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Introduction
The	 organic-inorganic	 hybrid	 halide	 perovskites	 have	 recently	 attracted	 extensive	 attention	 owing	 to	 their	 remarkable	 photophysical	 properties,	 including	 strong	 broadband	 light	 absorption,1–3	 low	 defect	 density,4,5	 and

excellent	carrier	diffusion	 length.6	 Perovskite-based	 solar	 cells	 have	 experienced	an	unprecedented	 rise	 in	 performance	 leading	 to	 the	 current	 certified	 record	power	 conversion	 efficiency	 (PCE)	 of	 22.7%.7	As	an	advantage	over

traditional	inorganic	photovoltaic	materials	such	as	silicon	(Si)	and	gallium	arsenide,	perovskites	can	be	solution	processed,	which	allows	the	leveraging	of	the	established	high-throughput,	low-cost	thin-film	printing	techniques	for	the

future	 mass	 production	 of	 perovskite	 solar	 cells.	 In	 the	 past	 few	 years,	 significant	 effort	 has	 been	 devoted	 to	 developing	 scalable	 deposition	 processes	 for	 the	 perovskite	 layer,	 including	 spray-coating,8	 doctor-blade	 coating,9

electrochemical	deposition,10	and	slot-die	coating.11	However,	the	requirement	of	morphology	control	has	posed	a	great	challenge	for	solution-printed	perovskite	films	due	to	the	limited	understanding	of	the	perovskite	phase	transition,

which	leads	to	their	PCEs	still	lagging	behind	those	of	the	spin-coated	devices.1,12

Intensive	studies	involving	ex	situ	observation	highlight	the	key	role	of	the	phase	transition	on	the	perovskite	surface	morphology,13–17	while	the	phase	transition	during	solution-casting	is	poorly	understood.	This	can	be	firstly

ascribed	to	the	fact	that	the	salts	and	solvent	interact	in	far	more	complex	ways	than	in	conventional	solution-processing	of	organic	semiconductors.16,18–20	For	example,	ex	situ	observations	in	the	literature	point	to	the	fact	that	lead

halide	and	Lewis	base	solvents	such	as	DMSO	interact	strongly,	leading	to	the	formation	of	Lewis	adducts	in	the	as-cast	film	prior	to	annealing.21–23	This	implies	a	unique	phase	transition	of	perovskites	that	cannot	be	explained	using

the	 conventional	models	 of	 thin-film	 nucleation	 and	 growth	 from	 solution.	Meanwhile,	 perovskite	 precursors	 in	 solution	 can	 form	 colloidal	 aggregates,	 which	 further	 complicate	 the	 nucleation	 and	 growth	 pathways	 during	 film

formation.24–26	The	solvent	removal	rate,27	lead	sources,16	assisting	additives,13,28	and	even	in	situ	illumination29	influence	perovskite	nucleation	and	crystallization	and	the	consequent	kinetically	trapped	morphologies	of	the	final	films.

Furthermore	 there	 is,	 unfortunately,	 a	 lack	 of	 strong	 diagnostics	 for	 tracking	 the	 phase	 transition	 from	 the	 disordered	 precursor	 sol-gel	 to	 the	 solid	 state,	 especially	 during	 spin-coating	 and	 printing	 processes.	 A	 few	 in	 situ

investigations	begin	with	the	prepared	as-cast	film30–32	or	are	focused	on	the	drop-cast	solution.33	Very	recently,	we	and	Gong's	group	investigated	structural	evolution	during	the	solution	drying	of	perovskite	inks	delivered	by	one-step

spin-coating	and	mini-slot-die	printing,24,26	respectively,	using	grazing-incidence	X-ray	diffraction.34	The	investigations	revealed	an	important	nanoassembly	process	during	film	formation,	involving	solvated	disordered	nanoparticles,

unreacted	precursor	phases,	solvated	crystalline	intermediates,	and	the	polycrystalline	perovskite	phase	itself.	Lin	et	al.	investigated	the	morphology	evolution	for	micrometer-scale	perovskite	grains	fabricated	by	a	meniscus-assisted

solution	printing	strategy.35	However,	a	full	comprehensive	picture	of	the	phase	transition	including	structural	evolution	and	crystal	growth	mechanisms	is	missing	not	only	for	scalable	printing	processes	but	also	for	lab-based	spin-

coating	processes	used	in	making	highly	efficient	solar	cells.	Understanding	how	the	phase	transition	bridges	the	gap	between	spin-coating	and	printing	processes	is	an	important	requirement	for	future	printing	designs	and	provides	a

rational	path	toward	optimization	of	printed	devices.

