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The Nobel Prize in Physics

- High-efficiency blue LEDs (IQE>90%, WPE >80%) g
+ Outstanding luminous efficacy (>150 Im/W)

« Solid-state lighting : 70 billions of € in 2027
- WPE = P, /P, = EQE X -
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B \Which semiconductors for blue emission?

Electronegativity

7
6 _ i ) Ionicity and Band Gap (E,)
g L | Wide bandgap semiconductors: o
Sl wee 1 -Vl selenides (Zn,Mg,Cd)Se suffer from fast aging =~ B[ e’ l.@.
A 3 | -V nitrides (Al,Ga,In)N
i nso ] o Cortent st v ot el veren
1L s 4 1I-Vl oxides (Zn,Cd,Mg)O no p-type conductivity
. . . . . . ..\ InSb
02.5 30 35 40 45 50 55 6.0 65 70
Lattice parameter (A)
(" 1lI-V nitride semiconductors | | )
oo _, Al list of drawback » The first studies date back to the 60s
a | raw ; : : .
=i ong list ot drawbacks * Revival in Japan in the 80s
.l | - Lackof GaNsubstrate . 1993: first high-brighneess blue LED
] - Lattice mismatch between binaries
- Deep Mg acceptor (160 meV) Nakamura et al., Appl. Phys. Lett. 64, 1687 (1994)

K Wurtzite structure j




GaN heteroepitaxy

B Main growth issues

Wafer size:
50-150mm in diameter

GaN:Si (n-type) ,» 7\ Conduction

¥ band
e @

N
JV\/\/\ l E Valence

band
Photon 4 = he/E F
i P )

= GaN:Mg (p-type)

Quantum well
Ing;GaggN (2 nm)

Energy

P-type GaN

Substrate

C

=

GaN:Mg -0.2 pm

(In.GalN quantum wells = 2 nm

GaN:Si =4 um

Sapphire

Die size:
400x400 pm? to 2x2 mm?

InGaN QWs

i —

Material quality




Epitaxial Growth:
How are these structures grown
In practice ?

- Growth considerations and device
performance

- Main growth techniques for lll-
nitrides (MOVPE, MBE)

- Growth of llI-nitride structures

- Advanced topics relevant to epitaxy



Growth mechanisms “P=L

Growth starts with nucleation

Deposition

Nucleation

A 1s the diffusion length



Growth mechanisms “P=L

Surface diffusion length

Residence time

E _ .1
1: Physisorption (at the surface) t="Yo eXp(Ea/kT)
Vy : frequency hopping

D =Dyexp(—E;/kT)

z

\ 2: Chemisorption (bound to the crystal) Diffusion coefficient

Ea f\
IEd ; A = 2V 1D | diffusion length

O A =+/2ntD (n: dimensionality)
w/\/\/ A can be controlled by the temperature and

the surface chemistry (V/III ratio, surfactant)
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What is Epitaxial Growth?

—add material

Nickel on silicon (001) substrate

oy . @i = 543A
! ! )

new growth <

substrate <

The crystal structure of the growing
layer is imposed by the substrate

= Epitaxial relationship



Growth mechanisms

Growth modes

/EIFrank - Van der Merwe (ZD)\

2 Vsubstrate = Vlayer + Vinterface

- Complete wetting of the surface
- Formation of 2D islands: layer-by-layer

A A A A A A A A A

__________

AAAAAAAAAAAAA

Substrate

PN INANANNININNIN I

Substrate

/EIVolmer-Weber (3 D)\

- Vsubstrate < Ylayer + Yinterface

- Formation of 3D islands

A A A A A

Substrate

A A A A

éStranski-Krastanov (2 D-®

- Complete wetting of the surface,
followed by a 2D-3D growth mode
transition at a given thickness

A A A A b b b b A

Substrate

A b A A A A A A o4 A oA oa a4

Substrate

Substrate

éSD growth - Wires \

- Micro- or nano-wires
A) Vapor-Liquid-Solid with a catalyst (Au)
B) Catalyst-free

A ]

>QD — —

Metallic droplet
A
.‘ g
~ Substrate ‘
B |

Mask layer »QD - -
A

<

- /




Growth mechanisms “P=L

What is a monolayer for a compound semiconductor (GaAs, GaN)?

siilia

(001) plane

GaAs

a/2 = 1 GaAs molecular monolayer (ML)
=1 Ga plane and 1 As plane (2.83 A)

Zinc blende structure

(0001) plane

[0001]
GaN ‘ c-axl1s
5 c/2 = GaN ML = 1 Ga plane and 1 N plane (2.59 A)

@® xX-GaAlorln

‘T-> Wurtzite structure
a
10



_Homoepitaxy _______JS

2D layer-by-layer growth mode

GaAs(001) surface by STM

ideal
case

Substrate

real
case

400 x 400 nm?

