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What is to be grown? For example, blue LD

SOCDnm, ) z

p-GaN

p-AlGaN/p-GaN
(B6 A/8GA)*25

p-GaN
n-GaN InGaN:Si/InGaN
MQW (100 A/30A)*5

n-AlGaN/GaN 1.00 nm
(43 A/ 25 A)*98 '
InGaN:Si 0.50 nm
0.0 nm
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What we need from epitaxy:

1. Proper chemical composition (including
doping)

2. No defects (dislocations, vacancies, etc)

Perfect interfaces

4. Perfect uniformity across the wafers

Lo
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Liquid Phase Epitaxy (LPE)

Technology abandoned
by industry

Only small wafers
Not perfect interfaces
Not highest purity
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Molecular Beam Epitaxy (MBE)

RHEED electron gun Rotatingsample holder

Principal shutter lonization manometer

Window

Cellshutters

Air lock valve

Effusioncells

Effusion cells

Effusioncells Sample

transfer unit

Window

Fluorescent screen MoIor
RHEED

+ High purity, perfect interfaces, no hydrogen in the system

- Costs, no multiwafer machines (one six-inch wafer)
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RHEED growth rate and roughness control

MONOLAYER GROWTH

ELECTRON BEAM
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RHEED: lattice relaxation control

Bulk Films of Si and Ge Strained Siy., Ge, on Si Relaxed Siy_, Ge, on Si
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Metalorganic Chemical Vapour Phase Epitaxy MOVPE

A(CH3)3+BH3->AB+3CHA4
A= Ga, In, Al, B=N, As, P

e . Partlall:i- pﬁrmlysﬁd
group I alkyls

@ g . Slagnant gas
" - boundary layer

i i -.; Some pyrolysis

, -€— Substrate

19.10.2022 — Epitaxy 11



Gas panel, MOVPE, AlGalnN:Mg, Si

Purifiers

Carrier gas

N2, H2 To reactor

NH3
SiH4

Bubblers
TMGa
TEGa
TMAI
TMIn
Cp2Mg

19.10.2021 — Epitaxy 12



MOVPE reactors

a) Slow dewmward flow
of precuvsors

Gases pumped
’ outward
: by =ubenate
High . 10tarion
zpeed Totating
substiate holder

b) l
Close
*‘II‘#!F‘*1F¢1F¢‘F‘*1F¢1F¢‘|F¢ coupled
ghowerlead
to inject
Group ITI
- I
Low speed and Group ¥
rotation to give PIECLTE0TE
umiformity
I:} Silica top plate divects flow

hotizontally actoss flie wafers

Planetary
rotation to give
umiform growtls

d) — GrowmpV

injector

Growp 111
injector

Rotation of siubstate
holder to dose alternately 13
between Group ¥ and Group 111 precinsots
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Turbodisc VEECO

i
J

Smoke Flow Patterns in Rotating Disk System

(EXPERIMENTAL).
(Data courtesy of Sandia National Laboratories)

The largest system:31x4”, 12x6” and 6x8”
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Showerhead (AIXTRON)

CCS MOCVD Reactor (6x2”)

Gas inlet _@
Face plate (Powgred electrode) / . Perforated plate
- [—7 i = ]

| ! : 'D\
‘ '
\ Focus ring Substrate : \\
- ' ‘.
Ceramic lining o BBl - P l
Gas outlet ._.,/.,//',/ (Grounded clectrode)
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Planetary reactors

(AIXTRON)

e, Group Il MO
H precursors

Group V
hydride

Ceiling il Reactor top

A

Radial

1> injector

\
Rotating and Wafer on
heated rotating satellite

susceptor
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Nakamura’s reactor (Nichia)

A little bit similar reactors are offered by Nippon
Sanso

N> + Hz
IR Radiation |
Thermometer X Conical
O 4 Quartz Tube
Stainless Steel
<4~ Chamber
Substrate
. N2 + NH3 + TMG
\rj J—- 2 3
Rotating > \
Susceptor ~ | =a
P m\ Quartz Nozzle
<-El B
Heater
Vacuum Exhaust

|
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refl. int. [a.u.]

