Crystal Growth: Physics, Technology and Modeling

Stanistaw Krukowski
Institute of High Pressure Physics PAS
01-142 Warsaw, Sokotowska 29/37
e-mail: stach@unipress.waw.pl

Zbigniew R. Zytkiewicz
Institute of Physics PAS

02-668 Warsaw, Al. Lotnikow 32/46
E-mail; zytkie@ifpan.edu.pl

Lecture 4. Liquid phase epitaxy and lateral

overgrowth
10 March 2025

http://www.unipress.waw.pl/~stach/cg-2024-25


mailto:stach@unipress.waw.pl
mailto:zytkie@ifpan.edu.pl

g

Liquid phase epitaxy and lateral overgrowth

Outline:

 definition + idea of LPE

 history and technical aspects

 solute transport during LPE growth; diffusion, convection
« Liquid Phase Electroepitaxy

- Epitaxial Lateral Overgrowth
 principle and growth control

« filtration of dislocations in ELO
 strainin ELO structures



J
Liquid Phase Epitaxy - LPE i!u
technique of epitaxial thin films growth from metallic solution

dissolution zone source (GaAs)
solution
(e.g. Asin Ga)
solute transport |
advantages of solution growth & epitaxy growth zone [ Gaas

» crystal component (e.g. Ga for GaAs)

or low solubility in the crystal (Bi, Sn, In, Pb, etc.)
* low melting point
« high solubility of solute @ T,
* low vapor pressure @ T,
* high chemical stability
* high purity
* low price ???

pi
pi
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Idea of LPE (example: homoepitaxy of GaAs on GaAs substrate) i!u

the Gibbs phase rule: f(degrees of freedom) = C(components) = [P(phases) + 2(p, T)

Ga-As<>GaAs 2 2 p=const. =y f=1(T)

@ saturated solution of As in Ga

substrate GaAs

epilayer GaAs

T= T1 T
liquid (Ga+As)
Tiop(GaAs) GaAs
1 |
T, , \
2 lliquid + GaAs LI
Y Y S S——
3 1
|
|
| liquid + GaAs |
:
T=T, :
0 2 X 05 1
XAS_)

LPE — equilibrium growth method !!!
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Idea of LPE (example: homoepitaxy of GaAs on GaAs substrate) i!u

growth in T gradient

rﬁ*@%%m T=T,
.
C(Ty) liquid (Ga+As)
Tiop(GaAs) GaAs
Ga-As solution
Tl
SR T=T,<T,
GaAs  C(T2)<C(T1) oy "

LPE — equilibrium growth method !!!




typical LPE system for I11-V’s i!;

furnace electronics
\ vacuum pump
\ TC TC TC
furnace
q u artz f solutions
reactor > | S — _
H, : : piston ~ crucible movement
=) ”
‘ - T measurement & control

gas exhaust

. I.
H, inlet crucible
(graphite, quartz, ...)

horizontal system
ITE Warszawa
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Crucibles in LPE ‘!u

rotation
thermocouple quarz Tonax | coolingrate
furnace — — 0.1-> 3K min
/ tube o |

temperature —=

substrate

solution

graphite crucible o _
tipping ﬁ%
solute
solvent
$ quarz

- furnace
i

tube dipping
|
u” “~gsubstrate

clamp
[ :
“~solution

j}—— thermo-
couple

” growth of single layers ”




Crucibles in LPE cont.

liquid
solutions graphite solutions
slider movement
mé m‘mxw & Hr‘-!W“%~ y;ya M,
\ I % ’F‘(‘ ;?.?rx';u.r\ .r"‘?f\‘( e W “ !'1
substrate graphite slider 5.;@ RRG A 5

%— ‘gﬁ%’&‘mﬁ"*

advantages:

« growth of multilayer structures
« thin layer of the solution

» ,.skin” of oxides on the solution surface removed
disadvantages: IF PAN
* blurred (not sharp) interfaces




History

H. Nelson: Epitaxial growth from the liquid state
and its application to the fabrication

Proton Bombarded

Semi-Insulating Barrier

Top Metallic

to the fabrication of tunnel and laser diodes
RCA Rev. 24 (1963) 603.

