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Abstract	
As	 the	 age	 of	 Moore’s	 law	 is	 drawing	 to	 a	 close,	 continuing	 increase	 in	 computing	
performance	 is	 becoming	 increasingly	 hard‐earned,	 while	 demand	 for	 bandwidth	 is	
insatiable.	One	way	of	dealing	with	 this	 challenge	 is	 the	 integration	of	 active	photonic	
material	with	Si,	allowing	high‐speed	optical	inter‐	and	intra‐chip	connects	on	one	hand,	
and	the	economies	of	scale	of	the	CMOS	industry	in	optical	communications	on	the	other.	
One	of	the	most	essential	active	photonic	materials	is	InP,	stemming	from	its	capability	
in	combination	with	its	related	materials	to	produce	lasers,	emitting	at	wavelengths	of	
1300	and	1550	nm,	the	two	most	important	wavelengths	in	data‐	and	telecom.	

However,	 integrating	 InP	 with	 Si	 remains	 a	 challenging	 subject.	 Defects	 arise	 due	 to	
differences	 in	 lattice	 constants,	 differences	 in	 thermal	 expansion	 coefficients,	 polarity	
and	 island‐like	 growth	 behavior.	 Approaches	 to	 counter	 these	 problems	 include	
epitaxial	lateral	overgrowth	(ELOG),	which	involves	growing	InP	laterally	from	openings	
in	a	mask	deposited	on	a	defective	InP/Si	substrate.	This	approach	solves	some	of	these	
problems	by	filtering	out	the	previously	mentioned	defects.	However,	filtering	may	not	
be	 complete	 and	 the	 ELOG	 and	 mask	 themselves	 may	 introduce	 new	 sources	 for	
formation	of	defects	such	as	dislocations	and	stacking	faults.		

In	this	work,	the	various	kinds	of	defects	present	in	InP	ELOG	layers	grown	by	hydride	
vapor	phase	 epitaxy	on	 Si,	 and	 the	 reason	 for	 their	 presence,	 as	well	 as	 strategies	 for	
counteracting	 them,	 are	 investigated.	 The	 findings	 reveal	 that	 whereas	 dislocations	
appear	 in	 coalesced	 ELOG	 layers	 both	 on	 InP	 and	 InP/Si,	 albeit	 to	 varying	 extents,	
uncoalesced	 ELOG	 layers	 on	 both	 substrate	 types	 are	 completely	 free	 of	 threading	
dislocations.	Thus,	coalescence	 is	a	critical	aspect	 in	 the	formation	of	dislocations.	 It	 is	
shown	 that	 a	 rough	 surface	 of	 the	 InP/Si	 substrate	 is	 detrimental	 to	 defect‐free	
coalescence.	Chemical‐mechanical	polishing	of	this	surface	improves	the	coalescence	in	
subsequent	ELOG	leading	to	fewer	defects.		

Furthermore,	ELOG	on	InP	substrate	is	consistently	free	of	stacking	faults.	This	is	not	the	
case	for	ELOG	on	InP/Si,	where	stacking	faults	are	to	some	extent	propagating	from	the	
defective	substrate,	and	are	possibly	also	forming	during	ELOG.	A	model	describing	the	
conditions	 for	 their	 propagation	 is	 devised;	 it	 shows	 that	 under	 certain	 conditions,	 a	
mask	 height	 to	 opening	 width	 aspect	 ratio	 of	 3.9	 should	 result	 in	 their	 complete	
blocking.	As	to	the	potential	formation	of	new	stacking	faults,	the	formation	mechanism	
is	 not	 entirely	 clear,	 but	 neither	 coalescence	 nor	 random	 deposition	 errors	 on	 low	
energy	 facets	 are	 the	 main	 reasons	 for	 their	 formation.	 It	 is	 hypothesized	 that	 the	
stacking	faults	can	be	removed	by	thermal	annealing	of	the	seed	and	ELOG	layers.	

Furthermore,	 concepts	 for	 integrating	 an	 active	 photonic	 device	 with	 passive	 Si	
components	are	elucidated	by	combining	Si/SiO2	waveguides	used	as	the	mask	in	ELOG	
and	multi‐quantum	well	 (MQW)	 lasers	 grown	on	ELOG	 InP.	 Such	 a	 device	 is	 found	 to	
have	 favorable	 thermal	 dissipation,	 which	 is	 an	 added	 advantage	 in	 an	 integrated	
photonic	CMOS	device.	 	
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1 	Introduction		

1.1 Historical	development	
Silicon,	 first	 discovered	 by	 the	 Swedish	 chemist	 Jöns	 Jacob	 Berzelius	 in	 1823,	 is	 an	
element	which	has	had	an	impact	so	profound	on	society	since	the	beginning	of	the	20th	
century	 that	 its	significance	rivals	 that	of	 iron	 in	 the	19th	century.	 It	would	 thus	be	no	
more	 than	 fair	 to	 call	 our	 time	 “the	 silicon	 age”	 in	 analogy	with	 previous	 époques	 in	
human	 history	 revolutionized	 by	 a	 single	 material.	 Although	 not	 the	 first	 material	
employed	 in	 a	 semiconductor	 transistor,	 silicon	 was	 the	 material	 that	 made	
semiconductor	 transistors	 practical,	 thus	 paving	 the	 way	 for	 the	 remarkable	
technological	progress	over	the	last	60	years.	

While	 silicon	 has	 played	 a	 crucial	 role	 in	 microelectronics	 leading	 to	 the	 highly	
computerized	 society	 we	 live	 in	 today,	 it	 lacks	 a	 fundamental	 property	 which	 is	 as	
critical	to	optical	communications	as	semiconductivity	is	to	microelectronics:	the	ability	
to	emit	light	amplified	by	stimulated	emission.	In	other	words,	silicon	cannot	be	used	to	
fabricate	 an	 electrically	 pumped	 laser	 of	 performance	 needed	 for	 optical	
communication.	 Although	 amplification	 by	 stimulated	 emission	 was	 first	 discussed	
referring	to	potassium	vapor	[1]	and	the	first	laser	was	achieved	by	exciting	atoms	in	a	
ruby	crystal	[2],	it	was	not	long	before	it	was	realized	that	an	electrically	pumped	laser	
could	 also	 be	 made	 by	 semiconductors	 [3],	 and	 in	 particular,	 by	 the	 combination	 of	
semiconductors	 with	 different	 band	 gaps	 in	 what	 is	 called	 heterostructures,	 and	
subsequently	in	so‐called	quantum	wells	(QWs)	[4],	[5].	Together	with	the	invention	of	
the	optical	fiber,	this	paved	the	way	for	another	revolutionary	technology	which	ushered	
in	 a	 new	 era,	 not	 of	 processing,	 but	 of	 transmitting	 information;	 fiber‐optical	
communication.	Two	 semiconductor	materials	were	of	 particular	 interest	 due	 to	 their	
ability	to	produce	active	layers	that	emitted	light	at	wavelengths	especially	suitable	for	
transmission	in	silica	optical	fibers;	GaAs	and	InP.	The	reason	for	this	is	that	the	optical	
fiber	made	of	silicon	and	silicon	dioxide	has	attenuation	minima	at	1300	nm	and	1550	
nm	and	zero	dispersion	at	1300	nm.	Furthermore,	a	wavelength	of	1550	nm	allows	the	
use	 of	 erbium‐doped	 fiber	 amplifiers	 (EDFAs),	 a	 crucial	 part	 in	 long	 haul	 optical	
communications.	 GaAs	 and	 their	 related	 materials	 can	 provide	 active	 layers	 with	
wavelengths	 of	 650	 up	 to	 1250	 nm,	 while	 InP	 and	 their	 related	 materials	 allow	
wavelengths	 of	 1300	 nm	 and	 1550	 nm.	 Thus,	 although	 GaAs–based	 pump	 lasers	 for	
EDFAs,	 operating	 at	 980	 nm	 are	 of	 great	 importance,	 InP	 remains	 the	 single	 most	
interesting	 basic	 material	 in	 light	 sources	 for	 optical	 communications	 over	 longer	
distances.	

1.2 Current	trends	
In	 the	 recent	 decades,	 there	 has	 been	 an	 increasing	 tendency	 to	 incorporate	 new	
materials	throughout	the	semiconductor	industry.	This	is	perhaps	the	most	salient	trend	
in	the	traditionally	exclusively	silicon‐based	chip‐making	industry,	which	now	includes	
various	 metal	 oxides	 in	 gates	 and	 capacitors	 [6]	 as	 well	 as	 germanium‐containing	
transistors	and	detectors	 [7].	 In	photonic	applications,	optically	active	 III‐Vs	are	being	
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accompanied	by	Si/SiO2‐based	components	for	modulation	and	multiplexing	[8],	[9]	as	
well	as	by	materials	such	as	GaN	in	light	sources	[10].		

Another	 trend	 is	 convergence,	 not	 only	 between	 short	 and	 long	 distance	 optical	
communication	but	also	between	computing	and	communication	as	well	as	of	materials.	
With	 the	 limits	 of	 silicon	 having	 been	 reached	 in	 almost	 everywhere	 from	 gate	
dielectrics	to	transistor	channels,	not	to	mention	its	lack	of	ability	to	function	as	a	gain	
material	for	active	optical	devices,	it	might	seem	as	if	the	age	of	silicon	is	coming	to	an	
end.	In	reality	however	nothing	could	be	farther	from	the	truth;	silicon	has	emerged	as	
the	single	material	platform	of	choice	for	integrating	all	sorts	of	different	materials,	since	
silicon	is	unmatched	in	the	single	most	crucial	aspect:	economy.		The	reasons	for	this	are	
that	 silicon	 is	 an	 abundant	 and	 durable	material	 with	 an	 intermediate	melting	 point,	
making	it	not	only	relatively	cheap	to	produce	but	also	possible	to	manufacture	in	large	
substrate	 sizes	 with	 450	 mm	 wafers	 representing	 the	 next	 step.	 This	 allows	 huge	
economies	of	 scale,	 a	 force	which	has	been	driving	 the	 entire	 semiconductor	 industry	
ever	since	its	infancy.		

1.3 Integration	of	photonics	with	electronics	
Convergence	between	computing	and	communication	acts	as	a	double‐edged	sword	 in	
driving	 unification	 of	 optically	 active	materials	with	 silicon:	 the	 chip‐making	 industry	
needs	 optically	 active	 material	 to	 continue	 increasing	 computing	 performance	 and	
restrain	power	 consumption,	whereas	 the	data‐	 and	 telecom	 industry	needs	 silicon	 to	
keep	 the	 cost	 down	 of	 its	 increasingly	 complex	 modules	 [11],	 [12].	 An	 integrated	
photonic	 CMOS	 chip,	 showing	 an	 example	 of	 integrated	 electronic	 and	 photonic	
functions,	is	shown	in	Figure	1.1.	However,	achieving	optically	active	devices	on	silicon	
represents	a	 tremendous	challenge	with	a	variety	of	approaches	having	been	or	being	
attempted.	These	 fall	 principally	 into	 two	 categories;	 those	based	on	bonding	 existing	
active	 material	 to	 Si	 and	 those	 based	 on	 depositing	 or	 growing	 active	 materials	 on	
silicon.		

	

Figure	1.1.	Conceptual	drawing	of	a	Si	chip	with	CMOS	electronics	integrated	with	various	photonic	
elements.	Figure	reprinted	with	kind	permission	of	Wondwosen	Metaferia.	
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1.3.1 Integration	by	bonding	
Both	approaches	have	their	own	advantages	and	drawbacks:	bonding	has	the	advantage	
of	producing	working	devices	[13],	[14],	[15]	since	the	material	is	grown	defect‐free	on	
native	substrates	and	then	transferred	to	silicon	substrates,	but	has	the	disadvantage	of	
poor	 thermal	dissipation	due	 to	 the	 low	 thermal	 conductance	of	 the	bonding	medium,	
absence	of	 self‐alignment	providing	 relatively	 low	 integration	density	and	an	 inherent	
unsuitability	 to	 large	 scale	 manufacturing	 depending	 on	 the	 bonding	 type;	 in	 wafer	
bonding	relying	on	bonding	entire	wafers	of	III‐V	material	to	silicon,	there	are	problems	
with	size	mismatch	since	III‐V	wafers	are	much	smaller	than	silicon	wafers	and	with	a	
sensitive	bonding	interface	susceptible	to	adhesion	failure	[16].	In	die‐to‐wafer	bonding,	
individual	 dies	 of	 III‐V	material	 are	 bonded	 to	 silicon,	which	makes	 batch	 processing	
more	difficult	even	though	arrays	of	dies	can	be	transferred	simultaneously	by	mounting	
several	dies	on	a	single	stamp	[17].	Moreover,	 the	transfer	itself	may	suffer	from	yield	
problems.	

1.3.2 Integration	by	heteroepitaxy	
Devices	fabricated	by	growing	active	material	on	silicon	on	the	other	hand,	from	now	on	
referred	 to	 as	 heteroepitaxy,	 enjoy	 good	 thermal	 dissipation	 since	 there	 is	 no	 low‐
thermal	 conductivity	 medium	 in‐between	 the	 active	 layer	 and	 the	 substrate,	 self‐
alignment	 provides	 high	 integration	 density	 and	 entire	 wafers	 can	 be	 processed	 in	 a	
single	 lithography,	 etching	 or	 deposition	 step.	 Furthermore,	 epitaxy	 offers	 a	 higher	
versatility	with	e.g.	the	ability	to	grow	laser	structures	with	different	wavelengths	in	one	
step	[18].	The	disadvantage	of	heteroepitaxy	stems	from	fundamental	differences	in	the	
physical	 properties	 of	 active	 materials	 and	 silicon;	 they	 may	 have	 different	 lattice	
constants,	different	coefficients	of	thermal	expansion	and	may	consist	of	more	than	one	
element	 making	 them	 polar.	 All	 of	 these	 aspects	 share	 the	 common	 property	 of	
introducing	 defects	 which	 are	 detrimental	 to	 the	 grown	 layer,	 making	 fabrication	 of	
working	active	devices	immensely	difficult	although	examples	of	such	devices	exist	[19].	

Nevertheless,	a	plethora	of	strategies	have	been	developed	to	overcome	these	inherent	
problems;	growing	nonpolar	Ge	and	alloys	thereof	on	silicon	and	strain‐engineering	it	to	
produce	 lasing	 [20],	 [21],	 growing	 nanowires	 of	 III‐V	 material	 with	 such	 small	
dimensions	that	no	relaxation	takes	place	[22],	[23],	growth	of	GaSb‐based	compounds	
allowing	 fabrication	 of	 active	 devices	 on	 Si	 by	 complete	 relaxation	 through	 edge	
dislocations	[24],		growing	III‐V	material	lattice‐matched	to	silicon	to	avoid	dislocations	
[25]	as	well	as	employing	methods	to	filter	out	defects.	A	so‐called	strained	super	lattice	
(SLS)	 structure	 that	was	used	 to	produce	 InP	material	and	 fabrication	of	 laser	 thereof	
[26]	 is	 an	 example	 of	 the	 latter,	 where	 strain	 in	 the	 SLS	 cause	 dislocations	 to	 bend	
towards	sidewalls	so	that	they	do	not	propagate	to	the	active	layer.	Filtering	of	defects	
can	also	be	achieved	by	using	a	dielectric	material	as	a	“mask”	that	blocks	dislocations	
and	 stacking	 faults	 that	 propagate	 through	 the	 grown	 layer.	 A	 special	 case	 of	 this	 is	
called	epitaxial	 lateral	overgrowth	(ELOG	or	sometimes	ELO	or	LEO)	which	consists	of	
covering	a	defective	 layer	with	mask	material,	making	openings	 in	 the	mask	and	 then	
growing	material	from	the	openings	which	then	extends	laterally	across	the	mask.	This	
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technique	 is	widely	 employed	 in	 fabrication	 of	 GaN	 layers	 on	 foreign	 substrates	with	
device‐grade	quality	[10],	[27]	and	has	been	used	to	address	the	integration	of	GaAs	and	
InP	on	silicon	 	 [28],	 [29],	 [30],	 [31],	 [32],	 [33],	 [34]	 .	An	overview	of	 these	approaches	
can	be	found	in	[35].	

Although	 all	 approaches	 have	 resulted	 in	 more	 or	 less	 working	 devices,	 several	
problems	 remain	 unresolved.	 Firstly,	 although	 the	 material	 quality	 that	 has	 been	
achieved	is	high	enough	for	device	fabrication,	the	materials	themselves	are	not	always	
optimal	 for	 the	 desired	 light	 sources;	 no	 device	 made	 from	 heteroepitaxy	 shows	
performance	on	par	with	the	best	homoepitaxially	grown	InP	lasers.	Secondly,	no	viable	
scheme	 for	 integration	 of	 heteroepitaxially	 grown	 devices	 with	 passive	 silicon‐based	
devices	 has	 been	 proposed.	 Since	 InP	 and	 related	 materials,	 arguably	 constitute	 the	
optimal	laser	materials	in	terms	of	the	applications	outlined	here,	growing	InP	on	silicon	
using	ELOG	is	a	promising	approach	provided	its	particular	issues	can	be	resolved,	and	
is	the	main	subject	of	investigation	in	this	thesis.	

1.3.3 Current	status	and	scope	of	thesis	
The	 ELOG	 technique	 has	 been	 previously	 used	 to	 grow	 InP	 on	 Si	 with	 low	 defect	
densities.	 Improvements	have	been	made	by	optimizing	 the	pattern	design	 to	 achieve	
maximum	 lateral	 overgrowth	 and	 complete	 filtering	 of	 threading	 dislocations	 in	
continuous	films.	Despite	these	efforts	a	number	of	issues	remain	to	be	addressed:	

1. Dislocations	are	still	present	in	ELOG	layers.	The	reason	for	this	is	unclear	since	
the	origin	of	these	dislocations	is	not	known.	
	

2. Stacking	fault	is	another	type	of	defect	which	has	not	been	addressed	to	any	
larger	extent.	
	

3. A	concept	for	integrating	active	photonic	InP‐devices	with	passive	silicon	
components	is	still	lacking.	

	

This	 work	 aims	 to	 address	 these	 pertinent	 issues	 and	 thus	 has	 the	 following	
corresponding	objectives:		

1. Determine	the	origin	and	formation	mechanism	of	dislocations	as	well	as	
stacking	faults	present	in	the	ELOG	layer	and	devise	strategies	for	eliminating	
them	or	nullifying	their	effect	on	active	devices.	
	

2. Devise	a	concept	for	integration	of	an	InP‐based	active	photonic	device	with	
passive	Si‐based	components.	
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This	thesis	is	structured	in	the	following	way.	Chapter	2	provides	a	theoretical	
background	on	the	growth	of	InP,	the	use	of	ELOG	in	InP	on	Si,	associated	defects	as	well	
as	characterization	techniques.	Chapter	3	contains	and	discusses	the	most	important	
findings	whereas	chapter	4	sums	up	the	conclusions	that	can	be	drawn	from	these	
findings.	Chapter	5	offers	suggestions	of	directions	for	future	research	and	chapter	6	
finally	contains	a	summary	of	the	papers	included	in	this	thesis.	
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2 Theoretical	background	
This	 chapter	 provides	 the	 theoretical	 background	 to	 the	 subject‐matter	 in	 this	 thesis.	
Fundamental	 aspects	 of	 semiconductor	 materials	 will	 be	 addressed	 with	 focus	 on	
optically	 active	 materials	 used	 in	 optical	 communication.	 Techniques	 for	 epitaxial	
deposition	 and	 processing	 of	 these	 materials	 will	 then	 be	 described	 with	 special	
attention	given	to	the	epitaxial	growth	and	processing	techniques	applied	in	this	work.	
Furthermore,	 characterization	 methods	 relevant	 to	 this	 work	 will	 be	 presented	 and	
finally	the	concept	behind	photonic	device	types	considered	will	be	outlined.	

2.1 Semiconductors	
Semiconductors	are	a	group	of	materials	with	 the	common	property	of	having	neither	
discrete	energy	levels	nor	a	single	continuous	band	of	energy	states	for	charge	carriers,	
but	something	in‐between:	a	valence	band	and	a	conduction	band	separated	by	a	band	
gap.	This	band	gap	is	the	key	factor	in	the	usefulness	of	semiconductors	since	it	allows	
not	only	the	fabrication	of	transistors,	a	key	component	in	electronics,	but	it	also	allows	
the	fabrication	of	devices	emitting	as	well	as	absorbing	light.		

2.1.1 Crystalline	semiconductors	
Semiconductors	that	are	of	particular	interest	and	under	focus	in	this	work	are	the	ones	
made	 up	 of	 crystals,	 so‐called	 single‐crystalline	 semiconductors.	 A	 crystal	 is	 simply	 a	
material	where	atoms	are	arranged	in	a	pattern	which	is	repeated	periodically,	referred	
to	as	the	unit	cell.	The	unit	cell	 is	the	smallest	unit	a	crystal	can	be	divided	into	and	is	
comprised	by	a	lattice	and	a	basis.	The	lattice,	defined	by	a	number	of	lattice	constants,	
describes	the	positions	in	space	making	up	the	unit	cell,	and	the	basis	describes	how	the	
atomic	 group	 at	 each	 position	 looks	 like.	 The	 simplest	 lattice	 is	 a	 simple	 cubic	 lattice	
having	only	one	lattice	constant	with	positions	at	each	corner	of	a	cube,	and	the	simplest	
basis	is	a	one	atom	basis	where	every	position	corresponds	to	simply	a	single	atom.	The	
most	 relevant	 lattice	 in	 this	 work	 however	 is	 the	 so‐called	 face‐centered	 cubic	 (FCC)	
lattice	with	positions	not	only	at	 the	corners	but	also	 in	 the	middle	of	 the	 faces	of	 the	
cube.	 Of	 particular	 interest	 in	 this	 work	 is	 also	 so‐called	 compound	 semiconductors	
consisting	 of	 not	 only	 one	 but	 several	 elements,	 placed	 in	 two	 interpenetrating	 FCC	
lattices	in	a	structure	called	zincblende	(ZB).	

2.1.2 Optically	active	semiconductors	
In	 principle	 all	 materials	 interact	 in	 various	 ways	 with	 light,	 or,	 more	 generally	
expressed,	 electromagnetic	 radiation.	 Semiconductors	 do	 this	 primarily	 in	 a	 way	
determined	by	their	band	gap;	since	the	band	gap	correspond	to	a	difference	in	energy	
between	 the	 valence	 and	 conduction	 band,	 charge	 carriers	 in	 the	 valence	 band	 may	
absorb	 an	 amount	 of	 energy	 equal	 to	 or	 greater	 than	 the	 band	 gap	 energy,	 and	
conversely,	carriers	 in	 the	conduction	band	may	emit	energy	 in	the	same	way.	Thus,	a	
semiconductor	may	absorb	and	emit	 light	with	a	 frequency	corresponding	to	the	band	
gap	energy	or	higher.	Moreover,	a	semiconductor	may	be	made	to	emit	light	by	having	a	
current	run	through	 it	causing	 injection	of	electrons	and	holes	 to	 the	conduction	band	
and	 valence	 band,	 respectively,	 which	 subsequently	 recombine	 with	 each	 other	 by	
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emitting	the	energy	in	the	form	of	photons.	A	material	which	can	be	made	to	emit	light	in	
this	 way	 is	 called	 an	 active	 material	 and	 is	 of	 crucial	 importance	 in	 many	 photonic	
applications.	