Laser reflectometry used in every MOVPE
(every oscillation corresponds to 100-400
nm)

! | ! | ! | ! | ! | | | |
2400 4800 7200 9600 12000 14400 16800 19200
time [s]
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z [A]

Step-flow growth mode and substrate off-
orientation

 The steps flow slower for higher off-
orientation

——

0 2.50 5.00
m

Low misorientation - fast atomic steps Higher misorientation - slower atomic steps

: :
2 L =
5 o
-1 -1
0 il 10 15 20 24 a0 0 2 10 15 20 25 a0
x [A] ® [R]
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Lateral patterning

photoresist exposed photoresist

\ n .\l

GaN substrate GaN substrate
(a) (b)

developed photoresist

/_\_/_sﬂ surface after ion etching

GaN substrate W
(c) (d)

~ M. Sarzynski idea 21
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Morphology of InGaN layers grown on GaN
substrates of different misorientation, Tgrowth = 8200C

0.2 degree 0.8 degree 1.8 degree
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Lattice relaxation

(a) Freestanding form (b} Heteroepitaxy -
0’9 740 | 1o.098a g.91As MB/ Gahs, 1000 nm_ |
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(c) Mismatch Defect in heteroepitaxy  (d) TEM of bulk heteroepitaxy
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Growth on highly mismatched substrates

(a) (b)
The deposition and annealing
Sapphire Supphire nucleation layers (NLs)
m i”' ! ”' U ””l ’”H l !” ,””’!'U \ The formation of NL islands
Sapphire h [
L -
The 3D growth and
‘ coalescence of NL islands
Sapphire Sapphire

‘ Threading Dislocations

/ GaN layer /// \_5 %“N ayer] )

@ The 2D growth of GaN layers

Sapphirc Sapphire

Schematic of the growth process of GaN layers for (a)
samples S1 and (b) S2 with H 2 and N 2 as nucleation layer o5



Epitaxial Lateral Overgrowth

prior fo
overgrowth

uncoalesced
structure

coalesced
structure

Lateral epitaxial overgrowth (LEO)
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Intensity (a.u)
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Nanocolumns
ITO window 1

C‘CUD GaN

Sapphire su[:strata

~
L]

p-GaN 5
p-AlGaN EBL

InGaN/GaN-MQW

InGaN/GaN-SL
n-GaN nanocolumns

/~ TiO, mask

GaN:Si template

(a) (b)
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In LDs, we need to have thick AlGaN cladding layers

Tensile strain: cracking and bowing

.
\.ww’n
0O 5 10 15 20
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E I | m | n at | on Of Compressive Tensile

» strain strain AlGaN layer
cracking and : :
bowing
Window
AlGaN 27% Relaxation
AIN mask

220 nm

No maskAIN

Withmask 15 10 5 3 nm Mag= é5:60I<'X‘ LEO ;\5.36-CBWPAN.
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Efficiency of Ga incorporation into GaN in HM

Efficiency= number of atoms in gas phase/ number of atoms incorporated into the epi layer

N
N
N
N

21t 21t GaN - Tgr:lOZOOC
20 P 20t —m— reference sample
I (] - . —0— 2 X less Ga
— 19} / ‘\0/ — 19}
S ) S
— 18} / — 18}
T | T |
o 17r c 17}
) ! —o— reference sample ) !
l6r @ A 2xless Ga 16 +
! GaN - T _=860°C 150 o g
14O I1(I)OI2CI)OI3CI)OI4CI)0I5(I)0I6CI)0I7(I)0I8(I)0I9CI)O IlOOO 140 I1(I)OI2CI)OI3(I)OI4(I)OI5CI)OI6CI)OI7CI)OI8(I)OI9CI)0 IlOOO
p [mbar] p [mbar]
At low pressure, the Ga atoms At high pressure and temperature,
are blown away from the surface. the rate of prereactions increase which

prevents Ga incorporation

Efficiency of Ga incorporaidomnmzefgngent on amount of TEGa



Al eff. [%]

Efficiency of Al incorporation into AlGaN

A1 —a—860°C AIGaN3

35 . —e—860°C AlGaN9

o 1020C AN | Etficiency of Al incorporation
_ . falls down with TMAI flow increase

25 - o—

2. Prereactions rate higher than in the
j case of GaN

15 1

10- " ] More prereactions at high

] e | temperature and pressure

0 | — 71 r T T ' T 7 | L R

0 100 200 300 400 500 600 700 800 900 1000
p [mbar]

3 sccm of TMAI
9 sccm of TMAI
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Efficiency of In incorporation into InGaN
versus TEGa flow

15,0 ] T T T T T T T T T T T T T T T T T T
14,5

14,0 - =  |nd300mbar
13,5 e |nd900mbar )
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115 o n
11,0
10,5
10,0 ® u
9,5
9,0 4
8,5
8,0 4
7,5 .
7,0
6,5 -
6,0 -
55
N——T—T——T T T T T T 7
10 15 20 25 30 35 40 45 50 55

TEGa [sccm]

More Ga source in the gas phase,
but more In in InGaN solid phase.