Nobel 2000 - H. Kroemer, J. Kilby, Z. Alfierow
“for developing semiconductor
heterostructures used in high-speed- and opto-electronics”

he

Au-In-Zn
p-CONTACT-
4um n” Gaglngss As
(~10%em )

2um p* GapglnpgsaAs
(>108cmi3)

——a—4—— 4um 1" [nP BUFFER

n* InP SUBSTRATE

- Au-5n-Te n-CONTACT

a. HOMOJUNCTION PHOTODIODE

Why LPE:

»,.cheap and easy”

* high purity of layers (impurity segregation)

« selective area growth easy

» broad range of compounds can be grown (As, P, ...)
.,,safe” method (as compared to MOVPE)

Comact N\~

|\

p+ GaAs
p AlGaAs

Active Region
n AlGaAs
n GaAs Substrate

Bottom Contact

Emitting Region

W:sxb X30,900  1vm D15 |

Fig. 14. InGaAsP DFB laser structure grown nearly dissolution-fre
‘

over a first order grating. alter For details. see text



Growth kinetics

itransport in the bulk —
:diffusion, convection,

= = | = transport of solute in the bulk of solution
111 P

o |

| U

9@
surface Processes
rface processes

the slower one determines the growth rate

usually

the growth temperature in LPE is so high (surface processes so fast), while the
bulk solute transport is slow, that solute transport in the bulk of the solution
determines the growth rate
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LPE: diffusion controlled growth — example: GaAs growth from Ga-As solution i!u

T liquid (Ga+As) Ca.
 Tios(GAAS)........GaAS
1) ! : phase diagram Ga-As 05 E(: liquid solution Ga-As
I n
liguid + GaA
YA L T
3 : Cas(T)) v / D %Cas aC
| : CAS(TQ)l hll JAS B az
liquid + GaAs =
i T T, T, T, 0 H 7
|
]
0 Xy X1 0.5
s transport: mass heat
assumptions: C 0°C 82T

« fast surface kinetics —

ineti o _ D——+ J =K——+V_-
. . ot 0°2 0z
* N0 convective mixing

* low growth rate V, mass flux continuity condition

» fast heat transport
oC oC
V C _ —C _ D _I Z— _ S :O
» no diffusion in solid state (Coro=Ciuc)= oz (2=0) )

+ initial and boundary conditions
(which depend on LPE version, e.g. T(t))
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LPE: diffusion controlled growth — example: GaAs growth from Ga-As solution i!u

Cae thin solution layer
!
n : liquid solution Ga-As
P
O
_______________ CalTo),
CsTprt” 77
Cae( Tyt z
0 H< o H=o
oC 0°C oC
equations 5 D =, Vye(Cero—Cirss)=D, 8—ZI‘( =0)
infinite solution H=0 <= H>>,Dt
Ga-As: T =800°C D, ~4-10° cm®/s
t =30 min VDt =2.6 mm
- . oC,
initial and boundary conditions C(z=0,t) =C,(T(t)) = (z—>o,1)=0

equilibrium at the U
solid/liquid interface LPE version



LPE: constitutional supersaturation

Cas

liquid solution Ga-As

phase diagram Ga-As o5

Udayashankar et al., Bull. Mater. Sci 26 (2003) 685
theory: | / ——

) : InSb/InSb
Increase grad T at the interface \ 4 n e
(Tg instead of T,) ' '

Figure 3. Film showing various surface features like ridges.
valleys. inclusions. etc.



LPE: constitutional supersaturation

Cas

thin solution layer
——

phase diagram Ga-As o5

Udayashankar et al., Bull. Mater. Sci 26 (2003) 685
theory: | / ——

) : InSb/InSb
Increase grad T at the interface \ 4 n e
(Tg instead of T,) '

practice:

decrease concentration gradient
« thinner solution layer

* lower the growth rate

Figure 3. Film showing various surface features like ridges.
valleys. inclusions. etc.