Whereas	all	semiconductors	have	a	band	gap,	not	all	of	them	are	suitable	as	light	sources	
in	photonic	applications.	The	reason	for	this	has	to	do	with	the	band	structure;	 i.e.	 the	
variation	in	energy	level	of	the	band	with	respect	to	the	wave	vector	k.	If	a	minimum	of	
the	conduction	band	coincides	with	a	maximum	of	the	valence	band	in	k‐space	then	no	
change	in	the	charge	carrier	momentum	is	necessary	and	the	band	gap	is	called	direct.	If	
however	these	do	not	coincide,	then	a	change	in	charge	carrier	momentum	is	required	
and	the	band	gap	is	called	indirect.	This	has	profound	effects	on	the	light‐emitting	and	
absorbing	 properties	 pertaining	 to	 the	 fact	 that	 the	 ratio	 between	 energy	 and	
momentum	is	much	higher	for	the	photon	than	for	the	electron,	hence	it	is	not	possible	
for	an	electron	in	the	conduction	band	to	emit	a	photon	that	fulfills	both	the	change	in	
energy	and	the	change	in	momentum;	instead,	transitions	also	require	the	simultaneous	
absorption	or	emission	of	a	phonon	which	 is	a	much	 less	 likely	event.	For	 this	reason,	
semiconductors	 with	 indirect	 band	 gaps	 are	 very	 poor	 light	 emitters	 as	 opposed	 to	
direct‐band	gap	semiconductors.		

2.1.3 InP		

2.1.3.1 General	properties	
InP	 is	 a	 compound	 semiconductor	 consisting	of	 the	 elements	 indium	and	phosphorus,	
located	in	the	group	III	and	V	of	the	periodic	table,	respectively.	Since	there	are	several	
semiconductors	of	importance	containing	elements	from	these	specific	groups,	they	are	
referred	to	as	III‐V	semiconductors	or	simply	III‐Vs.	Like	most	III‐Vs,	InP	is	a	direct	band	
gap	material	making	it	suitable	for	light	emission	and	absorption.	However,	with	a	band	
gap	 of	 1.34	 eV	 at	 300	K	 (corresponding	 to	 a	wavelength	 of	 925	 nm),	 InP	 itself,	while	
appealing	in	some	photonic	applications	such	as	solar	cells,	is	not	that	interesting	for	use	
as	a	 light	source;	a	significantly	more	interesting	property	of	InP	is	 its	 lattice	constant,	
5.87	Å,	which	makes	 it	 lattice‐matched	 to	active	 layers	GaxIn1‐xAsyP1‐y	emitting	at	both	
1550	nm	and	1300	nm,	 the	two	most	 important	wavelengths	 in	data‐	and	telecom.	On	
the	other	hand,	 InP	 is	rather	brittle	and	not	as	robust	as	silicon,	which	complicates	 its	
manufacturing	in	larger	substrate	sizes.	

2.1.3.2 Crystal	structure	
InP	has	an	FCC	lattice	with	a	two	atom	basis,	a	crystal	structure	which	is	similar	to	that	
of	 diamond	 albeit	 with	 two	 types	 of	 atoms	 instead	 of	 one,	 called	 zinc	 blende	 (ZB)	
structure.	 As	with	 other	 crystals	 with	 this	 structure,	 the	 stacking	 sequence	 of	 atomic	
planes	 is	 ABABAB…	 in	 the	 case	 of	 the	 <001>,	 <110>	 and	 <1‐10>	 directions,	 and	
ABCABC…	in	the	case	of	the	<111>	directions	[36].	Planes	facing	directions	of	the	latter	
type	 are	 of	 particular	 importance	 since	 they	 are	 the	 most	 close‐packed,	 whereas	 the	
more	 sparsely	populated	 {110}	 and	 {1‐10}	 planes	 are	preferred	 cleavage	planes	 since	
the	low	density	of	bonds	along	this	planes	cause	the	binding	energy	between	these	to	be	
smaller.	Owing	to	the	polar	nature	of	InP	since	In	and	P	have	slightly	different	electrical	
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charge,	 the	<110>	and	<1‐10>	directions	are	not	perfectly	 symmetrical,	 and	 the	 {111}	
planes	 terminated	 with	 an	 In	 atom	 (denoted	 {111}A)	 are	 not	 identical	 to	 planes	
terminated	with	a	P	atom	(denoted		{111}B).		

2.2 Crystal	strain	
Strain	occurs	when	a	material	is	elastically	deformed;	i.e.	when	removing	the	deforming	
force	 is	 removed	 it	 will	 resume	 its	 natural	 shape	 and	 the	 strain	 is	 relieved.	 Once	 a	
material	has	become	plasticized	however,	it	can	no	longer	return	to	its	original	natural	
state	 by	 removal	 of	 the	 deforming	 force	 since	 its	 equilibrium	 state	 has	 become	
permanently	altered.	Until	plastization	occurs,	the	strain	in	the	material	is	proportional	
to	 the	amount	of	deformation	 [37].	 In	homoepitaxy,	 strain	 is	not	 that	 significant	 since	
every	layer	of	atoms	has	the	same	lattice	constant	and	coefficient	of	thermal	expansion	
as	 the	 substrate,	 but	 in	 heteroepitaxy	 it	 becomes	 an	 important	 source	 of	 defects.	 The	
strain	ε	resulting	from	a	given	stress	σ	is	given	by	Hooke’s	law:	

C  	 	 	 	 	 	 (1)	

where	ε	and	σ	are	the	strain	and	stress	(3x3)	matrices	respectively,	and	C	is	the	stiffness	
(6x6)	matrix.	By	 taking	 the	cubic	symmetry	 for	anisotropic	materials	 into	account,	 the	
stiffness	tensor	simplifies	to:	
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From	this	relation	the	Young’s	modulus	E,	the	Poisson	ratio	ν	and	the	sheer	modulus	G	
may	be	derived:	
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The	biaxial	strain	modulus	Y,	 i.e.	the	resistance	when	a	substance	is	subjected	to	strain	
on	two	axes,	is	given	by:	
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and	 the	biaxial	 relaxation	constant	R,	 defining	 the	 relationship	between	 in‐	and	out‐of	
plan	strain,	by:	
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Finally,	the	bulk	modulus	K,	i.e.	the	response	to	uniform	compression,	is	given	by:	
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2.2.1 Lattice	mismatch	
One	 important	 source	 of	 strain	 in	 heteroepitaxy	 is	 the	 difference	 in	 lattice	 constants	
between	different	materials,	referred	to	as	 lattice	mismatch.	This	mismatch	introduces	
strain	 in	 the	 epitaxial	 layer	 since	 it	 is	 forced	 to	 adapt	 to	 the	 lattice	 constant	 of	 the	
substrate	 it	 is	 being	 deposited	 on.	 At	 first,	 the	 layer	will	 be	 able	 to	 accommodate	 the	
strain	 by	 deforming	 vertically,	 and,	 if	 possible,	 laterally.	 Eventually	 however,	 after	
exceeding	a	critical	thickness,	the	energy	stored	as	strain	will	become	so	great	that	the	
layer	will	relax	by	forming	dislocations.	The	strain	in	an	heteroepitaxial	layer	resulting	
from	mismatch	is	given	by	[37]:	
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where	 ε	 is	 the	 elastic	 strain	 in	 the	 epilayer,	 δ	 is	 the	 plastic	 strain,	 i.e.	 strain	 that	 is	
relieved	 by	 dislocations,	 and	 as	 and	 a0	 	 are	 the	 substrate	 and	 overlayer	 lattice	
parameters,	respectively.	In	an	epitaxial	layer	grown	on	a	foreign	substrate,	the	layer	is	
subjected	 to	 biaxial	 strain	 in	 the	 plane	 of	 the	 substrate	 (normally	 the	 (001)	 plane),	
which	if	unrelieved	translates	to	a	strain	in	the	vertical	direction	according	to:	
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2.2.2 Thermal	mismatch	
Most	materials	 not	 only	 have	 specific	 lattice	 constants	 but	 also	 specific	 coefficients	 of	
thermal	 expansion.	 This	 is	 highly	 relevant	 in	 heteroepitaxy	 since	 epitaxy	 is	 normally	
carried	 out	 at	 a	 temperature	 several	 hundreds	 of	 degrees	 Celsius	 higher	 than	 room	
temperature,	which	means	 that	 the	 lattices	 of	 two	 different	materials	will	 contract	 to	
different	 extents	 upon	 cool‐down.	 Going	 from	 growth	 temperature	 to	 room	
temperature,	 there	 will	 be	 an	 amount	 of	 strain	 introduced	 in	 the	 epitaxial	 layer	
according	to:	
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where	 αs	 and	 α00	 are	 the	 thermal	 expansion	 coefficients	 of	 the	 substrate	 and	 the	
epitaxial	 overlayer,	 respectively,	 and	TG	 the	 temperature	 at	which	 growth	 takes	place.	
Since	 the	grown	 layer	 is	normally	more	or	 less	 relaxed	during	growth,	 the	 introduced	
thermal	strain	may	lead	to	cracking	and	formation	of	dislocations.	

2.2.3 Effect	of	strain	on	band	gap	
Strain	 that	 is	not	 relieved	affects	 the	band	gap	of	 the	material	 since	 it	will	 change	 the	
volume	of	 the	unit	 cell.	The	valence	band	 is	much	more	 susceptible	 to	 strain	 than	 the	
conduction	 band.	 If	 the	 biaxial	 strain	 in	 the	 (001)	 plane	 (growth	 plane)	 is	
accommodated	 without	 producing	 misfit	 dislocations,	 the	 epitaxial	 layer	 will	 distort	
vertically	 (i.e.,	 in	 the	 growth	 direction)	 to	 an	 extent	 given	 by	 (10).	 Thus,	 due	 to	 the	
anisotropic	 deformation,	 different	 branches	 of	 valence	 band,	 degenerate	 under	
unstrained	condition,	will	be	displaced	by	different	amounts,	affecting	in	particular	the	
heavy	 and	 light	 hole	 band	 gaps.	 Thus,	 a	 compressive	 strain	 in	 the	 growth	 plane	 will	
increase	 the	 band	 gap	 since	 the	 valence	 band	 will	 be	 displaced	 to	 lower	 energies,	
whereas	a	tensile	strain	will	have	the	opposite	effect.	The	shifting	of	light	and	heavy	hole	
bands	respectively	become	[38]:	
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where	a	and	b	are		the	hydrostatic	and	shear	deformation	potentials	respectively,	Cij	the	
corresponding	elements	of	the	stiffness	matrix	and		ε∥	is	the	biaxial	strain	in	the	plane.	
Since	 the	 latter	 is	 positive	 for	 tensile	 strain	 and	 negative	 for	 compressive	 strain	 it	 is	
obvious	 that	 a	 compressive	 strain	will	 increase	 the	 band	 gap	whereas	 a	 tensile	 strain	
will	decrease	it.	

2.3 Defects	
As	in	all	crystals,	there	is	a	variety	of	ways	in	which	the	periodic	structure	of	the	crystal	
may	be	broken.	These	disruptions	of	the	order	are	defects	which	generally	fall	into	three	
categories:	 point	 defects,	 line	 defects	 and	 planar	 defects.	 Point	 defects	 are	 local	
perturbations	 and	 may	 consist	 of	 impurities,	 interstitials	 or	 vacancies.	 Of	 these,	 the	
former	 two,	 line	defects,	which	 are	 in	 effect	dislocations,	 and	planar	defects,	 in	which	
category	stacking	faults	and	microtwins	fall,	are	of	greater	 importance,	 in	particular	 in	
heteroepitaxy	where	their	negative	effects	are	a	persisting	problem	[39].	
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2.3.1 Dislocations	
Dislocations	 are	 line	 defects	 representing	 a	 break	 of	 symmetry	 along	 a	 line,	 called	
dislocation	line,	which	can	be	described	at	any	point	by	a	line	vector.	They	are	defined	
by	a	 line	vector,	a	Burgers	vector	describing	the	distortion	of	the	lattice	along	the	line,	
and	 a	 glide	 plane	 on	which	 the	 dislocation	moves.	 Although	 perhaps	 not	 immediately	
obvious,	 dislocations	 cannot	 terminate	 inside	 the	 crystal	 and	 must	 therefore	 either	
propagate	 to	 one	 of	 its	 surfaces	 or	 form	 a	 closed	 loop.	 Dislocations	 can	 generally	 be	
subdivided	 into	 edge	 dislocations	 and	 screw	dislocations.	 The	 fundamental	 difference	
between	these	two	dislocation	types	is	that	whereas	the	edge	dislocation	has	a	Burgers	
vector	perpendicular	 to	the	dislocation	 line	vector,	 the	screw	dislocation	has	a	Burgers	
vector	parallel	 to	 the	 line	 vector.	 Screw	 dislocations	 are	 formed	 by	 shearing	whereas	
edge	dislocations	are	formed	by	inserting	an	extra	half‐plane	of	atoms,	as	illustrated	in	
Figure	2.1.	In	addition,	dislocations	can	have	both	screw	and	edge	character,	so	that	the	
angle	between	their	Burgers	and	line	vectors	can	be	anywhere	from	0°	to	90°.	In	ZB‐type	
crystals,	 the	most	 important	dislocations	 are	pure	 edge,	 pure	 screw	and	 so‐called	60°	
dislocations,	the	name	of	the	latter	referring	to	the	angle	between	their	Burgers	and	line	
vectors.	

	

Figure	2.1.	Schematic	illustration	of	a)	edge	dislocation	and	b)	screw	dislocation	with	their	
respective	Burgers	vectors	indicated	by	a	green	arrow.	

Dislocations	can	move	either	by	glide	or	by	climb.	Glide	is	the	movement	of	a	dislocation	
plane	containing	both	its	Burgers	vector	and	its	line	vector,	a	so‐called	glide	plane.	Pure	
screw	 dislocations	 constitute	 a	 special	 case	 since	 their	 line	 vector	 is	 parallel	 to	 their	
Burgers	vector	so	that	no	unique	glide	plane	is	defined.	Climb	on	the	other	hand	consists	
of	motion	out	of	 the	glide	plane	and	requires	diffusion	of	atoms	to	occur.	This	process	
requires	 much	 more	 energy	 than	 glide	 motion	 and	 generally	 only	 occurs	 at	 higher	
temperatures.	

Due	to	the	perturbation	of	 the	natural	 lattice,	dislocations	are	always	surrounded	by	a	
cylindrically	shaped	strain	 field.	This	strain	 increases	 the	energy	of	 the	crystal	since	 it	
requires	 work	 performed	 on	 the	 lattice	 to	 arise.	 By	 regarding	 the	 dislocation	 as	 a	
cylinder	with	 a	 radial	 strain	 field	 symmetric	 around	 the	 line,	where	 the	 height	 of	 the	
cylinder	 increases	 by	 b	with	 one	 revolution	 around	 the	 line,	 the	 elastic	 strain	 energy	
Eel(screw)	for	a	screw	dislocation	becomes	[36]:	
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where	G	 is	the	shear	modulus,	b	 the	magnitude	of	the	Burgers	vector	and	r0	and	R	 the	
inner	and	outer	radii	of	the	cylinder,	respectively.	The	inner	radius	defines	the	boundary	
where	the	elastic	model	breaks	down	as	r	goes	to	zero.	

In	a	similar	way,	the	elastic	strain	energy	Eel(edge)		of	an	edge	dislocation	can	be	derived,	
where	 the	 radius	 of	 the	 cylinder	 instead	 of	 the	 height	 increases	 with	 b	 with	 one	
revolution:	
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Finally,	a	mixed	type	dislocation	will	have	an	elastic	strain	energy	Eel(mixed)		described	by:	
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where	θ	is	the	angle	between	the	dislocation	line	vector	and	its	Burgers	vector.	

Dislocations	are	common	 in	heteroepitaxy	of	 lattice‐mismatched	materials	where	 they	
contribute	to	relieving	strain.	However,	whereas	only	the	edge	components	in	the	(001)	
plane	 of	 dislocations	 relieve	 strain,	 pure	 edge	 dislocations	 cannot	 glide	 to	 the	 (001)	
interface	 where	 they	 can	 relieve	 strain	 more	 efficiently	 because	 their	 glide	 plane	 is	
(001).	Such	a	case	is	shown	in	Figure	2.2,	where	a	material	with	a	certain	lattice	constant	
has	 been	 grown	 on	 a	 substrate	 with	 smaller	 lattice	 constant.	 The	 grown	 layer	 has	
relaxed	to	its	natural	lattice	constant,	producing	misfit	dislocations	at	the	interface	in	the	
process	as	some	atoms	have	unsatisfied	‘dangling	bonds’.	

	

Figure	2.2.	Misfit	dislocations	at	a	heterointerface.	

	The	 most	 common	 dislocation	 type	 formed	 in	 systems	 with	 small	 lattice	 mismatch	
(<2%)	 are	 instead	 60°	 dislocations	 which	 can	 glide	 to	 the	 interface	 on	 {111}	 planes,	
whereas	pure	edge	dislocations	do	form	in	systems	with	mismatch	higher	than	2%	[37],	
[40].	The	 former	constitute	a	bigger	problem	since	 they	 thread	through	 the	 layer	as	 it	
grows	 and	 intersect	 the	 layer	 surface.	 This	 means	 that	 they	 will	 be	 present	 in	 e.g.	
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subsequently	 grown	 QW	 structures	 leading	 to	 rapid	 device	 degradation.	 Pure	 edge	
dislocations	 do	 not	 thread	 upwards	 and	 are	 less	 of	 a	 problem	 though	 they	 provide	
charge	 traps	 that	 may	 impart	 unwanted	 effects	 when	 current	 is	 run	 through	 the	
interface,	as	in	the	case	of	a	device	with	top	and	bottom	contacts.	

In	addition	to	complete	dislocations,	so‐called	because	their	Burgers	vectors	constitute	a	
full	lattice	vector,	two	important	types	of	dislocations	are	the	Shockley	and	Frank	partial	
dislocations.	 These	 have	 Burgers	 vectors	 of	 the	 type	 1/6	 <112>	 and	 1/3	 <111>,	
respectively,	 and	 are	 usually	 found	 bounding	 a	 planar	 defect	 such	 as	 a	 stacking	 fault.	
Since	these	do	not	constitute	full	lattice	vectors,	they	either	appear	in	pairs	(as	Shockley	
partials	do),	or	they	form	closed	loops	(as	Frank	partials	do).	

2.3.2 Stacking	faults	
Stacking	faults	(SFs)	are	planar	defects	representing	a	disruption	in	the	crystallographic	
stacking	 order.	 In	 crystals	with	 FCC‐type	 lattice	 they	 normally	 occur	 on	 {111}	 planes	
since	these	have	the	lowest	SF	energy.	Such	a	case	is	shown	in	Figure	2.3.	SFs	can	occur	
either	 as	 an	 insertion	 or	 removal	 of	 a	 crystallographic	 plane.	 This	may	 happen	 either	
during	 deposition	 or	 by	 gliding	 of	 a	 plane	 from	 its	 natural	 position	 to	 another.	 Thus,	
instead	 of	 being	 stacked	 according	 to	 ABCABC…,	 the	 stacking	 sequence	 changes	
according	to	ABCABA…	in	case	of	extrinsic	fault,	and	ABCACBC…	in	case	of	an	intrinsic	
fault.	

	

Figure	2.3.	Schematic	of	a	stacking	fault	lying	on	a	{111}	plane.	

A	perfect	dislocation	may	dissociate	into	two	Shockley	partials	according	to	the	reaction	
[36]:	
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The	 splitting	 reaction	 is	 favorable	 because	 the	 total	 magnitude	 of	 the	 Burgers	 vector	
decreases	 according	 to	 Frank’s	 rule,	 which	 states	 that	 a	 dislocation	 dissociation	 is	
favorable	 if	 the	 sum	 of	 the	 magnitudes	 of	 the	 Burgers	 vectors	 of	 the	 resulting	
dislocations	is	less	than	the	magnitude	of	the	Burgers	vector	of	the	original	dislocation:		
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The	two	dislocations	will	repel	each	other	and	as	they	move	apart	they	create	a	stacking	
fault	 between	 them	 with	 an	 energy	 per	 area	 γ.	 Thus,	 the	 total	 force	 per	 dislocation	
length	 unit	F	 is	 made	 up	 of	 two	 counter‐acting	 forces	 as	 described	 by	 the	 following	
expression:	
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where	d	is	the	separation	between	the	two	dislocations	and	the	other	variables	have	the	
same	significance	as	previously	defined.	The	two	forces	balance	out	at	the	equilibrium	
width	which	is	equal	to	the	stacking	fault	width.	

In	 the	 case	 of	 Frank	 stacking	 faults,	 interstitials	 and	 vacancies	 generally	 serve	 as	
nucleation	sites	from	which	the	fault	grows.	Frank‐type	faults	are,	unlike	Shockley‐type	
faults,	 bounded	 by	 a	 single	 dislocation	 forming	 a	 loop,	 a	 so‐called	 Frank	 loop.	 An	
important	difference	between	Frank	 and	Shockley	partials	 is	 the	glissile	nature	of	 the	
Shockley	 partial	 compared	 to	 the	 sessile	 nature	 of	 the	 Frank	 partial.	 This	means	 that	
whereas	 Shockley	partials	 are	 free	 to	move	by	 glide,	 Frank	partials	 can	only	move	by	
climb,	a	process	requiring	much	more	energy	as	previously	described.	

There	 is	 still	 no	 consensus	 about	 the	 formation	 mechanism	 of	 stacking	 faults	 during	
heteroepitaxial	 growth,	 though	 a	 number	 of	 causes	 have	 been	 identified,	 including	
dissociation	of	dislocations	[41],	[42],	relief	of	strain	due	to	lattice	mismatch	[43],	[44],	
[45],	 interstitial	and	vacancy	formation	due	to	supersaturation	[46],	surface	roughness	
and	 interface	 defects	 [47],	 [48],	 random	 deposition	 errors	 on	 crystallographic	 planes	
with	low	stacking	fault	energy	[49],	[50],	and,	more	recently,	to	deposition	errors	due	to	
strain‐distorted	 bonds	 [51]	 and	 formation	 of	 dislocation	 loops	 during	 island	 growth	
[52].	 It	 should	 however	 be	 noted	 that	 several	 of	 these	mechanisms	 rather	 than	 just	 a	
single	one	of	them	may	well	be	operating.	

