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ABSTRACT	
	

Patterning	of	Perovskite	Single	Crystals	

Daniel	Corzo	

	

As	 the	 internet-of-things	 hardware	 integration	 continues	 to	 develop	 and	 the	

requirements	 for	 electronics	 keep	 diversifying	 and	 expanding,	 the	 necessity	 for	

specialized	 properties	 other	 than	 the	 classical	 semiconductor	 performance	 becomes	

apparent.	 The	 success	 of	 emerging	 semiconductor	 materials	 depends	 on	 the	

manufacturability	and	cost	as	much	as	on	the	properties	and	performance	they	offer.		

Solution-based	 semiconductors	 are	 an	 emerging	 concept	 that	 offers	 the	 advantage	of	

being	compatible	with	 large-scale	manufacturing	techniques	and	have	the	potential	 to	

yield	high-quality	electronic	devices	at	a	lower	cost	than	currently	available	solutions.	

	In	 this	 work,	 patterns	 of	 high-quality	 MAPbBr3	 perovskite	 single	 crystals	 in	 specific	

locations	are	achieved	through	the	modification	of	the	substrate	properties	and	solvent	

engineering.		The	fabrication	of	the	substrates	involved	modifying	the	surface	adhesion	

forces	 through	 functionalization	with	 self-assembled	monolayers	 and	patterning	 them	

by	photolithography	processes.	Spin	coating	and	blade	coating	were	used	to	deposit	the	

perovskite	 solution	on	 the	modified	silicon	substrates.	While	 single	crystal	perovskites	

were	 obtained	with	 the	modification	 of	 substrates	 alone,	 solvent	 engineering	 helped	

with	improving	the	Marangoni	flows	in	the	deposited	droplets	by	increasing	the	contact	

angle	and	lowering	the	evaporation	rate,	therefore	controlling	and	improving	the	shape	
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of	 the	 grown	 perovskite	 crystals.	 The	 methodology	 is	 extended	 to	 other	 types	 of	

perovskites	such	as	the	transparent	MAPbCl3	and	the	lead-free	MABi2I9,	demonstrating	

the	adaptability	of	the	process.	Adapting	the	process	to	electrode	arrays	opened	up	the	

path	 towards	 the	 fabrication	 of	 optoelectronic	 devices	 including	 photodetectors	 and	

field-effect	transistors,	for	which	the	first	iterations	are	demonstrated.		

Overall,	manufacturing	and	 integration	techniques	permitting	the	fabrication	of	single-

crystalline	devices,	such	as	the	method	in	this	thesis	work,	are	fundamental	in	pushing	

hybrid	perovskites	towards	commercialization.	

	
	
	 	



6 

	
	

ACKNOWLEDGEMENTS	
	

I	would	like	to	start	by	showing	my	appreciation	to	Professor	Aram	Amassian	for	giving	

me	the	opportunity	to	have	my	first	steps	 in	research,	for	continuously	supporting	my	

development,	 and	 for	 his	 guidance	 throughout	 my	 work.	 Special	 thanks	 go	 to	 the	

members	 of	 the	 OEPV	 group,	 for	 their	 support,	 collaboration,	 and	 feedback	 on	 the	

different	aspects	of	my	thesis	work.	 I	would	 like	to	thank	Ahad	Syed,	and	the	team	at	

the	 KAUST	 nanofabrication	 lab,	 for	 their	 help	 using	 the	 facilities	 and	 providing	 their	

expertise.		

Thanks	to	my	committee	members,	Professor	Frederic	Laquai	and	Professor	Sahika	Inal.	

My	 gratitude	 also	 goes	 to	 Ani	 and	 Mafer	 for	 being	 at	 my	 side	 when	 discovering	

entrepreneurship	 as	one	of	 the	 things	 I	 enjoy	most,	 and	 to	 the	 rest	of	my	 friends	 for	

making	my	stay	at	KAUST	unforgettable.		

I	would	like	to	thank	my	grandparents	for	always	believing	in	me	and	their	continuous	

support,	 ultimately	 leading	 me	 here.	 Lastly	 would	 like	 to	 show	 my	 gratitude	 to	 my	

parents	 for	 teaching	me	 that	 no	matter	 how	many	 times	 we	 fall,	 we	must	 stand	 up	

again,	dust	off	and	keep	on	going;	that	family	always	comes	first,	and	that	with	ambition	

we	are	able	to	get	anywhere	we	want	as	long	as	we	stay	true	to	the	values	we	uphold.			

	

	



7 

	
	

TABLE	OF	CONTENTS	

	
EXAMINATION	COMMITTEE	PAGE	....................................................................................	2	

COPYRIGHT	PAGE	..............................................................................................................	2	

ABSTRACT	..........................................................................................................................	4	

ACKNOWLEDGEMENTS	.....................................................................................................	6	

TABLE	OF	CONTENTS	.........................................................................................................	7	

LIST	OF	ABBREVIATIONS	.................................................................................................	10	

LIST	OF	ILLUSTRATIONS	...................................................................................................	12	

LIST	OF	TABLES	................................................................................................................	15	

Chapter	1	.........................................................................................................................	16	

Introduction	.....................................................................................................................	16	

1.1	 Importance	of	Semiconductors	........................................................................	16	

1.2	 Moore’s	Law	and	Patterning	............................................................................	18	

1.3	 The	need	for	solution-based	semiconductors	.................................................	19	

1.4	 Perovskite	semiconductors	..............................................................................	20	

1.4.1	 Perovskite	Structure	..................................................................................	21	

1.4.2	 Properties	of	Perovskite	materials	...........................................................	23	

1.4.3	 Perovskite	synthesis	and	the	need	for	single	crystals	..............................	25	

1.4.4	 Lead-Free	Perovskites	...............................................................................	26	

1.5	 Patterning	of	perovskites	towards	cost-effective	semiconductors	.................	27	

1.5.1	 Objectives	and	contributions	....................................................................	28	

Chapter	2	.........................................................................................................................	29	

Single	Crystal	Synthesis	Methods	&	Patterning	.............................................................	29	

2.1	 Single	Crystal	Perovskites	.................................................................................	29	

2.2	 Bulk	Single	Crystal	Synthesis	Methods	............................................................	29	

2.3	 Patterning	of	solution	based-semiconductors	.................................................	32	

2.3.1	 Organic	semiconductors	............................................................................	33	

2.3.2	 Patterning	of	Perovskite	single	Crystals	...................................................	37	



8 

	
	

Chapter	3	.........................................................................................................................	42	

Materials,	Fabrication	and	Characterization	Techniques	..............................................	42	

3.1	 Materials	...........................................................................................................	42	

3.2	 Modification	of	surface	properties	and	deposition	.........................................	42	

3.2.1	 Self-Assembled	Monolayer	Functionalization	..........................................	43	

3.2.2	 Photolithography	.......................................................................................	45	

3.2.3	 Oxygen	Plasma	..........................................................................................	50	

3.2.4	 Metal	Deposition	&	Lift-Off	.......................................................................	51	

3.3	 Perovskite	Solution	Deposition	Methods	........................................................	52	

3.3.1	 Spin-coating	...............................................................................................	52	

3.3.2	 Blade-coating	.............................................................................................	54	

3.3.3	 Inkjet	Printing	............................................................................................	55	

3.4	 Characterization	techniques	.............................................................................	57	

3.4.1	 Contact	Angle	............................................................................................	57	

3.4.2	 X-ray	Diffraction	........................................................................................	59	

3.4.3	 Fluorescence	and	Photoluminescence	Spectroscopy	...............................	60	

3.4.4	 Scanning	Electron	Microscopy	..................................................................	61	

3.4.5	 Other	Measurements	................................................................................	62	

Chapter	4	.........................................................................................................................	63	

Experimental	Setup	and	Design	......................................................................................	63	

4.1	 Background	.......................................................................................................	63	

4.2	 The	Coffee	Ring	Effect	......................................................................................	64	

4.3	 Approaches	to	Reduce	the	Influence	of	the	Coffee	Ring	Effect	......................	65	

4.4	 General	Methodology	.......................................................................................	67	

4.5	 Surface	Modification	........................................................................................	70	

4.5.1	 Contact	Angle	Measurements	...................................................................	70	

4.5.2	 Drop	Casting	..............................................................................................	71	

4.5.3	 Patterning	hydrophobic/hydrophilic	regions	...........................................	73	

4.6	 Solvent	Engineering	..........................................................................................	81	



9 

	
	

4.7	 Experimental	Setup	..........................................................................................	82	

Chapter	5	.........................................................................................................................	84	

Results	and	Discussion	....................................................................................................	84	

5.1	 Crystallization	Process	......................................................................................	84	

5.1.1	 The	effect	of	Shape,	Size,	and	Separation	................................................	84	

5.1.2	 The	effect	of	Molarity	................................................................................	88	

5.1.3	 Solvent	Engineering	...................................................................................	94	

5.1.4	 The	influence	of	the	deposition	method	................................................	100	

5.1.5	 Control	of	crystal	dimensions	.................................................................	104	

5.2	 Patterning	other	Perovskites	..........................................................................	106	

5.3	 Growth	on	top	of	electrodes	..........................................................................	110	

5.4	 Device	Fabrication	..........................................................................................	112	

5.4.1	 Field-Effect	Transistor	.............................................................................	113	

5.4.2	 Photodetection	........................................................................................	116	

Chapter	6	.......................................................................................................................	118	

Conclusion	&	Future	work	.............................................................................................	118	

6.1	 Conclusion	.......................................................................................................	118	

6.2	 Future	work.....................................................................................................	120	

BIBLIOGRAPHY	..............................................................................................................	122	

	

	

	 	



10 

	
	

LIST	OF	ABBREVIATIONS	
	
ALD																																Atomic	Layer	Deposition	
BSE	 																										Backscattered	Electrons	
CHP	 																										N-Cyclohexyl-2-pyrrolidone	
CMOS																												Complementary	Metal	Oxide	Semiconductors	
CVD	 																										Chemical	Vapor	Deposition	
DCM	 																										Dichloromethane	
DI	 																										Deionized	
DMF	 																										Dimethylformamide	
DOD		 																										Drop	on	Demand	
EDA	 																										Electronic	Design	Automation	
EQE	 																										External	Quantum	Efficiency	
FAS	 																										Floroalkylsilane	
FET		 																										Field	Effect	Transistor	
FTO	 																										Fluorine	doped	Tin	Oxide	
GBL	 																										Gamma-Butyrolactone	
HMDS			 													Hexamethyl	Disilizane	
IC		 																										integrated	circuits	
IoT	 																										Internet	of	Things	
IPA	 																										Isopropane	
IQE		 																										Internal	Quantum	Efficiency	
ITO	 																										Indium	Tin	Oxide	
LED		 																										Light	Emitting	Diode	
MA	 																										Methylammonium	
MAI	 																										Methylammonium	Iodide	
MtM	 																										“More	than	Moore”	
NIR	 																										Near	Infrared	
NOP	 																										N-Octyl-2-pyrrolidone	
NREL	 																										National	Renewable	Energy	Laboratory	
OFET	 																										Organic	Field	Effect	Transistor	
OLED	 																										Organic	Light	Emitting	Diode	
OSC	 																										Organic	Single	Crystals	
OTS	 																										Octadecyltrichlorosilane	
PAC		 																										Photoactive	Compound	
PCE		 																										Power	Conversion	Efficiency	
PDMS	 																										Polydimethylsiloxane	
PFOS	 																										Perfluorooctylsilane	
PFTE	 																										Polytetrafluoroethylene	
PL	 																										Photoluminescence	
POC	 																										Proof	of	Concept	
PVD		 																										Physical	Vapor	Deposition	
SAM	 																										Self-Assembled	monolayer		
SE	 																										Secondary	Electron	



11 

	
	

SEM	 																										Scanning	Electron	Microscopy	
TCL	 																										Triple	contact	line	
UV	 																										Ultraviolet	
UVO	 																										Ultraviolet	Ozone	
XRD	 																										X-ray	diffraction	
	
	
	

	

	

	

	 	



12 

	
	

LIST	OF	ILLUSTRATIONS	
	
	

Figure	1	Bang	Diagrams	of	different	Materials	................................................................	16	
Figure	2	(a)	Cubic		(b)	Tetragonal	(c)	Orthorhombic	........................................................	22	
Figure	3.	Set	up	for	Inverse	Temperature	Crystallization	[28]	.........................................	31	
Figure	4.	Antisolvent	Vapor	Assister	Crystallization	........................................................	32	
Figure	5.	Organic	single	crystal	growth	enhanced	by	hydrophobic/hydrophilic	pattern	
[74]	...................................................................................................................................	34	
Figure	6.	A)	Coffee	ring	effect	B)	single	crystal-like	forms	...............................................	35	
Figure	7.	a)	Diagram	showing	the	use	of	the	micropattern	in	the	blade	(not	to	scale)	...	36	
Figure	8.	Process	flow	for	the	production	of	perovskite	microplates	by	2-step	deposition	
and	conversion	.................................................................................................................	38	
Figure	9.	Crystal	growth	driven	by	patterned	2D	materials	.............................................	39	
Figure	10.	1)	Precursor	Solution	2)	photo-thermal	film	3)	glass	substrate.	[82]	..............	40	
Figure	11.	SAM	architecture	............................................................................................	43	
Figure	12	Photolithography	Process	................................................................................	46	
Figure	13.	Oxygen	Plasma	Equipment	Configuration	......................................................	51	
Figure	14.	a)	Developed	wafer	b)	Evaporation	of	metal	..................................................	52	
Figure	15	Spincoating	Process	.........................................................................................	53	
Figure	16	Blade	coating	Process	......................................................................................	54	
Figure	17.	Piezoelectric	DOD	............................................................................................	56	
Figure	18.	Equilibrium	diagram	for	droplets	on	top	of	a	surface	.....................................	57	
Figure	19.	Contact	Angle	of	GBL	on	FAS	functionalized	Silicon	........................................	58	
Figure	20.	First	perovskite	patterns	achieved	by	inkjet	printing	......................................	64	
Figure	21.	a)	Inkjet	droplet	showing	coffee	ring	effect	....................................................	64	
Figure	22.	General	Methodology	Workflow	....................................................................	68	
Figure	23	Contact	angle	measurements	of	solvents	on	different	surfaces	......................	71	
Figure	24.	AVC	drop	casting	setup	...................................................................................	72	
Figure	25	AVC	of	MABi2I9	.................................................................................................	72	
Figure	26.	Drop	Casting	on	hydrophobic/hydrophilic	patterned	substrates	...................	73	
Figure	27.	Pattern	design	on	L-edit.	The	turquoise	region	shows	the	hydrophobic	
domain,	while	the	purple	areas	denote	the	hydrophilic	domains.	..................................	74	
Figure	28	Drop	casting	POC	on	patterned	silicon	wafer	..................................................	75	
Figure	29.	Optical	Microscope	and	SEM	images	of	MABi2I9.	a	and	b	show	the	larger	
crystal,	c	and	d	show	the	uniformity	of	the	single	crystals,	e	and	f	show	a	closer	look	at	
each	hydrophilic	region	...................................................................................................	75	
Figure	30.	MAPbBr3	crystals	on	OTS	pattern	...................................................................	76	



13 

	
	

Figure	31.	Optical	and	SEM	images	of	perovskite	solutions	deposited	through	blade-
coating	and	spincoating	...................................................................................................	77	
Figure	32.	Mask	design	showing	an	amplified	view	of	the	4	types	of	substrates	............	79	
Figure	33.	(a)	Set	up	of	electrodes	in	hydrophilic	domains	(b)	Nucleation	points	for	
perovskite	crystals	...........................................................................................................	79	
Figure	34.	Design	focused	on	electrical	characterization	................................................	80	
Figure	35.	Crystallization	in	square	patterns.	a)	100μm	0.05M	b)	50μm	0.15M	c)	20μm	
0.02M				d)	100μm	0.25M	e)	20μm	0.25M	f)	500μm	1.0M	..............................................	85	
Figure	36.	Perovskite	crystal	growth	on	line-patterned	substrates	.................................	85	
Figure	37.		Perovskite	crystallization	on	different	shapes	...............................................	86	
Figure	38	Mapping	of	the	Crystallization	on	Circle-patterned	substrates	.......................	88	
Figure	39	Crystal	pattern	grown	from	0.5M	solution	in	50μm	diameter	hydrophilic	circles
	.........................................................................................................................................	89	
Figure	40.	Area	covered	by	grown	crystals	vs.	Molarity	..................................................	90	
Figure	41.	MAPbBr3	crystals	grown	within	100μm	diameter	hydrophilic	regions	(in	white)
	.........................................................................................................................................	90	
Figure	42.	Molarity	vs.	average	crystals	grown	................................................................	91	
Figure	43.	SEM	images	showing	the	shapes	taken	at	different	molarities.		a)	0.05M	b)	
0.5M	c)	0.1M	and	d)	0.25M	.............................................................................................	91	
Figure	44	XRD	of	MAPbBr3	at	different	molarities	...........................................................	92	
Figure	45	Photoluminescence	Spectra	of	MAPbBr3	single	crystals	grown	at	varying	
molarities	.........................................................................................................................	93	
Figure	46	Rectangular	shape	percentage	vs.	CHP	Content	..............................................	95	
Figure	47	Shape	optimization	through	solvent	mixing.	a)	Only	DMF	b)	1%	CHP		c)	10%	
CHP	...................................................................................................................................	95	
Figure	48.	Fluorescence	Images	of	the	patterns.	a)	0%	CHP	b)	1%	CHP	c)	2%CHP	d)	5%	
CHP	e)	10%	CHP	f)20%CHP	..............................................................................................	96	
Figure	49	SEM	images	of	individual	crystals	a)	0%	CHP	b)	1%	CHP	c)	2%CHP	d)	5%	CHP	e)	
10%	CHP	f)20%CHP	..........................................................................................................	97	
Figure	50.	Normalized	XRD	patterns	of	crystals	grown	from	solutions	with	varying	CHP	
content	.............................................................................................................................	98	
Figure	51.	PL	Spectra	of	MAPbBr3	single	crystals	with	varying	CHP	Content	...................	99	
Figure	52	High-speed	imaging	of	deposition	methods	..................................................	100	
Figure	53	SEM	Images	comparing	the	MAPbBr3	coverage	of	both	deposition	methods102	
Figure	54.	MAPbBr3	Perovskite	Single	Crystals	grown	through	Inkjet	printing	at	room	
temperature	...................................................................................................................	103	
Figure	55.	MAPbBr3	single-crystal	arrays	in	hydrophilic	domains	of	diameters	a)	20μm	b)	
50μm	and	c)	100μm	.......................................................................................................	104	



14 

	
	

Figure	56.	SEM	close-up	images	of	MAPbBr3	single	crystals	in	hydrophilic	domains	of	
diameters	a)	10μm	b)	20μm,	c)50	μm	and	d)	100μm	....................................................	104	
Figure	57.	Dependence	of	single	crystal	size	on	available	growth	area	and	precursor	
solution	molarity	............................................................................................................	105	
Figure	58	3D	profile	image	of	MAPbBr3	single	crystal	array	and	height	plot	along	the	
dotted	line	......................................................................................................................	106	
Figure	59.	Patterning	of	MABi2I9	perovskite	single	crystals	grown	from	a	0.5M	solution	in	
feature	sizes		of	(a)	20μm	(b)	50μm	(c)	100μm	(d)	500μm	............................................	107	
Figure	60.	Patterning	of	MAPbCl3	perovskite	single		(a)	10μm	(b)	20μm	(c)	50μm	(d)	
100μm	............................................................................................................................	108	
Figure	61	XRD	patterns	of	MABi2I9	and	MAPbCl3	...........................................................	109	
Figure	62	MAPbCl3	Photoluminescence	Spectra	............................................................	109	
Figure	63.	SEM	images	and	inset	fluorescent	images	of	(a)	MABi2I9	and	(b)	MAPbCl3	
single	crystals	.................................................................................................................	110	
Figure	64.	MAPbBr3	Perovskite	crystals	grown	from	on	metal	electrodes	....................	111	
Figure	65.	Perovskite	crystals	grown	across	gold	electrodes	a	&	b)	undefined	shape	c&d)	
rectangular	shape	..........................................................................................................	112	
Figure	66.	Perovskite	Device	Architecture	.....................................................................	113	
Figure	67.	First	Transfer	Curves	of	MAPbBr3	Perovskite	single	Crystal	FETs	..................	113	
Figure	68.	MAPbBr3	perovskite	devices	grown	through	the	enclosing	method.	...........	114	
Figure	69	Transfer	Curves	of	Devices	grown	from	enclosing	method	...........................	115	
Figure	70	Output	Curve	of	Perovskite	FET	device	..........................................................	116	
Figure	71	Photodetection	observed	in	FET	devices.	a)	Pulsating	LED	light	on	b)	light-
source	off		c)	manual	direct	light	test	d)	close-up	of	curve	c	.........................................	117	
	

	

	

	 	



15 

	
	

LIST	OF	TABLES	
	

Table	1	Perovskite	Crystal	System	Transition	Temperatures	(K)	.....................................	22	
Table	2.	Semiconductor	Properties[34]	...........................................................................	24	
Table	3	Parameters	for	SAM	functionalization	................................................................	44	
Table	4.	Photoresist	Conditions	.......................................................................................	48	
Table	5.	Perovskite	solvent	properties	for	a	controlled	evaporation	..............................	81	
Table	6	First	Device	Characterization	.............................................................................	114	
Table	7.	Characterization	of	Devices	grown	from	Enclosing	Method	............................	115	
	

	

	

	

	

	

	

	

	

	

	

	

	



16 

	
	

	
Chapter	1	
 
Introduction	
 
1.1 Importance	of	Semiconductors	

Semiconductors	play	the	uttermost	important	role	in	satisfying	the	living	conditions	

to	which	we	are	accustomed	today	as	they	are	present	in	almost	any	technological	

object,	 from	TVs	to	the	computers	that	run	our	cars	and	planes.	 In	 fact,	 this	 thesis	

most	likely	will	be	read	on	a	device	made	by	semiconductors,	such	as	a	smartphone	

or	laptop.		