Herein,	through	extensive	in	situ	investigations	as	well	as	film	and	device	characterizations,	we	elucidate	the	perovskite	phase	transition	for	both	spin-coating	and	blade-coating	processes	and	identify	the	key	issue	that	limits
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Summary

Here,	we	have	identified	that	the	key	issue	for	rational	transitioning	from	spin-coating	to	blade-coating	processes	of	perovskite	films	arises	from	whether	intermediate	phases	participate	in	the	phase	transition.	In	situ

characterizations	were	 carried	 out	 to	 provide	 a	 comprehensive	 picture	 of	 structural	 evolution	 and	 crystal	 growth	mechanisms.	 These	 findings	 present	 opportunities	 for	 designing	 an	 effective	 process	 for	 blade-coating

perovskite	film:	a	large-grained	dense	perovskite	film	with	high	crystal	quality	and	photophysical	properties	can	be	obtained	only	via	direct	crystallization	for	both	spin-coating	and	blade-coating	processes.	As	a	result,	the

blade-coated	MAPbI3	films	deliver	excellent	charge-collection	efficiency	at	both	short	circuit	and	open	circuit,	and	photovoltaic	properties	with	efficiencies	of	18.74%	(0.09	cm2)	and	17.06%	(1	cm2)	in	planar	solar	cells.	The

significant	advances	in	understanding	how	the	phase	transition	links	spin-coating	and	blade-coating	processes	should	provide	a	path	toward	high-performance	printed	perovskite	devices.

Hybrid	organic-inorganic	perovskite	solar	cells	have	recently	emerged	as	a	highly	promising	and	 inexpensive	solution	for	sustainable	energy.	However,	a	 full	comprehensive	picture	of	the	phase	transition	 including

structural	evolution	and	crystal	growth	mechanisms	is	missing	for	both	scalable	printing	and	lab-based	spin-coating	processes.	Here	we	reveal	fundamental	insights	into	the	perovskite	phase	transition	when	moving	between

spin-coating	and	printing	processes,	providing	a	rational	path	toward	optimization	of	printed	devices.



the	film	quality,	photophysical	properties,	and	overall	photovoltaic	efficiency	when	moving	between	spin-coating	and	printing	processes.	We	demonstrate	the	direct	crystallization	process	from	the	disordered	precursor	sol-gel	to	the

perovskite	phase	as	a	key	for	both	spin-coated	and	blade-coated	films	to	exhibit	excellent	film	quality,	photophysical	properties,	and	efficient	charge	collection	within	devices.	The	structural	evolution	and	crystal	growth	mechanism	for

the	direct	crystallization	is	thoroughly	investigated	using	time-resolved	grazing-incidence	wide-angle	X-ray	scattering	(GIWAXS)	and	time-resolved	optical	microscopy.	A	comprehensive	picture	is	provided	in	terms	of	how	perovskite

grains	grow	within	Voronoi	cells	and	how	the	solvent	nature	influences	the	grain	growth	behavior.	We	utilize	these	insights	to	form	highly	efficient	solar	cells.	The	planar	perovskite	solar	cells	based	on	air-printed	CH3NH3PbI3	(MAPbI3)

films	exhibit	PCEs	of	18.74%	(0.09	cm2)	and	17.06%	(1	cm2).	The	charge-collection	efficiency	within	devices	was	also	investigated	thoroughly	to	advance	the	understanding	of	the	influence	of	phase	transition	on	solar	cell	performance

variations.

Results	and	Discussion
Structural	Evolution

The	CH3NH3PbI3	(MAPbI3)	structural	evolution	was	investigated	 in	situ	during	spin-coating	and	blade-coating	processes	by	performing	GIWAXS	measurements	during	the	entire	coating	process	from	casting	to	drying	using

previously	developed	in	situ	diagnostics	setups.26,36–39	To	faithfully	reproduce	the	same	structures	that	would	evolve	in	solar	cells	(i.e.,	glass/fluorine-doped	tin	oxide	[FTO]/c-TiO2/MAPbI3/Spiro-OMeTAD/Au),	the	MAPbI3	samples	used

for	the	GIWAXS	measurements	were	cast	on	glass/FTO	substrates	precoated	with	compact	TiO2.	The	series	of	samples	were	fabricated	via	one-step	blade-coating	or	spin-coating	from	DMSO	and	γ-butyrolactone	(GBL)	(DMSO:GBL	=

7:3)	solution	or	neat	N,N-dimethylformamide	(DMF)	solution	on	the	substrate	preheated	to	various	temperatures,	and	are	labeled	DMSO:GBL-blade-temperature,	DMF-blade-temperature,	DMSO:GBL-spin-temperature,	and	DMF-spin-

temperature	hereafter	for	easy	recognition.	The	reference	sample	prepared	using	anti-solvent	drip	of	chlorobenzene	(CB)	during	spin-coating	of	the	DMSO:GBL	solution	was	also	investigated	for	comparison.21	The	entire	structural

evolution	process	was	captured	in	situ	from	the	moment	the	coating	process	started.

