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iAbstract

New	Methods	in	the	Growth	of	InP	on	Si	and	Regrowth	of	Semi‐insulating	InP	for	Photonic	
Devices	

Wondwosen	Tilahun	Metaferia	
TRITA‐ICT/MAP	AVH	Report	2014:10;	ISSN	1653‐7610;	ISRN	KTH/ICT‐MAP/AVH‐2014:10‐SE;	

ISBN	978‐91‐7595‐157‐7	

Abstract	
This	thesis	addresses	new	methods	in	the	growth	of	indium	phosphide	on	silicon	for	
enabling	silicon	photonics	and	nano	photonics	as	well	as	efficient	and	cost‐effective	
solar	 cells.	 It	 also	 addresses	 the	 renewal	 of	 regrowth	 of	 semi‐insulating	 indium	
phosphide	 for	 realizing	 buried	 heterostructure	 quantum	 cascade	 lasers	 with	 high	
power	and	wall	plug	efficiency	for	sensing	applications.	

As	regards	indium	phosphide	on	silicon,	both	crystalline	and	polycrystalline	growth	
methods	 are	 investigated.	 The	 crystalline	 growth	methods	 are:	 (i)	 epitaxial	 lateral	
overgrowth	 to	 realize	 large	 area	 InP	 on	 Si,	 for	 silicon	 photonics	 (ii)	 a	 modified	
epitaxial	 lateral	overgrowth	method,	called	corrugated	epitaxial	 lateral	overgrowth,	
to	 obtain	 indium	 phosphide/silicon	 heterointerface	 for	 efficient	 and	 cost	 effective	
solar	 cells	 and	 (iii)	 selective	 growth	 of	 nanopyramidal	 frusta	 on	 silicon	 for	
nanophotonics.	The	polycrystalline	growth	method	on	silicon	for	 low	cost	solar	cell	
fabrication	 has	 been	 realized	 via	 (i)	 phosphidisation	 of	 indium	 oxide	 coating	
synthesized	from	solution	chemistry	and	(ii)	phosphidisation	cum	growth	on	indium	
metal	on	silicon.	All	our	studies	involve	growth,	growth	analysis	and	characterization	
of	all	the	above	crystalline	and	polycrystalline	layers	and	structures.		

After	 taking	 into	 account	 the	 identified	 defect	 filtering	 mechanisms,	 we	 have	
implemented	 means	 of	 obtaining	 good	 optical	 quality	 crystalline	 layers	 and	
structures	 in	our	epitaxial	growth	methods.	We	have	also	 identified	 feasible	causes	
for	 the	persistence	of	 certain	defects	 such	as	 stacking	 faults.	The	novel	methods	of	
realizing	 indium	 phosphide/silicon	 heterointerface	 and	 nanopyramidal	 frusta	 of	
indium	phosphide	on	silicon	are	particularly	attractive	for	several	applications	other	
than	the	ones	mentioned	here.	

Both	 the	 polycrystalline	 indium	 phosphide	 growth	methods	 result	 in	 good	 optical	
quality	material	on	silicon.	The	indium	assisted	phosphidisation	cum	growth	method	
normally	 results	 in	 larger	 grain	 size	 indium	 phosphide	 than	 the	 one	 involving	
phosphidisation	 of	 indium	 oxide.	 These	 two	 methods	 are	 generic	 and	 can	 be	
optimized	for	low	cost	solar	cells	of	InP	on	any	flexible	substrate.	

The	 method	 of	 regrowth	 of	 semi‐insulating	 indium	 phosphide	 that	 is	 routinely	
practiced	 in	 the	 fabrication	 of	 buried	 heterostructure	 telecom	 laser	 has	 been	
implemented	for	quantum	cascade	lasers.	The	etched	ridges	of	the	latter	can	be	6‐15	
µm	 deep,	which	 is	more	 than	 2‐3	 times	 as	 those	 of	 the	 former.	 Although	 this	 is	 a	
difficult	task,	through	our	quick	and	flexible	regrowth	method	we	have	demonstrated	
buried	heterostructure	quantum	cascade	 lasers	with	an	output	power	up	to	2.	5	W	
and	wall	plug	efficiency	up	to	9%	under	continuous	operation.	 	
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 Introduction	1

Silicon	(Si)	and	indium	phosphide	(InP)	are	well	known	semiconductors	that	have	been	
exploited	for	several	decades	in	advanced	electronic	and	photonic	devices,	respectively.	
This	thesis	treats	(i)	new	methods	in	the	growth	of	InP	on	Si	and	(ii)	a	new	method	in	
the	 regrowth	 of	 semi‐insulating	 (resistive)	 InP.	 The	 methods	 described	 in	 (i)	 are	 for	
integrating	 electronics	 and	 photonics	 as	 well	 as	 for	 cost‐effective	 solar	 cells.	 These	
methods	 include	 different	 approaches	 to	 grow	 monocrystalline	 InP	 on	 Si.	 We	 also	
investigate	 the	 growth	 methods	 of	 polycrystalline	 InP	 on	 Si	 mainly	 for	 solar	 cell	
applications.	Although	the	principles	of	depositing	monocrystalline	and	polycrystalline	
InP	on	Si	are	known,	the	methods	of	achieving	them	described	in	this	thesis	are	new.	As	
regards	(ii),	we	treat	the	growth	of	semi‐insulating	InP	for	achieving	high	performance	
quantum	cascade	 lasers	 (QCL)	by	realizing	buried	heterostructure	 (BH).	BH	 lasers	are	
fabricated	 by	 growing	 a	 resisitive	 material	 in	 the	 partly	 etched	 volume	 of	 the	 laser	
wafer.	Hence	this	growth	is	also	called	regrowth	to	denote	refilling	of	the	etched	away	
volume.	This	method	 is	 largely	exploited	 in	other	 lasers	such	as	 telecom	 lasers.	But	 to	
implement	this	for	the	quantum	cascade	laser	is	something	more	difficult,	especially	for	
new	types	of	 lasers	 that	are	being	developed.	Hence	our	growth	method	 that	we	have	
developed	is	new	for	these	type	of	lasers.	

 Need	for	III‐Vs	on	Si		1.1

Today’s	modern	electronic	and	photovoltaic	technologies	are	mostly	based	on	silicon	as	
the	 main	material.	 Silicon	 is	 the	 most	 studied	 semiconductor	 material	 and	 known	 to	
have	 several	 advantages:	 it	 is	 mechanically	 stronger	 than	 III‐V	 compound	
semiconductors,	 it	 has	 high	 thermal	 conductivity	 and	 it	 is	 cheap	 and	most	 abundant.	
Silicon	 is	also	unique	 in	 that	 it	possesses	 the	most	outstanding	 insulating	native	oxide	
(SiO2)	which	can	 form	an	excellent	 interface	with	semiconductors.	Apart	 from	silicon’s	
use	to	fabricate	electronic	components,	it	is	also	very	useful	to	fabricate	passive	optical	
components	 such	 as	 optical	 waveguides	 and	 optical	 modulators.	 However,	 due	 to	 its	
indirect	 energy	 band	 gap	 and	 very	 weak	 nonlinearities,	 it	 has	 poor	 optical	 emission	
which	makes	it	not	useful	for	the	fabrication	of	active	optical	components	such	as	light	
emitting	diodes,	switches	and	lasers.	On	the	other	hand,	III‐V	materials	such	as	InP	and	
GaAs,	offer	light	emission	capability	thanks	to	their	direct	energy	band	gap	nature.	Thus,	
III‐V	semiconductors	are	workhorses	 in	 the	photonics	 industry	 today.	The	wavelength	
match	of	the	III‐V	quaternary	alloys	such	as	InGaAsP	on	InP	to	the	telecom	wavelengths	
of	1300	nm	and	1550	nm	with	zero	dispersion	and	attenuation	minima	of	 silica	 fiber,	
respectively,	are	the	crucial	and	natural	coincidences	that	the	telecom	industry	is	taking	
advantages	 of	 using	 these	 materials.	 InP	 and	 its	 related	 materials	 are	 also	 ideal	 for	
integrating	both	passive	and	active	optical	functions.	Significant	industry	know‐how	on	
these	materials	exist	to	exploit	them	in	the	design	and	high	volume	manufacture	of	high	
speed	 active	 optical	 devices.	 For	 example,	monolithically	 integrated	 key	 elements	 like	
source	 (laser)	 and	 electro‐absorptive	 modulator	 on	 InP	 enabling	 100	 Gb/s	 DWDM	
transmitters	 are	 already	 being	 used	 in	 telecommunication	 networks	 [1].	 While	 most	
telecom	devices	or	photonic	integrated	circuits	(PICs)	are	based	on	InP	substrates,	Si	is	
used	mostly	for	electronic	devices	and	as	a	host	substrate	for	the	electronic	 integrated	
circuits	 (ICs)	 [2].	 Therefore,	 for	 optoelectronics,	 the	 competition	 between	 these	 two	
materials	(Si	and	III‐Vs	in	general)	is	for	different	purposes	and	both	of	them	are	good	at	
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their	own	capabilities	which	make	them	desirable	but	in	a	discrete	functionality	regime.	
However,	 the	 dream	 of	 the	 optoelectronics	 industry	 today	 is	 to	 expand	 these	
functionality	 regimes	without	 feeling	 the	 restriction	 imposed	by	 the	material	 systems.	
This	would	 lead	to	compact	and	lightweight	devices	with	the	highest	performance	and	
yet	cost‐effective.	To	this	end,	integration	of	optoelectronic	devices	on	a	Si	substrate	is	a	
major	topic	of	research	and	the	 leading	driver	 in	 the	semiconductor	world	 in	 the	20th	
and	21st	centuries	[2].	Placing	optical	and	electrical	components	side	by	side	(horizontal	
integration)	 or	 on	 top	 of	 each	 other	 (vertical	 integration)	 is	 believed	 to	 address	 both	
cost	and	performance	issues.	Figure	1‐1(a)	and	(b)	show	the	design	IBM	envisions	for	its	
nano	photonic	chips	by	2015	and	2020,	respectively.	Such	a	system	obviously	needs	on	
chip	laser	sources,	electronic	switches	and	optical	interconnects	that	are	capable	of	high	
speed	processing	and	transfer	of	multiples	of	Terabytes	of	very	big	data.	

	

	

	

Figure	 1‐1	 (a)	 and	 (b)	 Designs	 of	 horizontal	 and	 vertical	 integrations	 of	 IBM's	 envisions	 for	 its	
nanophotonics	chips	in	2015	and	2020,	respectively	(adapted	from	[3]).	

III‐V	 semiconductors	 such	 as	GaAs	 and	 InP	 are	 also	 very	 good	 solar	 cell	materials	 for	
high	 efficiencies	 as	 these	 have	 high	 level	 of	 absorption	 compared	 to	 Si	 and	 maximal	
radiation	 resistance.	 In	 addition,	 the	 direct	 band	 gap	 and	 band	 gap	 profiles	 of	 III‐V	
compound	 heterostructures	 can	 be	 tuned	 to	 match	 the	 solar	 spectrum	 to	 a	 greater	
extent.	 III‐V	 semiconductors	 also	 possess	 superior	 electronic	 properties,	 such	 as	 high	
carrier	 mobility,	 which	 leads	 to	 very	 efficient	 collection	 of	 generated	 carriers.	 This	
combination	of	adjustable	optical	and	superior	electrical	properties	make	the	III‐V	solar	
cells	as	the	highest	efficiency	photovoltaic	(PV)	materials	with	world	record	efficiency	of	
44.7%	(September	2013)	[4]).		
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The	limitations	of	III‐V	semiconductor	materials	are	that	they	are	fragile	and	hence	only	
small	size	wafers	exist.	Besides,	 their	raw	materials	are	 less	abundant	 in	nature	which	
make	them		very	expensive	to	address	the	demand	for	low	cost	and	efficient	devices	for	
information	technology	and	energy	harvesting.	Therefore,	integration	of	Si	and	III‐Vs	is	
an	ideal	way	to	make	use	of	the	combined	advantages	of	both	materials.	This	will	enable	
compact,	 energy	 efficient,	 faster	 and	 efficient	 devices	 for	 optical	 communication	with	
high	band	width	and	low	cost,	mechanically	robust,	and	light	weight	solar	cells,	relative	
to	conventional	individual	Si	and	III–V	multijunction	cells.	

Despite	its	high	importance,	integration	of	III‐V	onto	Si	still	remains	a	challenge	due	to	
the	difference	in	the	very	nature	of	these	materials.	The	difference	in	lattice	parameters	
(lattice	 mismatch),	 thermal	 expansion	 coefficients	 (thermal	 mismatch)	 and	 polarity	
between	III‐Vs	and	Si	makes	direct	growth	of	III‐Vs	on	Si	difficult.	To	this	end	the	current	
stage	 of	 the	 III‐Vs	 and	 Si	 integration	 research	 is	 limited	 in	 achieving	 and	 perfecting	
device	quality	III‐V	materials	on	Si.	

To	 date,	 several	 approaches	 are	 used	 to	 integrate	 III‐Vs	 on	 Si.	 There	 are	mainly	 two	
approaches.	One	involves	direct	bonding	of	these	two	materials,	called	hybrid	approach	
and	the	other	makes	use	of	any	kind	of	heteroepitaxial	or	non‐epitaxial	growth	of	III‐Vs	
on	Si,	called	monolithic	approach.	Deposition	of	polycrystalline	III‐Vs	on	Si	is	something	
intermediate	 to	 these	 two	 approaches	 but	 we	 call	 it	 for	 all	 practical	 purposes	 a	
monolithic	approach.	

1.1.1 Hybrid	integration	of	III‐Vs	on	Si	
Traditionally	 hybrid	 integration	 involves	 prefabrication	 of	 III‐V	 devices	 such	 as	 lasers	
and	amplifiers	and	die	bond	(i.e,	 flip	chip	bond)	them	with	a	passive	planar	circuit	[5].	
Another	form	of	hybrid	integration	is	bonding	of	thin	III‐V	films	rather	than	the	finished	
device.	 This	 technique	 involves	 thinning	 down	 of	 the	 III‐V	 wafers	 to	 be	 bonded	
adequately	and	subsequent	bonding	on	pre‐patterned	Si.	The	 III‐V	 films	are	processed	
after	transfer	to	fabricate	for	example	lasers	whose	output	can	be	evanescently	coupled	
to	the	Si	waveguide	underneath.	Hybrid	approaches	with	epitaxial	lift‐off	or	direct	wafer	
bonding	 are	 discussed	 in	 [6],	 [7].	 From	 the	 material	 quality	 point	 of	 view,	 hybrid	
integration	is	straight	forward	in	that	the	III‐V	film	that	is	transferred	is	defect	free	as	it	
is	 grown	 on	 the	 native	 substrates.	 To	 this	 end,	 hybrid	 integration	 experiences	 a	 fair	
amount	of	success	in	achieving	working	III‐V	based	lasers	for	telecom	[8],	[9],	[10]	and	
quantum	cascade	 lasers	for	sensing	[11]	and	solar	cells	[7]	on	Si.	However,	bonding	of	
III‐Vs	 on	 Si	 suffers	 from	 the	 problems	 of	 self‐alignment	 and	 III‐V	 and	 Si	 wafer	 size	
mismatch,	 poor	 thermal	 dissipation	 due	 to	 the	 bonding	 medium	 between	 the	 two	
materials	 and	 high	 cost	 incurred	 in	 the	 wastage	 of	 large	 part	 of	 the	 expensive	 III‐V	
substrates	due	to	thinning	down.	

1.1.2 Monolithic	integration	of	III‐Vs	on	Si		
Heteroepitaxial	 growth	 of	 high	 quality	 III‐V	materials	 on	 Si	 could	 potentially	 alleviate	
many	 of	 the	 problems	 in	 hybrid	 integration	 such	 as	 the	 absence	 of	 bonding	medium,	
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costs	 related	 issues,	 and	challenges	associated	with	bonding	of	 smaller	 III‐V	wafers	 to	
significantly	 larger	 Si	 wafers.	 However,	 the	 heteroepitaxial	 growth	 of	 III‐Vs	 on	 Si	
normally	 results	 in	 high	 density	 of	 dislocation	 due	 to	 the	 difference	 in	 the	 material	
properties	of	III‐Vs	and	Si	mentioned	earlier.	To	this	end,	various	techniques	are	being	
used	to	reduce	the	dislocation	density	in	the	epitaxial	 layer.	Some	of	these	approaches	
are:	 i)	 growth	 of	 a	 thick	 layer	 [12],	 which	 makes	 use	 of	 strain	 relaxation,	 defect	
interaction	 and	 annihilation	 of	 dislocations	 with	 the	 increase	 of	 thickness,	 ii)	 nano‐
structure	growth	or	reduced	area	growth	[13]	resulting	in	reduction	of	defects	related	to	
the	 substrate	 surface	 inhomogeneity	 and	 amount	 of	 threading	 dislocations	 and	 iii)	
heteroepitaxy	 of	 lattice	 matched	 materials	 on	 Si	 by	 epitaxial	 lateral	 overgrowth	
(ELOG)[14];	in	this	method,	a	thin	and	bad	quality	III‐V	buffer	layer	is	first	grown	on	a	Si	
substrate	 and	 then	 covered	with	 dielectric	mask	 except	 some	 areas	 left	 open	 for	 the	
nucleation	to	start;	selective	area	growth	of	the	III‐V	material	is	then	performed	on	the	
opening.	When	the	opening	is	filled,	the	growth	continues	both	laterally	and	vertically.	
Due	 to	 the	 defect	 crystallography	 and	 reduced	 growth	 area	 effect,	 most	 of	 the	
dislocations	 can	be	blocked	by	 the	mask	and	 the	 laterally	 grown	 layer	on	 the	mask	 is	
thus	free	from	dislocations.	This	technique	has	been	largely	utilized	for	growing	device	
quality	GaN	on	foreign	substrates	[15],	[16],	[17].	Growing	InP	on	Si	by	using	ELOG	[18],	
[19]	 has	 also	 shown	 a	 remarkable	 progress	 in	 the	 reduction	 of	 dislocation	 density,	
achieving	dislocation	density	~106/cm2	from	a	coalesced	layer	of	multiple	openings	and	
almost	dislocation	free	layers	from	single	opening	[20].		

The	two	methods	mentioned	above	have	shown	remarkable	progress	in	the	reduction	of	
dislocation	density	and	process	costs.	In	some	cases	it	was	also	possible	to	demonstrate	
working	optical	devices,	such	as	III‐V	nanowire	lasers	[21],	[22],	[23],	quantum	dot	(QD)	
lasers	[24],	QD	photo	detectors	[25],	QD	single	photon	emission	devices	on	Si	substrate	
[26]	and	laser	diodes	on	a	germanium	substrate	[27],	Fin	field	effect	transistor	on	Si	[28]	
and	 single	 crystalline	 III‐V	 based	 solar	 cells	 on	 Si	 [29].	 However,	 there	 are	 several	
limitations	 in	 all	 of	 these	 methods;	 first	 of	 all,	 the	 performance/efficiencies	 of	 the	
demonstrated	devices	are	not	comparable	to	the	ones	grown	on	native	substrates.	Most	
of	them	are	still	proof	of	concepts.	Secondly,	the	methods	need	to	be	improved	in	terms	
of	 lowering	 dislocation	 density,	 reduction	 of	 process	 steps	 and	 cost	 for	 high	 volume	
production.	 Furthermore,	 some	 techniques	 or	 methods	 of	 integration	 are	 limited	 to	
certain	 orientations	 of	 a	 Si	 substrate	 or	 off‐cut	 (100)	 orientation.	 Finally,	 only	 a	 few	
studies	 have	 been	 done	 towards	 realization	 of	 abrupt	 and	 high	 quality	 III‐V/Si	
heterojunction	 which	 has	 great	 potential	 to	 realize	 high	 performance	 III‐V	 based	
electronics	and	multijunction	III‐Vs	on	Si	tandem	solar	cells.	Selective	area	growth	and	
“direct”	 growth	 of	 III‐Vs	 hold	 great	 promise	 to	 integrate	 III‐Vs	 on	 Si	 with	 reduced	
dislocation	density,	reduced	process	steps	and	cost.		

Cost	and	complexity	of	heteroepitaxial	growth	of	single	crystalline	III‐Vs	on	Si	are	major	
concerns	especially	 for	PV	applications	where	high	module	efficiency	should	desirably	
be	 achieved	 at	 low	 product	 cost.	 To	 address	 this	 issue,	 various	 ways	 of	 growing	
polycrystalline	III‐V	thin	films	on	Si	and	other	low	cost	substrates	for	example	glass	and	



5	 		Introduction	
	

	

									5	

molybdenum	substrates	by	different	techniques	like	metal	organic	vapor	phase	epitaxy	
(MOCVD)	 [30],	 spray	 pyrolysis	 [31],	 pulsed	 laser	 deposition	 [32],	 closed‐spaced	
sublimation	[33]	and	vapor‐liquid‐solid	technique	[34]	employing	phosphidization	of	In	
deposited	 on	 molybdenum,	 have	 been	 employed.	 Polycrystalline	 GaAs	 solar	 cell	 on	
germanium	 substrate	 [35]	 and	 polycrystalline	 InP/CdS	 solar	 cell	 [36]	 have	 also	 been	
demonstrated.		

 Challenges	in	the	regrowth	of	semi‐insulating	InP	for	high	power	1.2
buried	heterostructure	quantum	cascade	lasers		

Quantum	cascade	lasers	(QCLs)	are	a	special	kind	of	semiconductor	lasers	which	have	a	
wide	 range	 of	 applications.	 Sensing	 of	 chemical	 gases	 [37],	 free	 space	 optical	
communications	 [38],	 and	 high‐resolution	 heterodyne	 spectrometers	 for	 astronomy	
[39],	are	some	of	the	applications	to	mention	here.	These	applications	are	results	of	high	
output	power	and	wide	tunability	of	emission	wavelengths	of	the	QCLs	and	the	fact	that	
they	emit	light	in	the	mid	and	far	infrared	portion	of	the	spectrum	(3.5‐	24	µm	and	57‐
150	µm).	QCLs	are	unipolar	devices	where	only	one	kind	of	carrier	(electron	or	hole)	is	
involved	 in	 the	 emission	 process	 unlike	 the	 conventional	 lasers	where	 both	 electrons	
and	 holes	 take	 part.	 The	 electron	 or	 hole	 undergoes	 intersubband	 transition,	 i.e,	 the	
transition	of	electron	(hole)	takes	place	only	in	the	conduction	band	(valence	band)	from	
an	 upper	 sublevel	 to	 the	 lower	 one	 (the	 discrete	 states)	 that	 arise	 from	 quantum	
confinement.	 Since	 the	 laser	 transition	 is	 an	 intersubband,	 the	 intrinsic	 efficiency	 has	
never	been	as	high	as	it	is	for	conventional	semiconductor	lasers	where	laser	emission	is	
due	 to	 the	 transition	of	 electrons	 from	 the	 conduction	band	 to	 the	 valence	band	 [40].	
This	instead	results	in	more	prominent	heating	of	the	active	region	of	the	QCL.	Because	
of	this,	an	effective	thermal	conduction	for	heat	sinking	is	crucial	for	room	temperature	
operation	 and	 high	 performance	 and	 high	 power	 QCL.	 Fabricating	 a	 QCL	 ridge	 as	 a	
buried	 heterostructure	 with	 the	 etched	 laser	 ridge	 overgrown	with	 a	 semi‐insulating	
semiconductor,	 usually	 InP:Fe,	 has	 been	 shown	 as	 a	 viable	 approach	 for	 enabling	
effective	 heat	 dissipation	 in	 QCL	 active	 region	 [40],	 [41].	 However,	 the	 BH	 approach	
involves	more	growth	and	process	steps	in	the	device	fabrication.	Besides,	it	requires	a	
complete	burying	 and	an	 ideal	 planarization	of	 the	 growth	on	both	 sides	 of	 the	 ridge.	
This	 is	especially	difficult	 for	high	power	QCLs	where	 in	 the	active	region	 is	a	stack	of	
100s	 of	 quantum	 wells	 and	 barriers	 so	 that	 it	 requires	 very	 thick	 cladding	 layer	 for	
mode	confinement	and	hence	very	deep	(6	to	15	µm)	etched	ridges.	Thus,	regrowth	on	
such	a	structure	could	take	several	hours.	Regrowth	of	InP:Fe	for	BH‐QCL	has	been	done	
by	gas	source	molecular	beam	epitaxy	(GSMBE)	[40]	and	MOCVD	[42]	so	far	and	good	
device	performance	has	been	achieved.	However,	the	slow	growth	rate	and	formation	of	
so	 called	 “rabbit	 ear”	 by	 the	 regrown	 InP:Fe	 at	 the	 ridge	 edge	 remain	 as	 the	 main	
disadvantages	 in	 these	 techniques.	Long	growth	 time	with	a	high	growth	 temperature	
(>600	 oC),	 especially	 for	 short	 wavelength	 QCLs	 with	 highly	 strained	 region,	 is	 not	
suitable.	 In	 that	 temperature	 range	 for	 long	 growth	 time,	 these	 structures	 undergo	
degradation	through	strain	relaxation	or	strain	driven	inter‐diffusion	[39].	Therefore	the	
need	for	other	techniques	for	low	cost,	easy	and	quick	regrowth	process	and	high	degree	
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of	planarization	is	imperative.	Hydride	vapor	phase	epitaxy	(HVPE),	which	is	used	in	all	
studies	 in	 this	 thesis,	 holds	 a	 great	 promise	 to	 address	 these	 issues	 because	 of	 its	
capabilities	of	high	growth	rate	and	very	good	planarization.		

 Current	status	and	scope	of	this	thesis	1.3

We	 present	 here	 the	 current	 status	 on	 the	 above	 mentioned	 three	 topic	 such	 as	
heteroepitaxy	of	III‐Vs	on	Si,	polycrystalline	thin	fim	deposition	on	silicon	and	BH‐QCLs.	
We	indicate	also	what	is	missing	and	what	we	intend	to	do	in	this	thesis.	This	forms	the	
scope	of	the	thesis.	

1.3.1 SAG	and	ELOG	of	InP	on	Si	
Selective	 Area	 Growth	 (SAG)	 and	 Epitaxial	 Lateral	 Overgrowth	 (ELOG)	methods	 have	
been	used	to	grow	InP	on	Si	and	good	quality	 InP	can	be	grown.	Substantial	work	has	
been	done	 in	 the	optimization	of	 growth	conditions	and	pattern	design	 to	understand	
the	 growth	 mechanisms	 and	 defect	 filtration.	 Similarly	 SAG	 of	 InP	 has	 been	 used	 to	
realize	site	and	density	controlled	growth	of	quantum	dots	 for	single	photon	emission	
devices	 on	 InP	 substrate.	However,	 there	 are	 several	 issues	 still	 to	 be	 addressed.	 For	
example;		
1. The	effect	of	opening	type	(eg.,	line	or	mesh)	on	surface	morphology	and	dislocation	

density	is	not	clearly	understood.		
2. So	 far	 SAG	 and	 ELOG	 are	 mostly	 conducted	 on	 electron	 beam	 nano‐patterned	

templates,	 however,	 for	 it	 to	 be	used	 for	 large	 area	 InP	 on	 Si,	 low	 cost	 patterning	
methods	should	be	investigated.	

3. Growth	 of	 InP	 nano	 templates	 on	 Si	 for	 further	 growth	 of	 site,	 density	 and	 shape	
controlled	III‐V	based	quantum	dot	devices	has	not	been	achieved	even	though	this	
has	been	demonstrated	on	InP	substrate.	

4. Both	 SAG	 and	 ELOG	 of	 InP	 on	 Si	 should	 be	 used	 to	 fabricate	 abrupt	 InP/Si	
heterojunction	of	high	quality,	which	has	not	been	done	so	far.		

1.3.2 Polycrystalline	InP	on	Si	
Different	growth	methods	and	techniques	have	been	used	to	grow	polycrystalline	InP	on	
low	 cost	 substrates	 for	 PV	 application.	 Efforts	were	mainly	made	 to	 demonstrate	 the	
possibility	 of	 growing	 polycrystalline	 InP	 with	 good	 quality,	 however,	 alternative	
approaches	 to	 reduce	 the	process	 complexity	 and	 steps	 are	 still	 needed.	 In	 this	work,	
two	 new	 and	 different	 low	 cost	 alternative	 methods	 of	 growing	 high	 quality	
polycrystalline	InP	on	Si	are	demonstrated	for	the	first	time.		

1.3.3 Regrowth	of	InP:Fe	for	BH‐QCL	
Selective	area	regrowth	of	 InP:Fe	 in	HVPE	has	been	studied	 for	BH	telecom	lasers	and	
shown	to	provide	extremely	good	planarization	and	passivation	of	the	etched	ridge	side	
wall	to	reduce	the	scattering	loss	caused	by	the	dry	etching.	HVPE	has	been	also	used	to	
planarize	 complex	 structures	 such	 as	 arrayed	waveguides	where	 the	waveguide	 ridge	
has	 arbitrary	 direction	 and	 curved	 geometries.	 However,	 all	 the	 overgrown	 ridge	
structures	 so	 far	are	 shallow	with	a	maximum	etch	depth	of	 less	 than	4	µm.	The	high	
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growth	 rate	 with	 high	 degree	 of	 planarization	 capabilities	 of	 HVPE	 can	 be	 used	 to	
planarize	QCLs	up	to	15	µm	and	even	more	deeply	etched	ridges.	In	addition,	novel	types	
of	 QCLs	 such	 as	 µ‐stripe	 QCLs	 emerge	 [43]	 which	 contain	 ridges	 etched	 at	 different	
depths	in	the	same	laser.	Regrowth	of	semi‐insulating	InP:Fe	to	realize	BH	lasers	around	
very	deeply	etched	ridges	(~15	µm)	and	ridges	of	varying	etched	depths	has	not	been	
demonstrated	so	far.The	objectives	of	the	thesis	are:	

1. Deeper	understanding	of	InP	growth	mechanism	on	different	opening	types	(line	
and	 mesh)	 and	 the	 effect	 of	 opening	 type	 on	 dislocation	 density	 and	 surface	
morphology.	

2. Explore	 the	 possibility	 of	 using	 low	 cost	 alternative	 patterning	 methods	 to	 e‐
beam	lithography	for	large	area	ELOG	InP	on	Si.	

3. SAG	 of	 InP	 nanotemplets	 on	 Si	 for	 controlled	 growth	 of	 QD	 structures	 and	
characterize	them	to	assess	the	suitability	of	the	structures.	

4. Apply	selective	area	growth	of	InP	from	isolated	InP	mesa	structures,	a	very	new	
but	modified	ELOG	technique	to	grow	InP	laterally	 in	such	way	to	directly	form	
heterojunction	with	Si	for	multijunction	III‐V	tandem	solar	cells.	Understand	and	
optimize	 the	 growth	mechanism	 and	 conditions	 to	 achieve	 a	 large	 area	 lateral	
growth.	

5. Demonstrate	 growth	 of	 polycrystalline	 InP	 on	 Si	 by	 using	 two	 new	 alternative	
approaches,	 i)	 simple	 chemical	 aqueous	 solution	method	 and	 ii)	 indium	metal	
assisted	growth.	

6. Demonstrate	 quicker	 InP:Fe	 regrowth	 process	 with	 HVPE	 for	 buried	
heterostructure	quantum	cascade	lasers	including	µ‐stripe	lasers	for	high	output	
power	and	wall	plug	efficiency.		

The	 structure	 of	 the	 thesis	 is	 as	 follows;	 chapter	 1	 gives	 the	 general	 introduction,	
objective	 and	 structure	 of	 the	 thesis.	 In	 chapter	 2,	 general	 background	 related	 to	
semiconductor	 properties	 and	 growth	 and	 characterization	 techniques	 will	 be	
described.	In	chapter	3,	major	results	of	the	studies	will	be	summarized	and	discussed,	
In	 chapter	 4,	 summary	 and	 conclusions	will	 be	 provided.	 In	 chapter	 5,	 suggestions	 of	
directions	for	future	work	will	be	given.	Finally	chapter	6	will	summarize	the	results	of	
all	the	papers	appended	in	the	thesis.	
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 Background		2

This	 chapter	 gives	 introductions	 to	 semiconductors	 and	 their	 crystallographic	
structures,	dopants	in	indium	phosphide,	growth	and	coating	techniques,	SAG,	ELOG	and	
ELOG	 on	 corrugated	 surfaces,	 (hereinafter	 called	 CELOG),	 and	 polycrystalline	 film	
growth.	Some	descriptions	of	defects	in	InP/Si	and	the	characterization	techniques	used	
in	the	study	will	also	be	presented.	

 Semiconductors		2.1

Materials	such	as	silicon	(Si)	and	germanium	(Ge)	are	called	elemental	semiconductors.	
Semiconductors	also	exist	in	a	compound	form	of	elements,	eg.,	from	group	III	and	V	in	
the	periodic	table	such	as	Indium	Phosphide	(InP)	and	Gallium	Arsenide	(GaAs)	and	are	
known	as	compound	semiconductors.	The	energy	required	to	free	an	electron	from	an	
outer	shell	of	a	material	 is	equal	to	the	energy	difference	between	the	minimum	of	the	
conduction	band	and	maximum	of	the	valence	band	which	is	called	band	gap	energy.	The	
minimum	of	conduction	and	maximum	of	the	valence	energy	bands	are	not	generally	at	
the	 same	 value	 of	 the	 electron	momentum	k.	 This	 is	 a	 very	 important	 criterion	 for	 a	
material	 to	be	used	 for	photonic	 (emission)	devices,	which	 requires	 a	 conservation	of	
momentum	 in	 the	 transition	 of	 electron	 from	 conduction	 to	 a	 valence	 band	with	 the	
emission	of	photon	alone.	