Phys. Rev. B 55, R4879(R) (1997) 11



_Homoepitaxy _______JS

Step-flow growth mode

Step Flow Growth
AFM image - Silicon

« vicinal » (misoriented) surface Surface morphology

Terrace length (GaN): does not change
miscut: o = 0.2° = 75 nm

12



Homoepitaxy

=PrL

2D step-flow growth mode

Step bunching

JOURNAL OF APPLIED PHYSICS VOLUME 84, NUMBER 1 1JULY 1998

Formation of regular step arrays on Si(111)7x7

J-L. Lin, D. Y. Petrovykh, J. Viemow,® F. K. Men,®) D. J. Seo,® and F. J. Himpsel
Depariment of Physics, University of Wisconsin Madison, 1150 University Aveme, Madison,
Wisconsin 53706-1390
.
= : GaAs (STM image) 75 x 75 nm2
44— Step-up current R I L34 : R

———§ Step-down curent

Ilb‘l:
(b)

10

Disorder: step bunching

Height (nm)
o M = 3 ;o

e A
Distance along [11Z] (nmj) 13

=
L=



Homoepitaxy S

Growth instabilities - origin

Ehrlich and Hudda, J. Chem. Phys. 44, 1039 (1966)
Schwoebel and Shipsey, JAP 37, 3682 (1966)

Ehrlich-Schwoebel barrier (ESB):

Asymmetry of the surface potential at a step
—> Difference in nearest neighbors to attach to

14



Homoepitaxy kS

Growth instabilities

ESB-induced surface features

Hillocks
2 S
sl i =T
S e
A
-CEU 4 A‘_f" *
~ N T
@ .
E % i,d’ ° .
: -
= 4
ol /
o ¥y o
[] H
A\ ! Step-bunchingi Fingers
'l L]

Hillocks Step-meandering Step-bunching o 01 02 03 o4 05 06 07 08 09 1

Diffusion length / step width
JKrug, K//?et/c patte_rn formatlgn at SOIIC{ T Maroutian et al., Phys. Y N Yang et al., Surf. Sci. Viadimi fal
surfaces, in: Collective dynamics of nonlinear Rev. B 64, 165401 (2001) 356, 101 (1996) adimirova et al.,
and disordered systems ' ’ ! JCG 220, 631-636 (2000)
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Heteroepitaxy “P-L

Heteroepitaxial growth
O

add material

H

m \When does heteroepitaxy matter?

- Growth on foreign substrates
- Heterostructures: quantum wells, quantum dots, Bragg mirrors
16



Heteroepitaxy —P=L

Elastic versus plastic deformation

/
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Compressive strain
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— >0
aS

. Elastic
deformation Tensile strain

Aa

— <0
a’S

Plastic
deformation

= Formation of
dislocations

17



Heteroepitaxy

Strain €
induced by:

- Lattice-mismach

- Different thermal expansion coefficients between the substrate and the epilayers

ansile stress during cooling

Materials AIN Sapphire Si (111) Diamond
el 2 (U4) 34T -16.1 115 373.5

18



Heteroepitaxy “P=L

Strain
Lattice mismatch: Aa/a = (a,— a,)/a,

Strain: ¢, = (a,— a))/a,

Ex: AIN/GaN
ac,y = 3189 A and a j,=3.112 A
GaN on AIN: Aa/a=2.47 % and € =-2.42 %

e <0 compressive strain

¢>0 tensile strain

19



Heteroepitaxy E P-=L

Top wew

Dislocations
Burgers vector b

Edge type dislocation
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Heteroepitaxy cprsl

Spiral growth induced by screw-type dislocations
Screw dislocation E s R =

——

=
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Heteroepitaxy

Critical thickness for a 2D layer

g

< N
o
layer E R
7 N\
L 100
substrate 2 S
£ : i
8 h
5 N
Critical thickness A4_.: maximum thickness E N B2~
until plstic relaxation occurs (introduction = —
of dislocations) o

! 0 0102030405060.7 08091
h,. depends on the lattice mismatch, and Ge Content, x

FIG. 3. Comparison of predicted equilibrium critical thickness
Can be IESS than 1 nm hei: for relaxation models based on elastically noninteracting
(MB: Matthews-Blakeslee) and interacting (F: this study) misfit

dislocations as a function of Ge content x.