2.3.3 Twinning	defects	
Twinning	 defects,	 or	 twins,	 is	 another	 kind	 of	 planar	 defect	 which	 occurs	 in	
semiconductor	 crystals.	 Twins	 arise	 when	 the	 direction	 of	 the	 crystal	 changes	 into	 a	
mirror	 image	 in	 the	 composition	 plane,	 for	 example	 when	 the	 crystal	 is	 under	 shear	
stress.	 Twins	 are	 important	 in	 BCC	 and	 wurtzite	 systems	 and	 may	 occur	 in	
semiconductors	with	FCC‐type	lattice	as	well.	

2.3.4 Inversion	domain	boundaries	
Inversion	domain	boundaries,	or	IDBs,	are	of	importance	in	heteroepitaxy,	in	particular	
in	the	case	of	growth	of	polar	semiconductors	such	as	InP	on	non‐polar	semiconductors	
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such	as	Si.	 IDBs	arise	because	a	polar	semiconductor	can	end	 in	 two	different	ways	at	
every	 plane:	 with	 an	 A	 atom	 or	 a	 B	 atom.	 Thus,	 when	 a	 crystal	 grain	 starts	 with	 a	
different	 plane	 type	 than	 another	 grain,	 their	 merging	 will	 result	 in	 an	 inversion	
boundary.	This	is	of	particular	importance	in	heteroepitaxy	of	e.g.	InP	on	Si,	because	InP	
is	 polar	 whereas	 Si	 is	 not.	 One	 way	 IDBs	 may	 form	 depends	 on	 the	 lack	 of	 natural	
preference	 of	 one	 of	 the	 elements	 over	 the	 other	 of	 the	 compound	 to	 stick	 to	 the	 Si	
surface.	 Thus,	 in	 the	 case	 of	 a	 binary	 III‐V	 compound,	 in	 some	 places,	 the	 III‐species	
atoms	will	cover	the	Si	surface,	whereas	in	other	places	the	V‐species	will	form	the	first	
monolayer.	 Secondly,	 and	 normally	more	 importantly,	 the	 Si	 surface	 often	 contains	 a	
multitude	 of	monoatomic	 steps,	 so	 that	 even	 if	 the	 InP	 layer	will	 start	with	 the	 same	
atom,	e.g.	 In	on	both	sides	of	 the	step,	one	step	is	one	monolayer	higher	so	that	at	 the	
same	height,	one	plane	will	be	an	A	plane	and	the	other	a	B	plane.	An	example	of	this	is	
shown	in	Figure	2.4.		

	

Figure	2.4.	Illustration	of	an	inversion	domain	boundary	(IDB).	

The	first	problem	can	be	solved	by	a	pre‐exposure	of	one	of	the	atomic	species	until	a	
complete	 surface	 coverage	 has	 occurred	 [53].	 The	 second	 problem	 can	 be	 solved	 by	
making	sure	that	the	surface	steps	on	the	Si	substrate	are	double	monolayers	or	an	even	
number	of	monolayers	 instead	of	an	odd	number	 in	height.	The	 InP	 layer	will	 then	be	
free	of	 IDBs	 since	 the	 species	 after	 a	double	monolayer	 translation	 is	 the	 same	as	 the	
original	 layer.	 It	 has	 been	 shown	 that	 by	 using	 Si(001)	with	 4°	 off‐cut	 towards	 (111),	
IDBs	can	be	completely	removed	[53],	[54].	

2.4 Crystal	growth	by	epitaxy	
Epitaxy	 is	 the	 process	 of	 depositing	 crystalline	 material	 on	 an	 existing	 crystalline	
substrate,	 thereby	 extending	 the	 existing	 single	 crystal.	 Epitaxy	 can	 generally	 be	 sub‐
divided	 into	 three	 different	 techniques:	 liquid‐phase	 epitaxy	 (LPE),	 molecular	 beam	
epitaxy	(MBE)	and	vapor	phase	epitaxy	(VPE).	LPE	is	one	of	the	earliest	epitaxial	growth	
techniques	and	basically	consists	of	submerging	the	substrate	into	a	meIt	of	the	material	
to	be	grown.	MBE	is	based	on	sublimation	of	sources	consisting	of	solid	material	which	
is	heated	in	an	ultra‐high	vacuum	environment.	VPE	finally	 is	based	on	letting	gaseous	
precursors	 react	 on	 the	 substrate	 to	 deposit	 crystal	 material	 while	 by‐products	 are	
swept	away	by	a	continuous	gas	flow.	

VPE	in	turn	is	generally	divided	into	metal‐organic	vapor	phase	epitaxy	(MOVPE),	or	as	
it	 is	sometimes	called,	metal‐organic	chemical	vapor	deposition	(MOCVD),	and	hydride	
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vapor	 phase	 epitaxy	 (HVPE).	 Although	 MOVPE	 and	 MOCVD	 are	 often	 used	
interchangeably,	 they	 are	 in	 fact	 not	 identical	 in	 meaning;	 MOCVD	 denotes	 chemical	
vapor	deposition	using	metal‐organic	precursors	in	general	which	is	a	wider	definition	
since	the	deposition	does	not	necessarily	have	to	be	epitaxial	[55],	[56].	An	example	is	
atomic	layer	deposition	(ALD)	which	can	use	metal‐organic	precursors	and	is	generally	
used	 to	 deposit	 amorphous	 layers.	 To	 avoid	 confusion,	 MOVPE	 is	 used	 exclusively	
throughout	this	thesis	with	the	more	narrow	definition	of	an	epitaxial	process.	

Furthermore,	the	name	HVPE	may	be	somewhat	misleading	since	the	usage	of	hydrides	
of	 V‐species	 (e.g.,	 PH3	 and	 AsH3)	 as	 precursors	 is	 not	 exclusive	 to	 HVPE;	 it	 is	 in	 fact	
common	 to	 use	 hydrides	 in	 MOVPE	 as	 well	 although	 organic	 V‐sources	 are	 also	
available.	 Conversely,	 metal‐organic	 sources	 are	 also	 frequently	 employed	 in	 HVPE,	
though	normally	 as	 dopant	 precursors.	 In	 general,	 the	 similarities	 between	HVPE	 and	
MOVPE	systems	are	the	common	reliance	on	gas	flows	to	transport	precursors	as	well	as	
by‐products,	 the	 cracking	 of	 gaseous	precursors	 by	 heating,	 leading	 to	 similar	 growth	
temperatures	 and	 the	 similar	pressures	both	 reactor	 types	operate	 at,	 typically	 in	 the	
range	 of	 10	 –	 100	mbar,	 although	 operation	 at	 atmospheric	 pressure	 is	 also	 possible	
[57],	[58].	

2.4.1 Hydride	vapor	phase	epitaxy	
In	this	work,	HVPE	is	used	to	selectively	and	 laterally	grow	InP	on	masked	substrates,	
whereas	MOVPE	 is	 employed	 exclusively	 in	 the	 growth	of	QWs.	The	 former	being	 the	
main	focus	in	this	the	thesis,	only	HVPE	will	be	described	in	greater	detail.		

Although	 MOVPE	 and	 HVPE	 both	 rely	 on	 gaseous	 precursors,	 there	 are	 a	 number	 of	
important	 differences	 between	 them;	 first	 of	 all,	 HVPE	 reactors	 are	 hot‐wall	 reactors	
where	 the	 entire	 reactor	 wall	 is	 heated.	 This	 means	 that	 the	 precursors	 are	 heated	
before	 they	 reach	 the	 substrate,	 in	 contrast	 to	 in	 an	 MOVPE	 reactor	 where	 only	 the	
substrate	is	heated,	normally	by	IR	lamps.	Hot	wall	in	HVPE	is	necessary	to	maintain	the	
III‐chlorides	in	their	gaseous	form,	which	otherwise	cannot	be	transported	due	to	their	
high	boiling	point.		

	Secondly,	 HVPE	 reactors	 operate	 close	 to	 equilibrium	 and	 as	 a	 result	 growth	 rate	 is	
limited	by	input	rate	of	reactants,	unlike	MOVPE	which	is	generally	limited	by	diffusion	
from	main	gas	stream	to	the	substrate	[59].	Finally,	HVPE	relies	on	chlorine	compounds	
as	precursors	for	the	group	lll	elements	such	as	InCl,	GaCl	and	so	on.	These	are	normally	
generated	in‐situ	the	reactor	by	flowing	HCl	through	molten	group	lll	metal.	A	schematic	
illustration	of	part	of	the	HVPE	reactor	chamber	is	shown	in	Figure	2.5.	
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Figure	2.5.	Schematic	drawing	of	the	HVPE	reactor	chamber	where	deposition	takes	place.	

In	a	halide‐based	system,	ready‐made	V‐chlorides	are	used	as	precursors	which	in	turn	
also	produce	III‐precursors	by	reacting	with	type	III‐elements,	such	as	e.g.	2AsCl3	+	6Ga	
→	As2	+	6GaCl.	This	is	however	disadvantageous	since	it	complicates	V/III	ratio	control.	
[58].	For	 this	 reason,	using	HCl	 to	generate	 the	 type‐III	precursor	 is	preferable,	and	 is	
the	type	of	system	used	in	this	work.		

Chlorine‐metal	 compounds	 have	 rather	 low	 vapor	 pressures	 which	 combined	 with	
operation	close	to	equilibrium	allows	more	or	less	perfect	selectivity,	a	pre‐requisite	for	
ELOG.	Selective	epitaxy	or	selective	area	growth	(SAG)	is	possible	in	MOVPE	but	not	to	
the	same	extent	as	 in	HVPE	and	demands	a	high	enough	ratio	of	open‐to‐masked	area	
[60].	In	contrast,	the	selectivity	in	HVPE	is	not	limited	by	substrate	properties.	

Stemming	 from	 its	 operation	 close	 to	 equilibrium,	 HVPE	 enjoys	 significantly	 higher	
growth	 rates	 than	 MOVPE,	 which	 however	 is	 a	 double‐sided	 coin;	 whereas	 higher	
growth	rates	are	desirable	in	some	applications	such	as	planarizing	regrowth,	it	is	also	
one	of	the	reasons	growth	of	abrupt	interfaces	is	inherently	difficult	in	HVPE,	making	it	
unsuitable	for	growth	of	QWs	requiring	essentially	atomically	abrupt	interfaces	[61].	

2.4.2 Epitaxial	growth	modes	
The	growth	mode	is	influenced	partly	by	the	kinetics	during	impingement,	diffusion	and	
reaction	of	precursor	atoms	and	partly	by	the	strain	that	may	occur	 in	 the	 layer	 itself.	
There	 are	 generally	 speaking	 three	 different	modes	 in	which	 growth	may	 take	 place:	
Frank‐van	 der	Merwe	 (FM),	 referred	 to	 as	 layer‐by‐layer	 growth	 [62],	 Volmer‐Weber	
(VW),	referred	to	as	island	growth	[63],	and	Stranski‐Krastanov	(SK)	[64],	[65],	[66].	In	
the	first	case,	growth	takes	place	one	atomic	layer	at	a	time,	in	the	second,	growth	takes	
place	on	all	exposed	facets	and	in	the	last	case,	growth	initially	takes	place	layer‐by‐layer	
up	 to	 a	 certain	 thickness	 after	 which	 islands	 form.	 The	 different	 growth	 modes	 are	
illustrated	in	Figure	2.6.	
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Figure	2.6.	Illustration	of	a)	Frank‐van	der	Merwe,	b)	Stranski‐Krastanov,	and	c)	Volmer‐Weber	
growth	mechanisms.	

Which	growth	mode	occurs	depends	on	the	energy	of	the	free	surface	of	the	substrate	γs,	
the	energy	of	the	interface	between	the	layer	and	the	substrate	γi,	and	the	energy	of	the	
free	 surface	 of	 the	 epitaxial	 layer	 γe;	 for	 FM‐growth	 to	 occur,	 the	 epitaxial	 layer	must	
fully	wet	the	substrate	surface.	The	condition	for	this	 is	that	the	substrate	free	surface	
energy	must	be	equal	to	or	greater	than	the	sum	of	the	free	interface	and	epitaxial	layer	
surface	energies:	

s i e   
	 	 	 	 	 	 (19)	

This	 is	however	a	necessary	but	not	sufficient	criterion	 for	FM‐growth;	 if	 the	strain	 in	
the	layer	is	too	large,	growth	mode	will	shift	to	SK‐growth	after	a	few	layers.	

Conversely,	no	wetting	at	all	 leading	to	VW‐growth	will	occur	if	the	interface	energy	is	
larger	than	the	sum	of	the	free	layer	and	substrate	surface	energies:	

i s e   
	 	 	 	 	 	 (20)	

Wetting	will	be	partial	for	all	situations	there	in‐between	so	that	the	free	surface	energy	
of	the	substrate	will	be	equal	to	the	sum	of	the	free	interface	energy	and	the	distorted	
free	surface	energy	of	the	epitaxial	layer	according	to:	

 coss i e    
	 	 	 	 	 (21)	

where	θ	is	the	angle	between	the	surface	of	the	wetting	layer	and	the	substrate	surface.	
In	this	case,	either	VW	or	SK	growth	will	occur	depending	on	the	strain	in	the	epitaxial	
layer.	The	different	cases	are	illustrated	in	Figure	2.7.	Furthermore,	growth	kinetics	also	
influence	the	growth	mode	so	that	considering	just	the	influence	of	thermodynamics	on	
growth	mode	may	be	insufficient	[67],	[68],	[69].	
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Figure	2.7.	Conditions	corresponding	to	a)	perfect	non‐wetting,	b)	partial	wetting,	and	c)	perfect	
wetting.	

2.4.3 Heteroepitaxy	
Heteroepitaxy	is	defined	as	epitaxial	growth	of	one	material	on	a	substrate	consisting	of	
a	different	material.	There	are	a	number	of	factors	complicating	this	process	compared	
to	homoepitaxial	growth:	difference	in	lattice	constants,	difference	in	thermal	expansion	
coefficient,	 polarity	 in	 case	 of	 compounds	 and	 differences	 in	 surface	 energy	 and	
consequently	 in	 the	 wetting	 of	 the	 substrate	 surface	 by	 the	 precursors.	 There	 are	
basically	two	ways	in	which	these	aspects	influence	the	resulting	layer;	in	growth	mode	
and	 in	 the	generation	of	defects	 [70].	The	 latter	aspect	has	already	been	covered	with	
both	 defect	 types	 and	 the	 circumstances	 in	 heteroepitaxy	 resulting	 in	 their	 formation	
having	been	described.	Another	aspect	is	the	surface	kinetics;	depending	on	the	energies	
of	the	substrate	and	the	epitaxial	layer	surfaces	and	the	interface	between	the	two,	the	
degree	of	wetting	of	 the	substrate	surface	will	be	different.	This	 in	 turn	will	affect	 the	
growth	mode	of	the	epitaxy.		

In	heteroepitaxy,	growth	proceeds	 in	general	according	to	VW	or	SK	growth	modes	as	
previously	explained.	VW‐	type	growth	generally	occurs	when	there	is	a	large	mismatch	
in	lattice	constant	between	the	layer	and	the	substrate	which	raises	the	surface	energy,	
or,	to	be	exact,	the	surface	stress	[55].	SK‐type	growth	occurs	when	the	surface	energy	is	
low	 enough	 to	 allow	 FM‐type	 growth	 initially.	 After	 a	 few	 atomic	 layer	 however	
depending	on	the	difference	in	lattice	constants,	built‐up	strain	in	the	layer	will	lead	to	
3D	island‐like	growth	once	the	thickness	exceeds	a	critical	value.		

Furthermore,	 the	 island‐like	 growth	 can	 in	 both	 cases	 (VW	 or	 SK)	 proceed	 in	 two	
different	ways:	it	can	form	stable	islands,	which	will	either	stop	growing	completely	or	
grow	only	in	the	vertical	(001)	direction,	or	it	may	continue	with	island	ripening,	where	
islands	continue	to	grow	in	size	until	they	coalesce	and	form	a	continuous	layer.	Which	
way	growth	will	proceed	depends	on	a	complex	relation	between	surface	and	interface	
energies	 as	 well	 as	 strain	 [71].	 In	 addition,	 epitaxy	 in	 general	 and	 heteroepitaxy	 in	
particular	often	takes	place	in	a	non‐equilibrium	situation,	where	growth	kinetics	must	
also	be	taken	into	account	as	stated	earlier.	

2.4.4 Epitaxial	lateral	overgrowth	
Epitaxial	lateral	overgrowth	(ELOG,	ELO	or	LEO)	is	a	technique	developed	to	overcome	
the	difficulties	with	obtaining	a	high‐quality	epitaxial	 layer	on	a	 foreign	substrate.	The	
idea	 is	 to	use	a	substrate	of	a	 first	material	with	a	 thin	 layer	of	a	second	material	as	a	
starting	point.	The	layer	of	second	material	will	be	full	of	defects	due	to	the	previously	
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outlined	mechanisms.	On	top	of	this	layer,	a	mask,	normally	a	dielectric	such	as	SiO2	or	
Si3N4,	 is	 deposited	 and	 openings	 in	 the	 mask	 are	 defined	 by	 lithography	 and	 etched.	
Growth	 is	 then	 conducted	 selectively	 in	 the	 openings	with	no	nucleation	 on	 the	mask	
(shown	 in	 Figure	 2.8	 a)).	 Once	 the	 grown	material	 reaches	 the	 height	 of	 the	mask,	 it	
starts	growing	laterally	across	the	mask	without	nucleation	on	it,	as	shown	in	Figure	2.8	
b).	In	the	laterally	grown	parts,	propagating	defects	such	as	threading	dislocations	and	
stacking	faults	will	be	blocked	by	the	mask	and	consequently	cannot	propagate	into	the	
layer	 above	 the	 mask.	 ELOG	 has	 been	 used	 to	 grow	 GaN	 [10],	 [27]	 as	 well	 as	 GaAs,	
InGaAs	and	InP	on	Si	[28],	[29],	[30],	[31].	

	 	

Figure	2.8.	a)	Principle	of	SAG	and	b)	of	ELOG	applied	to	heteroepitaxy	of	InP	on	Si.	

It	has	been	shown	that	 the	angle	between	the	mask	openings	and	the	crystallographic	
direction	 greatly	 influences	 the	 lateral	 and	 vertical	 growth	 rates	 as	 well	 as	 bounding	
facet	plane	 [72],	 and	 the	boundary	plane	 in	 turn	has	a	 significant	 influence	on	dopant	
incorporation	 [73].	 Recently,	 it	 has	 also	 been	 shown	 that	 image	 forces	 acting	 on	
dislocations	 close	 to	 the	 mask	 sidewalls	 in	 the	 openings	 cause	 dislocations	 to	 bend	
towards	 the	mask	 sidewalls,	 thereby	enhancing	 the	 filtering	effect	 so	 that	 virtually	no	
dislocation	propagation	though	the	mask	openings	occurs	[74].		

2.4.5 Polishing	and	planarization	techniques	
As	 a	 consequence	 on	 the	 mode	 in	 which	 heteroepitaxial	 growth	 proceeds,	 the	
heteroepitaxial	 layer	 normally	 develops	 a	 very	 uneven	morphology.	 This	 unevenness	
will	in	this	work	be	described	by	two	properties:	topography,	referring	to	long‐ranging	
(>1	µm)	variations	in	layer	thickness,	and	morphology	or	surface	quality,	corresponding	
to	 smaller	 variations	 on	 a	 smaller	 scale	 (<1	 µm).	 To	 describe	 the	 first	 property,	 step	
height,	or	distance	between	peak	to	valley,	 is	used	as	a	parameter	 [75],	whereas	root‐
mean‐square	 (RMS)	 surface	 roughness,	 or	 Rq,	 is	 used	 as	 a	 parameter	 describing	 the	
latter	 [76].	 	 In	 the	 semiconductor	 industry,	 chemical‐mechanical	 polishing	 (CMP)	 has	
long	been	used	 for	 the	purposes	of	planarizing	and	polishing	semiconductor	wafers	of	
various	materials	[77],	[78],	[79].	The	concept	behind	CMP	is	to	use	mechanical	abrasion	
as	 well	 as	 chemical	 etching	 in	 the	 same	 process,	 drawing	 on	 the	 advantages	 in	
planarizing	of	the	former	and	the	advantages	in	roughness	reduction	of	the	latter	[80].	
Typically,	a	CMP	equipment	consists	of	a	rotating	base	plate	on	which	a	polishing	pad	is	
fixed.	One	or	several	wafers	are	then	mounted	on	chucks	counter‐rotating	to	the	plate	
and	placed	 face‐down	on	 the	polishing	pad.	A	slurry	containing	abrasive	particles	and	
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chemicals	is	continuously	flowing	onto	the	polishing	pad	via	a	feeding	mechanism.	The	
material	 removal	 rate	 depends	 on	 the	 downward	 force	 exerted	 on	 the	 wafer,	 the	
polishing	 pad	 material	 and	 naturally	 the	 rotating	 speed	 of	 the	 baseplate	 and	 wafer	
chuck,	as	well	as	on	the	slurry	properties	in	terms	of	abrasive	and	etching	effect.	

The	removal	rate	is	generally	described	by	the	Preston	equation	[79]:	

R KPV 	 	 	 	 	 	 (22)	

where	K	 is	 the	 so‐called	 Preston	 constant,	 P	 is	 the	 downward	 pressure	 and	 V	 is	 the	
relative	linear	velocity	with	respect	to	the	polishing	pad.	

It	has	been	shown	that	the	step	height	h	decreases	exponentially	with	time	according	to	
the	following	function	[75]:	
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where	 h0	 is	 the	 original	 step	 height,	 K	 is	 the	 wear	 coefficient,	H	 the	 hardness	 of	 the	
polished	material,	 Vp,	 the	 relative	 velocity	 of	 the	 polishing	 pad,	 α	 the	 stiffness	 of	 the	
polishing	pad	and	t	the	polishing	time.	

CMP	 has	 successfully	 been	 employed	 to	 planarize	 dielectrics	 [76],	 [81]	 as	 well	 as	
polishing	 III‐V	 semiconductors	 such	 as	 InP	 [78],	 [82],	 [83],	 both	 of	 which	 are	
advantageous	in	heteroepitaxy	and	monolithic	integration.		