Compound	 semiconductors	 such	 as	 InP	 and	 GaAs	 offer	 this	 possibility	 as	 they	 have	
energy	 band	 structures	 with	 both	 maximum	 of	 valence	 and	 minimum	 of	 conduction	
bands	at	the	same	k	and	are	known	as	direct	band	gap	semiconductors.	In	a	direct	band	
gap	 semiconductor,	 the	 recombination	 of	 electrons	 and	 holes	 to	 produce	 photons	 is	
much	more	efficient	than	for	an	indirect	band	gap	semiconductor	such	as	Si,	where	the	
process	must	 be	mediated	 by	 a	 phonon.	 Figure	 2‐1	 shows	 band	 diagrams	 for	 (a)	 InP	
(direct	band	gap)	and	(b)	Si	(indirect	band	gap)	and	major	transition	processes	in	each	
material.	 While	 the	 direct	 recombination	 of	 electrons	 and	 holes	 in	 direct	 band	 gap	
materials	is	the	major	transition	process	and	results	for	most	cases	in	the	emission	of	a	
photon,	 it	 is	 not	 the	 case	 in	 the	 indirect	 band	 gap	 materials.	 Instead,	 free	 carrier	
absorption,	Auger	 recombination	and	 indirect	 recombination	 simultaneously	exist	 and	
result	in	little	photon	emission.		

	
Figure	 2‐1	 Simplified	 energy	 band	 diagram	 and	major	 carrier	 transition	 process	 in	 (a)	 InP	 and	 (b)	 Si	
adapted	from	[44].	
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The	opposite	process,	absorption	of	a	photon	by	a	semiconductor	material	depends	on	
the	band	gap	of	the	material	and	the	photon	wavelength.	Photons	incident	on	the	surface	
of	a	semiconductor	will	be	either	reflected	from	the	top	surface,	absorbed	in	the	material	
or	 transmitted	 through	 the	 material.	 For	 photovoltaic	 devices,	 reflection	 and	
transmission	 are	 typically	 considered	 loss	 mechanisms	 as	 photons	 which	 are	 not	
absorbed	do	not	generate	power.	The	absorption	coefficient	determines	how	far	into	a	
material	 light	 of	 a	 particular	 wavelength	 can	 penetrate	 before	 it	 is	 absorbed.	 In	 a	
material	 with	 a	 low	 absorption	 coefficient,	 light	 is	 only	 poorly	 absorbed,	 and	 if	 the	
material	 is	 thin	 enough,	 it	 will	 appear	 transparent	 to	 that	 wavelength.	 Therefore,	
semiconductor	materials	with	smaller	absorption	constant	should	be	thicker	to	absorb	
more	 light	 in	 order	 to	 increase	 the	 efficiency	 of	 the	 solar	 cell	 made	 out	 of	 it.	 III‐V	
semiconductors	 and	 their	 alloys	have	higher	 absorption	 coefficient	 than	 Si,	 and	hence	
they	can	be	used	for	high	efficiency	and	light	weight	solar	cells	fabrication.		

2.1.1 Some	physical	properties	of	InP		
InP	 is	 one	 of	 the	 III‐V	 semiconductors	 and	 forms	 a	 crystal	 with	 the	 zinc‐blende	 (ZB)	
arrangement.	It	has	a	lattice	constant	of	5.86	Å	and	band	gap	of	1.35	eV	(corresponding	
to	wavelength	of	920	nm)	at	room	temperature.	 It	has	a	crystal	density	of	4.79	g/cm3,	
which	is	less	than	the	density	of	GaAs	(5.32	g/cm3).	This	band	gap	energy	is	optimal	for	
high	 efficiency	 solar	 cells	 and	 a	 theoretical	 efficiency	 of	 30%	 can	 be	 achieved	 from	 a	
single	 junction	 InP	 based	 solar	 cell.	 However	 the	 band	 gap	 wavelength	 is	 out	 of	 the	
telecom	wavelength	range	of	1300‐1550	nm.	Thus,	InP	is	not	used	as	a	 light	source	by	
itself	for	telecom	applications.	Fortunately,	the	lattice	constant	of	InP	is	known	to	obey	
Vegard’s	 law	 very	well,	 i.e,	 the	 lattice	 constant	 varies	 linearly	with	 alloy	 composition	
[45]	for	InGaAs	and	InGaAsP	alloys.	This	allows	growing	of	lattice	matched	active	layers	
of	 In1‐x	 GaxAsyP1‐y	 (with	 x	 and	 y	 compositions	 fractions	 of	 Ga	 and	 As)	 emitting	 at	
wavelengths	in	the	telecom	window.	Compositions	x	and	y	are	related	as	[45],	 		

	
0.1896

0.4176 0.0125

y
x

y



		 (1)	

For	y	≈	0.6	and	y	≈	0.9	a	lattice	matched	active	layer	emitting	at	1300	nm	and	1550	nm	
wavelengths	respectively	can	be	obtained.	

2.1.1.1 Crystal	structure	and	cleavage	plane	

Crystals	with	ZB	arrangement	have	a	cubic	space	group	of	 43F m


in	which	the	atoms	are	
bonded	 in	 tetrahedral	 bonds	 related	 to	 those	 of	 the	 group	 IV	 diamond‐type	
semiconductors.	 It	 contains	 a	 tetrahedral	molecule,	 i.e.,	 a	 central	 atom	which	has	 four	
atoms	extending	out	and	located	at	the	vertices	of	a	tetrahedron.	The	ZB	structure	is	a	
face	centered	cubic	lattice	with	two	atoms	associated	with	each	lattice	point	having	one	
atom	 located	at	 (0,0,0)	and	another	at	 (1/4,1/4,1/4)	and	 form	a	basis	of	 the	ZB	crystals.	
For	the	diamond	structure,	these	two	atoms	are	the	same.		

The	 atomic	 arrangement	 and	 corresponding	 electron	 density	 of	 a	 crystal	 plane	
determines	 the	 cleavage	property	of	 a	 crystal.	 In	 the	 case	of	 ZB	 structure	 atoms	 from	
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group	III	and	V	occupy	alternating	positions	in	the	lattice	and	that	creat	surface	polarity.	
This	difference	 in	 surface	polarity	 of	 a	 crystal	 plane	 creates	 an	electrostatic	 attractive	
force	 and	 makes	 it	 difficult	 to	 cleave	 along	 that	 plane.	 Schematics	 of	 atomic	
arrangements	along	(111),	(110),	and	(100)	planes	of	InP	are	shown	in	Figure	2‐2.	For	
semiconductors	with	 a	 diamond	 crystal	 structure,	 like	 Si,	 cleavage	 occurs	 along	 (111)	
planes,	 because	 the	 (111)	 surface	 atoms	 are	 singly	 bonded	 to	 the	 opposite	 surface	
whereas	 the	 (100)	 atoms	 are	 doubly	 bonded	 to	 the	 opposite	 surface	 and	 the	 (110)	
surface	atoms	have	smaller	 spacing	 (d)	even	 if	 they	are	singly	bonded	 to	 the	opposite	
surfaces,	in	which	case	the	cleavage	energy	is	higher	than	that	of	the	(111)	surface	[45].		

	
Figure	2‐2	Schematics	of	 the	atomic	arrangement	 in	the	direction	along	the	(a)	(111),	 (b)	(110)	and	(c)	
(100)	planes	of	InP	(adapted	from[45]).	

However,	 the	 (111)	 surface	 for	 InP	 has	 two	 polarities,	 (111)In	 and	 (111)P	 and	 this	
creates	an	electrostatic	attraction	force	and	cleavage	along	this	plane	is	difficult.	On	the	
other	 hand	 the	 (110)	 surface	 has	 an	 equal	 number	 of	 In	 and	 P	 atoms	 and	 hence	 no	
electrostatic	net	force	between	the	planes.	Therefore,	the	principal	cleavage	in	InP	or	in	
semiconductors	with	ZB	structure	is	the	plane	parallel	to	the	(110)	plane.			

Understanding	the	surface	structure	of	crystalline	planes	is	also	essential	to	understand	
the	 atomistic	 aspect	 of	 epitaxial	 growth.	 Growth	 rate,	 dislocation	 distribution	 and	
impurity	incorporation	are	different	on	different	crystalline	planes.	The	{111},	{110}	and	
{100}	family	of	planes	are	low	index	planes.	Understanding	of	these	planes	helps	in	the	
understanding	of	other	planes	with	high	indices	as	the	latter	ones	can	be	seen	as	steps	
structures	built	up	from	these	three	basic	sets	of	planes.		

As	can	be	seen	in	Figure	2‐2,	the	{111}	family	of	planes	contains	a	double	layer	of	In	and	
P	atoms.	The	planes	for	the	In	atom	is	denoted	as	A	and	B	for	the	P	atom.	This	notation	
works	 for	 all	 III‐V	 compound	 semiconductors	where	A	 is	 a	 group	 III	 atom	 and	 B	 is	 a	
group	V	atom.	The	presence	of	the	two	different	atoms	in	the	same	plane	indicates	the	
bonding	is	partly	ionic.	This	is	because,	the	group	III‐atoms	(In	for	InP)	are	cations	and	
the	 V‐atoms	 are	 anions.	 Furthermore,	 the	 stacked	 layer	 in	 the	 [111]	 direction	 is	 not	
equally	spaced	(see	Figure	2‐2).	Each	atom	in	the	plane	has	four	bonds,	three	of	which	
are	 to	 the	 other	 plane	 and	 the	 fourth	 one	 extends	 normal	 to	 the	 double	 layer	 and	
connected	with	an	atom	in	such	a	double	layer.	This	also	means	the	{111}	planes	have	
low	density	of	bonds	in	the	perpendicular	direction.	For	InP,	growth	on	the	{111}P	plane	
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is	very	slow	in	a	phosphorus	rich	environment,	because	the	attachment	of	In	at	{111}P	
planes	will	make	the	net	change	of	dangling	bonds	to	be	+2	which	means	the	In	atom	has	
to	overcome	a	high	energy	barrier	[46].	

The	{110}	family	of	planes	of	InP	contains	equal	number	of	In	and	P	atoms	arranged	in	a	
planar	 zigzag	 chain	 along	 the	 [110]	 direction	 (Figure	 2‐2	 (b)).	 Each	 surface	 atom	
possesses	three	nearest	neighbors	and	exhibits	one	broken	or	dangling	bond,	i.e.,	a	bulk	
like	terminated.	The	equal	number	of	In	and	P	atoms	present	on	this	surface	make	the	
growth	rate	higher.	Because	 the	In	and	P	atoms	 in	gas	phase	can	 form	bonds	with	 the	
surface	atom	at	the	same	time	[47].		

The	most	common	surface	growth	plane	 for	 InP/III‐V	 is	 the	 {100}	plane.	 It	 consists	of	
alternating	 layers	 In	or	P	atoms	(Figure	2‐2	(c))	 that	are	geometrically	equivalent	and	
equally	spaced.	A	surface	atom	of	the	{100}	plane	is	bonded	to	two	atoms	of	the	crystal	
and	has	 two	dangling	bonds.	The	probability	of	 In/P	atoms	 in	 the	gas	phase	as	 in	 the	
vapor	growth	forming	bonds	with	the	surface	atom	is	larger	if	the	number	of	bonds	that	
one	In/P	atom	in	the	gas	phase	has	to	make	with	one	surface	atom	is	small.	This	is	not	
the	case	in	the	{100}	plane,	because	it	has	two	dangling	bonds	to	form	bonds	with	the	
atom	 in	 the	 gas	 phase.	 Therefore,	 the	 growth	 rate	 on	 {100}	 is	 slower.	 The	 surface	
orientation	 plane	 dependence	 of	 the	 growth	 rate	 in	 vapor	 growth	 is	 therefore	 in	 the	
order	of	(110)	>	(111)A	=	(111)B	>	(100)	[47].	

2.1.1.2 Doping	of	InP	
Doping	 is	 the	 introduction	 of	 impurities	 into	 a	 semiconductor	 crystal	 to	 the	 defined	
modification	of	electrical	and	optical	properties.	The	dopant/impurity	is	incorporated	in	
the	 lattice	 structure	 of	 the	 crystal	 by	 competing	with	 the	 atoms	 of	 the	 crystal	 during	
growth.	 The	number	 of	 outer	 shell	 electrons	 in	 the	 impurity	 atom	defines	 the	 type	 of	
doping.	For	InP,	elements	with	3	and	5	or	6	valence	electrons	are	used	for	a	p‐type	and	
n‐type	doping,	respectively.	The	most	common	dopants	for	InP	are,	zinc	(Zn)	(p‐type),	Si	
and	S	(n‐type)	and	 iron	(Fe)	 for	semi‐insulating	InP.	Their	 incorporation	 in	the	crystal	
depends	 on	 atomic	 arrangements	 in	 the	 crystal	 surface	 plane	 and	 also	 A	 or	 B	 faces.	
Regardless	of	 the	type	of	elements,	(Si	or	S),	n‐type	dopants	 incorporate	preferentially	
on	 the	B	 faces	with	 the	 ratio	 of	 the	 doping	 concentration	 on	B	 to	 that	 on	A	 is	 always	
greater	than	1	[48].	The	reverse	is	true	for	the	p‐type	dopant.	This	tendency	also	affects	
the	growth	rate	and	asymmetric	growth	could	occur	on	different	facets.		

In	n‐type	InP,	the	dopant	atom	will	increase	the	number	of	valence	electrons	and	hence	
increase	the	conductivity.	Depending	on	the	level	of	n‐	doping,	the	energy	band	gap	and	
so	its	optical	property	(section	2.6.4)	can	also	be	changed.	On	the	other	hand	doping	of	
InP	with	 Fe,	 which	 acts	 as	 a	 deep	 accepter,	 makes	 it	 semi‐insulating.	 Semi‐insulating	
material	is	not	intrinsic	but	it	has	free	carrier	concentration	of	near	intrinsic	levels	that	
result	in	high	resistivity.	A	resistivity	of	107	‐	109	Ω	cm	achieved	so	far	by	doping	of	InP	
with	Fe	[49],	[50]	in	HVPE.	In	this	work,	regrowth	of	semi‐insulating	InP	for	BH‐QCL	was	
studied	for	thermal	dissipation	and	current	confinement.		
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 Growth	and	coating	techniques		2.2

Semiconductor	 growth	 techniques	 can	 be	 categorized	 in	 two	 groups,	 epitaxial	 growth	
and	bulk	growth	techniques.	The	bulk	growth	techniques	are	Czochralski	and	Bridgman	
whereas	epitaxial	growth	technique	includes	hydride	vapor	phase	epitaxy,	liquid	phase	
epitaxy,	metal	organic	chemical	vapor	deposition,	and	molecular	beam	epitaxy.	All	 the	
epitaxial	 growth	 techniques	 are	 briefly	 described.	 The	 hydride	 vapor	 phase	 epitaxy	 is	
discussed	in	more	detail	 for	epitaxial	growth	of	InP	as	it	 is	the	main	technique	used	in	
this	 thesis	work.	 In	addition,	a	 film	coating	 technique,	 spin	coater	used	 in	 the	work	of	
this	thesis	is	described.	

2.2.1 Hydride	Vapor	Phase	Epitaxy	(HVPE)	
All	the	works	in	this	thesis	related	to	InP,	both	epitaxial	and	polycrystalline	InP	growth	
were	done	in	low	pressure	HVPE	(LP‐HVPE)	reactor.	The	general	principle	of	HVPE	and	
growth	process	in	relation	to	InP	growth	is	discussed	in	this	section.	

Vapor	phase	epitaxy	has	two	varieties,	halide	or	chloride	and	hydride	VPEs.	In	the	first	
case,	group	 III	 and	V	elements	are	 transported	by	chlorides,	 e.g.,	PCl3	and	 InCl	 for	 InP	
growth.	While	the	same	is	true	for	III‐elements,	the	group	V‐elements	are	transported	by	
hydrides	(PH3	for	InP)	in	HVPE.	However,	the	III‐chlorides	are	not	obtained	by	flowing	
V‐Cl3	 gas	over	 III‐liquid	 sources	 as	 in	halide	VPE	but	by	 in‐situ	 generation	of	 III‐Cl	by	
flowing	of	HCl	gas	over	the	molten	III‐metals	(In,	for	InP).		

HVPE	 is	 a	 hot	wall	 reactor	heated	by	 resistive	heating.	The	HVPE	 system	used	 in	 this	
study	has	5	temperature	zones	which	can	be	independently	controlled	(Figure	2‐3).	The	
generation	 of	 III‐Cl	 is	 in	 a	 high	 temperature	 zone	with	 respect	 to	 the	 substrate	 zone.	
When	the	V‐sources	(PH3),	enter	 in	 to	 the	hot	wall	reactor	 it	may	or	may	not	partially	
decompose	 into	 P2P4,	 depending	 on	 the	 growth	 condition.	 Decomposition	 of	 PH3	 is	
generally	low	at	optimum	growth	conditions	in	LPHVPE.	This	is	because	at	low	pressure	
collision	of	gas	molecules	is	not	significant.	Therefore,	at	the	substrate	zone	the	reaction	
of	InCl	and	PH3	occurs	to	grow	InP	as	[51]:	

	 (g) 3(g) (s) (g) 2(g)InCl PH InP H l  C H   		 (2)	

The	 temperature	 profile	 from	 source	 region	 to	 the	 substrate	 in	 the	 reactor	 during	
deposition	 is	 Tzone1	 =	 Tzone2	 >	 Tzone3	 >	 Tzone4	 >	 Tzone5.	 Thus,	 the	 exothermic	 reaction	
involving	 chlorides	 could	 take	 place	 in	 the	 coldest	 substrate	 location.	 This	 negative	
temperature	 gradient	 from	 source	 to	 the	 growth	 region	 in	 addition,	 promotes	 the	
growth	and	hinders	the	parasitic	deposition	on	the	hot	quartz	wall	of	the	reactor.	Using	
an	 optimized	 temperature	 gradient	 has	 shown	 to	 be	 an	 efficient	 way	 of	 controlling	
parasitic	deposition	[52]	in	the	growth	of	InP	and	GaAs	in	HVPE	and	a	thick	layer	of	InP	
(~21µm)	[53]	could	be	grown	in	a	single	growth	run.		

In	HVPE,	the	thermodynamic	driving	force	for	the	growth	is	smaller	than	in	MOVPE	and	
MBE	[54]	this	makes	the	process	a	near	equilibrium	process	and	due	to	the	volatility	of	
III‐chlorides,	deposition	III‐V	materials	on	semiconductor	surface	is	more	favorable	than	
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on	a	dielectric	mask.	This	combined	effect	of	near	equilibrium	operation	and	volatility	of	
III‐chlorides	make	HVPE	a	superior	tool	for	selective	area	growth	with	high	growth	rate.	
Different	 growth	 parameters	 can	 change	 gas	 phase	 supersaturation	 and	 a	 non‐
equilibrium	condition	can	be	created.	If	the	supersaturation	parameter	is	increased	from	
its	 equilibrium	value,	 the	 system	 is	driven	 to	produce	more	 solid	 (InP).	By	decreasing	
the	 supersaturation,	 a	 reverse	 process,	 etching	 could	 occur.	 The	 etching	 capability	 of	
HVPE	 has	 been	 used	 for	 in‐situ	 etching	 of	 ridge	 structures	 from	 InP	 and	 related	
compounds	for	telecom	laser	[55].		

Growth	rate	varies	a	 lot	 in	HVPE	by	a	variation	of	the	mass	 input	rate	of	the	reactants	
and	growth	of	structures	from	nanometer	to	several	micrometer	size	is	possible	[56].	In	
fact	the	growth	rate	has	a	strong	dependence	on	the	growth	temperature	and	substrate	
orientation	as	well	[57].	This	 is	an	indication	that	the	reaction	in	HVPE	is	governed	by	
both	 thermodynamics	 and	 kinetics.	 The	 typical	 bell	 curve	 of	 the	 growth	 rate	with	 the	
temperature	variation	gives	information	about	which	process	dominates	over	the	other.	
The	low	temperature	range	(lower	than	the	temperature	for	a	maximum	growth	rate),	is	
a	 kinetically	 controlled	 regime	 [57].	 In	 the	 temperature	 range	 close	 to	 the	maximum	
growth	rate	 temperature,	 the	process	 is	governed	by	 thermodynamics	and	the	growth	
rate	 is	 controlled	 by	 the	 mass	 input	 rate	 of	 the	 reactants	 [57].	 In	 the	 kinetically	
controlled	region,	the	growth	rate	is	different	on	different	crystallographic	planes.	This	
is	 attributed	 to	 the	 variation	 in	 the	 adsorption/desorption	 fluxes	 and	 de‐chlorination	
frequency	 from	 one	 plane	 to	 the	 other	 in	 a	 given	 identical	 condition	 [58].	 As	 a	
consequence,	different	kinds	of	regular	shape	structures	such	as	pyramids	and	cones	of	
can	be	grown	in	HVPE.	

Figure	2‐3,	 shows	a	simplified	schematics	of	HVPE	reactor	used	 in	 this	study.	HVPE	 is	
also	 unique	 in	 that	 it	 possesses	 an	 additional	 independent	 HCl	 line	 for	 additional	
modulation	 of	 the	 supersaturation	 parameter.	 In	HVPE,	 Fe	 doping	 for	 semi‐insulating	
and	Zn	doping	for	p‐type	sources	are	metal	organics,	ferrocene	Fe	(C5H5)2	and	diethyl	Zn	
(DEZn)	 respectively.	 Sulphur	 for	 n‐type	 doping	 is	 carried	 by	 hydrogen	 sulphide.	 In	
Figure	2‐3,	HCl‐line_1	is	the	HCl	flow	line	to	the	III‐metal	boat	(In/Ga)	for	the	production	
of	 III‐chloride	 and	 HCl‐line_2	 is	 independent	 HCl	 flow	 line	 for	 supersaturation	
modulation	and	reactor	cleaning.		

The	reactor	is	divided	into	three	regions,	source	region	(region	1),	mixing	region	(region	
2)	and	reaction	region	(region	3).	The	first	region	contains	two	temperature	zones,	Tzone1	
and	 Tzone2,	 and	 the	 III‐metal	 source	 (In/Ga).	 This	 region	 is	 normally	 kept	 at	 higher	
temperature	 than	 the	 rest	 of	 the	 two,	 the	 second	 region	 is	 the	 mixing	 region	 where	
mixing	 of	 III‐Cl	 and	 hydrides	 (this	 includes,	 PH3,	 AsH3,	 H2S	 and	 also	 the	 carrier	 gas	
H2/N2),	and	metal	organics	for	doping	takes	place.	The	extra	HCl	that	is	supplied	by	HCl‐
line_2	also	joins	in	the	second	region	whenever	necessary.	The	temperature	of	this	zone	
is	controlled	by	Tzone3.	The	third	region	is	the	deposition	region.	The	mixed	gas	in	region	
2	 is	 then	 transported	 to	 region	 3	 by	 a	 hydrogen	 or	 nitrogen	 carrier	 gas	 through	 a	
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perforated	 baffle	 and	 deposits	 on	 the	 substrate.	 The	 temperature	 in	 this	 region	 is	
controlled	by	Tzone4	and	Tzone5.	

	

Figure	2‐3	Simplified	schematic	of	HVPE	reactor	(only	the	reaction	chamber).	The	temperature	gradient	
indicated	by	the	color	is	the	situation	in	a	typical	growth	condition.	

The	 loading	chamber	on	 the	right	 is	at	 room	temperature	and	 it	 contains	 stabilization	
flow	of	V‐hydrides.	After	the	reaction	process	(deposition/etching)	is	done	the	sample	is	
mechanically	transferred	to	the	loading	chamber	and	cool	down	takes	place	faster.		

2.2.2 Liquid	Phase	Epitaxy	(LPE)	
This	technique	makes	use	of	liquid	phase	of	materials	to	grow	a	crystalline	layer.	Growth	
occurs	 from	a	 supersaturated	 liquid	 solution.	 In	LPE,	 the	 addition	of	 impurities	 to	 the	
molten	source	reduces	the	melting	point	temperature;	therefore	the	molten	can	be	kept	
at	 a	 lower	 temperature	 so	 that	 the	 seed	 will	 not	 melt.	 This	 is	 similar	 to	 the	 seeded	
growth	of	a	bulk	crystal	from	the	melt.	The	solution	is	cooled	slowly	on	the	seed	and	a	
new	epitaxial	 layer	is	formed.	LPE	enables	growth	of	high	structural	quality	layers	and	
high	growth	rate	can	be	achieved.	The	LPE	process	is	a	near	thermodynamic	equilibrium	
process	and	atoms	can	efficiently	migrate	to	the	growth	interface	and	find	energetically	
optimum	positions	of	incorporation	and	this	results	in	a	low	density	of	point	defects	and	
dislocations	in	the	layer	[59].	LPE	has	been	used	to	grow	InP	on	InP	and	Si	by	ELOG	[14],	
[60].		

2.2.3 Metal	Organic	Chemical	Vapor	Deposition	(MOCVD)	
MOCVD	also	known	as	Metal	Organic	Vapor	Phase	Epitaxy	(MOVPE)	uses	metal	organics	
as	a	source	for	both	main	elements	and	doping	elements	for	example,	trimethyl‐indium	
(TMIn)	 for	 indium	 (In)	 source	 and	diethyl	 Zn	 for	p‐type	doping	of	 InP	and	phosphine	
(PH3)	for	P	source.	The	source	elements	are	carried	by	hydrogen	or	nitrogen	gases	to	the	
substrate	which	 is	 heated	 (typically	600‐800	 oC)	by	 radio	 frequency	 (RF)	heating	 at	 a	
typical	total	reactor	pressure	of	100	mbar	and	pyrolytic	reaction	resulting	in	growth	of	
InP	takes	place.	The	net	reaction	for	the	growth	of	 InP	in	a	MOVPE	using	the	standard	
source	compounds,	TMIn	and	PH3	is,	

	  3 3 33
In CH PH InP 3CH       		 (3)	
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However,	the	reaction	is	much	more	complicated	and	involves	many	successive	steps	for	
example	 decomposition	 of	 precursor	 (see	 reference	 [61]	 for	 GaAs).	 MOVPE	 is	 used	
extensively	 to	 grow	 active	 layers	 for	 optical	 and	 photovoltaic	 devices.	 It	 is	 capable	 of	
growing	thin	layers	with	sharp	interfaces	for	multi‐quantum	well	structures	and	multi‐
junctions.	Although	selective	area	and	epitaxial	 lateral	overgrowth	of	 InP	was	possible	
by	MOVPE	recently	[62],	it	is	generally	not	useful	for	this	purpose.	This	is	due	to	the	fact	
that	MOVPE	operates	far	from	equilibrium	compared	to	LPE	and	VPE	techniques,	so	that	
nucleation	 is	 possible	 on	 both	 the	 mask	 and	 open	 area	 of	 the	 substrate,	 i.e.,	 poor	
selectivity.		

2.2.4 Molecular	Beam	Epitaxy	(MBE)	
Molecular	Beam	Epitaxy	 is	a	 far	 from	equilibrium	epitaxial	 technique.	 It	 is	a	 technique	
where	in	a	reaction	of	thermal	gaseous	beams	of	molecules	from	sublimation	of	solids	or	
evaporation	of	liquids	is	produced	to	form	the	epitaxial	layer.	It	is	an	ultrahigh	vacuum	
technique.	 Its	 high	 vacuum	 condition	 and	 the	 cleanness	 of	 the	 apparatus	 allows	 high	
purity	of	the	grown	samples.	Separate	graphite	effusion	ovens	(Knudsen	cells)	are	used	
for	the	source	of	reactants.	They	are	heated	radiatively	to	the	convenient	temperature	to	
adjust	 the	 evaporation	 rate.	 MBE	 gives	 a	 lower	 growth	 rate	 than	 MOCVD	 and	 the	
switching	(on	and	off)	time	of	the	reactants	is	so	fast	that	composition	control	is	possible	
in	 a	 monolayer	 thickness.	 This	 makes	 it	 suitable	 for	 high	 quality	 quantum	
heterostructures	 such	 as	 QCLs.	 Depending	 on	 the	 source	 of	 the	 molecules,	 MBE	 has	
different	varieties	such	as	metal	organic	MBE,	(MOMBE)	and	gas	source	MBE	(GSMBE)	
where	molecular	organic	 compounds	and	gases	 are	used	as	 a	 source	of	 the	molecular	
beam,	 respectively.	 In	 GSMBE,	 the	 gases	 are	 changed	 outside	 the	 ultrahigh	 vacuum	
chamber	and	hence	the	process	is	more	flexible	than	the	MOMBE.	

2.2.5 Spin	coating		
Spin	 coating	 is	 a	 thin	 film	deposition	 technique	 for	non‐crystalline	materials	 from	 the	
liquid	 phase.	 A	 typical	 process	 involves	 dispensing	 small	 drop	 of	 fluid	 (spin	 coating	
solution),	 on	 the	 center	 of	 a	 substrate	 and	 then	 spinning	 the	 substrate	 at	 high	 speed	
typically	 at	 around	 3000	 revolution	 per	 minutes.	 The	 centripetal	 force	 causes	 the	
solution	to	spread	to	and	gradually	off	the	edge	of	the	substrate	leaving	a	thin	film	of	the	
solution	on	the	surface.	The	thickness,	uniformity	and	continuity	of	the	final	film	depend	
on	the	nature	of	 the	spin	coating	solution	and	the	spin	coating	parameters.	Figure	2‐4	
shows	a	 simplified	process	 flow	 involved	 in	a	 typical	 spin	 coating	process.	At	 the	 first	
stage,	a	spin	coating	solution	is	deposited	on	the	substrate.	This	can	be	done	either	by	
dynamic	dispense	where	 a	 solution	 is	 dispensed	on	 a	 slowly	 spinning	 substrate	 or	by	
static	 dispense	 if	 the	 solution	 is	 dispensed	on	 a	 substrate	which	 is	 not	moving.	 In	 the	
second	stage,	the	substrate	spins	at	slow	speed	(but	faster	than	the	speed	in	the	dynamic	
dispense)	 to	spread	the	solution	on	the	entire	substrate	surface.	The	 final	 thickness	of	
the	film	is	determined	by	the	speed	of	the	spin	at	the	third	stage	(ramp‐up).	High	speed	
and	 a	 longer	 spinning	 time	 are	 preferred	 to	 achieve	 a	 uniform	 and	 thin	 film	 on	 the	
substrate.	
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Figure	2‐4	Simplified	process	flow	of	spin	coating,	ɷ	represents	the	rotational	speed	while	the	index	1,	2	
and	3	are	to	indicate	the	rotation	speed	is	different	at	each	stage.	

The	 final	 step	 is	 drying	 step	 at	which	 the	 spin	 speed	 is	 slower	 (normally	 25%	 of	 the	
speed	in	the	ramp	up	step)	than	that	of	the	rest	of	the	spin	coating	steps	to	avoid	further	
thinning	 of	 the	 film.	 In	 this	work,	 spin	 coating	 technique	 is	 used	 to	 spin	 coat	 indium	
acetate	solution	on	Si,	which	is	oxidized	to	form	indium	oxide		

 Challenges	in	the	growth	of	InP	on	Si		2.3

The	 major	 problems	 encountered	 when	 III‐Vs	 are	 grown	 on	 Si	 substrate	 are,	 large	
difference	in	lattice	parameter	between	InP	and	silicon,	difference	in	thermal	expansion	
coefficient,	formation	of	antiphase	domains	(APD)	due	to	difference	in	lattice	symmetry	
and	presence	of	native	oxide	on	the	silicon	substrate.	The	first	three	are	presented	in	the	
following	sections.	

2.3.1 Lattice	mismatch		
An	 8%	 lattice	 mismatch	 between	 InP	 ( 5.86 a nm )	 and	 Si	 ( 5.43 a nm )	 results	 in	
creation	 of	misfit	 dislocations	 at	 the	 interface	 and	 compressive	 stress	 in	 the	 InP	 epi‐
layer.	The	InP	lattice	compresses	in	the	plane	of	growth	and	expands	in	the	direction	of	
growth	 to	 accommodate	 the	 strain.	 The	 lattice	 mismatch	 can	 be	 accommodated	 by	
elastic	 deformation	 of	 the	 lattice.	 This	 continues	 until	 a	 certain	 thickness	 (critical	
thickness)	of	the	InP	epi‐layer.	Up	to	this	critical	thickness,	the	strain	energy	increases	
linearly	 and	 afterwards	 relieved	 through	 a	 network	 of	 dislocations.	 Initially	 these	
dislocations	are	misfits,	i.e.,	sites	where	atoms	have	been	missed	and	they	act	as	source	
of	 threading	 dislocations,	 defects	 that	 thread	 through	 the	 layer	 by	 breaking	 bonds	 as	
they	propagate	to	the	crystal	surface	[63].	The	threading	dislocations	and	strain	in	the	
heteroepitaxy	of	InP	are	the	principal	problems	obstructing	the	application	of	the	grown	
layer	for	a	minority	carrier	device,	such	as	a	laser.	Threading	dislocations	do	so	by	acting	
as	non‐radiative	recombination	centers	and	reduces	the	minority	carrier	life	times.	Until	
the	 critical	 thickness	 the	minimum	 energy	 of	 the	 epi‐layer	 is	 achieved	 through	 strain	
whereas	dislocations	are	the	means	of	achieving	the	minimum	energy	above	the	critical	
thickness.	 As	 the	 layer	 grows	 above	 the	 critical	 thickness	 it	 relaxes	 and	 it	 gains	 its	
original	 shape	 after	 a	 certain	 thickness.	 In	 the	 thickness	 range	 between	 the	 critical	
thickness	 and	 a	 thickness	 at	 which	 a	 complete	 relaxation	 occurs,	 the	 fraction	 of	
relaxation	and	fraction	of	strain	present	are	related	by	the	following	simple	expression	
[63]:	 	
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	   1     Fraction of relaxation fraction of strain present 		 (4)	

Strain	 relaxation	 in	 crystals	with	ZB	 structure	 is	highly	directional,	 for	example	 strain	
relaxation	in	[110]	is	faster	than	that	in	[‐110]	due	to	the	asymmetry	in	the	lattice	that	
results	 in	 the	 formation	of	different	kind	of	misfit	 dislocations	 [64].	The	 two	common	
kinds	of	misfit	dislocations	in	heteroepitaxy	of	InP	on	Si	with	½	[110]	Burgers	vector	are	
edge	 dislocation	 and	 60o	 dislocations.	 The	 edge	 dislocations	 are	 more	 efficient	 in	
accommodating	 the	 mismatch	 when	 growth	 is	 done	 in	 the	 [100]	 direction.	 This	 is	
because	both	the	dislocation	line	and	the	Burgers	vector	lie	parallel	to	the	growth	plane.	
For	the	60o	dislocations,	the	Burgers	vector	is	at	45o	to	the	plane	of	the	substrate	and	60o	
to	the	dislocation	line.	It	has	been	observed	that	a	dislocation	line	can	neither	begin	nor	
end	within	the	crystal	solid,	it	therefore	either	forms	a	closed	loop	or	it	begins	and	ends	
at	the	interface	or	grain	boundaries	in	the	layer	[65].	Threading	dislocations	in	InP	on	Si	
glide	on	the	{111}	plane	along	the	[110]	direction.	Different	methods	of	growing	InP	on	
Si	have	been	developed	to	extend	the	critical	 thickness	and	also	block	 the	dislocations	
propagating	to	the	surface	of	the	epi‐layer.	SAG	and	ELOG	(section	2.4.1)	are	among	the	
methods	 that	 make	 use	 of	 defect	 crystallography	 and	 reduced	 growth	 area	 effect	 to	
block	the	threading	dislocations	and	grow	layers	with	reduced	dislocation	density.	