VOLUME 73, NUMBER 20 PHYSICAL REVIEW LETTERS 14 NOVEMBER 1994

x =[bcosA/(0.0836h;,)]
New Approach in Equilibrium Theory for Strained Layer Relaxation % (1 + {[1 — ( y ; 4)] /[41:. Gﬂﬁz A( 1 + p}]} In (hcﬁ t ,f b ))

A. Fischer, H. Kiihne, and H. Richter

A: angle between the Burgers vector and the interface 5,



GaN growth

23



GaN heteroepitaxy

B The substrate: GaN T

......

Lack of GaN bulk native substrates
produced at Unipress (PL) by high pressure growth - 1 cm? :

Free-standing GaN substrates:
HVPE growth on GaAs or sapphire, followed by substrate removal

or by amonothermal growth 1000°C 850°C

- Dislocation density: <10° cm-2 | R /
- Size: currently 4 in., 6 in. demonstrated - W

-

J. Cryst. Growth 433, 36 (2016) 24




GaN heteroepitaxy —P=L

B The substrate: sapphire

GaN technology has been developed on sapphire from the 80’s

Lattice mismatch to GaN
ALO, (0001):  +16 %
6H-SiC (0001): -3.5 %

Si (111); 17 %

Dislocations

Sapphire (0001) is the most
commonly used substrate

size 1 6in.
25



GaN heteroepitaxy “P=L

B The substrate: sapphire

Sapphire nitridation (exposure to NH;) = formation of AIN

iy MEO oito Appl. Phys. Lett. 69, 2071 (1996)
[2110] h o [if20] T T —
P Sl LT [ () L (b) GaN
[Moio] _;;..--j\. 15 a . 5
=
+— __'Fg 10 |
oL el
e N L £ [
£ s
11010 hopy o7 3 i
S ; “Tio10] = Ao ([
TN S P — Y R | S
11201 » 2110 of N GaN/ALO
o] 1ong [0 [ ALO_nmitridation [[ "V 3
(b) “wivwi global sino comEM/ + - -lt"datlo?- = 60 min ET.
Sapphire crystal structure o 5 0.0 0.5

Time (min) GaN/sapphire epitaxial relationship

Aluminum hexagonal sublattice lying in the c-plane of Al,O, crystal
= AIN layer at the surface upon NH; exposure at high temperature

26



GaN heteroepitaxy

B GaN polarity

(a) Py (1#100)

PHYSICAL REVIEW APPLIED 5, 054004 (2016)

Polarity Control in Group-III Nitrides beyond Pragmatism

Stefan Mohn,";u Natalia Slolyan:huk,]'2 Toni Markurt,I Ronny Kjrsle,3 Marc P. Hoffmann,3 Ramoén Collazo,3
Aimeric Courville,” Rosa Di Felice,** Zlatko Sitar,’ Philippe Vcnnégués,2 and Martin Albrecht'

@ CrossMark
JOURNAL OF APPLIED PHYSICS 122, 155303 (2017) k

Impact of sapphire nitridation on formation of Al-polar inversion domains
in N-polar AIN epitaxial layers

N. Stolyarchuk,"® T. Markurt,' A. Courville,” K. March,® O. Tottereau,” P. Vennégues,”
and M. Albrecht’

Aluminum oxynitride layer controls the polarity of GaN epilayer

surface chemistry
controls the polarity

e

16 pm thick GaN, Ga polar

16 pm thick GaN, N polar

27
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GaN heteroepitaxy

B GaN on sapphire

The low temperature buffer layer

(]
0-Al, Oy a-AlLO
i Buffer la
y (a) Ganl orr o (b) |
Nl - / G
Ay a
®  Thm == = / = (b) e i
0-Al, 05 5 -ALO W uiier
w/o LT buffer > | T

(c) (d)
H. Amano et al. , Appl. Phys. Lett. 48, 353 (1986)

Two-step growth procedure:
1) a thin AIN buffer layer (25 nm) at low-temperature (500°C)
2) growth at high-temperature (1000°C-1100°C)

200nm

Dislocation density > 1070 cm
28



GaN heteroepitaxy “P=L

B GaN on sapphire
ﬂn situ growth monitoring\

3D islands to reduce the dislocation density Sode Lasey  CCD Detectr

Etalon

Nitridation

AIN formation
4 ===
Spot
Spacing
ﬁ G a N LT b uffe r
Sample
layer
a (500 oC) What can be learned from optical reflectance
T dependence of NL bulk growth
. GaN optical constants rate bulk layer
; NL decomposition rate roughening
Annealing at HT L thickness \ s By i

0325

3D islanding

Temperature

000 £ - } LN o T dependence of
/ Sk GaN optical constants
T dependence of sapphire
optical constants 3D to 2D

TE M = 250 nm 3D island recovery time
. a bl d NL roughness roughening APL 81, 1940 (2002)
And nuclei size  and size

Dislocation density reduced from 1079 to below 108 cm-

29



GaN heteroepitaxy —“P=L

Dislocation density = 5x107-108 cm~ in commercial blue LEDs

a
“ .