The	 uniqueness	 of	 semiconductors	 lies	 in	 their	 electrical	 conductivity,	 falling	

somewhere	 in	between	 that	of	metallic	materials	 and	of	 insulators	 [1].	They	have	

the	distinctive	property	of	changing	their	behavior	by	introducing	dopants	into	their	

crystalline	 structure	 and	 applying	 a	 bias,	 increasing	 the	 carrier	 concentration	 of	

electrons	 or	 holes	 and	 affecting	 their	 overall	 conductivity	 as	 the	 valence	 band	 or		

conduction	band	is	moved	closer	to	the	Fermi	Energy	[2].	Thus	through	the	use	of	

this	 property,	 the	 conductivity	 of	 materials	 is	 controlled,	 allowing	 its	 use	 for	

practical	applications.		

	
Figure	1	Bang	Diagrams	of	different	Materials	
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Since	 the	 invention	 of	 the	 point-contact	 transistor	 by	 William	 Shockley	 and	 his	

group	 in	 1947	 [3],	 semiconductor	 materials	 have	 been	 used	 in	 a	 variety	 of	

applications	 including	 electrical	 amplification,	 modulation,	 energy	 harvesting	 and	

storage,	 light	 emission,	 sensing,	 and	 logic	 gates.	 It	 is	 in	 the	 former	 that	

semiconductors	have	found	their	niche	of	 importance	with	Field	Effect	Transistors	

(FET)	and	Complementary	Metal	Oxide	Semiconductors	(CMOS)	paving	the	way	for	

integrated	circuits	(IC)	and	ultimately	computers.		

Silicon	 finds	 itself	 at	 the	 center	 of	 the	development	 of	 technology	during	 the	past	

century	 due	 to	 its	 magnificent	 physical	 and	 technological	 properties	 such	 as	 its	

diamond	 crystal	 lattice,	 the	 energy	 gap,	 the	 ability	 to	 change	 the	 dopant	 and	 the	

concentration,	 the	 insulating	 properties	 of	 its	 oxide,	 its	 light	 absorption,	 among	

others	 [4].	 Combine	 its	 abundance	 on	 earth	 with	 the	 existence	 of	 high	 quality	

crystallization	methods	such	as	the	one	developed	by	Czochralski	[5]	or	Float-Zone	

[6],	 as	 well	 as	 the	 infrastructure	 and	 the	 amount	 of	 knowledge	 that	 has	 been	

gathered	 for	decades,	 it’s	enormously	difficult	 to	compete	with	silicon	as	 the	main	

semiconductor	used	for	computation.		

Other	materials	 including	binary	compounds,	 layered	semiconductors,	and	organic	

semiconductors,	offer	several	advantages	of	their	own	such	as	working	with	higher	

electric	 fields,	and	a	wider	range	of	direct	and	indirect	bandgaps	[2,	7];	properties	

which	can	be	combined	and	tailored	for	specific	applications.		
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The	 necessity	 of	 semiconductors	 sees	 a	 continuously	 growing	 trend	 as	 big	 data	

collection	 and	 analysis	 becomes	more	 common;	with	 electronics	 being	 integrated	

into	everyday	objects	allowing	 them	to	become	“intelligent”	and	 to	go	online	with	

what	is	known	as	the	Internet	of	Things	(IoT)	and	an	increased	energy	demand	[8],	

innovation	 in	 application-focused	 semiconductors	 and	 manufacturing	 techniques	

will	be	required	to	keep	up	with	technology.		

	

1.2 Moore’s	Law	and	Patterning	

Besides	making	our	lives	easier,	constant	developments	in	technology	have	allowed	

for	increased	data	processing	in	shorter	periods	of	time.	Since	the	invention	of	the	

FET	and	ICs	in	the	1960’s,	the	trend	expressed	by	Gordon	Moore	in	the	Electronics	

Magazine	in	1965	has	proven	itself	as	a	roadmap	for	the	semiconductor	industry	[9],	

doubling	the	number	of	transistors	per	given	area	every	two	years	or	so.		

Reducing	the	size	of	the	transistor	features	in	each	IC	has	been	the	focus	of	the	field	

and	 has	 been	 achieved	 through	 the	 development	 of	 doping	 techniques,	 material	

deposition	methods,	and	patterning	procedures	such	as	photolithography.	While	the	

core	 technologies	 have	 remained	 without	 change,	 there	 have	 been	 tremendous	

improvements	in	the	design	and	the	different	steps	for	IC	manufacture	[10].		

Moore’s	law	has	seen	constant	growth	during	the	last	50	years;	however,	Intel	has	

suggested	 that	 it	 can	 only	 be	 sustained	 for	 another	 4	 years	 [11].	 as	 feature	 sizes	

below	 the	 expected	 10nm	 have	 increased	 tunneling	 effect	 [12].	 Improvements	 in	



19 

	
	

other	areas,	including	as	design	and	materials,	will	have	to	be	made	in	order	to	keep	

up	with	technology	development	and	the	specific	needs	of	people.		

	

1.3 The	need	for	solution-based	semiconductors	

Despite	 having	 incredible	 properties,	 silicon	 still	 has	 shortcomings	 in	 terms	 of	 its	

mechanical	properties	and	energy	demanding	and	high-cost	manufacturing.	Market	

trends	show	the	need	for	specialized	properties	outside	the	classical	semiconductor	

performance.	 Properties	 such	 as	 flexibility,	 stretching,	 low	 densities,	 and	

compatibility	with	organic	materials	will	 dictate	 the	 characteristics	 sought	 in	new	

semiconductors	[13,	14]	 .The	new	concept	“More	than	Moore”	(MtM)	seeks	for	the	

diversification	 of	 functions	 as	 the	 interaction	 of	 electronics	 with	 people	 and	 the	

surroundings	starts	emerging	[15].		

The	 success	 of	 functionality	 driven	 semiconductors	 for	 both	microelectronics	 and	

MtM	electronics	depends	on	the	manufacturability	of	the	materials	and	their	cost	as	

much	as	on	their	properties.	Factors	to	be	taken	into	consideration	for	appropriate	

material	 selection	 include	 the	 processing	 methods,	 tools,	 fabrication	 substrate	

nature	and	area,	scalability,	durability,	and	operating	environments	[15].		

Though	not	 comparable	with	 silicon,	 solution	based	materials	 such	as	perovskites	

and	 organic	 semiconductors,	 have	 shown	 remarkable	 performance	 when	 used	 in	

devices	 such	 as	 transistors	 [16,	 17],	 LEDs	 [16],	 photodetectors	 [18,	 19]	 and	 solar	

cells	[20,	21].		On	top	of	that,	they	offer	the	advantage	of	being	compatible	with	large	
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scale	manufacture	 techniques	 including	roll-to-roll	printing,	 slot-die	coating,	 spray	

coating,	dip-coating	and	even	inkjet	printing	[15,	22].		

Though	 solution	 based	 electronics	 fabrication	 is	 an	 emerging	 concept	 with	much	

optimization	 to	endure,	manufacturing	 techniques	with	 the	best	available	 solution	

based	 semiconductors	 have	 the	 potential	 to	 yield	 high	 quality	 and	 low-cost	 MtM	

devices	for	further	functionalities	and	integration.		

	

1.4 Perovskite	semiconductors	

While	hybrid	perovskites	were	first	reported	in	solar	cells	by	Miyasaka	and	his	group	in	

2009	[23],	with	devices	showing	a	PCE	of	3.8%,	it	wasn’t	until	the	solar	cell	performance	

breakthrough	 by	 Professor	 Henry	 Snaith	 and	 his	 group	 in	 2012	 [20],	 that	 interest	 in	

perovskite	materials	greatly	increased	.		

Research	 in	 improving	 the	substrate	coverage,	morphology,	crystal	 size	and	substrate-

thin	 film	 interactions	have	 led	 the	way	 to	an	exponential	growth	 in	power	conversion	

efficiencies	in	solar	cells,	from	Snaith’s	13%	in	2012	to	up	to	22.1%	in	2016,	as	shown	by	

the	NREL	efficiency	chart	[24].		

Perovskites	 offer	 a	 set	 of	 remarkable	 properties	 along	 an	 ease	 of	 fabrication	

demonstrating	 their	 potential	 as	 a	 viable	 semiconductor	 for	 photovoltaics	 and	 many	

other	applications.		

The	following	sections	will	go	over	the	structure	of	perovskite	materials,	a	comparison	

of	their	properties	with	conventional	semiconductors,	the	downsides	and	opportunities	
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of	improvement,	as	well	as	the	need	for	single	crystals,	establishing	a	pathway	towards	

future	wide-range	utilization.		

	

1.4.1 Perovskite	Structure	

Organo-metal	halide	perovskites	get	their	name	from	the	structure	they	possess,	ABX3,	

which	 is	 identical	 to	that	of	calcium	titanium	oxide	(CaTiO3),	a	natural	mineral	bearing	

the	name	of	St.	Petersburg	mineralogist	Count	Lev	Alekseevich	Perovskii,	discovered	by	

the	Prussian	Gustav	Rose	in	the	nineteenth	century.	[25,	26]			

In	the	general	perovskite	structure	ABX3,	A	represents	a	large	cation,	B	a	medium	cation,	

and	X	an	anion	[26].	For	the	organometal	halide	perovskites	the	organic	molecules	take	

the	place	of	the	A	cation,	B	represents	the	metallic	ion	with	metals	from	group	14	such	

as	 Pb,	Ge,	 and	 Sn	being	 the	most	 important,	 and	X	 is	 the	halide	part	 (Cl-,	 Br	 -,	 or	 I-).	

Figure	2	shows	3D	models	of	the	different	perovskite	crystal	structures	according	to	the	

lattice	parameters	listed	by	Mashiyama	and	his	group	[30].		
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Figure	2	(a)	Cubic		(b)	Tetragonal	(c)	Orthorhombic	

It	has	been	shown	through	recent	studies	that	metal-organic	halide	perovskites	provide	

structural	 transitions	 upon	 exposure	 to	 different	 temperatures.	 They	 exhibit	 a	 cubic	

symmetry	 at	 the	 highest	 temperature	 phase,	 a	 tetragonal	 phase	 as	 the	 temperature	

decreases,	and	an	orthorhombic	 symmetry	at	 the	 lowest	 temperature	 range	 [27].	The	

three	more	commonly	used	organolead	halide	perovskites	present	the	same	behavior	at	

different	transition	temperatures	and	are	listed	in	Table	1.	

Table	1	Perovskite	Crystal	System	Transition	Temperatures	(K)	

	

	

	

	

	 Orthorhombic	 Tetragonal	 Cubic	

MAPbCl3	 <	172	 172-177	 >		177	

MAPbBr3	 <	149	-154	 149	–	236	 >		236	

MAPbI3	 <	161	 161	–	330	 >		330	
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Perovskite	thin	films	and	crystals	are	grown	from	solutions	from	room	temperature	up	

to	 temperatures	 around	 130	 degrees	 Celsius	 [28,	 29],	 regions	 in	 which	 there	 are	 no	

phase	 transitions,	 with	 the	 exception	 of	 CH3NH3PbI3.	 It	 is	 known	 that	 the	 organic	

molecules	 in	 perovskites	 have	 preferred	 orientations,	 causing	 micro-domains,	 tilting,	

and	distortions	 in	 the	crystal	matrix	 [26].	The	correlation	and	 impact	of	 the	 imperfect	

crystal	 structure	 along	 with	 lattice	 defects	 and	 impurities	 on	 the	 many	 applicable	

properties	of	perovskites	such	as	charge	carrier	lifetime,	mobility,	and	diffusion	lengths	

is	still	under	study	by	many	research	groups	around	the	globe.		

	

1.4.2 Properties	of	Perovskite	materials	

The	hybrid	perovskite	 application	 in	 solar	 cells	 and	 the	 exponential	 growth	 they	have	

demonstrated	 through	 their	 power	 conversion	 efficiencies	 (PCE)	 has	 triggered	 the	

increased	 research	 in	 the	 quest	 for	 a	 better	 understanding	 of	 their	 properties.	 The	

studies	 on	 thin	 films	 and	 polycrystalline	 films	 have	 come	 as	 a	 result	 of	 solar	 cell	

fabrication,	being	able	to	determine	properties	such	as	current-voltage	characteristics,	

absorption	ranges,	and	photoluminescence	[30,	31].	 	Charge	transport	properties	such	

as	mobility	and	carrier	density	were	determined	as	a	result	of	the	successful	fabrication	

of	 field	effect	 transistors	 [32,	33].	Table	2	shows	a	summary	of	properties	of	different	

semiconductors	used	in	solar	cells,	including	MAPbI3.	
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Table	2.	Semiconductor	Properties[34]	

	

∥	Period	at	which	the	efficiency	becomes	80%	of	the	initial	value.	*With	protective	coating	

	

	On	 top	 of	 offering	 good	 electrical	 properties,	 perhaps	 one	 of	 the	 most	 attractive	

features	of	perovskites	 is	 the	ability	 to	 tune	 their	bandgap.	 It	has	been	demonstrated	

that	 the	 whole	 spectral	 range	 can	 be	 covered	 by	 integrating	 different	 halides	 into	 a	

perovskite	system,	such	as	Br-I	[39],	Cl-I	[40],	and	Br-Cl	[41].	Thus,	applications	such	as	

photovoltaics,	 light	 detection,	 and	 emission	 are	 possible	 over	 a	 broad	 range	 of	

wavelengths.		

While	 silicon	 properties	 show	 that	 it	 is	 the	 top	 of	 the	 line	 semiconductor,	 perovskite	

materials	demonstrate	that	they	are	able	to	compete	with	conventional	semiconductors	

as	 it	 offers	 a	 good	 set	 of	 properties	 along	 with	 advantages	 including	 their	 ease	 of	

processing	at	low	temperatures,	tolerance	to	defects,	and	low	fabrication	cost.		

	

	

 c-Si Ga-As Organic  MAPbI3 
Bandgap (eV) 1.1 1.89-2.2 ~1.6 1.5-1.75 [33] 
Hole Mobility   

(cm2 /Vs) ≤450 [35] ≤400 [36] ~10-3 [37] 5-12  

Electron Mobility 
(cm2 /Vs) 

≤1400 [35] ≤8500 [36] ~10-3 [37] 2.5-10 

Absorption 
Coefficient (cm-1) 

102 104 103-105 103-104 

Diffusion Length 
(µm) 100-300 1-5 0.005–0.01 0.1–1.9

  
Carrier Lifetime 4ms 50 ns 10-100 µs 270ns 

Stability  || >25 years >20years <57 days [34] 4-42 days, 6 
months* [38] 



25 

	
	

1.4.3 Perovskite	synthesis	and	the	need	for	single	crystals		

	

The	effect	of	the	morphology,	size,	and	orientation	of	the	crystals	on	the	properties	 is	

the	 focus	 of	 several	works	which	 have	 shown	 that	 reduced	 defects	 and	 larger	 crystal	

sizes	 lead	 to	an	 improvement	of	properties.	 Several	methods	have	been	developed	 in	

order	 to	 achieve	 control	 over	 the	 morphology	 and	 surface	 coverage	 of	 the	 films	

including	thermal	annealing	control	[42],	the	use	of	additives	in	the	precursor	solutions	

[21,	43]		solvent	annealing	[44],	and	solvent	engineering	[45,	46].		

Regardless	 of	 the	 technique	 used	 for	 the	 crystallization	 of	 the	 films,	 larger	 crystal	

domains	 mean	 fewer	 crystal	 boundaries	 and	 defects	 which	 are	 accountable	 for	 trap	

states	 [47]	 and	 reduced	 efficiencies.	 As	 there	 is	 a	 direct	 correlation	 between	

morphology	 and	 crystal	 size	 with	 the	 film	 properties,	 further	 research	 and	

improvements	 over	methodologies	 will	 allow	 the	 necessary	 controls	 for	 an	 increased	

efficiency	of	devices.		

Bulk	single	crystals	have	been	grown	through	a	variety	of	techniques,	including	seeded	

growth	 [48],	 solvent	 mixing	 [49],	 inverse	 temperature	 crystallization	 [28],	 and	

antisolvent	crystallization	[50].	The	experimental	setups	have	allowed	the	measurement	

of	intrinsic	properties	without	the	inherent	lattice	defects	and	grain	boundaries	of	thin	

films,	 demonstrating	 reduced	 trap	 states,	 higher	 charge	 carrier	 mobilities,	 improved	

diffusion	lengths,	and	increased	stability.		
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Improvements	 in	manufacturing	 techniques	will	 allow	 the	 fabrication	 of	 single	 crystal	

devices,	thus	taking	advantage	of	their	remarkable	properties	and	allowing	an	extended	

range	of	applications.		

	

1.4.4 Lead-Free	Perovskites	

Despite	being	an	outstanding	material	for	photovoltaic	and	electronic	applications,	the	

greatest	 drawback	 of	 the	 most	 common	 organometal	 halide	 perovskites	 lies	 in	 their	

toxicity	and	risks	during	device	fabrication,	usage,	and	disposal.	The	inclusion	of	heavy	

metals	such	a	lead	is	a	top	concern	which	affects	the	perception	and	the	acceptance	of	

the	material	for	implementation	on	a	wider	scale.		

Exposure	 to	 lead	without	 any	 protection	may	 result	 in	 the	 intake	 through	 inhalation,	

ingestion,	or	dermal	contact	which	then	is	distributed	in	the	body	to	the	liver,	kidneys,	

nervous	system,	and	it	accumulates	in	bones	and	teeth	[51].		In	adults,	levels	as	low	as	5	

µg/dl	may	pose	health	risks	such	as	renal	failure,	anemia,	high	blood	pressure,	reduced	

fertility,	heart	disease,	and	damage	to	the	nervous	system	and	brain	[52-54].		

The	development	of	the	technology	could	follow	the	lead	of	CdTe	in	the	implementation	

of	measures	 such	 as	 industrial	 safety	 programs,	 life	 cycle	 assessments,	 and	 recycling;	

though	stricter	policies	would	be	the	rule,	as	Pb	has	higher	toxicity	risks	than	CdTe	[51].	

Another	route	researchers	are	taking	to	address	the	risks	is	the	substitution	of	the	Pb+2	

ions	 in	 the	 synthesis	 of	 perovskite	 materials.	 Tin	 was	 proposed	 as	 an	 alternative	 by	
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Snaith	 and	 his	 group	 in	 2014	when	 they	 reported	 solar	 cells	 with	 6%	 efficiency	 [55].	

However,	Sn	is	less	stable	and	may	pose	toxic	risks	of	its	own	[56].	Other	metals	such	as	

Copper	[57],	Calcium	[58],	Cadmium	[59],	and	Strontium	[60]	have	also	been	proposed,	

but	 they	 as	well	 have	 not	 yet	matched	 the	 properties	 and	 efficiencies	 of	 organolead	

halide	perovskites.		

Bismuth	was	 first	 included	 in	 a	 perovskite	 structure	 by	 Taketoshi	 Kawai	 in	 1996	 [61];	

however,	 Del	 Gobbo	 and	 his	 group	 have	 recently	 characterized	 CH3NH3Bi2I9	 	 	 as	 a	

potential	candidate	for	replacement	of	 lead	in	perovskites	devices	[62].	The	properties	

including	a	compatible	bandgap,	long	exciton	lifetime,	and	high	carrier	mobilities,	along	

with	a	remarkable	stability	in	air	validate	the	advantages	and	potential	of	Bismuth	as	an	

alternative	to	the	toxicity	of	lead-based	perovskites.		

	

	

1.5 Patterning	of	perovskites	towards	cost-effective	semiconductors	

The	 silicon	 era	 is	 still	well	 underway	 as	 new	methods	 allow	 researchers	 to	 adhere	 to	

Moore’s	law	improving	the	data	processing	capacity	of	modern	devices.	However,	More	

than	 Moore	 devices	 are	 causing	 an	 increasing	 demand	 for	 electronics	 capabilities	

including	flexibility,	low	densities,	compatibility	with	a	variety	of	environments,	sensing,	

increased	efficiency	in	energy	generation	and	storage,	absorbance	and	emission	of	light	

at	different	frequencies,	transparency,	etc.		
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Many	semiconductors	are	able	to	fulfill	many	of	the	requirements	listed	above,	but	the	

costs	associated	with	their	fabrication	can	sometimes	pose	a	determent	of	their	use.	