2.3.2 Thermal	mismatch	
Growth	of	InP	on	Si	or	III‐V	in	general,	takes	place	at	high	temperature	typically	around	
600oC	which	demands	a	wide	temperature	range	of	cooling	to	room	temperature.	As	a	
consequence	the	lattice	constants	of	InP	and	Si	are	subjected	to	change	differently	due	to	
the	 difference	 in	 the	 thermal	 expansion	 of	 the	 two	materials.	 The	 thermal	 expansion	
coefficient	difference	induces	significant	strain	in	the	layer,	bending	of	the	substrate	and	
incase	of	 tensile	stress	cracks	 in	 the	epitaxial	 layer.	The	thermal	strain	 induced	by	 the	
thermal	expansion	coefficient	difference	is	given	by		
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where	To		is	the	reference	temperature	which	is	normally	room	temperature	(300K),	Tg	
is	growth	temperature	and	αs	and	αl	are	thermal	expansion	coefficients	of	substrate	and	
layer,	respectievely.	The	thermal	expansion	coefficients	of	InP,	GaAs,	Si	and	SiO2	in	units	
of	K‐1	 are	4.56	x10‐6,	 6.80	x10‐6,	 2.60x10‐6	 and	0.54x10‐6.	Thus,	using	GaAs	as	a	buffer	
layer	 for	 InP	 on	 Si	 growth	 could	 reduce	 the	 lattice	 strain	 in	 InP	 due	 to	 the	 thermally	
induced	 compressive	 strain	 at	 the	 InP/GaAs	 interface	 [66].	 In	 addition,	 InP	 and	 GaAs	
have	a	4%	lattice	mismatch	and	that	is	what	the	InP	epi‐layer	experiances.	Therefore,	In	
ELOG	of	InP	on	Si	where	selective	area	starts	from	an	InP	seed	layer	grown	on	Si	using	a	
GaAs	buffer	layer,	the	thermal	strain	in	the	ELOG	layer	is	mainly	a	tensile	strain	due	to	
the	difference	 in	 thermal	 expansion	 coefficient	difference	between	 the	dielectric	mask	
(SiO2)	and	the	ELOG	InP	[67].	
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2.3.3 Lattice	symmetry	difference		
In	 addition	 to	 the	 lattice	 and	 thermal	 mismatch	 between	 InP	 and	 Si,	 a	 third	 type	 of	
mismatch	is	the	lattice	symmetry	mismatch	or	the	disparity	in	the	polarity	of	these	two	
materials.	InP	is	a	polar	material	while	Si	is	not.	In	a	certain	region	of	the	InP	epi‐layer	
grown	on	Si,	 the	In	and	P	sub‐lattices	may	get	 interchanged	and	the	interface	between	
the	 two	 domains	with	 opposite	 sub‐lattice	 forms	 a	 two‐dimensional	 structural	 defect	
known	as	antiphase	domains	(APDs)	or	 inversion	domain	boundaries	(IDBs).	They	are	
electrically	charged	defects	containing	In‐In	and	P‐P	bonds	while	the	former	one	acts	as	
acceptor	 and	 the	 latter	 one	 acts	 as	 donor.	 APDs	 act	 as	 highly	 compensated	 doping	
sheets,	 with	 very	 little	 net	 doping	 they	 can	 also	 act	 as	 non‐radiative	 recombination	
centers	 [68]	 and	 degrades	 the	 quality	 of	 the	 device	 grown	on	 the	 epi‐layer.	 From	 the	
atomic	arrangements	 in	Si	 (diamond)	and	III‐Vs	(ZB)	structures,	 (Figure	2‐5)	 it	can	be	
seen	 that	 Si	 contains	 only	 monoatomic	 steps	 (M)	 and	 the	 III‐V	 system	 contains	 a	
diatomic	step	(D).	During	the	growth	of	a	diatomic	III‐Vs	molecule	on	a	monoatomic	Si	
(InP	on	Si	 in	this	case),	the	stacking	at	the	interface	is	Si‐(III‐V)B/A.	The	growth	in	the	
adjacent	 terrace	 also	 has	 the	 same	 stacking	 sequence.	 Consequently	 mismatch	 in	 the	
atomic	stacking	sequence	can	be	formed	in	the	growth	direction.	As	shown	in	Figure	2‐5,	
the	APDs	can	be	eliminated	by	growing	a	thick	layer,	or	 if	a	diatomic	Si	surface	can	be	
created	 to	 accommodate	 the	diatomic	 III‐V	molecule	 (Figure	2‐5,	 right).	 The	 later	 one	
has	been	achieved	by	making	misoriented	Si(100)	substrate	towards	[110]	by	an	angle	
of	4o	and	InP	was	grown	with	no	APD	e.g.,	[69].		

	

Figure	2‐5	Schematic	description	of	formation	and	elimination	of	antiphase	domains	in	III‐V	on	Si	where	A	
and	B	represent	atoms	of	III	and	V	elements,	respectively.	M	and	D	represent	monoatomic	and	diatomic	
steps	respectively.	Si	atoms	are	represented	by	red	spheres	(adapted	from	[69]).		

 Growth	Methods		2.4

This	thesis	work	makes	use	of	three	main	growth	methods;	i)	Selective	area	growth	and	
epitaxial	lateral	overgrowth	(SAG	and	ELOG),	ii)	corrugated	epitaxial	lateral	over	growth	
(CELOG)	and	iii)	deposition	of	polycrystalline	InP	on	planar	Si	substrates.	Some	concepts	
in	relation	to	these	growth	methods	are	discussed	in	the	next	sections.		

2.4.1 SAG	and	ELOG	
SAG	 is	 a	 local	 growth	 technique	 for	 which	 a	 substrate	 is	 normally	 masked	 with	 a	
dielectric	mask	and	open	areas	with	different	geometries	are	fabricated.	Growth	of	the	
epi‐layer	 is	 then	 only	 allowed	 to	 be	 initiated	 in	 those	 open	 areas.	 Therefore,	 the	
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preconditions	to	selective	area	growth	are	selectivity	and	a	condition	for	nucleation	on	
the	open	surface.	When	these	conditions	are	satisfied	and	growth	exceeds	the	thickness	
of	 the	 mask	 layer,	 another	 possible	 growth	 direction,	 lateral	 direction,	 will	 be	
established.	By	choosing	proper	growth	conditions	and	substrate	preparation	(opening	
window	geometry	and	orientation	with	respect	to	the	substrate	plane),	the	growth	rate	
in	 the	 lateral	direction	 can	be	much	higher	 than	 the	vertical	 growth	direction	and	 the	
mask	is	laterally	over	grown.	This	is	called	epitaxial	lateral	overgrowth	(ELOG).		

There	 are	 two	 defect	 filtering	 mechanisms	 associated	 with	 ELOG.	 The	 first	 one	 is	
reduced	growth	area	effect	which	makes	use	of	 the	reduction	of	a	density	of	 the	 fixed	
source	 of	 dislocations	 from	 the	 substrate	 compared	 to	 a	 growth	 on	 large	 areas.	
Threading	dislocations	 that	 could	propagate	 to	 the	 surface	 in	 case	of	 a	growth	 from	a	
large	area,	can	be	bent	in	the	lateral	direction	and	blocked	at	the	opening	boundaries	in	
reduced	 area	 growth.	 In	 this	 case	 small	 amount	 of	 strain	 is	 enough	 to	 filter	 a	 high	
density	 of	 dislocations	 [13].	 In	 the	 same	 study,	 it	 was	 shown	 that	 the	 dislocation	
interaction	and	multiplication	can	be	eliminated	and	formation	of	additional	dislocation	
is	not	favored	in	reduced	area	growth.	This	is	operative	even	for	layers	with	no	lateral	
growth,	 i.e.,	nanostructures	such	as	quantum	dots	and	nanowires	are	the	result	of	 this	
effect.	 The	 second	 defect	 filtering	 mechanism	 in	 ELOG	 is	 a	 consequence	 of	 defect	
properties.	 In	 face	 centered	 cubic	 crystals	 misfit	 dislocations	 lie	 along	 the	 [110]	
direction	 in	 the	 (100)	 growth	 plane	 while	 the	 threading	 segments	 grow	 in	 the	 [110]	
direction	on	(111)	planes.	This	means	the	threading	dislocations	in	the	[110]	direction	
on	the	(111)	plane	make	a	45o	with	the	Si(100)	substrate	plane.	Thus,	ELOG	conducted	
from	 open	 areas	 in	 a	 dielectric	 mask	 on	 Si(100)	 substrate	 is	 in	 principle	 free	 from	
threading	dislocations	as	the	side	wall	of	the	mask	blocks	all	the	threading	dislocations	
propagating	towards	the	sidewall	of	the	mask	through	the	open	window.	However,	for	a	
complete	filtering	of	dislocations,	the	ratio	of	 the	mask	thickness	to	the	opening	width	
(aspect	ratio)	should	be	>1	(tangent	of	45o).	Recent	theoretical	study	by	C.	Junesand	et	al	
[70]	suggests	a	complete	filtering	of	stacking	faults	in	ELOG	InP	on	Si	from	line	openings	
oriented	30o	off	[110]	direction	can	be	achieved	with	AR	of	≥	4.		

Figure	2‐6	shows	the	principle	of	SAG	and	ELOG.	For	ELOG	of	InP	on	Si,	InP	precoated	Si	
substrate	is	used.	The	precoated	InP	(	hereinafter	called	InP	seed),	~2	µm	is	deposited	
by	MOVPE	or	MBE	with	or	without	a	thin	buffer	layer	(in	our	case,	GaAs).	The	seed	layer	
contains	a	high	density	of	dislocations,	however	the	Si	substrate	is	miss	oriented	and	the	
InP	seed	is	thick	enough	to	eliminate	APDs.	The	patterning	of	openings	(line	or	circular)	
can	be	done	by	different	lithographic	and	etching	techniques.	The	dielectric	mask	used	
to	pattern	openings	 for	 SAG	 is	 advantageous	 in	blocking	 the	 threading	dislocations	 as	
discussed	 above.	 In	 addition,	 the	 growth	 species	 falling	 on	 the	 mask	 during	 growth	
migrates	 to	 the	 opening	 and	 enhanced	 growth	 rate	 can	 be	 achieved	 compared	 to	 a	
planar	 growth.	 Though	 these	 are	 the	 primary	 use	 of	 the	 mask,	 a	 recent	 work	 by	 C.	
Junesand	et	al	[71]	and	Z.	Wang	et	al.	[72]	proposed	a	monolithic	evanescently	coupled	
silicon	laser	by	combining	ELOG	InP	on	Si/SiO2	in	which	the	mask	is	used	as	a	waveguide	
cladding	in	addition	to	its	use	in	SAG.				
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Figure	2‐6	Schematic	of	selective	area	growth	and	epitaxial	lateral	over	growth	for	InP	on	Si.	

The	ELOG	method	was	applied	 to	various	epitaxial	growth	of	 III‐V	semiconductors	 for	
example:	liquid	phase	epitaxy	of	InP	[60],	HVPE	of	InP	on	Si	[20],	[51]	and	vapor	phase	
epitaxy	of	GaAs	on	reusable	GaAs	substrate	[73].	It	has	also	been	extensively	employed	
in	the	epitaxy	of	GaN	and	working	devices	have	been	demonstrated	[17].			

SAG	 finds	 many	 other	 applications	 than	 reducing	 the	 misfit	 dislocations	 in	 lattice	
mismatched	material	 systems.	For	example,	SAG	was	applied	 to	grow	straight	arrayed	
waveguide	 gratings	 with	 linearly	 varying	 index	 of	 refraction	 [74]	 where	 the	 index	
variation	is	achieved	through	variation	of	thickness	of	the	waveguides	as	a	consequence	
of	SAG	effect.	Another	application	worth	to	mention	here	is	the	selective	area	growth	of	
semi‐insulating	material	 for	buried	heterostructure	devices	e.g.,	 lasers	and	modulators	
for	 current	 confinement	 and	 reduced	 capacitance	as	well	 as	 effective	heat	dissipation.	
SAG	of	InP:Fe	by	HVPE	for	buried	heterostructure	quantum	cascade	lasers	(QCLs)	will	be	
discussed	 in	 the	 next	 chapter.	 The	 general	 requirement	 in	 this	 aspect	 is	 high	 quality	
semi‐insulating	material	through	a	simple	and	a	quick	growth	process	(to	planarize	very	
deep	etched	ridge	structures)	with	complete	planarization.	Ideal	planarization	for	QCLs	
is	the	one	with	no	“rabbit	ear”	formation	at	the	edge	and	no	void	on	the	ridge	side	wall	
(see	schematics	in	Figure	2‐7	)	and	a	very	good	interface.	

	
Figure	2‐7	Schematic	of	QC	laser	ridge	with	ideally	planarized	SAG	InP:Fe.	

2.4.2 Corrugated	Epitaxial	Lateral	Overgrowth	(CELOG)	
As	described	before	 in	 the	ELOG	method,	 the	total	number	of	stack	of	materials	 in	 the	
growth	direction	 is	at	 least	 three	excluding	the	substrate	(ELOG	layer,	dielectric	mask,	
InP	(III‐V)	seed	layer	from	top	to	bottom),	see	Figure	2‐6.	The	ELOG	method	is	proved	to	
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be	 a	 feasible	 approach	 to	 achieve	 epi‐layers	with	 reduced	 dislocation	 density	 and	 the	
extra	 advantage	 of	 the	 dielectric	mask	 as	 a	waveguide	 for	 evanescently	 coupled	 laser	
device	 is	 justified.	 ELOG	 is	 thus,	 a	 promising	 approach	 to	 combine	 different	 photonic	
functionalities	 of	 III‐Vs	 and	 Si	 electronics	 on	 a	 single	 platform.	 However,	 due	 to	 the	
inherent	requirement	of	stacks	of	materials	between	the	epi‐layer	and	Si	substrate,	it	is	
not	 possible	 to	 achieve	 a	 direct	 interface	 between	 the	 high	 quality	 ELOG	 layer	 and	 Si	
heterointerface.	This	makes	exploitation	of	synergetic	properties	of	high	quality	III‐V/Si	
interface	nearly	 impossible.	One	application	of	 the	high	quality	 III‐V	directly	on	Si	 is	a	
silicon	 based	 III‐V	 semiconductor	 multijunction	 solar	 cell	 for	 concentrated	
photovoltaics.	This	finds	a	high	potential	for	high	efficiency	solar		cells	that	arises	from	
the	Si	sub‐cell	for	1.0	eV	photon	absorption	[75].	However	due	to	the	already	discussed	
facts	direct	growth	of	III‐Vs	on	Si	results	in	a	high	density	of	dislocation	at	the	interface.	
To	 this	 end,	 other	 non‐conventional	 direct	 growth	methods	 of	 III‐Vs	 on	 Si	 have	 been	
investigated	 in	 literature.	For	example,	 conformal	growth	approach	 to	grow	GaAs	 [76]	
and	InP	[77]	on	Si	by	using	GaAs	seed	layer	has	been	demonstrated.	Conformal	growth	
like	ELOG	is	only	possible	if	SAG	conditions	are	satisfied.	In	conformal	growth	the	III‐V	
seed	layer	on	Si	substrate	is	patterned	in	strips;	 i.e.,	a	mesa	of	the	seed	layer	is	etched	
and	covered	with	a	large	lateral	overhanging	dielectric	mask	so	that	the	seed	stripe	is	in	
the	middle	of	 the	cavities	bounded	by	 the	Si	substrate	and	the	overhanging	mask.	The	
growth	is	then	optimized	to	allow	nucleation	only	on	the	side	wall	of	the	seed	layer	and	
lateral	growth	occurs	as	 the	growth	proceeds.	This	allows	a	growth	only	 in	 the	 lateral	
direction	 as	 the	 vertical	 growth	 is	 restricted	 by	 the	 height	 of	 the	 seed	 stripes	 in	 the	
cavity.	 Detailed	 explanation	 of	 conformal	 growth	 and	 defect	 filtering	 mechanism	 are	
explained	 in	 [76]	and	[77].	The	drawback	of	 this	method	 is	mainly	 the	need	of	a	 large	
overhanging	mask	to	achieve	large	area	growth	without	coalescence	of	the	growth	from	
multiple	 openings.	 Fabrication	 of	 large	 overhanging	mask	 is	 difficult	 and	may	 not	 be	
possible	as	the	mask	may	bend	downward	and	fall	off.	

Here	 a	 new	method	 of	 direct	 growth	 of	 InP	 on	 Si	 to	 achieve	 atomically	 abrupt	 InP/Si	
heterojunction	 is	proposed.	The	growth	of	 InP	 is	 conducted	on	 corrugated	 surfaces	of	
the	 seed	 InP	 on	 Si	 and	 Si	 is	 overgrown,	 hence	 the	 name	 Corrugated	 Epitaxial	 Lateral	
Overgrowth	 (CELOG).	 The	 process	 and	 mechanism	 of	 defect	 filtering	 of	 CELOG	 is	
described	by	 the	schematics	 in	Figure	2‐8.	 In	CELOG	the	growth	 is	conducted	 from	an	
opening	in	a	SiO2	on	the	top	of	a	mesa.	When	the	thickness	exceeds	the	mask	thickness	it	
grows	 laterally	 (up	 to	 which	 the	 growth	 process	 is	 ELOG)	 and	 eventually	 it	 starts	 to	
grow	 in	 one	more	 additional	 direction,	 downward	 to	 the	 Si	 surface.	 Therefore	 at	 the	
mesa	 edge	 the	 growth	 occurs	 in	 a	 lateral,	 upward	 and	 downward	 direction.	 The	
downward	growth	then	makes	InP/Si	direct	heterointerface	as	it	reaches	the	Si	surface.	
The	 defect	 filtering	 mechanism	 in	 CELOG	 is	 similar	 to	 ELOG.	 Moreover,	 from	 the	
understanding	of	misfit	dislocations	crystallography	in	a	ZB	cubic	slip	plane,	threading	
segments	 cannot	 propagate	 very	 far	 from	 the	 growing	 layer	 and	 bend	 to	 follow	 the	
downward	growth.	Thus,	they	could	easily	be	terminated	either	by	the	mask	side	wall	or	
at	the	surface	above	and	close	to	the	opening	on	the	mesa	and	a	defect	free	layer	with	
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direct	interface	with	the	Si	substrate	is	achieved	by	the	lateral	growth	(	will	be	discussed	
in	the	next	chapter).	

	
Figure	2‐8	 Schematic	 of	 InP	 seed	mesa	 covered	by	mask	with	 opening	 at	 the	 top	 (left)	 and	CELOG	 InP	
grown	 on	 the	mesa	 in	 the	 left	 (right).	 The	 arrows	 on	 the	 CELOG	 InP	 (right)	 indicates	 the	 direction	 of	
growth	 at	 different	 growth	 stages;	 initially	 it	 starts	 from	 the	 opening	 and	 grows	 only	 in	 the	 upward	
direction	 and	when	 the	 thickness	 exceeds	 the	mask	 thickness,	 lateral	 growth	 starts	 and	 this	 continues	
until	the	mesa	edge	and	growth	in	the	downward	direction	started.	

A	 common	 characteristic	 that	 is	 often	 encountered	 during	 both	 CELOG	 and	 ELOG	 in	
HVPE	is	growth	anisotropy	due	to	the	different	growth	rate	on	different	crystallographic	
planes	 as	 discussed	 in	 sec	 2.2.1.	 This	 is	 associated	 to	 the	 atomic	 arrangements	 and	
presence/absence	of	surface	steps/kinks	on	certain	planes.	 It	 is	one	of	 the	reasons	 for	
achieving	high	aspect	ratio	growth	(lateral	 to	vertical	growth)	rate	 in	both	CELOG	and	
ELOG.	

2.4.3 Polycrystalline	thin	film	growth		
Crystallization	can	lead	to	crystal	aggregates	in	which	individual	crystals	are	aligned	in	a	
preferred	 crystallographic	 axis,	 resulting	 in	 a	 polycrystalline	 film.	 Growth	 of	
polycrystalline	 films	 involves	 different	 stages	 and	 structural	 evolution.	 Typical	
polycrystalline	 film	 growth	 stages	 are	 nucleation,	 grain	 growth,	 coalescence	 and	
thickness	growth.	Therefore,	the	final	structure	of	the	film	is	a	result	of	the	creation	and	
growth	 of	 crystallites	 and	 their	 periodic	 reorganization	 during	 the	 process	 of	 film	
formation.	 Unlike	 single	 crystalline	 thin	 film	 growth,	 the	 structure	 formation	 in	
polycrystalline	 growth	 cannot	 be	described	 only	 by	 atomic	 processes	 like	 surface	 and	
bulk	diffusion	[78],	but	is	governed	by	different	structural	forming	stages	as	previously	
outlined.	 If	 we	 consider	 a	 polycrystalline	 growth	 from	 vapor	 phase,	 during	 the	
nucleation	 stage,	 condensation	of	 the	 gas	molecules	 starts	 and	nucleation	 sites	 on	 the	
substrate	are	produced.	The	deposited	ad‐atoms	incorporate	into	the	growing	individual	
units	 of	 the	 film	 structure	 in	 the	 second	 stage,	 followed	 by	 reorganization	 of	 the	 unit	
structure	 of	 the	 film	 in	 the	 third	 stage.	 This	 stage	 is	 the	 grain	 growth	 stage	 by	
coalescence	of	the	crystallites	in	stage	two	and	by	“abnormal”	grain	growth	[79]	due	to	
grain	 boundary	migration,	 a	 situation	 in	which	 high	 energy	 grains	 consumes	 the	 low	
energy	ones.	In	the	last	stage	further	coalescence	of	grains	takes	place	and	the	total	film	
grows	in	thickness.	Generally,	the	overall	crystal	growth	process	is	based	on	two	main	
cases	 of	 crystal	 growth,	 i)	 the	 growth	 of	 discrete	 crystals	 dispersed	 on	 the	 substrate	
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independently	of	each	other	 irrespective	of	 the	fact	that	their	ad‐atom	collection	areas	
can	 overlap	 and	 coalesce.	 ii)	 The	 growth	 of	 the	 crystals	 as	 part	 of	 the	 polycrystalline	
structure	 which	 occurs	 when	 the	 coalescence	 stage	 is	 completed	 and	 the	 film	 is	
continuous	 but	 composed	 of	 crystal	 grains	 developed	 during	 the	 coalescence	 stage	 of	
which	the	size	and	crystalline	orientation	may	differ	from	eachother.		

The	mechanism	discussed	above	 is	also	true	 in	certain	extent	 for	 the	single	crystalline	
material	growth	and	it	is	a	conventional	growth	mechanism	that	is	mostly	encountered.	
There	are	also	 special	 types	of	 crystal	 growth	different	 from	what	 is	discussed	above.	
For	example,	in	growth	of	III‐V	materials,	instead	of	using	a	growth	process	that	involves	
the	supply	of	species,	(III	and	V	elements)	at	the	same	time	and	forming	nucleation	sites,	
only	 the	 III	 sources	 are	 allowed	 and	 III	 crystallites	 are	 first	 formed	 on	 the	 substrate.	
Consequently	 the	 V	 species	 will	 be	 supplied	 and	 react	 to	 the	 already	 deposited	 III	
material	 on	 the	 substrate.	 This	 kind	 of	 process	 is	 known	 as	 droplet	 epitaxy	 as	 the	 III	
materials	 form	 droplets	 on	 the	 substrate	 at	 the	 temperature	 of	 deposition	 and	 it	 has	
been	 applied	 in	 the	 fabrication	 of	 III‐V	 quantum	dot	 structures	 [80].	 This	 approach	 is	
especially	important	where	nucleation	of	the	compound	on	the	substrate	is	not	favored.	
In	this	case	the	coalescence	and	thickness	growth	of	the	film	growth	stage	are	very	much	
controlled	by	the	density	of	the	III	droplets.	In	this	thesis	work	a	similar	growth	process	
is	 developed	 to	 grow	 polycrystalline	 InP	 on	 Si	 substrates	 by	 deposition	 of	 In	 and	
annealing	in	phosphine	atmosphere	and	latter	InP	is	grown	from	its	precursors	in	HVPE,	
which	could	have	been	impossible	otherwise	under	optimal	growth	conditions.	Similarly	
InP	was	deposited	via	phosphidisation	of	indium	oxide	deposited	on	Si	by	spin	coating.	
This	approach	is	interesting	in	that	the	use	of	expensive	sources	like	metal	organics	for	
III‐sources	and	need	of	complex	growth	equipment	and	growth	conditions	are	minimal	
in	addition	to	the	low	thermal	budget	of	the	process.	

 Substrate	patterning	techniques	2.5

In	the	epitaxy	of	materials	on	patterned	substrates,	high	quality	patterned	substrates	are	
very	 important.	The	quality	of	 the	pattern	 in	terms	of	cleanness,	proper	geometry	and	
etch	damage	on	the	side	wall	and	surface	of	the	mask	affect	the	quality	of	the	subsequent	
growth.	There	are	several	kinds	of	substrate	patterning	techniques,	generally	termed	as	
lithography	 techniques	 and	 each	has	merits	 and	demerits.	 Three	different	 techniques,	
optical	lithography,	electron	beam	lithography,	and	nano	imprint	lithography	are	used	in	
this	work	and	are	briefly	discussed	below.	

2.5.1 Optical	Lithography	
Optical	 lithography	technique	 is	widely	used	 in	the	microelectronics	 technology	 today.	
Patterning	 a	 substrate	 for	 selective	 epitaxy	 by	 optical	 lithography	 technique	 involves	
two	 major	 steps,	 pattern	 definition	 and	 transfer.	 After	 depositing	 a	 mask	 on	 the	
substrate,	a	resist	layer	is	deposited	and	patterns	are	defined	by	exposure	to	light	under	
a	 mask.	 Pattern	 transfer	 is	 done	 by	 selective	 etching	 of	 the	 mask	 according	 to	 the	
defined	 patterns.	 The	 resolution	 of	 optical	 lithography	 is	 governed	 by	 the	 Rayleigh	
criterion	and	given	by,	 	
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where	 r 	is	the	minimum	dimension	that	can	be	resolved	in	units	of	  ,	k	is	the	process	
latitude	factor	and	depends	on	the	type	of	photoresist,	  	is	the	wavelength	of	light	and	
NA	is	the	numerical	aperture	of	the	lens.	As	can	be	seen	from	equation	(6)	the	resolution	
can	be	increased	( r decreased)	by	using	light	with	a	shorter	wavelength.	For	example,	by	
changing	 the	 Hg	 G‐line	 emission,	 at	 a	 wavelength	 of	 436	 nm,	 to	 ArF	 laser	 with	 an	
emission	wavelength	of	193	nm,	the	minimum	dimension	can	be	reduced	by	more	than	
half	 for	 the	 same	 resist	 and	 lens	 used	 in	 the	 patterning	 process.	 Moreover,	 several	
resolution	 increasing	 techniques	 such	 as	 improved	 photoresist	 chemistry	 and	 optics	
have	been	made	[81].	In	this	thesis	work,	optical	lithography	is	used	to	generate	macro	
size	openings	on	a	dielectric	mask	with	different	thickness	for	SAG,	ELOG	and	CELOG	of	
InP.	Line	openings	with	an	aspect	ratio	(mask	thickness	to	opening	width	ratio)	of	2	are	
also	successfully	fabricated.	

2.5.2 Electron	Beam	Lithography	(EBL)	
For	 the	 fabrication	 of	 nano	 size	 structures,	 optical	 lithography	 is	 not	 suitable	 as	 it	 is	
limited	by	photon	wavelength.	EBL	provides	the	required	resolution	and	it	is	an	accurate	
nano	 scale	 patterning	 technique.	 EBL	 makes	 use	 of	 electrons	 with	 a	 much	 shorter	
wavelength	than	light	from	an	electron	in	scanning	electron	microscope	(section	2.6.2),	
and	hence	maximal	resolution.	EBL	has	been	shown	to	be	capable	of	producing	sub‐10‐
nm	 features	 at	 sub‐20‐nm	 pitches	 [82].	 It	 is	 used	 to	 generate	 high	 resolution	 photo‐
masks	 for	 optical	 lithography	 and	 deep	 ultraviolet	 lithography	 and	 for	 making	 high	
resolution	 stamps	 for	 nanoimprint	 lithography.	 In	 this	work,	 EBL	 is	 used	 to	 generate	
nano	 size	 line	 and	mesh	openings	 in	 a	 SiO2	mask	 on	different	 substrates	 for	 selective	
area	and	ELOG	InP	growth.		

2.5.3 Nanoimprint	Lithography	(NIL)	
In	 the	 quest	 of	 selective	 epitaxy	 on	 large	 substrates	 and	 mass	 production	 of	
microelectronic	devices,	a	high	resolution	and	low	cost	patterning	technique	is	needed	
for	 large	 area	 patterning.	 NIL	 is	 a	 low	 cost,	 high	 resolution	 (sub‐25	 nm)	 and	 high	
throughput	 [83]	manufacturing	 technique.	 It	 is	 a	physical	deformation	process	and	 its	
resolution	 doesn’t	 depend	 on	 the	 chemistry	 of	 the	 resist	 as	 in	 the	 case	 for	 optical	
lithography.	NIL	has	two	major	steps;	imprint	and	pattern	transfer.	In	the	imprint	step,	a	
stamp	with	nanostructures	of	desired	size	and	geometry	 is	used	 to	deform	a	resist	on	
the	mask	layer	deposited	on	a	substrate.	In	the	pattern	transfer	step,	anisotropic	etching	
techniques	such	as	reactive	 ion	etching	are	used	 to	selectively	etch	 in	 the	compressed	
resist	area	so	as	to	transfer	the	thickness	contrast	down	to	the	mask	layer.	The	stamp	is	
the	critical	element	which	is	responsible	for	the	resolution	of	the	pattern	produced.	Such	
a	 stamp	 is	 made	 by	 EBL	 on	 a	 hard	 mask.	 Thus,	 its	 resolution	 is	 determined	 by	 the	
resolution	 of	 EBL	 and	 etching	 techniques	 in	 the	 first	 place	 and	 secondly	 by	 the	
mechanical	 strength	 of	 the	 stamp	 and	 the	 photoresist	 [83].	 Another	 key	 advantage	 of	
NIL	is	that,	by	making	a	flexible	stamp,	 it	 is	possible	to	pattern	substrates	with	certain	
topographical	 variations.	The	 resist	 for	NIL	 can	be	 either	 thermal	plastic	 (thermal)	 or	
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ultraviolet	 light	 (UV)	 curable	 polymer.	 In	 this	 work,	 soft	 UV‐NIL	 is	 used	 to	 pattern	
circular	 and	 line	 openings	 on	 a	 SiO2	 mask	 deposited	 on	 InP	 and	 InP(seed)	 on	 Si	
substrates	for	large	area	SAG	and	ELOG	of	InP	in	HVPE.		

 Characterization	techniques	2.6

Defects	 in	 a	 semiconductor	material	 and	 their	 distribution	 together	with	 composition	
and	 elemental	 purity	 determine	 most	 of	 the	 material	 properties	 and	 growth	
mechanisms,	 such	 as	 surface	 profiles,	 electrical	 conductivity,	mechanical	 strength	 and	
photoluminescence,	 and	 these	 properties	 influence	 their	 performance	 in	 applications.	
Therefore,	 characterization	 techniques	 help	 to	 investigate	 among	 other	 things,	 the	
origin,	 concentration,	 and	 distribution	 of	 imperfections	 in	 crystals.	 This	 is	 very	
important	 to	 control	 them	 and	 thereby	 the	 crystal	 properties	 influenced	 by	 these	
imperfections.	 The	 commonly	 used	 characterization	 techniques	 fall	 into	 four	 different	
groups:	 surface,	 electrical,	 optical	 and	 structural	 characterization	 techniques.	 In	 this	
thesis	several	of	each	group	of	techniques	have	been	used	to	characterize	the	materials.	
However,	only	some	of	the	techniques	from	each	group	are	discussed.		