Dislocations

Surface

AFM

Threading dislocations are supposed to
impact the active region of LEDs/LDs

= low impact in blue LEDs

a2 0 ) - 1
TEM | il e ; nTLJ Cross-section

30



GaN heteroepitaxy

B GaN on Silicon substrate

attice mismatch Thermal expansion coefficient mismatch

Al,O, (0001): +16 % Si (111): 115 % = tensile strain [T
6H-SiC (0001): -3.5 %
Si (111): 17 %

(GaAs/Si: +4 %) 100 pm

Epilayer cracking when cooling down the
wafer from 1000°C to room-temperature

31



GaN heteroepitaxy

B GaN on Silicon substrate

Silicon surface is decomposed * AIN buffer

when exposed to Ga and NH, 4

at high temperature GaN growth at HT

Coalescence

A. Dadgar et al. Journal of Crystal Growth 248, 556 (2003)
phys. stat. sol. (a) 188, No. 2, 501 (2001)

Dislocation density >1010 cm-2

32



GaN heteroepitaxy —“P=L

B GaN on Silicon substrate

Strain engineering to avoid layer cracking

mPp compressive strain is introduced during growth

Mask == GaN

| GaN
LT-AIN = SEE——

G-cr'\N-‘ v 1 pm
AIN seed —p RSIRESIRE SRR 1= ) BN s |

Si substrate =%

D. Ducateau et al., IEEE Electron Device Letter 27, 1 (2006) A. Dadgar et al., Journal of Crystal Growth 248, 556 (2003)

33



GaN heteroepitaxy

B GaN on Silicon substrate
Blue LEDs on Si e

Light

mm?Chip@20mA @A 1x 1 mm?Chip @ 350mA 5
E 1 ' hire ” i —I-Fl- el —— .- [ — —
> 65 | LE.D ‘Products Gah on SaPRTS = I | =
£ 60 - commercial L — 4
S 55 0 B s A L ——
E Bl e e = .52%'55%_ OS R&D 6 S W z & 2
E 45 . M. W ’ ’ ; : e : : v Epiayer prowdh an Sificon subsiale
E OS R&D 4" 20 Mrrar and conpant farmatian
> 0 : a0 Fransder fip Silkoon carer ang suhisinafe remoeal
® ‘933%
£ 30
1b]
Lu 20 [T N | | [ N ! I T | | [ | i 1 i i I I | | I T T | I | T | |I | . | ]

2009 2010 2011 2012 2013 GaN on Silicon: typ. ~110 Im/W 2015

Courtesy of Dr. U. Steegmiiller, Osram-OS GaN on Sapphire: typ. ~118 Im/W

Internal quantum efficiency: 90 % on silicon (95% on sapphire)
34



Growth and LED efficiency




InGaN quantum wells

B Internal quantum efficiency of blue LEDs

Internal quantum efficiency (IQE):

#Photons

#Electrons

Normatlized Efficiency vs. Etch Pit Density

*Wl

Photon 4 = hc/E

V
Quantum well
n

N (2 nm)

pe)

10 REALLASGER S N R U AR AL |
Gab

0.9~ R \ Brantiey 1875

b8 Y ><'iaAsP:N
E;. ] \ Caok 1984
g o7k - GaAsP:N
2 v S Yu 1984
& GaAs
E 06— Herzog 1973 -
S 05— GaAlAs
3 - Roedel 1950
T oar Stringf Gl
£ gleliow 1874
E oanb a
2 0.3 Sueuakt 1974

s
» GaP

0.2 Furuki 1975

0.4} W

LR WO U8 U O 0 OO S0 T O O ] |

1E+03 1E+04 1E+05 1E+08 1407 1E+08

Etch Pit Density (em-?)

LEDs: high efficiency (IQE>90%) despite high density of dislocations

36



InGaN quantum wells

Figure 4 Cross-section transmission electron microscopy view of a high-
efficiency Nichia blue LED. The dislocation density of 10" cm~? is remarkably
high for such an efficient and durable device. Indicated in the figure are the top
surface of the film (a), the active region (1), the main GaN film (c), the buffer layer
(d), and the sapphire substrate (e).

B Internal quantum efficiency of blue LEDs

NATURE|VOL 38627 MARCH 1997

'Nitride-based semiconductors
~ for blue and green
light-emitting devices

F. A. Ponce & D. P. Bour

Most surprising was that, compared with LEDs fabricated using
other semiconductors, the light-emitting efficiencies of these GaN-
based LEDs were remarkably insensitive to extended lattice defects
such as dislocations in the films. Transmission electron microscopy
(TEM) studies® indicated that the material contained 10 disloca-
tions per square centimetre, more than six orders of magnitude
above any other material used for LED fabrication.