LPE: natural convection

natural convection

pzp(/T,C + gravity

{

convection thermal solutal
8_,0 <0 8_,0 277
o oc typical 111-V solutions
Psolvent > Psolute
Cpae (Ga, In)  (As, P)
,,heavy”
g / -5 <z
CAS(TZ) ............... @ hght”
[~ >
CAS(TZ) z
0 liquid solution Ga-As

N

g

assumptions:

* no external mixing

« vertical substrate

* T(X, Y, z) = const.
solutal convection only

a—’0<O
oC

destabilizing solute distribution (As)
epilayer thickness gradient

quarz
furnace

tube dipping

clamp

substrate

[ :
~solution

| thermo-
couple




=

Tiller JCG 2 (1968) 69: no thermal convection if
no solutal convection if

7 7
,,heavy/”/ /
/
I/
I
I I
,Hlight” \
: 99
,,light !
\ \
\ \
\ \
\ \
N \
,,heavy” N S
| _GaAs

z

H

destabilizing solute (As)

LPE: natural convection cont.

S. Krukowski’s lecture

i
if the Rayleigh’s number is low Ra (<1000)

diffusion dominates

concentration distribution

usually both gradT and gradC exist
Ra. =g-AC--H?®/Dv <1000

stabilizing solute (As)

concentration distribution

0

Ra, =g-AT -a-H?/xv <1000

=

J

ek >> D — small AC leads to convective flow
« solutal convection >> thermal convection
« Ra ~ H?2 - solution layer thickness !!!

H<5mm

LPE from thin solution
11 >
H<2mm

layer !



[ su bstrate

LPE: natural convection cont.

Growth Thickness (um)

Kimuraetal. JCG 167 (1996) 516

15.0

10.0

5.0

0.0

B -
e
-

- Cooling Rate: 0.33°C/min

,: i‘:::::) Experiment
: :::;:: i:_’:::) Simulation . |
| upper substrate -2
o ".4"
% o]
| .4’ ‘---A ----- g_--

xf,.er-""gl wer substrate -

L " . . ! i . L " . L |

2 4 6 8

Spacing between Upper and Lower Substrates (mm)

for thin solutions growth
on both substrates similar

LPE of Si from Sn solution

simulation + exp.

00 {d) Spacing =8 mm
Bl ey L T e et
4 D FECE R T oo IiEsrrm=e = Tlsoeea=E :;::_
e e e e i s e e e e e e |
e g tnohrivs,
B‘D::: --------------------- ;::: .-1---..1:--.--.-.::.3"
TIITIIIIyIIinIIn: L ot it ool
12'0 e e e T T T ey oy :
1 2

Thickness (izmj}
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LPE of multicomponent systems (example: GaAlAs on GaAs) i!u
the Gibbs phase rule: f(degrees of freedom) = C(components) = P(phases) + 2(p, T)
e.g. Ga-Al-As < Ga, Al As 3 2 p=const =y f=2(T, x)

| 1000°C Liquidus Isctherm

L —1000°C Plane

Bl

2-component system: composition of epilayer fixed
3-component system: composition of epilayer (x) - variable

TEMPERATURE ("C ) —»

As

Pseuﬂc;—nﬂgncry LPE AIXGal_XAS/GaAS

0.48

D',I,-D;:-n-s
T\L - grad XS 6000 Eé;gﬁf
_ 040
:_g
T = const. - |
11 3 o]
X$ = const. [
P P 30— s o
0 —X I _Xs 1 Layer thickness (um)
Xp| —» LPE growth of compositionally uniform

AlGaAs layers challenging



Liquid phase electroepitaxy (LPEE) i!;

T, = const. + DC current flow through the solid/liquid interface

Peltier effect electrotransport

@_ source (GaAs) : C( ) C( ) ,.electron wind” effect
P T, )—C(T, — AT _
=D j = u-E-C(T,)

; H _
_ _n.dC AT =,LI'O'°Je'C(|-O)
I =P %" N -~

: T Vgr o electric current density

LPEE InGaAs/GaAs

S. Dost, Univ.Victoria, BC, Canada Z.R. Zytkiewicz, IF PAN

LPEE AlGaSh/GaSh



LPEE - advantages

T = const.