Organometal	 halide	 perovskites	 pose	 as	 an	 excellent	 alternative	 to	 expensive	

semiconductors	due	to	 their	 low-cost	and	 low-temperature	processing.	Manufacturing	

and	integration	techniques	that	can	allow	the	application	of	hybrid	perovskites	beyond	

solar	cells	while	retaining	the	characteristic	properties	are	fundamental	 in	pushing	the	

semiconductor	towards	commercialization.			

	

1.5.1 Objectives	and	contributions	

Thus,	 the	purpose	of	 this	 thesis	work	 is	 the	development	of	 a	 high-quality	 perovskite	

single	 crystal	 patterning	 methodology	 for	 its	 application	 in	 manufacturing.	 By	 using	

conventional	 solution-based	 fabrication	 techniques	 as	 spincoating	 as	 well	 as	 more	

precise	 methods	 including	 blade	 coating,	 dip	 coating,	 and	 inkjet	 printing	 along	 with	

nanofabrication	 processes,	 single	 crystals	 of	 perovskite	 solutions	 will	 be	 grown	 at	

designated	 locations.	 A	 secondary	 objective	 is	 growing	 the	 crystals	 in	 between	

electrodes,	enabling	the	electrical	characterization	and	demonstrating	the	feasibility	of	

device	manufacturing.		

	 	



29 

	
	

Chapter	2	
	

Single	Crystal	Synthesis	Methods	&	Patterning	
 
 
2.1 Single	Crystal	Perovskites	

Studies	 of	 hybrid	 perovskites	 single	 crystals	 have	 been	 performed	 since	 the	 eighties	

when	 Poglitsch	 and	 Weber	 obtained	 the	 crystallographic	 structure	 and	 noted	 its	

dependence	on	 temperature	 [63].	 Since	 their	use	 in	photovoltaic	applications	and	 the	

remarkable	performance	they	have	demonstrated,	there	has	been	an	increased	interest	

in	 understanding	 the	 relationship	between	 the	 crystal	 lattice	 and	 the	mechanisms	 for	

photoconversion	and	charge	transport	without	the	trap	states	generated	in	defects	and	

grain	boundaries	normally	found	in	thin	films.		

As	pure	phase	single	crystals	possess	a	clean	and	continuous	crystal	lattice,	researchers	

are	 finding	 ways	 to	 synthesize	 and	 control	 the	 growth	 process	 in	 an	 attempt	 to	

characterize	 them	 and	 explore	 their	 advantages	 over	 thin	 films,	 such	 as	 improved	

charge	mobilities,	longer	diffusion	lengths	and	lower	trap	densities	[50].		

	

2.2 Bulk	Single	Crystal	Synthesis	Methods	

Xutang	 Tao	 and	 his	 group	 were	 able	 to	 synthesize	 centimeter	 size	 crystals	 by	 the	

method	described	in	Poglitsch	and	Weber’s	manuscript,	 in	which	of	methylammonium	

Iodide	was	introduced	in	a	Pb(CH3COOH)2·3H2O	0.1	M	solution	in	hydroiodic	acid	(HI)	to	

form	 a	 1:1	 molar	 solution.	 Black	 MAPbI3	 single	 crystals	 were	 obtained	 by	 inducing	
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saturation	 of	 the	 solution	 through	 lowering	 the	 temperature	 from	 65o	 to	 40o	 C	 [48].	

These	crystals	allowed	 the	crystallographic	 characterization	 through	 single	 crystal	XRD	

and	 further	 refinement	 to	 previous	 results	 [63,	 64].The	 measurement	 of	 absorption	

range	 was	 possible	 through	 UV-Vis	 reflectance,	 for	 which	 the	 absorption	 edge	 was	

determined	 at	 836nm	 and	 the	 bandgap	 at	 1.48eV.	 Interestingly	 enough,	 the	 thermal	

stability	of	the	single	crystals	proved	to	behave	in	a	similar	manner	as	that	of	thin	films	

[65].	The	same	synthesis	method	was	used	by	Pisoni’s	work,	where	he	determined	the	

thermal	 and	 electrical	 conductivity	 of	 the	 material	 as	 a	 function	 of	 temperature,	

demonstrating	and	improved	performance	over	thin	films	[66].	

A	modified	 version	 of	 Poglitsch	 and	Weber’s	method	was	 utilized	 by	 Dong	 to	 obtain	

millimeter-sized	 MAPBI3	 single	 crystals	 by	 a	 top-seeded	 solution	 growth	 [67].	 In	 this	

method,	 crystal	 seeds	 are	obtained	 and	 then	put	 in	 a	 solution	 vial	with	 the	help	of	 a	

silicon	substrate,	allowing	supersaturation	of	the	solution	around	the	seed	crystal,	and	

therefore	 enabling	 its	 continuous	 growth.	 The	 electrical	 characterization	 of	 these	

crystals	 yielded	an	EQE	 range	 from	12.6	 to	15.8%	and	an	 IQE	close	 to	100%.	Through	

Hall-effect	measurements,	 the	mobility	of	holes	was	calculated	at	164	±	25	cm2	V−1	s−1	

and	 the	electron	mobility	at	24.0	±	6.8	cm2	V−1	s−1,	nearly	10	 times	 larger	 than	that	of	

polycrystalline	 thin	 films.	 The	 recombination	 time	 obtained	 through	 transient	

photovoltaic	 and	 impedance	 spectroscopy	 ranged	between	78-103	μs,	 and	 the	 carrier	

diffusion	 lengths	 were	 calculated	 at	 around	 175	 μm,	 thus	 indicating	 single	 crystal	

superiority	over	its	thin	film	counterparts.		



31 

	
	

Other	 crystallization	 methods	 have	 been	 developed	 to	 synthesize	 larger	 crystals	 at	

faster	 rates.	 For	 instance,	 instead	 of	 taking	 weeks	 to	 grow	 a	 crystal,	 Frank	 Liu	 and	

coworkers	developed	a	method	to	obtain	centimeter	sized	single	crystals	in	a	matter	of	

days	by	using	repeated	seeded	crystallization	method	at	high	temperatures	[68].	Unlike	

most	solution	systems	where	a	solvent	has	a	better	degree	of	solubility	with	increasing	

temperature,	 perovskites	 appeared	 to	 show	 the	 opposite.	 Saidaminov	 and	 Bakr	

explored	this	behavior	and	presented	their	 Inverse	temperature	crystallization	method	

(ITC),	 explaining	 the	 reduced	 solubility	 of	 MAPbX3	 (X	 =	 Cl,	 Br,	 I)	 perovskite	 solution	

systems	 in	 specific	 solvents	at	high	 temperatures,	enabling	 the	growth	of	high	quality	

single	crystals	at	faster	rates	than	those	methods	presented	before	[69,	70].		

	
Figure	3.	Set	up	for	Inverse	Temperature	Crystallization	[28]	

	

Other	methods	have	arisen	where	 instead	of	using	a	temperature	gradient	to	provoke	

saturation,	the	solution	is	placed	in	a	dish	inside	a	larger	container	in	which	antisolvent	

is	introduced	and	allowed	to	be	diffused	into	the	original	solution	at	room	temperature.	

Dong	 Shi	 and	 Osman	 Bakr	 proposed	 an	 enhanced	 process	 by	 the	 utilization	 of	

dichloromethane	 (DCM)	as	antisolvent	 in	order	 to	produce	higher	quality	MAPbI3	 and	
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MAPbBr3	single	crystals	large	enough	for	electrical	characterization	in	a	matter	of	days	

[50].	The	setup	is	shown	in	Figure	4.		

	
Figure	4.	Antisolvent	Vapor	Assister	Crystallization	

	

Further	 developments	 to	 the	 method	 allowed	 the	 identification	 of	 other	 working	

antisolvents	[71],	the	reduction	of	the		aperture	for	a	more	controlled	diffusion	[72],	and	

the	 introduction	 of	 stirring	 to	 achieve	 homogeneity	 [19].	 This	 method	 has	 proven	

effective	 for	 the	 production	 of	MAPbBr3	 and	MABi2I9	 planar	 single	 crystals	 on	 top	 of	

substrates	 placed	 in	 the	 inner	 dish	 from	 which	 from	 which	 photodetectors	 were	

fabricated.		

	

2.3 Patterning	of	solution	based-semiconductors	

Large	single	crystals	grown	through	the	different	methods	stated	 in	this	thesis	may	be	

good	 enough	 to	 characterize	 and	 produce	 proof-of-concept	 devices;	 however,	 they	

would	neither	be	practical	nor	suitable	for	standardized,	reproducible,	high	quality	and	

scalable	fabrication	processes.		

Antisolvent	

Solvent	
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Market	applications	of	semiconductor	materials	require	manufacturing	techniques	that	

allow	 the	 controllability	 over	 produced	 of	 nano-	 and	 microstructures	 as	 well	 as	

regularity	 and	 good	 coverage	 over	 large	 areas.	 Innovations	 to	 bottom-up	 approaches	

such	 as	 crystal	 growth	 including	 techniques	 allowing	 the	 construction	 of	 different	

geometries	 with	 controllable	 location,	 sizes,	 and	 direction,	 through	 defined,	 ordered	

arrays	and	would	permit	the	scale-up	of	the	material	into	the	industry	[73].		

The	 following	 sections	denote	 the	efforts	of	 researchers	 to	 adapt	new	 solution	based	

organic	 semiconductors	 and	 perovskites	 to	 scalable	 and	 adaptable	 micro-spatterning	

techniques	while	enhancing	or	maintaining	the	properties	demonstrated	in	single	crystal	

device	fabrication	works.		

	

2.3.1 Organic	semiconductors	

There	 has	 been	 extensive	 research	 in	 pushing	 organic	materials	 for	 the	 fabrication	 of	

functional	 devices,as	 they	 are	 some	 of	 the	 most	 accessible	 solution	 based	

semiconductors.	 Proof	 of	 that	 sits	 across	 a	 large	 number	 of	 displays	 with	 the	

development	of	organic	LEDs	(OLED)	in	the	late	eighties	and	their	large-scale	application	

in	 the	2000’s.	As	 it	 is	 done	with	OLEDs	 films,	 approaches	 to	patterning	 single	 crystals	

include	 photolithography,	 etching,	 deposition	 of	 materials	 through	 vapors,	 contact	

printing,	inkjet	printing	among	many	other	fabrication	techniques.		

The	 first	 attempt	 at	 patterning	multiple	 organic	 single	 crystals	 (OSC)	 at	 a	 time	 came	

through	 Alejandro	 Briseno’s	 work,	 controlling	 the	 nucleation	 sites	 by	 micro-contact	
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printing	 an	 octadecyl	 trichlorosilane	 (OTS)	 self-assembled	 monolayer	 (SAM)	 onto	 a	

Si/SiO2	 surface	 with	 a	 PDMS	 stamp,	 as	 shown	 in	 Figure	 5	 [74].	 	 Organic	 materials	

including	 pentacene,	 rubrene,	 fullerene	 and	 C60	 were	 patterned	 into	 single	 crystals	

arrays	by	vapor	transport	inside	a	vacuum-sealed	tube.		

	

	
Figure	5.	Organic	single	crystal	growth	enhanced	by	hydrophobic/hydrophilic	pattern	[74]	

	

Patterning	the	nucleation	sites	of	the	crystals	permits	growing	crystals	directly	on	top	of	

electrodes	by	depositing	gold	through	a	mask	before	micro-contract	printing,	enabling	

the	 fabrication	 of	 single	 crystal	 organic	 field	 effect	 transistors	 (OFETs).	 A	 similar	

approach	 was	 taken	 Tsukagoshi’s	 group	 to	 grow	 arrays	 of	 C8-BTBT	 SC	 rods,	 though	

Cytop	 was	 used	 as	 the	 hydrophobic	 later	 and	 instead	 of	 micro-contact	 printing,	 the	

patterning	was	done	through	photolithography	[75].		

A	combination	of	hydrophobic/hydrophilic	patterns	with	newer	coating	techniques	such	

as	 inkjet	 printing	 	 have	 the	potential	 to	 further	 reduce	 the	 fabrication	 time,	waste	of	
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materials	and	ultimately	cost.	Such	was	the	method	used	by	Hasegawa	when	patterning	

2,7-dioctyl[1]benzothieno[3,2-b][1]	 benzothiophene	 (C8-BTBT)	 single	 crystal	 thin	 films	

[76].	 The	 hydrophobic	 layer	 made	 up	 of	 hexamethyldisilazane	 was	 patterned	 into	

properly	designed	shapes	through	photolithography,	and	the	films	were	grown	through	

an	antisolvent	crystallization	route.	 Inkjet	printing	was	used	to	deposit	 the	antisolvent	

ink	 (DMF)	 and	 confined	 inside	 the	 hydrophilic	 areas,	 after	which	 the	 organic	 solution	

(C8-BTBT	in	Dichlorobenzene)	was	deposited	on	top,	prompting	nucleation	and	growth.		

Park	 and	 Kim	 inkjet-printed	 6,13-bis(triisopropylsilylethynyl)	 pentacene	 (TIPS-

pentacene)	 single	 crystals	 	 directly	 on	 top	 of	 gold	 electrodes	 for	 thin	 film	 transistor	

fabrication	 by	 patterning	 the	 surface	with	 OTS	 and	 photolithography	 [77].	 Early	 tests	

proved	to	be	challenging	due	to	coffee	ring	nucleation	even	over	the	surfaces;	however,	

a	 co-solvent	 system	 consisting	 of	 chlorobenzene	 and	 dodecane	 with	 higher	 boiling	

points,	 lower	 evaporation	 rates,	 and	 lower	 surface	 tension	 single	 crystals	 could	 be	

achieved.		A	diagram	of	the	evolution	from	the	coffee	ring	to	single	crystals	can	be	seen	

in	Figure	6.			

	

	
Figure	6.	A)	Coffee	ring	effect	B)	single	crystal-like	forms	

	C)	Single	Crystal	Formation	[77]	
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The	introduction	of	materials	into	industry	requires	large-area	scalable	coating	methods	

such	as	the	one	developed	by	Zhenan	Bao’s	group	for	controlling	the	shape	of	thin	films	

produced	by	blade-coating	printing	[78].	The	 introduction	of	crescent	moon	patterned	

micro-pillars	 on	 the	 coating	 blade	 induces	 the	 circulation	 of	 the	 ink	 in	 the	 meniscus	

while	 coating,	 resulting	 in	 enhanced	 crystallization.	 Unlike	 other	 patterning	 methods	

where	the	coffee	ring	is	undesirable,	the	enhanced	blading	method	uses	it	as	inspiration	

to	 anchor	 nucleation	 points	 by	 creating	 thicker	 spots	 through	 the	 curvature	 of	 the	

pattern.	 The	 FLUENCE	 method	 (fluid-enhanced	 crystal	 engineering)	 utilizes	 the	

controlled	 blading	 approach	 along	 with	 hydrophobic/hydrophilic	 regions	 on	 the	

substrate	to	produce	TIPS-pentacene	single	crystal	regions	aligned	with	the	direction	of	

the	shearing	in	a	matter	of	seconds,	as	shown	in	Figure	7.		

	
Figure	7.	a)	Diagram	showing	the	use	of	the	micropattern	in	the	blade	(not	to	scale)																		

	b)	Simulation	of	fluid	flow	around	the	micropattern	c)	TIPS-pentacene	single	crystalline	films	[78]	

	

a 

b 

c 
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The	applicability	of	this	to	unidirectional	coating	methods	such	as	slot-die	coating,	blade	

coating,	 and	 zone	 casting	 will	 allow	 a	 rapid	 adaptation	 from	 research	 into	 industry.	

These	techniques	have	already	been	applied	to	organic	semiconductors	and	proven	to	

work	with	the	right	conditions;	they	can	serve	as	a	roadmap	for	research	towards	hybrid	

perovskites	patterning	as	is	shown	in	the	following	section	and	through	the	scope	of	this	

thesis.	

	

2.3.2 Patterning	of	Perovskite	single	Crystals	

Devices	 made	 out	 of	 small	 perovskite	 single	 crystals	 such	 as	 Solar	 Cells,	 LEDs,	

photodetectors,	piezoelectrics,	and	even	gas	sensors	have	already	been	demonstrated,	

however,	localized	growth	is	necessary	in	order	to	scale	up	fabrication.		

This	 section	denotes	 the	most	 important	works	on	patterning	hybrid	perovskite	single	

crystals	for	device	application.		

One	of	the	first	attempts	at	creating	single	crystalline	arrays	came	in	2015	when	Duan	

and	 his	 group	 used	 the	 conventional	 OTS	 SAM	 substrate	 patterning	method	 through	

lithography	 and	 oxygen	 plasma	 treatment	 and	 combined	 it	 with	 a	 two-step	 system	

perovskite	 conversion	 [79].	 By	 running	 a	 PbI2	 solution	onto	 the	 tilted	 substrate,	 small	

solution	domains	were	 formed	 in	 the	hydrophilic	areas,	promoting	 the	nucleation	and	

growth	 of	 small	 PbI2	 single-crystalline	 plates.	 Conversion	 of	 these	 microplates	 into	

MAPbI3	perovskites	was	done	by	MAI	vapor	exposure	in	an	argon-filled	tube	furnace	at	a	

temperature	 around	 120oC.	 Through	 the	 control	 of	 the	 easily	 crystallized	 PbI2	
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microplates,	an	entire	4-inch	silicon	wafer	could	be	covered	and	converted.	The	process	

flow	is	shown	in	Figure	8.			

	

Figure	8.	Process	flow	for	the	production	of	perovskite	microplates	by	2-step	deposition	and	conversion	

	

Liu	 et	 al.	 introduced	 a	 method	 in	 which	 a	 layer	 of	 2-dimensional	 material	 such	 as	

hexagonal	boron	nitride	 (h-BN),	graphene,	or	MoS2	was	deposited	by	CVD	on	top	of	a	

Si/SiO2	 substrate	 and	 patterned	 through	 photolithography	 and	 etching	 into	 periodic	

domains	 in	order	to	serve	as	nucleation	point	for	 lead	 iodide	plate	growth	during	CVD	

[80].	 	 The	 PbI2	 microplates	 are	 converted	 into	 single	 crystal	 perovskite	 in	 a	 similar	

manner	 as	 Duan’s	method	 [79],	 using	 a	 CVD	method	 to	 evaporate	MAI	 and	 letting	 it	

react	with	the	platelets	inside	a	tube	furnace.	This	same	approach	is	later	employed	by	

Sum	 and	 Liu	 to	measure	 the	 lasing	 properties	 of	 single	 crystalline	MAPbI3	 perovskite	

plates,	 as	 the	 2D	 h-BN	 serves	 as	 an	 optical	 confinement	 layer[81].	 A	 diagram	 of	 the	

synthesis	process	is	shown	in	figure	4.		
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Figure	9.	Crystal	growth	driven	by	patterned	2D	materials		

	

Perhaps	one	of	the	most	innovative	methods	up-to-date	came	with	the	introduction	of	

additive	manufacturing	into	the	equation,	when	Kaehr’s	group	was	able	to	form	single-

crystalline	 shapes	 by	 using	 localized	 laser	 induced-heat	 [82].	 In	 this	 method	 photo-

thermal	 spots	 or	 layer	 (Pt,	 Au,	 C)	 is	 deposited	 on	 top	 of	 a	 glass	 substrate,	 a	 1:1	

stoichiometric	solution	of	MABr	and	PbBr3	in	DMF	is	then	deposited	on	top	of	the	glass	

substrate.	A	continuous	wave	(CW)	750nm	laser	is	used	to	produce	localized	heat	at	the	

photo-thermal	layers,	inducing	the	nucleation	of	the	deposited	solution;	the	laser	can	be	

scanned	 in	a	different	direction	 to	produce	different	 single	 crystalline	patterns	on	 the	

substrate,	as	shown	in	Figure	10	.	
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Figure	10.	1)	Precursor	Solution	2)	photo-thermal	film	3)	glass	substrate.	[82]	

	

Song	and	Gu	took	on	a	similar	approach	of	inducing	localized	crystallization,	but	instead	

of	 using	 lasers,	 they	 utilized	 a	 combination	 of	 inkjet	 printing	with	 solution	 saturation	

crystallization	methods	such	as	the	ones	used	for	bulk	single	crystal	growth	[83].	While	

most	droplets	produce	 the	 coffee	 ring	effect	 as	 the	 solvent	 evaporates,	 de-pinning	of	

the	triple	contact	line	between	the	droplet	and	the	substrate	was	achieved	by	utilizing	

SAMs	 such	 as	 1H,1H,2H,2H-perfluorodecyltrimethoxysilane	 (PFOS)	 ,	 thus	 reducing	 the	

adhesive	force	at	the	surface.	Using	reduced	temperatures	proved	effective	as	well,	as	

the	evaporation	rate	of	the	solvent	was	decreased,	enabling	the	growth	of	high-quality	

single	crystals.	An	RGB	(red,	green,	blue)	set	up	was	achieved	by	using	a	mixed	halide	

approach,	thus	showing	the	potential	of	this	technique	for	the	fabrication	of	LEDs.		