2.6.1 Atomic	Force	Microscopy	(AFM)	
AFM	is	a	the	scanning	probe	microscopy	(SPM)	technique	used	to	characterize	surfaces	
by	monitoring	 the	 interaction	 of	 the	 probe,	 commonly	 known	 as	 tip,	with	 the	 sample	
surface.	This	interaction	is	governed	by	the	Van	der	Waals	force	between	the	tip	and	the	
surface.	It	can	be	either	the	short	range	repulsive	force	in	case	of	contact‐mode,	or	the	
longer	range	attractive	force	in	non‐contact	mode	called	tapping	mode.	 It	 is	capable	of	
giving	 information	 about	 the	 sample	 surface	 morphology	 at	 an	 atomic	 level.	 AFM	 is	
capable	of	giving	high	resolution,	fraction	of	nanometer	resolution,	3D	images	by	making	
use	of	very	sharp	tips.	In	addition,	the	small	tip	and	tip‐sample	separation	(in	the	order	
of	 the	 instrument's	 resolution)	makes	 it	 possible	 to	 take	measurements	 over	 a	 small	
area.	To	acquire	an	image	the	microscope	raster‐scans	the	AFM	probe	over	the	sample	
while	 measuring	 the	 local	 surface	 profiles	 by	 measurning	 the	 amplitude	 and/or	
frequency	of	the	oscillations.	Thus,	it	can	be	used	to	study	the	small	structures	down	to	
10	pm	size	and	acquire	3D	information.	In	case	of	contact	mode,	the	tip	is	pressed	to	the	
surface	and	a	raster‐scan	drags	the	tip	over	the	sample	so	that	the	vertical	deflection	of	
the	 cantilever	 is	 measured	 by	 the	 detector,	 which	 indicates	 the	 local	 sample	 height.	
Thus,	in	contact	mode	the	AFM	measures	repulsive	forces	between	the	tip	and	sample.	
In	due	course	of	the	measurement,	the	sample	may	be	scratched	and	damaged.	

In	 noncontact	 mode,	 the	 AFM	 derives	 topographic	 images	 from	 measurements	 of	
attractive	 forces;	 the	 tip	does	not	 touch	 the	 sample.	 In	addition	 to	 the	high	 resolution	
achieved	in	AFM,	unlike	electron	microscopes,	imaging	can	be	done	in	air.	

Electrical	 characterization	 techniques	 (mainly	 carrier	 profiling)	 such	 as,	 scanning	
capacitance	microscopy	 (SCM)	 and	 scanning	 spreading	 resistance	microscopy	 (SSRM)	
come	 with	 AFM.	 Both	 of	 them	 can	 be	 used	 to	 quantify	 doping	 concentration	 at	 a	
nanometer	spatial	resolution	and	complement	each	other.	In	both	cases,	a	conducting	tip	
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is	 biased	 relative	 to	 the	 sample.	 By	 detecting	 the	 capacitance	 change	 between	 a	
conducting	tip	and	a	sample	in	contact	mode,	SCM	can	image	carrier	density	or	dopant	
concentration.	 In	 SSRM,	 the	 spreading	 resistance	 value	 is	 derived	 by	 measuring	
electrical	current	between	the	biased	tip	and	the	sample.	The	current	is	a	function	of	the	
local	 carrier	 concentration	 from	 the	 sample	 in	 the	 region	 of	 probe’s	 tip.	 The	 spatial	
resolution	 of	 SSRM	 depends	 on	 the	 tip	 size	 and	 applied	 pressure.	 Under	 the	
measurement	 condition/configuration	 of	 a	 positive	 bias,	 the	 resistance	 contrast	 is	
related	 to	 the	 “doping	 contrast”	 such	 that	 low	 resistance/high	 doped	 regions	 appear	
bright	and	high	resistance/low	doping	regions	appear	dark.		

2.6.2 Scanning	Electron	Microscopy	(SEM)	
SEM	has	 a	 better	 resolution	 than	 optical	microscopy	 due	 to	 the	 fact	 that	 high	 energy	
electrons	 are	 used	 in	 the	 imaging	 process.	 The	 electrons	 have	 a	 much	 shorter	
wavelength	than	light	and	much	greater	depth	of	focus	can	be	achieved.	For	the	case	of	
comparison,	 the	maximum	resolution	that	can	be	achieved	by	an	optical	microscopy	is	
about	200	nm	while	about	5	nm	feature	size	can	be	resolved	in	a	SEM.	In	SEM	a	beam	of	
electrons	 is	 produced	 by	 an	 electron	 gun.	 The	 electron	 beam	 follows	 a	 vertical	 path	
through	the	microscope.	The	beam	travels	in	vacuum	through	electromagnetic	fields	and	
lenses	(Figure	2‐9),	which	 focus	 the	beam	toward	the	sample.	Once	 the	beam	hits	and	
interacts	 with	 the	 sample,	 it	 generates	 a	 number	 of	 measurable	 signals	 from	 Auger	
electrons,	 back	 scattered	 electrons,	 elastically	 and	 inelastically	 scattered	 electrons,	
secondary	electrons,	X‐	rays	and	transmitted	electrons.	All	can	be	detected	by	a	detector	
and	analyzed	and	used	for	required	information	in	relation	to	morphology	and	chemical	
composition.	 Secondary	 electrons	 and	 back	 scattered	 electrons	 are	 used	 for	
morphological	 studies.	 Secondary	electrons	are	produced	by	 inelastic	 scattering	of	 the	
incident	beam	with	the	valence	or	core	electrons	of	the	atom	in	the	sample	with	typical	
energy	of	<50	eV.		

	
Figure	2‐9	Simplified	schematic	of	a	scanning	electron	microscope	

The	back	scattered	electrons	are	generated	by	elastic	scattering	in	a	much	deeper	range	
of	interaction	volume	and	have	energies	>50	eV.	Thus,	backscattered	electrons	are	used	
to	 analyze	 the	 material	 deeper	 from	 the	 surface.	 The	 high	 energy	 electrons	 can	 also	
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generate	 X‐rays	 up	 on	 interaction	 with	 the	 sample	 which	 is	 a	 characteristics	 of	 the	
elemental	composition	of	the	sample.	The	X‐rays	are	analyzed	by	an	X‐ray	detector	and	
the	 local	 chemical	 composition	 of	 the	 sample	 is	 identified.	 This	 technique	 is	 normally	
called	Energy	Dispersive	X‐ray	Spectroscopy	(EDS).	

The	SEM	used	in	most	of	the	thesis	work	is	the	Carl	Zeiss	SmartSEM	V5.00.	Planar	and	
cross	section	of	different	structures	 	are	 imaged	by	using	an	In‐Lens	detector	which	 is	
placed	 directly	 above	 the	 objective	 lens	 and	 detects	 directly	 in	 the	 beam	 path	 (not	
shown)	 and	 an	 acceleration	 voltage	 of	 2	 ‐	 8	 kV	was	 used.	 EDS	 is	 used	 to	 analyse	 the	
chemical	composition	of	some	samples.	Apart	from	the	use	of	SEM	in	imaging	and	local	
elemental	analysis	by	EDS,	other	techniques	normally	coupled	with	SEM	such	as	Auger	
electron	 spectroscopy	 and	 cathodoluminescence	 are	 important	 for	 material	
characterizations	and	are	used	in	this	thesis.		

Scanning	Auger	Microscopy	(SAM)	also	known	as	Auger	Electron	Spectroscopy	(AES)	is	
a	surface	characterization	technique	that	can	be	done	in‐situ	in	a	SEM.	In	this	technique,	
the	sample	surface	is	bombarded	with	a	high	energy	(3	–	10	kV)	primary	electron	beam,	
which	 results	 in	 the	 emission	 of	 Auger	 electrons.	 The	 Auger	 electrons	 are	 emitted	 at	
discrete	energies	 that	are	characteristic	of	 the	elements	present	at	 the	sample	surface.	
The	energy	of	the	Auger	electrons	is	limited	such	that	only	the	electrons	from	the	outer	
surface	of	 the	 sample	 (~	0.5	 ‐	5	nm)	 can	escape	and	be	detected.	This	makes	SAM	an	
extremely	surface	sensitive	technique	and	the	analysis	volume	is	typically	106	‐108	times	
smaller	 than	 that	 of	 SEM	 and	 EDS.	 All	 elements,	 except	 hydrogen	 and	 helium,	 can	 be	
detected	and	their	concentration	can	be	determined.	Some	material	characterization	of	
SAM	includes,	thin	film	surface	analysis	and	particle	identification.	UHV‐SAM,	(PHI	660)	
was	used	in	this	work	to	study	the	surface	of	polycrystalline	InP	and	In	deposited	on	Si	
substrate	 and	 surface	 analysis	 of	 individual	 grains	 was	 possible.	 The	 filament	 in	 the	
electron	gun	is	capable	of	producing	a	stable	electron	beam	diameter	of	about	200	nm	so	
that	a	single	grain	 is	 studied.	 Ion	bombardment	 for	sputtering	 is	performed	using	Ar+	
ions	to	clean	the	surface	of	the	sample	prior	to	measuring.	

2.6.3 Cathodoluminescence	(CL)	
CL	is	a	luminescence	based	characterization	technique	which	can	be	used	to	detect	and	
distinguish	 different	 materials	 and	 their	 alloys	 and	 compounds	 by	 their	 emission	
wavelength	 or	 as	 an	 effective	method	 for	 spatially	 resolved	 point	 defects	 in	 solids	 by	
spectral	analysis	[84].	In	both	cases,	the	emission	is	related	either	to	activator	ions	or	to	
lattice	defects	e.g.,	electron	defects	or	broken	bonds,	vacancies,	impurities	and	threading	
dislocations	in	the	material.		

When	CL	is	used	in‐situ	a	SEM,	(commonly	called	SEM‐CL)	the	electron	beam	from	the	
electron	 gun	 is	 used	 for	 excitation.	 SEM	 helps	 to	 focus	 the	 electrons	 to	 a	 small	 area	
(~5nm),	so	that	CL	can	be	done	on	a	small	spot	on	the	sample.	This	capability	of	CL	is	
advantageous	to	acquire	information	from	nano	structures.	
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In	SEM‐CL	the	electron	beam	with	diameter	db	 interacts	with	the	sample	and	electrons	
from	 the	 sample	 are	 scattered	 and	 lose	 all	 their	 energy.	 This	 occurs	 only	 in	 a	 region	
called	 excitation	 volume	 with	 a	 diameter	 dex	 and	 penetration	 depth	 z.	 The	 carriers	
generated	 in	 this	 volume	 spread	out	 to	 a	 larger	 volume	also	 known	as	 recombination	
volume	(with	diameter	dr),	by	diffusion	and	recombine	and	give	CL.	The	resolution	of	CL	
is	 determined	 by	 the	 recombination	 volume.	 Schematic	 of	 electron	 beam	 interaction	
with	sample	in	CL	imaging	is	given	in	Figure	2‐10.	

	

Figure	2‐10	Schematic	of	electron	beam	interaction	with	sample	(adapted	from[85]).	

In	most	cases	the	electron	excitation	volume	is	assumed	to	be	equal	to	the	the	spherical	
volume	of	diameter	corresponding	to	the	penetration	depth	z	which	is	approximated	as	
[85]:		
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where	  density	in	g/cm3,	Z	is	is	the	atomic	number,	A	is	the	mass	number	of	the	sample	

and bE is	the	electron	energy	in	keV	of	the	electron	beam	and	the	relation	is	valid	for	a	

broad	range	of	atomic	number	values	and	electron	energy	of	10‐1000	keV.	However	in	
most	studies	the	electron	energy	range	of	1‐10	keV	is	of	interest	for	characterizations	of	
nanostructures	 and	 a	 modified	 relation	 for	 the	 penetration	 depth	 of	 electrons	 with	
energy	of	1‐10	keV	is	given	as	[86]:	

	 1/250( )( )  (Å)2 n
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A E Zz  		 (8)	

where	n	depends	on	Z	as 1.2 / (1 0.29log )n Z  .	

From	equations	(7)	and	(8)	we	can	see	that	for	a	given	material,	it	is	possible	to	control	
the	penetration	depth	by	adjusting	acceleration	voltage	in	SEM.	

Generally,	 the	electron	beam	is	rastered	across	a	 larger	area	of	 the	sample	and	the	CL	
response	 is	 recorded	with	 digital	 images	 from	 the	 CL	 detector.	 The	 CL	 images	 can	 be	
obtained	over	a	range	of	magnifications	(10‐10,000x)	in	either	monochromatic	mode	by	
fixing	a	single	wavelength	or	panchromatic	mode	in	which	all	wavelengths	are	used.	In	
both	 cases	 the	 image	 contrast	 is	 given	 by	 the	 radiative	 emission	 intensity.	 Thus	 dark	
contrast	 corresponds	 to	 e.g.,	 non‐radiative	 recombination	 at	 the	 dislocations	 while	
radiative	recombination	give	rises	to	bright	contrast	[87].	In	the	a	panchromatic	image,	
the	bright	contrast	corresponds	to	the	total	intensity	of	the	radiative	recombination	over	
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the	 entire	 spectrum	 of	 wavelengths.	 A	 one‐to‐one	 correspondence	 between	 the	
threading	 dislocations	 and	 dark	 spots	 in	 CL	 image	 has	 been	 shown	 to	 exist	 for	
dislocation	density	up	to	107	cm‐2	[88],	[89].	Local	contrast	in	the	CL	image	can	also	be	a	
result	 of	 preferential	 segregation	 of	 dopants/impurities	 leading	 to	 locally	 higher	
concentration	of	charge	carriers	that	result	in	higher	radiative	recombination	[90].		

The	CL	used	in	this	thesis	work	is	a	Gatan	MonoCL4	system	integrated	with	FEG	cathode	
LEO	 1550	 Gemini	 SEM	 equipped	 with	 a	 CCD	 detector	 and	 a	 Peltier‐cooled	 	 GaAs	
photomultiplier	 tube	 for	 data	 acquisition.	 In	 addition	 to	 the	 panchromatic	 imaging	 to	
study	 the	 density	 of	 dislocation,	 CL	 supplemented	 by	 scanning	 spreading	 resistance	
microscopy	was	used	to	study	dopant	related	spectral	broadening	in	nanostructures.	

2.6.4 Photoluminescence	(PL)	
PL	 is	 another	 characterization	 technique	 that	 works	 in	 a	 similar	 way	 with	
cathodoluminescence	 except	 that	 photons	 are	 used	 for	 excitation	 of	 carriers.	 When	
photons	 with	 energy	 larger	 than	 the	 band	 gap	 of	 the	 semiconductor	 material	 excite	
electrons	 from	 the	 valence	 band	 to	 the	 conduction	 band,	 electron	 hole	 pairs	 are	
generated.	The	exited	electron	relaxes	and	makes	a	transition	to	the	lower	energy	state	
and	recombines	with	the	hole	by	emitting	photons.	The	emitted	photon	is	recorded	by	a	
photo	detector.	 Information	about	defects,	strain	and	impurities	 in	the	material	can	be	
extracted	from	the	spectrum	resulting	from	the	emission	of	multiple	photons.		

In	the	epitaxy	of	lattice	mismatched	semiconductors	for	example	InP	on	Si,	the	InP	layer	
suffers	a	biaxial	compressive	strain	in	the	two	perpendicular	directions	to	the	plane	of	
the	sample.	This	strain	can	be	decomposed	in	to	a	tensile	hydrostatic	component	and	a	
uniaxial	 compressive	 strain	 component	 perpendicular	 to	 the	 InP/Si	 interface.	 The	
hydrostatic	 component	 changes	 the	 lattice	 constant	 and	hence	 shifts	 the	band	gap	 (to	
the	lower	energy).	The	uniaxial	component	reduces	the	crystalline	symmetry	and	splits	
the	degenerate	valence	band	at	k=0	 in	 the	dispersion	diagram	and	produces	 light	and	
heavy	 hole	 bands	 (LH	 and	 HH)	 [91].	 Thus,	 when	 the	 uniaxial	 stress	 component	 is	
operative	 the	 valence	 band	 splits	 into	 LH	 and	 HH	whose	 energy	 gaps	 for	 conduction	
band	to	LH	( LHE )	and	conduction	band	to	HH	( HHE )	transitions	are	calculated	as;	
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where	 gE 	 is	 the	 unstrained	 energy	 band	 gap,	a	 is	 the	 lattice	 constant,	b	 is	 the	 shear	

deformation	potential	and	 / / 	is	the	biaxial	in	plane	strain,	and	 ijc 	is	elastic	coefficients.	

Therefore,	 since	 the	 band	 gap,	 shear	 deformation	 potential	 and	 elastic	 constants	 are	
known,	the	energy	measured	from	PL	can	be	used	to	calculate	the	strain	in	the	material.	
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By	 conducting	 a	 temperature	 dependent	 PL	 measurements,	 it	 is	 also	 possible	 to	
understand	 the	 behavior	 of	 the	 fundamental	 energy	 band	 gap	 under	 change	 in	
temperature.	Energy	band	gap	is	shown	to	decrease	with	increase	in	temperature	due	to	
the	electron‐phonon	interaction	and	change	in	the	interatomic	bond	distance	[92].	The	
temperature	 dependent	 energy	 band	 gap	 in	 semiconductors	 is	 given	 by	 the	 empirical	
formula	[93],		
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where	 ( 0)gE T  	is	the	energy	band	gap	at	T=0	(K),	 and   are	obtained	by	a	fit	in	the	

experimental	 data	 ( 0.49meV/K	 and	  =327	 K	 for	 InP	 was	 obtained	 in	 the	 same	

reference).	The	relation	describes	both	direct	and	indirect	band	gaps.		

The	 effect	 of	 doping	 on	 the	 PL	 spectrum	 from	 n‐type	 InP	 was	 studied	 in	 detail	 by	
Bugajski	and	Lewandowski	in	[94].	As	this	effect	is	repeatdly	encountered	in	this	thesis,	
we	would	like	to	discuss	some	important	points	based	on	the	work	in	[94].	PL	or	CL	line	
width	 and	 peak	 positions	 are	 the	 two	 important	 parameters	 to	 determine	 the	 doping	
concentration	 in	 the	 material	 given	 other	 factors	 neglected.	 If	 the	 free	 carrier	
concentration	(n	in	this	case)	is	≥	5x1017	cm‐3	(degenerate	doping	level),	the	material	is	
said	 to	be	highly	doped	and	a	band	 filling	effect	could	occur	 in	 the	material.	The	band	
filling	 effect	 occurs	 if	 the	 electron	 concentration	 exceeds	 density	 of	 states	 in	 the	
conduction	 band	 edge.	 As	 the	 doping	 concentration	 is	 increased,	 the	 Fermi	 level	 is	
shifted	to	higher	energies.	In	the	case	of	a	degenerate	semiconductor,	an	electron	from	
the	top	of	 the	valence	band	can	only	be	excited	 into	conduction	band	above	the	Fermi	
level	(which	now	lies	in	conduction	band)	since	all	the	states	below	the	Fermi	level	are	
occupied	 states	 and	 Pauli's	 exclusion	 principle	 forbids	 excitation	 into	 these	 occupied	
states.	 This	 then	 shifts	 the	 apparent	 band	 gap	 to	 the	 higher	 energy	 and	 this	 effect	 is	
known	as	Burstein	Moss	effect.		

For	the	higher	concentration	ranges,	n	≥1018	and	<~	1019	cm‐3	predicted	by	the	study	in	
[94]	 (most	 of	 our	 samples	 in	 the	 thesis	work	 are	 doped	with	 this	 concentration),	 the	
band	filling	effect	dominates	all	the	other	effects	such	as	band	gap	narrowing	and	band	
tailing,	 and	a	very	 large	 shift	 towards	higher	energy	 for	 concentration	close	 to	~	1019	
cm‐3	is	observed.		

The	PL	line	width,	full	width	at	half	maximum,	(FWHM)	is	also	shown	to	depend	on	the	
carrier	 concentration	 neglecting	 any	 other	 effects	 like	 thickness	 of	 epi‐layer	 and	 size	
inhomogeneity,	e.g.,	in	nanostructures.	Considering	only	the	effect	of	impurities/dopants	
in	n‐type	InP,	 the	 line	width	of	 the	PL	spectrum	is	related	to	 the	doping	concentration	
for	concentration	(n)≥2x1018	cm‐3	[94]	as,	

	 14 2/3( ) 2.22 10 ( )E n n eV   		 (11)	

Note	 that	 the	 estimation	 of	 carrier	 concentration	by	using	 (11)	 is	 correct	with	 a	 10%	
uncertainty	 in	 this	 concentration	 range	 and	 not	 valid	 for	 any	 concentration	 below	
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~2x1018	 cm‐3,	 a	 valid	 expression	 for	 this	 concentration	 range	 is	 given	 in	 the	 same	
reference.	

For	 the	work	 in	 this	 thesis,	we	used	a	PL	setup	with	a	514.5	nm	Ar	 laser	and	a	 liquid	
nitrogen	cooled	InGaAs	detector.	The	PL	measurements	were	done	at	room	temperature	
for	most	of	the	samples	and	temperature	dependent	measurements	from	50‐300	K	were	
also	done	in	some	cases.		

2.6.5 X‐ray	Diffraction	(XRD)	
XRD	 is	 a	 nondestructive	 characterization	 technique	 employed	 to	 characterize	
crystallinity	of	a	material.	This	technique	is	based	on	the	elastic	scattering	of	X‐rays	by	
the	crystal	structure	of	 the	specimen	(sample).	The	scattered	X‐rays	carry	 information	
about	 the	 sample	 that	 can	 be	 analyzed.	 This	 includes	 dislocation	 density,	 strain,	
crystallite	size,	elemental	or	compound	composition	and	different	phases	(crystalline	or	
amorphous).	Both	high	resolution	XRD	(HRXRD)	and	powder	XRD	are	used	for	the	work	
in	this	thesis.	High	resolution	XRD	has	been	used	to	study	thermal	and	lattice	strain	in	
ELOG	InP	on	Si		and	the	detailed	description	of	this	technique	is	given	in	[51],	[96].	Here	
powder	XRD	is	described	as	it	is	mostly	used	in	this	work.		

The	three	basic	components	of	an	X‐ray	difractometer	are	an	X‐ray	tube,	X‐ray	detector	
and	 a	 sample	 holder.	 X‐rays	 are	 generated	 in	 the	 X‐ray	 tube	 by	 heating	 a	 filament	 to	
produce	electrons	which	then	accelerate	towards	a	target	material	by	applying	a	voltage.		
When	 electrons	 have	 sufficient	 energy	 to	 dislodge	 inner	 shell	 electrons	 of	 the	 target	
material,	 characteristic	 X‐rays	 are	 produced.	When	X‐rays	 interact	with	 the	 sample	 of	
interest,	 they	 create	 secondary	 (diffracted)	 beam	 of	 X‐rays.	 The	 diffracted	 X‐rays	 are	
related	 to	 the	 interplanar	 spacing	 in	 the	 crystal	 powder	 according	 to	 a	 relation	 called	
Bragg’s	law,	

	 2 sind n  		 (12)	

where	 d 	 is	 the	 interplanar	 spacing	 generating	 the	 diffraction,	  	 is	 the	 X‐ray	
wavelength,	 n is	an	integer	and	 	is	the	diffraction	angle	also	known	as	the	Bragg	angle.		
 	and	d 	are	measured	in	the	same	units	(commonly	in	Ångströms).	

Commonly,	powder	diffractometers	come	in	two	varieties:	  	in	which	both	the	X‐ray	
tube	and	detector	move	simultaneously	or	 2  	in	which	the	X‐ray	tube	is	fixed	and	the	
specimen	moves	with	a	half	of	the	movement	rate	of	the	detector	to	maintain	the	 2  	
geometry.	For	the	case	of	the	 2  	measurement,	the	configuration	of	an	X‐ray	source,	
sample	 stage	 and	detector	 is	 in	 such	 a	way	 that	 the	 sample	 rotates	 in	 the	path	of	 the	
collimated	X‐ray	beam	at	an	angle	θ	while	the	X‐ray	detector	is	mounted	on	an	arm	to	
collect	the	diffracted	X‐rays	and	rotates	at	an	angle	of	2θ.	For	typical	powder	patterns,	
data	is	collected	at	2θ	from	~5‐70°,	angles	that	are	preset	 in	the	X‐ray	scan.	A	powder	
specimen	 has	 an	 infinite	 amount	 of	 randomly	 oriented	 crystallites,	 the	 diffraction	
maxima	 or	 peaks	 are	 measured	 conventionally	 along	 the 2 	 diffractometer	 circle	
regardless	of	the	varieties	in	the	diffractometer.	Since	the	angle	of	the	diffraction	(Bragg	
angle)	 is	 related	 to	 the	 interplanar	 spacing,	 by	 Bragg’s	 law,	 the	 diffraction	maxima	 is	



	

	

32Background

related	 to	diffractions	 taking	place	 inside	 the	specimen.	The	 intensities	and	 the	angles	
are	recorded	electronically	using	detector	electronics	and	specialized	software	resulting	
in	a	plot	of	intensity	vs.	2 .		

For	 most	 powder	 diffraction	 measurements,	 the	 primary	 aim	 is	 identification	 of	 the	
crystalline	phases	present	in	the	specimen.	Other	information	like,	particle	size,	unit	cell	
dimensions	and	quantitative	determination	are	based	on	the	crystalline	phase	present.	
Phase	 identification	 is	usually	done	by	search	and	match	of	a	very	 large	standard	data	
available	in	the	International	Center	for	Diffraction	Data	(ICDD)	or	from	files	of	the	Joint	
Committee	for	Powder	Diffraction	Standards	(JCPDS).			

Quantitative	phase	analysis	can	be	done	with	the	assumption	that,	the	intensity	of	the	X‐
rays	 diffracted	 by	 a	 certain	 phase	 is	 proportional	 to	 its	 amount	 in	 the	 phase	mixture	
[97].	The	ratio	of	the	relative	diffraction	intensity	of	the	(hkl)	reflection	to	the	total	sum	
of	 the	 relative	 intensities	 for	 all	 (hkl)	 reflections	 in	 the	 specimen	 tells	 how	 one	 (hkl)	
reflection	is	preferred	to	the	others.	The	XRD	spectrum	(from	the	(hkl)	reflection)	 line	
broadening	also	contains	 information	on	the	crystallite	size	and	micro	strain	 It	can	be	
caused	by	 three	possible	 effects:	 by	 the	 instrument	 itself,	 the	 strain	 in	 the	 crystallites	
and	the	size	of	the	crystallites.	For	a	well	calibrated	instrument	and	if	the	strain	in	the	
sample	is	neglected,	crystallite	size	can	be	estimated	by	using	Debye–Scherrer	equation	
[97].		
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where	 D 	 is	 the	 crystallite	 size	 in	 the	 same	 unit	 as	 the	 the	 X‐ray	 wavelength	  	
(Ångströms),	 K 	 is	 dimensionless	 constant	 and	 it	 is	 0.93	 for	 cubic	 crystals,	 D 	 (in	

radians)	is	the	broadening	(caused	by	crystallite	size)	of	the	XRD	(hkl)	reflection,	and	 	
is	 the	 Bragg	 angle.	 However,	 in	 some	 cases,	 the	 strain	 in	 the	material	 can	 cause	 line	
broadening	and	equation	(13)	 is	no	more	valid.	Thus,	 it	 is	 important	to	separate	these	
two	effects	in	the	broadening	of	the	XRD	peak.	The	broadening	by	crystallite	size	leads	to	
a	Lorentz	profile	while	 the	broadening	by	 the	micro	 strain	 leads	 to	a	Gaussian	profile	
[98]	 and	 they	 differe	 in	 their	 angular	 dependence.	 The	 size	 effect	 can	 be	 obtained	 by	
(13)	 and	 the	 strain	 ( )	 effect	 in	 the	 broadening	 of	 the	 peak	 is	 given	 by	 the	Willson	
equation	[99]:	 	
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Therefore,	the	total	broadening	 	is	given	as,	 4 tan
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  	and	which	gives:		
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This	equation	is	called	the	Williamsons‐Hall	equation	and	the	plot	of	( cos  	vs.	 sin )	
for	all	(hkl)	reflection	in	the	XRD	pattern	is	known	as	a	Williamson	Hall	plot.	The	slope	of	
which	gives	 the	strain	 ( =slope/4)	and	 the	 intercept	gives	 the	average	crystallite	size	
(D=Kλ/intercept).		 	
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 Results	and	discussion	3

In	 this	 chapter	 results	 from	 the	 appended	 Papers	 A‐J	 are	 summarized	 in	 four	 major	
parts.		

The	first	part	based	on	four	papers,	Paper	A,	Paper	B,	Paper	C	and	Paper	D	discusses	
selective	 area	 growth	 and	 epitaxial	 lateral	 overgrowth	 of	 InP	 on	 Si.	 With	 the	 aim	 of	
achieving	 large	 area	 InP	 on	 Si	 with	 reduced	 dislocation	 density,	 epitaxial	 lateral	
overgrowth	was	done	from	patterns	containing	line	and	mesh	type	nano	openings	in	a	
SiO2	mask.	The	openings	with	different	misorientation	angles	 from	the	 [110]	direction	
were	made	by	EBL.	Morphological	evolution,	growth	rate	and	dislocation	densities	of	the	
ELOG	InP	as	a	function	of	pattern	type	are	studied	in	Paper	A.	Based	on	the	knowledge	
acquired	 from	this	 study,	 large	area	 InP	on	Si	was	grown	 from	 line	openings	made	by	
NIL.	Surface	morphology	and	optical	quality	of	the	grown	layer	are	studied	in	Paper	B	
(partly).	The	study	of	defect	filtering	mechanism	in	ELOG	InP	on	Si	from	mesh/multiple	
line	openings	indicates	that	defects	are	blocked	by	the	SiO2	mask	and	their	propagation	
chance	through	the	openings	is	minimal	due	to	a	reduced	growth	area	effect.	However,	
new	 types	 of	 dislocations	 are	 shown	 to	 be	 created	 at	 the	 coalescence	 points	 of	 the	
growth	 front	 from	 adjacent	 openings	 as	 investigated	 in	 [72]*,[100]*.	 This	 study	 also	
indicates	 for	 a	 mask	 thickness	 to	 opening	 width	 ratio,	 (aspect	 ratio)	 greater	 than	 2,	
complete	filtering	of	dislocations	can	be	achieved	even	above	the	openings.	Thus,	efforts	
were	made	 to	 achieve	 high	 quality	 large	 area	 ELOG	 InP	 on	 Si	 on	 isolated	 areas	 from	
single	openings	with	an	aspect	ratio	of	about	2.	To	 this	end,	optical	 lithography	which	
can	 be	 used	 for	 large	 area	 processing	 was	 implemented	 in	 the	 patterning	 process	 to	
realize	multiple	line	openings.	Growth	of	ELOG	InP	on	Si	was	conducted	from	micro	size	
line	 openings	 and	 results	 are	 discussed	 in	 comparison	with	 the	 ELOG	 InP	 on	 Si	 from	
nano	 size	 line	 openings	 in	Paper	C.	 Selective	 area	 growth	of	 InP	on	 Si	was	 conducted	
from	 nano	 size	 circular	 openings	 in	 a	 SiO2	mask	made	 by	 NIL	 aiming	 at	 high	 quality	
nanostructures	 by	 making	 use	 of	 reduced	 growth	 area	 effect	 for	 defect	 filtration	
mechanism.	 The	 grown	 structures	 are	 found	 to	 be	 octagonal	 nanopyramidal	 frusta,	
Paper	B(partly),	[101]*.	Growth	of	such	structures	with	an	accurate	control	of	the	size	of	
the	 top	 flat	 surface	 finds	 application	 for	 site,	 size	 and	density	 controlled	quantum	dot	
growth	 for	 quantum	 information	 and	 computation	 applications	 [102].	 In	 the	 case	 of	
heteroepitaxy	(InP	on	Si),	the	InP	nanopyramidal	frusta	must	be	of	high	optical	quality	
so	as	 to	achieve	the	same	for	 the	quantum	dot	structure	grown	on	top.	Growth	of	size	
controlled	 InP	 nanopyramidal	 frusta	 on	 Si	 was	 investigated	 along	 with	 their	
morphological,	optical	and	electrical	properties	in	Paper	D.	

In	 the	 second	 part,	 CELOG	 is	 discussed	 based	 on	 two	 papers,	Paper	 E	 and	Paper	 F.	
CELOG,	 is	 a	modified	approach	of	ELOG	 to	 realize	direct	 interface	between	 InP	and	Si	
and	 was	 investigated	 for	 the	 first	 time	 in	 our	 laboratory.	 The	 growth	 technology	 is	
discussed	 in	Paper	E	 and	 results	 of	 growth	 optimization	 experiments	 aiming	 at	 large	
area	direct	InP/Si	interface	are	discussed	in	Paper	F.	
																																																								
*	Papers	related	to	but	not	included	in	the	thesis.	
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The	third	part	discusses	the	results	of	the	growth	of	polycrystalline	InP	on	Si	based	on	
two	papers,	Paper	G	and	Paper	H	aiming	for	low	cost	and	high	quality	polycrystalline	
InP	 for	 photovoltaic	 application.	 Two	 new	 and	 different	 methods	 are	 proposed	 and	
evaluated:	(i)	A	simple	chemical	solution	method	and	(ii)	indium	metal	assisted	growth	
method.	The	simple	chemical	solution	method	involves	deposition	of	indium	oxide	on	a	
Si	 substrate	 and	 annealing	 in	 a	PH3	 ambient	 (phosphidisation).	Optical,	 structural	 and	
morphological	 qualities	 of	 the	 deposited	 indium	 oxide	 and	 InP	 obtained	 by	
phosphidisation	are	studied	in	Paper	G.	 In	the	case	of	In	metal	assisted	growth	of	InP,	
indium	metal	was	deposited	on	Si(001)	and	Si(111)	substrates	by	e‐beam	evaporation	
technique.	InP	was	grown	directly	on	the	indium	coated	Si	substrates	in	hydride	vapor	
phase	epitaxy	reactor	 from	 its	precursors,	 InCl	and	PH3.	Different	growth	experiments	
were	conducted	and	growth	mechanism,	morphological,	optical	and	structural	qualities	
of	InP	are	studied	in	Paper	H.	