Number of dislocations - 8382
Threading dislocation density - 3.1E8 cm™

Dislocations are non-radiative recombination centers in GaN

37



InGaN quantum wells —“P=L

B Quantum wells or quantum dots?

Narukawa et al. 70, 981 (1997) Carriers in a quantum well

= |Sle= = lemjo] = =] -~ |

Carriers in quantum dots

5S5Nnm

TEM image of InGaN/GaN QWs

Gérard and Weisbuch (patent 1990)

Indium-rich clusters in InGaN QWs act as quantum dots

Common understanding (end of the 90s): the localization of carriers in self-
formed QDs prevents their non-radiative recombination on dislocations

38



InGaN quantum wells —P=L

B Quantum wells or quantum dots?

TEM image of InGaN/GaN QWs grown by MOCVD

il

FIG. 3. (0002) lattice fringe images showing strain contrast evolution in an
Iny, ,,Gag 7gN/GaN MQW during exposure to a 200 kV electron beam flux of

-—bl5
Srnm ~35 Acm ™ ? after: (a) 20, (b) 220, (c) 420, and (d) 620 s.
Narukawa et al. APL (1997)
T. Smeeton et al, APL 83, 5419 (2003)

= Indium clustering induced by e-beam irradiation
during TEM observation

39



InGaN quantum wells

Impact of dislocations

Atom probe tomography -

20nm
—

M.J. Galtrey et al., JAP 104, 013524 (2008)

InGaN/GaN QWs

 No evidence of In-rich clusters
* [InGaN is a pure random alloy
 Local In atom distribution variations

-
|
wu Qg

B,

-150

I Em Energy (meV)

0 150

Sample Diffusion constant (cm?/s)
Bulk GaAs" 20
GaAs/AlGaAs quantum well 56

Bulk GaN* From 1.6 t0 2.0

50 nm InGaN layer* 2.1

InGaN/GaN quantum wells®

From 0.51 to 0.62

J. Danhof et al., PRB 84, 035324 (2011)
w. Piccardo et al, PRB 95, 144205 (2017)

Random alloy fluctuations
strongly reduce the
diffusion coefficient

= low carrier diffusion

= “carrier localization”

/

40



InGaN quantum wells —“P=L

When the surface morphology comes to play

e The dislocation density is about 108 cm2 (5x107 cm in the best case)
e The diffusion length is larger than 1 um

= IQE higher than 90% ?

A. Hangleiter et al., PRL 95, 127402 (2005)

Dislocation termination create V-pits that form an energy barrier
around dislocations: dislocations are inactive in InGaN QWs.

41



InGaN quantum wells

Growth engineering for efficient dislocation screening

RRRRRRRRRRRRRRR | MARCH 04 2015

Manipulation of nanoscale V-pits to optimize internal
quantum efficiency of InGaN multiple quantum wells ©
Chiat Chang @ ; Heng Li; Yang-Ta Shih; Tien-Chang Lu ©

High-temperature growth of GaN (1000°C)

Low-temperature growth of Ga(In)N (<800°C)

42



InGaN quantum wells

Dislocations and point defects

Blue LED cross section TEM Cathodoluminescence (CL)

= GaN
I

[ P PPy W‘:’ o e

al
8
\A High IQE despite huge
! dlslocatlon density

Dislocatior{% |
screening by V-pits

F.A. Ponce and D.P. Bour, Nature 386, 351 (1997)

A. Hangleiter et al., PRL 95 127402 (2005)

43



The nGaNunderlaver ool

In blue LEDs, IQE is slightly impacted by dislocations

= What about native point defects and/or impurities?

B The InGaN underlayer

High efficiency LED

Gan g ’/

InGaN underlayer
GaN:Si

Substrate

y

I
0.5 1.0 15 2.0
Sputter time (min)

Young et al., APL 109, 212103 (2016)

SIMS profile recorded on a commercial
LED epiwafer grown by MOVPE

= Present in all blue LEDs
= Low indium content (typically 3%)

= Either a superlattice or a bulk layer

What is the purpose of this InGaN underlayer?

44



The nGaNunderlaver ool

Point defects in InGaN/GaN QWs

Sapphire (dislocation density~108 cm-2)

0.8 : ; .
0.6 f
GaN:Mg ‘ .
s 04 F
GaN:Si =
0.2
Substrate [ .
0 - - ] ] ]

Armstrong et al., JAP 117, 134501 (2015)

< The InGaN underlayer (UL) increases the efficiency independently
of the presence of dislocations

45



The InGaN underlayer

=PrL

Role of the InGaN UL

Y. Chen,... NG, APL. 118, 111102 (2021)  Surface defects stay

on LT GaN surface

Indium buries surface defects
to form many point defects in QW

Surface defects
generated at HT

[SRH] ~10"® cm-?

