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Context

The Nobel Prize in Physics 2014

Hiroshi Amano Shuji Nakamura

e « for the invention of efficient blue light-emitting
diodes which has enabled bright and energy-saving
white light sources».



Outline

= Short review of white light sources
= Breaking down the light emitting diode

= Electronic states in bulk semiconductors

= [ight-matter interaction

= PN-junction and electroluminescence

= Characterizing and improving light emitters

= Gallium nitride and the blue emitting diode
= Nitride growth
= Control of doping
= The blue diode
= Nanostructures and perspective



White light sources

Comparing white light emitters

= Luminous flux: measure of the perceived power of light.

Luminous flux (Lm) = radiant flux (W) x luminosity function

Standard luminosity functions V(A} and \V'(A}

= Luminosity function: spectral sensitivity of
human visual perception of brightness.

/ Y \|—Ph01c:pic —s-:otc-pic|
= |ndaylight, the maximum sensitivity is at / / \ \
555 nm (in the green region). This type of / / \ \
vision is called (photopic vision). NV
= Inlow light conditions, maximum sensitivity -

is at 507 nm (in the blue-green region) and 4- \;_
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White light sources

Comparing white light emitters

= Luminous flux: measure of the perceived power of light.

Luminous flux (Lm) = radiant flux (W) x luminosity function

= Luminous efficacy: ratio of flux to power consumption.

Flux(Lm)

Efficacy = S )
ower

= Color rendering index (CRI) : characterize the quality of
the white light produced by a source. A value of 100 corresponds to
the natural day light.



White light sources

Incandescence light bulbs

= Invented by Joseph W. Swan in 1879,
improved by Thomas Edison.

= Principle:
o A tungsten filament is heated to a
high temperature by an electric

current passing through it until it
glows.

o The emitted light displays a “black
body” spectrum: its shape is given
by the Planck’s law and depends
only on temperature.

3 W 5700 K
! W 2700K
W 870K

Nombre de photons / unité arbitraire

0,1

Longueur d'onde / pm

Figure 1 Spectre d'émission du corps nair pour différentes températures : soleil (5700 K), lampe a

incandescence (2700 K) et 600°C (870 K), ce qui correspond au début de |'émission dans le visible.

EPFL / N. Grandjean

Efficacy (Im/W) 15
CRI 100
Lifetime(h) 1000




White light sources

Gas-discharge lamps

o Electrodes\
v Vi S )

* Principle:
o Agas of atoms in a sealed tube is excited by an electric discharge.

o In the plasma, mobile electrons collide with atoms, transfer energy
to the atoms and elevate them to an excited state.

o Atoms relax towards their ground state by emitting light.



White light sources

Gas-discharge lamps

* Principle:

E
Ej — o Electronic levels in atoms are
discrete.
\\~ o The emission spectrum displays
E, = v series of line the wavelengths of

which satisfy the equation:

407 434 5
8 R ]

e

- I ‘- 5
643
nm

468 450 508
nm nm nm

-_c-d . The emission spectrum IS
characteristic of the element.



White light sources

Gas-discharge lamps

= Example: High pressure sodium lamp,

motorway lighting.

Efficacy (Im/W) 90-140
CRI 25
Lifetime(h) 25000

WWW.marjoy.com




White light sources

Compact fluorescent tubes

= Principle: Optical pumping of phosphorescent
A gas discharge mercury lamp coating
radiates ultraviolet light. The
emitted ultraviolet light is converted
into visible light as it strikes the A \
phosphorescent coating on the
bulb.