The	 last	 part	 discusses	 a	 special	 application	 of	 SAG	 and	 planarization	 of	 non‐planar	
structures.	In	buried	heterostructure	devices,	a	substrate	with	active	regions	is	masked	
and	 different	 patterns	 are	made.	 In	 the	 patterning	 process,	 the	mask	 and	 part	 of	 the	
substrate	(containing	active	regions)	are	etched	in	certain	regions	and	some	regions	are	
still	 covered	by	 the	mask,	 i.e,	 ridges.	The	etch	depth	 can	be	 several	microns.	 Selective	
growth	of	 semi‐insulating	 InP	on	 the	unmasked	and	etched	 regions	 to	 cover	 the	mesa	
ridge	is	important	for	stabilizing	the	active	regions	contained	in	the	ridges,	for	effective	
heat	 dissipation	 and	 it	 also	 provides	 current	 confinement	 in	 the	 active	 regions.	 This	
requires	a	quick	process	which	also	provides	good	planarization	with	a	good	interface.	
Regrowth	of	semi‐insulation	InP	on	very	deep	etched	quantum	cascade	laser	structures	
was	conducted.	Morphological	studies	of	the	regrown	layer	and	device	performances	are	
studied	in	Paper	I	and	Paper	J.	

 SAG	and	ELOG	InP	on	Si	for	Si	Photonics	3.1

The	starting	material	 for	all	SAG,	ELOG	and	CELOG	of	 InP	on	Si	 is	~1.5‐2	µm	thick	InP	
seed	layer	deposited	by	MOCVD	on	Si(001)	wafer	off‐cut	4o	towards	[111]	direction.	The	
surface	of	 the	seed	 layer	 is	rough	with	a	root	mean	square	(RMS)	roughness	of	20	nm	
measured	by	AFM	 from	a	25	 x	25	µm2	 scan	 area.	The	 surface	 topography	of	 the	 seed	
layer	is	also	uneven	and	it	has	50	nm	topographical	variations	(crest	to	trough).	A	thin	
layer	of	GaAs	is	also	used	as	a	buffer	layer	to	grow	the	seed	layer.	The	optical	quality	of	
the	seed	layer	is	very	poor	with	a	dislocation	density	of	~109	cm‐2	as	estimated	by	X‐ray	
diffraction	studies.	Cross‐sectional	TEM	studies	indicate	that	there	is	a	large	network	of	
threading	dislocations	(TDs)	and	stacking	faults	(SFs)	 in	the	InP	seed	layer.	Figure	3‐1	
shows	the	AFM	(a),	room	temperature	phanchromatic	cathodoluminescence	(PC‐CL)	(b)	
and	cross‐sectional	TEM	(c)	images	of	InP	layer	on	Si	substrate.		
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Figure	 3‐1	 3D	 25	 x	 25µm2	 AFM	 image	 (a)	 and	 room	 temperature	 panchromatic	 cathodoluminescence	
image	(b)	and	cross‐section	TEM	image	of	InP	seed	layer	on	silicon.	

3.1.1 Surface	morphology	of	ELOG		
Line	and	mesh	patterns	of	line	openings	were	made	by	EBL	in	a	40	nm	thick	SiO2	mask	
on	 InP	 seed	 layer	 on	 Si.	 The	 SiO2	 mask	 was	 deposited	 by	 plasma	 enhanced	 chemical	
vapor	deposition	(PECVD).	The	 line	openings	were	at	angle	α	from	the	[110]	direction	
and	the	mesh	contains	line	openings	that	were	at	angles	α	and	β	from	the	[110]	direction	
as	shown	in	Figure	3‐2.		

	
Figure	3‐2	3D	10	x	10	µm2	AFM	image	of	mesh	opening	made	in	a	40	nm	thick	SiO2	by	EBL.	The	line	
openings	are	at	angles	α	and	β	off	the	[110]	direction.		

Two	groups	of	samples	were	prepared	and	the	width	(w)	and	spacing	(s)	between	line	
openings	in	both	mesh	and	line	patterns	were	200	nm	and	3	µm,	respectively,	in	three	
samples	 contained	 in	 group	 one.	 Each	 sample	 contains	 two	 pattern	 fields	 of	 line	
openings	 with	 α=15o	 and	 30o	 and	 two	 mesh	 openings	 with	 (α=15o	 and	 β=105o)	 and	
(α=15o	 and	 β=120o).	 In	 the	 second	 group,	 two	 samples	were	 prepared	with	 only	 one	
mesh	pattern	filed	with	w=200	nm	and	s=5	µm	in	one	sample	and	1000	nm	and	5	µm	in	
the	second	sample	respectively;	in	both	cases	the	lines	were	made	at	α=15o	and	β=120o.	
All	pattern	fields	were	200	x	800	µm2	area.		

Hydride	vapor	phase	epitaxy	was	used	for	the	growth	of	InP	on	these	patterns.	Sulphur	
doped	(nominal	Sulphur	(electron)	concentration	of	5	x	1018	cm‐3)	and	unintentionally	
doped	 InP	were	grown	on	 samples	 in	 group	1	and	2,	 respectively,	 at	different	 growth	
conditions	in	terms	of	growth	time,	temperature	and	V/III	ratios.	Sulphur	doping	of	InP	
has	been	shown	to	reduce	the	dislocation	density	and	improve	the	surface	morphology	
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of	ELOG	InP	on	Si	[103].	On	one	sample	from	the	first	group	of	samples,	a	time	resolved	
growth	was	conducted	to	study	the	morphological	evolution	of	the	growth	in	mesh	and	
line	openings.	The	sample	was	grown	for	a	total	of	120	minutes	but	was	taken	out	 for	
optical	microscope	 inspection	 (surface	morphology)	 after	 0.5,	 1.5,	 3,	 5,	 9,	 15	 and	 120	
minutes.		

Regardless	 of	 the	 pattern	 type	 and	 opening	 orientation,	 3D	 islands	 form	 at	 multiple	
points	in	the	openings	during	the	initial	stages	of	growth	that	continue	to	grow	further	
to	 coalesce	 at	 the	 later	 stages.	 The	 coalescence	 phenomenon	 is	 different	 for	 the	 two	
different	 kinds	 of	 patterns.	 In	 mesh	 patterns	 the	 coalescence	 occurs	 first	 at	 the	
intersection	 of	 the	 two	 openings,	 i.e.,	 at	 the	 four	 corners	 of	 the	 pattern	 unit	 cell,	
reminding	of	the	known	zipper	effect	[104].	The	vertical	growth	rate	of	these	islands	and	
the	resulting	 layer	depend	on	the	pattern	 type	 irrespective	of	 the	opening	orientation.	
Figure	3‐3	shows	how	the	growth	starts	and	proceeds	in	the	two	different	patterns,	(a),	
and	layer	thickness	as	a	function	of	growth	time	(0.5‐1.5	min.)	(b).	It	can	be	noted	that	
the	 islands	 from	 the	 line	 openings	 coalesce	 by	 forming	 different	 boundary	 planes	
whereas	 such	 a	 tendency	 is	 not	 evident	 in	 the	 case	 of	 the	 mesh	 openings.	 These	
boundary	planes	could	be	the	growth	retarding	slowly	growing	planes	and	this	could	be	
the	reason	for	the	retarded	coalescence	and	consequently	lower	vertical	growth	rate	of	
the	layer	from	line	openings	(Figure	3‐3	(b))	regardless	of	their	orientation.		
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Figure	3‐3	(a)	Nomarski	contrast	images	of	the	grown	InP	from	mesh	(α=15o	and	β=105o)	and	line	(α=15o)	
openings	after	0.5	and	1.5	minutes	growth	time	(same	scale	bar	in	all	pictures)	and	(b)	InP	layer	thickness	
versus	 growth	 times.	 At	 the	 initial	 stage	 (or	 prior	 to	 coalescence)	 of	 the	 growth,	 the	 layer	 is	 not	 a	
continuous	 film.	Therefore,	 the	 thickness	 is	 the	 average	height	measured	 from	several	 islands.	Pictures	
from	Paper	A.	

The	 complete	 morphological	 evolution	 in	 all	 mesh	 and	 line	 openings	 is	 described	 in	
Paper	A	and	complete	coalescence	occurs	more	quickly	(after	5	minutes	of	growth)	in	
mesh	 patterns	 than	 in	 the	 line	 patterns	 (after	 15	 minutes	 of	 growth).	 Once	 the	
coalescence	 occurred,	 the	 growth	 rate	 of	 the	 layer	 from	 both	 types	 of	 patterns	 is	
approaching	each	other	and	become	the	same,	Figure	3‐3	(b).	This	is	expected	because	
after	the	coalescence,	planarization	is	achieved	and	the	growth	will	take	place	as	if	it	is	
on	 a	 planar	 substrate.	 The	 surface	morphology	 studies	 by	AFM	of	 the	ELOG	 InP	 layer	
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from	 two	 samples,	 grown	 for	 9	 and	 120	 minutes	 with	 the	 same	 growth	 conditions	
otherwise	reveal	that	the	root	mean	square	surface	roughness	of	the	ELOG	InP	(from	a	
90	x	90	µm2	scan	area)	from	mesh	patterns	is	 less	than	that	from	line	patterns.	This	is	
due	to	the	incomplete	coalescence	and	hence	incomplete	planarization	of	the	growth	in	
line	 openings	 at	 9	 minutes	 compared	 to	 that	 from	 the	 mesh	 openings	 where	 early	
coalescence	 and	 subsequent	 planarization	 occurred.	 This	 is	 more	 evident	 when	 the	
surface	roughness	of	the	layers	on	the	sample	grown	for	120	minutes	growth	in	Figure	
3‐4	 (a)	 is	 considered.	 The	 RMS	 surface	 roughness	 values	 from	 the	 line	 and	 mesh	
patterns	 eventually	 become	 similar	 after	 120	 minutes	 of	 growth,	 regardless	 of	 the	
opening	orientations.		
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Figure	3‐4	(a)	Root	mean	square	surface	roughness	of	the	ELOG	InP	grown	for	9	minutes	and	120	minutes	
from	mesh	 and	 line	 patterns	with	 different	 orientation	 of	 openings	 (indicated	 in	 the	 graph)	 from	AFM	
images	of	90	x	90	µm2	scan	area.	 (b)	Nomarski	microscope	 images	of	 the	ELOG	 InP	 from	both	 types	of	
patterns	taken	after	9	and	120	minutes	of	growth	(scale	bar	is	the	same	for	all	images).		

On	 the	 other	 hand,	 on	 the	 sample	 grown	 for	 9	 minutes,	 the	 RMS	 surface	 roughness	
difference	between	the	line	patterns	with	opening	orientation	α=15o	and	α=30o	is	much	
larger	than	the	surface	roughness	difference	 in	the	mesh	patterns.	 It	can	be	seen	from	
Figure	3‐4	(b)	that	the	growth	from	30o	off	[110]	oriented	line	openings	covered	more	
mask	 area	 than	 from	 the	 15o	 off	 [110]	 oriented	 lines,	 i.e.,	more	 islands	 are	 coalesced.	
This	 is	 because	 in	 the	 growth	 from	 the	 openings	 aligned	 30o	 and	 60o	 off	 the	 [110]	
directions,	 high	 index	 fast	 growing	 planes	 are	 developed	 while	 low	 index	 and	 slow	
growing	planes	are	formed	in	case	of	line	openings	oriented	at	other	angles	such	as	15o	
[105].	High	 index	planes	contain	surface	steps	and	kinks	and	are	more	 favored	by	 the	
impinging	atoms	and	that	in	turn	enhances	the	growth	rate	of	these	planes	[106].	Thus,	
the	 difference	 in	 the	 RMS	 surface	 roughness	 between	 line	 openings	 of	 15o	 and	 30o	
orientations	is	due	to	retarded	coalescence	in	the	former	case.	In	case	of	mesh	patterns,	
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complete	coalescence	is	achieved	at	the	same	time	and	the	morphology	is	similar	in	both	
cases.		

After	complete	coalescence,	the	growth	takes	place	on	a	similar	surface	plane	(100)	and	
hence	the	layers	eventually	acquire	similar	surface	roughness	as	shown	in	Figure	3‐4	(a)	
and	 (b)	 after	 120	 minutes	 of	 growth	 regardless	 of	 the	 pattern	 type	 and	 opening	
orientation.	 It	 is	 interesting	 to	note	 that	 the	surface	roughness	of	 the	ELOG	InP	grown	
for	120	minutes	 is	much	 smoother	 than	 the	 seed	 layer	 shown	 in	Figure	3‐1	 (note	 the	
scan	 area	 difference).	 This	 is	 an	 indirect	 proof	 of	 reduced	 defects	 in	 ELOG	 InP.	
Dislocations	 are	known	 to	 increase	 the	 surface	 roughness	of	 a	 layer	by	enhancing	 the	
local	growth	rate	at	their	location	[106],[107].		

Aiming	for	the	larger	area	ELOG	InP	on	Si,	line	openings	with	60o	off	the	[110]	direction	
were	prepared	by	soft	UV‐NIL	in	a	500	nm	thick	SiO2	mask	with	varying	opening	width	
from	 200‐500	 nm	 and	 spacing	 between	 400‐1000	 nm.	 The	 above	 dimensions	 were	
chosen	 in	 such	 a	way	 that	 the	 ratio	 of	 open	 area	 to	 the	 total	 area	 (masked	 and	 open	
region	 =	 1.5	 x	 1.5	mm2)	 is	 constant.	 This	was	 done	 on	 both	 InP	 and	 InP(seed)	 on	 Si	
substrates,	Paper	B.	ELOG	of	sulphur	doped	InP	was	conducted	for	5	minutes	on	both	
samples	at	a	temperature	of	610	oC.	Figure	3‐5	shows	SEM	images	of	the	ELOG	InP	on	(a)	
Si,	(b)	InP	substrates	and	(c)	cross‐section	of	the	ELOG	InP	on	InP	substrate	in	(b).			

	 	

	

Figure	3‐5	SEM	images	of	a	fully	coalesced	ELOG	InP	on	Si	(a)	and	InP	(b)	from	line	openings	in	a	dielectric	
mask	oriented	60o	off	 [110]	direction	and	(c)	 is	 the	cross	section	of	 the	ELOG	InP	on	 InP	substrate,	 the	
debris	on	the	cross	section	image	are	SiO2	debris	created	during	cleaving.	

Complete	coalescence	has	occurred	on	most	of	the	pattern	fields	in	both	cases.	The	cross	
section	image	taken	from	the	ELOG	InP	on	InP	substrate	shows	a	complete	coalescence	
with	good	planarization	occurred	without	formation	of	any	void.	The	ELOG	InP	layer	on	
InP	substrate	is	found	to	be	2.5	µm	thick	on	average	and	a	very	smooth	surface	with	a	



39	 		Results	and	discussion	
	

	

									39	

root	mean	square	surface	roughness	of	2	to	4	nm	(variation	is	from	field	to	field)	from	a	
50	x	50	µm2	AFM	scan	area.	The	growth	on	Si	substrate	on	similar	patterns	resulted	in	
~7	µm	thick	ELOG	layer	with	a	root	mean	square	surface	roughness	of	<15	nm	within	
the	same	AFM	scan	area	of	50	x	50	µm2.	This	could	be	understood	from	two	aspects	of	
the	growth	on	a	bad	quality	buffer	layer.	First,	the	unfiltered	defects	in	the	seed	layer	in	
the	 opening	 enhance	 the	 local	 growth	 rate	 as	 predicted	 by	 the	 Burton‐Cabrera‐Frank	
(BCF)	model	[106],	that	leads	to	a	variation	in	the	thickness	of	the	layer	as	the	unfiltered	
dislocation	 density	 is	 different	 from	 opening	 to	 opening.	 Secondly	 the	 growth	 from	 a	
rough	surface	of	the	seed	layer	(inside	the	opening)	and	later	on	a	rough	surface	of	the	
oxide	mask	resulted	from	the	rough	surface	of	the	seed	layer	leads	to	a	variation	in	the	
layer	 thickness.	Hence,	 the	variations	 in	 the	growth	rate	 from	opening	 to	opening	and	
the	growth	on	a	rough	mask	surface	lead	to	the	global	roughening	of	the	ELOG	InP	in	the	
case	of	InP	on	Si.	Chemical	mechanical	polishing	(CMP)	of	the	seed	layer	and	the	oxide	
mask	is	shown	to	alleviate	this	issue	and	ELOG	InP	with	a	smooth	surface	morphology	is	
obtained	[108]*.	

3.1.2 Defect	reduction	in	ELOG	InP	on	Si	
In	 Paper	 A,	 the	 ELOG	 layers	 were	 characterized	 by	 cathodoluminescence	 and	
Transmission	Electron	Microscopy	(TEM)	for	optical	and	structural	quality	assessment.	
The	dislocations	from	the	InP	seed	threading	to	and	terminating	at	the	surface	of	ELOG	
InP	are	known	to	act	as	non‐radiative	centers	and	appear	as	dark	spots	while	the	region	
free	 from	 these	 defects	 appear	 bright	 in	 a	 PC‐CL	 image	 as	 shown	 in	 Figure	 3‐6.	
Therefore,	each	dark	spot	of	a	size	within	the	diffusion	length	(~0.3	µm)	of	the	minority	
carrier	corresponds	to	a	dislocation	and	by	counting	the	spots	in	the	given	image	area,	
dislocation	 density	 can	 be	 determined	 [88],	 [89].	 Figure	 3‐6	 (a)	 is	 the	 SEM	 image	 of	
uncoalsced	islands	grown	from	line	openings	of	sample	grown	for	9	minutes	(described	
in	 section	3.1.1)	with	 the	 corresponding	PC‐CL	 image	 taken	 at	 room	 temperature	 and	
with	 an	 acceleration	 voltage	 of	 9	 kV.	 At	 this	 voltage	 the	 majority	 of	 the	 CL	 signal	 is	
produced	within	the	extraction	volume	corresponding	to	a	penetration	depth	of	500	nm	
(estimated	by	equation(8)).		

The	 islands	 generally	 appeared	 bright	 indicating	 the	 dominance	 of	 radiative	
recombinations	 over	 the	 nonradiative	 recombinations	 from	 defects	 and	 hence	 the	
islands	should	have	a	rather	 low	defect	density.	The	CL	spectrum	1	taken	from	an	InP	
island,	marked	1	 in	Figure	3‐6	(b)	 is	stronger	 in	 intensity	 than	the	one	taken	from	the	
side	facet	of	the	island	and	the	fully	coalesced	ELOG	InP	marked	2	and	3	in	Figure	3‐6	(b)	
and	 (d),	 respectively,	 and	 blue	 shifted	 by	 12	 nm.	 However,	 the	 peak	 position	 of	 the	
spectra	taken	from	island	2	and	from	the	fully	coalesced	ELOG	InP	at	point	3	(indicated	
in	 the	 figure)	 correspond	 to	 the	 room	 temperature	 band	 gap	 of	 InP	 (λg=0.92	 µm),	
indicating	 both	 the	 island	 and	 the	 coalesced	 ELOG	 InP	 are	 relaxed.	 The	 blue	 shift	
observed	for	the	island	1	may	be	due	to	the	existence	of	strain	or	due	to	Burstein‐Moss	

																																																								
*	Papers	related	to	but	not	included	in	the	thesis.	
	



	

	

40Results	and	discussion

effect	[94]	caused	by	the	filling	of	states	at	the	bottom	of	a	band	minima	due	to	higher	
concentration	of	dopants.	However,	 the	 strain	 in	 the	 InP	 island	 (if	 it	 exists)	 should	be	
tensile	resulting	from	the	thermal	expansion	coefficient	difference	between	the	InP	and	
the	 underling	 SiO2	 and	 hence	 should	 have	 caused	 a	 red	 shift	 (longer	 wavelength).	
Therefore	the	blue	shift	is	attribute	to	the	enhanced	doping	concentration	in	the	island	
due	to	preferential	crystallographic	orientation	dependent	dopant	incorporation	[46].		

	

Figure	3‐6	(a)	SEM	image	of	uncoalsced	InP	islands	grown	from	line	openings	for	9	minutes,	panchromatic	
CL	image	over	the	spectrum	400‐1000	nm	of	the	islands	(b)	shown	in	(a)	and	from	a	fully	coalesced	ELOG	
InP	grown	on	line	patterns	(c),	and	CL	spectra	taken	from	InP	island	indicated	by	number	1	and	2	in	the	
PC‐CL	image	in	(b)	and	from	a	coalesced	ELOG	InP	on	line	openings	in	(d).	The	circle	and	star	sign	on	the	
PC‐CL	image	in	(d)	represent	isolated	and	clustered	dislocations,	respectively.	Pictures	from	Paper	A.			

The	density	of	threading	dislocation	was	extracted	from	a	fully	coalesced	ELOG	InP	both	
from	line	and	mesh	patterns	of	samples	grown	for	9	and	120	minutes.	This	was	done	by	
counting	the	dark	points	on	the	PC‐CL	image	(Figure	3‐6	(d))	and	dividing	it	by	the	area	
of	the	 image.	The	average	thickness	of	the	ELOG	InP	is	100	µm	and	10	µm	on	samples	
grown	 for	 120	 and	 9	 minutes,	 respectively,	 regardless	 of	 the	 pattern	 type	 and	
orientation	 of	 the	 openings.	 The	 dislocation	 density	 varies	 ~06	 to	 ~	 107	 cm‐3	
correspondingly,	 Paper	 A.	 This	 is	 2	 to	 3	 orders	 of	 magnitude	 reduction	 from	 the	
dislocation	density	in	the	seed	layer.	Note	that	dislocation	density	can	also	be	reduced	in	
thicker	 layers	 by	 dislocation	 interaction	 and	 annihilation.	 However,	 the	 observed	
reduction	 is	much	 higher	 (at	 least	 by	 an	 order	 of	magnitude)	 than	 the	 reduction	 that	
could	be	caused	by	 the	 thickness	of	 the	ELOG	 layer	 [109].	On	the	other	hand	one	may	
anticipate	that	the	dislocation	density	from	the	mesh	patterns	would	be	more	than	that	
from	line	patterns	due	to	larger	number	of	coalescence	points;	however,	such	a	tendency	
is	not	observed	in	this	experiment.	Only	a	small	difference	in	dislocation	density	in	the	
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ELOG	 InP	 from	 line	and	mesh	patterns	 is	observed,	Paper	A.	 It	 can	also	be	seen	 from	
Figure	3‐6	(d)	that	dark	lines/bright	(eg.,	see	the	region	around	the	star	sign)	lines	also	
exist	 in	 the	 PC‐CL	 image.	 While	 the	 dark	 lines	 are	 dark	 line	 defects,	 most	 likely	
constituting	planar	defects	(such	as	stacking	faults	or	micro‐twins)	whose	 intersection	
with	the	surface	appear	as	bright	lines	with	an	adjacent	dark	shadow;	the	bright	contrast	
is	the	result	of	the	dopant	segregation	along	the	line	of	intersection	between	these	dark	
line	defects	and	the	layer	surface	[110].		

To	understand	the	effect	of	opening	size	on	the	defect	filtering	efficiency,	cross‐sectional	
TEM	studies	were	conducted	on	the	ELOG	InP	from	mesh	openings	of	the	second	group	
of	samples	with	opening	widths	of	200	nm	and	1000	nm	and	same	spacing,	see	Figure	
3‐7	(a)	and	(b).		

	
Figure	 3‐7	 Cross‐sectional	 TEM	 images	 of	 the	 ELOG	 InP	 from	 an	 opening	 in	mesh	 patterns	 of	 opening	
width	 200	 nm	 (a)	 and	 1000	 nm	 (b).	 TDs	 represent	 threading	 dislocations	 while	 1	 and	 2	 represent	
dislocations	in	the	ELOG	layer.	Pictures	from	Paper	A.		

From	a	smaller	opening	width	a	defect	free	layer	is	grown	(Figure	3‐7	(a)),	while	in	the	
large	 openings,	 the	 dislocations	 that	 propagate	 to	 the	 opening	 can	 pass	 unfiltered	
through	the	opening	and	seen	in	the	ELOG	layer	above	the	mask	(Figure	3‐7	(b)).	This	is	
a	clear	case	of	reduced	growth	area	effect,	i.e.,	as	the	size	of	the	growth	area	gets	smaller	
the	total	number	of	fixed	source	of	dislocations	from	the	InP	seed	layer	is	reduced.		

The	dislocation	marked	by	1	is	a	stacking	fault	which	seems	to	be	created	in	the	grown	
layer,	whereas	2	indicates	a	threading	dislocation.	On	a	similar	study	on	ELOG	InP	on	InP	
substrate	stacking	faults	or	threading	dislocations	are	not	seen	in	the	ELOG	layer	[100]*.	
Thus,	the	formation	of	stacking	faults	is	not	inherent	to	ELOG	rather	it	is	related	to	some	
other	 effect.	 Random	 deposition	 error/growth	 accidents	 can	 be	 a	 cause	 for	 the	
formation	 of	 stacking	 faults	 as	 observed	 in	 [111],	 [112].	 In	 these	 studies,	 it	 has	 been	
shown	 that	 the	 formation	 energy	of	 stacking	 faults	 is	 lower	 on	 {111}	 facets	 in	 the	 ZB	
type	semiconductors	and	fault	formation	has	been	observed	in	these	kinds	of	facets.	This	
happens	 even	 for	 lattice	 matched	 material	 systems	 where	 the	 effect	 of	 strain	 is	
negligible.	 However,	 the	 study	 in	 [109],	 showed	 that	 random	 deposition	 errors	 and	
imperfect	coalescence	are	unlikely	cause	of	stacking	fault	formation	in	ELOG	InP	on	Si	as	
it	is	not	observed	in	ELOG	InP	on	InP	where	such	effects	are	equally	operative.	The	study	
also	indicates	that	point	defects	can	serve	as	a	nucleation	site	for	stacking	faults.	These	
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point	defects	in	turn	can	be	created	due	to	the	surface	roughness	of	the	InP	seed	and	the	
SiO2	mask.	In	addition,	the	unrelaxed	residual	strain	in	the	seed	layer,	even	though	it	is	
shown	to	be	minimal,	can	cause	early	ELOG	 layer	 to	be	strained	and	 later	 the	 thermal	
strain	caused	by	the	thermal	expansion	coefficient	difference	in	the	ELOG	and	the	mask	
layer	causes	the	ELOG	layer	to	be	strained.	As	a	concequence,	growth	accidents	on	strain	
distorted	bonds	[113]	lead	to	the	formation	of	SFs.		

3.1.2.1 Defect	reduction	by	aspect	ratio	trapping		

As	 discussed	 in	 the	 second	 chapter,	 ART	 is	 a	method	 to	 filter	 defects	 in	 the	material	
arising	from	selective	area	growth	when	the	growth	is	made	from	an	opening	with	mask	
thickness	 to	opening	width	 ratio	>1	 [114].	 In	 a	 recent	 study,	Wang	et	 al.	 proposed	an	
ART	 >2	 is	 required	 to	 filter	 threading	 dislocations	 in	 InP	 on	 Si	 grown	 from	 shallow	
trench	 isolation	 structures	 [115].	 To	 take	 advantage	 of	 this	 effect,	 two	 samples	 were	
prepared	for	ELOG	InP	with	different	mask	thicknesses	and	opening	widths,	Paper	C.	In	
one	sample	a	700	nm	thick	oxide	mask	was	deposited	and	two	line	openings	at	30o	off	
the	[110]	direction	with	300	nm	width	(aspect	ratio=2.3)	and	500	nm	separation	were	
fabricated	with	EBL;	in	the	other	sample	a	2	µm	thick	oxide	mask	was	deposited	and	1	
µm	wide	 (aspect	 ratio=2)	 line	 openings	were	 fabricated	with	 optical	 lithography.	 The	
growth	on	the	first	sample	was	allowed	to	coalesce	and	the	coalesced	layer	was	500	nm	
thick.	In	the	second	sample,	coalescence	was	avoided	and	the	obtained	ELOG	InP	was	~	
6	µm	thick	with	a	 lateral	extension	of	~	20	µm.	Figure	3‐8	(a)	shows	the	PC‐CL	 image	
and	Figure	3‐8	(b)	is	a	high	angular	annular	dark	field	(HAADF)	TEM	image	taken	in	the	
[100]	direction	of	ELOG	InP	on	Si	from	the	first	sample	and	Figure	3‐8	(c)	shows	a	cross‐
section	TEM	 image	of	 the	ELOG	 InP	grown	 from	 the	 second	 sample.	The	PC‐CL	 image	
from	the	coalesced	layer	is	showing	no	apparent	sign	of	dislocations	in	the	ELOG	layer	
except	 at	 the	 point	 where	 the	 growth	 fronts	 meet	 and	 coalesce,	 where	 coalescence	
defects	are	visible.	This	is	more	evident	in	the	TEM	image	shown	in	Figure	3‐8	(b)	where	
the	 lateral	 growth	 fronts	 meet	 over	 the	 mask	 in	 the	 middle	 of	 the	 two	 openings	
(indicated	by	a	marked	rectangular	region).	It	can	be	seen	both	in	Figure	3‐8	(b)	and	(c)	
that	 a	 high	 density	 of	 threading	 dislocations	 are	 blocked	 by	 the	mask	 not	 only	 in	 the	
ELOG	 layer	but	 also	 above	 the	openings	 are	 eliminated	by	 intersecting	with	 the	mask	
side	 wall	 (indicated	 as	 TDs	 in	 both	 TEM	 images)	 because	 of	 the	 ART	 that	 wouldn’t	
happen	if	the	aspect	ratio	is	<1	as	in	the	case	shown	in	Figure	3‐7.	

In	 summary,	 threading	dislocations	 can	be	 completely	 filtered	 from	ELOG	 InP	by	high	
aspect	ratio	openings,	while	coalescence	defects	still	exist	in	the	coalesced	ELOG	layer	at	
the	 coalescence	 region.	 The	 concept	 of	 ART	was	 revised	 to	 block	 all	 forms	 of	 defects	
including	the	stacking	faults	in	the	study	by	C.	Junesand	et	al.,	[70]	for	line	openings	off	
oriented	 by	 30o	 from	 [110]	 direction.	 In	 that	 study,	 it	 is	 proposed	 by	 a	 geometrical	
model	that	an	AR	of	~4	is	required	to	block	all	kinds	of	defects	including	stacking	faults.	
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Figure	3‐8	(a)	PC‐CL	image	of	ELOG	InP	on	Si	 from	two	line	openings	with	an	opening	width	of	300	nm	
and	a	mask	thickness	of	700	nm	(AR=2.3),	(b)	is	the	TEM	image	of	a	cross	section	of	the	ELOG	in	(a)	and	
(c)	TEM	image	of	part	of	the	cross	section	of	the	ELOG	InP	from	a	1	µm	wide	opening	in	a	2	µm	thick	SiO2	
and	to	the	right	is	the	zoomed	image	of	the	growth	in	and	above	the	opening.	Pictures	from	Paper	C.	

It	 is	particularly	 interesting	 to	note	 that	 the	mask	and	 the	opening	dimension	and	 the	
large	 lateral	 growth	 obtained	 in	 the	 second	 sample	 are	 suitable	 for	 a	 monolithic	
evanescently	coupled	Si	laser	(MECSL)	proposed	by	us	[72].	In	the	design	of	a	MECSL,	a	
Si	waveguide	is	buried	in	SiO2,	which	is	used	as	the	mask	during	ELOG.	Therefore	a	gain	
from	the	gain	material	(InGaAsP	multi‐quantum	well)	grown	on	the	top	of	ELOG	InP	can	
be	 coupled	 into	 the	 Si	 waveguide	 underneath.	 The	 design	 demands	 the	 SiO2/Si/SiO2	
(cladding/core/cladding)	 stack	 to	 be	 on	 the	 order	 of	 2	 µm.	 In	 addition,	 the	 relatively	
large	opening	width,	compared	to	the	nano‐size	openings	made	by	EBL,	is	advantageous	
in	 that	 it	 allows	 very	 low	 thermal	 resistivity	 as	 these	 large	 openings	 acts	 as	 vias	 for	
thermal	dissipation	[72].	 In	an	attempt	to	make	a	 laser	device	on	the	ELOG	InP	grown	
from	the	1	µm	openings,	InGaAsP	multi‐quantum	wells	were	grown	and	their	quality	is	
found	 to	 be	 on	 par	with	 the	 same	 quantum	well	 structure	 grown	 on	 pure	 InP	wafer,	
Paper	C.		
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 SAG	of	Nano	Pyramidal	Frusta	on	Si	(NPF)	for	Si	photonics	3.2

In	 growing	 mismatched	 heterostructures,	 the	 small	 growth	 area	 contributes	 to	 the	
reduction	 of	 misfit	 and	 dislocation	 densities	 [13].	 Selective	 area	 growth	 of	
nanostructures	makes	use	of	this	effect	to	reduce	the	dislocation	density	and	achieve	a	
high	quality	material.	It	is	also	a	viable	way	to	control	site	and	density	of	nanostructures.		

In	Paper	B,	and	Paper	D,	 site,	 size	 and	density	 controlled	 growth	of	 high	quality	 InP	
nanopyramidal	 frustum	 (NPF)	 is	 presented.	 Different	 samples	 with	 circular	 hole	
openings	of	varying	diameters	and	center	to	center	spacings	were	provided	in	SiO2	mask	
deposited	by	PECVD	on	InP(seed)	and	pure	InP	substrates.	The	openings	were	made	by	
soft	 UV‐NIL	 [116].	 Sulphur	 doped	 InP	 (nominal	 concentration	 ~5	 x	 1018	 cm‐3)	 was	
grown	in	HVPE	at	590	oC	for	different	growth	durations.	A	schematic	of	the	circular	hole	
openings	(on	InP(seed)/Si))	and	the	SEM	images	of	the	layer	grown	for	2.5	minutes	on	
both	substrates	from	hole	opening	diameter	(D)	of	300	nm	and	center	to	center	spacing	
of	(S)	500	nm	and	AFM	image	of	a	frustum	on	InP	substrate	are	shown	in	Figure	3‐9.		