T. Weatherley,... NG,
NanoLett. 21, 5217 (2021)

LT GaN

\ HT GaN Without
uL

Surface defects (SDs) react with In atoms that create deep traps in the QWs

46



The nGaNunderlaver gl

B Burying impurities/defects at the surface

Point defects . . Thr Ty Time-resolved
. _ ‘ olq ‘ T = .
and/or impurities SRH recombinatio r T+ 1, photoluminescence

2.7 nm thick In, 1,Ga, ggN Single QW

T= 300 K

-

o
o

WL

with InGaN UL

GaN Cap
3.3ns

GaN Cap

w/o InGaN UL

Normalized intensity (arb. units)

GaN:Si Spacer GaN:Si Spacer 100 ps
ol InGaN UL &fse.e 8 10" | ﬁ InGaN uL
I psm ’
< with InGaN UL: longer effective lifetime 102 - 1'0 —
—> much less SRH recombination
" Time (ns)
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Surface defects and indium interaction

B Experimental approach

e Probe: a single InGaN/GaN QW (2.7 nm, x ~0.12)
e MOCVD growth

Reactor 1: Aixtron 3x2” CCS - stainless steel showerhead
Reactor 2: Aixtron 200/4 RF-S - quartz liner
TEGa for InGaN UL and QW (but similar results with TMGa)

e Optical characterization
300 K PL with resonant excitation (375 nm cw laser, ~0.3 W/cm?)
300 K time-resolved PL = effective lifetime

Effective lifetime: 1: 1 +_1

iTeffi TR ITNR|

TR Tg Is constant for a given QW 48




Surface defects and indium interaction

B Modeling of the effective lifetime

Hypothesis: the incorporation of a SD in InGaN alloy generates a NRC

1 1, 1 {TO: lifetime of the QW free of NRCs induced by the SDs

Tygr,sp: NoN—-radiative lifetime depending on SD incorporation

e 0O, :initial density of SDs after the GaN buffer grown at high-temperature

o SDs segregate at the growth front: [SD],, & 6, RN K. Muraki et al., APL 61, 557 (1992)

with N the number of deposited monolayers
R the segregation coefficient (probability to pass from the nt layer to the n+1t layer)

e SDs are buried when they interact with indium atoms: R = Reav— xp

with Rg,y the segregation coefficient of SDs in GaN
X the indium composition of the InGaN underlayer

p the interaction efficiency between indium atoms and SDs 49



The InGaN underlayer

B Modeling of the effective lifetime

1

Teff =To"

1+(Tom-

100 (Rgay — XD )N)|-—-’

Cow

(
Capture coefficient of SRH centers

induced by SD incorporation

X

SDs after the growth of N
monolayers of In,Ga,; N UL

Number of SD trapped in the QW: Cyy, = (1 — (Rgan — xQWp)NQW) /Low

GaN:Si
InGaN:Si

Spacer
UL

Sapphire :
APL 113, 111106 (2018)

GaN
spacer

growth

GaN
spacer

growth
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The nGaNunderlaver ool

B Modeling of the effective lifetime

InGaN UL INAIN UL /

Thickness dependence Composition dependence Thickness dependence Effective thickness: d,; = x dy;
,\100“ T T T T T T T T T 10 r r r r r T T T 100‘ r r T T T T T T T 1005. T T T T 3
B T=300 E g @ o o g 5 Rinan = 0.8942 R o 2
o v — F 2
_g 10F o .g 1k GEJ 10F ° 2 L ?

2 o '*’ g f
P Ing 03Gag o7N UL "?—‘) 2 INg.15ALo g5N UL B i~ To L
% 'F = 01 S % 1+ 79Cp,ploe” ™" Cow ]
0] I3 k3] 8 'F
= Reactor 1/ FS GaN 2 Reactor 2 / sapphire o : o nGal
mop T 1§ PP = Reactor 2 / sapphire G 3 noaNuL
e e N e O o S Y rOU
Indium composition (%) UL thickness (nm) \ oz 4 6 8 0 T2 oMW y
"Effective thickness" (nm)

< SD interaction with indium is independent of the material

< Same behavior whatever the MOCVD reactor/substrate

L < Strong interaction between indium atoms and SDs )