LOW-PRESSURE GAS DISCHARGE U U u

FLUORESCENT LAMP OPERATING PRINCIPLE

UV light Visible light
Glas Tube Phosphor Electrons Mercury atom
| ’ \ 1/

= g ©) Efficacy (Lm/W) | 100 (tubes),

- 40-60 (bulbs
B N (i)

) Pt CRI Up to 85

Electrode (filament) Visible Iight- UV-Radiation Llfetlme (h) Nloooo

http://www.osram.com

10



White light sources

Electroluminescent diodes

* Principle:

o Radiative recombination of negative - © -
(electrons) and positive charges P
(« holes ») that are electrically injecte¢ s
in @ semiconductor diode.
o Build around a blue emitting diode.
o I

Gah:5i fiype nj - 4 pm

Saphir
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White light sources

White LEDs

4 Efficacy (Lm/W) | 100
H IRC 80-90
Lifetime (h) > 15000

Mombre de photons / unité arbitraire o

I\

1 1 1
400 500 600
Longueur d'onde Anm

= The blue LED has a double function:

= |t supplies the blue part of the spectrum at 450 nm.
= |t Optical pumps a yellow phosphorescent compound.

= White light=blue emission from a LED (450-460 nm) +

yellow emission from a phosphor.
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LED history

1f98()g: H.J. Round (Marconi Electronics) discovers electroluminescence
of SIC.

1961 first infrared LED made of GaAs (Bob Biard and Gary Pittman,
Texas instruments).

1962: using GaAsP alloy enable the of the first visible LED (710
nm)(Nick Holonyak Jr. and Sam Bevacqua, General electric).

1960-70: yellow and green LEDs.
1972: GaN green emitting LED prototype (J.Pankove,RCA).

1989: GaN UV emitting LED prototype (380 nm) (H. Akasaki & H.
Amano).

1994: InGaN based blue diode(450 nm) S.Nakamura, Nishia.

= Different materials emit light in distinct ranges of
wavelength.
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Electronic states in bulk semiconductors
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Electronic states in bulk semiconductors

Structure cristalline

space.

= Crystal electrons evolve
Coulomb potential created by atoms..

= zinc-blende (cubic) and wurtzite (hexagonal)
structures are the most common.

= The arrangement of atoms is periodic in real

in the periodic

Semiconductor | Structure Lattice parameter

Si Diamond |a=5,430A

GaAs Zinc- a=5,653A
blende

GaN Wurtzite | a=3,189 A

c=5,185A
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Electronic states in bulk semiconductors

From atomic states to energy

=—— p antibonding - >
) = . . L
! . ~— santibonding -+ [_] conduction band
pre I!:,_,
§ =.=.= ~=e%= pbonding mmm——h -] valence band
~—e— s bonding R R Lo

ATOM oo NMOLECULE oo CRYSTAL

= The electronic states of the periodic lattice are built by coupling the valence states
of the isolated atoms.

= The coupling lifts the degeneracy between the atomic states and opens bandgaps
in the band structure.

= The bandgap energy is characteristic of a semiconductor.
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Electronic states in bulk semiconductors

Electronic states

= Cristal: periodic arrays of atoms, translational symmetry.
= Electrons can delocalize on crystal atoms and are characterized by

w, (x)=exp(ikx)xu_(x)

a wavefunction:

exp(ikx)

= Energy depends on quantum number k

17



Electronic states in bulk semiconductors

Band structure in reciprocal
| space
Direct Gap

A E(K) b E(k)
\ V\; \ -

Indirect Gap
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Electronic states in bulk semiconductors
Effective mass

Direct Gap
A E(k) Near the band maxima:

\» O0E k* 0°E
E(k)= E(ko)+£a£+ TR

=0

l
R R |
¢ ﬂ‘ : By introducing the electron « effective mass »
| -1
E . 2
g | m’ =52 ¢ E
: ok
E 74*_? The energy dispersion is similar to the one of a free
BV x  electron of mass m*.
0 T%: h2k2
E(k)= E(k, )+ ——
(K)=Elk)+2-:

= Effective medium with mass m,*.
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Electronic states in bulk semiconductors

Intrinsic semiconductors

Energy
= At T=0K, all electrons occupy valence A
states. vacant

. conduction band
= The crystal is insulant.

Filled valence band

20



Electronic states in bulk semiconductors

Intrinsic semiconductors

Energy

= ForT#0, electrons can be A
thermally excited across the energy
gap into the conduction band.