These	methods	 are	 very	 innovative	 in	 adopting	 additive	manufacturing	 techniques	 as	

well	 as	 classical	 techniques	 in	 order	 to	 enable	 the	 localized	 growth	 perovskite	 single	
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crystals,	 showing	 the	 potential	 use	 in	 small	 devices.	 However,	 they	 require	 the	

utilization	 of	 CVD	 deposited	 crystallization	 based	 layers	 and	 the	 modification	 of	

temperature	 to	 induce	crystallization.	Scale	up	of	 localized	 single	 crystallization	would	

require	techniques	which	can	be	adapted	to	currently	existing	methods	in	the	industry	

through	 the	 engineering	 of	 parameters	 such	 as	 the	 evaporation	 rate,	 the	 required	

temperature,	as	well	as	the	continuous	deposition	of	materials.		
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Chapter	3	
 
Materials,	Fabrication	and	Characterization	Techniques		
 
 
3.1 Materials	

The	perovskite	solutions	were	made	by	mixing	equimolar	quantities	of	precursors	in	the	

preferred	solvent	system.	Lead	Bromide	(Sigma-Aldrich)	and	Methylammonium	Bromide	

(Dyesol)	were	mixed	 in	Dimethylformamide	 (Sigma-Aldrich)	 to	 create	a	1.0M	solution.	

Bismuth	 Iodide	 (Alfa	 Aesar)	 and	 Methylammonium	 Iodide	 (Dyesol)	 were	 mixed	 in	 γ-

Butyrolactone	 (Sigma-Aldrich)	 to	 form	 a	 0.5M	 solution.	 Lead	 Chloride	 (Sigma-Aldrich)	

and	 Methylammonium	 Chloride	 (Dyenamo)	 were	 mixed	 in	 a	 mixture	 of	 Dimethyl	

Sulfoxide	 (Sigma-Aldrich)	 and	 Dimethylformamide	 (Sigma-Aldrich)	 3:7	 by	 volume	 to	

form	a	1M	solution.	The	n-type	 silicon	and	 silicon	oxide	wafers	 to	 serve	as	 substrates	

were	 purchased	 from	 Silicon	 Quest	 International.	 Self-assembled	 monolayers	

Octadecyltrichlorosilane	 and	 1H,1H,2H,2H-Perfluorodecyltriethoxysilane	 used	 to	

functionalize	SAM	on	the	substrates	were	purchased	from	Sigma-Aldrich,	as	well	as	the	

solvents	n-Hexane	and	Iso-octane.		

	

3.2 Modification	of	surface	properties	and	deposition	

The	majority	of	this	thesis	work	concentrates	in	modifying	the	surface	properties	of	the	

substrates	to	enhance	the	sliding	of	the	triple	contact	line,	drive	the	solution	to	specific	

locations	 and	 contain	 it	 while	 crystallization	 occurs.	 The	 techniques	 used	 for	 the	

fabrication	of	substrates,	from	the	functionalization	of	the	surface	with	self-assembled	
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monolayers	 to	 the	 creation	 of	 hydrophobic/hydrophilic	 regions,	 are	 described	

thoroughly	in	the	following	subsections.		

	

3.2.1 Self-Assembled	Monolayer	Functionalization	

Self-assembled	monolayers	 (SAM)	 form	when	 organic	molecules	 consisting	 of	 a	 head	

group,	a	tail,	and	a	functional	group,	as	shown	in	Figure	11,	spontaneously	arrange	and	

organize	 themselves	 into	 large	 ordered	 domains	 on	 top	 of	 substrate	 surfaces	 by	

processes	of	adsorption	and	chemisorption	from	available	solutions	or	vapors.		

	
Figure	11.	SAM	architecture	

	

Since	the	1946	publication	by	Zisman	and	his	group	on	a	method	for	the	preparation	of	

an	 oleophobic	 monolayer	 by	 adsorption	 from	 a	 solution	 [84,	 85],	 self-assembled	

monolayers	have	proven	useful	in	modifying	the	properties	of	surfaces	such	as	wetting,	

lubrication,	 adhesion,	 roughness,	 resistance,	 among	 others.	 These	 properties	 are	

tailored	 for	 a	 variety	 of	 applications	 ranging	 from	 localized	 cell	 cultures	 [86]	 to	 the	

patterning	of	single	crystals,	as	shown	in	this	thesis	work.		
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Due	 to	 the	 ease	 of	 use	 a	 solution	 based	 approach	 was	 performed	 to	 modify	 the	

properties	of	silicon,	silicon	oxide,	and	glass	substrates.		The	SAMs	utilized	in	this	work	

are	Octadecyltrichlorosilane	(OTS)	and	1H,1H,2H,2H-Perfluorodecyltriethoxysilane	(FAS),	

both	acquired	from	Sigma-Aldrich,	as	silanes	are	known	to	form	a	broad	network	of	Si-

OH	and	Si-O-Si	groups	with	silicon	and	silicon	oxide	substrates.		

Self-assembled	 monolayers	 were	 introduced	 onto	 the	 substrates	 by	 following	 the	

processes	outlined	by	Friend	and	his	group	[87],	and	it	is	summarized	in	the	table	below.		

	

Table	3	Parameters	for	SAM	functionalization	

a. Comparable to microcontact printing, b.  should be baked at 120oC for 30 min 

	

Before	SAM	modification	took	place,	OH-	groups	were	introduced	on	the	surface	of	the	

substrates	by	oxygen	plasma	 treatment	or	 ultraviolet	 ozone	 treatment.	OTS	 assembly	

was	done	by	submerging	the	processed	substrates	into	a	solution	of	n-hexane	and	OTS	

500:1	by	volume	for	10	minutes	at	room	temperature,	followed	by	an	ultrasonic	bath	in	

hexane	for	5	minutes	to	remove	excess	material.	The	substrates	were	immersed	in	IPA	

and	dried	off	using	a	nitrogen	gun.	FAS	modification	was	carried	out	in	a	similar	manner,	

Silane Substrate Surface 
Preparation Solvent Concentration Time 

OTS 

Si Piranha Bicyclohexyl 100mM 24h 

Si a 
Piranha, HF, 

UVO 

Hexane, 
hexadecane 
or toluene 

1-50mM 30s 

Si Piranha Toluene 0.05-1mM varies 

SiO2 b 
Piranha, 
Oxygen 
Plasma 

Toluene 0.5% 16h 

FAS Si Piranha Iso-octane 5 mM 10 min 
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by	immersing	the	substrates	in	a	5mM	solution	in	octane	for	10	minutes,	followed	by	an	

IPA	rinse	and	dry	off	by	nitrogen.		

	

	

3.2.2 Photolithography	

Photolithography,	 coming	 from	 the	 Greek	 words,	 photos	 (light),	 lithos	 (stone)	 and	

graphia	 (writing),	 is	 a	 “top	 down”	 approach	 to	 nanofabrication	 that	 has	 gained	

increased	significance	due	to	the	continuing	demand	for	decreasing	size	of	 features	 in	

the	 manufacturing	 of	 integrated	 circuits	 (IC)	 [88].	 	 In	 this	 technique,	 light	 is	 used	 to	

replicate	a	pattern	through	a	mask	onto	substrates	lying	directly	underneath	by	using	a	

light-sensitive	polymer	coating.		

There	 are	 two	 parts	 to	 take	 into	 account	 for	 photolithography:	 the	 design	 and	

fabrication	 of	masks,	 and	 the	 printing	 process	 on	wafers.	 The	 former	 determines	 the	

pattern	 to	 transfer	 through	 the	 required	 layout,	while	 the	 latter	 process	 dictates	 the	

resolution	and	the	scale-down	of	features	through	the	optimization	of	the	light	source,	

the	exposure	system,	and	the	photoresist	 [89].	The	sequence	of	 the	process	shown	 in	

Figure	12		is	described	more	thoroughly	in	each	of	the	steps	below.		
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Figure	12	Photolithography	Process	

	

Mask	Design	and	Fabrication	

Quartz	masks	are	the	base	of	photolithography,	as	they	are	used	as	the	master	pattern	

to	transfer	onto	substrates.	The	design	starts	with	an	EDA	technical	drawing	application	

such	as	Tanner	L-edit	according	to	the	required	specifications.	The	pattern	is	transferred	

onto	a	5inch	quartz	mask	with	a	layer	of	chrome	and	photoresist	through	a	direct	laser	

writing	tool	such	as	the	uPG101	with	a	resolution	of	0.6	µm.		

The	rest	of	the	fabrication	goes	in	a	similar	manner	as	the	rest	of	the	substrates,	using	

the	same	developing	solution	for	60	seconds,	and	etching	the	chromium	layer	away	in	a	

perchloric	acid	(HClO4)	 	and	cermic	ammonium	nitrate	(NH4)2[Ce(NO3)6]	mixture	for	60	

seconds.	The	patterned	mask	is	washed	with	DI	water	and	dried	off	with	a	nitrogen	gun.	
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The	final	steps	are	using	acetone	to	remove	the	remaining	photoresist,	followed	by	an	

IPA	rinse	and	dry-off	with	the	nitrogen	gun.		

	

Substrate	Preparation	

The	first	step	in	photolithography	is	the	cleaning	of	the	substrate	to	avoid	the	inclusion	

of	 foreign	 materials	 that	 can	 cause	 defects	 during	 the	 photoresist	 coating.	 For	 new	

wafers	 a	 standard	 RCA	 clean	 SC1	 (5:1:1	 DI	 Water,	 NH4OH,	 H2O2)	 immersion	 for	 10	

minutes	@	75oC		suffices	to	get	rid	of	organic	particles,	followed	by	an	immersion	in	RCA	

SC2	 (6:1:1	 DI	Water,	 NH4OH,	 H2O2)	 for	 10	minutes	 at	 75oC	 for	 the	 removal	 of	 ionic	

contaminants.		

To	 avoid	 defects	 during	 exposure	 and	 to	 improve	 the	 adhesion	 of	 the	 resist	 during	

development,	the	substrates	are	heated	to	120oC	for	10	minutes	and	then	exposed	to	

hexamethyl	 disilizane	(HMDS)	 in	 vacuum	 at	 150oC	 for	 10	min	 by	 using	 the	 YES-310TA	

Vacuum	Bake	Vapor	Prime	System.		

	

Photoresist	Coating	

The	photoresist	 is	spincoated	onto	the	wafers	 in	the	nanofabrication	 laboratory	under	

yellow	lighting	due	to	the	resist	sensitivity	to	wavelengths	below	500nm.	The	thickness	

is	controlled	by	varying	the	speed	of	the	spincoating	steps,	which	are	optimized	for	each	

type	 of	 resist.	 The	 ECI	 3027	 and	 AZ5214	 positive	 photoresists	 are	 used	 for	 the	

fabrication	process	of	patterned	wafers	in	this	thesis	work.	The	spincoating	parameters	
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for	 the	 most	 commonly	 used	 types	 of	 photoresists	 in	 the	 KAUST	 nanofabrication	

laboratory	are	shown	in	the	table	below.		

	

Table	4.	Photoresist	Conditions	

	

After	verifying	that	the	photoresist	is	free	of	visual	defects,	it	is	passed	onto	the	hotplate	

for	a	pre-bake	process	with	the	conditions	specified	 in	table	 ,	 to	evaporate	the	excess	

solvent	and	to	stabilize	the	photoresist	film.		

	

Exposure	&	Development	

The	photoresist	 is	made	up	of	 three	main	 components:	 the	polymer,	 the	photoactive	

compound	 (PAC),	 and	 the	 solvent.	 The	 solubility	 of	 the	 photoresist	 changes	 in	 a	

developer	is	changed	when	exposed	to	light,	affecting		the	structure	of	the	polymer	and	

enabling	a	chemical	reaction	to	occur	with	the	PAC	[89].	There	are	two	types	of	resist:	a	

positive	resist	the	exposure	increases	the	solubility,	while	a	negative	resist	decreases	it	

[90].	 These	 two	 types	 of	 resists	 permit	 the	 patterning	 of	 substrates	 according	 to	

compatible	coating	methods	or	ensuing	fabrication	techniques.		

Photoresist ECI 3027 AZ9260 AZ 5212 

Spin Speed (rpm)  and 
thickness (μm) 

1750, 30 sec (4μm) 
3000, 30 sec (3.1	μm) 
4000, 30 sec (2.7	μm) 

300 dispense 
2400, 30 sec (10μm) 
3000, 30 sec (8.8μm) 
3500, 30 sec (8μm) 

3000, 30 sec 
(1.6μm) 

Soft Bake Temperature 
 ( oC) 100 110 100 

Soft Bake Time 60 sec 180 sec 60 sec 
Exposure dose 

(mJ/cm2) 200 1800 40 

Developing time 60 sec in AZ726MF 3 min in AZ400K 
6-8 min in AZ726 20 sec in AZ726 
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The	contact	aligner	equipment	EVG6200	 is	used	to	align	the	5inch	2.5mm	thick	quartz	

dark	 field	 mask	 with	 the	 photoresist	 covered	 wafer.	 There	 is	 a	 30	 μm	 separation	 in	

between	the	mask	and	the	wafer	during	alignment	in	order	to	search	for	the	alignment	

marks	and	 to	avoid	misalignment	on	contact.	A	hard	contact	 is	used	as	 it	allows	 for	a	

resolution	around	1-2	μm	with	 the	 selected	photoresist.	A	dose	of	200	mJ/cm2	of	UV	

light	 is	 then	 allowed	 to	 pass	 through	 the	 dark	 field	 mask,	 exposing	 the	 photoresist	

covered	wafer	in	the	desired	areas.		

The	 AZ726MIF	 developer	 was	 used	 to	 cover	 the	 exposed	 substrates	 for	 60	 seconds,	

removing	 the	 photoresist	 from	 the	 light	 exposed	 areas.	 DI	Water	 is	 used	 to	 halt	 the	

development,	 and	 N2	 air	 gun	 to	 dry	 the	wafer.	 Defect-check	 can	 be	 performed	 once	

development	 takes	 place,	 as	 the	 light	 of	 the	 optical	 microscope	 can	 damage	 the	

undeveloped	photoresist.	

	

Additional	Fabrication	methods	

The	 remaining	 photoresist	 pattern	 can	 serve	 as	 a	 base	 and	 protection	 for	 underlying	

layers	or	features	to	following	fabrication	methods	such	as	metal	deposition	and	lift-off,	

oxygen	 plasma	 treatment,	 wet	 etching,	 ion	 implantation,	 among	 others.	 For	 the	

manufacture	of	patterned	substrates,	aluminum	and	gold	lift-off	 is	used	for	fabricating	

electrodes	 and	 for	 identification,	 and	 oxygen	 plasma	 is	 used	 to	 change	 the	 wetting	

behavior	 at	 specific	 locations.	 These	methods	 are	 explained	more	 thoroughly	 in	 their	

respective	sections.				
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Photoresist	Strip	

The	remaining	resist	after	the	fabrication	methods	in	the	previous	step	can	be	removed	

by	 two	 methods:	 wet	 stripping	 or	 dry	 stripping.	 Wet	 stripping	 involves	 the	 use	 of	

solvents	such	as	acetone	to	dissolve	the	photoresist,	while	dry	stripping	involves	using	

oxygen	 plasma,	 as	 the	 ionized	 gas	 reacts	 with	 organic	 polymers	 but	 leaves	 other	

inorganic	materials	intact	[90].		

	

3.2.3 Oxygen	Plasma	

While	 mostly	 used	 for	 photoresist	 stripping,	 removal	 of	 contaminants,	 and	 surface	

cleaning	 [91],	 oxygen	 plasma	 proves	 itself	 as	 an	 excellent	 method	 for	 modifying	 the	

wettability	 properties	 of	 silicon	 and	 silicon	 oxide	wafers	 by	 introducing	OH	 functional	

groups	on	their	surface	[92].		

The	instrument	utilizes	a	treatment	of	plasma,	the	fourth	state	of	matter,	 in	a	vacuum	

chamber	by	applying	high	voltages	and	providing	excess	energy	to	incoming	gases	such	

as	oxygen	and	argon,	causing	the	release	of	electrons	from	the	gas	atoms	and	therefore	

its	ionization.	Substrates	are	exposed	to	this	high	energy	mixture	of	ions,	free	electrons,	

and	 neutral	 atoms,	 transferring	 energy	 to	 the	 material	 and	 allowing	 for	 reactions	 to	

happen	 on	 the	 surface,	 ultimately	 altering	 its	 properties.	 A	 diagram	 showing	 the	

configuration	of	the	equipment	is	provided	in	Figure	13.	
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Figure	13.	Oxygen	Plasma	Equipment	Configuration		

	

The	Nanoplas	DSB	6000	Equipment	was	used	to	apply	150W	of	RF	power	to	a	gas	flow	

of	100sccm	of	oxygen	and	10sccm	of	argon	at	a	pressure	of	5x10-5	torr	for	a	period	of	3	

minutes,	 allowing	 the	 silicon	 wafers	 to	 be	 modified	 with	 OH-groups	 prior	 to	 SAM	

functionalization.		

	

3.2.4 Metal	Deposition	&	Lift-Off	

This	was	needed	for	the	fabrication	of	electrodes	and	to	mark	out	the	different	areas	of	

the	substrate	for	better	identification	during	characterization.	There	are	many	methods	

including	chemical	vapor	deposition	(CVD),	Physical	Vapor	Deposition	(PVD),	or	Atomic	

Layer	Deposition	(ALD)	to	deposit	metals	onto	substrates	and	can	be	selected	according	

to	 the	 required	 traits	 such	 as	 composition,	 electrical	 and	 mechanical	 properties,	

uniformity,	coverage,	and	filling	of	spaces.		

Due	to	the	high	deposition	rate,	compatibility	of	the	process,	ease	of	use,	and	low	cost,		

the	 deposition	 of	 	 80nm	 thick	 features	 were	 achieved	 by	 evaporating	 aluminum	 and	
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gold	 in	an	Angstrom	EvoVac	Evaporation	system.	The	process	 required	a	 rate	of	 three	

Angstrom	per	second	for	20	minutes	in	a	vacuum	chamber	at	10-6	Torr	onto	patterned	

photoresist	covered	silicon	wafers.		

A	 process	 of	 liftoff	 (Figure	 14)	 was	 carried	 out	 subsequently	 to	 remove	 the	 excess	

material	from	undesired	areas.		

	

	

Figure	14.	a)	Developed	wafer	b)	Evaporation	of	metal		

c)	Patterned	wafer	after	exposure	to	acetone	and	cleaning	

	

3.3 Perovskite	Solution	Deposition	Methods	

Many	 methods	 are	 used	 to	 deposit	 and	 dose	 the	 perovskite	 solution	 on	 top	 of	

substrates,	 from	 the	 standard	 spin-coating	 to	 higher	 precision	 blade	 coating,	 and	 on	

demand	deposition	such	as	 inkjet	printing.	The	mechanism	of	each	method	along	with	

the	advantages	and	disadvantages	is	explained	in	the	following	sections.		

3.3.1 Spin-coating	

Perhaps	as	one	of	the	most	commonly	used	methods	of	fabrication	in	the	photovoltaics	

field,	the	main	application	of	spin	coating	is	to	spread	out	solutions	onto	substrates	to	

achieve	uniform	thin	films	ranging	from	micrometer	down	to	the	nanometer	scale.	
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Spincoating	offers	the	possibility	to	apply	materials	in	an	easy	and	fast	way	with	little	to	

none	set-up	requirements.	Figure	15	shows	the	general	concept	of	the	process	applied	

on	a	patterned	substrate.			

	
Figure	15	Spincoating	Process	

	

The	 thickness	 and	 coverage	of	 the	 applied	 film	 are	 controlled	 by	 varying	 the	 rotation	

speed	 and	 times,	 as	 well	 as	 the	 use	 of	 different	 steps	 and	 acceleration	 ramp.	 The	

following	 equation	 shows	 the	 relationship	 of	 the	 thickness	 (t)	 being	 inversely	

proportional	to	the	angular	velocity	(ω).		

𝑡 ∝
1
𝜔
	

Other	 factors	 such	 as	 the	 viscosity	 of	 the	 solution,	 the	 vapor	 pressure,	 surface	

properties,	 temperature	 and	 relative	 humidity	may	 affect	 the	 thickness	 of	 the	 film	 as	

well.		

Despite	 the	 fact	 of	 being	 convenient,	 the	 process	 has	 the	 disadvantage	 of	 wasting	

material	as	less	than	10%	of	the	deposited	solution	stays	on	top	of	the	substrate.		
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Spincoating	of	the	different	substrates	was	performed	on	a	Polos	spin	coater	in	a	fume	

hood	under	normal	ambient	conditions	(T=23oC,	RH	50%)	by	applying	a	50μl	volume	of	

solution	and	using	a	single	step	with	speeds	of	500	-1000	rpm	for	30	seconds	to	achieve	

a	uniform	coverage.		