scompositional uniformity
*In situ monitoring

 time markers

- ,ceasier” V control

« simultaneous growth of many crystals
~ current density

« surface stability

GaAs: Ge

i A S TR R 30 B

N

et <« tG

: o - R t
S S S 5
”~ - £ :

Bathtnad

|J|

<—t1

- markers

-\ (

Z.R. Zytkiewicz, IF PAN

\4

R(1)

substrate

LPEE Al Ga, ,As/GaAs
0.42 -% % % %
£ 0 i i
040 |
0.38 1 1 1 ] 1 ] L ]
0 25 50 75 100 125 150 175 200
045 ——ce {um)
....... Dhoens
© OO Experiment LPE
| AlLGa, ,As/GaAs
e Ln:athltnm(um) °
Y Q
source ¥] ALGay-As  x=0.52
-
g3
liquid solution |~
S o
‘E_,_“ o~
| ©
i” o V. o OR
substrate gr dt

!

"0 20 30 40 50
growth time (hours)

@




L PEE - disadvantages

« LPEE system more complicated (stable electrical contacts needed)

S
AlGaAs S
e —— e
“ GaAs
« Joule effect limiting the crystal thickness
no Joule effect with Joule effect

source

@)

@_ Sce S | @_

e

substrate To-ATp substrate

® ®

growth can be continued if j,, |
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LPE — low dimensional structures i!u
Si15.6 NnM/Si 495C; g5 5.2 NM

| Reter shaft
Konuma et al. APL 63 (1993) 205

- 200 nm Si-Deckschicht

Thaet vy~ 100 nm.
couple
e <o Vielschichtstruktur:
o et 30 Perioden mit:
ok A Y ey
N e 5.2nm Si g95C gos
e B3 R ™~ 15.6nm Si
-
o ain 4“1‘4 &

x 5 et e | T 1o01]
ST e

N, 00 T "f.«&k',;,;;,,rcfu}:' 3
S 380 nm Si-Pufferschicht

solution
4” substrate !!! SiGe/Si QDs

& :
pseudomorphic growth of Ge on Si : Ge g55i0.15

SOnm
—_—

growthtime<1s § a (1065'\'



LPE - summary _ -PE N

solution growth: epitaxy:

* low concentration of point defects « ordered growth of multilayer crystalline
« high purity of the layers (segregation of impurities) structures
* selective area epitaxy easy

« wide range of compounds

» technically simple (standard version)

* ,cheap and easy”

» safe” technique

 growth rate ~pm/min

» growth of low-dimensional structures very difficult

disadvantages:

limitations due to equilibrium nature of LPE growth

* doping limited by phase diagram (e.g. GaAs:Mn)

« structures requiring a high supersaturation (GaAs/Si) difficult to fabricate
« systems with limited solubility in solid (phase separation) difficult to grow

* NO in situ growth monitoring possible (some possibilities in LPEE)

LPE considered as ,,0ld fashion” technology — wrong !!!
Every technology is important and valuable if properly used



for further reading on LPE

Handbook of Crystal Growth, Ed. D.T.J. Hurle

vol. 3, Elsevier 1994

. E. Bauser Atomic mechanisms in semiconductor Liquid Phase Epitaxy
. M.B. Small, E.A. Giess and R. Ghez Liquid Phase Epitaxy

E. Kuphal Liquid Phase Epitaxy Appl. Phys. A52 (1991) 380.

M.B. Small, I. Crossley The physical processes occurring during liquid phase epitaxial growth
J. Cryst. Growth 27 (1974) 35.

M.G. Astles Liquid Phase Epitaxial Growth of 111-V Compound Semiconductor Materials and their
Device Applications, IOP Publishing 1990.