	 	

	 	
Figure	3‐9	(a)	A	schematic	of	the	circular	hole	openings	on	(InP(seed)/Si)	and	the	SEM	images	of	NPF	on	
InP(seed)/Si	substrate	(b),	InP	substrate	(c)	AFM	image	of	a	frustum	on	InP	substrate	from	hole	opening	
diameter	(D)	of	300	nm	and	center	to	center	spacing	of	(S)	500	nm	grown	for	2.5	minutes.	Pictures	from	
Paper	D.	

The	NPF	are	shown	to	be	octagonal	with	eight	low	index	facets	surrounding	the	top	flat	
surface.	A	line	scan	in	AFM	image	of	the	NPF	side	wall	gave	an	angle	of	45o	and	54o	with	
the	(100)	plane,	indicating	the	sides	facets	are	{110}	and	{111}	planes	(Figure	3‐9	(d)).	
The	formation	of	such	planes	is	due	to	the	crystal	symmetry	rearrangement	within	the	
confined	 region	 controlled	 by	 the	 incorporation	 rate	 of	 the	 rate	 determining	 species	
[117].	 The	 growth	 rate	 difference	 on	 these	 kind	 of	 planes	 with	 respect	 to	 the	 (100)	
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plane,	 due	 to	 the	 variation	 on	 the	 adsorption/desorption	 fluxes	 and	 de‐chlorination	
frequency	from	one	face	to	the	other	in	a	given	identical	condition	[58]	leads	to	create	
the	 pyramidal	 shape	 as	 the	 growth	 continues.	 AFM	measurements	 done	 on	NPF	 after	
removing	 the	 oxide	 mask	 reveal	 that	 the	 size	 distribution	 is	 inhomogeneous	 on	
InP(seed)/Si	and	homogeneous	on	InP	substrate	(Figure	3‐10).	This	variation	on	the	size	
of	the	NPF	grown	on	InP(seed)/Si	is	understood	to	be	due	to	the	surface	unevenness	and	
roughness	of	the	InP(seed)	layer.		

	 	

Figure	3‐10	3D	5	x	5	µm2	AFM	image	of	NPF	on	InP(Seed)	(a)	and	InP	(b)	substrates;	the	mask	was	
removed	prior	to	the	AFM	measurement.	Pictures	from	Paper	D.	

As	mentioned	before,	 the	ultimate	application	of	such	structures	 includes	the	site,	size	
and	number	control	growth	of	QD	structures	and	that	requires	a	good	size	control	of	the	
NPF	top	flat	surface.	The	effect	of	opening	diameter	and	spacing	between	circular	hole	
openings	on	 the	 size	of	 the	NPF	was	 investigated	by	performing	growth	 from	circular	
hole	 openings	 of	 different	 diameter	 and	 center	 to	 center	 spacing	 on	 both	 kinds	 of	
substrates.	Two	pattern	 fields,	A	and	B	of	 square	array	of	 circular	hole	openings	with	
diameter	(D=300	nm)	and	center	to	center	spacing	(S=500	nm	and	1	µm)	were	fabricted	
on	InP	and	InP(seed)/Si	substrates	in	SiO2	mask	of	thickness	150	nm,	see	Table	3‐1.	The	
fill	factor,	in	these	patterns	are	0.28	and	0.07.	In	the	second	set	of	samples	openings	of	
D=120	nm	and	S=180	nm	corresponding	to	the	fill	factor	of	0.19	were	prepared	in	a	SiO2	
mask	of	thickness	90	nm.	The	difference	in	the	oxide	mask	thickness	is	to	avoid	process	
difficulties	 of	 etching	 a	 thick	 mask	 of	 small	 openings.	 The	 first	 set	 of	 samples	 were	
grown	for	2.5	minutes	whereas	the	second	set	of	samples	for	15	minutes	but	the	other	
growth	parameters	were	the	same	for	both.	The	height	and	top	flat	surface	diameter	of	
the	NPF	grown	are	given	in	Table	3‐1.	

Table	3‐1	Dimensions	of	the	NPF	from	both	sets	of	samples.	

Sample	 Substrate	 Average		
Height	(nm)	

Top	Surface		
Diameter	(nm)	

	
Set	1	

D=300nm	

A	
S=500	nm	

n‐InP	 80±3	 90±2	

InP(seed)/Si 79±12	 91±7	
B	
S=1000	nm	

n‐InP	 50±2	 110±3	

InP(seed)/Si 49±4	 111±5	

Set	2	
D=120	nm,	S=180	nm	

n‐InP	 41±3	 30±2	
InP(seed)/Si 39±8	 31±10	
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It	can	be	seen	from	Table	3‐1	that	both	the	height	and	the	top	flat	surface	diameter	of	the	
NPF	can	be	controlled	mainly	by	designing	a	proper	D,	S	and	fill	factor,	regardless	of	the	
substrate	type.	From	the	SEM	images	of	the	NPF	in	Figure	3‐9	(b)	and	(c),	it	can	be	seen	
that	the	NPF	is	contained	in	the	opening	and	no	lateral	growth	occurred.	The	side	facets	
are	 slowly	 growing	 low	 index	 planes,	 and	 once	 these	 planes	 are	 developed,	 all	 the	
subsequent	growth	takes	place	predominantly	in	the	vertical	direction.	This	means	the	
vertical	 growth	 can	 take	 place	 only	 with	 the	 supply	 of	 the	 growth	 species	 on	 the	
emerging	(100)	flat	surface	of	the	NPF	whose	area	constantly	shrinks	with	growth	time.	
This	also	suggests	that	the	NPF	grown	from	smaller	diameters	should	result	in	a	shorter	
NPF	(Table	3‐1).	The	NPF	from	a	120	nm	diameter	opening	is	shorter	and	has	a	smaller	
flat	 surface	 even	 though	 it	was	grown	 for	15	minutes.	The	 vertical	 growth	 rate	 of	 the	
NPF	is	in	the	range	of	2‐32	nm/minute,	which	is	1	to	2	orders	of	magnitude	lower	than	
the	 growth	 rate	 (200	 nm/minute)	 on	 a	 control	 reference	 samples	 (planar	 InP	wafer)	
grown	simultaneously	with	the	two	sets	of	samples.	This	appears	contradictory	to	what	
happens	during	SAG	where	extra	supply	of	growth	species	from	the	masked	area	to	the	
open	area	is	expected	to	enhance	the	growth	rate	compared	to	that	of	a	planar	growth.	
This	 is	 because	 for	 a	 very	 small	 fill	 factor	 <10%,	 even	 though	 the	 supply	 of	 growth	
species	to	the	open	area	from	the	large	masked	area	is	very	high,	the	reaction	kinetics	on	
the	(100)	surface	tends	to	limit	the	growth	[118]	leading	to	a	self‐limiting	growth(SLG)	
and	SAG	become	no	more	operative	[119].	This	is	more	evident	when	the	growth	from	
the	pattern	field	A	and	B	are	compared.	The	NPF	from	B	with	larger	spacing	and	same	
diameter	(lower	fill	factor)	is	shorter	than	that	from	A,	which	would	have	been	the	other	
way	round	if	SAG	is	operative	as	both	patterns	are	on	the	same	sample	and	grown	with	
the	same	growth	condition.	The	result	of	shorter	NPF	from	samples	in	set	2	(grown	for	
15	minutes)	than	the	NPF	in	samples	of	set	1	can	also	be	a	result	of	the	effect	of	the	SLG	
and	 a	 result	 of	 smaller	 opening	 diameter.	 In	 summary,	 the	 results	 indicate	 that	 the	
control	of	both	height	and	top	flat	surface	area	is	possible	by	adjusting	the	growth	time,	
the	opening	diameter	and	spacing.	Thus,	the	adjustments	can	be	done	in	such	a	way	that	
the	NPF	top	flat	surface	accommodates	certain	number	of	dots	with	optimal	height	from	
the	substrate	surface.		

3.2.1 Cathodoluminscence	studies	of	NPF	
The	optical	quality	of	the	NPF	on	both	InP	(seed)/Si	and	InP	substrates	was	assessed	by	
cathodoluminescence,	 Paper	 D.	 PC‐CL	 measurement	 was	 conducted	 at	 room	
temperature	with	an	acceleration	voltage	of	5	keV.	The	SiO2	mask	was	removed	prior	to	
the	CL	measurement.	Figure	3‐11	(a)	and	(c)	depict	SEM	images	on	pattern	 field	A	(c)	
and	 (d)	 the	 corresponding	 PC‐CL	 of	 NPF	 from	 pattern	 A	 on	 InP	 and	 InP(seed)/Si,	
respectively.	 (e)	 Is	 the	 normalized	 CL	 spectra	 taken	 from	 an	 individual	 NPF	 on	 both	
substrates	and	a	control	reference	sample.	
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Figure	3‐11	SEM	(a)&(b)	and	PC‐CL	(c)&(d)	images,	respectively,	of	NPF	grown	from	openings	of	300	nm	
diameter	and	spacing	of	500	nm,	on	InP	and	on	InP(seed)/Si	substrates,	respectively	and	(e)	normalized	
CL	intensity	from	single	NPF	on	InP	and	InP(seed)/Si	substrates	and	a	control	sample.	Note	that	the	InP	
substrate	is	n‐type	for	both	the	reference	and	the	NPF	growth.	Pictures	from	Paper	D.		

Generally	 the	 PC‐CL	 maps	 show	 a	 bright	 contrast	 from	 each	 NPF	 regardless	 of	 the	
substrate	type	indicating	NPF	are	of	low	defect	density	if	not	defect	free.	While	almost	all	
the	NPF	 on	 the	 InP	 substrate	 shown	 in	 the	 SEM	 images	 (Figure	 3‐11	 (a))	 give	 bright	
contrast	 in	 the	 PC‐CL	 image	 (Figure	 3‐11	 (b))	 the	 smaller	 size	 NPF	 on	 InP(seed)/Si	
substrate	 give	 weaker	 bright	 contrast	 as	 compared	 to	 the	 large	 ones.	 The	 contrast	
variation	is	also	related	to	the	size	variation	of	the	NPF.	The	reason	is	that	the	carriers	
that	are	excited	only	from	the	NPF	will	be	larger	in	the	larger	NPF	than	from	the	smaller	
NPF;	 in	 the	 latter	 case,	 excited	 carriers	 from	 the	 seed	 layer	 can	 dominate.	 Hence	 the	
larger	NPF	are	brighter.	As	discussed	previously	 the	defect	 filtering	mechanism	 in	 the	
case	of	NPF	growth	on	Si	substrate	 involves	mainly	 the	reduced	area	growth	effect.	 In	
addition,	since	the	threading	segments	in	the	[110]	direction	on	the	(111)	plane	makes	
45o	with	the	underlying	(100)	plane	leading	to	the	elimination	of	threading	dislocations	
by	 terminating	 at	 the	 {111}	 planes	 of	 the	 NPF	 side	 wall,	 a	 defect	 free	 top	 surface	 is	
achieved.		

From	 the	 normalized	 CL	 spectra	 taken	 from	 single	 NPF	 on	 both	 substrates	 (Figure	
3‐11(e)),	 it	can	be	seen	that	 the	FWHM	of	 the	spectra	 taken	 from	the	NPF	on	Si	 is	 the	
same	 as	 from	 the	 one	 on	 the	 InP	 substrate,	 indicating	 comparable	 optical	 qualities.	
However,	 in	 both	 cases	 the	 spectrum	 is	 broader	 and	 blue	 shifted	 compared	 to	 the	
epitaxial	layer	of	InP	on	the	InP	substrate	(reference	sample).	The	FWHM	of	the	spectra	
from	NPF	on	 InP	 and	 InP(seed)/Si	 substrates	 and	 the	 reference	 sample	 are	 124	meV,	
138	meV	and	68	meV,	 and	 the	peak	positions	are	1.39,	1.39	and	1.35	eV	 respectively.	
The	difference	in	the	FWHM	between	the	reference	and	NPF	of	the	spectra	is	understood	
to	be	due	to	the	doping	effect.	About	one	order	of	magnitude	increase	in	the	doping	level	
results	approximately	in	a	twofold	broadening	of	PL	emission	spectra	[94].	As	discussed	
in	chapter	2,	PL	and	CL	have	similar	emission	mechanisms	and	hence	the	CL	results	can	
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be	 compared	 with	 the	 PL	 behaviour.	 However,	 the	 CL	 spectra	 are	 usually	 slightly	
broader	 than	 that	 of	 the	 PL	 spectra	 due	 to	 a	 difference	 in	 the	 excitation	 volume	 for	
comparable	 excitation	 energy.	We	 have	 confirmed	 that	 FWHM	difference	 between	 CL	
and	PL	of	 the	 reference	 sample	 is	 about	10	meV	 (CL	 is	 broader),	 similar	 to	what	was	
observed	by	Roderiguez‐Viejo	et	al.,	 in	 [120].	We	attribute	 the	blue	shif	 to	 the	already	
discussed	(section	2.6.4)	Burstein‐Moss	effect	[94]	arising	from	enchanced	doping	in	the	
NPF	with	respect	to	the	reference	sample.	However,	recalling	that	the	growth	condition	
and	doping	 type	and	concentration	are	 the	same	 for	 the	reference	sample	and	NPF	on	
both	 substrates,	 the	 reason	 for	 the	enhanced	dopant	 concentration	must	be	 related	 to	
the	NPF.	 Previous	 studies	 showed	 that	 dopants	 like	 silicon	 and	 sulphur	 preferentially	
incorporate	in	certain	facets	planes	of	InP	resulting	in	a	locally	higher	concentration	in	
those	particular	planes	 [46].	Therefore,	 the	enhanced	dopant	concentration	that	 led	to	
the	broadening	and	blue	shift	of	the	CL	spectra	must	be	due	to	the	preferential	dopant	
incorporation	in	multiple	facets	of	the	NPF.	To	verify	if	this	is	the	case	here,	NPF	grown	
on	InP	substrate	was	studied	by	scanning	spreading	resistance	microscopy	(SSRM).	The	
results	 indicate	 that	 the	 side	 facets	 of	 the	 NPF	 conducts	 current	 of	 2‐3	 orders	 of	
magnitude	larger	than	the	top	flat	surface.	The	top	flat	surface	and	the	reference	sample	
show	 the	 same	 conductivity,	Paper	D,	 indicating	 that	 the	 side	 facts	 are	 preferentially	
doped	more	than	the	planar	reference	sample.		
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 CELOG	for	coherent	III‐V/Si	heterojunction	3.3

In	 the	 previous	 sections	 attempts	 were	 made	 to	 understand	 the	 growth	 and	 defect	
filtration	mechanism	involved	in	the	SAG	and	ELOG	of	InP	on	Si	and	it	was	shown	that	
material	 with	 high	 structural,	 electrical	 and	 optical	 qualities	 can	 be	 achieved	 with	
optimized	growth	condition	and	pattern	design.	Most	of	the	knowledge	is	applicable	for	
CELOG	InP	on	Si	as	well.	The	ultimate	goal	of	CELOG	developed	for	the	first	time	in	our	
laboratory	is	to	obtain	a	coherent	III‐V/Si	heterojunction	with	high	quality	III‐V	layers.	
Its	 application	 includes	 (but	 is	 not	 limited	 to)	 a	 high	 efficiency	 Si	 based	 III‐V	
multijunction	solar	cell	for	concentrated	PV	due	to	efficiency	enhancement		by	Si	subcell	
for	a	1.0	eV	photon	absorption.		

In	Paper	E	and	Paper	F	sample	preparation	and	growth	optimization	experiments	were	
conducted	and	the	technology	of	CELOG	InP	on	Si	is	discussed.	The	sample	preparation	
steps	for	CELOG	InP	on	Si	are	outlined	by	the	schematics	 in	Figure	3‐12.	 In	step	1,	 the	
InP	seed	 layer	 is	patterned	 into	mesas	of	width	W	by	conventional	optical	 lithography	
and	 inductively‐coupled	 plasma	 (ICP)	 etching.	 The	 height	 of	 the	mesa	 is	 equal	 to	 the	
thickness	of	the	seed	layer	(~2	µm).	In	step	2,	SiO2	mask	of	thickness	(t)	is	deposited	all	
over	 the	substrate	and	 the	mesa	side	wall	 is	 covered.	Openings	were	defined	by	using	
optical	lithography	on	the	top	of	the	mesa	with	opening	width	of	w.	By	using	reactive‐ion	
etching	(RIE)	the	mask	was	etched	to	expose	the	Si	surface	and	to	create	an	opening	on	
the	seed	mesa.		

	
Figure	3‐12	Schematics	of	the	process	flow	steps	involved	in	sample	patterning	for	CELOG	InP	on	Si.	

In	Paper	E	 and	Paper	F,	 samples	with	mesa	 oriented	 30o	 off	 the	 [110]	 direction	 and	
width	W=10	and	20	µm	and	an	opening	width	w=	5	µm	in	a	mask	of	thickness	t=200	nm	
were	prepared	for	different	growth	experiments	to	understand	the	growth	mechanism	
and	study	the	effect	of	different	growth	parameters.	Growth	of	alternating	layers	of	UID	
and	sulphur	doped	InP	CELOG	was	conducted	on	sample	prepared	on	InP	substrate	in	a	
similar	way	described	in	steps	1	and	2	(Figure	3‐12)	but	in	this	case	the	SiO2	is	kept	in	
between	the	mesas	so	that	the	growth	from	InP	substrate	is	avoided.	Figure	3‐13	depicts	
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a	 cross‐section	 image	 and	 schematic	 of	 CELOG	 growth	 mechanism	 derived	 from	 the	
growth	on	InP	shown	in	the	SEM	image.	

	
Figure	3‐13	(a)	Cross‐section	SEM	image	of	alternating	 layers	of	UID	and	sulphur	doped	InP	on	the	 InP	
substrate	 and	 (b)	 Schematic	 of	 CELOG	 growth	 mechanism	 on	 Si	 derived	 from	 the	 growth	 on	 the	 InP	
substrate	(t0	and	tg	represent,	time	of	growth).	Pictures	from	Paper	E.	

The	growth	 initially	 starts	 from	the	opening	on	 the	 top	of	 the	mesa	at	 time	 (t0)	and	 it	
growths	in	the	upward	direction	(indicated	by	number	1)	and	when	the	opening	is	filled	
and	the	thickness	exceeds	the	thickness	of	the	mask,	lateral	growth	starts	(indicated	by	
number	2)	in	addition	to	the	upward	growth.	This	continues	until	it	reaches	the	edge	of	
the	 mesa	 after	 which	 a	 third	 growth	 direction,	 towards	 the	 substrate	 (indicated	 by	
number	 3)	 is	 established.	 From	 this	 point	 on,	 the	 growth	 continues	 in	 all	 the	 three	
directions	 (1,	2	and	3)	and	 the	downward	growth	stops	naturally	when	 it	 reaches	 the	
surface	 of	 the	 substrate	 (SiO2	 on	 InP	 in	 this	 particular	 case	 as	 in	 Figure	 3‐13	 (a)).	
However,	 the	upward	and	 lateral	 growth	 fronts	 (indicated	by	 the	doted	 line	 rectangle	
and	arrows	in	Figure	3‐13	(b))	continue	to	progress	until	tg	(total	growth	time).	The	void	
seen	 in	 the	 cross	 section	 image	 (Figure	 3‐13	 (a))	 is	 due	 to	 the	 non‐uniformity	 of	 the	
mask	 (a	 thicker	mask	 at	 the	 base	 of	 the	mesa).	 The	 downward	 growth	 is	 particularly	
interesting	 as	 it	 enables	 III‐V/Si	 heterointerface	 without	 a	 direct	 growth	 from	 the	 Si	
substrate.	This	aspect	of	CELOG	 is	similar	 to	conformal	growth	 [77].	 In	both	cases	 the	
growth	 condition	 is	 adjusted	 so	 that	 any	 nucleation	 on	 Si	 substrate	 is	 avoided.	 A	
schematic	illustration	of	dislocation	filtration	mechanism,	cross‐section	SEM	and	cross‐
section	TEM	images	of	CELOG	InP	on	the	Si	and	XRD	(004)	rocking	curves	of	the	CELOG	
InP	and	InP	(seed)	layer	on	Si	are	shown	in	Figure	3‐14.	
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Figure	 3‐14	 (a)	 Schematic	 illustration	 of	 defect	 filtration	 mechanism	 of	 CELOG	 technology,	 (b)	 cross‐
section	SEM	image	of	CELOG	InP	on	Si	and	(d)	cross	section	TEM	image	of	CELOG	InP	at	the	CELOG	InP‐Si	
interface	shown	in	(b).	I	and	II	in	(a)	represent	different	regions	in	CELOG	and	1	and	2	in	(b)	represent	the	
boundary	 planes	 bounding	 the	 CELOG	 InP	 and	 (e)	 (004)	 XRD	 rocking	 curves	 from	 CELOG	 InP	 and	
InP(seed)	on	silicon.	The	FWHM	and	the	angular	separation	of	the	layer	and	substrate	are	indicated	on	the	
respective	curves.	

Region	 I	 in	 the	 schematic	 is	 similar	 to	what	we	 get	 in	 ELOG	 and	 the	 defect	 filtration	
mechanism	in	ELOG	is	operative	in	this	region.	Dislocations	in	the	seed	layer	are	either	
blocked	by	the	SiO2	mask	layer	or	pass	unfiltered	to	the	surface	of	the	ELOG	so	that	they	
can	be	found	in	the	ELOG	layer.	Due	to	the	fact	that	these	dislocations	propagate	only	a	
short	distance	and	only	 to	 the	surface	 [76],	 [77],	 instead	of	bending	and	 following	 the	
lateral	and	downward	growth,	dislocation	free	InP	can	be	achieved	both	in	region	I	and	
II.	 The	 cross‐section	 TEM	 image	 shows	 that	 no	 threading	 dislocation	 is	 observed	 in	
region	 II	 (Figure	 3‐14	 (c)).	 This	 indicates,	 CELOG	 avoids	 the	 strain	 induced	 by	 lattice	
mismatch	between	InP	and	Si	hence	no	misfit	and	threading	dislocations	in	the	CELOG	
InP	is	observed.	Therefore,	the	formation	of	stacking	faults	caused	by	dislocation	gliding	
under	stress	or	error	of	atom	incorporation	in	the	crystal	can	be	neglected.	This	means	
the	 observed	 stacking	 faults	 in	 the	 CELOG	 InP	 is	 most	 probably	 nucleated	 on	 atomic	
steps	 [111]	 that	 could	be	created	due	 to	 the	Si	 surface	 roughness	 (probably	caused	by	
etch	damage	during	the	ICP	etching	of	the	InP	seed	layer).	High	resolution	TEM	study	on	
InP/Si	 interface	 revealed	a	 coherent	 InP/Si	 interface	without	 intermediate	amorphous	
layer.	The	XRD	rocking	curves	are	confirming	the	structural	quality	improvement	in	the	
CELOG	layer	compared	to	the	starting	material,	(InP	seed	layer).	The	FWHM	of	the	XRD	
rocking	curve	of	the	CELOG	layer	is	narrower	by	more	than	a	factor	of	tow	as	compared	
to	the	seed	layer	(Figure	3‐14	(d)).		

In	Paper	F,	the	boundary	planes	1	and	2	of	Figure	3‐14	(b)	are	identified	to	be	{331}B	
and	 {211}B.	Growth	behavior	of	CELOG	on	 these	planes	and	effect	of	different	growth	
condition	in	HVPE	is	investigated.	Seven	different	experiments	were	conducted	with	the	
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same	 growth	 temperature	 of	 590	 oC	 and	 growth	 time	 of	 30	 minutes	 and	 different	
parameters	in	terms	of	doping	type,	InCl	and	PH3	flow	(partial	pressure).		

After	growth	each	 sample	was	 characterized	by	SEM	 to	 study	 the	growth	profiles	and	
growth	rates	(lateral	and	vertical).	Cross‐sectional	SEM	images	of	CELOG	InP	on	Si	from	
two	 parallel	 mesas	 of	 width	 20	 µm	 and	 opening	 width	 of	 5	 µm	 from	 each	 growth	
experiment,	 as	 listed	 in	 Table	 3‐2,	 are	 shown	 in	 Figure	 3‐15.	 The	 {331}B	 and	 {211}B	
planes	 are	 found	 to	 be	 bounding	 planes	 of	 the	 CELOG	 InP	 in	 all	 cases	 except	 that	 the	
{211}B	plane	is	not	developed	in	case	of	the	sample	2	(Figure	3‐15	(b))	and	the	{331}B	
plane	 is	 not	 prominent	 in	 case	 of	 sample	 7	 (Figure	 3‐15(g)).	 The	 vertical	 and	 lateral	
growth	 of	 CELOG	 InP	 from	 each	 sample	 was	 measured	 and	 aspect	 ratio	 (lateral	 to	
vertical)	 was	 calculated.	 Growth	 conditions	 and	 resulting	 layer	 thickness	 (t),	 lateral	
width	 (L)	 and	 aspect	 ratio	 (=L/t)	 are	 given	 in	 Table	 3‐2.	 In	 all	 the	 cases	 the	 pattern	
design	was	as	described	in	Figure	3‐12.	

Table	3‐2	Details	of	the	experimental	conditions	and	resulting	layer	thickness,	lateral	growth	and	aspect	
ratio	for	CELOG	InP	on	Si.	The	growth	temperature	was	590	oC	and	growth	time	was	30	minutes	for	all	the	
experiments.	

	
Sample	
ID	

Growth	conditions	 Thickness		
(t)	
(μm)	

Lateral	
growth	
(L)	
(μm)	

Aspect	
Ratio	
=(L/t)		

Flow	rates	
(sccm)	

	
V/III	

	
Dopant	

	PH3	 InCl	
	

Extra	
HCl	

1	 120	 12	 ‐	 10	 UID	 20	 48	 2.40	

2	 120	 12	 ‐	 10	 S	(2x1018cm‐3)	 27	 ‐	 ‐	
3	 240	 12	 ‐	 20	 UID	 25	 64	 2.60	

4	 60	 12	 ‐	 5	 UID	 12	 22	 1.80	

5	 240	 8	 ‐	 30	 UID	 20	 56	 2.80	
6	 120	 12	 5	 10	 UID	 15	 47	 3.10	

7	 120	 12	 ‐	 10	 Fe	
(3.2x1018	cm‐3)	

for	the	first	5	min.	

16	 57	 3.60	

The	sulphur	doping	supresses	the	lateral	growth	and	enhances	the	vertical	growth	with	
respect	to	the	UID	growth	under	the	same	experimental	conditions	and	is	clearly	seen	by	
comparing	 samples	 1	 and	2.	 In	 both	 cases	 the	 lateral	 and	 vertical	 growths	 are	 on	 the	
{331}B	and	(100)	planes,	respectively.	The	difference	in	the	growth	can	be	attributed	to	
sulphur	 (S)	 doping	 and	 its	 incorporation	mechanism.	 In	 HVPE	 growth	 S	 and	 P	 atoms	
compete	 for	 the	 same	 incorporation	 sites,	 i.e.,	 In	 atoms,	 on	 the	 growth	 front	 and	
therefore	 In	 is	 the	 growth	 rate	 determining	 species.	 Due	 to	 the	 surface	 atomic	
arrangement	of	the	{331}B	plane	(P	rich)	both	P	and	S	atoms	will	incorporate	easily	and	
the	 S	 atom	 incorporation	 rate	 is	 higher	 in	 this	 plane	 than	 the	 (100)	 plane	 [46]	which	
resulted	in	the	lower	lateral	growth	in	sample	2.		
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Figure	3‐15	(a)‐(g)	[110]	view		cross‐section	SEM	images	of	CELOG	InP	on	Si	of	samples	1‐7,	respectively.	
The	growth	conditions	of	the	samples	are	given	in	Table	3‐2.	Picture	from	Paper	F.	

Gas	phase	supersaturation	is	shown	to	affect	the	growth	rate	in	CELOG	InP	on	Si,	Paper	
F.	For	a	growth	from	a	substrate	with	dislocations	and	surface	steps,	which	is	the	case	in	
CELOG	 InP	 on	 a	 seed	 layer	 containing	 ~109	 dislocations/cm2,	 the	 deposition	 of	 InP	
mainly	occurs	according	to	the	BCF	model	and	growth	rate	is	shown	to	be	a	function	of	
supersaturation	 parameter	 γ	 [106].	 From	 the	 growth	 reaction	 in	 equation	 (2),	 the	
relative	gas	phase	supersaturation	parameter	γ	is	given	by:	 	

	
  

   
3

2 e

InCl PH
1

HCl H K (T)
 γ 		 (16)	

where	 [i]	 represents	 the	 partial	 pressures	 of	 the	 involved	 species	 i	 and	 Ke(T)	 is	 the	
equilibrium	 constant.	 Considering	 the	 growth	 experiments	 on	 samples	 1,	 3,	 4,	 and	 5,	
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where	the	supersaturation	parameter	depends	only	on	the	InCl	and	PH3	partial	pressure	
(the	other	parameters	being	the	same	for	all),	 the	hierarchy	of	the	apparent	gas	phase	
supersaturation	parameter	is	γ3	>γ5>	γ1	>γ4	estimated	from	their	flow	rates	in	Table	3‐2.	
The	lateral	growth	rate	for	those	samples	follow	the	same	trend	as	the	supersaturation	
parameter.	However,	 as	 can	be	 seen	 from	 the	 SEM	 images	 in	 Figure	3‐15,	 the	 growth	
profile	is	not	affected	by	the	gas	phase	supersaturation.		

By	allowing	an	excess	HCl	 flow	of	5	 sccm	 through	an	 independent	HCl	 line	during	 the	
growth	of	sample	6	and	keeping	all	 the	other	growth	conditions	as	with	sample	1,	 the	
growth	rate	in	both	directions	decreased	while	the	aspect	ratio	is	increased	from	~2.4	to	
3.	 The	 excess	 HCl	 reduces	 the	 supersaturation	 parameter	 and	 hence	 the	 growth	 rate.	
However,	 the	 decrease	 in	 the	 growth	 rate	 in	 the	 lateral	 direction	 is	 less	 than	 the	
decrease	in	the	vertical	direction,	Paper	F.	

As	can	be	seen	from	Table	3‐2	the	aspect	ratio	and	lateral	growth	rate	of	CELOG	InP	are	
increased	in	case	of	sample	7.	The	growth	conditions	are	the	same	as	that	of	sample	1	
except	 that	Fe	doping	was	 introduced	 in	 the	 former	case	 for	 the	 first	5	minutes	of	 the	
growth.	However,	 the	vertical	growth	rate	 in	 sample	7	 is	 lower	 than	 that	of	 sample	1.	
FeCl2	and	InCl	compete	for	the	available	P	sites	in	the	growth	plane.	As	mentioned	above	
due	to	the	atomic	arrangement	in	the	(100)	plane,	and	P	stabilized	growth	condition,	the	
competition	 leads	 to	 a	 reduction	 of	 vertical	 growth	 rate	 as	 their	 incorporation	 in	 this	
plane	 is	higher	 than	 the	P	 rich	high	 index	planes	 [121].	Reduction	of	 growth	rate	was	
observed	in	the	growth	of	InP:Fe	on	InP	substrate	[122].	In	that	study	a	reduction	of	a	
growth	rate	of	 InP:Fe	on	(100)	 InP	substrate	by	a	 factor	of	2	compared	 to	 the	growth	
rate	of	UID	InP	on	InP	substrate	was	observed	and	understood	to	be	due	to	blocking	of	
growth	sites	by	cyclopentadiene	(a	decomposition	product	of	ferrocene)	adsorption	on	
the	surface	of	the	substrate.	Therefore,	the	reduction	of	vertical	growth	rate	in	sample	7	
compared	to	that	of	sample	1	may	be	due	to	preferential	 incorporation	of	Fe	atoms	or	
adsorption	of	cyclopentadiene.	However,	the	exact	mechanism	for	the	enhanced	lateral	
growth	 rate	 in	 this	 sample	 compared	 to	 sample	 1	 is	 not	 clear	 and	 deemed	 further	
investigation	is	needed.	
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 Polycrystalline	InP	on	Si	for	low	cost	PV	3.4

This	section	discusses	 the	work	related	 to	polycrystalline	 InP	on	Si	 for	PV	application.	
The	ultimate	 goal	 of	 this	 study	 is	 to	 develop	 low	 cost	methods	 of	 growing/depositing	
polycrystalline	 InP	 with	 large	 grain	 size,	 good	 electrical	 and	 optical	 qualities,	 and	
suitable	for	mass	production.	In	order	to	use	polycrystalline	III‐V	semiconductors	for	PV	
application	 as	 a	 low	 cost	 alternative	 to	 their	 single	 crystalline	 counterparts,	 their	
production	 cost	 and	 their	 quality	 have	 to	 be	 considered	 simultaneously.	 In	 this	work	
polycrystalline	 InP	 was	 deposited	 on	 Si	 substrate	 in	 two	 different	 ways.	 i)	 A	 simple	
chemical	 route	 and	 ii)	 indium	 metal	 assisted	 growth	 method.	 Both	 methods	 are	
investigated	for	the	first	time	in	our	laboratory.		

3.4.1 Polycrystalline	InP	by	a	simple	chemical	route	
The	 process	 of	 depositing	 InP	 in	 this	 route	 involves	 deposition	 of	 In2O3	 on	 Si	 by	 spin	
coating	from	indium	acetate	(In(CH3COO)3)	solution	and	the	conversion	of	In2O3	to	InP	
by	phosphidisation	in	HVPE.		