More indium at elevated pressure
(not for every reactor!)

[%]

In atoms to be incorporated must
be surrounded by Ga atoms

Ind_XRD

I I NI I T SN NI TN N NN NI I NI N SN I N N .

(2}
o
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Indium content, %

In incorporation into InGaN layers
versus GaN substrate off-orientation

m  predkos¢ stopnia kontrolowana odorientowaniem

Ly \ u ®  Growth temp. 780 deg. C e predkos¢ stopnia kontrolowana iloscig Ga
1 "\ m  Growth temp. 820 deg. C 14 L— T . T . T . . . r .
15 4
] A | 1 _
14 . 13 ° -
] \ N -
13 \ Ny “ 12 °® zmiana modu
| \ ~ 2 | wzrostu
12 4 \ N 2
) \ i é 11 - 4
11 \ S = 1
\ T 3 104 i
10 \ T-~nm t‘ ]
N g 9
9 . © ] 7
N N ]
~
8 - “eow 8 -
] o ==
T St 7= T T T T T T T T T T
6 1 200 400 600 800 1000 1200
0:0 075 1?0 1?5 zfo 255 predkos¢ stopnia atomowego [nm/min]

Vicinal angle, deg.

If we have bad morphology

/ (steps are not identical), we
deal with In inhomogeneous

incorporation
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As grown InGaN QWs

Indium fluctuations

QW thickness fluctuations

Acceptable for LEDs
Not for LDs
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Examples of MOVPE growth: InGaN
Quantum Wells

1. Influence of temparature
2. Influence of hydrogen as a carrier gas
3. Homogenization and decomposition

19.10.2022 — Epitaxy
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[%]

ind_XRD

Influence of hydrogen used in the carrier gas

| Measure | : Data Zoom

18— —a—100% N,
161 —e—10% H, in N,

14 4 \ .
12 ] .
. \

e |
e .

]

T T T T T T T T T T T
770 780 790 800 810 820 830

1: Height

temperatura wzrostu [°C]

We use hydrogen for growing
the QBs- but with special care

19.10.2080 FABERA N2

10.0 nm

Measure

Data Zoom

2% Bf H2 in N2



Influence of hydrogen used in the carrier gas during
GaN barrier growth in CCS

4125 T T T T T T T T T T T T T T T T T T T T T T
. u ] ]
_ 1l 24t i
3,75+ —m— 900mbar | - - |
I 1 'E‘ 2 2 ~ ./ -
3,50 | 1E |
_ 33r i £ 20} / —m— 400mbar |-
€ 300[ 18 o —m— 900mbar | |
B27sf o ™ ] % 18} |
2,50 | \ 18 |,
L [ | 4 (@)] 1’6 - \.\. -
225} \ 1 o
- 1o | \
2,00 + [ - n
001 — .1 14} -
1’75 1 L 1 L 1 L 1 L 1 L 1 1 " 1 " 1 1 1 L 1 L 1
0 5 10 15 20 25 0 5 10 15 20 25
H, content in QB [%] H, content in QB [%)]

Hydrogen used in QB growth etches off InGaN QW more efficiently at high pressure

Hydrogen increases the growth rate of GaN (QB) at low pressure,

deacreses at higher pressure.
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In [%]

15

14

13

Influence of hydrogen used in the carrier gas during

GaN barrier growth in CCS

‘\' T T T T T T
- (]
- \  _.
] ]
i —m— 400mbar
B —m— 900mbar
/.
- [ | |
0 5 10 15 20 25
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Hydrogen used in QB growth etches In off InGaN QW more efficiently at
high pressure
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Growth temperatures of the laser diode structure

Tg, = XXXX°C

To obtain good p-type
XXXX should be as high

Cap — GaN

QW - InGaN
QB — GaN

InGaN

T, QW < 740°C
Tg, QB > 740°C

For In content >
15%

as possible
(above 900°C).

At high temperatures, InGaN
QWs change

T, = 1000°C
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InGaN MQW
decomposition

position X (mm)
TEM: nanometer scale, Fluorescentoriezespopy: micrometers, MicroP45 milimieters



Changes of the MQWs during p-type growth at high
temperature: samples on sapphire

CL
HR-XRD measurements of LED structures: ~— XRD:

~ N
T=830°C In—-18%

T=880°C In—-18%

T=905°C In-16%

intensity [a.u.]

