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The UV spectral range
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Fig. 13.1. Nomenclature
of UV radiation versus
wavelength (after Inter-
national, 1932).

» Two classifications of UV spectrum

1.
UV-A | 315-390 nm | Penetration of atmosphere, damage to deeper skin and
eye (cataracts)
UV-B | 280-315 nm | Partially absorbed by ozone layer | Serious damage to
UV-C | <280 nm Mostly absorbed by ozone layer | Skin and eye

2. Extreme UV (10-100 nm)
Vacuum UV (100-200 nm)
Deep UV (200-320 nm)
Near UV (320-390 nm)
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The AlGalnN bandgap
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Polarization effects in Ill-V nitrides

Spontaneais polarization Pieroelectric polarization, Ga face  Pieroelectric polarization, W face
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Fig. 13.3, Surface charges and direction of eleciric field and polarization field for spontane-
ous and piezoelectric polarization in 1=V nitrides for Ga and N face orientation.

¢ Most common epitaxial growth direction of llI-V nitrides

c-plane of the hexagonal wurtzite structure
Polarization charges located at each of the two surfaces of a layer
Internal electric fields occur in Ill-V nitrides
= Significant effect on the optical and electrical properties
The direction of the internal electric field depends on
= Strain
= Growth orientation (Ga face or N face)
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Piezoelectric polarization charges

* The strain in the epitaxial layer
— Compressive-strain : epi-layer is laterally compressed

= Ex.) GalnN is compressively strained when grown on a thick relaxed
GaN buffer layer.

— Tensile-strain : epi-layer is expanded along the lateral direction

= Ex.) AlGaN is under tensile strain when grown on a thick relaxed GaN
buffer layer.

e Calculated magnitude of
the electric field for
common llI-V nitride alloys
grown on relaxed GaN

°)

i P

Fig. 13.4. Magn
tion of spontan
electric pola n
and AIGaN grown psendomor-
on  relaxed  GaN
3N has @ spontaeous .10
ion, but no piezoelectric
ion (after Gessmann ef
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Consequence of the polarization fields

12 Ee, ()
Yie Fig. 13.5, Schematic band diagram
of (a) thin and (b} thick AMGaM/GaMN
1
Wh
J':-‘L'_"

active region with poalization fields
for Ca-face growth (substrate on
right-haim side)

* Quantum well layers have an internal electric field

— Spatially separated electrons and holes thereby preventing efficient
radiative recombination

— Particularly true for thick quantum wells, e.g. > 100A

=To avoid this deleterious effect, it is imperative that the quantum well
layers are kept very thin. (20~30 A)

» Screen of large electric field caused by polarization effects
1. high doping of the active region
2. high injection current
: screening of the internal electric field
——— > blue-shift of emission as the injection current is increased
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Doping activation in IlI-V nitrides

* Low doping activation : problem in 1ll-V nitrides
— 2origins

1. Chemical deactivation of acceptors by hydrogen atoms bonding to
acceptors.

— The missing electron that acceptors strive to capture is provided by
a hydrogen atom.

2. Acceptors in lll-V nitrides have a high thermal activation energy (>> kT
at 300K)

— Only a small percentage of acceptors are ionized at RT.
* Amano et al. (1989)

: ‘Acceptor dopants can be activated by low-energy electron-beam irradiation
(LEEBIY

* Nakamura et al. (1991)

: ‘Acceptors can be activated by thermal annealing’

— During thermal annealing, the relatively weak acceptor-hydrogen bond is
broken and hydrogen atoms are driven out of the epi-layer.
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Dislocations in llI-V nitrides

» Sapphire
— most common substrate for GaN growth
— very stable substrate
— corundum structure (IlI-V nitrides : wurzite structure)
— different lattice constants to GaN

==) Misfit dislocations (threading and edge dislocations) in GaN epi-
layer (108 ~ 10° cm-2)

' [ ] « Initial layer (faulted layer)
GaN: sound zone | |

'{_Diﬁlmmm ll". — grown at low temperatures(~500

|
GaM; semi-sound °C) and subsequently annealed
#oive; lateral growth —{

(13bm) - (Semi-)sound zone

: s /
Faulted zone (30 nm)" [

— dislocations undergo self-

Nucll-::luun layer e g e,
(GaN or AIN) Sapohire (ALO)
(30 nm} apphire (AlyUy

—much lower dislocation densities
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Charged dislocation

* Generally, dislocation lines are electrically charged
— Theregion surrounding a dislocation line is either coulombically
attractive or repulsive to a free carrier.

— The nature of the coulombic interaction depends on the polarity of
the dislocation line and the carrier.

Positively charged dislocation line
Initially, electrons are attracted but holes are

repelled.
Fig 138 Aandgap dizgram of » Continued collection of electrons will screen the
Iy charged dislocations. Holes dislocation potentia|
are attracted to  disclocation . . .
lines where they must ultimately — Reduction of the repulsive barrier for holes

recombing with electrons

Electrons and holes will recombine non-radiatively
via electron states of the dislocation line.
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High radiative recombination efficiency in IlI-V nitrides

* Why the radiative recombination efficiency in 1lI-V nitrides is so high
despite the high density of dislocations?
— Several possible explanations

1. Electronic states of the dislocation line lie outside the forbidden gap
(within the allowed band)

(ay  Dislocation by ey + id)
region -A + -/\
—\f/— _ —\+/— Ecm
1 D N\
+ -
_\r/_ _\//_ -
gap. (b) acceplor states in gap,

Fig. 13.10. Band diagram of dislocation: {a) donor states in g
{c) donor states in conduction band, and (d) ac 5 in valence band. Whereas {a)
and (b) lead to non-radiative recombination, (<) and (d) no not,

2.Compositional alloy fluctuation
— variation of the bandgap energy and local potential minima

— The potential minima attract and confine carriers and prevent them
from diffusing towards the dislocation lines.