B. Pamplin (ed.) Crystal growth, Pergamon, 1974

K. Sangwal (ed.) Elementary Crystal Growth, SAAN Publishers, 1994,



Epitaxial Lateral Overgrowth (ELO)

ELO layer

. 29
,Wing

=

substrate ™~ channels

requirements:
 high growth selectivity (no nucleation on the mask)

- fast lateral (horizontal) growth V
« slow normal (vertical) growth V,,,



Methods to reduce defect density in lattice
mismatched epitaxial structures - summary

/N

increase h,, filtration of dislocations

|

\ .

|

growth on thin substrates buffers with SLS | | annealing

(compliant substrates) :

|

|

|

|

growth on “small” substrates (mesa)

There are no universal method to reduce dislocation density in lattice mismatched heterostructures;
The best way is to avoid lattice mismatch — find the suitable substrate !!!

26
Epitaxy — an introduction 17 March 2025



ELO = a method to reduce dislocation density in epitaxial ‘!;
structures

mask: SiO,, Si;N,,

W, ZrN, grafit, ...
wing” ELO etch pits
29
(] (]
+ / ) /
,,substrate” ! ! !
S W  MOVPEGaN:S=5-20um; W=2-5um

{ ‘ LPE GaAs: S=100-500 um; W=6-10 um

\
[GaN GaAs  AB.C ]

buffer GaN GaAs AB,.C > new class of substrates with designed lattice

parameter a = f(x)

ate = sapphire Si binary
pr Rt

wide and thin ELO layers needed



b
dislocation filtration in ELO —is it a new idea? i!u

Necking in Bridgman growth Cu crystal — Czochralski growth

-

top
., ELO
»WINg )
e . recipe: take from the seed
VAT TR W — . info on crystal lattice; do not
Y/ ) X/ \ .
RO HRA A take defects




b
Growth rate of various crystal faces (Krukowki’s lecture) ‘!"

atomically rough surface

7

R (growth rate)

»
|

o (supersaturation)




b
Growth rate of various crystal faces (Krukowki’s lecture) ‘!"

atomically smooth surface w/o dislocations (2D nucleation)

R (growth rate)

o) (supersaturation3




Growth rate of various crystal faces (Krukowki’s lecture)

atomically smooth surface with dislocations

R (growth rate)

o (supersaturation)




R (growth rate)

Mechanism of ELO growth
(100), (111), ....

smooth top surface rough side face

[

Copt G (Supersaturation)

substrate

to get a high aspect ratio we need:
« smooth top surface (low normal growth rate V)
 rough side face (high lateral growth rate V)

- adjust supersaturation to o, - LPE perfect !!!
- VPE, MOVPE, HVPE - possible

- MBE ???7? problems



Mechanism of ELO growth

(100), (111), ...

smooth top surface

rough side face
Zytkiewicz Cryst. Res. Technol. 1999

GaAs layer on (100) GaAs by LPE

\ \ 1 /

substrate

8 equivalent window directions on
substrate without miscut

1 preferential window orientation on
substrate with surface miscut




Application of ELO structures grown by LPE

29

2

SIELO

Si substrate

- silicon-on-insulator structures

- buried electrical contact/mirror

light ELO
mask
| /

substrate
back mirror (photon recycling)

Q_h/_m%k

substrate
buried electrical contact

- electrical separation of
epilayer from the substrate

MOS transistor on ELO Si/SiO,

Bergmann et al. Appl. Phys. A (1992)

Si-Sub.

ELO (GaSh)
% mask

substrate GaSh

S ELO-Si

g



ELO Si/SiO,/Si by LPE

origin of strange ELO shape
- the case of dislocation-free Si substrate

E. Bauser et al. Max-Planck Inst. Stuttgart

substrate miscut

201 B0 nm

silicon substrats

FIG. 1. Silicon lavers grown from oxide-free seeding areas on {111} 51
substrate partially masked by thermal oxide. Substrate oftf-orientation 0.3°
in the [112] direction (schematic viewl. The crasshatched area in (bl indi-
cates the seed window.