APL 113, 111106 (2018) 51




surace defects N = S

B |[mpact of the growth temperature

InGaN SQW grown on 1 um thick GaN buffer on FS-GaN substrate

---------------------------------------
— 875°C
GaN 755°C Cap 50 nm 10000 —ooe P
—— 960°C i -
) —— 1000°C —~ °
BN ORI, =~ ¢ —esel 2| s
755 Barrier 5 S 1000 | 4 g 1t e
: > ' R
5 4
3 B
£ 3 A
| ()
g 10 = 0.1 "
T=300K
FS-GaN hexc=280 N
: P=3.W
10 ||||||||||||||||| “l 001 ...................
Tyusrer(°C) = 875, 910, 935, 995, 1050 18 20 22 24 26 28 30 32 34 36 38 850 900 950 1000 1050
Energy (eV) Buffer Temperature (°C)

< The HT growth of GaN buffer generates surface defects

Appl. Phys. Lett. 118, 111102 (2021) 52



surace defects L = S

 \What could be these surface defects?

( Li, C, O, Na, Mg, P, K, Ca, Fe, Ti, Cr, Ni, Cu, Zn, Mo (SIMS at EAG Laboratories) \

iti ion: [C]=2x10'6 cm-3 - 16 ~m-3 Fel = 4x10" cm3  [Cal < 2x104 cm-3
|mpur|t|e Measured concentration: [C] cm [O] = 7x10"% cm [Fe] = 4x cm3 [Ca] .xmm 3
cm-

\_ /
Could the low stability of GaN surface (Ga-polar) at high
/ temperature impact the InGaN quantum well efficiency? \
- 5 ,,;ru
Point defects N B‘i\
< Gan o ®
Decomposition  (8)
Fermi level (eV) 10‘;-35' — a.m — I.'rl?'s i u;ﬂ n\'“ — ;:_no 0.0 o5 10 s >0
J.L. Lyons, G.G. van de Walle 1000/, K NH, flow, SLM
K npj Comput Mater 3, 12 (2017) GaN (0001) surface is unstable /
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surace defects A = S

B Tentative mechanism

HT GaN growth (>900°C): V, at the surface with
high concentration due to a lower formation energy
but they do not incorporate (high formation energy
in the bulk)

LT GaN growth (<800°C): V|, are no longer
generated at the surface but they segregate due to
the high formation energy in the bulk

InGaN growth: incorporation of V|, via the creation of
V-V, divacancies acting as NRCs
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P-type doping

B p-type GaN layers grown by MOCVD

1019 ;
Toshiba 1997 TOSHIBA: L. Sugiura et.al., Appl. Phys. Lett. 72, 1748
_ o Lumiled: W. Goetz et. al., ICNS-4; Denver, CO, 2001
. e . Samsung: J. S. Kwak et. al., Appl. Phys. Lett. 80, 3554
E, ~ 160 meV - high [M(] < 10" Amano: D. lida et. al., J. Cryst. Growth 312, 3131
needed as only few % are e 1o |
ionized at room-temperature 0 . . Lumiled 2001
10" 10" 10% —
[Mg] (cm”) z s
10% . | =10
O c-plane sapphire ® Z-<
o cplaneFSGaN = o |
ép 101:018 1(')19 1620 “g Samsung 2002
— Mg] em™) S
5107} § 107
=
'< @ :
= 2 10116018 ppen phes T 10 Amano 2010
[Mg] (cm™) i;/ ° Yo
S °
18 . ©
101018 10" 107 8
M Cm-:3 _ " " " M . § 1017.
(Mg} {cm ") [Mg] ~ 3 x 10"9¢m3 intrinsic limit? s
= 1018 1(’)19 -;620 1021
[Mg] (cm™)
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P-type doping

B Compensation: nitrogen vacancies

(a)
>,
o 2
=
E] : p-AlGaN cladding
@ 1 !
c
@
= . p-GaN guiding
9 0 Galnl MQWYs
M n-GaN guiging
£
LE 1 - I -AlcaN cladding {4
0.0 r D:ﬁ . 'ITU r 1 :5 ) 2.0 Figure 2.4: (a) Cross-sectional TEM image of an LD showing the presence of pyramidal inver-
Fermi level (V) sion domains [89]. (b) High resolution TEM image along the [1120] zone axis of a pyramidal
inversion domain [91].
Formation energy of n itrogen vacancies decreases P. Vennegues, M. Benaissa, B. Beaumont, E. Feltin, P. De Mierry, S. Dalmasso, M. Leroux,

and P. Gibart, “Pyramidal defects in metalorganic vapor phase epitaxial Mg doped GaN,"

when the Fermi level closes the valence band
Appl. Phys. Lett., vol. 77, no. 6, p. 880, 2000.