2.5 Characterization	

2.5.1 Atomic	force	microscopy	
AFM,	or	atomic	force	microscopy,	is	one	of	several	closely	related	techniques	based	on	
scanning	 probe	 microscopy	 (SPM).	 Their	 common	 feature	 is	 that	 they	 are	 non‐
destructive	characterization	methods	based	on	a	normally	very	small	(<100	nm)	probe	
which	is	moved	into	close	contact	with	the	surface	of	the	specimen	to	be	studied.	In	the	
case	 of	 AFM,	 the	 probe	 is	 a	 very	 sharp	 tip	mounted	 on	 a	 cantilever	 which	 in	 turn	 is	
attached	to	a	piezo	crystal.	The	piezo	can	either	be	kept	static	or	 it	can	be	driven	by	a	
feedback	loop	which	keeps	the	cantilever	oscillating	at	its	resonance	frequency.	The	tip	
is	brought	into	close‐contact	with	the	sample	surface	causing	interaction	between	the	tip	
and	 the	 sample	 by	 van	 der	 Waals	 and	 ionic	 forces.	 A	 laser	 is	 being	 shined	 on	 the	
cantilever	 attached	 to	 the	 tip	 and	 then	 reflected	 into	 a	 photodetector,	 providing	 a	
measure	of	the	deflection	which	is	then	translated	to	a	surface	profile	of	the	sample.	In	
case	of	resonance	operation,	the	oscillation	provides	input	for	the	feedback	mechanism	
in	 the	 form	of	 amplitude	 shift	 or	 phase	 shift	 of	 the	 oscillation	 compared	 to	 the	 “free”	
cantilever	oscillation.	The	cantilever	is	then	scanned	across	the	surface	of	the	sample	in	
a	given	scan	window	producing	a	topographic	3D	map	of	the	sample	surface.		
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Because	of	the	weak	forces	involved	and	the	small	size	of	the	probe	(10	nm	tip	radius	is	
not	uncommon),	an	AFM	is	extremely	sensitive	and	can	provide	a	spatial	resolution	of	
down	to	sub‐nm	scale	depending	on	the	aspect	ratio	of	the	surface	features;	the	greater	
the	height	differences,	the	lower	the	resolution	due	to	the	conical	shape	of	the	probe	tip.	
Partly	 for	 the	same	reason,	AFM	is	not	suitable	 for	measuring	steep‐walled	 features	of	
heights	 of	 greater	magnitudes	 (>1	 µm),	 and	 at	 too	 large	 height	 differences	 (normally	
several	µm)	the	cantilever	deflection	becomes	too	large	for	the	piezo	crystal	to	respond	
to,	 causing	 the	 resonance	 to	 break	 down.	 Nevertheless,	 for	 features	 of	 sub‐µm	 height	
and	 small	 lateral	 dimensions,	 an	 AFM	 provides	 an	 unsurpassable	 way	 of	 studying	
surface	morphology,	including	determining	e.g.	step	heights	and	surface	roughness.	

2.5.2 Photoluminescence	
Photoluminescence	 (PL)	 is	 another	 non‐destructive	 characterization	 method	 for	
determining	 the	optical	properties	of	 a	material	 and	 therefrom	derived	properties.	 Its	
basic	 principle	 stems	 from	 the	 intrinsic	 band	 gap	 that	 all	 semiconductors	 possess;	 by	
illuminating	the	sample	with	a	laser	beam	of	energy	greater	than	its	band	gap,	electron‐
hole	pairs	will	be	generated	as	electrons	 in	 the	valence	band	will	 get	photo‐excited	 to	
the	 conduction	 band.	 Depending	 on	 the	 mean‐free	 path	 of	 the	 carriers,	 these	 will	
recombine	 with	 each	 other	 and	 by	 collecting	 the	 subsequently	 emitted	 light	 into	 a	
photodetector,	a	luminescence	spectrum	of	the	material	is	attained.	From	this	spectrum,	
a	wealth	of	information	can	be	collected,	e.g.	about	defects,	impurities	and	strain	in	the	
layer	since	all	of	these	properties	affect	the	band	gap.	Figure	2.9	shows	a	schematic	of	a	
PL	setup.	

	

Figure	2.9.	Schematic	of	a	typical	PL	setup.	

Incident	light	(which	is	not	scattered	or	reflected	at	the	surface)	is	absorbed,	so	that	the	
intensity	I	as	a	function	of	penetration	depth	is	described	by	[84]:	

0
xI I e  	 	 	 	 	 	 (24)	
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where	I0	is	the	initial	intensity	of	the	beam,	x	the	depth	into	the	sample	and	α,	a	material‐
dependent	absorption	constant.	

Typically,	 light	penetrates	about	1	µm	(defined	by	1/α)	 into	 the	samples	of	 interest	 in	
this	 study	 so	 that	 it	 is	 the	 bulk	 properties	 that	 are	 affecting	 the	 spectrum,	 although	
surface	events	may	play	a	part	in	some	cases.	There	are	basically	two	ways	in	which	the	
spectrum	 may	 be	 influenced:	 by	 providing	 alternative	 recombination	 paths	 and	 by	
distorting	 the	 band	 gap	 itself.	 Defects	 and	 impurities	 fall	 under	 the	 first	 category	
whereas	temperature	and	strain	fall	under	the	second.	

As	 mentioned	 in	 2.2.3,	 crystal	 strain	 affects	 the	 band	 gap	 in	 a	 way	 that	 depends	 on	
whether	 the	 strain	 is	 compressive	 or	 tensile.	 The	 effect	 of	 temperature	 is	 somewhat	
more	complex,	but	in	general	a	higher	temperature	leads	to	a	decreased	band	gap	due	to	
thermal	expansion	of	the	 lattice	and	interactions	between	electrons	and	phonons	[85].	
This	effect	yields	the	following	expression	for	the	band	gap	energy	of	InP	(in	eV):		
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where	EBG	 is	 the	band	gap	 in	eV	and	T	 is	 the	temperature	 in	K.	 It	however	also	allows	
filling	of	higher	energy	states	 in	the	conduction	band	so	that	a	Boltzmann‐tail	 towards	
higher	 energy	 appears	 at	 sufficiently	 high	 temperature	 [86].	 Finally,	 temperature	 also	
affects	the	spectrum	by	providing	thermal	activation	of	electrons	out	of	states	within	the	
band	 gap.	 Thus,	 a	 state	 inside	 the	 band	 gap	may	 be	 apparent	 in	 the	 spectrum	 at	 low	
temperature	 but	 at	 higher	 temperature	 any	 electron	 in	 that	 state	 will	 be	 instantly	
excited	to	the	conduction	band	due	to	phonon	absorption	so	that	transitions	from	that	
state	to	the	valence	band	no	longer	occurs	and	the	corresponding	peak	in	the	spectrum	
vanishes.		

Defects	and	impurities	provide	additional	states	within	the	band	gap	but	also	affect	the	
spectrum	in	more	particular	ways;	dopants,	supplying	or	withdrawing	carriers	by	acting	
as	 donors	 or	 acceptors	 respectively,	 affect	 the	 band	 gap	 due	 to	 interactions	 between	
carriers	and	ionized	atoms.	Specifically,	for	donors	it	has	been	shown	that	the	band	gap	
can	be	described	by	the	following	expression	[87]:	

0 'BG F e cE E E E E    	 	 	 	 	 (26)	

Where	E0	is	the	intrinsic	band	gap,	EF’	the	contribution	due	to	the	modified	Fermi	energy	
due	 to	 band‐filling,	 Ee	 the	 contribution	 from	 electron‐electron	 interaction	 and	 Ec	 the	
contribution	from	interactions	of	electrons	with	ionized	impurities.	

For	n‐type	InP,	these	are	given	by	the	following	expressions,	respectively	[87]:	
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where	n	is	the	excess	electron	concentration	in	cm‐3,	me*	is	the	effective	electron	mass	in	
InP	(=	0.08m0	kg,	where	m0	is	the	electron	rest	mass),	ħ	is	the	reduced	Planck	constant	in	
eV·s	and	the	energies	are	given	in	eV.	Whereas	impurities	introduce	states	that	normally	
result	in	radiative	transitions,	defects	tend	to	introduce	states	that	cause	non‐radiative	
transitions.	Therefore,	 defects	decrease	 the	 intensity	 of	 the	 spectrum	 in	proportion	 to	
their	density.	It	was	found	that	PL	intensity	decreased	with	increasing	thickness	above	
critical	 thickness	 for	 InGaAs	 grown	 on	 GaAs,	 which	 the	 authors	 attributed	 to	 non‐
radiative	 recombination	 at	 dislocations	 [88].	 Furthermore,	 The	 linewidth	 of	 the	 PL	
spectrum	provides	an	assessment	of	the	quality	of	QW‐structures	since	a	broader	peak	
implies	a	wider	distribution	of	QW	widths	[86].	

2.5.3 Cathodoluminescence	
Cathodoluminescence	 (CL)	 is	 a	 characterization	 method	 related	 to	 PL	 in	 that	 it	 also	
relies	on	excitation	and	subsequent	recombination	of	carriers	to	gain	information	about	
a	 semiconductor	 material.	 The	 fundamental	 difference	 between	 CL	 and	 PL	 is	 the	
excitation	source	–	in	the	case	of	PL,	the	excitation	source	is	a	laser,	whereas	in	the	case	
of	CL	it	 is	an	electron	beam.	In	practice,	CL	is	carried	out	in‐situ	in	a	scanning	electron	
microscope	(SEM)	simply	by	collecting	light	emitted	in	the	spectrum	of	interest.	This	is	
normally	done	by	 introducing	 a	mirror	with	 a	 tiny	 slit	 through	which	 the	 e‐beam	can	
pass.	Light	is	then	reflected	and	collected	at	a	photodetector	just	like	in	the	case	of	a	PL	
setup.		

In	 the	 case	 of	 electrons,	 the	 penetration	 depth	 can	 be	 described	 by	 the	 following	
function	[89]:	
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where	d	 is	 the	depth	 in	Ångström,	A	 is	 the	mass	number,	Z	 the	 atomic	number,	ρ	 the	
density,	E	the	electron	energy	in	eV	and	n	depends	on	Z	in	the	following	way	[89]:	
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As	 these	 expressions	 suggest,	 the	 penetration	 depth	 of	 the	 electrons	 is	 directly	
dependent	 on	 the	 electron	 acceleration	 voltage,	 which	 makes	 it	 possible	 to	 probe	
different	 depths	 by	 varying	 this	 parameter,	 with	 limits	 in	 resolution	 due	 to	 electron	
scattering	and	carrier	movements.	

Another	advantage	of	CL	stems	from	the	fact	that	it	is	performed	in‐situ	a	SEM;	by	raster	
scanning	 a	 given	 area,	 an	 image	with	 contrast	 corresponding	 to	 the	 radiative	 to	 non‐
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radiative	recombination	ratio	can	be	obtained	in	conjunction	with	the	 image	produced	
by	secondary	or	backscattered	electrons.	This	image,	or	map	as	it	is	normally	referred	to	
as,	 can	 be	 either	monochromatic,	 in	which	 case	 only	 the	 contrast	 corresponding	 to	 a	
single	 wavelength	 is	 used,	 or	 it	 can	 be	 panchromatic,	 in	 which	 case	 the	 contrast	
corresponds	 to	 the	 total	 intensity	of	 radiative	recombinations	over	 the	entire	detector	
spectrum.	 This	 is	 particularly	 useful	 for	 characterizing	 defects	 such	 as	 stacking	 faults	
and	 threading	 dislocations	 since	 they	 affect	 the	 recombination	 in	 basically	 two	ways:	
First,	 by	 increasing	 the	non‐radiative	 recombination,	 leading	 to	darker	 contrast	 in	 the	
image;	 it	 has	 been	 shown	 that	 there	 exists	 a	 one‐to‐one	 correspondence	 between	
threading	dislocations	and	dark	spots	 in	CL	images	for	dislocations	densities	up	to	the	
order	of	107	 cm‐2	 [90],	 [91],	 [92].	 Second,	by	 segregating	 impurities,	 leading	 to	 locally	
higher	 concentrations	 of	 impurities	 with	 corresponding	 brighter	 contrast	 due	 to	 a	
higher	rate	of	radiative	recombination	[93],	[94]	

Although	a	PL	setup	can	in	principle	be	used	in	the	same	way	[95],	 it	has	 in	this	work	
mostly	been	employed	to	acquire	spectra,	whereas	CL	has	been	used	to	study	individual	
defects	and	determine	their	density.	

2.5.4 Transmission	electron	microscopy	
The	 use	 of	 electron	 beams	 in	 the	 study	 of	 samples	with	 small	 dimensions	 represents	
perhaps	the	biggest	paradigm‐shift	in	the	world	of	characterization	since	the	invention	
of	 the	 optical	 microscope.	 In	 terms	 of	 maximal	 magnification	 and	 resolution,	 few	
characterization	 methods	 rival	 transmission	 electron	 microscopy	 (TEM),	 one	 of	 the	
methods	based	on	the	use	of	electrons.	As	the	name	suggests,	in	a	TEM	setup,	electrons	
are	transmitted	through	the	sample	under	study	and	then	collected.	The	information	is	
provided	by	the	 fact	 that	 the	transmitted	electrons	are	diffracted	in	the	sample,	which	
for	 this	 reason	must	be	a	 crystal	 in	order	 to	obtain	any	useful	 information.	Obviously,	
since	it	 is	the	transmitted	electrons	that	are	of	 interest,	 ionization,	back‐scattering	and	
absorption	must	be	kept	minimal,	which	means	 that	 the	sample	should	not	be	 thicker	
than	around	100	nm,	making	sample	preparation	critical.		

A	 TEM	 consists	 of	 an	 electron	 source,	 condenser	 lenses	 to	 ensure	 that	 the	 beam	 is	
parallel,	 a	 sample	holder,	 an	objective,	 intermediate	 and	projector	 lens	 for	 alternating	
between	the	diffraction	pattern	and	the	magnified	image	and	finally	an	imaging	screen	
and/or	a	camera.	

The	resolution	is	just	as	for	optical	microscopes	given	by	the	Rayleigh	criterion:	

0.61

NA

 
	 	 	 	 	 	 (32)	

where	NA	is	the	numerical	aperture	and	λ	the	wavelength	of	the	electrons,	which	can	be	
obtained	from	the	frequency,	f,	given	by	the	de	Broglie’s	equations:	

E hf 		 	 	 	 	 	 (33)	
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where	E	 is	 the	electron	energy	and	h	 is	Planck’s	constant.	The	wavelength	λ	 is	 in	 turn	
given	by:	

h

p
 

	 	 	 	 	 	 (34)	

where		p	is	the	momentum.	

By	which,	disregarding	relativistic	effects,	the	electron	wavelength	λ	becomes	[96]:	

1 2

1.22

E
 

	 	 	 	 	 	 (35)	

where	 E	 is	 the	 electron	 kinetic	 energy	 in	 eV	 and	 λ	 the	 wavelength	 in	 nm.	 A	 TEM	 is	
operated	in	one	of	two	different	modes:	diffraction	mode	or	image	mode.	In	diffraction	
mode,	 the	 points	 of	 constructive	 interference	 due	 to	 refraction	 from	 the	 crystal	 are	
shown,	thus	corresponding	to	Bragg	reflections	from	the	lattice	planes	in	the	crystal	and	
give	 information	 about	 miller	 indices	 and	 lattice	 constants	 as	 well	 as	 size	 and	
orientation	 of	 grains	 in	 imperfect	 crystals.	 In	 image	 mode,	 the	 image	 is	 made	 up	 of	
electrons	passing	unperturbed	through	the	sample.	The	contrast	 in	this	 image	is	given	
by	perturbations	that	cause	scattering,	such	as	defects,	and	those	that	cause	absorption,	
such	as	thickness	variation.	Whereas	the	latter	effect	is	not	very	interesting,	the	former	
is	extremely	useful	since	it	allows	not	only	detection	of	defects	such	as	dislocations	and	
stacking	faults	but	also	determination	of	the	type	of	defect	as	well	as	its	Burgers	and	line	
vector.	TEM	thus	constitutes	an	excellent	complement	 to	other	defect‐characterization	
methods	of	lower	resolution	but	greater	sampling	size	such	as	CL	and	SEM.	

2.6 Photonic	devices	
The	final	goal	of	the	integration	of	InP	with	Si	is	the	ability	to	fabricate	active	photonic	
devices	integrated	with	passive	Si	optical	components	and	in	a	longer	perspective	CMOS	
electronics.	Since	the	most	coveted	photonic	device	is	a	laser,	this	particular	device	will	
be	described	 in	 greater	detail	 in	 this	 chapter.	 Semiconductor	 lasers	 tend	 to	 come	 in	 a	
variety	of	forms	with	their	particular	properties,	in	itself	a	field	far	too	large	to	deal	with	
in	this	work.	Instead,	this	part	will	 focus	on	one	of	the	most	tried	and	tested	design	as	
well	as	a	more	recent	concept	which	has	been	employed	in	this	work.	

2.6.1 Semiconductor	lasers		
A	semiconductor	laser	is	no	different	in	its	basic	properties	and	function	from	any	other	
laser	 –	 it	 consists	 of	 a	 gain	 medium	 which	 can	 be	 stimulated	 to	 emit	 light,	 and	 a	
resonance	 cavity	 where	 the	 positive	 optical	 feedback	 takes	 place.	 In	 principle,	 any	
material	 with	 a	 direct	 band	 gap	 can	 be	 made	 to	 lase,	 provided	 that	 the	 gain	 is	 high	
enough	with	respect	to	losses.	Indirect	band	gap	materials	such	as	Si	have	as	previously	
explained	usually	 too	 low	gain	since	 the	radiative	recombination	of	carriers	needs	 the	
assistance	 of	 phonons,	 reducing	 the	 probability	 of	 recombination	 in	 general	 and	
radiative	recombination	in	particular,	thereby	reducing	the	rate	of	stimulated	emission.	
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The	condition	for	lasing	is	the	achievement	of	the	so‐called	population	inversion,	which	
in	 its	 strictest	 sense	means	 that	 the	 probability	 of	 a	 photon	 encountering	 an	 excited	
electron	 causing	 stimulated	 emission	 is	 higher	 than	 the	 probability	 of	 a	 photon	
encountering	 an	 electron	 in	 the	ground	 state	 and	getting	 	 absorbed.	 It	may	 seem	 that	
this	equates	with	a	higher	population	in	excited	states	than	ground	states	but	this	is	not	
a	 sufficient	 requirement,	 since	 the	 probability	 of	 stimulated	 emission	 and	 absorption	
may	not	be	the	same.	Thus,	population	inversion	requires	that	the	product	between	the	
number	of	electron	in	excited	state	and	the	probability	for	stimulated	emission	is	larger	
than	 the	 product	 between	 the	 number	 of	 electrons	 in	 the	 ground	 state	 and	 the	
probability	of	absorption.		

In	order	to	make	a	laser	that	can	function	continuously	when	a	current	is	driven	through	
it,	a	mechanism	for	enabling	transition	of	charge	carriers	that	can	recombine	is	required.	
A	diode,	in	its	simplest	form	a	p‐n	junction,	fulfills	this	need	when	connected	in	forward‐
bias	 mode	 since	 there	 is	 a	 continuous	 influx	 of	 electrons	 to	 the	 junction	 where	 the	
electrons	recombine	with	holes,	emitting	light	in	the	process.	However,	the	p‐n	junction	
is	not	very	well	suited	for	this	purpose	since	it	does	not	provide	much	confinement	for	
either	charge	carriers	or	light,	which	is	a	requirement	for	a	laser	cavity.	Moreover,	the	p‐
n	 junction	 is	more	 or	 less	 limited	 to	 the	 band	 gap	 of	 the	material	 in	 question,	which	
corresponds	 to	 a	 wavelength	 normally	 not	 of	 interest	 in	 a	 laser.	 Instead,	 a	 so‐called	
double	heterostructure	is	used.	This	design	shares	the	n‐	and	p‐doped	regions	of	the	p‐n	
junction	 but	 also	 has	 a	 layer	 of	 another	material	 in‐between	with	 a	 band	 gap	 that	 is	
smaller	 than	 that	 of	 the	 p‐	 and	 n‐doped	 regions.	 This	 structure	 acts	 as	 a	well	 for	 the	
incoming	 electrons	 which	 recombine	 in	 the	 material	 in‐between	 the	 p‐	 and	 n‐doped	
layers,	thus	concentrating	the	light	emission	to	a	smaller	volume.	Normally,	a	ternary	or	
quaternary	compound	semiconductor	is	used	as	the	active	material.				

The	use	of	ternary	and	quaternary	materials	allows	tailoring	the	band	gap	to	the	desired	
wavelength	 by	 varying	 one	 or	 several	 constituents.	 	 Instead	 of	 having	 two	
heterojunctions	 and	 one	 region	 of	 active	material,	 a	 so‐called	multiple	 quantum	well	
(MQW)	 design	 is	 often	 employed.	 This	 design	 consists	 of	 multiple	 layers	 of	 active	
material	with	interceding	barrier	material	that	are	both	made	very	thin,	in	the	range	of	
nanometers.	This	introduces	a	change	in	density	of	states	for	electrons	and	holes	leading	
to	 an	 enhanced	 probability	 of	 radiative	 recombination.	 These	 factors	 contribute	 to	 an	
increased	 efficiency,	 reduced	 linewidth,	 higher	 modulation	 bandwidth	 and,	 partly	
because	 the	amount	of	active	material	 is	much	smaller,	a	significantly	 lower	 threshold	
voltage	than	regular	heterostructures	lasers.	Finally,	an	additional	advantage	of	QWs	is	
that	 due	 to	 the	 small	 thickness,	 the	 material	 in	 them	 can	 be	 strained	 without	 the	
formation	of	dislocations.	The	ability	to	grow	strained	QWs	is	advantageous	since	strain	
warps	the	energy	bands	so	that	the	effective	mass	of	in	particular	the	heavy	hole	can	be	
decreased,	greatly	increasing	efficiency	and	reducing	threshold	current	[97].	

The	second	part	of	the	laser	is	the	cavity,	which	confines	light	and	provides	resonance.	
Since	 cavities	 can	have	very	different	designs	 there	 is	no	general	design	 for	obtaining	
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confinement	but	normally	light	is	confined	in	the	cavity	by	a	contrast	in	refractive	index	
between	 the	 active	 material	 and	 the	 surrounding	 material.	 It	 should	 be	 noted	 that	
‘material’	has	a	very	broad	definition	here	since	 index	contrast	can	be	achieved	by	e.g.	
air	surrounding	the	cavity.	Having	a	refractive	index	of	1,	this	provides	a	rather	strong	
confinement	since	active	material	normally	has	an	index	of	over	3.	As	mentioned,	a	large	
variety	of	optical	resonant	cavities	have	been	exploited	 for	 laser	applications	of	which	
only	two	are	discussed	in	greater	detail	in	the	following	chapters.	