Ey

Electron Dislocation

g wel regivn
Y Fig. 13.11. Band diagram of
GalnN having clusters of In rich

P - . - -

+ regions which spatially localize
1 Ee carriers and pevent them from

+

o

L diffusing to dislocations.
Fy g

Hole e

well I rich region

445.664 (Intro. LED) / Euijoon Yoon




High tolerance towards dislocation in IlI-V nitrides

1.0) pe===arrm T T M e e sy
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Etch pit density {em™

Fig. 13.12. Depen-
dence of radiative ef-
ficieney on etch pit
density (I1I-Y arse-
nide and phosphide
dota adopted  from
Lester er afl, 1995;
=Y nitride data es-
timated by the author

ol this book),

» Direct detection of indium-composition fluctuations in GalnN by TEM was shown
to be difficult and even ambiguous due to high-energy electron beam damage.

* The magnitude of the indium fluctuation in GalnN is still under discussion.

* Generally accepted explanation has not yet been established.

« |-V nitrides have a much higher tolerance towards dislocations as compared to
IlI-V arsenides and phosphides.
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UV devices emitting at wavelength > 360 nm

peelecirode

petype Gal, 120 am

petype Alg.g5Gap gsM, 60 m
utdoped Galnd, 40 nm —
n-type Alg, 1Gag g, 30 nm —|
retype Gal, 4.0 jim —

n-clectrode

GiaM nucleation loyer -—

Fie 1300, Layer sruehre of
GalnN UV LED grown o

Sapphire substrate

saphire subsirate. emitting ai
370 nm (afier Mukai e al.)
1998

* Generally GaN of GalnN active layer
* Small red-shift of the peak wavelength when going from pulsed to CW current

injection

— Caused by junction heating

(]

.

UV DH LED, &= 375 am
GalnNAGaN on sapphire
T 205K

Relative intensity (arbitrary units)

0 a0 100 150 200
Active layer thickness (nm)

250

« optimum output
power at 30-50 nm
active layer

« Active region is
heavily doped to
screen the PZ
fields.
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Nommalized intensity

20 mA (ew)

L 20 mA
‘\ (pulsed, 0.1%)

Fig. 13,14, Roam temperature

ission speetrum of commer-
© 5 nm UV LED (Nichia
Corp)) under ew and pulsed
condition
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UV devices emitting at wavelength < 360 nm

* AlGaN active region or Al,Ga, ,N/Al,Ga; N MQW active region

* Low power efficiency, less than 1%

i

BT

| 100 ma 1

| AlGaNAlGaN MOW LED
Apeak = 289 nm

)

1!

1|ﬂ mA

(]
Fiype
contact

g F
s F
Die size: 200 : 200 um? i [ 25ma
I /
'| 50 mA = C " SmA
P E N
lJ Sk
I 1 2 E -
: 25 ma 2 F S
= ﬁ E R
= W, 10ma 2 L
20 basiitciaci
2500 300 330 MW 450 5000 550§ 250 300 350 400 450 500 530
Fs

Wavelength A (nm} Wavelength & (nm)

Fig. 13.17. Emission spectrum of deep-UV AlGanN/AlGaN multiple quantum well LED for

different injection-currents on (a) linear and (b) logarithmic scale. An interdigitated comact
geomelry, as shown in (¢), was used for large-area dies {after Fischer et af., 2004)

 Active region composed of three Al ;,Ga, ¢,N QW with
Alj 46Ga, 5,N barriers for emission at 290 nm

* Some sub-bandgap emission near 330nm becomes apparent
when plotting the spectrum on log scale.
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Issues for AlGaN/AlGaN UV LED

 Affinity of Al to oxygen

— Al has a very high affinity to O, making the incorporation of O into AlGaN
increasingly likely as the Al content increases.

e Conductivity of AlGaN
— Conductivity of AlGaN decreases as the Al mol fraction increases for Al>30%
— Higher resistivity in the confinement layer and higher series resistance
 Lateral conductivity

— As the resistivity of Si-doped n-type AlGaN increases with the Al content,
devices generally become more resistive.

» Contact resistance
— Due to the high bandgap of AlGaN, contact-barrier heights are generally high.
« Diffusion of acceptors

— During the epitaxial growth of the top cladding layer, Mg acceptors may
diffuse back into the active region

— lowering of radiative efficiency
— limit on the maximum thickness of the p-type cladding layer
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Issues for AlGaN/AlGaN UV LED

* Heterojunction barriers

— Due to the larger bandgap energy, band discontinuity of heterojunctions
are generally larger than for smaller bandgap semiconductors.

— Compositional grading at the heterojunction reduces the junction barrier
resistance
 Light extraction
— Toreduce reabsorption effects
— All device layers should have an Al content sufficiently high to be
transparent to the emitted light
e Cracking
— AlGaN films on relaxed GaN : tensile strain
— For sufficiently thick films : crack

— Cracking can be strongly reduced or even eliminated by using Al-rich
strain-compensating superlattices

o e Crack 2 Fig. 13.18. Optical micrograph of

Al sGag N Tayer grown (a)

C sl ‘g: without and (b} with a strain-

compensating AIN/Aly45Gao 35N

AR superlattice (SL). The SL has 10

s and equal well and barrier

< of 10 am. Angles be-

ST Aly g0 oM § Aly G 5N lines frequently arc
Wpm |y 8 pm thick | 20pm Ohjim thick | g0 o 1200

e on GaN/A an SLIALD,
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