	

3.3.2 Blade-coating	

	

	
Figure	16	Blade	coating	Process	

	

This	 technique,	 also	 known	 as	 knife-coating	 or	 flow-coating,	 is	 mainly	 used	 for	 the	

deposition	 of	 thin	 films	 over	 large	 areas.	 It	 provides	 several	 advantages	 over	 other	

methods	 such	 as	 an	 easy	 operation,	 reduced	 ink	 usage,	 and	 control	 over	 the	 film	

thickness	 by	 adjusting	 the	 meniscus	 height	 and	 the	 speed	 of	 blading	 [93].	 Other	

parameters	 that	 may	 affect	 the	 thickness	 and	 uniformity	 of	 a	 film	 include	

concentrations,	viscosity,	substrate	temperature,	surface	tension,	and	capillary	forces.		
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While	 most	 blade-coating	 practices	 are	 done	 in	 open	 air	 causing	 evaporation	 of	 the	

solvents,	 the	disadvantages	can	be	mitigated	by	 solvent	engineering	or	by	performing	

the	coating	in	a	controlled	environment	[94].		

The	blade-coating	of	patterned	substrates	was	done	 in	open	air	at	 room	temperature	

(25oC)	with	a	silicon	blade	on	a	Thor	 labs	DDS220/M	Direct	drive	stage	 	Equipment	by	

depositing	20ul	of	the	solution	and	setting	up	the	blading	speed	at	of	0.5mm/s,	10mm/s,	

at	25mm/s.		

3.3.3 Inkjet	Printing	

While	 the	 technology	was	developed	commercially	 in	 the	seventies,	 it	did	not	achieve	

high	 resolutions	 until	 the	 nineties,	when	 consumer	 printing	 required	 the	 capability	 to	

reproduce	texts	and	images	at	low	costs.	There	are	four	key	benefits	in	this	process	[95]:		

1) Being	 able	 to	 place	 droplets	 at	 specific	 locations	 through	 digital	 processes	

facilitates	printing	a	 variety	of	patterns	according	 to	 specific	 requirements	and	

precision.		

2) The	 printhead	 does	 not	 come	 in	 contact	 with	 the	 substrate,	 opening	 the	

possibility	to	process	fragile,	flexible,	curved,	or	even	liquid	substrates.		

3) The	versatility	of	 the	method	permits	 the	use	of	different	materials,	as	 long	as	

they	meet	the	viscosities,	surface	tensions,	and	compatibility	of	solvents.	It	is	an		

4) It	is	an	additive	process,	meaning	layers	can	be	printed	on	top	of	each	other	and	

can	be	combined	with	other	fabrication	methods	to	improve	manufacturability.	
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All	 types	 of	 inkjet	 printing	 solutions	 rely	 on	 a	 simple	 principle:	 the	 ejection	 of	 small	

liquid	 droplets	 from	 a	 nozzle	 to	 locate	 them	 at	 specific	 locations	 on	 a	 substrate.	 The	

most	common	printhead	used	for	this	material	deposition	in	commercial	applications	is	

the	 piezo-electric	 Drop	 on	 demand	 head,	 as	 shown	 in	 Figure	 17.	 It	 is	 composed	 of	 3	

parts:	the	nozzle,	the	ink	chamber,	and	the	piezoelectric	shear	element.		

	
Figure	17.	Piezoelectric	DOD	

	

The	piezoelectric	element	is	made	up	of	the	ceramic	lead	zirconate	titanate	(PZT),	which	

contracts	and	expands	as	an	effect	of	an	applied	electric	field,	and	is	the	main	drive	of	

the	DOD	head.	The	formation	of	the	droplets	can	be	modified	by	the	voltages	applied	to	

the	piezoelectric	components	at	the	stages	of	fill	and	ejection	and	are	usually	dictated	

by	an	optimized	waveform.		

The	 Dimatix	 DMP	 2830	 inkjet	 printer	 was	 used	 to	 deposit	 perovskite	 solutions	 with	

different	 compositions.	 The	 cartridge	 preparation	 consisted	 of	 filtering	 the	 perovskite	

solution	 through	 a	 0.2μm	PFTE	 filter	 and	 injecting	 it	 into	 the	 storage	 chamber	with	 a	

special	 needle;	 the	 nozzle	 head	 is	 pushed	 to	 seal	 the	 cartridge.	 A	 minimum	 of	 30	

minutes	is	required	for	the	solution	to	flow	through	the	channels	to	the	nozzles	before	
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usage.	 The	 DMP	 Drop	 Manager	 software	 is	 used	 to	 control	 the	 parameters	 of	 the	

deposition,	such	as	voltages,	waveform,	and	to	check	the	quality	of	the	printing	through	

the	fiducial	camera.		

	

3.4 Characterization	techniques	

	
3.4.1 Contact	Angle	

Liquid	droplets	usually	form	spheres,	the	shape	with	the	lowest	surface	area	for	a	given	

volume,	 caused	 by	 uniform	 molecular	 forces	 pulling	 on	 one	 another	 and	 creating	

surface	tension.	However,	when	a	liquid	meets	a	solid	surface,	the	interaction	between	

the	 liquid,	 solid,	 and	 the	 gas	 around	 is	 not	 uniform,	 and	 the	 shape	 of	 the	 droplet	 is	

dependent	on	external	forces	and	the	surface	tensions	at	the	interfaces[96,	97].		

Young’s	equation	describes	this	interaction	as	the	mechanical	equilibrium	of	the	surface	

tensions,	as	shown	below.	

	
Figure	18.	Equilibrium	diagram	for	droplets	on	top	of	a	surface	

	

𝛾!" cos𝜃! =   𝛾!" −  𝛾!" 	
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Where	𝛾!",	𝛾!"	and	𝛾!" 	are	the	surface	tensions	at	the	interfaces	of	liquid-gas,	solid-gas,	

and	solid	liquid	and	𝜃!	is	the	contact	angle.		

This	contact	angle	 is	the	most	common	way	to	measure	the	wettability	of	 liquids	on	a	

surface	and	how	easily	it	can	spread.	Lower	contact	angles	mean	an	increased	affinity	to	

the	 surface,	 or	 hydrophilicity,	 while	 higher	 contact	 angles	 mean	 a	 reduced	 wetting	

behavior,	hydrophobicity.		

A	drop	of	a	volume	ranging	from	2-3μl	is	dropped	onto	the	substrate	by	a	special	tubular	

needle.	The	contact	angles	are	measured	on	a	Kruss	Drop	Shape	Analyzer	DSA100	by	a	

sessile	drop	analysis	method,	which	takes	an	image	of	the	interface	and	recognizes	the	

contour	of	the	droplet	surface.	The	angle	between	the	baseline	and	the	droplet	surface	

is	then	calculated,	as	shown	in	Figure	19.		

	

Figure	19.	Contact	Angle	of	GBL	on	FAS	functionalized	Silicon	
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3.4.2 X-ray	Diffraction	

This	is	one	of	the	most	widely	used	techniques	for	characterization	of	crystalline	solids,	

as	it	offers	the	possibility	to	determine	properties	such	as	the	structure,	orientation	and	

distribution	of	atoms,	the	spacing	between	atom	layers,	the	orientation	of	single	crystals	

or	grains,	and	the	determination	of	size,	shape,	and	stresses	of	crystalline	features.	All	of	

these	properties	enable	a	rapid	identification	of	a	crystalline	material.			

Though	X-ray	diffraction	was	discovered	by	Max	Von	Laue	in	1912,	the	application	of	the	

principle	for	obtaining	the	structure	of	crystals	was	summarized	by	W.H.	and	W.L.	Bragg	

the	following	year.	The	research	carried	out	by	father	and	son	led	to	the	formulation	of	

Bragg’s	 law	 ,	 explaining	 the	 relationship	between	 the	 incident	angle	of	 the	 x-rays	and	

the	 constructive	 interference	 of	 the	 diffracted	 waves	 as	 it	 hits	 the	 different	

crystallographic	planes	of	the	material	[98].		

𝑛𝜆 = 2𝑑 sin𝜃	

where	n	is	a	positive	integer	indicating	the	order	of	the	reflection,	λ	is	the	wavelength	of	

the	 incident	 rays,	 θ	 is	 the	 angle	 of	 incidence,	 and	 d	 is	 the	 distance	 between	

crystallographic	planes.		

One	can	use	the	information	obtained	from	XRD	measurements	to	determine	the	lattice	

parameters	 of	 the	 unit	 cells	 through	 different	 relationships	 according	 to	 the	

crystallographic	 system	 to	 which	 the	 material	 belongs.	 Perovskites	 belong	 to	 the	

orthorhombic	crystal	system;	therefore	the	relationship	is	given	by	the	equation		

1
𝑑! =  

ℎ!

𝑎! +  
𝑘!

𝑏! +  
𝑙!

𝑐!	
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Where	h,	k,	and	 l	are	the	Miller	 indices	and	a,	b	and	c	are	the	 lattice	parameters.	The	

combination	of	both	equations	3.14	and	3.15	give	the	relationship	of	the	Miller	indices	

with	their	corresponding	peaks	at	diffraction	angle	θ	[99].		

The	 measurements	 for	 this	 thesis	 were	 acquired	 through	 the	 use	 of	 the	 Bruker	 D2	

Phaser	 equipment	 available	 at	 the	 KAUST	 Core	 Labs.	 Diffraction	measurements	 were	

taken	 from	2θ	angles	 ranging	 from	5o	 to	60o	 to	obtain	 the	 characteristic	peaks	of	 the	

different	perovskite	materials.			

3.4.3 Fluorescence	and	Photoluminescence	Spectroscopy	

While	 the	 UV-Vis-NIR	 spectroscopy	 provides	 information	 on	 the	 energy	 required	 to	

move	 electrons	 from	 the	 ground	 state	 to	 the	 excited	 state,	 photoluminescence	

spectroscopy	provides	information	about	the	energy	released	when	an	electron	moves	

from	the	excited	state	to	the	ground	state	in	the	form	of	light	[100].	

Photoluminescence	 spectroscopy	 (PL)	 is	 a	 method	 that	 has	 several	 applications	

including	 the	 determination	 of	 the	 electronic	 structure	 of	materials,	 purity	 level	 of	 a	

semiconductor,	 surface	 structures,	 excited	 states,	 recombination	 mechanisms,	 and	

detection	of	defects	[100,	101].		

Fluorescence	is	a	type	of	photoluminescence	that	has	a	lower	energy	than	the	absorbed	

photon	and	is	emitted	almost	immediately	after	absorption	[4].	One	is	able	to	obtain	a	

fluorescence	image	with	the	emission	spectra	of	different	materials	or	states	on	a	single	

substrate	in	order	to	differentiate	them.		

PL/Fluorescence	Spectroscopy	work	on	the	same	principle	of	instrumentation	as	the	UV-

Vis-NIR	 spectrophotometer,	 in	 which	 light	 from	 a	 light	 source	 is	 divided	 into	
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monochromatic	beams	at	different	wavelengths	which	then	hit	the	sample.	The	sample	

material	 then	 emits	 light	 as	 a	 consequence	 of	 the	 excitation,	 which	 is	 then	 directed	

towards	a	second	monochromator	and	finally	a	detector,	recording	the	emission	spectra	

intensity	at	the	corresponding	wavelength	[102].		

	

PL	measurements	were	performed	on	a	Horiba	5000	Raman	Spectrophotometer	with	a	

473nm	 excitation	 laser,	 while	 fluorescence	 imaging	 was	 done	 on	 a	 Zeiss	 LSM	 710	

Upright	confocal	microscope	with	a	458nm	Argon	Laser.		

	

3.4.4 Scanning	Electron	Microscopy	

While	optical	microscopy	 is	 an	excellent	 tool	 for	observing	 the	different	 features	of	 a	

sample,	 it	can	go	only	 to	about	a	1000x	magnification	due	to	the	 limitations	of	visible	

light	wavelengths.	SEM	operates	with	an	electron	beam,	instead	of	light,	allowing	higher	

magnifications	and	better	resolutions.		

A	 typical	 SEM	 system	 consists	 of	 an	 electron	 source,	 such	 as	 a	 tungsten	 filament,	 a	

column	made	up	of	 various	magnetic	 lenses	and	 scanning	 coils,	 and	 the	detectors	 for	

both	backscattered	electrons	(BSE)	and	secondary	electrons	(SE).		

Electrons	are	ejected	from	the	source	and	directed	towards	the	area	of	interest	on	the	

sample	 producing	 elastic	 and	 inelastic	 interactions.	 BSEs	 result	 from	 the	 elastic	

scattering	as	the	primary	electrons	are	deflected	by	the	nuclei	of	atoms	in	the	sample,	

while	 lower	 energy	 SEs	 are	 ejected	 	 when	 enough	 energy	 is	 given	 to	 outer	 shell	

electrons	of	the	sample	atoms	by	the	electron	beam	[103].		
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The	system	sweeps	 the	sample	 line	by	 line	 for	which	 the	detectors	are	able	 to	collect	

the	intensity	given	off	at	each	point,	reconstructing	the	topography	of	the	surface	and	

producing	high-resolution	images.		

SEM	images	of	the	various	samples	were	obtained	on	a	Nova	NanoSEM,	Zeiss	SEM,	and	

Nano	 SEM	 with	 voltages	 ranging	 from	 3kV	 to	 10kV	 and	 at	 different	 magnifications	

depending	on	the	requirements	of	each	sample.		

	 	

3.4.5 Other	Measurements	

Optical	Microscopy	
	
Imaging	was	performed	on	a	Nikon	DS-F11	Camera	coupled	to	a	Nikon	Eclipse	LV100POL	

microscope	with	50X,	20X,	10X,	and	5X	objectives.		

High-Speed	imaging	
	
High-speed	recording	of	the	deposition	methods	and	crystallization	time-lapse	was	

performed	on	a	Phantom	V710	high-speed	camera	at	5000fps	coupled	to	the	

microscope	described	above.		

Profile	Measurements	
	
Height	measurements	of	 the	different	crystals	were	performed	on	the	Bruker	Contour	

Elite	3D	Optical	profiler.		
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Chapter	4	
 

Experimental	Setup	and	Design	
 
4.1 Background	

The	primary	objective	at	the	beginning	of	this	thesis	research	was	to	develop	a	way	to	

obtain	 single-crystalline	 perovskite	 films	 through	 the	 use	 of	 the	 bulk	 single	 crystal	

synthesis	methods	shown	in	section	two.	Inkjet	printing	posed	as	an	attractive	method	

to	deposit	perovskite	solution	at	specific	locations	to	observe	the	crystallization	process.		

The	first	attempts	at	depositing	perovskite	solution	composed	of	1M	1:1	MAI	and	PbI2	in	

GBL		on	top	of	fluorine-doped	tin	oxide	(FTO)	coated	glass	were	done	on	a	Dimatix	DMP-

2830	materials	inkjet	printer	with	both	10pl	and	1pl	cartridges.	The	perovskite	solution	

met	the	requirements	for	a	jettable	ink:	viscosity	between	10-12	cPs,	a	surface	tension	

of	28-33	dynes/cm,	and	a	low	agglomeration	of	particles	at	the	nozzle	through	the	use	

of	a	solvent	with	low	evaporation	rate.		Patterns	such	as	covering	of	a	square	area,	lines,	

and	 even	 letters	were	 achieved;	 however,	 a	 closer	 look	 through	 optical	 and	 scanning	

electron	microscopy	showed	that	the	patterns	were	composed	of	multiple	nanometer-

scale	crystals.		
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Figure	20.	First	perovskite	patterns	achieved	by	inkjet	printing	

	

4.2 The	Coffee	Ring	Effect	

By	 jetting	 a	 single	 droplet	 out	 of	 the	 nozzle	 and	 closely	 observing	 it,	 the	 coffee	 ring	

effect	can	be	clearly	seen	as	particles	agglomerate	at	 the	edges	of	 the	droplet	 (Figure	

21)		

	

Figure	21.	a)	Inkjet	droplet	showing	coffee	ring	effect		

b)	SEM	image	showing	edge	of	inkjet	droplet	c)	coffee-ring	effect	mechanism	
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In	most	solutions,	the	areas	at	the	edges	become	“pinned”	at	the	triple	contact	line.	At	

the	same	time,	the	evaporation	of	the	solvent	occurs	more	rapidly	in	the	upper	areas	of	

the	droplet	causing	an	outward	capillary	flow	and	an	agglomeration	of	particles	at	the	

edges	 of	 the	 droplet	 [104],	 as	 shown	 in	 Figure	 21.	 For	 the	 inkjet-printed	 perovskite	

solution,	the	nuclei	formed	during	the	oversaturation	of	the	solution	moved	towards	the	

edges	 of	 the	 droplet,	 depositing	 onto	 the	 substrate	 as	 the	 triple	 contact	 line	 recedes	

with	 the	 evaporation	 of	 the	 solvent.	 This	 effect	 is	 not	 desirable,	 as	 the	 generation	 of	

multiple	nuclei	will	hinder	the	formation	of	larger	crystalline	domains.		

	

4.3 Approaches	to	Reduce	the	Influence	of	the	Coffee	Ring	Effect	

There	 has	 been	 extensive	 research	 on	 the	mechanisms	 causing	 the	 coffee	 ring	 effect	

and	how	to	suppress	 it,	 to	 improve	surface	coverage	and	have	better	control	over	the	

resolution	of	printed	droplets.	Song	et	al.	stated	three	strategies	to	suppress	the	coffee	

ring	effect	[105]:	

a) Depinning	of	the	triple	contact	line.		Droplets	become	pinned	on	rough	surfaces	

causing	 the	 accumulation	of	 particles	 at	 the	 edges.	 Smooth	 surfaces	with	 high	

receding	 contact	 angles	 permit	 the	 droplets	 to	 become	 unpinned,	 sliding	 the	

edges	 towards	 the	 center	 as	 the	 solvent	 evaporates.	 Instead	 of	 depositing	

particles	at	the	edges,	they	are	driven	by	the	sliding	TCL	towards	the	middle.		

b) Restraining	the	capillary	flow.	Particles	are	driven	by	the	capillary	flows	towards	

the	 edges	 of	 the	 droplet.	 Their	 spherical	 shape	 permits	 them	 to	 sit	 on	 top	 of	
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each	other	and	agglomerate.	If	particles	are	allowed	to	sit	on	the	surface	of	the	

droplet,	 it	 may	 slow	 down	 the	 aggregation.	 This	 can	 be	 achieved	 by	 using	

anisotropic	 particles,	 as	 they	 gather	 at	 the	 surface	 and	 cannot	 pile	 onto	 one	

another	as	easily.	Using	an	additive	such	as	a	polymer	to	increase	the	viscosity	is	

another	method	to	slow	down	the	flow	of	particles	towards	the	edges	[106].		

c) Enhancing	 the	 Marangoni	 flow.	 Both	 capillary	 and	 Marangoni	 flows	 compete	

with	each	other	with	the	evaporation	of	the	solvent	in	the	droplet.	Boosting	the	

second	 one	 improves	 the	 flow	 of	 particles	 towards	 the	 center	 and	 can	 be	

achieved	 by	 reducing	 the	 evaporation	 rate	 and	 lowering	 the	 surface	 tension.	

Using	 solvents	with	 these	properties	 or	 the	 addition	of	 surfactants	 can	 reduce	

the	outward	capillary	flow	and	enhance	a	uniform	deposition.		

While	the	use	of	anisotropic	particles	is	not	a	viable	option	as	the	introduction	of	foreign	

materials	could	 introduce	extra	nucleation	points,	 the	other	 two	recommendations	by	

Song’s	 group	 can	 serve	 as	 starting	 points	 to	 suppress	 the	 coffee	 ring	 effect	 for	

perovskite	deposition:		

a) Modifying	the	surfaces	of	the	substrates	to	obtain	high	receding	contact	angles	

can	be	achieved	in	a	variety	of	ways	from	the	formation	of	nanostructures	to	the	

functionalization	of	the	surface	with	self-assembled	monolayers.	

b) Using	solvents	with	higher	boiling	points	and	vapor	pressure	would	decrease	the	

evaporation	rate	enhancing	the	Marangoni	flows,	driving	the	ions	and	nuclei	to	

the	 center	 of	 the	 droplet	 where	 crystallization	 can	 occur	 in	 a	 more	 uniform	

manner.		
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4.4 General	Methodology	

The	methodology	of	this	thesis	is	presented	in	the	process	flow	diagram	in	Figure	22.	It	

takes	 the	 first	 experience	 with	 inkjet	 printing	 and	 the	 actions	 to	 take	 to	 reduce	 the	

coffee	 ring	 effect	 as	 a	 base	 for	 the	 development	 of	 techniques	 to	 grow	 high-quality	

hybrid	perovskite	single	crystals	at	designated	locations.		
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Figure	22.	General	Methodology	Workflow	
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The	 first	 stage	 focuses	on	 the	development	of	 the	 ink	 and	 substrates.	 It	 is	where	 the	

recommendations	 by	 Song	 are	 taken	 into	 account	 through	 the	 modification	 of	 the	

surface	properties	as	well	as	the	engineering	of	the	inks.	 It	 is	where	the	most	rigorous	

experimentation	 takes	 place	 as	 factors	 including	 molarity,	 solvent	 mixtures,	 SAMs,	

feature	 sizes	 and	 shapes,	 temperature,	 and	 environment,	 are	 varied	 in	 an	 effort	 to	

optimize	 the	 conditions	 for	 appropriate	 crystal	 growth.	 The	 following	 sections	will	 go	

more	in	depth	over	the	optimization	process	for	both	surfaces	and	inks.		