2.6.2 Waveguide	laser	
In	the	case	of	a	waveguide	laser,	the	resonance	cavity	has	been	etched	into	the	shape	of	
an	elongated	ridge,	normally	at	least	300	µm	long	and	around	2	µm	wide	and	a	couple	of	
µm	 high.	 A	 drawing	 showing	 the	 basic	 characteristics	 of	 this	 laser	 type	 is	 shown	 in	
Figure	2.10	a).	At	the	short	ends	of	the	ridge,	 facets,	often	obtained	by	simply	cleaving	
the	material	along	a	cleavage	plane	resulting	in	an	extremely	flat	surface,	act	as	mirrors	
reflecting	the	light	inside	the	cavity	creating	a	longitudinal	mode	while	letting	out	part	of	
the	 light.	 This	 design,	 with	 two	 facets	 acting	 as	 mirrors,	 is	 called	 a	 Fabry‐Pérot	 (FP)	
laser.	 Due	 to	 the	 long	 cavity,	 multiple	 modes	 may	 arise;	 however,	 instead	 of	 cleaved	
facets,	it	can	also	have	an	etched	grating	providing	reflection	at	the	short	ends,	allowing	
selection	 of	 a	 specific	 wavelength.	 This	 design	 is	 referred	 to	 as	 a	 distributed	 Bragg	
reflector	(DBR)	laser	to	separate	it	from	the	FP	design.	If	the	grating	is	integrated	to	the	
active	 region	 as	 well,	 the	 design	 is	 referred	 to	 as	 a	 distributed	 feedback	 (DFB)	 laser	
instead.	

2.6.3 Microdisk	laser	
A	microdisk	laser,	like	the	name	suggests,	has	a	resonance	cavity	formed	in	the	shape	of	
a	disk.	In	this	case,	there	are	no	mirrors,	but	the	index	contrast	between	the	disk	and	the	
surrounding	 air	 gives	 rise	 to	 modes	 where	 light	 moves	 along	 the	 circumference,	 so‐
called	whispering	gallery‐modes	after	the	related	phenomenon	in	the	whispering	gallery	
in	St	Paul’s	cathedral	in	London	[98],	[99].	Thus,	the	light	circulates	inside	the	disk	and	is	
only	emitted	through	the	sidewalls	by	scattering.	In	this	design,	light	is	not	intended	to	
be	emitted	directly	into	air,	instead	it	is	normally	emitting	light	into	a	waveguide	in	the	
close	proximity	by	so‐called	evanescent	coupling	[100],	as	shown	in	Figure	2.10	b).	This	
phenomenon	stems	 from	 the	wave	nature	of	 light	which	means	 it	 is	not	 localized	at	 a	
single	point	or	volume	in	space,	but	rather	spreads	in	an	evanescent	field	in	which	the	
intensity	of	the	light	(or,	to	be	precise,	the	intensity	of	the	electromagnetic	field)	decays	
with	 radial	 distance	 from	 the	 propagation	 vector.	 Thus,	 by	 placing	 the	 waveguide	
sufficiently	 close	 to	 the	 edge	 of	 the	 disc	 in	 a	 direction	 parallel	 to	 the	 sidewall,	 the	
evanescent	field	of	the	light	in	the	disk	will	overlap	with	the	waveguide	so	that	part	of	
the	light	will	be	coupled	into	the	waveguide.	This	concept	is	not	limited	to	the	disk	laser	
per	se;	in	the	same	way,	light	can	be	coupled	into	a	waveguide	from	the	afore‐mentioned	
ridge	laser.	However,	in	the	case	of	a	disk	laser,	cleaving	facets	for	free‐space	emission	
as	 in	 the	case	of	a	 ridge	 laser	 is	not	possible	 so	 that	 light	must	either	be	coupled	 to	a	
waveguide	or	possibly	by	 introducing	a	grating	 structure	 causing	 free‐space	emission.	
Due	in	large	part	to	applications	requirements,	coupling	to	a	waveguide	rather	than	free‐
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space	emission	is	desired,	and	the	most	common	way	to	extract	light	has	become	the	use	
of	evanescent	coupling	with	a	waveguide,	since	it	is	a	practical	way	to	couple	light	out	to	
a	Si	waveguide.	

	 	

Figure	2.10.	Artistic	drawing	of	a)	waveguide	laser	and	b)	microdisk	laser	evanescently	coupled	to	
a	buried	waveguide.	
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3 Summary	of	results	and	discussion	
This	 work	 can	 be	 divided	 into	 two	 sub‐parts	 with	 different	 approaches	 and	 slightly	
different	 focus;	application	of	ELOG	of	 InP	on	Si	with	 the	purpose	of	covering	a	 larger	
area,	 and	 application	 of	 the	 same	 with	 the	 purpose	 of	 selectively	 growing	 integrated	
photonic	devices	in	a	self‐aligned	process.	Since	they	share	in	common	the	fundamental	
concepts	of	SAG	and	ELOG	there	is	obviously	a	certain	overlap	in	many	aspects,	not	least	
in	 the	 study	 of	 defects.	paper	A,	paper	C	and	paper	G	deal	with	 growth	of	 InP	 on	 Si	
aimed	at	covering	a	larger	area	with	InP,	whereas	paper	B,	paper	D,	paper	E,	paper	F	
and	paper	H	deal	with	growth	of	InP	on	Si	aimed	at	producing	monolithically	integrated	
active	 devices	 on	 Si.	 As	 previously	mentioned,	 the	 InP	 ELOG	 layers	 were	 in	 all	 cases	
grown	by	HVPE.	

3.1 ELOG	of	InP	on	Si	for	large	area	coverage	
In	paper	A	and	paper	C,	a	thin	SiO2	mask	and	various	kinds	of	line	and	mesh	openings	
were	used	to	grow	ELOG	under	different	growth	conditions.	The	morphology	and	optical	
quality	 of	 these	 layers	 were	 studied	 by	 AFM	 and	 PL	 respectively,	 and	 a	 quantitative	
measure	on	the	threading	dislocation	density	was	extracted	from	PCL	maps.	In	paper	G,	
the	origin	and	 formation	of	defects	 in	 layers	 from	paper	A	 and	paper	C	were	studied	
with	CL	and	cross‐section	as	well	as	plan‐view	TEM.	

In	order	to	cover	an	area	as	large	as	possible	at	as	low	thickness	as	possible,	high	aspect	
ratio	 in	 terms	 of	 lateral	 to	 vertical	 growth	 to	 achieve	 rapid	 coalescence	 is	 of	 prime	
importance.	Previous	studies	on	this	subject	[74],	[101],	[102]	provided	a	good	starting	
point	 for	 choosing	 mask	 patterns	 (shown	 in	 Figure	 3.1.)	 which	 were	 then	 used	 to	
investigate	 the	 effect	 of	 different	 growth	 conditions	 in	 paper	 A.	 In	 the	 subsequent	
investigations,	 InP/Si	 samples	 with	 40	 nm	 SiO2	 mask	 deposited	 by	 plasma‐enhanced	
chemical	 vapor	 deposition	 (PECVD)	 patterned	 with	 various	 line	 and	 mesh	 openings	
according	to	Figure	3.1	were	used.	An	opening	width	of	200	nm	and	a	separation	of	3	µm	
was	 used	 in	 all	 cases,	 whereas	 α	 was	 15°,	 and	 β	 was	 105°	 or	 120°,	 in	 case	 of	 mesh	
openings,	while	α	was	15°	or	30°	in	case	of	line	openings.	Hence,	two	opening	types	with	
two	different	 specifications	 each	 for	 a	 total	 of	 four	 different	 varieties	were	 employed.	
Sulfur‐doped	 InP	 (InP:S)	 ELOG	 was	 then	 grown	 by	 HVPE	 under	 varying	 growth	
conditions	in	terms	of	V/III	ratio	and	temperature.	

	

Figure	3.1.	Schematics	of	a)	line	openings	and	b)	mesh	openings.	The	patterns	were	prepared	with	
e‐beam	lithography	(EBL)	unless	otherwise	stated.	Picture	from	paper	G.	
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As	shown	in	Figure	3.2	a)	and	b),	a	lower	V/III	ratio	achieved	by	increasing	the	InCl	flow	
resulted	 in	 higher	 growth	 rates	 whereas	 a	 higher	 temperature	 first	 lead	 to	 a	 weak	
increase	 in	 growth	 rate	 followed	 by	 a	 sharp	 decline	 in	 growth	 rate	 with	 further	
increasing	temperature.	Furthermore,	the	RMS	roughness	was	measured	and	was	found	
to	 correlate	 inversely	 with	 thickness,	 with	 the	 lowest	 growth	 temperature	
corresponding	 to	 lower	 roughness	 for	 the	 same	 thickness	 as	 for	 higher	 growth	
temperatures.	This	was	 taken	as	an	 indication	 that	 lateral	growth	rate	with	respect	 to	
vertical	 growth	 rate	was	 higher	 in	 the	 case	 of	 the	 lowest	 temperature,	 since	 a	 higher	
lateral‐to‐vertical	growth	rate	is	expected	to	lead	to	higher	degree	of	planarization.	

	

Figure	3.2.	a)	vertical	growth	rate	and	b)	surface	roughness	of	InP:S	ELOG	layers	grown	from	mesh	
openings	200	nm	wide	with	separation	3	µm,	α	=	15°	and	β	=	105°	on	InP/Si	substrate	masked	with	
40	nm	SiO2	for	9	minutes.	Growth	temperature	in	a)	was	600	°C	and	V/III	ratio	in	b)	was	10.	Picture	
from	paper	A.	

3.1.1 Layer	morphology	
Also,	 ELOG	 layers	 exhibited	 lower	 roughness	 than	 the	 InP	 seed	 layer	 on	 Si,	while	 InP	
grown	directly	on	 the	 InP	 seed	 layer	on	Si	 exhibited	 significantly	 larger	 roughness,	 as	
apparent	from	Figure	3.3	a)	–	d).	Since	dislocations	lead	to	a	locally	higher	growth	rate	
[46],	 [103],	 [104]	 thus	 exaggerating	 the	 roughness	 stemming	 from	 the	 island‐like	
morphology	 of	 the	 InP	 seed	 layer	 [105],	 this	 reduction	was	 likely	 due	 to	 the	 filtering	
effect	of	 the	mask	causing	the	ELOG	layers	to	possess	a	 lower	dislocation	density	than	
the	seed	layer.	However,	since	the	SiO2	mask	inherits	the	morphology	of	the	seed	layer,	
roughness	of	the	ELOG	layer	is	still	on	par	with	that	of	the	InP	seed	on	Si.		
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Figure	3.3.	AFM	surface	images	of	a)	InP(seed)/Si	substrate,	b)	planar	InP	grown	on	the	same	
substrate,	c)	InP:S	ELOG	layers	grown	from	mesh	openings	200	nm	wide	with	separation	3	µm,	α	=	
15°	and	β	=	105°	on	InP/Si	substrate	masked	with	40	nm	SiO2	for	9	minutes.	Growth	temperature	
was	600	°C	and	V/III	ratio	was	10.d)	homoepitaxial	InP	grown	under	the	same	conditions	as	in	c).	
Picture	from	paper	A.	

The	time‐resolved	morphological	evolution	as	well	as	the	threading	dislocation	density	
was	 studied	 in	 paper	 C,	 where	 it	 was	 shown	 that	 depending	 on	 the	 opening	 type,	
different	boundary	planes	formed	during	ELOG	prior	to	coalescence	which	impacted	at	
what	thickness	coalescence	took	place.	Coalescence	was	fastest	from	both	types	of	mesh	
openings	with	no	clear	“typical”	boundary	planes	forming	before	the	layers	had	begun	to	
coalesce	whereas	in	case	of	 line	openings	there	was	a	considerable	difference	between	
line	openings	with	15°	off	[110]	openings	leading	to	much	slower	coalescence	than	30°	
off	 openings	 (complete	 evolution	 shown	 in	 Figure	 3.4).	 Previous	 studies	 have	 shown	
that	the	lateral	growth	rate	from	openings	30°	off	[110]	is	considerably	higher	compared	
to	 that	 of	 openings	 15°	 off	 [110]	 [101].	 The	 absence	 of	 growth‐retarding	 boundary	
planes	in	the	case	of	mesh	openings	was	the	likely	cause	of	the	much	faster	coalescence	
of	growth	from	these.	
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Figure	3.4.	Morphological	evolution	during	InP:S	ELOG	growth	on	InP/Si	substrate	masked	with	40	
nm	SiO2	patterned	with	different	pattern	types.	Growth	temperature	was	600	°C	and	V/III	ratio	
was	10.	White	arrows	indicate	surface	undulations,	most	likely	corresponding	to	intersections	
between	planar	defects	and	the	layer	surface.	Picture	from	paper	C.	

Interesting	 to	 note	 is	 that	whereas	 the	 surface	 roughness	was	 significantly	 higher	 for	
ELOG	 layers	grown	 from	 line	openings	compared	 to	 those	grown	 from	mesh	openings	
shortly	 after	 coalescence,	 the	 surface	 morphology	 eventually	 becomes	 similar	 for	 all	
ELOG	 layers	with	 almost	 identical	 roughness	 regardless	 of	 opening	 type	 and	 angle	 as	
shown	 in	 Table	 1.	 This	 is	 consistent	 with	 the	 growth	model	 where	 impinging	 atoms	
prefer	 to	 settle	 at	 kinks	 rather	 than	on	 flat	 surfaces	 [59],	 [103],	 [106],	 so	 that	 surface	
irregularities	tend	to	smoothen	out	since	growth	laterally	will	be	faster	than	vertically	as	
explained	earlier.	
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Table	1.	RMS	roughness	for	two	samples	with	different	growth	times	for	respective	pattern.	

																									Pattern	type	

Growth	time	

Mesh	15°	&	105° Mesh	15°	&	120° Lines	15°	 Lines	30°

9	min	 47	nm	 77	nm	 278	nm	 182	nm	

120	min	 18	nm	 16	nm	 23	nm	 25	nm	

	

3.1.2 Defects	in	ELOG	layers	
In	 paper	G,	 the	 defects	 present	 in	 the	 ELOG	 layers	 were	 studied	 with	 CL	 and	 TEM.	
Dislocations	threading	to	the	layer	and	terminating	at	the	layer	surface	have	been	shown	
to	act	as	centers	for	non‐radiative	recombination	and	therefore	show	up	as	dark	spots	in	
PCL	 maps	 [90],	 an	 example	 of	 which	 is	 shown	 in	 Figure	 3.5.	 Apart	 from	 threading	
dislocations	 (TDs),	 there	 are	 also	 dark	 line	 defects	 (DLDs)	 present	 in	 the	 ELOG	 layer,	
most	 likely	 constituting	 planar	 defects	 whose	 intersections	 with	 the	 layer	 surface	
appears	 as	 bright	 lines	 with	 an	 adjacent	 dark	 shadow.	 This	 “dot‐and‐halo”	 effect	 has	
been	described	earlier	and	is	a	result	of	dopant	segregation	along	the	line	of	intersection	
between	the	planar	defect	and	the	layer	surface	[94].	

	 	

Figure	3.5.	a)	PCL	maps	of	unprocessed	InP	seed	layer	on	Si	substrate	and	b)	of	InP:S	ELOG	layer	
grown	from	mesh	openings	with	opening	width	200	nm	and	separation	3	µm,	α	=	15°	and	β	=	105°	
on	InP/Si	substrate	masked	with	40	nm	SiO2.	Features	corresponding	to	threading	dislocations	
(TDs)	and	dark	line	defects	(DLDs)	are	indicated.		

3.1.2.1 Dislocations	
It	was	shown	that	dislocation	density	in	the	ELOG	layers	was	decreased	1	to	2	orders	of	
magnitude	compared	to	the	dislocation	density	in	the	seed	layer.	This	was	true	even	if	
the	 decrease	 in	 dislocation	 density	 due	 to	 increased	 annihilation	 with	 greater	 layer	
thickness	was	taken	into	account,	as	evident	in	Figure	3.6.	

The	 threading	dislocation	density	ρ	with	 respect	 to	 thickness	 can	be	described	by	 the	
following	function	[107]:	



46 
 

2

2

00

4
ln

2

1

)1(

)1(2 





















 h


 	 	 	 	 (36)	

where	ε0	and	ε	are	the	original	and	residual	misfits,	respectively,	ν	 is	the	Poisson	ratio,	
and	h	is	the	layer	thickness.	Assuming	that	ε0	>>	ε,	the	first	term	can	be	ignored	and	with	
aInP	=	5.87	Å	and	aSi	=	5.43	Å	the	model	simplifies	to	ρ	≈	4.0∙h‐2	for	InP	on	Si.	Figure	3.6	
shows	 this	 model	 (solid	 line)	 together	 with	 the	 experimental	 values	 extracted	 from	
ELOG	layers	grown	from	mesh	openings	in	40	nm	SiO2	mask	on	InP/Si	(diamonds).	Also	
shown	is	the	model	displaced	to	fit	the	dislocation	density	of	the	seed	layer	(dotted	line),	
as	well	as	 the	 trend	 line	 for	 the	experimental	data	points	(dashed	 line)	and	 finally	 the	
experimental	 trend	 line	 displaced	 to	 fit	 the	 seed	 layer	 dislocation	 density	 (dashed‐
dotted	line).	The	seed	layer	dislocation	density	is	marked	by	a	saltire.	

	

Figure	3.6.	Dislocation	density	with	respect	to	layer	thickness	of	InP:S	ELOG	layers	grown	under	
different	growth	conditions	from	mesh	openings	with	opening	width	200	nm	and	separation	3	µm,	
α	=	15°	and	β	=	105°	on	InP/Si	substrate	masked	with	40	nm	SiO2.	The	original	and	adapted	model	
from	[107]	are	also	shown,	as	well	as	a	trend	line	fitted	to	the	experimental	data	points	and	the	
same	line	displaced	to	fit	the	seed	layer.	Picture	from	paper	G.	

It	was	also	noted	that	the	model	overestimates	the	reduction	in	dislocation	density	due	
to	 dislocation	 annihilation,	 at	 least	 for	 greater	 layer	 thickness.	 The	 reduction	 in	
dislocation	density	with	respect	to	thickness	in	the	ELOG	layers	in	the	spectrum	of	1	μm	
to	100	μm	thickness	 indeed	followed	a	power	function	but	at	a	much	slower	rate	than	
theoretically	predicted	[107].	Assuming	a	reduction	with	thickness	at	the	rate	which	was	
actually	 observed	 (shown	 by	 the	 dashed‐dotted	 line),	 the	 reduction	 in	 dislocation	
density	 compared	 to	 that	 of	 the	 seed	 layer	 becomes	 two	 orders	 of	 magnitude	 since	
according	to	this	model	the	dislocation	density	at	10	µm	is	of	the	order	of	109	cm‐2	even	
compared	 with	 the	 adopted	 model	 (shown	 by	 the	 dotted	 line),	 the	 ELOG	 dislocation	
density	is	at	least	one	order	of	magnitude	smaller	at	the	same	thickness.	

Whereas	 different	 growth	 conditions	 in	 terms	 of	 V/III	 ratio	 and	 temperature	 did	 not	
appear	 to	have	significant	 influence	on	dislocation	density	when	compensating	 for	 the	
thickness	effect,	 there	was	a	clear	tendency	for	openings	of	 line	type	to	result	 in	ELOG	
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layers	with	lower	dislocation	density	than	those	grown	from	mesh	openings,	as	shown	
in	Figure	3.7	below.	

	

	

Figure	3.7.	Dislocation	density	thickness	of	InP:S	ELOG	layers	grown	under	different	growth	
conditions	on	InP/Si	substrate	masked	with	40	nm	SiO2	,	with	respect	to	thickness	grouped	by	
pattern	type	denoted	by	the	angles	α	and	β.	Picture	from	paper	G.	

The	 origin	 of	 the	 dislocations	 was	 determined	 in	paper	G	 to	 be	 both	 propagation	 of	
existing	 dislocations	 and	 creation	 of	 dislocations	 during	 coalescence	 of	 ELOG	 islands.	
Which	of	these	mechanisms	dominated	was	however	difficult	to	ascertain.	However,	in	
paper	E	it	was	shown	that	polishing	the	InP	seed	layer	resulted	in	fewer	dislocations,	a	
result	 which	 was	 attributed	 to	 improved	 coalescence,	 thus	 indicating	 formation	 as	 a	
more	 important	 mechanism	 than	 propagation.	 Also,	 in	 experiments	 with	 large	 area	
ELOG	grown	from	multiple	 line	openings	1	µm	wide	separated	by	2	µm	prepared	with	
optical	 lithography,	dislocations	were	present	even	in	ELOG	on	InP	as	shown	in	Figure	
3.8	a),	though	in	a	much	lower	density	compared	to	ELOG	layers	grown	from	the	same	
line	 openings	 with	 the	 same	 SiO2	 mask	 thickness	 on	 InP/Si	 grown	 under	 identical	
conditions	(shown	in	Figure	3.9	b)).	The	reason	for	this	is	not	clear,	 in	particular	since	
coalesced	 layers	 grown	 from	 double	 line	 openings	 on	 InP	 substrate	 (discussed	 in	
3.2.4.1)	 consistently	 exhibited	 zero	 defects.	 As	 apparent	 in	 the	 corresponding	 SEM	
image	 (Figure	 3.8	 a)),	 this	 layer	 showed	 a	 remarkably	 uneven	 surface,	 indicating	
imperfect	coalescence.	This	may	have	contributed	to	 the	 formation	of	dislocations	and	
may	be	an	effect	of	the	wider	openings	or	glitches	in	optical	lithography	and	subsequent	
etching	 of	 the	 SiO2	 mask.	 	 It	 is	 also	 interesting	 to	 note	 that	 the	 PCL	 map	 from	
homoepitaxial	InP	ELOG	is	free	from	DLDs,	thus	indicating	a	very	low	density	(	<105	cm‐

2)	if	any	of	this	kind	of	defect.	
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Figure	3.8.	a)	SEM	image	and	b)	PCL	map	of	InP:S	ELOG	layer	grown	from	1	µm	wide	line	openings	
with	separation	2	µm	and	α	=	30°	produced	by	optical	lithography	in	2	µm	thick	SiO2	mask	on	InP.		
The	oil	drop‐looking	spots	in	the	SEM	image	emit	brighter	luminescence	than	the	bulk	layer	and	
are	thus	not	associated	with	the	black	spots	in	the	PCL	map,	which	are	typical	of	threading	
dislocations.		

	
		

Figure	3.9.	a)	SEM	image	and	b)	PCL	map	of	InP:S	ELOG	layer	grown	from	1	µm	wide	line	openings	
with	separation	2	µm	and	α	=	30°	produced	by	optical	lithography	in	2	µm	thick	SiO2	mask	on	
InP/Si.			