=  Conduction electrons = “free electrons”

= The probability that a state is

occupied is given by the Fermi- T Ee
Dirac distribution:
1 0
flE)=
(E) E_E, oadiae
exp +1 ) Q)
kgT (-) (=2
<

M
.
l

~Ec
2

1 occupied
conduction state

Energy

N-1 occupied valence states
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Electronic states in bulk semiconductors

Intrinsic semiconductors

Energy
= The excited electron leaves A | roe” electron

behind one unoccupied states n conduction
In the valence band that is band

equivalent to a quasi-particle
carrying a positive charge. i E,

= This lack of negative charge is
called a “hole”.

= In semiconductors, electric
current is mediated by

electrons and holes.
1 “free” hole in valence band

22



Light-matter interaction in semiconductors

Optical processes

Energie

= Absorption: = Spontaneous emission:

: : An electron at the bottom of the CB can
A photon which energy is larger than the recombine with a hole at the top of the VB
bandgap Eg can be absorbed to create one to emit one photon which energy is close to

electron in the CB and one hole in the VB. the bandgap energy.
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Light-matter interaction in semiconductors

Selection rules

Quantum mechanics = probability of optical transition between
from an initial state |i> to a final state |f>

Fermi’s golden rule:

RUTES

Transition Matrix element of \ Energy conservation
probability/s light-matter | |
interaction Final density of

state

24



Light-matter interaction in semiconductors

Application to semiconductors

Eigen functions:

“/’;;:> i.g\

Periodic Plane wave

Optical matrix element:

v - S

BV K

q = 2nt/A, light wavevector

Selections rules show vertical transitions Ak=0

25



Light-matter interaction in semiconductors

Direct and indirect bandgaps

Direct Gap Indirect Gap
A E(k) b E(k)
l
R |
C ﬁ :
£ I I Ec
g : l
| Eg
JL |
" sccqmend l E i
BV B .
L& ¥ k
0 w/a 0 w/a

= Bulk semiconductors with indirect bandgap are weak light
emitters.
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Light-matter interaction in semiconductors

Excitons

Energy
,T
@
() |
—Q=P=® ig

= The electron and the hole are bound par Coulomb interaction.
= The exciton can freely propagate or localize on defects.
= It is a very fine probe of matter, very sensitive to imperfections..

27



Light-matter interaction in semiconductors

Hydrogen-like description

Exciton seen as an hydrogen atom in a effective medium (defined by m_.", m,;” and ¢€)

*

R, n*K*

E,(nK)=E, ——~+
n 2M

R; =13.6 2’” Exciton binding energy

grm,

M =m, +m, K= ke + kh Mass and wave vector of the exciton

1 _ 1 n 1 Reduced mass for the relative motion

H me mh

a, =a, 0 _0.052 M, Bohr radius

28



Light-matter interaction in semiconductors

Crystal  Eq Ry Ay
(eV) (meV) (nm)
GaN 35 23 3.1
nSe 28 20 45
Cds 26 28 27
ZnTe 2.4 13 9.9
CdSe 18 15 54
CdTe 1.6 12 6.7
GaAs 15 42 13
InP 14 438 12
Gasbh 0& 20 23
InSb 02 (04) (100)

A4
0>

» K

Fig. 6.21. The energy states of a Wan-
nier exciton showing both its bound
states n = 1 to 3 and the continuum

states. £, is the bandgap and R* the Ry InCI'eaSGS Wlth Eg

exciton binding energy



Light-matter interaction in semiconductors

« Coulomb interaction between e and h:
n= bound states
4 « Hydrogen-like lines
E, =E;-R,/n?
» Absorption increased if compared to the
n=>2 results of a simple band-to-band
; absorption model for hw > Eg
.""".(‘7»‘7 ® — E )2 » Observable in good quality crystals
e » The excitonic signature disappears for
KT > Ry

- WO

1 Photon energy

~—

-

U

= In good quality crystals, excitons are responsible for strong and
sharp resonances in optical spectra (absorption, reflexion and
photoluminescence).