The	second	stage	 is	complimentary	to	stage	one	and	focuses	on	the	deposition	of	 the	

material	 onto	 the	 substrates.	 It	 defines	 the	 amount	 of	 solution	 available	 for	 crystal	

growth,	feature	shapes,	solution	flows,	times	for	evaporation,	etc.		

The	fourth	stage	focuses	on	the	fabrication	of	devices	once	high-quality	single	crystals	

have	been	achieved.	It	encompasses	different	methods	leading	to	characterization	such	

as	the	deposition	of	electrodes,	dielectrics,	ad	ensuring	contact	between	the	crystals.		

The	 third	 and	 fifth	 stages	 focus	 on	 the	 characterization	 processes.	 The	 physical	

characterization	encompasses	techniques	such	as	X-ray	diffraction,	photoluminescence,	

fluorescence,	profile	measurement,	optical	and	scanning	electron	microscopy,	and	UV-

Vis	 absorption.	 Electrical	 characterization	 can	 be	 performed	 after	 proper	 contact	

between	the	crystals	and	the	electrodes	is	achieved.	The	techniques	include	FET	output	

and	 transfer	 curves,	 I-V	 characteristics,	 mobility	 through	 Hall-effect	 measurements,	

among	others.		
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The	 following	 sections	 go	 through	 the	 different	 stages	 of	 the	 workflow	 and	 provide	

more	information	about	the	evolution	of	the	project,	from	the	proof	of	concept	to	the	

various	iterations	of	substrate	design.		

	

4.5 Surface	Modification	

The	first	stage	of	the	workflow	focused	on	the	engineering	of	a	solution	that	combined	a	

low	 surface	 energy	 on	 the	 substrates	 along	 with	 solvents	 that	 gave	 the	 best	

crystallization	 conditions.	 This	 section	 will	 go	 over	 the	 different	 steps	 taken	 towards	

patterning	the	substrates	for	an	improved	crystallization.		

	

4.5.1 Contact	Angle	Measurements		

Finding	solvents	that	were	compatible	with	the	process	along	with	the	modification	of	

the	substrates	by	functionalizing	them	with	SAMs	would	ensure	a	better	sliding	of	the	

triple	contact	line,	thus	an	improved	crystallization.		

The	static	contact	angles	of	different	solvents	on	ITO	and	FTO	covered	glass,	silicon	and	

silicon	 oxide,	 were	 measured	 before	 and	 after	 functionalization	 with	 OTS	 and	 FAS	

through	the	sessile	drop	method	described	 in	 the	previous	chapter.	The	contact	angle	

ranges	for	each	solvent	on	different	substrates	are	shown	in	Figure	23	
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Figure	23	Contact	angle	measurements	of	solvents	on	different	surfaces	

	

Water	has	 the	highest	contact	angle	on	any	of	 the	surfaces.	However,	perovskites	are	

known	to	form	hydrate	complexes,	therefore	water	should	not	be	used	in	a	perovskite	

solution.	Other	compatible	solvents	can	be	employed	according	to,	and	out	of	them	GBL	

and	DMSO	show	the	highest	contact	angles	with	any	surface.		

There	is	a	significant	increase	in	the	contact	angle	by	functionalizing	the	substrates	with	

either	 SAM,	 though	 FAS	 seems	 to	 give	 slightly	 higher	 contact	 angles.	 Due	 to	 ease	 of	

fabrication	and	lower	cost,	OTS	is	chosen	over	FAS	for	further	fabrication	methods.		

	

4.5.2 Drop	Casting	

The	 antisolvent	 crystallization	 route	 was	 taken	 along	 with	 0.5	 M	 Bismuth-based	

perovskite	solution	in	GBL	as	a	proof	of	concept	to	observe	the	crystallization	behavior	
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of	droplets	of	various	sizes	on	bare	FTO	and	OTS-functionalized	FTO.	The	substrate	was	

held	upside	down	 inside	 a	petri	 dish	with	100ul	 of	 dichloromethane	as	 antisolvent	 as	

shown	in	Figure	24.		

	

Figure	24.	AVC	drop	casting	setup	

	

After	5	hours,	the	nucleation	could	be	observed.	While	the	coffee	ring	is	apparent	in	the	

bare	 FTO	 substrate,	 the	OTS	 covered	 substrate	 shows	no	 sign	of	 pinning	of	 the	 triple	

contact	line.	At	the	same	time,	multiple	nuclei	and	single	crystals	were	observed	inside	

the	rest	of	the	droplet.		

	

Figure	25	AVC	of	MABi2I9		

	

	



73 

	
	

These	results	give	rise	to	the	following	hypotheses:			

1. Nuclei	could	be	trapped	in	hydrophilic	regions	giving	rise	to	smaller	single	crystalline	

domains.			

2. Single	crystalline	growth	can	occur	in	contained	hydrophilic	domains	through	slow	

evaporation	of	the	solvent	at	room	temperature.		

	

	

Figure	26.	Drop	Casting	on	hydrophobic/hydrophilic	patterned	substrates	

	

4.5.3 Patterning	hydrophobic/hydrophilic	regions	

The	 patterning	 design	 for	 the	 fabrication	 of	 the	masks	 came	 in	 3	 different	 iterations	

from	the	observations	made	during	the	first	trials	with	the	hydrophobic	SAMs	and	plain	

drop	 casting,	 as	well	 as	 the	 following	proof	of	 concept	with	perovskite	 solutions	with	

different	halides,	to	improve	the	crystallization	process.		
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Design	A	–	Proof	of	Concept			

Taking	 into	 account	 the	 optimized	 patterning	 approach	 through	 photolithography	

demonstrated	by	Wang	et	al.	[79],		the	first	quartz	mask	was	designed	on	Tanner	L-edit	

to	 have	 square	 hydrophilic	 domains	 of	 10μm	 per	 side	 with	 a	 separation	 of	 30μm	 in	

between	them,	as	shown	in	Figure	27.		

	

Figure	27.	Pattern	design	on	L-edit.	The	turquoise	region	shows	the	hydrophobic	domain,	while	the	purple	areas	
denote	the	hydrophilic	domains.		

	

The	fabrication	of	silicon	substrates	through	photolithography	follows	the	steps	denoted	

in	 the	 previous	 chapters,	 however,	 to	 create	 the	 hydrophilic	 regions,	 the	 substrates	

were	 treated	 with	 an	 oxygen	 plasma	 process	 for	 3	 minutes	 before	 stripping	 the	

photoresist.		

The	 same	 drop	 casting	 crystallization	 route	was	 followed	 to	 test	 the	 hypotheses,	 this	

time	 without	 using	 antisolvent.	 Figure	 28	 shows	 the	 crystallization	 occurring	 after	 2	

days,	 the	evaporation	of	 the	droplet	 and	 the	 receding	 triple	 contact	 line	with	 smaller	

droplets	and	crystals	remaining	within	the	hydrophilic	domains.		
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Figure	28	Drop	casting	POC	on	patterned	silicon	wafer		

After	 4	 days	 the	 solvent	 had	 completely	 evaporated	 leaving	 a	 large	 crystal	 among	

smaller	 crystals	 deposited	 in	 the	 hydrophilic	 areas,	 a	 closer	 look	 through	 the	 optical	

microscope	and	SEM	shows	single	crystals	of	features	ranging	from	2-5μm	with	relative	

uniformity	across	the	whole	substrate	covered	with	the	droplet	(Figure	29).		

	

Figure	29.	Optical	Microscope	and	SEM	images	of	MABi2I9.	a	and	b	show	the	larger	crystal,	c	and	d	show	the	
uniformity	of	the	single	crystals,	e	and	f	show	a	closer	look	at	each	hydrophilic	region	
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Testing	 the	 same	 concept	with	 a	 0.5M	MAPbBr3	 solution	 in	 DMF	 did	 not	 achieve	 the	

same	results,	as	it	showed	smaller	crystals	spread	around	the	hydrophilic	regions	(Figure	

30).	However,	a	 larger	 single	crystal	was	 formed	with	 the	droplet,	 suggesting	 that	 the	

growth	at	specific	locations	is	dependent	on	the	size	of	the	hydrophilic	regions,	and	the	

amount	and	molarity	of	the	solution	available.		

	

Figure	30.	MAPbBr3	crystals	on	OTS	pattern		

	

Limiting	 the	 solution	 on	 the	 patterned	 substrates	 was	 achieved	 by	 spincoating	 and	

blade-coating	according	to	the	specifications	mentioned	in	the	previous	chapters.		
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Figure	31.	Optical	and	SEM	images	of	perovskite	solutions	deposited	through	blade-coating	and	spincoating	

	

MABi2I9	showed	right	shapes	for	spin-coating;	however,	the	coffee-ring	effect	appeared	

within	the	hydrophilic	areas	for	blade-coating.	MAPbBr3	showed	the	same	behavior	for	

both	techniques,	with	small	crystals	with	no	defined	shape.		

While	the	crystals	may	not	have	been	perfect,	the	POC	showed	the	viability	of	producing	

single	 crystals	 in	 specific	 areas	 by	 defining	 a	 hydrophobic/hydrophilic	 pattern	 on	 a	

substrate.	Optimization	of	the	process	would	depend	on	controlling	surface	parameters	

such	 as	 feature	 shape,	 size,	 and	 distribution	 on	 the	 substrate,	 as	 well	 as	 solution	

parameters	including	the	molarity,	solvents,	and	amount	available	for	growth.		
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Design	B	-	The	effect	of	feature	size,	separation,	and	shape	on	crystal	growth	

Optimization	 of	 the	 process	would	 depend	 on	 controlling	 surface	 parameters	 such	 as	

feature	 shape,	 size,	 and	 distribution	 on	 the	 substrate,	 as	well	 as	 solution	 parameters	

including	the	molarity,	solvents,	and	amount	available	for	growth.		

A	 second	 iteration	 of	 the	 pattern	 was	 needed	 to	 study	 the	 effect	 of	 the	 parameters	

mentioned	 above.	 The	 design	 took	 into	 account	 3	main	 geometrical	 shapes	 (squares,	

circles,	 and	 lines)	 as	 well	 as	 other	 more	 complicated	 shapes	 such	 as	 bullseyes,	 the	

KAUST	logo	and	letters,	and	even	a	picture	of	the	iconic	KAUST	beacon.	The	geometrical	

features	 (side,	 height,	 or	 diameter)	 were	 10,	 20,	 50,	 100,	 and	 500μm	 in	 size,	 with	 a	

separation	of	10,	20,	50,	100	and	200μm	in	between.	The	design	was	divided	into	two	

masks,	 one	 for	 the	 deposition	 of	 electrodes,	 separation	 lines,	 and	 identification	 tags,	

and	the	second	one	for	the	fabrication	of	the	hydrophilic	domains.		
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Figure	32.	Mask	design	showing	an	amplified	view	of	the	4	types	of	substrates	

	

The	majority	of	the	experimentation	done	on	these	substrates	focuses	on	the	effect	of	

the	 feature	 parameters,	 and	 the	 results	 are	 shown	 in	 the	 following	 chapter.	 Another	

taken	into	account	into	the	design	was	the	deposition	of	materials	on	metal	electrodes	

for	device	 fabrication,	having	 set	up	 the	electrodes	within	 the	hydrophilic	domains	 to	

serve	as	nucleation	points	for	the	perovskite	crystal	as	shown	in	the	figure	below.		

	

Figure	33.	(a)	Set	up	of	electrodes	in	hydrophilic	domains	(b)	Nucleation	points	for	perovskite	crystals	
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Design	C-	Device	Fabrication	

Experimentation	 with	 the	 second	 designed	 showed	 that	 the	 electrodes	 on	 the	

substrates	 proved	difficult	 to	 reach	when	distributing	 the	perovskite	 solution	 through	

blade-coating	and	spin-coating.	Therefore	the	crystallization	rarely	occurred	in	between	

the	 electrode	 terminals.	 Electrical	 characterization	 of	 the	 crystals	 required	 multiple	

crystals	growing	on	electrodes;	on	top	of	that,	a	good	contact	at	the	interface	is	utmost	

essential.	 Thus	 the	 aim	 of	 this	 design	 was	 to	 increase	 the	 possibility	 of	 obtaining	 a	

suitable	device.		

	

Figure	34.	Design	focused	on	electrical	characterization	

	

The	 third	 design	 included	 an	 array	 of	 electrodes	with	 hydrophilic	 regions	 in	 between	

them,	as	 shown	 in	Figure	34,	 the	gold	 regions	correspond	 to	 the	electrodes	while	 the	

blue	circles	represent	the	hydrophilic	regions.	The	feature	sizes	of	50μm	and	100μm	of	

diameter	 as	 well	 as	 the	 gaps	 in	 between	 the	 electrodes	 were	 optimized	 from	 the	
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observations	 made	 during	 the	 experimentation	 with	 the	 second	 design.	 The	 200	 μm	

electrodes	were	designed	to	fit	the	20μm	probes	with	ease.		

	

4.6 Solvent	Engineering	

Whereas	the	design	and	fabrication	of	the	substrates	were	time	intensive	and	required	

different	 fabrication	 methods,	 the	 optimization	 of	 the	 crystal	 growth	 would	 require	

higher	contact	angles	as	well	as	controlled	evaporation.	Following	the	recommendation	

made	by	Song’s	group	and	stated	in	section	4.3	[105],	using	conventional	solvents	with	

those	 with	 higher	 boiling	 points	 and	 lower	 vapor	 pressures	 would	 slow	 down	 the	

crystallization.	Table	5	shows	the	solvents	that	have	been	utilized	for	the	fabrication	of	

perovskite	thin	films	as	well	as	single	crystals	and	their	evaporation	related	properties.		

Table	5.	Perovskite	solvent	properties	for	a	controlled	evaporation	

	

	

	

	

Etgar	and	Cohen	laid	out	three	rules	that	a	secondary	solvent	in	a	solvent	system	needs	

to	meet	 to	 slow	 down	 the	 evaporation	 rate:	 1)	 A	 higher	 boiling	 point	 than	 the	main	

solvent,	 2)	 the	 vapor	 pressure	 should	 be	 lower,	 giving	 a	 lower	 volatility,	 3)	 	 the	

Solvent Boling Point 
(oC) 

Vapor Pressure 
(mmHg) 

Dimethylformamide (DMF) 154 2.9 
γ-Butyrolactone (GBL) 205 .45 

Dimethyl Sulfoxide (DMSO) 189 .6 
N-Methyl-2-pyrrolidone (NMP) 202 0.6 

N-Ethylpyrrolidone (NEP) 204 .03 
N-Cyclohexyl-2-pyrrolidone (CHP) 286 .05 

N-Octyl-2-pyrrolidone (NOP) 303 .001 
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precursors	should	be	soluble	in	the	secondary	solvent	as	well	[107].	On	top	of	that,	both	

solvents	should	be	miscible	with	each	other.		

While	the	obvious	choice	for	the	secondary	solvent	would	be	NOP,	the	vapor	pressure	is	

10	 times	 lower	 than	 CHP	 and	 as	 much	 as	 3	 orders	 of	 magnitude	 lower	 than	

conventionally	 used	 solvents	 such	 as	 DMF;	 the	 evaporation	 would	 be	 slowed	 down	

tremendously.	As	MAPbBr3	perovskite	single	crystals	can	be	easily	grown	from	solution,	

they	are	a	good	starting	point	 to	 study	 the	effect	of	 solvent	mixing.	DMF-CHP	solvent	

systems	were	used	 for	 single	patterning	 crystals,	 the	effect	of	 the	mixtures	on	 shape,	

surface	quality,	and	crystallinity	is	shown	in	the	following	chapter.		

MAPbBr3	perovskites	were	a	good	starting	point	due	to	the	ease	of	crystallization.	These	

DMF-CHP	 solvent	 systems	 were	 studied	 in	 depth,	 and	 the	 results	 are	 shown	 in	 the	

following	chapter.		

	

4.7 Experimental	Setup	

The	evolution	of	the	design	along	with	the	use	of	solvent	mixtures	would	ensure	having	

a	high-quality	 ink	system	resulting	in	the	controlled	crystallization	at	specific	 locations.	

Thus	the	experiments	to	be	performed	were	the	following:	

1) The	 effect	 of	 molarity:	 varying	 the	 molarity	 of	 the	 spincoated	 solutions	 while	

maintaining	 the	 speed	 and	 the	 amount	 unchanged.	 Observation	 of	 the	

crystallization	is	done	on	features	with	the	same	size.		
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2) The	 effect	 of	 shape,	 size,	 and	 separation	 on	 the	 crystallization:	 design	 B	 is	

already	 setup	 for	 this	 experiment.	 The	 best	 molarity	 from	 the	 previous	

experiment	 (0.2M)	 was	 unchanged	 during	 this	 experiment.	 The	 solution	 was	

deposited	on	the	substrates	by	using	the	same	parameter	as	experiment	1.		

3) The	effect	of	 the	deposition	method:	By	using	 the	best	 shape,	 separation,	 and	

feature	 size	 as	 well	 as	 the	 best	 molarity,	 the	 deposition	 method	 is	 changed.	

Blade	coating	 the	solution	at	speeds	of	0.5mm/s,	10mm/s,	and	25mm/s.	 Inkjet	

printing	was	also	used	according	to	the	specifications	in	the	previous	chapter.		

4) The	 effect	 of	 varying	 the	 solvent	 composition:	 0.2M	 solution	 of	MAPbBr3	 was	

deposited	by	spincoating	and	blade	coating	on	the	substrates.	The	composition	

of	CHP	in	the	solution	was	set	at	1%,	2%,	5%,	10%	and	20%.		
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Chapter	5	
 
Results	and	Discussion	
 
5.1 Crystallization	Process	

	

5.1.1 The	effect	of	Shape,	Size,	and	Separation	

Finding	out	the	starting	point	for	optimizing	the	crystallization	of	MAPbBr3	perovskites	

required	doing	 two	experiments	 in	parallel:	 finding	 the	optimal	molarity	 and	 the	best	

pattern	 shapes	and	 sizes	 for	 further	observation.	Bakr	et	 al.	 demonstrated	 that	 single	

crystals	grow	and	mold	to	the	form	of	the	solution	container	[28].		The	pattern	in	design	

B	 was	 configured	 to	 explore	 the	 influence	 of	 the	 shape	 of	 the	 micro-patterned	

hydrophilic	domains,	as	well	as	the	size	and	the	separation	between	features.	

5.1.1.1 The	effect	of	Shape	

The	 design	 B	 is	 divided	 into	 4	 different	 substrates:	 circular	 patterns,	 square	 patterns,	

lines,	 and	 one	 for	 multiple	 figures.	 	 All	 substrates	 were	 subjected	 to	 spincoating	

solutions	with	various	molarities,	as	explained	in	the	following	section.	Though	most	of	

the	shapes	produced	single	crystal	in	many	forms,	certain	patterns	could	be	observed.		

Figure	35	shows	the	crystallization	within	square	patterns	that	showed	up	with	different	

molarities	and	feature	size.	It	seems	that	the	existence	of	corners	as	well	as	the	edges	of	

the	SAM	creates	a	nucleation	site	for	the	perovskite	crystals;	this	behavior	can	also	be	

on	the	edges	of	circles,	as	shown	in	Figure	41.		
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Figure	35.	Crystallization	in	square	patterns.	a)	100μm	0.05M	b)	50μm	0.15M	c)	20μm	0.02M				d)	100μm	0.25M	e)	
20μm	0.25M	f)	500μm	1.0M	

	

The	objective	of	the	substrate	with	linear	patterns	was	to	verify	if	the	growth	of	a	single	

crystal	could	extend	beyond	its	typical	shape,	as	it	could	prove	useful	in	the	fabrication	

of	circuits.	Figure	36	shows	the	different	types	of	crystal	growth	within	the	hydrophilic	

lines,	 (a)	shows	an	extended	growth	of	over	100μm	within	the	10μm	wide	domain,	as	

well	as	some	multi-crystalline	growth	(b)	shows	a	dendrite	grown	in	the	direction	of	the	

hydrophilic	path,	and	(c)	shows	when	the	growth	when	the	solution	breaks	into	droplets	

and	grows	independent	crystals	along	the	lines.		