ELO — optimization of supersaturation in LPE

micro-faceting Tout

on the side wall

(¥ -

o
“ c)
o 207 £ &
= {\] undoped | 5 &

] i -
= ] GaAs/GaAs| ©@ &
S 154 [ o o
e =2
S ° = £
s 104 © =
< ] <
=
Z 5] o
o ]
o O
(72] ]
cU O T T T T T T T T T T T
500 550 600 650 700 750
growth temperature T ~C
N\

aspect ratio

g

30+
25 |
20{

15

10

004 006 008 010 012 014 0.16
cooling rate o ©C/min

rough
surface

P

substrate




ELO — influence of doping on the aspect ratio (LPE)

ELO GaAs - undoped

aspect ratio

Z.R. Zytkiewicz, IF PAN

30 A A [S]=05%at
25 A e [Si]=0
_ % [Si] = 2.5 % at
S 20+
8 *
3 15+ o
3 | ¢ A
o
€ 10{ ® i
5 o ‘
O T T T T T T T T T T T
500 550 600 650 700 750
growth temperature Tg [OC]
18
16 T=750°C A
14 .
12] A
10 )
8—- A
6 P
41 A"
01 .-
O T T T T T T T T
0,0 0,5 1,0 1,5 2,0 2,5

Si concentration in liquid [at. %]

!.
rough
surface

N

substrate

Model

Q\

dopants

t,>t, ty>t,

N

steps must squeeze between
immobile impurities; flow of
steps on upper surface slower

/ 0\

V, decreases V), increases

step




ELO by LPE — dopant incorporation
doping vs. growth rate

segregation k,

rough face — no

how ELO develops ...

Z.R. Zytkiewicz, IF PAN

(9]
-

()
w

Concentration

ELO GaAs:Te

CL

upper face K.

Impurity segregation at

Solid /liquid in?erfacei 5

S A

| Distance , X

X=0
X=



GaAs ELO layers on GaAs substrates by LPE

L=172 um;t=2.8 um

g

thickness t = 2.8 um

width of the wing L = 172 pm >

aspect ratio 2L/t = 126

Why the layer is thinner at the edge?

nonuniform growth .

bowing ...

Oy



Filtration of dislocations in ELO - examples
Z.R. Zytkiewicz, IF PAN

LPE - GaAs/Si LPE - GaSb/GaAs

GaSb ELO

GaAs substrate

W9 40T < Ad3

~ 7

after etching

MBE grown GaAs/Si (GaSb/GaAs) templates; ELO by LPE
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Filtration of dislocations in ELO: TEM of GaAs/Si i!u

Z.R. Zytkiewicz, IF PAN

ELO wing

o=

« ELO GaAs

/ -/

\ o F .—GaAs buffer
Sl 2-step MBE growth

f— LT GaAs




b
Filtration of dislocations in ELO: TEM of HVPE GaN/sapphire i!u

Sakai et al. APL 1998
TEM

| MOVPE-layer

dislocations blocked
by the mask

bending of TD’s
in the window area !!!

width of the ELO wing

MOVPE LPE LPE
GaN™ | GaAs/Si” |GaAs/GaAs
wing width | <5pum | <90 um | <200 pum
L

" Fini et al. JCG (2000) ~~ Chang et al. JCG (1998)
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Filtration of dislocations in ELO: cathodoluminescence ‘!u

Zytkiewicz Thin Solid Films 412 (2002) 64 Yu et al. MRS Internet Nitride Semicond. Res. 1998

LPE GaAs/Si MOVPE GaN on sapphire

integrated CL .
band edge emission 365 nm

Window (3 um)
Si0, (5 pm)
Window (3 um)
Si0, (5 um)
Window (3 um)
Si0, (5 pm)
Window (3 um)




ELO structures for devices

Kozodoy et al. APL 1998
Dislocated GaN

Semicond. Res. 4S1, G1.1 (1999)

Si0, mask LEO GaN CW RT blue LD - Nichia
1l
-’
2um GaN Phg
-

GaN

Diode on

— LEO GaN

Si0, mask
Sapphire

4 10° (a) — L1111 Substrate

{107 ¢

1 10% i Laser structure

li0° 2

| - é W Gap

o | 4 10® g l f _‘L- —l—,I GaN layer
:z_,a 7 oo L Fi Si0, mask
100 80 60 40 20 0 Sapphire Substrate
Voltage (V) )
large leakage current due to TD on the wing i = 3 kA/Cm?