AN —— T=930°C In—?

At high temperature satellite peaks becomes much more broader and
disappear P“AAPS°degtation occurs %0




Lambda from EL

FWHM from EL

840 860 880 900
growth temperature of 'p' type (°§)

940

FWHM (nm)
N
(&)

[ homogenization

deq

40 ]
35
30 1 1 1 1 1
820 840 860 80 900 20 940
Optigalvpbwemfrataré&d p' type ()
400 i T T T T T
350 |
—~ 300}
2
= 250
€ 200t
Q |
2150t
8
= 100 -
o
50 |
O "
820 840 860 880 900 920 940

arowth temperature of 'p' tvpe (°C)

composition

For samples on sapphire
(high dislocation density)
we are able to homogenize
InGaN QWs by growing p-
type at high temperature.

If this temperature is too

high, we deal with a
catastrophic damage

19.10.2022 — Epitaxy 47



SIMS data of In-content

In concentration (%)
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Depth (nm)

as grown

In concentration (%)
36.50
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10.00
0 20 40 60 80 100 120 140 160 180 200
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25
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N (counts)
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homogenozed

In concentration (%)

0 36.50
5
31.20
’é“10
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%15
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25
30 10.00 5 o R
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Position (m
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decomposed

In concentration (%) 0
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5
31.20
’510 ’§1O
£ - 25,90 S
= 5=
‘315 815
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L 20,60
20 20
15,30
25 25
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N (counts)
6.5x10*
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Why does the decomposition start from the first

QW?

Electric
field

-C

High In-content InGaN Voids Metallic Ir

19.10.2022 — Epitaxy 52



Diffusion of vacancies?
In GaN:SI we have more Ga-vacancies

In GaN:Mg we have more N-vacancies
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Diiferent doping below and above the InGaN/GaN MQWs
5QWs - (460 nm) - 17%In

counts/'s
100k
8 As grown GaN:Si
™ Annealed — 930°C -
"= Annealed —950°C o [
GaN:Si
Tk A ™a
100 ”A ‘ Y, J
¥y, i v .
.- (T ‘*""*-'.w -"*'f'-"'"”ﬂ PO Mo
‘|_
1 AL P . , . . . , , . , . , : N
29 30 H 32 33 34 35 36 37 38
2Theta/Omega ()
1M1 As grown GaN:Mg
" Annealed — 930°C
] Annealed —950°C N -
10K .'. I' f GaN: Mg
1K~
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After annealing at 950°C

No decomposition from the top

Electric field
driven diffusion?
Yes!

GaN:Si

GaN:Si

No decomposition GaN:Mg
above and below
GaN:Mg

GaN:Mg

Ga-vacancies?
Yes!
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Diiferent doping below and above the InGaN/GaN MQWs
5QWs - (460 nm) - 17%In

counts/'s

100M
= As grown GaN:Si
M Annealed — 930°C
5 Annealed —950°C o
10K I"| GaN:Si
= I’f""‘ . _' b y
100+ ”A ‘ BT
¥y, T v .
.- (T ‘*""*-'.w *]1'* PRI Nongy
1 AL P . , . . . , , . , . , : N
29 30 31 32 3 34 35 36 37 38
2Theta/Omega ()
My As grown GaN:Mg
1M Annealed — 930°C :

GaN:Mg

M Annealed — 950°C i -
100k~ - !
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After annealing at 950°C
No decomposition from the top
Electric field

driven diffusion? GaN:Si
Yes!

GaN:Si

No decompositio
above and below | GaN:Mg

T saws

Ga-vacancies? GaN:Mg
Yes!

19.10.20




Thank you for your attention!

Epitaxy equipment market for More than Moore
devices: 2019-2025 breakdown by technology

(Source: Epitaxy Growth Equipment for More Than Moore Devices Technology and Market Trends 2020 report,
Yole Développement, 2020)

7

o

Epitaxy equipment market (in B$)
EN

2019 2020 2021 2022 2023 2024 2025

MOCVD - Agressive scenario MBE - Agressive scenario ®HT CVD

Laser diode ' microLED Traditional LED E] Power 7> MEMS RF
N\YOLE

‘} Développement © 2020 | www.yole.fr — www.i-micronews.com

About 500 epitaxial systems installed every year, 2000 in 2025.
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