	

Figure	36.	Perovskite	crystal	growth	on	line-patterned	substrates	
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Following	the	same	objective	as	the	line	patterns,	the	design	included	a	substrate	with	

different	shapes	such	as	bullseyes,	the	KAUST	logo	and	letters,	and	the	beacon.		

	

Figure	37.		Perovskite	crystallization	on	different	shapes	

	

The	bullseye	shape	in	Figure	37	(a)	shows	that	the	extended	growth	can	be	achieved	in	

curved	 lines	 and	 that	 a	 large	 single	 crystal	 can	 be	 grown	 in	 the	 center	 by	 removing	

additional	nuclei	 in	 the	outer	 rings,	 (b-d)	show	that	 the	coverage	of	an	extended	area	

cannot	be	achieved	in	an	open	environment,	as	the	solution	breaks	up	into	droplets	that	

crystallize	individually.	

Despite	not	being	able	to	fully	cover	the	areas	in	the	design	due	to	the	combination	the	

ratio	 of	 solvent	 to	 solute	 and	 the	 size	 of	 the	 features,	 there	 is	 hope	 in	 achieving	
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microcrystals	molded	to	a	specific	shape	by	etching	the	substrate	and	creating	channels	

where	the	solution	can	be	confined.		

5.1.1.2 Identification	of	critical	sizes	and	feature	separation		

Observing	 the	 crystallization	 in	 both	 square	 and	 circular	 patterns	 allowed	 the	

identification	of	the	sizes	where	most	single	crystals	occurred.	The	pattern	in	design	B	is	

intended	 to	 show	 the	 crystallization	 variations	 with	 changing	 feature	 size	 and	

separation.	Optical	microscopy	 imaging	permitted	 the	 analysis	 of	 the	 shape,	 size,	 and	

number	of	crystals	grown	in	each	one	of	the	grid	sections	of	the	substrate.		

Figure	 38	 shows	 a	map	 of	 the	 crystallization	 happening	 from	 a	 0.2M	 solution	 on	 the	

pattern	with	circular	hydrophilic	domains.	Two	key	features	are	observed:	the	number	

of	 crystals	 and	 the	 shape	of	 the	majority	 of	 the	 crystals	 in	 a	 specific	 domain.	 A	 color	

scheme	 is	 given	 to	 the	number	of	 crystals:	 green	 for	 those	producing	a	 single	 crystal,	

yellow	for	two	or	three	crystals,	orange	in	the	range	of	four	to	six	and	red	for	seven	and	

above.	 The	 shape	 is	 given	 a	 code	 and	 color:	 SQ	 and	 green	 for	 square	 or	 rectangular	

crystals	(refer	to	Figure	43	d),	SS	and	yellow	for	semi-square	crystals	(refer	to	Figure 49	a),	

orange	and	NDS	 for	 crystals	with	undefined	 shapes	 (Figure	43	a	 and	b),	 red	 for	more	

than	 ten	 crystals,	 CR	 for	 coffee	 ring	 (Figure	 48	 a)	 and	 SCC	 for	 small	 crystal	 coverage	

(refer	to	Figure	35	c).	
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Figure	38	Mapping	of	the	Crystallization	on	Circle-patterned	substrates	

The	most	weight	is	put	into	the	shape	of	the	crystal,	rather	than	the	number	itself.	Thus	

the	areas	yielding	the	least	amount	of	crystals	with	better	shapes	are	diameters	50μm	

and	100	μm	at	separations	of	10	and	20	μm.	These	sections	on	the	substrates	were	used	

for	further	observation	in	the	influence	of	molarity	and	through	solvent	engineering.		

	

5.1.2 The	effect	of	Molarity		

The	 aim	 of	 this	 experiment	 is	 to	 observe	 the	 crystallization	 process	 within	 the	

hydrophilic	domains.	The	solutions	with	molarities	of	.05M,	0.1M,	0.15M,	0.2M,	0.25M,	

0.5M,	 0.75M,	 and	 1M	were	made	 by	 mixing	 the	 required	 volume	 of	 a	 1M	MAPbBr3	

solution	in	DMF,	diluting	it	with	additional	DMF,	and	filtering	them	through	0.2μm	PFTE	

filters.	 50	 μl	 are	 spincoated	 at	 100	 rpm	 for	 30	 seconds	 on	 pre-patterned	 design	 B	

#	crystals Shape #	crystals Shape #	crystals Shape #	crystals Shape #	crystals Shape
1 1 NDS 1 NDS 1 NDS >10 CR >10 CR
2 1 NDS 1 NDS 2 NDS >10 CR >10 CR
3 1 NDS 1 NDS 2 NDS >10 CR >10 CR
4 1 NDS 1 NDS 1 NDS >10 CR >10 CR
5 1 NDS 1 NDS 1 NDS >10 CR >10 CR
1 1 NDS 1 NDS 2 NDS 6 CR >10 SCC
2 1 NDS 1 NDS 1 NDS 8 CR >10 SCC
3 1 SS 2 NDS 1 NDS 6 CR >10 SCC
4 1 SS 2 SS 1 NDS 6 CR >10 SCC
5 1 NDS 1 SS 2 NDS 7 CR >10 SCC
1 1 SQ 1 SQ 4 CR >10 SCC >10 SCC
2 1 SQ 1 SS 3 CR >10 SCC >10 SCC
3 1 SQ 2 SS 2 SS >10 SCC >10 SCC
4 1 SS 1 NDS 2 NDS >10 SCC >10 SCC
5 1 NDS 1 NDS 4 NDS >10 SCC >10 SCC
1 1 SQ 3 SS 4 NDS >10 SCC >10 SCC
2 2 SQ 3 SS 5 NDS >10 SCC >10 SCC
3 1 SQ 2 SQ 4 NDS >10 SCC >10 SCC
4 1 NDS 2 SQ 3 SS >10 SCC >10 SCC
5 2 NDS 3 NDS 3 NDS >10 SCC >10 SCC
1 >10 SCC >10 SCC 6 NDS 1 SQ 1 SS
2 >10 CR >10 SCC 2 SQ 1 SS 1 SQ
3 >10 SCC >10 CR 4 NDS 2 SQ 1 SS
4 >10 SCC >10 CR 1 SQ 1 SS 1 NDS
5 >10 SCC >10 SCC 3 NDS 2 SS 1 SS
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substrates	 fabricated	 through	photolithography.	Only	 circular	 patterns	with	diameters	

of	50	and	100	μm	with	separations	of	10	and	20	μm	are	observed.		

Unlike	 the	 first	experimentation	with	10μm	squares,	patterning	of	MAPbBr3	crystals	 is	

achieved	with	larger	hydrophilic	domains,	as	demonstrated	in	Figure	39.		

	

Figure	39	Crystal	pattern	grown	from	0.5M	solution	in	50μm	diameter	hydrophilic	circles		

Due	to	the	greater	amount	of	material	available	for	growth	with	increasing	molarity,	an	

expected	outcome	is	a	growing	size	of	the	crystals.	This	behavior	is	confirmed	in	Figure	

40	and	Figure	41,	where	the	 labels	F50	and	F100	correspond	to	feature	size	of	50	and	

100	μm	respectively.	The	measurement	of	the	area	covered	by	the	different	crystals	was	

performed	with	the	ImageJ	image	processing	freeware.		
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Figure	40.	Area	covered	by	grown	crystals	vs.	Molarity	

	
Figure	41.	MAPbBr3	crystals	grown	within	100μm	diameter	hydrophilic	regions	(in	white)		

An	increasing	covered	area	does	not	necessarily	mean	growing	a	single	crystal,	in	some	

cases	more	than	once	crystal	 is	 found	within	 the	hydrophilic	 region	and	the	effects	of	

the	coffee	ring	effect	can	be	perceived.	 	Figure	42	shows	the	average	number	of	 large	

crystals	within	according	 to	 the	molarity.	On	 top	of	 that,	molarity	 seems	 to	affect	 the	

shape	of	 the	grown	crystals;	 ranging	 from	the	dendritic	growth,	no	defined	 form,	and	

some	regular	rectangular	shapes,	as	shown	in	Figure	41	and	Figure	43.			
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Figure	42.	Molarity	vs.	average	crystals	grown		

	
Figure	43.	SEM	images	showing	the	shapes	taken	at	different	molarities.		a)	0.05M	b)	0.5M	c)	0.1M	and	d)	0.25M		

	

Lower	molarities	tend	to	have	high	ordered	growth,	while	higher	molarities	show	multi-

crystalline	growth	and	off-regular	shapes.	This	phenomenon	may	be	caused	by	the	rapid	

evaporation	 rate	 creating	multiple	 homogeneous	 and	 heterogeneous	 nucleation	 sites	

and	the	particle	agglomerating	with	each	other.		
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Further	 characterization	 of	 the	 crystals	 including	 XRD	 and	 photoluminescence	

spectroscopy	shows	the	conformity	of	the	crystals	with	that	shown	in	the	literature.	XRD	

measurements	 in	 Figure	 44	 show	 the	 characteristic	 peaks	 of	 MAPbBr3	 perovskites,	

though	the	small	shifts	may	be	accounted	to	the	stresses	within	the	grown	crystals.	 	A	

trend	to	notice	with	varying	molarity	 is	the	change	in	the	 intensity	of	some	peaks.	For	

instance	 peaks	 110,	 210,	 ad	 220,	 are	 prominent	 in	 lower	 molarities	 and	 higher	

molarities,	 though	when	approaching	0.2M	 the	peak	 intensity	 is	 greatly	 reduced.	 This	

may	 occur	 due	 to	 the	 greater	 number	 of	 crystals	 and	 undefined	 shapes	 at	molarities	

above	0.5M	and	below	0.15M.		

	

Figure	44	XRD	of	MAPbBr3	at	different	molarities	

Average	 normalized	 photoluminescence	 readings	 shown	 in	 Figure	 45	 	 have	 peaks	 at	

wavelengths	 between	 535nm	 and	 542nm,	 characteristic	 of	MAPbBr3	 perovskites.	 The	
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shift	in	photoluminescence	peaks	may	be	accounted	to	the	different	thicknesses	of	the	

single	crystals	a	well	as	defects	in	the	surface	states.			

	

Figure	45	Photoluminescence	Spectra	of	MAPbBr3	single	crystals	grown	at	varying	molarities	

	

After	 reviewing	 the	 average	 number	 of	 crystals	 grown	 and	 the	 shape	 through	 both	

optical	microscope	and	SEM	 images,	 it	 is	 clear	 that	molarities	 ranging	 from	0.15	M	to	

0.25M	would	have	a	good	crystallization	behavior.	Thus	a	molarity	of	0.2M	is	selected	to	

serve	 as	 a	 starting	 point	 for	 solvent	 engineering.	 Having	 a	 fewer	 number	 of	 crystals	

would	 enable	 a	 better	 observation	 of	 the	 influence	 of	 shapes	 and	 sizes	 of	 the	

hydrophilic	pattern,	and	provide	an	adequate	base	for	solvent	engineering,	as	is	shown	

in	the	following	section.		
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5.1.3 Solvent	Engineering	

Experimenting	with	the	molarities,	shapes,	and	sizes	gave	the	optimal	conditions	from	

which	 a	 single	 crystal	 can	 be	 grown,	 instead	 of	 many	 crystals	 within	 the	 same	

hydrophilic	 domain.	However,	 the	 shape	 of	 the	 crystal	 itself	 needed	 to	 be	 optimized.	

This	 section	 focuses	 on	 the	 results	 obtained	 through	mixing	 solvents	 compatible	with	

the	process	and	providing	a	lower	evaporation	rate,	as	stated	in	section	4.6.	The	analysis	

on	 the	 crystallization	 of	MAPbBr3	 perovskites	 is	 done	when	CHP	 is	mixed	 at	 different	

ratios	with	DMF.		

5.1.3.1 DMF-CHP	additive	solution	

The	 0.2	M	 solution	 was	 prepared	 by	mixing	 0.2ml	 from	 a	 1M	MAPbBr3	 solution	 and	

adding	the	remaining	percentage	of	DMF	and	CHP	accordingly,	at	1%,	2%,	5%,	10%	and	

20%.	The	same	procedure	for	spincoating	is	used.	

From	 the	 experimentation	 with	 DMF	 based	 pristine	 solution,	 it	 is	 demonstrated	 that	

some	single	crystals	with	the	regular	 rectangular	shape	could	be	grown.	However,	 the	

ratios	were	low	when	surveying	the	whole	substrate	area.	Figure	46	shows	an	increasing	

percentage	of	rectangular	shaped	single	crystals	with	increasing	CHP	content	up	to	10%,	

then	a	small	decline	for	20%.		
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Figure	46	Rectangular	shape	percentage	vs.	CHP	Content	

The	evolution	of	 the	area	coverage	by	 rectangular	 shaped	crystals	 can	be	observed	 in	

Figure	 47	 through	 SEM	 images.	 Figure	 (a)	 shows	 that	 mostly	 large	 crystals	 with	 no	

defined	 shape	 are	 grown	 from	pristine	DMF-based	 solution	 at	 room	 temperature,	 (b)	

shows	 many	 crystals	 with	 rectangular-like	 shape	 are	 developed	 in	 the	 hydrophilic	

domains,	 while	 (c)	 	 shows	 an	 area	 where	 all	 hydrophilic	 areas	 hold	 one	 rectangular	

shaped	 single	 crystal.	 The	 same	 can	 be	 observed	 through	 fluorescence	 microscopy	

images	in	Figure	48,	where	the	silhouettes	of	the	crystals	are	sharper.		

	
Figure	47	Shape	optimization	through	solvent	mixing.	a)	Only	DMF	b)	1%	CHP		c)	10%	CHP	
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Figure	48.	Fluorescence	Images	of	the	patterns.	a)	0%	CHP	b)	1%	CHP	c)	2%CHP	d)	5%	CHP	e)	10%	CHP	f)20%CHP	

	

The	 shape	 and	 surface	 quality	 are	 appreciated	 by	 a	 closer	 look	 at	 individual	 crystals	

through	SEM	imaging	in	Figure	49.	The	crystal	growth	mechanism	by	steps	is	observed	in	

all	 crystals	 but	 seems	 to	 appear	more	 prominently	 in	 a,	 b	 and	 c.	 Lower	 CHP	 content	

yields	 crystals	 with	 more	 porosity,	 which	 may	 be	 defects	 caused	 by	 the	 dislocations	

during	 growth	 as	 seen	 in	 figure	 c.	 Smoother	 surfaces	 are	 observed	 in	 crystals	 grown	

from	solutions	with	higher	CHP	content,	though	porosity	is	still	present.	The	best	surface	

quality	 crystals	are	observed	at	a	CHP	content	of	10%,	where	 the	porosity	 is	minimal,	

while	sharper	edges	are	seen	at	20%	CHP.		
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Figure	49	SEM	images	of	individual	crystals	a)	0%	CHP	b)	1%	CHP	c)	2%CHP	d)	5%	CHP	e)	10%	CHP	f)20%CHP	

	

The	properties	of	 the	crystals	grown	with	different	CHP	content	are	explored	 through	

XRD	as	 shown	 in	 Figure	 50,	where	 the	 representative	 powder	 XRD	peaks	 of	MAPbBr3	

perovskites	 can	 be	 observed.	 The	 peaks	 observed	 at	 approximately	 33.5	 degrees	 and	

marked	with	a	star	(*)	correspond	to	the	silicon	substrate,	and	is	used	as	a	reference	to	

align	the	rest	of	the	peaks.	Crystals	grown	from	solutions	with	lower	CHP	content	show	

high	peaks	110,	210,	211	and	220,	while	increasing	the	CHP	content	shows	a	decrease	in	

the	normalized	intensity	of	these	peaks,	hitting	a	low	at	10%	and	20%	of	CHP.	The	shift	

from	multiple	crystals	grown	with	different	shapes	to	highly-ordered	rectangular	shaped	

single	crystals	can	be	seen	with	the	growing	prominence	of	peaks	100,	200,	and	300	at	

CHP,	 as	 is	 demonstrated	 with	 powder	 XRD	 measurements	 performed	 on	

monocrystalline	films	and	thin	single	crystals	[108].	Peak	100	is	most	prominent	from	at	

10%	CHP,	perhaps	demonstrating	a	more	oriented	growth	than	 its	counterparts	at	5%	

and	20%	CHP,	coinciding	with	the	results	shown	through	optical	and	SEM	microscopy.		
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Figure	50.	Normalized	XRD	patterns	of	crystals	grown	from	solutions	with	varying	CHP	content	

	

Figure	51	shows	the	photoluminescence	spectra	peaks	of	crystals	grown	from	solutions	

with	 different	 CHP	 content	 at	wavelengths	 ranging	 from	537nm	 to	 542nm,	which	 are	

characteristic	 of	 MAPbBr3	 single	 crystals.	 Zhang	 et	 al.	 [109]	 demonstrated	 that	 by	

changing	 the	cation	 to	anion	 ratio,	 they	were	able	 to	change	 the	PL	 spectra	 intensity.	

Higher	quality	films	with	larger	crystals	had	a	lower	PL	emission	than	films	with	smaller	

crystals,	suggesting	a	direct	relationship	between	the	crystal	size	and	defects	to	high	PL	

intensities.	 The	 same	behavior	 can	be	observed	 in	 Figure	 51,	where	 low	CHP	 content	

crystals	display	a	high-intensity	sharp	peak,	while	crystals	from	solutions	with	10%	and	
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20%	CHP	exhibit	 peaks	with	poor	 intensity.	 Consequently,	 photoluminescence	 spectra	

show	the	same	results	as	X-ray	diffraction.		

	
Figure	51.	PL	Spectra	of	MAPbBr3	single	crystals	with	varying	CHP	Content	

	

The	 characterization	 of	 the	 perovskite	 single	 crystals	 enables	 a	 better	 analysis	 of	 the	

growth	mechanism	when	including	a	solvent	with	higher	boiling	point	and	lower	vapor	

pressure.	The	improved	surface	quality	may	be	the	result	of	enhanced	Marangoni	flows	

within	the	droplets	in	the	hydrophilic	regions	as	well	as	a	lower	evaporation	rate.	While	

further	studies	with	solvent	engineering	are	needed	to	find	out	the	best	combination	of	

solvents,	 this	 thesis	 study	 found	 an	 enhanced	 crystallization	 by	 including	 10%	 of	 CHP	

and	 90%	 DMF	 by	 volume	 in	 a	 0.2M	 solution.	 The	 uniformity	 of	 growth	 with	 this	
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formulation	permits	a	more	precise	study	of	the	influence	of	the	shapes	and	spacing	in	a	

pattern,	the	molarity	of	the	solution,	and	the	deposition	method.		

	

5.1.4 The	influence	of	the	deposition	method	

Up	to	this	point,	the	solution	deposition	had	been	performed	by	spincoating;	however,	

the	scope	of	this	project	is	to	include	different	already	available	deposition	methods	to	

prove	the	compatibility	of	the	patterning	technique	and	solvent	engineering.		

Fast	imaging	was	performed	with	the	aid	of	a	Phantom	V710	high-speed	camera	at	5000	

frames	per	second	to	observe	the	deposition	in	real	time	of	both	spincoating	and	blade	

coating	 methods.	 Stills	 from	 the	 high-speed	 videos	 are	 shown	 in	 Figure	 52,	 one	 for	

circular	patterns	and	the	other	for	square	patterns.		

	

Figure	52	High-speed	imaging	of	deposition	methods	
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The	 coverage	 achieved	 by	 spincoating	 is	 very	 uniform,	 with	 almost	 all	 hydrophilic	

domains	 remaining	 independent	 of	 each	 other	 after	 deposition.	 While	 blade	 coating	

coverage	 produced	 less	 consistent	 square	 patterns,	 the	 process	 parameters	 such	 as	

speed	 and	 aperture	 can	 be	 modified	 to	 achieve	 greater	 control	 of	 the	 amount	 of	

solution	 in	 the	 hydrophilic	 areas.	 Two	 observations	 are	 made:	 the	 solution	 becomes	

pinned	 at	 the	 corners	 of	 some	 patterns	 throughout	 the	 evaporation,	 while	 some	

droplets	become	unpinned.	The	pinning	may	account	for	the	crystallization	beginning	at	

the	 corners	 and	 producing	 four	 crystals,	 while	 the	 unpinned	 droplets	 have	 a	 more	

uniform	crystallization.		

Figure	 53	 provides	 a	 better	 comparison	 of	 the	 deposition	 methods	 by	 showing	 the	

crystallization	over	large	areas,	demonstrating	that	both	approaches	are	comparable.		