30



Light-matter interaction in semiconductors

x 104

0.7

| |
142 1.43 1.44 1.45 1.46 .47 1.48 1.49 1.50 1.51 1.52 1.53 1.54 1.55 1.
€ IN eV

Frc 3 Exciton absorption in GaAs; © 204°K, O 186°K, A90°K, e 21°K.

*For a free exciton, as well as for a confined exciton, one searches for
an exciton which is stable at high temperature: high exciton binding

energy or high confinement.
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Light-matter interaction in semiconductors

Application

= The emission wavelength depends on the bandgap energy that is an intrinsic property
of a semiconductor.

= By synthetizing different semiconductor alloys it is possible to generate all
wavelengths from the UV to infrared.

6

http://gorgia.no-ip.com/phd/html/thesis/phd_html/node4.html
e direct gap

< 2000

5 F o indirectgap - 250 11-VI
T 4 f /soe/§
5, | s
o 3 400 3
o 500 5
& 2 =]
S /% 700 3
1 E 1000

N
T AR - 4000
5 5.5 6 6.5 \
GaAsP : red
lattice constant (A)

Nitrides : U{/
and blue LEDs

o

~
5 i
(@)

LEDs
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PN-junction and electroluminescence

Doping

= Making optoelectronic devices requires the control < o
of free carrier density. Donor
= Addition of extrinsic atoms: %
o Impurity with one extra valence electron = donor &
o |mpurity with one less valence electron = acceptor Acceptor
= Typical impurity density ~1016-10'8 cm3 ©
Q=Q=Q @ Q=Q=Q®
) O (g O O O (@ ()
Q_Q_@®_? Q0@
O O 0 0 O O O 0
DQ_Q? D@D

n doping p doping
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PN-junction and electroluminescence

|

Energy

PN junction

CB
CB © OO
DONOr == == == Acceptor
@®® VB
VB
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PN-junction and electroluminescence

Energy

PN junction

| |
| |
: ; CB
| |
| |

cB ©00Y

Donor == m= -i : Acceptor

[ OO VB
/)

VB |
| |
| | >
<> X
Depleted

region
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PN-junction and electroluminescence

PN Junction electroluminescence

Zero bias Forward bias

(D)=—>
CB©@© CB@Q

Recombination l W

ﬂ
VB VB ———e ) ©®

= Anpotential barrier hinders the = Electron from n region n and
diffusion of electron and hole holes from p region diffuse and
across the depletion zone. meet in the depletion zone where

they recombine to emit light.

Number of emitted photons per unit time
Number of injected electrons per unit time y

Quantum efficiency =



Characterizing and improving light emitters

Photoluminescence

BC . Ek)

o
:




Characterizing and improving light emitters

Photoluminescence

Wavelength A (nm)

2 Band-to-band n-type GaN/sapphire |
g h luminescence T=205K
o)

© O £
2
E 6.5 nm
=
Bz 60 meV

M\> MWA> 8 .

=
3
S
=
=
=
i |

Intrinsic PL Extrinsic PL
Band to band

= Photoluminescence reveals the crystal purity and gives
information on the presence of doping impurities .

38



Characterizing and improving light emitters

Lifetime and radiative efficiency

Soit une population de n paires électron-trou : Radiative efficiency :

an(t)__ o L], 2 ] n:%

dt Tr| TR

Probability of radiative
recombination

For light-emitting applications, need to maximize the _
radiative efficiency by decreasing tx/ T \g: 10* |
= improve crystalline quality f
= Localize carriers (excitons) 107 ¢

:_n = TNR/(TR+TNR)



Characterizing and improving light emitters

Heterojunctions, quantum
structures

40



Characterizing and improving light emitters

Heterojunctions, quantum
structures

Q9

| -

PV




Characterizing and improving light emitters

Heterojunctions, quantum
structures

© IVe

P
®
= Electrons and holes are confined in the same region of

the sample.