3.1.2.2 Stacking	faults	
The	 DLDs	 in	 the	 PCL	 maps	 were	 in	 paper	G	 concluded	 to	 be	 intersections	 between	
stacking	 faults	 and	 the	 layer	 surface.	 From	 cross‐section	TEM	 images	 such	 as	 the	 one	
shown	in	Figure	3.10	a),	it	was	shown	that	SFs	were	generally	blocked	by	the	mask,	but	
in	certain	cases	managed	to	propagate	through	the	mask	openings	and	in	certain	other	
cases	were	created	during	ELOG.	Due	to	the	small	ELOG	area,	preparation	of	plan‐view	
TEM	 images	were	difficult,	 but	 a	plan‐view	TEM	 image	of	direct	 growth	of	 InP	on	 the	
InP/Si	substrate	is	shown	in	Figure	3.10	b).	
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Figure	3.10.	a)	cross‐section	TEM	image	of	InP:S	ELOG	layer	grown	from	200	nm	wide	mesh	
openings,	with	3	µm	separation,	α	=	15°	and	β	=	105°,	etched	in	40	nm	SiO2	mask	on	InP/Si.	b)	Plan‐
view	TEM	image	of	direct	growth	of	InP	on	InP/Si.	Picture	from	paper	G.	

Spectra	 taken	 from	different	positions	 in	 the	PCL	map	taken	at	80	K	(shown	 in	Figure	
3.11)	 confirm	 that	 impurities	 are	 indeed	 segregated	 at	 the	 DLD;	 the	 spectrum	
corresponding	 to	 position	 #3	 has	 a	 profile	 similar	 to	 that	 of	 undoped	 InP,	 whereas	
spectra	 from	 the	 other	 positions	 are	 wider	 and	 blue‐shifted,	 indicating	 higher	
concentrations	of	sulfur		causing	the	so‐called	Burstein‐Moss	shift	[87].		

As	previously	mentioned,	the	adjusted	band	gap	energy	due	to	dopants	is	equal	to	[87]:	

0 'BG F e cE E E E E    	 	 	 	 	 (26)	

where	 	E0		is	 the	 intrinsic	 band	 gap	 energy,	 EF’	 is	 the	 Fermi	 energy	 for	 non‐parabolic	
energy	 bands	 due	 to	 band‐filling,	 Ee	 is	 the	 electron‐electron	 interaction,	 and	 Ec	 the	
electron‐impurity	interaction,	the	latter	three	depending	on	the	carrier	concentration	n,	
which	is	assumed	to	be	equal	to	the	compensated	density,	ND	–	NA.	At	80	K,	the	shifted	
wavelengths	of	850	–	860	nm	correspond	to	carrier	concentrations	of	8∙1018	–	1∙1019	cm‐

3.	 Since	 this	 is	 slightly	 higher	 than	 the	 nominal	 sulfur	 	 concentration	 based	 on	
measurements	 on	 planar	 samples	 grown	 under	 the	 same	 conditions,	 it	 confirms	 that	
dopant	 concentration	during	ELOG	becomes	higher	 than	during	planar	 growth	due	 to	
increased	preferential	sulfur		incorporation	on	certain	facets	[73].	

A	 similar	 effect	 was	 not	 observed	 for	 the	 threading	 dislocations,	 possibly	 because	 of	
their	 small	 size	 and	 their	 strong	non‐radiative	 recombination	 quenching	 the	 radiative	
recombination	from	band	gap	transitions;	DLDs	did	not	appear	to	exhibit	non‐radiative	
recombination	of	the	same	magnitude	(at	least	not	in	RT	measurements).	The	difference	
in	 contrast	 between	 recombination	 at	 threading	 dislocations	 and	 at	 non‐defective	
material	between	low‐T	and	RT	measurements	was	likely	an	effect	of	increased	dopant	
activation	 at	 RT,	 providing	 more	 carriers	 leading	 to	 stronger	 luminescence	 and	 thus	
greater	contrast.	
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Figure	3.11.	a)	PCL	map	of	InP:S	ELOG	from	200	nm	wide	mesh	openings	with	3	µm	separation,	α	=	
15°	and	β	=	105°,	etched	in	40	nm	SiO2	mask	on	InP/Si	substrate.	b)	CL	spectra	taken	from	different	
locations	in	a).		The	figures	in	a)	show	the	positions	where	the	respective	spectra	shown	in	b)	were	
acquired.	Picture	from	paper	G.	

Opening	 type	 did	 not	 have	 any	 significant	 impact	 on	 stacking	 fault	 density	 in	 ELOG	
layers,	 thus	 indicating	 that	 formation	of	 new	 faults,	 presumably	by	 other	mechanisms	
than	 coalescence,	 during	 ELOG	 was	 more	 important	 than	 propagation;	 otherwise	 a	
similar	 trend	 as	 was	 observed	 for	 threading	 dislocations	 would	 have	 been	 expected.	
Stacking	fault	density	did	show	some	correlation	with	both	temperature	and	V/III	ratio,	
as	 shown	 in	 Figure	 3.12;	 for	 a	 given	V/III	 ratio,	 stacking	 fault	 density	 decreased	with	
temperature.	For	a	given	temperature	on	the	other	hand,	stacking	fault	density	reached	
a	maximum	at	a	V/III	ratio	of	10,	and	decreased	for	both	lower	and	higher	V/III	ratios.	
The	 correlation	 with	 V/III	 ratio	 may	 be	 related	 to	 the	 formation	 of	 interstitials	 and	
vacancies	which	 is	 affected	by	 the	V/III	 ratio	 and	which	 serves	 as	nucleation	 sites	 for	
stacking	faults	[37],	or	 it	may	be	related	to	the	formation	of	different	boundary	planes	
with	 different	 stacking	 fault	 energies	 [72].	 The	 correlation	 between	 temperature	 and	
stacking	 fault	 density	 however	 contrarily	 does	 not	 indicate	 interstitial/vacancy	
formation	as	an	important	source	of	stacking	fault	formation	since	these	tend	to	increase	
in	density	with	increasing	temperature.	On	the	other	hand,	a	higher	growth	temperature	
may	have	an	annealing‐like	effect,	leading	to	lower	stacking	fault	density	[108].	
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Figure	3.12.	DLD	density	extracted	from	PCL	maps	taken	at	80	K	of	InP:S	ELOG	on	Si	from	200	nm	
wide	mesh	openings	with	3	µm	separation,	α	=	15°	and	β	=	105°,	etched	in	40	nm	SiO2	mask,	shown	
with	respect	to	thickness	grouped	by	temperature	with	V/III	ratio	indicated	by	ellipses.	From	
paper	G.	

It	 was	 noted	 in	 paper	G	 that	 the	 DLD	 width	 was	 distributed	 neither	 according	 to	 a	
monotonically	 decaying	 function,	 nor	 according	 to	 the	 bell‐shaped	 Gaussian	 of	 the	
normal	distribution.	 Instead,	 the	distribution	 first	 increased	sharply	and	 then	decayed	
slowly	with	increasing	width,	as	shown	in	Figure	3.13	below.	This	distribution	applied	to	
samples	with	ELOG	layers	from	a	couple	of	µm	up	to	over	a	hundred	µm	thick,	although	
the	 widths	 had	 increased	 considerably	 with	 increasing	 thickness.	 This	 indicates	 that	
stacking	faults	did	not	form	continuously	during	growth;	if	that	had	been	the	case,	then	
the	density	of	 stacking	 faults	with	a	 thickness	 less	 than	10	µm	would	be	more	or	 less	
constant	regardless	of	thickness.	

	 	
							

Figure	3.13.	SF	energy	calculated	from	SF	width	as	well	as	normalized	distribution	of	DLD	length	
extracted	from	InP:S	ELOG	layers	grown	from	200	nm	wide	mesh	openings	with	3	µm	separation,	α	
=	15°	and	β	=	105°,	etched	in	40	nm	SiO2	mask	on	InP/Si	substrate,	grown		for	a)	9	min	and	b)	120	
min.	Picture	from	paper	G.	

There	are	basically	 two	different	 types	of	 faults	with	different	 formation	mechanisms;	
one	bounded	by	Shockley	partials	and	the	other	one	by	a	Frank	loop	[36].	The	width	of	
the	 Shockley‐type	 fault	 can	 be	 estimated	 by	 considering	 the	 energy	 associated	 with	
creating	the	fault;	the	total	force	of	the	bounding	partials	is	given	by:	
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where	G	 is	the	shear	modulus,	b	 the	magnitude	of	the	Burgers	vector,	d	 the	separation	
between	 the	 partial	 dislocations	 and	γ	 the	 stacking	 fault	 energy	 per	 area,	 providing	 a	
line	 force	 per	 unit	 length	 of	 dislocation.	 Thus,	 the	 repulsive	 force	 decreases	 with	
increasing	 separation	 whereas	 the	 attractive	 force	 resulting	 from	 the	 stacking	 fault	
energy	 increases	 with	 increasing	 separation.	 Integrating	 (37)	 yields	 the	 energy	
associated	with	the	stacking	fault:	
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which,	with	the	lower	boundary	w0	set	to	a/√2,	the	smallest	interatomic	distance	on	a	
{111}	plane,	becomes:	
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The	 function	 described	 by	 (39)	 	 is	 also	 plotted	 in	 Figure	 3.13	 and	more	 or	 less	 anti‐
correlates	with	 the	observed	DLD	 length	distribution,	 though	on	a	different	 scale.	The	
reason	 for	 this	 is	 that	 the	 DLD	 width	 corresponds	 to	 the	 stacking	 fault	 width	 at	 the	
intersection	of	the	fault	with	the	layer	surface,	and	as	mentioned	earlier	the	fault	width	
increases	as	the	layer	grows	thicker.	Since	the	bounding	dislocations	extend	along	more	
or	 less	 straight	 lines	as	observed	 in	Figure	3.10	a),	 it	 is	 reasonable	 to	assume	a	 linear	
increase	in	width	with	increasing	thickness.	Also,	both	the	average	width	and	maximum	
width	 seem	 to	 increase	 at	 the	 same	 (linear)	 rate,	 around	 10	 times,	 for	 a	 thickness	
increase	of	the	same	magnitude	(from	10	to	100	µm).	With	the	average	DLD	lengths	of	3	
and	 30	 µm	 for	 layers	 10	 and	 101	 µm	 thick	 respectively,	 this	 translates	 to	 an	 initial	
equilibrium	width	of	around	30	nm	if	the	stacking	faults	formed	at	a	thickness	of	around	
100	nm.		

The	equilibrium	width,	 calculated	by	equating	 (37)	 to	zero	and	solving	 for	d,	becomes	
around	12	nm	with	b	=	2.4	Å,	G	=	46	GPa	[109]	and	γ	=	17	mJ∙m‐2		[110],	almost	half	of	
that	 estimated	 above	 but	 at	 least	 in	 the	 correct	 order	 of	 magnitude.	 However,	 the	
incorporation	 of	 sulfur	 has	 been	 shown	 to	 decrease	 the	 stacking	 fault	 energy	 thereby	
increasing	 the	 equilibrium	width	 [111],	 [112],	 so	 that	 the	 calculated	 value	may	 be	 an	
underestimation.	

Another	 formation	 mechanism	 of	 stacking	 faults	 is	 by	 deposition	 errors.	 It	 has	 been	
established	that	the	formation	energy	of	stacking	faults	is	considerably	lower	on	{111}	
facets	 in	 compound	 semiconductors	 of	 zinc‐blende	 type	 and	 fault	 formation	 on	 such	
facets	 has	 been	 observed	 during	 growth	 of	 e.g.	 GaP	 on	 Si	 [49],	 [50]	 where	 strain	 is	
negligible	 due	 to	 almost	 perfect	 match	 in	 lattice	 constant.	 Although	 the	 ELOG	
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investigated	here	is	in	essence	homoepitaxy	since	InP	is	grown	on	an	InP	seed	layer,	the	
initial	ELOG	across	the	SiO2	mask	progresses	with	 formation	of	 InP	“islands”	on	top	of	
the	mask	as	the	InP	does	not	grow	continuously	from	the	openings	as	shown	in	Figure	
3.4.	 These	 islands	 are	 generally	 bounded	 by	 {221},	 {311}	 and	 {331}	 planes	 [101]		
consisting	of	 {111}	 steps	where	 stacking	 faults	 thus	 form	more	 readily	 than	 on	 {001}	
facets.	

The	 fact	 that	 no	 stacking	 faults	 were	 visible	 in	 homoepitaxial	 ELOG	 layers	 however	
indicate	 that	 random	 deposition	 errors	 is	 not	 a	 major	 reason	 for	 the	 formation	 of	
stacking	 faults	 in	ELOG	 layers	grown	on	 InP/Si	either,	 since	 this	mechanism	would	be	
equally	 prevalent	 in	 both	 cases.	 In	 another	 same	 study,	 it	 was	 observed	 that	 surface	
roughness	seemed	to	correlate	with	an	increase	in	density	of	Frank	partial	dislocations	
[47].	 Surface	 roughness	may	 introduce	point	defects	 that	 serve	as	nucleation	 sites	 for	
stacking	faults,	and	it	is	possible	that	roughness	in	the	SiO2	mask	contributed	to	the	fault	
formation	during	ELOG.	

Thus,	as	regards	the	stacking	faults	formed	during	ELOG,	random	deposition	errors	and	
imperfect	coalescence	appear	to	be	unlikely	causes	for	their	formation,	while	formation	
of	Shockley‐type	faults	created	by	dissociation	of	perfect	dislocations	as	well	as	Frank‐
type	 faults	created	due	 to	 incorrect	depositions	on	strain‐distorted	bonds	 [51]	remain	
possible	formation	mechanisms.	As	previously	mentioned,	propagation	of	stacking	faults	
pre‐existing	in	the	InP	seed	layer	is	not	considered	a	dominant	factor	in	the	presence	of	
stacking	 faults	 in	 the	ELOG	 layers	since	 there	was	no	significant	difference	 in	stacking	
fault	density	between	ELOG	layers	grown	from	line	and	mesh	openings.	

3.2 ELOG	of	InP	for	monolithically	integrated	devices	
Although	there	 is	great	 interest	 in	growing	 InP	on	Si	 in	 itself,	 the	usefulness	 in	having	
InP	 in	 contact	 with	 Si	 is	 the	 possibility	 to	 fabricate	 truly	 monolithically	 integrated	
devices,	 in	 contrast	 to	hybrid	devices	 fabricated	by	bonding	approaches.	 In	particular,	
active	photonic	devices	are	of	special	interest	since	they	are	not	possible	to	fabricate	in	
Si	alone	due	to	the	poor	gain	in	Si	stemming	from	its	indirect	band	gap.	The	concept	of	
such		a	device	and	optimization	of	the	ELOG	for	the	same	is	discussed	in	paper	B,	paper	
D,	paper	E,	paper	F	and	paper	H.	In	paper	B,	optimization	of	ELOG	over	stripes	of	SiO2	
mask	 on	 InP	 is	 undertaken,	 in	paper	D,	 a	 device	 concept	 and	 fabrication	 route	 of	 an	
evanescently	coupled	InP	laser	integrated	with	Si	waveguide	is	presented	together	with	
simulations	of	such	a	device	and	studies	of	ELOG	on	stripes	of	SiO2	on	InP/Si.	In	paper	E,	
the	 application	 of	 CMP	 to	 optimize	 the	 InP	 seed	on	 Si	 is	 investigated.	 In	paper	F,	 the	
growth	 of	 QWs	 on	 optimized	 ELOG	 material	 and	 the	 fabrication	 of	 MD	 lasers	 are	
described.	 Finally,	 in	 paper	H,	 planar	 defects	 in	 the	 ELOG	 layer	 and	 approaches	 to	
remove	them	are	investigated.	

3.2.1 Monolithically	integrated	laser	by	ELOG	
For	 an	 integrated	 device	 on	 Si	 to	 be	 useful,	 light	must	 be	 coupled	 in	 and	 out	 of	 a	 Si	
waveguide	to	and	from	the	active	layer.	Since	the	QWs	of	interest	emit	light	in	the	1300	
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nm	and	1550	nm	bands,	 InP	 is	 transparent	 to	 light	emitted	by	 these.	Thus,	 light	being	
emitted	from	QWs	grown	on	an	InP	ELOG	layer	can	be	coupled	to	a	waveguide	in	the	Si	
layer	by	e.g.	a	grating	coupler.	Another	way	is	by	evanescent	coupling	existing	when	the	
light	 source	 is	brought	 close	 to	 the	waveguide,	 as	previously	demonstrated	 [13],	 [14],	
provided	that	the	ELOG	layer	is	thin	enough	to	allow	enough	overlap	of	the	evanescent	
field.	 Furthermore,	 if	 the	 selective	 growth	 takes	place	 in	 an	opening	 in	 the	waveguide	
cladding,	then	the	cladding	itself	can	be	used	as	a	mask	to	block	defect	propagation	from	
the	 InP	 seed	 layer,	 so	 that	 covering	 an	 entire	 Si	 wafer	 with	 defect‐free	 InP	 becomes	
superfluous.	A	drawing	picturing	the	proposed	concept	in	the	form	of	a	microdisk	laser	
which	is	coupled	evanescently	to	a	Si	waveguide	is	shown	in	Figure	3.14.	

	

Figure	3.14.	Drawing	of	a	microdisk	laser	evanescently	coupled	to	a	Si	waveguide.	

3.2.2 Device	concept	
In	paper	D,	a	concept	for	waveguide	a	laser	grown	on	ELOG	evanescently	coupled	with	a	
Si	waveguide	is	presented.	A	schematic	of	this	structure	and	a	simulation	of	the	optical	
mode	 are	 shown	 in	 Figure	 3.15	 a)	 and	 b)	 respectively.	 It	 was	 shown	 that	 sufficient	
coupling	to	the	Si	waveguide	could	be	achieved	with	reasonable	thickness	of	the	ELOG	
layer;	60%	optical	confinement	in	the	Si	WG	and	4%	in	the	QWs	can	be	achieved	with	an	
ELOG	layer	thickness	of	600	nm.	
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Figure	3.15.	a)	Schematic	of	an	integrated	laser	fabricated	on	ELOG	and	b)	simulation	of	the	same	
structure	(from	paper	D).	

Furthermore,	with	the	selectively	grown	InP	in	the	openings	in	the	waveguide	cladding	
functioning	as	thermal	conductors	to	the	substrate,	the	thermal	resistivity	was	shown	to	
be	as	 low	as	20	K/W.	This	 suggests	excellent	heat	dissipation	properties	of	 the	actual	
device,	one	of	the	most	important	challenges	in	a	Si‐integrated	laser	[17],	[113].	

3.2.3 Optimization	of	ELOG	on	InP	
In	 order	 to	 optimize	 ELOG	 according	 to	 the	 requirements	 for	 fabricating	 the	 device	
outlined	above,	a	number	of	experiments	were	undertaken.	Growth	of	a	thin	and	wide	
ELOG	layer	was	optimized	in	paper	B,	where	a	370	nm	thick	SiO2	mask	patterned	with	
multiple	 openings	 was	 used	 to	 mimic	 an	 arrayed	 waveguide	 grating	 (AWG).	 Both	
opening	 size	 and	 separation	were	 varied	 to	 test	 the	 effect	 on	 the	 planarization	 these	
parameters	 would	 have	 had,	 and	 ELOG	 was	 performed	 under	 different	 growth	
conditions	 to	 find	 out	what	would	 result	 in	maximum	width	 and	minimum	 thickness,	
measured	 as	 the	 aspect	 ratio	 (AR)	 which	 is	 defined	 as	 the	 ratio	 of	 lateral	 to	 vertical	
growth,	as	well	as	a	reasonably	smooth	surface	morphology.	It	was	found	that	whereas	
ELOG	 from	 openings	 varying	 in	 separation	 as	 well	 as	 in	 width	 were	 planarized	 (as	
shown	 in	 Figure	 3.16),	 a	 higher	 ratio	 of	 opening‐to‐mask	 area	 was	 beneficial	 in	
achieving	a	high	AR,	and	a	V/III	ratio	of	10	seemed	to	result	in	a	good	compromise	with	
a	 high	 AR	 combined	 with	 a	 reasonably	 low	 vertical	 growth	 rate,	 allowing	 the	 layer	
thickness	to	be	controlled	efficiently.	Moreover,	highest	aspect	ratio	was	achieved	at	an	
angle	of	30°	off	[110].	
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Figure	3.16.	a)	SEM	image	of	InP	ELOG	layers	grown	at	610	°C	with	V/III	=	10	from	three	sets	of	
openings	angled	30°	off	[110],	each	set	with	varying	opening	width	and	with	fixed	opening	
separations	of	(from	left	to	right)	100,	300	and	500	nm	on	InP	substrate.	b)	SEM	image	of	FIB‐cut	
through	ELOG	layer	indicated	by	the	black	rectangle	in	a).	The	widths	of	the	openings	are	(from	left	
to	right):	1000	nm,	500	nm	and	300	nm.		

3.2.4 Optimization	of	ELOG	on	InP/Si	
Experiments	were	subsequently	performed	on	InP/Si	substrates	but	with	slightly	
different	designs;	single	and	double	mask	openings	(the	schematics	of	which	are	shown	
in	Figure	3.17)	were	used	to	better	simulate	an	actual	device.	

3.2.4.1 Optimization	of	seed	layer	
The	InP	seed	layer	on	Si	was	found	not	only	to	be	defective	but	also	to	have	a	very	rough	
and	uneven	surface,	which	in	turn	lead	to	poor	growth	morphology	and	was	deemed	to	
be	 detrimental	 to	 coalescence.	 	 In	 order	 to	 improve	 the	 quality	 of	 the	 ELOG	 layer,	 a	
number	 of	 approaches	 aimed	 at	 addressing	 this	 issue	 were	 investigated.	 For	 this	
purpose,	samples	using	the	opening	designs	shown	in	Figure	3.17	were	utilized.	

	

Figure	3.17.	Schematics	of	a)	double	openings	and	b)	single	openings.	

In	a	fist	trial,	the	SiO2	mask	was	deposited	as	spin‐on	glass	(SOG)	rather	than	by	plasma‐
enhanced	chemical	vapor	deposition	(PECVD).	Since	the	SOG	is	spun	on	the	wafer	as	a	
liquid,	 it	 leaves	a	planar	surface	so	that	at	 least	the	mask	morphology	became	smooth.	
Although	 the	 SOG	 did	 result	 in	 a	 fairly	 planar	mask	 surface,	 it	 cracked	 easily	 and	 the	
problem	with	 poor	 coalescence	 persisted.	 The	 reason	why	 coalescence	was	 still	 poor	
had	likely	to	do	with	fact	that	the	planar	mask	created	a	new	problem;	since	the	mask	
surface	was	flat	whereas	the	seed	layer	was	not,	there	was	a	variation	in	the	thickness	of	
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the	mask	so	that	growth	in	the	openings	reached	the	top	of	the	mask	at	different	points	
in	 time	as	evident	 in	Figure	3.18	a).	 In	 the	PCL	map	shown	 in	Figure	3.18	b),	 the	high	
density	of	defects	in	the	region	of	coalescence	is	apparent.	