C. G. Van de Walle, “Interactions of hydrogen with native defects in GaN," Phys. Rev. B,
vol. 56, no. 16, p. R10020, 1997.
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R N =P L

B Passivation by hydrogen

. Nakamura et al, JJAP (1991)

P-type conductivity is
achieved using Mg. However,
Mg is passivated by hydrogen
due to complex formation.

Activation of Mg atoms either
by thermal annealing or
electron beam irradiation.

Resistivity ((2-cm)

0 200 400 600 800 1000
Temperature ("C)
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Suzuki et al, JCG (1998)
]“ISI | 400 100% : www.tu.berlinfen/originagkneissliresearch (last updated 11-Nov-2023) . .l E)EE%:I SAsa Kasel
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than for GaN layers. = gon ) & 5 ; 0080 08 PR
= L R € I ® & 0% e o 20V omttor
. E ._-"’-JI — L= "E 1 o/ | .A OO & { * Q ._? oUVphoto-nics
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& ik 200 E] 3 F R ca ‘% * A +FBH/TU Berlin
. ] E >< E - B A ¢ ¢ A AO :IAeZas ech U.
_rapldly fjecreases W|tr_1. Sl . : : ff% it @ vt e
increasing Al composition. £ L . oo E g o1% et A
n = L r a < Sandia
This is the consequence of A 2 v, s eoens
. . q E E { Y N iE?:T;Y StlatleJ (V8
a Iarger activation energy. ﬁ _ - 001% - *.* 4 S — ‘ e U,
190! TR : u.zﬂ 200 250 300 350 400 |- Taksnima
Al Mole Fraction x Emission Wavelength (nm) © 0 Wisconsinatadison

B p-type of AlGaN and deep UV LEDs

Deep UV LEDs

Kneissl, M., Seong, TY., Han, J. et al. The emergence and
prospects of deep-ultraviolet light-emitting diode

technologies. Nat. Photonics 13, 233—-244 (2019). 5
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Growth techniques —“P=L

Main growth techniques:

Chemical
Hydride vapor phase epitaxy (HVPE)

Metal-organics vapor phase epitaxy (MOVPE)
Metal-organics chemical vapor deposition (MOCVD)

Physical
Molecular beam epitaxy (MBE)
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Growth techniques —“P=L

Hydride vapor phase epitaxy (HVPE)

N, NH
HCl GaCl, H, "

2 ’
R T o

Substrat

700-900 °C 900-1100 °C
Temperature

Ga + HCI < GaCl +1/2 H, GaCl + NH; <& GaN+HCI+H,

Operates near equilibrium:

Growth rate > 100pm/h Use for making free-standing GaN substrates
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Metal-organic vapor phase epitaxy (MOVPE)

CH;
CH.
™MGa @@ ga HHE."-)
O
CH; J

GaM
Ga . ; @
Substrate (heated)
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Growth techniques —“P=L

Metal-organic vapor phase epitaxy (MOVPE)
In situ reflectivity
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Growth techniques —P=1

Metal-organic vapor phase epitaxy (MOVPE)

Production systems

Production systems

GaAs/InP based Optoelectronics and Electronic Devices GaN blue LEDs (solid state lighting)
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Molecular Beam Epitaxy (MBE)

Ultra-high vacuum

Effusion cells

RGA . . .
5 v No interaction between atomic fluxes
Valve
to E!uffer Cljlarnber s Bl Ga I [ [ [ [

& /' Substrate 5

oy o8 . 10 kpT -
Flux - = = —
T . Measurement 3 Si E l“h mfp PO' |
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= 10
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Growth techniques

Molecular Beam Epitaxy (MBE)

In situ Reflection High-Energy Electron Diffraction

RHEED screen

reciprocal rods

part of the
Ewald sphere

T

e incident beam \fﬂf—f—""

http://www.wmi.badw.de/methods/leed_rheed.htm

» Surface roughness &7



Growth techniques

MBE growth: in situ monitoring with RHEED

MONOLAYER GROWTH ELECTRON BEAM RHEED SIGNAL

Usually, new 2D-islands tend to
appear on large growing 2D-islands
- damped oscillations

. growth starts
s 0 \/\/ _ GaAs/ GaAs

6=0.25

e

=0.75

RHEED intensity

growth ends

J.H. Neave, B.A. Joyce, P.J. Dobson, N. Norton. Appl. Phys A, 31 (1983) Time 68



Growth techniques —P=L

Molecular Beam Epitaxy (MBE)

Research Production

'\:.‘.';‘ =

_______________
| _;l_.._.-" Gl o
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g

- Up to 4” wafers
- lI-VI, llI-V (As, P, Sb, N), Oxides,
SiGe, etc...

Up to 5% 8" or 8 X 6" wafers
Mainly for GaAs-based HEMTs & HBTs
Opportunities for VCSELs
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