= Energies of optical transitions depend on the well
width.
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Characterizing and improving light emitters

Electronic states in QWs

Bulk material: carriers free to propagate in 3D

k=(k, k, k,) W, (IZ, F)= 1 ilzruc (IZ, F)

W

envelope __— /'

= plane wave  perigdic part

Nanostructure: The confinement potential
breaks the translation symmetry in one or /
several direction.
~ 1 N\ [ 1 _ _
;y(k, r): — F(r)u(k, r); —F(fu,(0,7)
JN JN _
C
envelope / Eoe
= localized function £
g,barrier Eg well Eg Qw
EO,hi Y
* e
y Ev




Characterizing and improving light emitters

Quantum well with infinite
barriers

V(2) o oo Envelope function equation :
h° 0°
-——E, |f (z2)=0
|:2m 822 n:| n( )

Boundary condition :

f (0)=f(L)=0

Solutions :

f(z)= \/%sin k.z aveck,=nm/L

- Rk # (n;zjz
" 2mm 2m L

Confinement: discretization of allowed k, and discretization of energy states.
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Characterizing and imp

Envelope function and energy

roving light emitters

levels

N oo

Irof

(17N — N"IF/\M

L 0

Position

4 YEnergy 4

95 E,

9E,
4 E,
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Characterizing and improving light emitters

Optical transition in QWs

Fermi’s golden rule
2 : 2
Pi—>f; - 772-‘< f ‘ pg‘|>‘2 g(hW) = 772- <uc v> ‘ 1:e(ze)fh (Zh )dZ J (hW)

Envelope function overlap

QW with infinite barriers :
conduction band

jf dz——jsmkzsm(k z2)dz =5

n,m

Alowed transition : An =0 n=1 N

|
9

valence band
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Characterizing and improving light emitters

Excitons in QWs

Quantum confinement enhances the
exciton binding energy.

:g‘ Energy spectrum of bound excitonic
A states

E.=-R,/(n-1/2)

2D hydrogenoid function

TZ, mZy,

U=N,cos COS—— exp

L L
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Quantum well LED

N I P

g 90 OV
R O
Recombination l ANNL>
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GaN growth

Growth of bulk GaN

= GaN is extremely complicated to synthetize.
- Growth of bqu GaN :1600°C, 20kbar.

crucible
N, molecules under pres

Dissociative adsorption of N,

on quuid metal surface AT

Dissolution and transport
to the crystallization zone

Spontaneous crystallization

Courtesy |. Grzegory UNIPRESS
= Hetero-epitaxy:

= In a reactor, the chemical constituents of the crystal are deposited on a
heated monocrystalline substrate that acts as a germ to initiate an oriented
crystalline growth.
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GaN growth

Metal-Organic chemical vapor

deposition
" The principle is to pyrolyze metal-organic
compounds (triethyl-gallium or trimethyl-gallium)
and hydrides (NH3, SiH4) in the flow of a carrier
gas (N2 or H2) in the vicinity of a heated substrate.

MOVPE - Metal-Organic Vapor Phase Epitaxy

{typical set-up for large scale production)

optical viewport
for in-situ measurements

carfiergas € © ‘Q‘" o .-Eb - a

& precursor AsH., + TMGa 3 )\.".’:CH4
S B 'GahAs -
substrate (GaAs)
TPl heated susceptor

http://www.physik.tu-berlin.de/institute/IFFP/richter/new/research/monitor.shtml
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GaN growth

https://ru.wikipedig,org

a) commensurate growth b) preudomorphic growth b) dislocation growth

= No matching substrate
= Strained layers
= Structural defects (dislocations)

semiconductors.