3.4.1.1 Preparation	of	In2O3	on	Si		

In(CH3COO)3	 was	 prepared	 from	 InCl3	 and	 subsequently	 converted	 to	 In2O3	 as	 given	
below:		

Precipitation	of	In(OH)3:	

	  3 3
3 3                         InCl OH In OH Cl 		 (17)	

Dissolution	of	precipitated	In(OH)3:	

	    3 3 23 3
3 3 3              In OH CH COO H In CH COO H O 		 (18)	

Formation	of	In2O3	film:	

	 3 3 2 2 3 2 2400
( ) 6 6 9   oC

In CH COO O In O CO H O 		 (19)	

The	experimental	details	are	given	in	Paper	G.	In2O3	films	of	controlled	thickeness	could	
were	obtained	and	subsequently	phosphidised	as	described	in	the	next	section.	Prior	to	
phosphidisation,	 the	 In2O3	 film	was	 characterized	 by	 powder	 XRD,	 EDS	 and	 AFM	 and	
found	to	be	polycrystalline	and	stoichiometric.	The	root	mean	square	roughness	of	the	
film	is	~0.	5	nm	from	a	10	x	10	µm2	AFM	scan	area.	AFM	and	XRD	diffraction	pattern	of	
80	nm	thick	In2O3	on	Si	are	shown	in	Figure	3‐16.	
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Figure	3‐16	 (a)	10	x	10	µm2	AFM	 image	and	(b)	powder	XRD	diffraction	pattern	along	with	a	 standard	
XRD	diffraction	pattern	for	In2O3	(JCPDS‐00‐001‐0929)	of	80	nm	thick	In2O3	deposited	on	Si.		
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3.4.1.2 InP	on	Si	via	phosphidisation	of	In2O3	

Phosphidisation	of	In2O3	to	InP	was	done	in	HVPE	reactor	at	a	temperature	of	450	oC	in	a	
PH3	 ambient	 at	 a	 reactor	 pressure	 of	 20	mbar.	 PH3	 is	 the	 P	 source.	 At	 the	mentioned	
experimental	conditions,	low	pressure	and	temperature,	the	decomposition	of	PH3	to	P2	
or	 P4	 is	 un‐favored	 [123].	 Therefore	 phosphidisation	 process	 mostly	 involves	 PH3	
molecules	which	can	be	written	as:	
	 2 3 3 2( ) ( ) ( ) ( ) 2  2  3  s g s gIn O PH InP H O 		 (20)	

The	phosphidized	 In2O3	was	 characterized	by	AFM	 for	 surface	morphology	 and	 it	was	
shown	that	 the	InP	film	with	grains	of	different	size	and	shape	could	be	obtained.	The	
RMS	surface	roughness	of	InP	resulting	from	a	120	nm	thick	In2O3		(RMS	~0.4	nm)	was	
estimated	 to	 be	 77	 nm.	 The	 abrupt	 increase	 in	 the	 surface	 roughness	 of	 InP	 is	
understood	 to	 be	 due	 to	 the	 phosphidisation	 process,	 wherein	 an	 amalgamation	 of	
simultaneous	changes	can	occur	on	the	In2O3	film.	The	high	mobility	of	the	ad‐atoms	at	
the	 conversion	 temperature	 coupled	 with	 the	 chemical	 conversion	 process	 can	 allow	
surface	restructuring	leading	to	change	in	the	surface	morphology.	At	the	initial	stage	of	
phosphidisation,	the	In2O3	film	can	be	restructured	and	form	separate	smaller	islands	or	
coalesced/clustered	 to	 form	 bigger	 islands	 (Figure 3-17(a)).	 This	 tendency	 of	
restructuring	 and	 clustering	depends	on	 the	 thickness	of	 the	 film	where	 thinner	 films	
give	 rise	 to	 smaller	 grains	 and	 higher	 tendency	 of	 clustering	 due	 to	 faster	 grain	
migration.	During	 this	 clustering	or	 coalescence	of	 the	grains	 there	 is	a	 strong	driving	
force	for	surface	roughening	through	surface	atom	diffusion	and	grain	boundary	motion	
[124].	Thus,	80	nm	thick	In2O3	which	had	an	RMS	value	of	0.5	nm	resulted	in	InP	of	RMS	
~142	nm	much	higher	than	that	for	a	120	nm	thick	In2O3	case.	

Room	temperature	PL	spectrum	taken	from	phosphidized	In2O3	 is	seen	to	peak	at	1.35	
eV	which	corresponds	 to	 the	band‐to‐band	 transition	 is	 InP	at	 room	temperature.	The	
spectrum	is	similar	to	that	of	UID	monocrystalline	InP	grown	on	InP	substrate	in	HVPE	
in	 terms	 of	 line	 shape	 and	 FWHM	 indicating	 the	 high	 quality	 of	 the	 phosphidized	
polycrystalline	 InP.	 However,	 slight	 high	 energy	 tailing	 of	 the	 PL	 peak	 has	 been	
observed,	which	may	be	due	to	impurities	that	could	gather	at	the	grain	boundaries	of	
the	polycrystalline	InP	[125].	A	temperature	dependent	PL	measurement	was	conducted	
from	50	K	to	room	temperature,	Paper	G,	and	the	temperature	dependent	energy	band	
gap	is	shown	to	follow	the	theoretical	prediction	by	Varshni	[93].	

The	structural	quality	of	the	polycrystalline	InP	was	assessed	by	powder	XRD	and	TEM.	
AFM	and	high	resolution	cross‐section	TEM	 images	of	 the	polycrystalline	 InP	and	EDS	
spectrum	of	InP	on	Si	resulting	from	a	80	nm	thick	In2O3	and	XRD	mapping	of	InP	from	a	
80	nm	and	120	nm	thick	In2O3	are	depicted	in	Figure	3‐17.	
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Figure	3‐17	(a)	10	x	10	µm2	AFM,	(b)	high	resolution	cross‐section	TEM	images,	(c)	EDS	spectrum	with	
elemental	composition	from	clustered	grains	of	polycrystalline	InP	on	Si,	sample	A	and	(d)	XRD	mappings	
of	the	polycrystalline	InP	on	sample	A	(80	nm	thick	In2O3)	and	B	(120	nm	thick	In2O3)	with	the	InP‐JCPDS‐
00‐010‐0216.		

The	polycrystalline	nature	of	 the	phosphidized	 In2O3	 is	 clearly	 seen	 in	 the	TEM	 image	
and	 confirmed	 by	 the	 XRD	 pattern.	 The	 elemental	 composition	 of	 the	 grains	 is	
stoichiometric	InP.	The	crystallite	size	determined	by	Debye‐Scherrer	formula	equation	
(13)	 from	the	 investigated	samples	 is	 found	to	be	the	same	and	equal	 to	~48	nm.	The	
grain	size	measured	by	AFM	varies	 from	50‐150	nm	in	each	sample	and	this	variation	
can	 be	 due	 to	 the	 fact	 that	 the	 single	 grain	 measured	 by	 AFM	 may	 contain	 many	
crystallites.	SiO2	the	native	oxide	in	between	InP	and	Si	seen	in	the	high	resolution	TEM	
image	is	unavoidable	given	the	air	ambient	processing	of	the	In2O3	but	InP	and	SiO2	are	
well	connected	without	any	void.		

The	presence	of	In2O3	diffraction	peaks	in	the	XRD	mappings	of	InP	from	both	samples	is	
an	indication	of	the	incomplete	phosphidisation.	Time	evolution	of	the	phosphidisation	
process	was	studied	by	conducting	three	phosphidisation	experiments	for	2.5,	5	and	30	
minutes	on	the	80	nm	thick	In2O3.	The	AFM	measurements	show	that	surface	roughness	
drastically	changes	when	the	phosphidisation	time	increases.	The	RMS	roughness	values	
are	estimated	to	be	41,	51	and	76	nm	(from	AFM	image	of	5	x	5	µm2	area)	for	the	films	
after	 2.5,	 5,	 and	 30	minutes	 of	 phosphidisation,	 respectively.	 This	 increase	 in	 surface	
roughness	is	understood	to	be	due	to	the	increased	phosphidisation	time.	In	the	longer	
phosphidisation	time,	ad‐atoms	will	have	enough	time	to	migrate	to	stable	sites	leading	
to	 formation	 of	 stable	 planes	 of	 least	 surface	 energy,	 InP(111)	 [126].	 This	 is	 also	
confirmed	 from	 the	 XRD	 mappings	 of	 the	 three	 samples	 where	 the	 InP(111)	 peak	
gradually	 become	 stronger	 as	 the	 phosphidisation	 time	 increases.	 From	 the	 XRD	
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mappings	of	 these	three	samples	 it	was	seen	that	 the	(222)	and	(600)	XRD	diffraction	
peaks	 of	 the	 indium	 oxide	 (Figure	 3‐16	 (b))	 disappear	 already	 after	 a	 2.5	 minute	
phosphidisation	 whereas	 the	 (321),	 (611)	 and	 (521)	 persist	 and	 show	 no	 clear	
dependence	 on	 the	 phosphidisation	 time.	 This	 indicates	 that	 a	 certain	 amount	 of	
restructuring	 of	 the	 unphosphidised	 indium	 oxide	 occurs	 during	 the	 phosphidisation	
process.	Analysis	of	the	XRD	intensities	of	the	persisting	diffraction	peaks	indicates	the	
stability	 of	 these	 planes	 is	 in	 the	 order	 of	 (321)	 >	 (611)	 >	 (521)	 >	 (600)	 >	 (222).	
However,	 further	 experiments	 should	 be	 designed	 to	 investigate	 the	 stability	 of	 these	
planes	against	different	phosphidisation	temperatures	and	PH3	flow.	

3.4.2 Polycrystalline	InP	by	indium	metal	assisted	growth	in	HVPE	
We	 also	 investigated	 yet	 another	 method	 of	 fabricating	 polycrystalline	 InP,	 via	 the	
assistance	of	indium	metal	and	the	results	are	presented	in	Paper	H.		

3.4.2.1 Indium	metal	on	Si	

In	 this	 work,	 In	 metal	 was	 deposited	 on	 Si(100)	 and	 Si(111)	 substrates	 by	 e‐beam	
evaporation	technique	at	room	temperature	for	25	seconds.	XRD	and	AFM	studies	show	
that	 the	deposited	 In	metal	 forms	polycrystalline	 In	 islands	of	varying	size	and	shape.	
Both	 size	and	shape	of	 the	 islands	were	also	 shown	 to	be	dependent	on	 the	 substrate	
orientation	 (Figure	 3‐18).	 Generally	 smaller	 and	 more	 uniform	 size	 In	 islands	 are	
formed	on	Si(100)	than	on	Si(111).	This	difference	in	size	and	shape	of	the	In	islands	is	
understood	 to	 be	 due	 to	 the	 surface	 energy	 difference	 between	 Si(100)	 and	 Si(111)	
substrates.	 Si(111)	 substrate	 has	 a	 lower	 surface	 energy	 than	 the	 Si(100)	 substrate	
irrespective	 of	 surface	 reconstructions	 [127].	 The	 deposition	 of	 In	 on	 both	 substrates	
appear	to	follow	the	Volmer‐Weber	deposition	mode.	In	this	deposition	mode,	the	atoms	
of	the	film	are	more	strongly	attracted/coupled	to	each	other	than	to	the	substrate.	This	
tendency	results	in	bigger	islands	on	Si(111)	substrate	where	the	surface	energy	is	less.	

Figure	3‐18	3	x	3µm2	AFM	images	of	In	islands	on	Si(100)	(a)	and	Si(111)	(b)	substrates.	Pictures	from	
Paper	H.	

3.4.2.2 InP	on	Si	by	In	assisted	growth	

The	In	on	Si	samples	were	used	for	multiple	experiments	to	understand	the	process	of	
InP	growth	on	Si	by	 In	assisted	growth.	Two	In	on	Si	samples,	samples	A	and	B,	 In	on	
Si(100)	 and	 Si(111)	 substrates,	 respectively,	 were	 loaded	 into	 the	 HVPE	 reactor	 and	
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growth	of	UID	InP	was	conducted	at	610	oC	for	15	minutes	at	a	reactor	pressure	of	20	
mbar.	After	growth	both	samples	were	characterized	by	XRD,	AFM	and	PL.	The	studies	
show	that	polycrystalline	InP	with	a	grain	size	of	about	3	µm	and	band	gap	of	1.35	eV	is	
grown.	A	growth	rate	of	up	to	21µm/hr	was	obtained.	

The	growth	process	in	HVPE	involves	two	stages.	The	first	stage	is	a	temperature	ramp	
up	 stage	 in	 which	 the	 samples	 are	 heated	 from	 room	 temperature	 to	 the	 growth	
temperature	(610	oC)	for	about	15	minutes	in	PH3	ambient.	The	second	stage	is	a	growth	
stage,	when	 the	 temperature	 is	 stabilized	 at	 610	 oC,	 growth	 of	 InP	 from	 its	 precursor	
occurs	as	in	equation	(2).	However,	as	previously	discussed,	direct	nucleation	of	InP	on	a	
bare	 Si	 surface	 is	 not	 possible	 at	 this	 growth	 condition	 in	 HVPE.	 Therefore,	 the	
nucleation	of	InP	is	expected	to	occur	either	on	the	In	islands	or	on	the	phosphidised	In	
islands	during	the	temperature	ramp	up	stage.	Recently	polycrystalline	InP	on	Mo	film	
has	 been	 deposited	 via	 phosphidisation	 at	 a	 temperature	 ≥	 480	 oC	 [128].	 In	 order	 to	
understand	the	growth	process	further,	we	have	conducted	phosphidisation	experiment	
of	 In	 on	 Si	 substrate.	 The	 In	 islands	 on	 both	 substrates	 were	 subjected	 to	
phosphidisation	 in	 HVPE	 at	 610	 oC	 for	 10	minutes.	 The	 phosphidisation	 process	 also	
involves	two	stages.	The	first	stage	 is	a	temperature	ramp	up	stage	and	is	the	same	as	
the	first	stage	of	the	growth	described	above	interms	of	PH3	flow,	temperature	and	time.	
The	second	stage	is	a	phosphidisation	stage	at	a	temperature	of	610	oC	for	10	minutes	
and	the	same	PH3	was	used	as	the	growth	but	no	InCl	in	this	case.	After	phosphidisation,	
the	 samples	 were	 characterized	 by	 SEM	 and	 EDS.	 It	 was	 shown	 that	 In	 islands	 are	
phosphidized	 and	 become	 InP	 islands	 with	 different	 shape,	 size	 and	 distribution	
compared	 to	 the	 starting	 In	 islands	 irrespective	 of	 the	 Si	 substrate	 orientation.	 This	
indicates	that	the	growth	of	InP	on	Si	by	In	assisted	growth	takes	place	selectively	on	the	
phosphidised	 In	 (=InP)	 islands	 during	 the	 temperature	 ramp	 or	 growth	 stages.	 Even	
though	we	have	not	investigated	the	exact	temperature	at	which	phosphidisation	begins	
to	occur,	from	an	earlier	study	by	Nedeljković	et	al	[129]	it	is	inferred	that	it	can	occur	at	
temperatures	<300	 oC.	Therefore,	 in	 the	 temperature	 ramp	up	 stage	>157	 oC	 (melting	
point	 temperature	of	 In)	phosphidisation	of	 the	 In	 islands	might	have	occurred.	 In	 the	
meantime	 In	 islands	melt	 and	new	distribution	 and	 clustering	of	 In	 islands	 leading	 to	
different	 size	 and	distribution	 of	 InP	 islands	 can	 occur.	 Figure	 3‐19	 (a‐c)	 depicts	 SEM	
images	of	 In	metal,	 phosphidized	 In,	 and	polycrystalline	 InP	 grown	on	 In	on	 Si	 (100);	
XRD	 diffraction	 pattern	 of	 the	 polycrystalline	 InP	 grown	 on	 Si(100)	 and	 Si(111)	
substrates	are	shown	in	Figure	3‐19(d)	and	the	schematic	illustration	of	the	process	of	
phosphidisation	and	growth	in	Figure	3‐19(e).		

Crystallites	 and	microstrain	 in	 the	 polycrystalline	 InP	 on	 Si	 were	 estimated	 from	 the	
XRD	diffraction	patterns	by	using	the	Williamson‐Hall	plot	method	[99]	and	the	average	
crystallites	size	of	~200	nm	with	microstrain	of	<0.016%	was	obtained.	Both	crystallite	
size	and	microstrain	in	the	polycrystalline	InP	are	found	to	be	independent	of	substrate	
type.	
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Figure	 3‐19	 (a)	 In	 islands	 (b)	 phosphidized	 In	 islands	 (=InP)	 (c)	 grown	 polycrystalline	 InP	 on	 Si(100)	
substrate	and	(d)	powder	XRD	diffraction	pattern	of	the	polycrystalline	InP	on	Si(100)	and	Si(111)	and	(e)	
schematic	illustration	of	the	growth	and	phosphidisation	processes,	blue	dotted	line	and	green	solid	line	
represent	the	growth	and	the	phosphidisation	processes,	respectively.	Pictures	from	Paper	H.	

Polycrystalline	InP	films	were	cleaved	in‐situ	in	ultra‐high	vacuum	so	as	to	expose	single	
grain	 boundaries	 on	 cross	 sections	 for	 SAM	 analysis	 and	 local	 SAM	 analysis	 was	
performed	by	adjusting	the	beam	current	of	10	nA	at	10	kV	for	achieving	200	nm	spatial	
resolution.	The	In(MNN)	and	P(LMM)	Auger	peaks	measured	from	the	grains	match	very	
well	with	what	is	measured	from	the	standard	InP	reference	and	the	composition	of	In	
and	P	shown	to	be	stoichiometric	(1:1)	indicating	the	In	metal	is	completely	converted	
to	InP	both	during	phosphidisation	and	growth.	This	is	also	confirmed	by	XRD	analysis	
revealing	no	In	diffraction	peaks	after	conversion.		

The	grown	polycrystalline	InP	layers	were	also	characterized	by	room	temperature	µ‐PL	
and	µ‐Raman	spectroscopies.	The	PL	 line	width	and	peak	positions	are	 found	 to	be	 in	
par	with	the	monocrystalline	InP	layer	grown	on	InP	under	the	same	growth	conditions.	
Figure	3‐20	shows	the	normalized	PL	intensity	and	Raman	spectra	of	polycrystalline	InP	
grown	on	Si(111)	and	Si(100)	substrates.	The	 first	order	anti‐Stokes	TO	and	LO	peaks	
are	 observed	 at	 305	 cm‐1	 and	 344	 cm‐1,	 respectively,	 which	 match	 very	 well	 with	
reported	single	crystalline	InP	phonon	peaks	[130].	According	to	the	selection	rules	for	
crystals	with	ZB	structures,	light	incident	on	the	crystal	will	experience	scattering	by	LO	
phonons	if	the	crystal	surface	is	(100)	and/or	(111)	oriented	and	by	TO	phonons	if	it	is	
(110)	and/or	(111)	oriented.	Thus,	both	TO	and	LO	phonon	peaks	will	appear	on	(111)	
surface.	The	co‐existence	of	LO	and	TO	phonon	in	Raman	spectra	is	consistent	with	the	
dominating	(111)	grain	structures	revealed	by	XRD	studies.	
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Figure	 3‐20	 (a)	 Normalized	 PL	 intensities	 from	 polycrystalline	 InP	 on	 Si(100)	 and	 Si(111)	 substrates	
along	with	the	same	from	a	reference	sample	(monocrystalline	InP	on	InP)	and	(b)	Raman	spectra	from	
the	polycrystalline	InP	on	Si	(100)	and	Si(111)	substrates.			

Another	 important	 aspect	 of	 In	 assisted	 growth	 of	 polycrystalline	 InP	 in	 HVPE	 is	 the	
possibility	of	doping.	Doping	of	the	layer	with	sulphur	was	investigated	and	it	is	shown	
to	be	possible,	Paper	H.		

In	summary,	structural,	compositional	and	optical	qualities	of	the	In	assisted	growth	of	
polycrystalline	 InP	 are	 shown	 to	 be	 the	 same	 irrespective	 of	 the	 difference	 in	 the	
substrate	orientation.	This	indicates	that	the	growth	mechanism	is	similar	in	both	cases	
and	it	is	not	influenced	by	the	substrate	type.	This	makes	the	approach	generic	and	can	
be	applied	to	grow	InP	on	other	low	cost	and	flexible	substrates,	e.g.,	glass	and	metal.		
		 	



	

	

62Results	and	discussion

 Selective	regrowth	of	semi‐insulating	InP	for	BH‐QCLs	3.5

As	discussed	 in	 the	previous	 chapters,	buried	heterostructure	quantum	cascade	 lasers	
(BH‐QCLs)	 find	 several	 applications	 in	 gas	 sensing,	 spectroscopy,	 free	 space	
communications	 and	 defense	 and	 security	 countermeasures.	 Those	 and	 similar	
applications	 require	 high	 performance	 QCLs	 with	 high	 power	 and	 high	 wall	 plug	
efficiency	 (WPE)	with	 high	 beam	 quality.	 Since	 their	 invention	 in	 1994	 by	 Faist	 et	 al.	
[131],	 remarkable	 progress	 has	 been	 made	 to	 fabricate	 high	 performance	 QCLs.	
Recently,	InP	based	QCL	devices	emitting	at	3‐5	µm	with	continuous	wave	output	power	
of	5.1	W	and	21%	WPE	at	room	temperature	have	been	achieved	[132].	Among	all	the	
developments	 achieved	 so	 far,	 for	 example	 in	 the	 active	 region	 design	 and	 device	
mounting	strategy,	BH‐QCL	with	InP:Fe	regrowth	has	been	critical	to	reduce	the	thermal	
resistance.	It	helped	to	achieve	room	temperature	continuous	wave	operation	with	high	
output	 power	 and	WPE	 [133],	 [134].	 However,	 there	 are	 several	 issues	 in	 relation	 to	
InP:Fe	regrowth	such	as	formation	of	“rabbit	ears”,	at	the	edge	of	the	QCL	ridge,	difficult	
to	 regrow	 and	 planarize	 very	 deep	 etched	 ridges	 and	 degradation	 of	 MQWs	 through	
temperature	driven	 strain	 relaxation	or	 inter‐diffusion	 [40]	 leading	 to	mixing	of	wells	
and	 barriers	 that	 in	 turn	 leads	 to	 the	 loss	 of	 originally	 designed	 laser	 characteristics	
[135].	 Therefore,	 the	 development	 in	 this	 regard	 requires	 high	 growth	 rate	 (short	
regrowth	time)	and	ideal	planarization.	

In	Paper	I	and	Paper	J	we	demonstrate	the	unique	possibility	of	HVPE	for	the	regrowth	
of	 InP:Fe	 to	 fabricate	 high	 performance	 BH‐QCL.	 Several	 regrowth	 experiments	 were	
conducted	on	 samples	 that	 are	different	 in	 terms	of	 etch	profile,	 etch	depth	and	 ridge	
dimension	 and	 spacing	 between	 ridges.	 All	 InP:Fe	 regrowth	 experiments	 were	
conducted	at	a	temperature	of	600	oC,	V/III	ratio	of	10	and	reactor	pressure	of	20	mbar	
while	the	total	gas	flow	in	the	reactor	was	maintained	at	885	sccm.	

Two	types	of	samples	(type	A	and	type	B),	with	active	regions	designed	to	emit	mainly	in	
the	mid‐infrared	wavelength	range,	were	provided.	Type	A	samples	were	processed	in	
such	a	way	that	a	large	part	of	the	samples	was	masked	and	trenches	of	varying	width	
were	etched	with	depth	(h)	of	6‐15	µm.	In	type	B	samples	large	part	of	the	sample	was	
etched	and	ridges	of	varying	width	and	depth	were	fabricated.	Figure	3‐21	depicts	the	
top	view	optical	microscope	 images	and	corresponding	schematics	of	cross	sections	of	
type	 A	 and	 type	 B	 samples.	 Regrowth	 of	 InP:Fe	 was	 conducted	 on	 both	 ICP	 and	wet	
chemical	etched	samples	for	both	type	A	and	type	B.	Figure	3‐22	depicts	the	regrowth	
profile	 from	 samples	 of	 type	 A	 (wet	 chemical	 etched)	 and	 type	 B	 (ICP	 etched)	 ridge	
structures.	 Figure	 3‐22	 (a)	 and	 (b)	 (left)	 and	 (right)	 show	 the	 top	 view	 and	 the	
corresponding	cross‐section	view	of	the	the	regrown	structures,	respectively.	As	can	be	
seen	 from	 the	 cross‐section	 images,	 remarkable	 planarization	 and	 seamless	 interface	
with	the	etched	structures	is	achieved	regardless	of	the	etch	profile.	
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Figure	3‐21	Optical	microscope	image	(left)	and	corresponding	schematic	cross	sections	of	the	structures	
(right)	for	(a)	type	A	samples	in	which	trenches	of	varying	width	are	etched	and	larger	part	is	masked	and	
(b)	type	B	samples	in	which	a	large	part	is	etched	and	the	ridges	are	masked.	

Interesting	to	note	is	that	the	regrowth	is	not	only	insensitive	to	the	etch	profile	but	also	
no	“rabbit	ear”	is	formed	on	ridge	edges	even	without	mask	overhang,	which	is	often	not	
the	case	in	the	regrowth	by	MOVPE.		

	

	
Figure	 3‐22	 Top	 view	Nomarski	microscope	 images	 (left)	 and	 cross‐section	 SEM	 images	 (right)	 of	 the	
regrown	QCL	structures	of	samples	of	(a)	type	A	and	(b)	type	B.	Type	A	samples	contain	wet	etched	ridges	
and	type	B	samples	contain	ICP	etched	ridges.		
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Several	samples	of	both	types	were	regrown	and	regrowth	time	vs.	etched	depth	in	each	
case	is	summarized	in	Figure	3‐23.	Generally,	InP:Fe	regrowth	rate	on	type	A	samples	is	
faster	 than	 that	 on	 type	 B	 samples;	 14	 µm	 deep	 etched	 ridges	 of	 type	 A	 need	 <40	
minutes	while	10	µm	deep	etched	ridges	of	type	B	samples	take	~45	minutes.	Although	a	
systematic	investigation	is	needed	to	understand	the	exact	mechanisim	for	the	enhanced	
growth	rate	in	type	A	samples,	we	believe	that	selective	area	growth	effect	is	operative	
so	 that	 the	 extra	 supply	 of	 growth	 species	 from	 a	 relatively	 large	mask	 area	 into	 the	
etched	 surface	 enhance	 the	 growth	 in	 the	 trench	 (loading	 effect).	 The	 growth	 rate	 is	
almost	 constant	 in	 case	 of	 type	 B	 samples	whereas	 in	 type	 A	 samples,	 it	 is	 faster	 for	
shallow	 etched	 ridges	 than	 for	 the	 very	 deep	 etched	 ridges,	 this	 can	 be	 due	 to	 the	
difficulties	that	could	be	encountered	by	the	gas	molecules	to	traverse	the	large	depth	at	
the	initial	growth	stage.	Our	two‐step	regrowth	from	deep	etched	structures	of	the	same	
kind	 as	 in	 type	 A	 samples	 showed	 slower	 growth	 at	 the	 first	 step	 compared	 to	 the	
second	one.	 Thus,	 it	 took	 a	 longer	 time	 at	 first	 and	when	 the	 thickness	 of	 the	 growth	
reaches	 to	 a	 certain	 height	 the	 growth	 rate	 might	 have	 been	 increased.	 Further	
systematic	investigation	interms	of	effect	of	spacing	between	trenches	and	depth	on	the	
growth	 rate	 is	 still	 needed	 to	 understand	 the	 exact	 growth	 mechanisim	 in	 type	 A	
samples.	 However,	 despite	 this	 difference	 of	 the	 growth	 rate	 on	 variation	 of	 pattern	
type,	the	lowest	growth	rate	of	HVPE	is	at	least	one	order	of	magnitude	larger	than	other	
techniques	 such	 as	MOVPE	 and	MBE	 due	 to	 its	 near	 equilibrium	 operation	 condition	
compared	to	these	techniques.	In	addition,	HVPE	is	flexible	in	that	growing	around	the	
[110]	 and	 [‐110]	 oriented	 ridges	 and	 curved	 ridges	 is	 possible.	 Successful	 InP:Fe	
regrowth	 in	 complex	 structures,	 including	 arrayed	 waveguide	 gratings,	 to	 realize	
photonic	integrated	chips	has	been	achieved	[136].	
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Figure	3‐23	InP:Fe	regrowth	time	as	a	function	of	etched	ridge	depth	for	type	A	and	type	B	samples.	 	

As	 shown	 in	Figure	3‐22	 (b)	 large	area	planarized	growth	occurred	 close	 to	 the	 ridge	
which	indicates	that	the	growth	started	close	to	the	mesa	and	a	lateral	growth	from	the	
ridge	side	wall	also	occurred.	In	the	region	far	from	the	ridge	(i.e.,	near	the	mid	region	
between	 the	 ridges),	 the	 growth	 is	 largely	dominated	by	 the	 vertical	 growth	 from	 the	
etched	substrate	and	it	is	slower	than	that	of	the	growth	from	the	ridge	side	wall.	It	has	
been	 shown	 in	 [137]	 that	different	higher	 index	 crystallographic	planes	 such	as	 {113}	
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surface	planes	emerge	close	to	the	ridge	side	wall.	This	enhances	the	growth	rate	leading	
to	a	quick	planarization	 close	 to	 the	 ridge	 compared	 to	 the	 regions	 far	 from	 the	 ridge	
where	 growth	 is	 from	 (100)	 surface	 plane.	 This	 growth	mechanism	 is	 especially	 very	
useful	 for	planarization	of	 ridge	 structures	of	different	heights	with	different	 spacings	
such	 as	 the	one	 in	 a	 µ‐stripe	QCL	design	 [43]	whose	 cross‐sectional	 view	 is	 shown	 in	
Figure	3‐24	before	and	after	semi‐insulating	regrowth.	Such	a	design	has	been	proposed	
to	 achieve	 effective	 phonon	 transport	 in	 the	 lateral	 direction	 to	 increase	 the	 overall	
thermal	 performance.	 In	 this	 case,	 micro	 stripes	 are	 included	 within	 a	 larger	 ridge	
structure.	The	etch	depth	of	the	micro	stripes	is	(3.6	µm)	smaller	than	that	of	the	entire	
ridge	containing	these	micro	stripes	(5.6	µm).	The	regrowth	was	targeted	 to	planarize	
the	 micro‐stripes	 and	 conducted	 for	 a	 total	 time	 of	 only	 10	 minutes	 with	 the	 same	
growth	 conditions	 as	 mentioned	 above	 otherwise.	 The	 result	 is	 that	 perfect	
planarization	of	both	the	µ‐stripes	and	the	ridge	is	achieved	due	to	the	predominance	of	
lateral	growth	from	the	etched	side	walls	as	discussed	above.		

	 	

Figure	3‐24	(a)	ICP	etched	ridges	of	micro‐stripe	QCL	structures	(a)	before	growth	and	(b)	after	growth:	
Note	the	height	difference	in	the	two	sides	of	the	last	ridges	in	both	direction	of	the	array.	The	regrowth	
was	done	in	one	growth	run	and	still	very	good	planarization	is	attained.		

Some	of	the	QCL	lasers	were	processed	and	characterized	and	the	results	are	presented	
in	Paper	I	and	Paper	J.	Figure	3‐25	depicts	I‐V‐L	curves	of	fabricated	lasers	emitting	at	
4.7	µm.		

						 	

Figure	3‐25	V(I)	and	P(I)	characteristics	of	(a)	four	 lasers	of	4	µm	ridge	width	and	(b)	a	 laser	of	14	µm	
ridge	width.	In	both	cases	the	lasers	are	5	mm	long	and	a	depth	of	6.5	µm	and	at	an	emission	wavelength	
of	4.7	µm.	
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The	curves	in	Figure	3‐25(a)	are	from	4	lasers	of	type	B.	The	5	mm	long	chips	contained	
4	 µm	wide	 and	 6.5	 µm	 deep	 etched	 ridges	 regrown	with	 semi‐insulating	 InP:Fe.	 The	
number	 in	 the	 legend	 is	 the	 identity	 of	 the	 lasers.	 It	 can	 be	 seen	 that	 performance	 is	
reproducible	from	laser	to	laser.	One	of	the	mirror	facets	is	HR	(high	reflective)	coated	
and	 lasers	 exhibit	 room	 temperature	 continuous	 wave	 operation	 with	 a	 maximum	
output	power	of	2.4	W	and	wall	plug	efficiency	of	5‐9%	depending	on	the	ridge	width.		

We	would	like	to	mention	that	these	experiments	are	done	mainly	to	verify	the	regrowth	
capability	 of	HVPE	and	no	 extra	 efforts	were	made	 to	 optimize	 facet	 coating	and	 chip	
mounting.	What	is	interesting	to	compare	is	the	improved	performance	with	respect	to	
the	ridge	alone	lasers	that	are	fabricated	in	such	a	way	that	the	side	wall	of	the	ridges	
are	 covered	 by	 SiO2	 instead	 of	 burying	 them	 in	 semi‐insulating	 InP:Fe.	 The	maximum	
output	power	from	both	kinds	of	lasers	is	extracted	and	compared	in	Figure	3‐26.	Note	
that	 the	BH‐QCLs	were	 characterized	as	 cleaved	while	 the	 ridge	alone	 lasers	were	HR	
coated.	

	
Figure	3‐26	Comparison	of	maximum	output	power	for	BH‐QCL	(as	cleaved)	and	HR	coated	ridge	alone	
laser.	