102 

	
	

	

Figure	53	SEM	Images	comparing	the	MAPbBr3	coverage	of	both	deposition	methods	

	

An	 additive	 manufacturing	 technique	 such	 as	 inkjet	 printing	 was	 also	 considered	 to	

prove	the	compatibility	of	solvent	engineering.	Song	and	his	group	demonstrated	that	

MAPbBr3	 perovskite	 single	 crystals	 could	 be	 produced	 through	 inkjet	 printing	 by	

modifying	 the	 substrate	 properties	 [83].	 However,	 the	 crystallization	 required	

temperatures	ranging	from	5oC	to	10oC,	which	are	not	achievable	without	the	help	of	a	

cold	 plate	 in	 warmer	 locations.	 This	 thesis	 work	 demonstrates	 that	 by	 using	 solvent	

engineering,	 MAPbBr3	 single	 crystals	 are	 produced	 through	 inkjet	 printing	 at	 room	

temperature	and	with	more	conventional	SAMS	such	as	OTS.	Figure	54	shows	clusters	of	

cubic-like	crystals	as	well	as	standalone	MAPbBr3	single	crystals	produced	through	inkjet	
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printing	with	a	0.2M	solution	in	90%	DMF	and	10%	CHP.		These	crystals	are	comparable	

to	bulk	single	crystals	grown	in	solution.		

	

Figure	54.	MAPbBr3	Perovskite	Single	Crystals	grown	through	Inkjet	printing	at	room	temperature	
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5.1.5 Control	of	crystal	dimensions	

The	 optimization	 of	 the	 crystal	 growth	 process	 through	 solvent	 engineering	 allowed	

further	exploring	the	effect	of	the	size	of	the	hydrophilic	domains	as	well	as	the	solution	

molarity	on	the	dimensions	of	the	single	crystals.	Figure	55	shows	crystal	arrays	grown	

from	 a	 0.75M	 solution	 in	 DMF	 with	 10%	 CHP	 content	 by	 volume,	 where	 the	 single	

crystal	morphology	and	size	uniformity	can	be	observed.	Figure	56	shows	a	close	up	of	

the	crystals	showing	edge	definition	in	rectangular	shapes	as	well	as	surface	quality.		

	

Figure	55.	MAPbBr3	single-crystal	arrays	in	hydrophilic	domains	of	diameters	a)	20μm	b)	50μm	and	c)	100μm	

	

Figure	56.	SEM	close-up	images	of	MAPbBr3	single	crystals	in	hydrophilic	domains	of	diameters	a)	10μm	b)	20μm,	
c)50	μm	and	d)	100μm	
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Both	 Figure	 55	 and	 Figure	 56	 show	 increasing	 single	 crystal	 areas	 with	 increasing	

diameters,	demonstrating	the	control	over	the	crystal	dimensions	by	varying	the	size	of	

the	 hydrophilic	 domains.	 The	molarity	 of	 the	 solution	 is	 another	 factor	which	 can	 be	

varied	to	modify	the	dimensions	of	the	resulting	crystals.	The	effect	of	both	factors	can	

be	observed	 in	Figure	57,	where	 the	 trend	 shows	 increasing	dimensions	with	growing	

molarity	and	hydrophilic	domain	areas.		

	

	

Figure	57.	Dependence	of	single	crystal	size	on	available	growth	area	and	precursor	solution	molarity	

	

Optical	 profilometer	 images	were	 taken	 to	 obtain	 the	 height	 of	 the	 perovskite	 single	

crystals,	which	varied	between	1μm	and	9μm	depending	on	the	size	of	the	hydrophilic	

area	available	for	growth.	Figure	58	shows	the	uniformity	of	crystal	heights	obtained	for	

hydrophilic	 domains	 of	 100	 μm	 in	 diameter,	 thus	 demonstrating	 the	 repeatability	 in	

broad	areas.		
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Figure	58	3D	profile	image	of	MAPbBr3	single	crystal	array	and	height	plot	along	the	dotted	line	

	

	

5.2 Patterning	other	Perovskites	

There	 is	 an	 increasing	 range	 of	 perovskites	 being	 used	 in	 the	 field	 for	 specific	

applications	 including	 bandgap	 tuning,	 light	 emission,	 and	 transparency.	 These	

properties	 are	 achieved	 by	mixing	 different	metals,	 anions,	 and	 cations	 and	 changing	

the	ratios	between	them.	For	instance,	by	changing	the	halide	in	the	MAPbX3	perovskite	

structure,	 the	absorption	 range	can	be	modified.	When	chloride	 is	used	as	 the	halide,	

perovskite	crystals	have	absorption	at	wavelengths	below	435nm	in	the	deep	blue	and	

ultraviolet	zone,	therefore	they	are	transparent.	This	property	can	prove	useful	where	

transparent	devices	are	needed.		



107 

	
	

Despite	the	fact	that	perovskites	can	be	tuned,	a	wide	range	of	them	are	toxic.	Section	

1.4.4	describes	the	risks	of	exposure	to	lead-based	materials,	and	one	of	the	alternatives	

based	 on	 bismuth,	 which	 can	 prove	 safer	 to	 handle	 than	 conventional	 hybrid	

perovskites.	 Both	 of	 these	 materials	 MAPbCl3	 and	 MABi2I9	 were	 deposited	 through	

spincoating	 onto	 the	 pre-patterned	 substrates	with	 the	 same	 conditions	 as	MAPbBr3.	

Bismuth-based	perovskite	single	crystals	of	different	sizes	can	be	seen	in	Figure	59.		

	

Figure	59.	Patterning	of	MABi2I9	perovskite	single	crystals	grown	from	a	0.5M	solution	in	feature	sizes		of	(a)	20μm	
(b)	50μm	(c)	100μm	(d)	500μm	

	

MAPbCl3	single	crystals	with	the	correct	shape	were	only	achieved	from	a	0.5M	solution	

at	 features	 from	 10	 and	 20μm	 in	 diameter,	 while	 larger	 features	 showed	 semi-

rectangular	shapes	(Figure	60)		
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Figure	60.	Patterning	of	MAPbCl3	perovskite	single		(a)	10μm	(b)	20μm	(c)	50μm	(d)	100μm	

	

Further	 characterization	 of	 the	 crystals	 including	 XRD	 and	 PL	 spectroscopy	 show	 the	

characteristic	peaks	of	each	one	of	the	materials,	as	demonstrated	in	Figure	61.	In	the	

MABi2I9	XRD	pattern,	peaks	(4	0	0),	(0	0	6),	(10	0	0)	and	(12	0	0)	are	very	sharper	than	

the	rest	of	the	peaks,	comparable	to	the	XRD	patterns	of	Saturated	Vapor	Crystallization	

deposited	thin	single	crystals	reported	by	Del	Gobbo’s	group	[62].	MAPbCl3	XRD	pattern	

shows	the	characteristic	peaks	of	powder	XRD,	however,	the	intensity	of	at	(100),	(200)	

and	(300)	is	far	greater	than	the	rest	of	the	peaks,	indicating	single	crystallinity	and	high	

directionality,	although	not	as	much	as	the	bismuth-based	sample.		

Photoluminescence	 spectroscopy	 measurements	 were	 difficult	 to	 obtain	 for	 MABi2I9	

samples,	 as	 they	give	off	 frail	 luminosity.	 The	PL	 spectrum	 for	MAPbCl3	 single	 crystals	

shown	in	Figure	62	was	obtained	by	using	a	325nm	HeCd	UV	Laser	and	an	UV	objective	

at	40x	magnification.		
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Figure	61	XRD	patterns	of	MABi2I9	and	MAPbCl3	

	

	

Figure	62	MAPbCl3	Photoluminescence	Spectra	
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Figure	63.	SEM	images	and	inset	fluorescent	images	of	(a)	MABi2I9	and	(b)	MAPbCl3	single	crystals	

	

Bismuth-based	 perovskites	 prove	 that	 they	 are	 easy	 to	 grow	 into	 single	 crystals	 of	

various	sizes,	even	more	so	than	MAPbBr3	perovskites,	and	MAPbCl3	single-crystals	with	

the	 right	 shape	 can	 be	 achieved	 at	 the	 correct	 molarity	 and	 size	 (Figure	 63).	 This	

indicates	 that	 the	 processes	 for	 both	 materials	 can	 be	 optimized	 to	 attain	 the	 right	

conditions	 for	 their	 application	 in	 devices	 through	 solvent	 engineering	 as	 it	 was	

demonstrated	with	bromide	based	perovskites.		

	

5.3 Growth	on	top	of	electrodes	

The	ultimate	goal	of	patterning	perovskite	single	crystals	 is	 their	utilization	 in	devices;	

therefore	it	is	important	to	achieve	their	growth	directly	onto	metal	electrodes,	for	the	

fabrication	of	field-effect	transistors	and	other	devices.		

Starting	 with	 substrates	 with	 design	 B,	 the	 aluminum	 electrodes	 were	 successfully	

connected	with	MAPbBr3	 perovskite	 crystals	 of	 different	 sizes	were	 grown	during	 the	
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molarity	 and	 solvent	 engineering	 experiments	 (Figure	 64).	 However,	 the	 success	 rate	

was	rather	low	since	there	were	only	12	sets	of	electrodes	per	substrate.		

	

Figure	64.	MAPbBr3	Perovskite	crystals	grown	from	on	metal	electrodes	

	

By	 improving	the	design	and	increasing	the	number	of	electrodes,	the	substrates	from	

design	 C	 each	 have	 over	 two	 thousand	 possible	 growth	 sites.	 Unlike	 the	 previous	

fabrication	method,	the	electrodes	needed	to	be	gold	instead	of	aluminum,	to	enhance	

the	conduction	of	charges,	which	proved	challenging	due	to	the	poor	adhesion	of	gold	

to	the	silicon	substrates.		
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Figure	65.	Perovskite	crystals	grown	across	gold	electrodes	a	&	b)	undefined	shape	c&d)	rectangular	shape	

	

Having	 grown	 these	 single	 crystals	 ready	 on	 a	 bottom-gate	 field-effect	 transistor	

configuration	by	using	silicon	wafers	with	an	oxide	layer,	the	next	step	is	to	characterize	

their	electrical	properties.		

	

5.4 Device	Fabrication	

Having	grown	single	crystals	 in	between	electrodes	sets	the	base	for	the	fabrication	of	

devices	 including	 photodetectors	 and	 field-effect	 transistors.	 The	 device	 architecture	

was	set	as	bottom	electrodes	-	bottom	gate,	since	it	was	facilitated	by	the	use	of	silicon	

wafers	with	a	300	nm	layer	of	SiO2,	and	is	shown	in	Figure	66.		
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Figure	66.	Perovskite	Device	Architecture	

	

5.4.1 Field-Effect	Transistor	

In	this	configuration,	the	application	of	a	gate	bias	allows	operating	the	device	as	a	field	

effect	transistor.		

The	transfer	curves	of	the	devices	were	obtained	by	applying	a	drain	voltage	of	-1V	and	

sweeping	 the	 gate	 voltage	 from	 -5	 to	 5V	 and	 -10	 to	 10V,	 and	 as	 shown	 in	 figure	 the	

devices	demonstrated	an	ambivalent	behavior	with	low	Ion/Ioff	ratio.	

	

	

Figure	67.	Transfer	Curves	of	MAPbBr3	Perovskite	single	Crystal	FETs	
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The	threshold	voltage	and	mobility	of	the	characterized	devices	were	obtained	from	the	

transfer	curve	with	a	drain	voltage	of	1V	and	according	to	the	active	area	of	each	device	

as	shown	in	the	table	below.		

Table	6	First	Device	Characterization	

	

	

	

	

Poor	 perovskite-electrode	 contact	 is	 found	 when	 growing	 the	 crystals	 without	 any	

physical	boundaries,	as	some	of	the	devices	showed	low	mobilities	or	did	not	show	any	

response	despite	having	the	proper	cubical	shape	and	resting	on	top	of	the	electrodes.	

This	 issue	 could	 be	 addressed	 by	 depositing	 the	 perovskite	 solution	 through	 either	

blade-coating	or	spincoating	and	covering	the	substrate	with	bare	glass,	thus	enclosing	

the	 perovskite	 single	 crystal	 growth	 and	 ensuring	 proper	 contact.	 Single	 crystals	with	

improved	shape	and	coverage	were	obtained	as	shown	in	the	figure	below.		

	

	

Figure	68.	MAPbBr3	perovskite	devices	grown	through	the	enclosing	method.		

Device 
L W Mobility 

(cm2 / V s) 
Vth 
 (V) 

D1  20μm 10.2	μm 5.5x10-3 2.68 
D2 10μm 20.45	μm 4.06 x10-3 6.59 
D3 20μm 12.6	μm 3.8 x10-3 2.98 
D4 10μm 13.85 	μm 0.85 x10-3 3.85 
D5 20μm 15.18 	μm 1.05 x10-3 3.98 
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The	improvements	in	coverage	and	contact	reflected	on	the	performance	of	the	devices,	

as	the	Ion/Ioff	ratio	increased	as	demonstrated	in	the	transfer	curves	in	Figure	69.	

	

	

Figure	69.	Transfer	Curves	of	Devices	grown	from	enclosing	method	

	

The	calculated	threshold	voltage	and	mobility	of	the	characterized	devices	are	shown	in	

the	 table	 below,	 were	 an	 improvement	 can	 be	 observed.	 Likewise	 the	 output	

characteristic	curve	for	the	devices	shown	above	can	be	observed	in	Figure	70.		

	

Table	7.	Characterization	of	Devices	grown	from	Enclosing	Method	

	

	

	

	

	

Device 
L W Mobility 

(cm2 / V s) 
Vth 
 (V) 

D1  20μm 22.4 	μm 3.77 0.72 
D2 20μm 34.2	μm 1.43 2.75 
D3 50μm 22.6	μm 6.36 2.71 
D4 20μm 36.4 	μm 0.75 1.8 
D5 10μm 51.8 	μm 1.07 1.96 
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Figure	70	Output	Curve	of	Perovskite	FET	device	

	

5.4.2 Photodetection	

FET	 characterization	 was	 performed	 under	 a	 100W	 light	 source,	 however	 when	

switching	to	a	pulsating	LED	light	as	the	one	equipped	in	the	Cascade	Microtech	M150	

eVue	II	system,	the	device	showed	a	pulsating	response	(Figure	71	a),	while	performing	

the	same	test	in	the	dark	resulted	in	a	flat	curve	(Figure	71	b).	Performing	the	same	test	

in	the	dark	and	manually	aiming	a	while	LED	light	towards	the	perovskite	device	resulted	

in	wide	amplitude	in	photodetection	(Figure	71	c	&	d).	This	rough	phototransistor	opens	

up	 the	 possibility	 for	 proper	 photodetector	 device	 characterization	 and	 obtaining	

characteristics	 including	 responsivity,	 transient	 photocurrent,	 response	 time,	 and	

detectivity.		
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Figure	71	Photodetection	observed	in	FET	devices.	a)	Pulsating	LED	light	on	b)	light-source	off		c)	manual	direct	light	
test	d)	close-up	of	light	pulse	on	curve	c		
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Chapter	6	
 
Conclusion	&	Future	work	
	

6.1 Conclusion	

Multi-crystalline	 thin	 films	 have	 been	 utilized	 in	 the	 fabrication	 of	 solar	 cells	 and	

optoelectronic	 devices,	 and	 by	 improving	 the	 crystallization	 process	 conditions,	

they	 have	 reached	 high	 efficiencies.	 Recent	 research	with	 bulk	 single	 crystals	 has	

demonstrated	that	perovskites	transport	properties	are	greatly	improved	due	the	to	

lower	defect	concentrations,	therefore	using	them	in	devices	has	great	potential.		

	So	 far	 device	 fabrication	 has	 been	 done	 with	 millimeter-sized	 single	 crystals	 or	

depends	 on	 random	 growth	 through	 different	 synthesis	 methods.	 Only	 a	 few	

techniques	 in	 literature	have	demonstrated	 growth	 in	 specific	 locations;	 however,	

they	 rely	 on	 chemical	 vapor	 deposition	 or	 modifying	 the	 temperature	 of	 the	

substrates	and	the	perovskite	solution.		

This	thesis	 focused	on	developing	a	single	crystal	patterning	method	in	the	micro-

scale	 that	 is	 compatible	with	 existing	 solution-based	 deposition	methods	without	

requiring	 the	 use	 of	 subsequent	 conversion	 steps	 or	 temperature	 gradients.	 It	

evolves	 from	 inkjet	 printing	 patterning,	 and	 the	 observed	 coffee	 ring	 effect	 to	 a	

methodology	 built	 around	 the	ways	 to	 suppress	 it,	 including	 the	 depinning	 of	 the	

triple	contact	line	and	boosting	Marangoni	flows	through	solvent	engineering.			

Measuring	 the	 contact	 angle	 of	 the	 solvents	 with	 SAM	 functionalized	 surfaces	

permitted	 creating	 hydrophobic/lyophobic	 surfaces	 with	 the	 lowest	 adhesion	
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forces,	 which	 were	 then	 patterned	 through	 nanofabrication	 techniques	 such	 as	

lithography	 and	 oxygen	 plasma	 etching.	 These	 patterns	 permitted	 dividing	 the	

perovskite	 solution	 into	 specific	 domains	 through	 spincoating	 and	 blade	 coating,	

and	the	crystallization	was	there	confined	to	the	hydrophilic	areas.		

Exploring	 the	 different	 parameters	 affecting	 the	 MAPbBr3	 crystallization	 such	

feature	 shape,	 size,	 and	 separation,	 as	well	 as	molarity,	 	was	 required	 to	optimize	

the	process	 to	have	one	 single	 crystal	 per	domain.	The	 first	 two	design	 iterations	

were	based	on	exploring	these	properties.	 	Simultaneous	experiments	showed	that	

using	pristine	solution	with	a	molarity	between	0.15	and	0.25M	in	circular	shaped	

patterns	with	diameters	between	50	and	100μm	led	to	the	growth	of	single	crystals	

with	a	semi-rectangular	shape.		

Solvent	engineering	posed	as	a	way	to	enhance	the	crystallization	through	slowing	

down	 the	 solvent	 evaporation	 rates	 and	 boosting	 the	Marangoni	 flows	within	 the	

domains.	Using	DMF-CHP	mixtures	at	different	percentages	showed	that	the	shape	

of	 the	single	crystals	could	be	optimized,	and	different	crystal	sizes	were	obtained	

by	the	varying	the	size	of	the	hydrophilic	domains.		

Single	 crystals	 of	 other	 perovskites	 such	 as	 the	 lead-free	 MABi2I9	 and	 the	

transparent	 MAPbCl3	 have	 been	 achieved	 through	 this	 method	 as	 well,	 thus	

demonstrating	 the	 potential	 of	 this	 approach	 for	 the	 fabrication	 of	 devices	 for	

specific	applications.	

Organometal	 halide	 perovskites	 have	 proven	 to	 be	 an	 excellent	 alternative	 to	

conventional	 semiconductors	 in	 specific	 applications	 where	 conventional	
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semiconductors	cannot	meet	the	specifications.		They	offer	a	great	set	of	properties	

including	 high	 mobilities,	 long	 diffusion	 lengths,	 and	 high	 absorption	 coefficients	

tunable	over	a	wide	range	of	wavelengths.	Due	to	their	easy,	 low	temperature	and	

low-cost	processing,	they	not	only	offer	an	excellent	set	of	properties	but	also	they	

are	 the	 best	 available	 semiconductor	 that	 can	 be	 solution	 processed.	 Adapting	

solution	 processing	 that	 can	 take	 advantage	 of	 the	 perovskite	 single	 crystal	

properties	with	 already	 established	manufacturing	 techniques	 are	 fundamental	 in	

narrowing	the	gap	towards	commercialization	

6.2 	Future	work	

Relevant	 research	 is	 still	 needed	 to	 fully	 understand	 the	 perovskite	 crystallization	

behavior	 and	 its	 relationship	 to	 parameters	 such	 as	 solvents,	 exposure	 to	 air,	 and	

temperature.	 This	 information	 is	 crucial	 in	 optimizing	 the	 process	 and	 adapting	 it	 to	

continuous	deposition	methods,	such	as	slot-die	coating	and	spray	coating.		

Expanding	 the	 use	 of	 surface	 patterning	 and	 solvent	 engineering	 to	 a	wider	 range	 of	

perovskites	can	help	in	studying	their	properties	in	single	crystalline	form	and	exploring	

their	electrical	performance	in	a	variety	of	devices	targeted	at	specific	applications.	The	

patterning	of	hydrophobic	layers	can	be	further	improved	by	using	other	self-assembled	

monolayers	as	well	as	hydrophobic	polymers	that	use	solvents	that	are	 less	aggressive	

with	the	substrates	in	smaller	quantities,	permitting	the	patterning	of	flexible	materials	

such	as	PET	or	Mica.		
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Further	work	is	needed	in	controlling	the	thickness	and	shapes	of	the	crystals.	An	option	

could	be	etching	 the	 substrates	with	different	depths	and	 shapes	 through	 lithography	

and	observing	the	crystallization	within	the	micro-molds.	Another	option	could	be	using	

pre-patterned	substrates	and	using	a	top	cover	with	a	defined	gap	in	between,	driving	

crystal	 growth	 horizontally	 rather	 than	 vertically.	 Finally	 optimizing	 the	 fabrication	 of	

devices	by	improving	the	contact	of	the	perovskite	crystals	with	the	electrodes	as	well	

as	ensuring	the	right	interaction	between	materials	is	a	niche	of	research	to	be	studied	

in	the	path	towards	commercialization.		
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