Hetero-epitaxy

b=a

GaN  ALO, 6H-SiC  Si
a(A) | 3.189 | 4.758 | 3.08 | 5.430
a(T1) | 5.6 7.5 42 | 359

N. Grandjean, J. Massies, P. Vennégues
et al., J. Appl. Phys. 83, 1379 (1998)

= Dislocations are known to act as non-radiative centers in
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Reflectance

GaN growth

Optical investigations

0.19}
018}k Conduction
: band
017}
0 850 330 Eumfffw ==
otsf <7, J’\/\ | o eyt i Heavy holes
c i b o e e Cu SR T~

0.15} ' ] Light holes
Ll _ Valence [~

' bands

\ 4
ol /wiﬂ-oﬁ
3.40 344 348 352 356 3.60
Energy (eV)

= Band gap measurement E;=3,48 eV.

= (Observation of excitonic transitions.

= \alence band structure.

R. Dingle, D.D.Sell,S.E.Stokowski and M.llegms, Phys. Rev. B, 4, 1211 (1974)



GaN growth

Strain effect

3560}

3540}

3520

Energy (meV)

3460

3440

3500}

3480}

dilatation : compression

GaN on sapphireé
and others.... :

l

Si Substrate £

Sic Suihstrate
: T~2K
SiC Substrate

: [
: {

;/OI A Plane -
’ ZnO substrate

3440 3460 3480 3500
Energy of A line (meV)

rbitraire)

B. Gil, F. Hamdani and H. Morkog¢ Phys.

Rev. B

54, 7678 (1996)

Forces d'oscillateurs (unité al
e o e

Energie de I'exciton A (eV)

= Strain effect:
o Shifts the energy bands.

o Modifies the coupling-strength
between excitons and light.

o Observable in optical
experiments.
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GaN growth

Growth of GaN by MOVPE

£0001]

lb) a-/ /{ .a — Al:Os

GaN mland
[(2b) GaN (5min) | i 41[0001]

{:‘toml

* Hetero-epitaxy on sapphire
(Al,0;)
] o Island growth.
‘mjﬁ o Rough polycrystalline layers, large
density of structural defects.

o Strong residual n-doping.

|. Akasaki and H. Amano, Jpn. J. Appl. Phys. 36
5393 (1997)

TR ) p‘u
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GaN growth

Buffer layer

1) AIN buffer layer

-~ Benefits:
2) Nucleation of GaN — A0 o Supply of a high-density nucleation centers
[t having the same orientation as the substrate.
3) Geometric selection o Promotion of the lateral growth of the epitaxial
il — o film due to the decrease in interfacial free
|||m|um| ||‘“,,,| u.;;{ energy between the substrate and the
4) Island growth I,.—Trapezoid crystal epltaX|a| f| | m.
o Augmentation of grain size, diminution of
dislocation density.
conventional with LT- buffer
Bef?r(? _1_9185 . S|nce1 986
Mﬂﬂﬁm 4 i l'ﬂr .
AT NAGOYA
6) Uniform growth Dislocation UNIV -
.f ; (b)
} L Sound-zone Many cracks, pits ) Crack-free, pit-free
‘Semi-sound-zone gglljgh i;.urface 10" em2 : g?elculétlr surfi((:)e 10 .
; ( 150nm) islocations > cm islocations 1 8~109cm-2
) N T Eecton mobity 2030 Ve 3 Sedon bl 700 'y
|||ul.lllI'lllthMI‘l“l} l { EA{:N L ea! ;Stharp ;dge emission)

(_50nm)
H. Amano, N. Sawaki, I. Akasaki | and Y. Toyoda, Appl. Phys. Lett. 48, 353 {1986)



Control of doping

Control of p- doping

= Using AIN buffer layers, the residual donor density was drastically
decreased.

= What about p-doping?

= First attempts to incorporate p-impurities, such as Zn, showed no
change in resistivity measurements.
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Control of doping

Doping activation
= Using AIN buffer layers, the residual donor density was drastically
decreased.

= What about p-doping?

= First attempts to incorporate p-impurities, such as Zn, showed no
change in resistivity measurements.

= |n 1987, H. Amano found that the
intensity of Zn-related luminescence
increases when Zn-doped GaN is
Irradiated with electron beam during
CL measurement.

