

Conduction band edge [eV]

dn,p(2)
dz

d d
1 ISOSTEV(Z)] = —e [—nw (z) + p3p(2) —

PL intensity (arb. units)
?

Electric Field [MV/cm]

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

” ” ' ”'\

2.0 2.2 2.4 26 28 3.0 -25

0 5:0 160 1.%0 250 2&0
Photon energy (V) Depth [A]

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

Application : microLED displays
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