on the window jin = 6-9 kA/cm?



b
Strain in ELO layers i!u
XRD — lecture by M. Leszczynski

XRD geometry
Zytkiewicz et al. JAP 1998

o= Qe Q= 9Q° ;
scattering 10 4 . 1104
plane 5
— I
S10°t 410°
= :
[92]
% 2 - 2
E 10 " ¢ E 10
°l i
-0.4 -0.2 0.0 0.2 0.4 -0.1 0.0 0.1
® angle [deg] o angle [deg]

broadening of the RC:

« different values of lattice parameters ?

« different orientations of the ELO stripes ?
 bowing — direction ?

“typical” GaAs epilayer



Strain in ELO layers — local XRD

X-ray

sample rotation axis
in the ® scan

&

seed window  ELO layer

X [ /
SiO, mask W L

substrate |

«— sample movement

X-ray beam 5 —10 um x 0.5— 10 mm
sample movement step 5 — 20 um 200 ~19%9
RC, RSM, ... measured locally — Rocking Curve mapping




Strain in ELO layers — local XRD

width of the ELO stripe
i 302 om

1000 -
800 -
600 -
400 -

200

-200 4
-400
6004 substrate
-800 —

-1000 — T r T T T r T T 1T T T T T 7
-200 -150 -100 -50 0 50 100 150 200

w-o, [arcsec]
o

Position across the stripe x [um]

Czyzak et al. Appl. Phys. A 2008

shape of (001) GaAs planes

_—=— calculated from the RC map

-150 -100 -50 0 50 100 150

Position across the stripe x [um]




Intensity [cps]

Bending of ELO layers

@ =0°
104 | i
<_n_.2A®max T Sjoz ek
e [ ML asgoY > &
5 ———
window —  GaAs substrate
102 -
f ‘ ELO laye
“ il ol =
ﬁ” | WMW m w V \window —"  GaAs substrate]
R R R B [Si]regionl > [Si]region I
-0.4 0.0 0.4 l
le [d
@ andie [ eg] aregion | < aregion I

o-o, [arcsec]

upwards bending of the wing

- - ELO wing R
LO T \
I region | region IIW
3 |

4 il

AN

A

éseed GaAs substrate

-200 -150 -100 -50 0 50 100 150 200

Position across the stripe x [um] Residual bowing due to nonuniform doping




(a)

b
Bending of ELO layers —common in ELO (GaN, Si, GaAs, etc.) i!u

10“1

—i
L]
L]

—i
=]
Ea

Intensity (cps)

(b)

v —
—=0" | ] Kim et al. JCG 2002
rma ¢;= an®
1
' ELO GaN
1
' GaN buffer
1 sapphire
3

(c) (d)

FIG. 2. TEM cross-section images and electron diffraction pattems taken
from (a) and (b) window and (c¢) and (d) mask region.
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Coalescence of ELO stripes i!u

low angle grain boundary

Zytkiewicz et al. JAP 2007

growth window front of coalescence

left wing

void

SiO, mask
GaAs substrate

GaAs substrate

no dislocations Similar effect in:
above the mask edge ELO Si on Si - Banhart et al. Appl. Phys. 1993
ELO GaN on sapphire - Sakai et al. APL 1998
PE GaN on sapphire - Chen et al. APL 1999




Thermal strain in ELO structures (GaAs/Si0,/GaAs/Si)
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Thermal strain in ELO structures (GaAs/Si10,/GaAs/Si) i!u

Zytkiewicz et al. APL 1999

ELO GaAs/Si:

« wings hanging over the SiO, mask
(no mask-induced tilt)

« wings tilted upwards

1800 _ 200=250"

-—
2A0=216"

{FWHM=94".
: - [ ——as grown

- - - S109 removed

intensity [cps]

o angle [arcsec]

Our model:

direction of tilt <= sign of thermal strain in the buffer

GaAs/Si GaN/sapphire
OGaas = Ol OlgaN < Olgapphire
tension in GaAs buffer compression in GaN buffer
upwards tilt downwards tilt
. !
Fini et al. Appl. Phys. Lett. 2000
SO, e — — [ AG® t
mask R