= Activation of Zn acceptors that were ® b 1RRADIATION TIME(S)
added during growth.

H. Amano, |I. Akasaki, T. Kozawa, K. Hiramatsu, N. Sawaki, K. Ikeda and Y. Ishii, J. Lum. 40&41, 121
(1988)
H. Amano, M. Kito, K. Hiramatsu and I. Akasaki, Jpn. J. Appl. Phys. 28, L2112 (1989)

—-
o

1
N

RT 25nA

-3F
12 16n A

[

CL INTENSITY (a u.)
~

]
o
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Control of doping

Doping activation

= |n 1992, S. Nakamura found that a thermal annealing at

800°C enables to reduce the resistivity of Mg-doped GaN
layers.

Interpretation: acceptors are passivated by an hydrogen
excess. Post-growth annealing breaks the Mg-H bound and
activates the doping. 0

Resistivity (Q-cm)

10 ! ! 1 1 1 1
0 200 400 600 800 1000

Temperature ("C)

Fig. 1. Resistivity of Mg-doped GaN films as a function of annealing
temperature.

S. Nakamura, T. Mukai, M.Senoh and N. lwasa, Jpn. J. Appl. Phys. 31, L 139-L 142 (1992)
S. Nakamura, N. lwasa, M.Senoh and T. Mukai, Jpn. J. Appl. Phys. 31, 1258-1266 (1992)
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The blue diode

First GaN-based UV diode
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Fig. 3. The structure of the p-n junction LED. L I 1
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= Built around a GaN:Si-GaN:Mg homojunction.

= Emission wavelength ~380 nm at room temperature.

= Need fo decrease the bandgap energy to achieve blue

emission.

H. Amano, M. Kito, K. Hiramatsu and I. Akasaki, Jpn. J. Appl. Phys. 28, L2112 (1989)
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The blue diode

How blue can you get”

= Adding

= Ablue emission at ~ 450 nm needs to master

Relative Intensity (%)

indium in GaN should shift the

bandgap towards the visible range.
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In 1991, S. Nakamura develop
a specn‘lc skill to growth InGaN
using MOVPE.

Strong photoluminescence
whose wavelength depends on
the indium fraction.
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The blue diode
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The radiative efficiency of InGaN layers and
quantum wells are not affected by
dislocations.

Localization of electron-hole pairs on
potential fluctuations due to alloy disorder.

Confirmed by the evolution of
photoluminescence with T.
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The blue diode

First blue diode

P-GaN/N-InGaN/N-GaN Double-Heterostructure Blue-Light-Emitting Diodes

Shuji NAKAMURA, Masayuki SENOH and Takashi MUKAI
Department of Research and Development, Nichia Chemical Industries, Lid., 491 Oka, Kaminaka, Anan, Tokushima 774

P-Electrode -

Quantum
efficiency™~0.2%
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Fig. 5. Room-temperature photoluminescence spectrum of the top
layer (Mg-doped p-type GaN layer) of the p-GaN/n-InGaN/n-GaN
double-heterostructure after the 15 kV electron-beam irradiation
treatment.

Sapphire Substrate

Fig. 1. The structure of the p-GaN/n-InGaN/n-GaN double-heteros-
tructure blue LED.

Candela-class high-brightness InGaN/AlGaN double-heterostructure
blue-light-emitting diodes Quantum

Shuji Nakamura, Takashi Mukai, and Masayuki Senoh efficiency"’B%
Department of Research and Development, Nichia Chemical Industries, Lid., 491 Oka, Kaminaka, Anan,
Tokushima 774, Japan

(Received 2 December 1993; accepted for publication 5 January 1994)

= Double heterostructure.
= The next generation of components embeds quantum wells.



Nanostructures and perspectives

Quantum wells

Jonction p-n GaN avec puits quantique
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Nanostructures and perspectives

Quantum wells & quantum dots
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= Because of their wurtzite structure, nitride materials are piezoelectric.