It	can	be	seen	from	Figure	3‐26	that	 the	as	cleaved	BH‐QCLs	give	more	than	2	times	as	
much	power	as	 the	HR	coated	ridge	alone	 lasers	regardless	of	 the	ridge	width.	This	 is	
due	to	the	efficient	lateral	heat	dissipation	enabled	by		the	semi‐insulating	InP:Fe	in	BH‐
QCLs	compared	to	the	SiO2	on	the	side	wall	of	the	ridge	alone	lasers.	It	has	been	shown	
that	the	heat	dissipation	in	QCL	is	anisotropic	and	the	lateral	heat	dissipation	is	at	least	
2.5	 times	more	 effective	 than	 the	 heat	 dissipation	 in	 the	 vertical	 direction;	 higher	 in‐
plane	 conductivity	 is	 explained	 to	 be	 due	 to	 bulk‐like	 dispersion	 of	 phonons	whereas	
cross‐plane	dissipation	 is	more	complex	 in	 terms	of	phonon	dispersion	and	can	suffer	
largely	 from	 phonon	 reflections	 at	 the	 interfaces	 [138].	 Thus,	 much	 of	 the	 heat	 is	
effectively	 dissipated	 in	 the	 regrown	 InP:Fe	 in	 the	 case	 of	 BH‐QCL	 and	 hence	 a	 high	
output	power	is	obtained.	
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In	summary,	this	thesis	presents	the	work	done	to	integrate	InP	on	Si	for	photonics	and	
photovoltaic	 applications	 and	 regrowth	of	 InP:Fe	 for	BH‐QCLs	 for	 sensing	 application.	
The	following	are	the	conclusions	that	can	be	drawn.	

1. Growth	 of	 InP	 on	 Si	 by	 ELOG	 from	 line	 and	 mesh	 openings	 occurrs	 first	 by	
forming	 3D	 islands	 with	 different	 crystallographic	 planes.	 The	 opening	 type	 is	
shown	 to	 affect	 the	 surface	 morphology	 and	 the	 emergence	 of	 different	
crystallographic	 planes,	which	 in	 turn	 have	 different	 growth	 rates.	 Despite	 the	
fact	 that	many	of	 the	dislocations	 from	the	seed	 layer	are	blocked	by	 the	mask,	
new	dislocations	are	shown	to	be	created	due	coalescence	of	 the	growth	 fronts	
from	 adjacent	 openings	 when	 ELOG	 is	 conducted	 on	 patterns	 with	 multiple	
openings.	 Aspect	 ratio	 trapping	 and	 reduced	 growth	 area	 effect	 are	 the	 two	
important	 and	 effective	 dislocation	 filtration	 mechanisms	 confirmed	 here.	 By	
using	 ART	 and	 uncoalsced	 growth,	 threading	 dislocations	 are	 blocked	 and	
formation	 of	 coalescence	 defects	 is	 suppressed.	 Demonstration	 of	 high	 optical	
quality	multi‐quantum	well	 InGaAsp/InP	 laser	 structure	 (λ~1.55	µm)	 on	 ELOG	
InP	on	 Si	 from	patterns	with	 above	 considerations	 confirms	 this.	 Low	 cost	 and	
time	 saving	 patterning	 methods	 such	 as	 optical	 lithography	 and	 naoimprint	
lithography	can	be	equally	used	to	obtain	defect	free	ELOG	InP	on	Si.	

2. By	making	use	of	reduced	growth	area	effect,	defect	free	InP	NPF	can	be	grown	
on	nano	patterned	templates	for	site‐	and	number‐	controlled	QD	structures.	The	
top	 flat	 surface	 area	 and	 height	 of	 the	 NPF	 are	 limited	 by	 the	 kinetically	
controlled	self‐limiting	growth	on	(100)	top	surface	and	are	found	to	be	a	strong	
function	of	pattern	dimensions	in	terms	of	opening	diameter	and	center	to	center	
spacing	 and	 growth	 time.	 Size	 homogeneity	 of	 the	 NPF	 has	 been	 found	 to	 be	
affected	 by	 the	 surface	 morphology	 of	 the	 InP	 seed	 layer	 on	 Si.	 Enhanced	
preferential	dopant	incorporation	on	the	nano	frustum	side	facets	has	shown	to	
cause	the	CL	spectral	broadening	and	blue	shift	due	to	the	Burstein‐Moss	effect.		

3. A	 direct	 heterointerface	 of	 III‐V	 on	 Si,	 successfully	 fabricated	 by	 corrugated	
epitaxial	 lateral	 overgrowth	 (CELOG),	 which	 is	 a	 new	 growth	 method	 and	
demonstrated	 for	 the	 first	 time	 in	 our	 laboratory.	 High	 quality	 III‐V/Si	
heterointerfaces	 can	 be	 achieved	 with	 no	 intermediate	 material.	 Ohmic	
conduction	 with	 low	 interfacial	 resistance	 has	 been	 achieved	 at	 the	 InP/Si	
interface.	 While	 threading	 dislocations	 are	 shown	 to	 be	 suppressed,	 stacking	
faults	 seem	 to	 appear	 due	 to	 the	 surface	 roughness	 of	 the	 Si	 substrate	 and	 the	
oxide	side	wall.	The	CELOG	InP	grown	from	a	line	mesa	oriented	30o	off	the	[110]	
is	bounded	by	{331}	and	{211}	bounding	planes.	Due	to	the	atomic	arrangement	
of	these	planes,	the	lateral	growth	is	shown	to	be	a	strong	function	of	gas	phase	
supersaturation	and	dopant	incorporation.		

4. Polycrystalline	 InP	 on	 Si	 has	 been	 grown	 by	 two	 different	 new	 alternative	
approaches:	(i)	via	phosphidisation	of	chemically	prepared	indium	oxide	on	Si	(or	
any	 substrate)	 and	 (ii)	 indium	 assisted	 growth.	 (i)	 Though	 phosphidisation	 of	
indium	 oxide	 took	 place	 in	 HVPE	 using	 PH3	 as	 a	 phosphorus	 source,	 which	 in	
principle	 can	 be	 replaced	 by	 inexpensive	 furnace	 containing	 PH3/	 phosphorus,	
the	 simple	 chemical	 route	 avoids	 many	 limitations	 by	 many	 other	 techniques,	
such	 as	 the	 requirement	 for	 a	 high	 vacuum	 condition,	 high	 substrate	
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temperature,	and	expensive	precursors	and	in	some	cases	problem	of	scalability.	
Phosphidisation	 is	 shown	 to	 be	 a	 function	 of	 time	 and	 stability	 of	 different	
crystalline	 planes	 of	 indium	 oxide.	 However,	 the	 grain	 size	 achieved	 in	 this	
approach	is	highly	limited	by	the	thickness	of	the	spin	coated	indium	oxide	film	
on	 the	 substrate.	While	 this	 can	 be	 solved	 by	 an	 alternative	method	 of	 coating	
thicker	indium	oxide	on	Si,	more	work	should	be	done	to	optimize	the	conversion	
process	to	achieve	complete	phosphidisation	of	indium	oxide	to	InP.	(ii)	Indium	
assisted	growth	of	polycrystalline	InP	on	Si	(or	any	substrate)	yields	large	grain	
size	 and	 high	 growth	 rate	with	 the	 possibility	 of	 doping.	 The	 process	 involves	
deposition	of	In	on	Si	with	e‐beam	evaporation.	The	fact	that	InP	cannot	nucleate	
on	bare	Si	surface	in	HVPE,	the	growth	of	InP	by	In	metal	assisted	is	shown	to	be	
a	 viable	 approach	 to	 grow	 InP	 directly	 on	 Si.	 The	 growth	 is	 shown	 to	 start	
selectively	on	phosphidized	In	 islands	and	then	the	grown	InP	coalesce	 to	 form	
layers	 of	 large	 grains.	 Optical,	 structural,	 compositional	 and	 morphological	
studies	show	that	the	polycrystalline	InP	on	Si	obtained	in	both	approaches	is	of	
high	 quality.	 In	 both	 cases	 nucleation	 of	 InP	 occurred	 from	 intermediate	
materials	and	show	no	effect	of	the	substrate.	This	makes	the	processes	generic	
and	 can	 be	 used	 to	 grow	 InP	 on	 other	 cheap	 and	 flexible	 substrates	 in	 mass	
production	for	PV	applications.	

5. Quick	and	single	 step	 semi‐insulating	 InP	 (InP:Fe)	 regrowth	process	 for	deeply	
etched	BH‐QCL	 is	demonstrated.	 InP:Fe	 regrowth	on	6‐14	µm	deep	etched	QCL	
ridges	 was	 conducted	 and	 remarkable	 planarization	 with	 seamless	 interface	
without	 “rabbit	 ear”	 formation	 is	 achieved.	 For	 the	 first	 time	 we	 have	 also	
demonstrated	regrowth	for	burying	µ‐stripe	QCL	lasers,	which	contain	ridges	of	
varying	depths.	The	near	equilibrium	operation	condition	of	HVPE	leading	to	high	
growth	 rate	 is	 a	 unique	 capability	 to	 achieve	 quick	 planarization	 of	 very	 deep	
etched	 QCL	 ridges.	 This	 is	 especially	 advantageous	 in	 that	 it	 reduces	 the	 long	
regrowth	 time	 in	 a	 high	 growth	 temperature	 for	 e.g.,	 in	 MOVPE,	 leading	 to	
thermal	 degradation	 of	 QCL	 structures	 due	 to	 thermal	 driven	 barrier‐well	
intermixing.	As	 cleaved	BH‐QCLs	 fabricated	using	 semi‐insulating	 InP	 regrowth	
in	HVPE	showed	more	than	2.5	times	output	power	than	HR	coated	ridge	alone	
lasers	 indicating	efficient	 lateral	heat	dissipation	 in	 the	 former	case	enabled	by	
the	 regrown	 InP:Fe.	 In	 addition	 to	 the	 lasers	 that	we	 have	 demonstrated	 here,	
this	method	 is	 especially	 very	 useful	 in	 the	 thick	 etch	 ridges	 of	 hetero‐cascade	
and	multi‐stack	QCLs	with	several	different	active	regions	stacked	on	top	of	each	
other.	
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As	a	continuation	of	the	work	in	this	thesis,	 the	following	are	some	future	outlook	and	
suggestions	for	future	studies.		
	

1. Further	optimization	in	the	growth	conditions	for	ELOG	InP	on	Si	from	micro	size	
line	openings	with	an	aspect	ratio	>2	to	achieve	large	area	and	defect	free	ELOG	
from	 isolated	 line	openings.	Realization	of	a	monolithic	 InP	based	 laser	on	Si	 is	
feasible	on	these	isolated	ELOG	InP	on	Si.		

2. Demonstrate	growth	of	site,	size	and	number	controlled	high	quality	QDs	on	the	
InP	 nanopyramidal	 frusta	 and	 fabrication	 of	 devices	 such	 as	 single	 photon	
emission	 devices.	 Growth	 of	 InP	 naopyramidal	 frusta	 directly	 on	 Si	 by	 using	 a	
locally	fabricated	nucleation	site	other	than	the	InP	seed	layer	used	in	this	study	
is	an	extremely	interesting	approach	that	can	be	explored.		

3. Further	understanding	of	 the	growth	mechanism	in	CELOG	InP	on	Si	 is	needed.	
The	interface	quality	has	to	be	investigated	in	detail.	In	order	to	understand	the	
exact	mechanism	 of	 stacking	 fault	 formation	 and	 to	 counteract	 them,	 in‐depth		
structural,	optical	and	electrical	analyses	can	be	pursued.			

4. The	 grain	 size	 in	 polycrystalline	materials	 is	 an	 important	 parameter	 for	 solar	
cell	fabrication.	The	grain	size	and	thickness	of	polycrystalline	InP	synthesized	by	
using	 a	 simple	 chemical	 method	 are	 limited	 by	 the	 spin	 coated	 In2O3.	 New	
strategies	to	replace	spin	coating	by	other	[cheap]	deposition	techniques	can	be	
explored	 in	addition	 to	means	of	achieving	complete	phosphidisation	 in	a	short	
time.	 High	 temperature	 annealing	 of	 In2O3	 in	 an	 inert	 atmosphere	 prior	 to	
phosphidisation	 could	also	help	 to	 restructure	 the	 In2O3	and	one	can	explore	 if	
this	is	helpful	in	complete	conversion	to	InP.	

5. Indium	 metal	 assisted	 growth	 of	 InP	 on	 Si	 is	 shown	 to	 be	 suitable	 for	 mass	
production	 and	 resulted	 in	 large	 grain	 size	 polycrystalline	 InP	 with	 good	
structural	and	optical	qualities.	Carrier	transport	properties	should	be	explored.	
The	method	is	shown	to	be	generic	and	it	is	interesting	to	investigate	the	growth	
on	other	substrates	such	as	glass	and	molybdenum.		

6. Regrowth	of	semi‐insulating	InP	in	HVPE	for	BH‐QCL	with	ridges	of	varying	etch	
profile	 and	 depth	 confirmed	 the	 superior	 capability	 of	 HVPE.	 Investigation	 of	
dopant	distribution	profile	 in	 the	 regrown	 InP:Fe	 in	 case	of	 the	very	deep	etch	
ridges	 in	relation	 to	 the	reliability	 (life	 time)	of	 the	 lasers	can	be	explored.	The	
preliminary	 investigations	 in	 regard	 to	 employing	 the	 near	 equilibrium	 HVPE	
system	 to	 etch	 QCL	 ridges	 and	 immediate	 regrowth	 show	 that	 it	 is	 feasible	 to	
perform	 these	 tasks	 in	 a	 single	 step.	 This	 will	 reduce	 the	 process	 steps	 and	
improve	the	QCL	performance.	The	success	of	our	regrowth	of	InP:Fe	on	closely	
spaced	ridges	(1‐3	µm)	of	µ‐stripe	QCLs	 indicates	 that	such	regrowth	 for	dense	
QCL	 structures	 such	 as	 photonic	 crystal	 QCLs	 should	 be	 feasible	 although	
difficult.	One	can	explore	this	study	even	further.		
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Morphological	evolution	during	epitaxial	lateral	overgrowth	of	indium	

phosphide	on	silicon	
W.	Metaferia	et	al.,	J.	Cryst.	Growth	vol.	332	no.	1	(2011)27‐33.	

	
In	this	paper	different	experiments	of	ELOG	of	InP	on	Si	were	conducted	from	
patterns	consisting	of	mesh	and	line	openings	in	a	SiO2	mask.	In	both	patterns,	
openings	of	two	sets	of	orientation	angle	with	respect	to	the	[110]	direction	
and	as	well	as	different	opening	width	and	spacing	were	provided.	From	time	
resolved	growth	experiments,	the	morphological	evolution	of	the	growth	was	
studied	and	it	was	shown	that	growth	starts	by	formating	isolated	3D	islands	
regardless	of	the	pattern	type	and	coalescence	of	these	islands	occurred	much	
faster	 from	mesh	openings	than	from	line	openings.	This	was	understood	to	
be	due	to	uneven	growth	in	mesh	patterns	occurred	at	the	intersection	of	two	
line	 openings	 with	 different	 orientations.	 This	 was	 shown	 to	 avoid	 the	
formation	 of	 growth‐retarding	 boundary	 planes	 which	 shown	 to	 be	
responsible	for	the	lower	growth	rate	and	extended	coalescence	time	in	case	
of	line	openings.	This	difference	in	coalescence	time	resulted	in	a	dramatically	
higher	surface	roughness	of	the	layer	grown	from	line	patterns	measured	just	
after	coalescence.	However,	after	an	extended	growth	time,	both	the	growth	
rate	and	the	surface	roughness	of	the	layer	from	line	patterns	become	similar	
to	the	growth	rate	and	surface	roughness,	respectively,	of	the	layer	from	mesh	
patterns	 regardless	 of	 the	 opening	 orientations.	 The	 dislocation	 density	
extracted	from	the	PC‐CL	image	of	the	ELOG	layer	is	shown	to	be	reduced	by	
2‐3	orders	of	magnitude	compared	to	that	 in	the	starting	InP(seed)	layer	on	
Si.	By	reducing	the	opening	size,	dislocation	free	layers	could	be	grown	even	
above	the	openings.	
	

Contribution:	 Part	 of	 characterization,	 part	 of	 data	 analysis	 and	 interpretation	 and	
manuscript	writing.	

	

Selective	area	heteroepitaxy	through	nanoimprint	lithography	for	large	
area	InP	on	Silicon		

W.	Metaferia	et	al.,	Phys.	Stat.	solidi	C	9,	No.	7	(2012)1610‐1613.	
	
It	is	shown	in	Paper	A	that	large	area	ELOG	InP	can	be	grown	by	patterning	
lines	 or	 mesh	 openings	 on	 large	 area	 substrate.	 However,	 the	 patterning	
process	of	 large	area	 is	an	 issue	 in	terms	of	 time	and	cost	 in	case	of	EBL.	 In	
this	 paper	 the	 use	 of	 nanoimprint	 lithography,	 a	 low	 cost	 and	 time	 saving	
alternative	 to	 e‐beam	 lithography,	 for	 growing	 heteroepitaxial	 indium	
phosphide	 on	 Si	 is	 demonstrated.	 By	using	NIL,	 large	 area	 InP	 on	 Si	 can	be	
achieved	which	 can	make	 growing	 of	 InP	 on	 large	 area	 silicon	 for	 photonic	
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applications	 feasible.	 Selective	 area	growth	and	epitaxial	 lateral	 overgrowth	
of	InP	were	conducted	on	circular	hole	and	line	openings	made	in	a	SiO2	mask	
made	by	NIL.	The	pattern	area	is	as	large	as	1.5	x1.5	mm2	in	both	cases.	The	
growth	from	the	circular	openings	is	extremely	selective	with	similar	growth	
morphology	 on	 both	 InP	 and	 Si	 substrates.	 The	 surface	 morphology	 of	 the	
ELOG	InP	on	InP	is	found	to	be	very	smooth	with	a	RMS	as	low	as	2	nm	and	a	
thickness	of	~3	µm.	From	a	similar	experiment,	ELOG	InP	layer	on	Si	complete	
coalescence	 and	 planarization	 has	 been	 achieved.	 The	 layer	 is	~8	 µm	 thich	
with	 RMS	 surface	 roughness	 of	 <15	 nm.	 The	 difference	 in	 the	 surface	
morphology	 and	 thickness	 of	 the	 ELOG	 layer	 on	 InP	 and	 Si	 substrates	 is	
understood	 to	 be	 due	 to	 the	 surface	 roughness	 and	 defect	 density	 of	 the	
InP(seed)	layer	on	Si	used	in	the	latter	case.			

	

Contribution:	Experiment	planning,	growth	experiments,	part	of	characterization,	part	of	
data	analysis	and	interpretation	and	manuscript	writing.	
	

Simple	epitaxial	lateral	overgrowth	process	as	a	strategy	for	photonic	
integration	on	silicon	

H.	Kataria	et	al.,	IEEE	J.	Select.	Topics	in	Quant.	Elect.	
10.1109/JSTQE.2013.2294453.	

	

In	this	paper	a	simple	epitaxial	lateral	overgrowth	process	was	proposed	as	a	
strategy	to	achieve	monolithic	 integration	of	III‐Vs	on	Si	 for	photonics.	A	~2	
µm	thick	SiO2	mask	was	used	to	make	openings	with	an	aspect	ratio	(AR)	of	2	
for	ELOG	of	InP	on	Si.	Defects	from	the	seed	layer	are	seen	blocked	by	mask	
side	wall	by	aspect	ratio	tapping	(ART).	The	results	of	 this	experiment	were	
compared	with	coalesced	growth	from	nano‐line	openings	of	AR>2	and	it	was	
shown	that	even	though	ART	has	helped	to	block	the	defects	in	the	seed	layer,	
coalescence	defects	are	still	present	in	the	ELOG	layer	as	discussed	in	Paper	
A.	 So,	 a	 simple	 strategy	 to	 make	 use	 of	 ELOG	 InP	 on	 isolated	 regions,	 un‐
coalesced	growth	from	microsize	openings	is	suggested.	The	dimension	of	the	
mask	in	addition	enables	light	coupling	from	a	gain	medium	grown	on	ELOG	
InP	 layer	 to	 a	 SiO2/Si/SiO2	waveguide	 underneath.	 The	 ELOG	 InP	 layer	 and	
multi‐quantum	wells	(~1.55	µm)	grown	on	 it	are	 found	to	have	high	optical	
quality	 and	 very	 good	 interface.	 The	 systematic	 studies	 and	 the	 strategy	
proposed	 in	 this	 paper	 are	 important	 for	 a	 monolithic	 platform	 that	 holds	
great	 promise	 in	 addressing	 the	 future	 need	 to	 have	 an	 integrated	
optoelectronics	on	the	same	chip.	
	

Contribution:	 Part	 of	 experiment	 planning,	 part	 of	 growth	 experiments	 and	 part	 of	
characterization	
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High	quality	InP	nanopyramidal	frusta	on	Si		

W.	Metaferia	et	al.,	CrystEngComm,	DOI:10.1039/C3CE42231C	
	

In	 this	 paper,	 growth	 and	 characterization	 of	 InP	 nano	 size	 octagonal	
pyramidal	 frusta	 on	 Si	 are	 discussed.	 The	 NPF	 are	 selectively	 grown	 from	
circular	 openings	 in	 SiO2	 mask	 deposited	 on	 InP(seed)/Si	 substrate.	 Their	
dimensions,	 in	 terms	 of	 height	 and	 top	 flat	 surface	 diameter	 are	 found	 to	
depend	 on	 the	 pattern	 fill	 factor,	 opening	 diameter	 and	 spacing	 between	
openings.	 The	 eight	 side	 walls	 of	 the	 NPF	 are	 determined	 to	 be	 {111}	 and	
{110}	 truncated	 by	 a	 (100)	 top	 facet.	 The	 limited	 height	 of	 the	 frusta	 is	
attributed	 to	 the	 self‐limiting	 kinetically	 controlled	 selective	 growth	 on	 the	
(100)	 top	 surface.	 Optical	 studies	 made	 by	 using	 photoluminescence	 and	
cathodoluminescence	showed	the	high	optical	quality	of	the	NPF.	The	analysis	
of	PL,	CL	and	SRRM	measurements	confirm	that	certain	doping	enrichment	in	
the	side	wall	of	the	frustum	due	to	the	crystallographic	orientation	dependent	
dopant	incorporation.	InP	NPF	were	also	grown	on	an	InP	substrate	and	it	is	
found	that	the	growth	mechanism	is	the	same	and	the	optical	qualities	of	the	
NPF	 on	 Si	 substrate	 are	 found	 to	 be	 on	 par	 with	 the	 ones	 grown	 on	 InP	
substrate.	Both	morphological	and	optical	studies	confirm	that	the	fabrication	
method	 is	 promising	 for	 the	 fabrication	 of	 site‐,	 shape‐,	 and	 number‐
controlled	QD	structures	on	Si	for	Si	nanophotonics.		

	
Contribution:	 Experiment	 planning,	 growth	 experiments	 and	 part	 of	 characterization,	
data	analysis	and	interpretation	and	manuscript	writing.		
	

Realization	of	atomically	abrupt	InP/Si	heterojunction	and	dislocation	
reduction	via	corrugated	epitaxial	lateral	overgrowth		

Y‐T.	Sun	et	al.,	Submitted	to	CrystEngComm		
	
In	 this	 paper,	 a	 principle	 of	 epitaxial	 lateral	 overgrowth	 to	 fabricate	 abrupt	
InP/Si	heterojunction	by	corrugated	epitaxial	lateral	overgrowth	method	in	a	
hydride	 vapor	 phase	 epitaxy	 is	 proposed	 and	 experimentally	 demonstrated	
for	the	first	time.	The	growth	is	from	a	mesa	structure	of	InP	seed	layer	on	Si	
without	 any	 direct	 nucleation	 on	 Si	 substrate.	 The	 growth	 from	 the	 mesa	
structures	continues	in	the	lateral	direction	and	forms	a	direct	and	coherent	
interface	with	Si.	Despite	the	large	lattice	mismatch	(8%),	between	InP	and	Si,	
the	fabricated	InP/Si	layer	is	free	from	threading	dislocations.	High	resolution	
transmission	 electron	 microscopy	 has	 shown	 coherent	 InP/Si	 interface	
without	amorphous	layer	in	between	the	InP	and	Si	substrates.	The	current‐
voltage	 measurments	 of	 the	 InP/Si	 heterojunction	 show	 ohmic	 conduction	
with	low	interfacial	resistance.	SEM,	TEM	and	I‐V	measurements	confirm	that	
the	method	is	promising	to	fabricate	high	quality	III‐V/Si	heterointerface.	The	
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application	 of	 which	 includes	 high	 efficiency	 Si	 based	 III‐V	 semiconductor	
multijunction	solar	cells	for	concentrated	photovoltaics.	
	

Contribution:	Part	of	experiment	planning,	epitaxial	growth,	part	of	characterizations.	
	

Optimization	of	InP	Growth	Directly	on	Si	by	Corrugated	Epitaxial	Lateral	
Overgrowth 	

W.	Metaferia	et	al.,	Manuscript	
	

Following	the	experimental	demonstration	of	the	concept	of	CELOG	in	Paper	
E,	efforts	were	made	to	optimize	growth	conditions	in	order	to	achieve	a	large	
area	 InP/Si	 heterointerface	 with	 high	 quality	 lateral	 growth.	 In	 this	 paper,	
CELOG	 of	 InP	 from	 InP(seed)	 line	 mesas	 30o	 off	 the	 [110]	 direction	 under	
different	growth	conditions	was	performed	and	effect	of	growth	parameters	
is	studied.	The	lateral	growth	is	found	to	be	bounded	by	high	index	boundary	
planes	of	{331}	and	{211}.	The	surface	geometry	and	atomic	arrangements	of	
these	 planes	 and	 the	 crystallographic	 orientation	 dependent	 dopant	
incorporation	and	gas	phase	superstaturation	are	shown	to	affect	the	extent	
of	 growth	 and	 hence	 the	 aspect	 ratio.	 Lateral	 to	 vertical	 growth	 rate	 ratio	
(aspect	 ratio)	 as	 large	 as	 3.6	 is	 achieved	 by	 optimizing	 growth	 parameters.	
High	 resolution	 TEM	 cross‐section	 and	 X‐ray	 rocking	 curve	 measurements	
revealed	 a	 substantial	 crystalline	 quality	 improvement	 of	 the	 CELOG	 InP	
compared	to	the	InP(seed)	layer.	
	

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

	
Polycrystalline	indium	phosphide	on	silicon	using	a	simple	chemical	route	

W.	Metaferia	et	al.,	J.	Appl.	Phys.	vol.	113,	(2013)093504‐093513.	
	

In	 this	 paper,	 deposition	 of	 polycrystalline	 InP	 on	 Si	 by	 using	 a	 simple	
chemical	solution	method	is	proposed	for	the	first	time.	The	process	involves	
deposition	 of	 stoichiometric	 In2O3	 films	 on	 Si.	 Stoichiometric	 InP	 films	have	
been	 achieved	 through	 phosphidisation	 of	 the	 In2O3	 in	 HVPE	 reactor.	 Both	
In2O3	 and	 InP	 have	 been	 characterized	 for	 surface	 morphology,	 and	
crystallinity.	The	films	were	found	to	be	polycrystalline	and	the	morphology	
as	well	 as	 the	 crystallinity	 of	 the	 films	 have	been	 explained	 in	 terms	 of	 the	
process	steps	 involved	 in	 their	deposition	methods.	Both	room	temperature	
and	 temperature	 dependent	 PL	 measurements	 revealed	 that	 the	
polycrystalline	 InP	 obtained	 by	 this	 deposition	 technique	 is	 of	 high	 optical	
quality.	Although	the	technique	is	presented	for	the	deposition	of	InP	on	Si	in	
this	paper,	it	is	a	generic	process	and	can	be	applied	for	the	deposition	of	InP	
on	any	suitable	substrate	that	is	flexible	and	cheap	which	makes	it	suitable	for	
batch	processing	for	PV	applications.	
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Contribution:	 Part	 of	 experiment	 planning,	 part	 of	 phosphidisation	 experiments,	
characterizations,	part	of	data	analysis	and	interpretation,	and	manuscript	writing.		
	

Polycrystalline	indium	phosphide	on	silicon	by	indium	assisted	growth	in	
hydride	vapor	phase	epitaxy	

W.	Metaferia	et	al.,	J.	Appl.	Phys.	(Accepted)	
	
In	 this	paper,	yet	another	new	method	of	growing	 InP	on	Si	 is	proposed	 for	
the	 first	 time.	 This	method	makes	 use	 of	 In	 as	 an	 intermediate	material	 for	
nucleation	of	InP	on	Si,	which	is	not	possible	otherwise	in	HVPE.	The	process	
involves	 deposition	 of	 In	 metal	 on	 Si	 by	 e‐beam	 evaporation.	 Using	 the	
deposited	In	as	a	starting	material,	InP	was	grown	from	its	precursor	in	HVPE.	
This	 was	 done	 on	 Si(100)	 and	 Si(111)	 substrates.	 Morphological	 and	
crystallinity	studies	 indicate	that	the	In	metal	 formed	polycrystalline	 islands	
of	different	size	and	shape	regardless	of	the	substrate	orientation.	It	is	shown	
that	 InP	 growth	 starts	 first	 by	 phosphidisation	 of	 the	 In	 islands	 to	 InP	
followed	 by	 selective	 deposition	 of	 InP	 in	 HVPE.	 The	 InP	 shown	 to	 be	
polycrystalline	with	 large	 grain	 size,	whose	 lateral	 size	 reaches	up	 to	3	µm.	
The	growth	rate	as	high	as	21	μm/hr	is	obtained	on	both	substrates.	Scanning	
Auger	 microscopy	 analysis	 of	 a	 single	 grain	 of	 polycrystalline	 InP	 on	 both	
substrates	show	that	 the	grains	are	stoichiometric	 indicating	all	 the	starting	
In	is	consumed	prior	to	or	during	the	growth.	Growth	of	alternating	layers	of	
sulphur	doped	and	unintentionally	doped	(UID)	InP	was	conducted	for	equal	
interval	of	time.	Cross‐sectional	SEM	studies	after	stain	etching	of	the	cleaved	
surface	show	that	these	 layers	could	be	delinated	indicating	enough	amount	
of	sulphur	is	incorporated.	Morphological,	optical	and	structural	studies	show	
that	 the	 deposited	 InP	 is	 of	 high	 quality	 regardless	 of	 the	 substrate	
orientation.	This	method	of	growing	InP	 is	generic	 in	 that	any	substrate	can	
be	usedwhich	 together	with	 the	high	growth	rate	make	the	process	suitable	
for	mass	production.	
	

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

Demonstration	of	a	quick	process	to	achieve	buried	heterostructure	QCL	
leading	to	high	power	and	wall	plug	efficiency	

W.	Metaferia	et	al.,	Submitted	to	Optical	Engineering	
	
In	this	paper,	we	demonstrate	a	single	step	highly	resistive	(>1x108	Ohm·cm)	
semi‐insulating	 InP:Fe	 regrowth	process	 to	 realize	BH‐QCLs	with	 very	deep	
ridges.	 It	 is	 shown	 that	 QCL	 ridges	 up	 to	 15	 µm	 deep	 can	 be	 completely	
planarized	in	less	than	45	minutes.	A	reproducible	growth	with	stable	growth	
rate	was	obtained.	It	is	also	shown	that	the	HVPE	regrowth	process	is	flexible	
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in	 that	 it	 is	 insensitive	 to	 the	 etch	 profile,	 ridge	 orientation	 and	 with	 or	
without	mask	overhang.	The	high	growth	rate	with	remarkable	planarization	
capability	of	HVPE	is	especially	important	since	thermal	degradation	of	QCLs	
due	 to	 a	 long	 regrowth	 time	 in	 a	 high	 growth	 temperature	 can	 be	 avoided.	
Several	 lasers	were	 characterized	 and	 room	 temperature	CW	operation	has	
been	 achieved.	 BH‐QCLs	 of	 ridge	 widths	 varying	 from	 6‐14	 µm	 regrown	
without	mask	overhang,	 besides	being	 spatially	monomode,	TM00,	 exhibited	
WPE	of	~8‐9%	with	an	output	power	of	1.5–2.5	W	emitting	at	a	wavelength	of	
4.7	µm.		
	

Contribution:	 InP:	 Fe	 regrowth	 experiments	 in	 HVPE,	 part	 of	 characterizations,	 data	
analysis	and	part	of	manuscript	writing	and	discussion.		
	

Multi‐regrowth	steps	for	the	realization	of	buried	single	ridge	and	µ‐
stripes	quantum	cascade	lasers	

O.	Parillaud	et	al.,	IPRM,	(2013)1–2.	doi:10.1109/ICIPRM.2013.6562597	
	

In	this	work,	buried	single	ridge	and	µ‐stripes	QCLs	using	HVPE	and	MOVPE	
regrowth	 steps	of	 semi‐insulating	 InP:Fe	and	Si	doped	 layers	were	 realized.	
The	reduction	of	the	thermal	resistance	by	buried	heterostracture	QCL	using	
semi‐insulating	InP:Fe	is	discussed.	In	addition,	simulations	show	that	buried	
µ‐stripe	 arrays	 contained	 in	 a	 ridge	 whose	 etch	 depth	 is	 larger	 than	 the	
microstripes	could	facilitate	efficient	heat	dissipation.	Regrowth	of	InP:Fe	on	
microstripes	of	varying	etch	depth	and	spacing	was	demonstrated.	It	is	shown	
that	 the	 regrowth	 is	well	 planarized	 regardless	of	 the	difference	 in	 the	etch	
depth.	This	was	done	for	the	first	time	in	HVPE.	Multi‐regrowth	steps	on	both	
single	 ridge	 waveguide	 and	 micro‐stripes	 in	 MBE,	 HVPE	 and	 MOVPE	 is	 a	
promising	approach	to	achieve	high	performance	QCLs.		
	

Contribution:	InP:	Fe	regrowth	experiments	in	HVPE	and	manuscript	discussion	
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