	

Figure	3.18.	a)	SEM	image	and	b)	corresponding	PCL	map	of	InP:S	ELOG	layer	grown	from	double	
openings	500	nm	wide	separated	by	1	µm	in	SiO2	mask	deposited	as	SOG	on	InP	seed	layer	on	Si.	

In	 paper	 E,	 a	 slightly	 different	 approach	 consisting	 of	 polishing	 the	 SiO2	 mask	 was	
compared	 to	 polishing	 the	 InP	 seed	 on	 Si	 instead	 prior	 to	mask	 deposition.	 A	 sample	
consisting	of	InP	with	similar	SiO2	mask	and	patterns	was	included	for	comparison.	The	
InP	seed	layer	was	first	regrown	with	HVPE	to	provide	some	margin	for	polishing.	The	
polishing	was	then	carried	out	in	a	two‐step	process	designed	to	first	planarize	the	layer,	
i.e.	 remove	 long‐ranging	 height	 variations,	 and	 then	 remove	 surface	 roughness	 by	 a	
primarily	chemical	process.	Polishing	of	the	mask	was	carried	out	 in	a	single	step.	The	
resulting	morphologies	are	shown	in	Figure	3.19.	
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Figure	3.19.	AFM	3D	renderings	of	a)	unprocessed	InP/Si,	b)	polished	SiO2	mask	on	InP/Si,	c)	
regrown	InP/Si	before	CMP,	and	d)	regrown	InP/Si	after	CMP	Picture	from	paper	E.	

700	nm	SiO2	was	deposited	on	InP/Si	and	polished	InP/Si	samples	(reduced	to	450	nm	
in	the	case	of	the	sample	with	polished	mask),	and	900	nm	SiO2	was	deposited	on	an	InP	
sample.	 InP:S	 ELOG	 layers	 were	 then	 grown	 on	 all	 three	 samples.	 SEM	 images	 and	
corresponding	PCL	maps	of	these	layers	are	shown	in	Figure	3.20.	
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Figure	3.20.	a)	–	c):	SEM	images	of	InP:S	ELOG	layers	grown	from	double	openings	300	nm	wide	
separated	by	1	µm	on	a)	InP,	b)	InP/Si	with	polished	SiO2	mask,	and	c)	polished	InP/Si.	d)	–	f):	PCL	
maps	corresponding	to	the	SEM	images	in	a)	–	c).	Full	rectangles	indicate	defects;	dashed	
rectangles	indicate	sites	of	surface	damage.	

Apparently,	whereas	the	ELOG	layer	grown	on	InP	was	completely	defect‐free,	the	layers	
grown	 on	 InP/Si	 exhibited	 defects	 lying	 along	 a	 line	 in	 the	 center,	 thus	 implying	
threading	 dislocations	 formed	 during	 coalescence.	 However,	 the	 layer	 grown	 from	 a	
polished	seed	layer	displayed	a	lower	defect	density	than	the	layer	grown	on	a	polished	
mask	 instead.	 The	 lower	 defect	 density	 was	 attributed	 to	 improved	 coalescence	
resulting	in	fewer	dislocations	being	formed.	The	fact	that	homoepitaxial	ELOG	did	not	
result	 in	 coalescence	 defects	 contrasts	with	 the	 results	 from	ELOG	 from	multiple	 line	
openings	produced	by	optical	lithography	(chapter	3.1.2.1).	Possibly,	this	is	an	effect	of	
smaller	 openings	 or	 the	 e‐beam	 lithography	 producing	more	 uniform	mask	 openings	
with	lower	sidewall	roughness	than	optical	lithography.	

3.2.4.2 ELOG	optimization	
Since	 CMP	 was	 beneficial	 to	 ELOG	 crystal	 quality,	 experiments	 were	 henceforth	
undertaken	with	polished	InP	seed	on	Si.	In	paper	H,	pattern	designs	consisting	of	single	
openings	with	 different	widths	 as	well	 as	 double	 openings	with	 different	 separations,	
both	 of	 which	 angled	 at	 30°	 and	 60°	 off	 [110],	 were	 used	 to	 investigate	 the	 effect	 of	
opening	dimension	and	separation	on	defect	formation	in	ELOG	layers.		

In	 the	 first	 experiments,	 ELOG	 layers	 were	 grown	 from	 double	 openings	 on	 InP	 and	
InP/Si	 substrates	 to	 study	 in	 particular	 potential	 defect	 formation	 mechanisms	 and	
discern	whether	 they	were	present	 in	ELOG	on	both	 substrate	 types.	The	 layers	were	
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characterized	 with	 PCL	 and	 TEM	 to	 assess	 crystal	 quality.	 Whereas	 black	 spots	
representing	 threading	dislocations	are	clearly	visible	 in	ELOG	 layers	grown	on	 InP/Si	
substrate	30°	off	as	evident	from	the	PCL	map	in	 	Figure	3.21	c),	no	such	defects	were	
visible	in	the	similar	layer	grown	from	openings	60°	off,	as	shown	in		Figure	3.21	d).	

	

Figure	3.21.		SEM	images	of	InP:S	ELOG	layers	grown	from	double	openings	300	nm	wide	separated	
by	a)	1	µm	30°	off	[110]	and	b)	300	nm	60°	off	[110]	on	polished	InP/Si	substrate	masked	with	700	
nm	SiO2.	c)	and	d):	PCL	maps	corresponding	to	the	SEM	images	in	a)	and	b)	respectively.	Picture	
from	paper	H.	

Cross‐section	 TEM	 images	 of	 the	 ELOG	 layers	 grown	 from	 openings	 30°	 and	 60°	 off	
[110]	 are	 shown	 in	 Figure	 3.22	 and	 Figure	 3.23,	 respectively.	 Evidently,	 threading	
dislocations	were	filtered	in	the	mask	openings	as	shown	in	Figure	3.22	b)	and	c),	but	
also	 formed	 at	 points	 of	 coalescence	 as	 shown	 in	 Figure	 3.22	 c)	 and	 Figure	 3.23	 c).	
Stacking	faults	on	the	other	hand	were	blocked	by	the	mask	at	some	points	(as	shown	in	
Figure	 3.22	 b)),	 propagated	 in	 some	 cases	 (as	 shown	 in	 Figure	 3.22	 a)).	 The	 stacking	
fault	SF1	 in	Figure	3.22	a)	and	 the	 faults	 in	 the	ELOG	 layer	 in	Figure	3.22	b)	 look	 like	
they	 formed	during	ELOG	which	 is	one	possibility,	or	 they	could	have	propagated	at	a	
distance	in	the	[110]	or	[‐1‐10]	direction	from	the	lamella.	
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Figure	3.22.	cross‐section	TEM	images	of	InP:S	ELOG	layers	grown	from	300	nm	wide	double	
openings	30°	off	[110]	with	a)	500	nm	separation	and	b)	–	c)	1000	nm	separation	on	polished	
InP/Si	substrate	masked	with	700	nm	SiO2.	The	vectors	u	and	v	denote	directions	rotated	~40°	
clockwise	from	[1‐10]	and	[110]	respectively.	Picture	from	paper	H.	

	 	

Figure	3.23.	cross‐section	TEM	images	of	InP:S	ELOG	layers	grown	from	300	nm	wide	double	
openings	60°	off	[110]	with	a)	300	nm	separation	and	b)	–	c)	500	nm	separation	on	polished	InP/Si	
substrate	masked	with	700	nm	SiO2.	The	vectors	u	and	v	denote	directions	rotated	~70°	clockwise	
from	[1‐10]	and	[110]	respectively.	Picture	from	paper	H.	

	Interestingly	 enough,	 coalescence	 seemed	 to	 generally	 result	 in	 fewer	 defects	 in	 the	
case	 of	 growth	 from	openings	 60°	 off	 [110].	 Stacking	 faults	were	 seen	 propagating	 in	
some	cases	here	as	well,	but	due	 to	 the	smaller	aspect	 ratio	of	 layers	grown	 from	60°	
openings,	stacking	faults	were	generally	terminated	at	a	side	facet	in	these	rather	than	
intersecting	 the	 layer	 surface,	 as	 seen	 in	Figure	3.23	 a).	Thus,	 in	 some	 instances	 even	
layers	grown	from	double	openings	appeared	to	be	completely	free	of	defects	as	shown	
in	 Figure	 3.21	 d).	 Furthermore,	 TDs	 can	 be	 seen	 bending	 towards	mask	 sidewalls	 in	
Figure	3.22	b)	and	c),	most	likely	due	to	image	forces	as	predicted	in	[74].	

It	was	also	shown	that	whereas	dislocations	and	stacking	faults	were	present	in	ELOG	on	
InP/Si	samples,	no	defects	whatsoever	were	observed	in	similar	ELOG	layers	grown	on	
InP,	either	in	the	PCL	maps	(Figure	3.24)	or	the	cross‐section	TEM	images	(Figure	3.25).	
Nor	 were	 any	 stacking	 faults	 observed	 in	 coalesced	 ELOG	 from	multiple	 openings	 as	
mentioned	in	chapter	3.1.2.1.	Thus,	if	stacking	faults	are	formed	during	ELOG	of	InP/Si,	
the	 formation	 is	not	 inherent	 to	ELOG;	rather,	 there	 is	some	other	mechanism	causing	
faulting	 in	 case	 of	 ELOG	 on	 InP/Si.	 As	 previously	 mentioned,	 the	 faults	 are	 possibly	
formed	partly	as	a	result	of	unrelieved	residual	strain	in	the	seed	layer	causing	the	early	
ELOG	 layer	 to	 be	 strained	 as	 well,	 leading	 to	 incorrect	 depositions	 due	 to	 strain‐
distorted	bonds	as	has	been	previously	suggested	[51].	Thus,	a	more	thorough	thermal	
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annealing	of	the	InP	seed	layer	on	Si	prior	to	ELOG	may	release	enough	of	this	residual	
stress	to	prevent	faulting	during	subsequent	ELOG.	

	

Figure	3.24.	a)	SEM	image	and	b)	corresponding	PCL	map	of	InP:S	ELOG	layers	grown	on	InP	
substrate	masked	with	700	nm	SiO2	from	openings	30°	off	[110]	with	(from	left	to	right)	single	
openings	of	300,	500	and	100	nm	width	(the	left‐most	three	layers)	and	300	nm	wide	double	
openings	with	separations	300	nm,	500	nm	and	1000	nm	(the	right‐most	three	layers).	The	black	
spots	on	right‐most	layer	in	the	PCL	map	correspond	to	the	white	particles	visible	in	the	SEM	
image.	These	particles	were	deposited	during	sample	handling	post‐growth.	Picture	from	paper	H.	

	 	

Figure	3.25.	cross‐section	TEM	images	of	ELOG	grown	on	InP	substrate	masked	with	700	nm	SiO2	
from	double	openings	30°	off	[110]	with	a)	500	nm	separation	and	b)	1000	nm	separation.	The	
curved	lines	correspond	to	thickness	fringes	and	are	not	defects.	The	vectors	u	and	v	denote	
directions	rotated	~40°	clockwise	from	[1‐10]	and	[110]	respectively.	The	SiO2	mask	was	removed	
prior	to	TEM	characterization.	Picture	from	paper	H.	

In	 paper	H,	 a	 model	 for	 propagation	 of	 stacking	 faults	 through	 mask	 openings	 was	
presented.	 It	 was	 shown	 that	 the	 aspect	 ratio	 necessary	 to	 filter	 out	 stacking	 faults	
depends	on	the	propagation	vector	of	the	partials	bounding	the	fault,	since	if	only	a	part	
of	 the	 fault	 propagates	 above	 the	mask	 sidewall,	 the	 fault	will	 continue	 to	 propagate.	
Such	 a	 case	 is	 shown	 in	 Figure	 3.26	 a),	 whereas	 Figure	 3.26	 b)	 demonstrates	 a	 case	
where	the	fault	is	completely	blocked.	

In	the	model,	w	is	the	opening	width,	h	is	the	mask	thickness	and	α	is	the	angle	between	
the	mask	opening	direction	and	the	line	along	which	the	SF	intersects	the	(001)	plane.	
The	angle	θ	is	the	angle	which	the	plane	on	which	the	SF	lies	makes	with	the	(001)	plane.	
The	bounding	partial	critical	for	SF	propagation	is	designated	r	and	φ	is	the	angle	with	
which	r	diverges	from	the	direction	of	propagation	of	the	SF	itself,	in	this	particular	case	
[1‐12].	Thus,	if	the	SF	is	symmetrical,	φ	is	half	the	angle	of	divergence	between	the	two	
bounding	partials.	
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Figure	3.26.	Model	displaying	a	stacking	fault	propagating	through	an	opening	angled	30°	off	[110]	
showing	the	case	of		a)	propagation	into	the	ELOG	layer	and	b)	of	the	fault	being	completely	
blocked	by	the	mask	sidewall.	Picture	from	paper	H.		

with	these	definitions,	the	relation	between	r,	the	magnitude	of	r,	and	h,	the	mask	height,	
becomes:	

sin cos

h
r

 



		 	 	 	 	 (40)	

where	h	is	the	mask	thickness.	The	projection	r’	of	r	on	the	(001)	plane	becomes:	
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where	w	is	the	opening	width.	Finally,	the	relation	between	h,	r	and	r’	is	described	by:	

2 2 2r r h  	 	 	 	 	 	 (42)	

By	combining	equations	(40),	(41),	and	(42),		the	expression	for	the	mask	height	at	

which	the	stacking	fault	is	completely	blocked	becomes:	
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	Since	 the	 bounding	 partials’	 direction	 of	 propagation	 need	 not	 be	 constant,	 r	 can	 be	
thought	of	as	an	average	value	during	growth	in	the	opening.	Since	only	part	of	the	fault	
will	be	exposed	in	the	opening,	it	is	not	trivial	how	the	fault	will	grow	inside	the	opening.	
The	model	does	also	not	take	into	account	interactions	between	bounding	partials	and	
the	mask	which	may	occur	due	to	surrounding	strain	fields.	
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Using	the	angles	for	{111}	planes	and	openings	angled	30°	off	[110],	α	=	30°,	and	θ	≈	55°.	
Assuming	that	the	partial	dislocations	bounding	the	stacking	fault	propagate	along	[011]	
and	 [101],	 	φ	 =	30°,	 and	h	 becomes	≈	3.9w.	Thus,	 the	 ratio	of	mask	height	 to	opening	
width	 should	 be	 >	 3.9	 to	 achieve	 complete	 blocking	 of	 stacking	 faults	 under	 these	
conditions.		

Also	in	paper	H,	experiments	where	ELOG	layers	were	grown	from	single	openings	on	
masked	InP/Si	substrate	were	carried	out	and	the	proposed	model	was	applied	to	these.	
Figure	3.27	and	Figure	3.28	show	SEM	and	PCL	images	of	InP	ELOG	layers	grown	from	
single	openings	on	InP/Si	masked	with	400	nm	SiO2.	As	the	PCL	image	in	Figure	3.27	b)	
shows,	no	 threading	dislocations	whatsoever	are	present,	 confirming	 that	 the	primary	
source	 of	 dislocations	 in	 ELOG	 layers	 is	 formation	 during	 coalescence.	 Also,	 the	 InP:S	
ELOG	 layers	 show	 a	 somewhat	 lower	 stacking	 fault	 density	 than	 undoped	 InP	 ELOG	
layers,	 implying	 a	 correlation	 between	 sulfur‐doping	 and	 decreased	 stacking	 fault	
formation.	There	 are	 studies	 indicating	 that	 sulfur	 can	prevent	 gliding	 of	 dislocations,	
which	could	inhibit	dissociation,	by	impurity	hardening	[114].	This	would	agree	with	the	
current	 observations,	 although	 the	 effect	 of	 sulfur	 differs	 depending	 on	 the	 type	 of	
dislocation	 [115].	 however,	 it	 has	 also	 been	 suggested	 that	 sulfur‐doping	 would	 be	
expected	 to	 decrease	 stacking	 fault	 energy	 and	 thus	 increase	 the	 likelihood	 of	
dissociation	 of	 perfect	 60°	 dislocations	 into	 Shockley	 partials	 [111],	 [116],	 creating	
stacking	faults	in	the	process.	The	exact	effect	of	sulfur–doping	is	thus	not	clear.	

	

Figure	3.27.	a)	SEM	image	and	b)	PCL	map	of	InP:S	ELOG	layer	grown	from	400	nm	wide	opening	on	
InP/Si	substrate.	Picture	from	paper	H.	
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Figure	3.28.	SEM	images	of	undoped	InP	ELOG	grown	from	a)	250	nm	wide	opening	and	b)	400	nm	
wide	opening.	Picture	from	paper	H.	

In	 Figure	 3.29,	 cross‐section	 TEM	 images	 from	 the	 same	 ELOG	 layers	 are	 shown.	 As	
shown	 in	 Figure	 3.29	 b),	 several	 SFs	 were	 seen	 propagating;	 although	 some	 faults	
appear	 to	 propagate	 right	 through	 the	 mask,	 they	 are	 probably	 in	 fact	 propagating	
through	the	mask	opening	at	a	distance	in	or	out	of	the	plane	of	the	lamella.		With	a	mask	
thickness	of	400	nm	and	an	opening	width	of	250	nm,	the	mask	height	to	opening	width	
ratio	 becomes	 only	 1.6,	 thus	 explaining	 why	 stacking	 faults	 are	 seen	 propagating	
through	the	openings.	Even	in	the	previous	case	ELOG	grown	from	double	openings	in	
700	nm	thick	mask	and	opening	width	of	300	nm,	the	ratio	becomes	only	2.3,	thus	still	
too	low	to	ensure	complete	blocking.		

In	Figure	3.29	a),	no	faults	can	be	seen	to	propagate	through	the	mask	opening;	instead,	
several	 faults	 appear	 in	 the	ELOG	 layer	 but	 not	 in	 the	 seed	 layer,	 indicating	 that	 they	
formed	during	ELOG	rather	than	propagated	through	the	mask	opening.	

	 	

Figure	3.29.	Cross‐section	TEM	image	from	a)	sample	undoped	InP	ELOG	layer	grown	on	InP/Si	
substrate	from	a	250	nm	wide	opening	and	b)	InP:S	ELOG	layer	grown	on	InP/Si	substrate	from	a	
250	nm	wide	opening.	Stacking	faults	are	indicated	with	arrows.	The	contrast	causes	the	openings	
to	appear	narrower	than	it	is	in	reality.	Picture	from	paper	H.	
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If	the	stacking	faults	are	a	result	of	incorrect	depositions	on	distorted	bonds	as	appears	
to	be	the	case,	it	is	possible	that	they	can	be	removed	by	thermal	annealing	[117],	[118].	
Although	annealing	would	mean	raising	the	temperature	above	the	growth	temperature,	
thus	in	theory	leading	to	a	greater	thermal	strain	from	the	Si	substrate,	it	is	unlikely	this	
will	 introduce	 any	defects;	 thermal	 strain	does	not	 appear	 to	be	 a	major	 factor	 in	 the	
formation	of	stacking	faults	since	a	higher	temperature	during	ELOG	evidently	lead	to	a	
lower	density	of	stacking	faults.	

3.2.5 Fabrication	of	devices	
As	a	proof	of	concept,	in	paper	F	an	experiment	was	designed	in	which	an	active	device	
was	 fabricated	 on	 an	 ELOG	 layer	 grown	 on	 InP/Si	 substrate.	 A	 microdisk	 laser	 was	
chosen	since	this	structure	does	not	involve	cleaving	or	etching	of	facets	and	is	relatively	
straightforward	 to	 pump	 optically.	 Since	 a	 certain	 minimum	 diameter	 is	 required	 to	
achieve	a	high	enough	Q‐factor,	 this	puts	a	 lower	 limit	on	 the	dimensions	of	 the	ELOG	
layer.	Thus,	a	pattern	design	consisting	of	five	adjacent	line	openings	was	chosen,	with	
opening	width	300	nm	and	opening	separation	1	µm.	Subsequent	growth	resulted	in	an	
InP:S	ELOG	 layer	720	nm	 thick	 and	17	µm	wide.	RMS	 roughness	measured	with	AFM	
was	10	nm.	Optical	microscope	images	of	the	structure	before	and	after	ELOG	is	shown	
in	Figure	3.30	a)	and	b)	respectively.	On	this	layer,	a	QW	structure	was	grown	in	MOVPE.	
Details	 of	 the	 structure	 are	 shown	 in	 Table	 2,	 and	 the	 corresponding	 PL	 spectra	 are	
shown	in	Figure	3.30	c).	

Table	2.	Description	of	QW	structure.	TS	=	tensile	strained,	CS	=	compressively	strained.	

Layer#	 Description	 Material	 Thickness	
(nm)	

Dopant
type	

Dopant	
concentration	
(cm‐3)	

Refractive	
Index	

11	 Cladding	
layer	

InP	 50 Zn 2e18 3.172	

10	 Spacer	 layer	
(Q	1.2)	

In0.78Ga0.22As0.479P0.5
21	

120 Undoped 3.317	

9	 Barrier		
(0.9%	TS)	

In0.485Ga0.515As0.83P0.
17	

7	 Undoped 3.4	

4,	6,	8	 QWs	 (1%	CS)	
(x3)	

In0.76Ga0.24As0.83P0.17 8 Undoped 3.5	

3,	5,	7	 Barrier	
(0.9%	TS)			
(x3)	

In0.485Ga0.515As0.83P0.
17	

7	 Undoped 3.4	

2	 Spacer	 layer	
(Q	1.2)	

In0.78Ga0.22As0.479P0.5
21	

120 Undoped 3.317	

1	 Cladding	
layer	

InP	 50 Undoped 3.172	
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Figure	3.30.	a)	Microscope	images	of	pattern	fabricated	on	InP/Si	prior	to	ELOG	,	b)	after	ELOG	and	
c)	PL	spectra	of	QW	growth	on	ELOG	and	on	planar	reference.	

The	 quality	 of	 the	 QWs	was	 characterized	 with	 PL	 showing	 significant	 differences	 in	
intensity,	peak	position	and	linewidth	between	the	QWs	on	reference	and	QWs	grown	on	
ELOG;	 Intensity	of	QWs	on	ELOG	was	only	15%	of	 that	of	 the	reference,	peak	position	
was	1515	nm	and	1552	nm,	and	FWHM	125	nm	and	180	nm	for	the	reference	and	ELOG	
respectively.			