= Existence of built in polarization fields in quantum wells that separate
electrons and holes along the growth axis.

= Quantum confined Stark-effect.
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Nanostructures and perspectives

Effect of built-in electric field
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P. Lefebvre, A. Morel, M. Gallart, T. Taliercio, J. Allegre, B. Gil, H. Mathieu, B. Damilano, N. Grandjean and
J. Massies, Appl. Phys. Lett. 78 (9), 1252-1254 (2001) 65



Nanostructures and perspectives

Improving the CRI

LED-based LED-plus-phosphor-based A
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E. .F Schubert and J. K. Kim, Science 27 May 2005:
vol. 308 no. 5726 1274-1278



= Nitride based nanostructures are limited to light
emission.

= Their wide bandgap and strong exciton binding
energy makes them interesting for room
temperature operation.

= The present degree of control of GaN-based hetero-
structures allows to consider a physics that was
previously mostly restricted to conventional llI-V.
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= Nitride based nanostructures are limited to light
emission.

= Their wide bandgap and strong exciton binding
energy makes them interesting for room
temperature operation.

= The present degree of control of GaN-based hetero-
structures allows to consider a physics that was
previously mostly restricted to conventional llI-V.

= Here are some examples.
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Nanostructures and perspectives

Spin dynamics
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FIG. 1. (Color online) (a) Schematic representation of a single
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nanowire. (b) Top view SEM image of the nanowires.
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A. Balocchi, J. Renard, C. T. Nguyen, B. Gayral, T. Amand,H. Mariette, B. Daudin, G. Tourbot and X. Marie, Phys. Rev. B 84, 235310 (2011)

J. Besbas, A. Gadalla, M. Gallart, O. Crégut, B. Honerlage, P. Gilliot,E. Feltin, J. F. Carlin, R. Butte, N. Grandjean, Phys. Rev. B 82, 195302 (2010)
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Nanostructures and perspectives

Polariton laser
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R. Butté, G. Christmann, E. Feltin, J.-F. Carlin, M. Mosca, M. llegems, and N. Grandjean,
Phys. Rev. B 73, 033315 (2006)

R. Butté and N. Grandjean, Semicond. Sci. Technol. 26 (2011) 014030 (9pp)
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Nanostructures and perspectives

Single photon emitters
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Figure 1. Images of site-controlled nanowire-QDs. (a) SEM image showing a single nanowire grown on a patterned Si0, substrate by selective area
MOCVD. The inset shows an array of nanowires separated by 2 um (a spacing of 20 um was used for the optical experiments). (b) TEM image
clearly showing the formation of a single QD near the tip of a single nanowire. (c) Schematic of a nanowire containing a single QD.
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in parentheses are corrected for background and detector dark counts.
The suppressed height of the peak at delay 0 is clear evidence of single
photon emission, and the single photon statistics remain largely
unaffected by temperature.

Figure 2. Emission spectra from a single nanowire-QD measured at 3.9 K (a), 150 K (b), and 300 K (c) (measured with excitation powers of 5 mW,
10 mW, and 15 mW, respectively). The inset in (a) shows the power dependence of the peak intensity of the three peaks labeled with a hexagon,
triangle, and square, respectively.

M. J. Holmes, K. Choi, S. Kako, M. Arita, and Yasuhiko Arakawa, Nanoletters 14, 982 (2014)
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Ssummary

= Focus on different white light sources and more
specifically on light emitting diodes.

= Fundamentals of electronic and optical properties of
semiconductors and their guantum heterostructures.

= Optics as a sensitive probe of matter.

= Story of the blue LED as an illustration of different
technological steps to be taken.

72



Ssummary

= The three laureates demonstrated intuition and
perseverance that lead to a revolution in lighting and
light display.

= The mass marketing of nitride based lighting devices
did not kill the fundamental research related to these
materials.

= The success of the blue diode created a dynamics that
brought a class of materials to maturity and created
new perspectives in fundamental and applied research.
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