-“ GaAs buffer

Si substrate
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Another ELO concepts (e.g. Pendeo-epitaxy) %

Epitaxial Lateral Overgrowth

| 1

New concept




Pendeo-epitaxy

pendeo - “hanging on” ™ Nitronex Corp., Raileigh,
“suspending from” North Caroline University

L L mn_

Al, O, substrate

mask
Davis et al. JCG 2001

PE vs. ELO: reduction of TD density over the whole wafer E — —:"1

within one PE process

iIVe
NCSU YKV 15,0080 1é6nn




Pendeo-epitaxy

Chen et al. APL 1999

Advantage: maskless versions of PE possible for GaN on SiC or SiC-coated Si
Strittmatter et al. APL 2001; Davis et al. JCG 2001



EVA — Embedded Void Approach Frajtag et al. APL 2011 98 023115
2.1x10° cm2 3.9x107 cm™2

a) GaN film grown b) GaN film overgrown
conventionally on nanowires

nanowires

\T-GaN ~ Tt Gan Tl ean
Sapphire Sapphire Sapphire

a) GaN film grown b) Dislocations ¢) Coalescence between
conventionally trapped by voids nanowires

AFM

“random” mask (SiN coverage below 1 ML)

overgrowth
SiN micro- |—|ﬂ. .ﬁ. . —

o {[T(T (1T

dislocations dislocation loops

S. Tanaka et al., Jpn. J. Appl. Phys. 39, L831 (2000)
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ELO summary i!u

a tool for fabrication of low-dislocation
ELO density epilayers on heavily dislocated
substrates

take from the seed info on crystal
lattice; do not take defects!!!

ELO - all lattice mismatch-induced problems solved?

Achievements: Problems:

significant reduction 1. interaction of ELO layers with the mask; bending
of dislocation density 2. generation of defects at the front of coalescence
In lattice-mismatched 1
heterostructures : !Il

easier elastic 1

rela_xatlon of thermal buffer

strain

substrate
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Mechanism of ELO growth on dislocated substrates i!“

comparison

e ™~

ELO on dislocation-free substrate ELO on dislocated substrate
Si/Si GaAs/GaAs

Zytkiewicz et al. Cryst. Res. Technol. 2005

ELO Si layer

GaAs substrate

substrate Si miscut direction  m——

miscut direction =—

growth in the miscut direction only growth in all directions
(for low supersaturation)

on dislocated substrate ELO growth possible w/o substrate miscut
(miscut used sometimes though; e.g GaAs/Si)
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Gibbs-Thomson effect = S. Krukowski’s lecture i!ﬂ

Gibbs — Thomson effect a — phase equilibrium on curved surface
[s

depends on radius of phase boundary

I" - capillarity constant (~ 107 cm = 1 nm)

p(R)=p(oo)-(l+gj C(R):C(oo)-(1+£j

R

equilibrium pressure (solute concentration) on
curved surface is larger than on the planar one

large curvature (small R) at the beginning of LPE
ELO Si layer | ELO growth

mask SiO, e

Silier et al. J. Cryst. Growth 1996

initial liquid supercooling ~1.8°C needed
to allow the ELO layer to get out of the
channel over the mask




Gibbs-Thomson effect = S. Krukowski’s lecture

simulations: ELO of GaAs byLPE

Cbulk
As bulk diffusion
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Gibbs-Thomson effect:
ELO of GaAs by LPE

vertically grown part of ELO

laterally grown
part of ELO

>

window

SiO, mask

substrate dislocations make ELO growth
possible without initial supersaturation of
the solution




LO kal na XR D _ pl’zyklad &) sample rotation axis in the ® sc: i!;
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| Iz | ; | SRXRD mapping:

\ R\V N 'ELO tilt angle a(y) can be measured
= « | — - - tilt direction easy to determine

| (@)] 1 .
S, | 3 ) » curvature radius R(y) can be
> 0
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1 L 8 -
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