Finally,	microdisk	lasers	with	diameters	10	–	15	μm	were	etched	to	a	depth	of	700	nm	
(Figure	3.31).	The	microdisk	 lasers	were	also	characterized	with	PL	and	showed	some	
tendencies	 to	 lase	 but	 no	 single	 peak	was	 able	 to	 quench	 out	 the	 others	 as	 shown	 in	
Figure	3.32	b).	Part	of	the	reason	for	this	was	likely	the	quality	of	the	QWs;	as	evident	in	
Figure	 3.32	 a),	 thickness	 varied	 considerably	 which	 explains	 the	 large	 FWHM	 of	 the	
QWs.	The	reason	for	this	variation	could	be	residual	strain	in	the	ELOG	layer	or	it	could	
simply	be	the	QW	growth	itself.	Also,	the	shallow	etch	depth	contributed	to	light	leaking	
out	 from	 the	 disk	 and	 into	 the	 surrounding	 layer;	 according	 to	 simulations,	 an	 etch	
depth	of	700	nm	would	lead	to	a	loss	of	100	cm‐1,	whereas	the	total	gain	from	the	MQWs	
is	2500	cm‐1	which	with	a	confinement	factor	of	5%	would	yield	a	modal	gain	of	a	mere	
125	 cm‐1.	 Taking	 into	 account	 the	 additional	 loss	 from	 scattering	 due	 to	 sidewall	
roughness,	the	total	loss	would	likely	be	higher	than	the	gain,	thus	effectively	impeding	
lasing.	

	 	

Figure	3.31.	a)	SEM	image	of	microdisk	lasers	fabricated	on	ELOG		and	b)	cross‐section	TEM	image	
of	one	microdisk	.	The	black	rectangle	in	a)	shows	where	the	lamella	in	b)	was	cut.	
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Figure	3.32.	a)	Cross‐section	TEM	image	of	QWs	in	one	disk	and	b)	PL	spectra	for	microdisks	
fabricated	on	ELOG	and	planar	reference	sample.	

Interesting	 to	 note	 is	 that	 the	 intensity,	 peak	 position	 and	 linewidth	 of	 the	microdisk	
laser	on	InP/Si	substrate	are	almost	identical	to	that	of	the	laser	fabricated	on	the	planar	
InP	reference	sample	(peak	position	was	1547	nm	and	1538	nm	for	 the	reference	and	
ELOG	respectively	and	FWHM	was	146	nm	 for	 the	 reference	 compared	 to	158	nm	 for	
ELOG),	which	also	did	not	lase.	This	suggests	that	the	reason	for	the	lack	of	lasing	was	
the	QWs	and	the	shallow	etch	depth	rather	than	the	quality	of	the	ELOG.	Interestingly,	
the	 performance	 of	 the	 microdisk	 laser	 fabricated	 on	 ELOG	 showed	 a	 remarkable	
improvement	 compared	 to	 the	 as‐grown	 QWs,	 whereas	 linewidth	 of	 the	 reference	
increased	 after	microdisk	 fabrication.	 Consequently,	 the	 ELOG	 approach	 remains	 very	
promising	in	realizing	active	photonic	devices	on	silicon	although	other	factors	such	as	
carrier	lifetime	were	not	considered	here.	
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4 Summary	and	conclusions	
1. Dislocations	 are	present	 in	 coalesced	ELOG	 layers	but	not	 in	uncoalesced	ones.	

Thus,	 although	 dislocations	 theoretically	 could	 propagate	 through	 mask	
openings,	 this	 does	 not	 occur,	 at	 least	 not	 for	 sufficiently	 small	 openings.	
Dislocation	 formation	 is	 influenced	 by	 the	 coalescence	 process;	 if	 the	 mask	
surface	on	which	the	coalescence	takes	place	is	rough	and	uneven,	the	formation	
rate	 is	 higher.	 Planarizing	 and	 polishing	 the	 InP	 on	 Si	 seed	 layer	 prior	 to	
deposition	 of	 SiO2	 mask	 results	 not	 only	 in	 a	 flatter	 and	 smoother	 surface	 on	
which	the	growth	starts,	but	it	also	results	in	a	flatter	and	smoother	mask	since	
this	 inherits	 the	morphology	of	 the	seed	 layer.	Whereas	only	polishing	 the	SiO2	
mask	deposited	directly	on	the	seed	layer	appears	to	have	some	beneficial	effect,	
it	does	introduce	another	problem	in	that	there	will	in	fact	be	variations	in	mask	
thickness	since	there	are	considerable	height	differences	in	the	seed	layer.	This	in	
turn	 causes	 the	 selectively	 grown	 InP	 to	 reach	 the	 top	of	 the	mask	 at	 different	
moments,	 since	 at	 some	 points	 in	 the	 mask	 openings	 the	 mask	 thickness	 is	
thinner	 than	 in	 others.	 The	 result	 is	 that	 coalescence	 takes	 place	 at	 multiple	
points	 between	 ELOG	 islands	 varying	 greatly	 in	 height,	 which	 promotes	
dislocation	formation.	Polishing	the	InP	seed	layer	however	not	only	results	in	a	
planar	and	smooth	starting	layer	for	the	selective	area	growth,	but	also	in	a	mask	
with	 similar	 properties	 thus	 reducing	 the	 probability	 of	 dislocation	 formation	
during	coalescence.	
	

2. Propagation	 is	a	certain	while	 formation	 is	a	possible	cause	 for	 the	presence	of	
stacking	faults	 in	ELOG	layers	on	InP/Si.	As	regards	the	propagation	of	stacking	
faults,	 it	 is	hypothesized	based	on	geometrical	considerations	and	the	nature	of	
the	stacking	faults	that	they	may	be	blocked	if	the	ratio	between	the	mask	and	the	
opening	width	exceeds	3.9.	Concerning	the	potential	formation	of	new	faults,	it	is	
established	 that	 if	 they	 do	 form,	 they	 do	 not	 do	 so	 during	 planar	 growth,	 but	
during	the	phase	of	 lateral	growth.	The	mechanism	for	the	formation	process	is	
not	entirely	clear,	but	since	no	faults	are	formed	during	ELOG	on	InP	substrate,	
the	 formation	 mechanism	 would	 not	 be	 inherent	 to	 ELOG,	 and	 neither	 simple	
random	 deposition	 errors	 on	 facets	 with	 low	 stacking	 fault	 energy	 nor	
coalescence	appear	to	be	 involved.	A	mechanism	involving	deposition	errors	on	
ELOG	island	edges	due	to	strain‐distorted	bonds	is	conceivable.	If	stacking	faults	
are	formed	during	ELOG	by	such	deposition	errors	and	thus	increase	the	energy	
of	the	crystal,	it	should	be	possible	to	remove	them	by	thermal	annealing	without	
introducing	additional	defects.	
	

3. An	integrated	laser	structure	where	the	waveguide	cladding	itself	acts	a	mask	for	
blocking	defects	has	been	 shown	 to	be	 a	promising	 concept	 for	 achieving	 truly	
monolithically	integrated	active	devices	on	Si	substrates.	Such	a	device	has	been	
simulated	with	excellent	properties	 in	 terms	of	 coupling	efficiency	and	 thermal	
dissipation,	and	as	proof‐of‐concept	InP	ELOG	on	Si	has	been	grown	using	narrow	
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stripe	 openings.	 A	 disc	 laser	 on	 top	 of	 ELOG	 layer	 grown	 from	multiple	 stripe	
openings	 without	 underlining	 waveguide	 was	 fabricated	 and	 characterized	
showing	strong	luminescence	but	did	not	show	any	lasing,	most	likely	associated	
with	 the	 quality	 of	 the	 QWs	 as	 well	 as	 a	 too	 shallow	 etching	 leading	 to	 high	
leakage	 to	 the	 substrate.	 With	 further	 optimization,	 it	 should	 be	 possible	 to	
achieve	lasing	making	ELOG	an	interesting	approach	for	monolithic	integration	of	
photonic	devices.		
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5 Future	studies	
1. Recommended	 future	 studies	 include	 addressing	 the	 mask	 aspect	 ratio	 and	

sidewall	profile	as	well	as	thermal	annealing	of	InP	seed	on	Si	and	ELOG	layers.	
These	measures	are	likely	paramount	to	achieving	ELOG	layers	that	are	free	not	
only	 of	 dislocations	 but	 also	 of	 planar	 defects	 like	 stacking	 faults.	 Also,	
characterizing	 the	 type	 of	 stacking	 fault	 and	 bounding	 partial	 dislocations	 (i.e.	
Shockley	or	Frank)	as	well	as	their	propagation	inside	mask	openings	would	be	
valuable	 in	understanding	 the	origin	and	potential	 formation	mechanism	of	 the	
stacking	faults,	thereby	facilitating	their	prevention.	
	

2. Furthermore,	the	result	of	a	realization	of	the	integration	scheme	outlined	in	this	
work	would	 be	 of	 great	 interest	 since	 it	would	 allow	 the	 fabrication	 of	 a	 truly	
monolithically	 integrated	 laser	on	Si,	something	which	remains	the	elusive	holy	
grail	of	the	semiconductor	industry.	In	this	effort,	utilization	of	CMP	to	planarize	
the	 upper	 waveguide	 cladding	 as	 well	 as	 to	 reduce	 the	 thickness	 of	 the	 ELOG	
layer	on	top	of	the	waveguide	will	be	an	alternative	well	worth	studying.	
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6 Summary	of	appended	papers	
paper	A	

Surface	morphology	 of	 indium	 phosphide	 grown	 on	 silicon	 by	 nano‐epitaxial	
lateral	overgrowth		
	
In	 this	 paper,	 the	 growth	 of	 InP	 on	 Si	 by	 ELOG	 from	 mesh‐type	 nano‐size	
openings	under	different	growth	conditions	was	studied.	Surface	morphology	
was	 characterized	 by	 AFM	 and	 profilometry	 while	 optical	 quality	 was	
characterized	by	micro	photoluminescence	(µ‐PL).	 It	was	 found	 that	growth	
conditions	 had	 some	 impact	 on	 both	 morphology	 and	 optical	 quality,	 and	
surface	 morphology	 generally	 improved	 with	 thickness.	 In	 particular,	
morphology	of	ELOG	layers	was	significantly	better	than	that	of	direct	growth	
on	InP/Si.	
	
Contribution:	 Part	 of	 experiment	 planning,	 part	 of	 epitaxial	 growth,	 part	 of	
characterization,	data	analysis	and	interpretation,	manuscript	writing.	
	

paper	B	

InP	Overgrowth	on	SiO2	for	Active	Photonic	Devices	on	Silicon	
	
In	 this	 paper,	 ELOG	 on	 SiO2	 for	 device	 concepts	 was	 investigated.	 For	 this	
purpose,	 different	 patterns	 resembling	 waveguide	 and	 arrayed	 waveguide	
gratings	were	etched	in	SiO2	mask	on	InP	substrate.	Growth	conditions	were	
also	 varied	 in	 order	 to	 study	 their	 effect	 on	 the	 ELOG.	 It	 was	 found	 that	
planarization	was	achieved	for	ELOG	from	multiple	 line	openings	regardless	
of	 whether	 opening	 width	 or	 separation	 was	 varied.	 Furthermore,	 it	 was	
shown	 that	 by	 using	 appropriate	 growth	 conditions,	 ELOG	 layer	 thickness	
could	be	controlled	to	be	sufficiently	thin	(~200	nm)	for	achieving	evanescent	
coupling	 between	 a	 laser	 structure	 on	 top	 of	 the	 ELOG	 and	 a	 waveguide	
buried	in	the	SiO2.	
	
Contribution:	Part	of	Experiment	planning,	epitaxial	growth,	characterization,	
data	analysis	and	interpretation,	manuscript	writing.	
	

paper	C	

Morphological	 evolution	 during	 epitaxial	 lateral	 overgrowth	 of	 indium	
phosphide	on	silicon		
	
Following	 the	 investigation	 of	 morphology	 of	 ELOG	 layers	 grown	 under	
different	growth	conditions,	the	time‐resolved	morphology	and	defect	density	
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of	ELOG	from	different	opening	types	were	studied.		Mesh	openings	similar	to	
those	 studied	 in	 a	 previous	 paper	 but	 with	 two	 different	 sets	 of	 opening	
angles	as	well	as	line	openings	with	two	different	sets	of	opening	angles	were	
employed.	 It	 was	 found	 that	 coalescence	 occurred	 much	 faster	 from	 mesh	
openings	 than	 from	 line	openings.	This	was	attributed	 to	 the	 rather	uneven	
growth	 from	 mesh	 openings	 preventing	 the	 formation	 of	 growth‐retarding	
boundary	 planes	 before	 coalescence	 could	 ensue.	 Just	 after	 coalescence,	
surface	roughness	was	dramatically	higher	for	ELOG	from	line	openings,	but	
after	 an	 extended	 period	 of	 growth	 surface	 roughness	 approached	 similar	
values	regardless	of	opening	type.	Moreover,	dislocations	density	was	 lower	
for	 ELOG	 from	 line	 openings,	 suggesting	 propagation	 or	 coalescence	 as	
important	causes	for	threading	dislocations	in	the	ELOG	layers.	
	
Contribution:	 Part	 of	 experiment	 planning,	 part	 of	 epitaxial	 growth,	 part	 of	
characterization,	 part	 of	 data	 analysis	 and	 interpretation,	 manuscript	
discussion.	
	

paper	D	

III–Vs	on	Si	for	photonic	applications—A	monolithic	approach	

In	 this	 paper,	 a	 concept	 of	 a	 laser	 on	 ELOG	 evanescently	 coupled	 to	 a	 Si	
waveguide	 is	presented.	Using	an	 InP/Si	substrate	as	a	base,	 the	envisioned	
structure	consists	of	a	Si	waveguide	buried	100	nm	below	the	surface	in	2300	
nm	SiO2	acting	both	as	waveguide	cladding	and	as	a	mask	for	the	ELOG.	Dual	
line	openings	along	 the	waveguide	 core	act	as	 trenches	where	 InP	 is	 grown	
selectively.	Using	a	finite	difference	mode	solver,	the	mode	confinement	in	the	
Si	 waveguide	 was	 calculated	 for	 different	 waveguide	 geometries	 and	 ELOG	
layer	thickness.	It	was	shown	that	a	relatively	high	mode	confinement	in	the	
QWs	while	achieving	evanescent	coupling	to	the	Si	waveguide	can	be	obtained	
for	a	feasible	range	of	ELOG	layer	thicknesses.	Furthermore,	heat	dissipation	
was	modeled	using	a	finite	element	method,	showing	that	the	trenches	in	the	
SiO2	greatly	enhance	heat	dissipation	due	to	the	high	thermal	conductivity	of	
InP	compared	to	SiO2.,	leading	to	a	thermal	resistivity	of	<20	K/W.	Growth	of	
InP	 ELOG	 from	 single	 and	 double	 line	 openings	 in	 700	 nm	 SiO2	 mask	 on	
InP/Si	 substrate	 was	 also	 performed	 and	 analyzed	 with	
cathodoluminescence,	demonstrating	reasonably	thin	ELOG	layers	with	good	
optical	quality.	Thus,	the	proposed	concept	holds	great	promise	in	achieving	a	
monolithically	integrated	InP	laser	on	Si.		
	
Contribution:	 Part	 of	 experiment	 planning,	 part	 of	 epitaxial	 growth,	
characterization,	 part	 of	 data	 analysis	 and	 interpretation,	 manuscript	
discussion.	
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paper	E	

Effect	of	the	Surface	Morphology	of	Seed	and	Mask	Layers	on	InP	Grown	on	Si	by	
Epitaxial	Lateral	Overgrowth	

Drawing	on	the	device	concept	presented	in	previous	papers,	attention	was	in	
this	 paper	 turned	 to	 optimizing	 the	 quality	 of	 the	 ELOG	 layer	 grown	 from	
double	openings	in	SiO2.	As	the	InP/Si	substrate	has	a	very	uneven	and	rough	
surface	 with	 detrimental	 effects	 on	 subsequently	 grown	 ELOG,	 different	
approaches	 to	 come	 to	 terms	 with	 this	 issue	 were	 investigated.	 Using	
chemical	mechanical	polishing,	the	effect	on	ELOG	of	polishing	the	seed	layer	
of	 InP/Si	 substrate	 as	 well	 as	 polishing	 the	 SiO2	 mask	 on	 unpolished	 seed	
layer	 of	 InP/Si	 substrate	were	 compared.	Whereas	 polishing	 the	 SiO2	mask	
resulted	in	a	planar	and	smooth	mask	surface,	the	effect	on	subsequent	ELOG	
layer	was	not	 as	 beneficial	 as	 the	 approach	 consisting	of	 polishing	 the	 seed	
layer	 of	 InP/Si	 substrate	 alone.	 Using	 a	 two‐step	 process	 aimed	 at	 first	
mechanically	planarizing	and	then	chemically	polishing,	a	very	smooth	InP/Si	
surface	 was	 obtained.	 CL	 studies	 indicate	 that	 the	 density	 of	 coalescence‐
induced	defects	 is	decreased	when	polishing	 the	 InP/Si	 substrate	compared	
to	polishing	the	SiO2	mask	alone.	

Contribution:	 Part	 of	 experiment	 planning,	 part	 of	 epitaxial	 growth,	
characterization,	data	analysis	and	interpretation,	manuscript	writing.	

	

paper	F	

Towards	a	monolithically	integrated	III‐V	laser	on	silicon:	optimization	of	multi‐
quantum	well	growth	on	InP	on	Si	
	
Following	 the	 conceptualization	 of	 a	 monolithically	 integrated	 laser	 and	
optimization	of	ELOG,	QW	growth	by	MOVPE	on	InP	ELOG	from	line	openings	
in	SiO2	on	InP/Si	was	studied.	ELOG	from	single	and	double	openings	as	well	
as	multiple	 line	openings	was	used	as	 templates	 for	QW	growth.	 It	 is	 found	
that	 the	 SiO2	mask	 gives	 rise	 to	 significant	 loading	 effect	 distorting	 the	QW	
growth.	A	design	consisting	of	multiple	mask	openings	in	such	a	way	that	the	
SiO2	mask	can	easily	be	stripped	off	after	ELOG	was	therefore	developed	and	
employed.	 The	 inclusion	 of	 multiple	 openings	 also	 serves	 the	 purpose	 of	
providing	 large	 enough	 ELOG	 area	 for	 subsequent	 fabrication	 of	 microdisk	
lasers.	 TEM	 studies	 indicate	 high	 quality	 InP	 ELOG,	 and	 microdisk	 lasers	
fabricated	from	subsequently	grown	QWs	show	PL	emission	on	par	with	that	
of	 identical	 structures	 fabricated	 from	QWs	 grown	 on	 planar	 InP	 substrate.	
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However,	it	is	found	that	a	too	shallow	etch	lead	to	significant	leakage	of	light	
from	the	microdisks	into	the	substrate	prevented	laser	emission.	
	
Contribution:	 Part	 of	 experiment	 planning,	 part	 of	 epitaxial	 growth,	 part	 of	
characterization,	 part	 of	 data	 analysis	 and	 interpretation,	 manuscript	
discussion.	
	

paper	G	

Defect	 reduction	 in	 heteroepitaxial	 InP	 on	 Si	 by	 epitaxial	 lateral	 overgrowth	
(manuscript,	submitted	to	Materials	Express)	
	
Returning	 to	ELOG	on	 InP/Si	 substrate	grown	 from	mesh	and	 line	openings	
for	 large	 area	 coverage,	 the	 pertinent	 defects	 in	 these	 layers	were	 studied.	
Using	CL	and	TEM,	threading	dislocations	and	stacking	faults	were	identified	
as	the	main	types	of	defects.	Whereas	dislocation	density	was	 lower	for	 line	
openings	 compared	 to	mesh	openings,	 stacking	 fault	density	 shows	no	 such	
correlation.	 Furthermore,	 whereas	 dislocation	 density	 showed	 negligible	
correlation	with	growth	conditions,	both	temperature	and	V/III	ratio	seemed	
to	impact	stacking	fault	density.	Also,	by	analyzing	the	width	of	stacking	faults	
in	layers	differing	in	thickness,	it	was	concluded	that	stacking	faults	generally	
arise	during	the	early	stages	of	ELOG,	either	by	propagation	or	formation,	and	
remain	more	or	less	constant	in	density.	Threading	dislocations	on	the	other	
hand	decreased	drastically	with	 layer	 thickness,	probably	due	 to	 interaction	
and	annihilation.	Although	dislocations	originating	in	the	InP	seed	layer	were	
blocked	by	 the	mask,	 stacking	 faults	 also	originating	 in	 the	 seed	 layer	were	
shown	 to	 propagate	 in	 some	 cases.	 However,	 it	 was	 concluded	 that	 new	
stacking	faults	are	probably	also	formed,	though	the	formation	mechanism	is	
not	clear.	
	
Contribution:	 Experiment	 planning,	 part	 of	 epitaxial	 growth,	 part	 of	
characterization,	data	analysis	and	interpretation,	manuscript	writing.	
	

paper	H	

Study	 of	 planar	 defect	 filtering	 in	 InP	 grown	 on	 Si	 by	 epitaxial	 lateral	
overgrowth	(manuscript)	
	
Defects	 in	 ELOG	 layers	 grown	 from	 the	 previously	 introduced	 single	 and	
double	 line	openings	were	studied.	 It	was	 found	that	ELOG	 layers	grown	on	
InP	 substrate	 were	 completely	 free	 of	 defects,	 regardless	 of	 opening	 type.	
ELOG	layers	grown	on	InP/Si	substrate	from	double	openings	exhibited	both	
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stacking	 faults	 and	 threading	 dislocations,	 while	 ELOG	 layers	 grown	 from	
single	 openings	 exclusively	 contained	 stacking	 faults.	 It	 was	 clearly	
demonstrated	that	threading	dislocations	are	completely	blocked	by	the	SiO2	
mask,	 but	 new	 threading	 dislocations	 form	 at	 coalescence	 points	 in	 case	 of	
ELOG	from	InP/Si	substrate.	Moreover,	it	was	found	that	the	origin	of	stacking	
faults	 in	 the	 ELOG	 layers	 is	 likely	 both	 formation	 and	 to	 some	 extent	
propagation	 of	 faults	 pre‐existing	 in	 the	 seed	 layer.	 A	model	 describing	 the	
propagation	of	stacking	faults	was	presented	and	it	is	postulated	that	stacking	
faults	 can	be	blocked	using	a	high	enough	mask	 thickness‐to‐opening	width	
ratio.	 The	 formation	 mechanism	 of	 stacking	 faults	 is	 not	 entirely	 clear	 but	
formation	 due	 to	 coalescence	 as	 well	 as	 random	 deposition	 errors	 on	 low‐
energy	{111}	facets	are	ruled	out	due	to	evidence	to	the	contrary.	
	
Contribution:	 Experiment	 planning,	 part	 of	 epitaxial	 growth,	 part	 of	
characterization,	data	analysis	and	interpretation,	manuscript	writing.	
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