Figure	1	 illustrates	the	time	evolution	of	the	scattering	features	with	respect	to	the	scattering	vector	q	for	the	representative	reference	DMSO:GBL-spin-25°C	experiment	with	anti-solvent	drip	at	35	s	(Figure	1A),	as	well	as

DMSO:GBL-blade-25°C	(Figure	1B)	and	DMSO:GBL-blade-150°C	(Figure	1C)	cases.	The	scattering	features	for	the	DMSO:GBL-spin-25°C	case	without	anti-solvent	drip	is	provided	in	Figure	S1	for	comparison.	The	two-dimensional	(2D)-

GIWAXS	snapshots	of	the	cast	samples	are	illustrated	in	Figures	S2–S5.	The	scattering	halo	at	low	q	values	(2–6	nm−1)	is	attributed	to	the	disordered	colloidal	sol-gel	precursor.14,26,40	The	thinning	and	drying	of	the	solution	lead	to	the

phase	transition	from	sol-gel	ink	to	solid.	Importantly,	we	found	that	the	anti-solvent	drip	plays	a	key	role	when	fabricating	MAPbI3	films	using	the	spin-coating	process.	For	example,	the	DMSO:GBL-spin-25°C	case	(Figure	S1)	exhibits

strong	scattering	features	associated	to	the	intermediate	solvate	phase	at	ca.	45	s	rather	than	promoting	formation	of	the	MAPbI3	phase.41	These	intermediate	phases	are	ordered	solvates	associated	to	the	presence	of	DMSO	(q	=	4.4,

5.0,	6.4,	and	8.1	nm−1)	and	PbI2	crystals	(q	=	9.0	nm−1)	(Figures	S1–S5).7,21,26	Intermediate	phases	for	MAPbI3	were	previously	observed	by	us26	and	others (change	"by	us	26	and	others	42"	to	"by	us	26,42")42	when	also	using	DMF	solvent,

but	the	solvate	exhibited	a	structure	(q	=	4.4,	5.5,	and	6.6	nm−1)	distinct	from	the	DMSO:GBL	case	here.	Interestingly,	when	the	anti-solvent	drip	is	performed	at	ca.	35	s	(reference	sample,	Figure	1A),	i.e.,	prior	to	the	natural	formation

of	 intermediate	phases	 (ca.	 45	 s),	 it	 promotes	 immediate	 solidification,	 leading	 to	nucleation	and	growth	of	MAPbI3	crystals	 (q	=	10.0	nm−1)	 and	 crystallization	 of	 the	 intermediate	 solvate.	 At	 the	 same	 time,	 the	 drip	 suppresses

formation	of	PbI2	crystals	(Figure	S1)	and	significantly	reduces	the	overall	crystallinity	of	the	solvate,	effectively	suppressing	its	overcrystallization.	These	are	believed	to	be	key	factors	for	obtaining	a	high-quality	MAPbI3	 film	after

thermal	annealing	and	for	achieving	high-performance	solar	cells.21,22



Blade-coating	DMSO:GBL	solution	at	25°C	(DMSO:GBL-blade-25°C)	(Figure	1B)	shows	a	similar	appearance	of	intermediate	phases	as	in	the	case	of	spin-coating	without	anti-solvent	drip	(Figures	S2–S5),	but	the	solidification

moves	much	more	slowly	due	to	significantly	slower	solvent	drying	kinetics	on	the	stationary	substrate.	As	a	result,	the	precursor	sol-gel	remains	in	the	wet	state	for	more	than	30	min	owing	to	the	high	boiling	point	of	the	solvents.	The

formation	of	the	intermediate	solvate	and	PbI2	crystals	is	thus	delayed	to	ca.	400–500	s	instead	of	ca.	45	s	when	spin-coating	the	same	ink.	The	MAPbI3	crystallization	is	also	suppressed	during	film	formation,	similar	to	the	DMSO:GBL-

spin-25°C	without	drip	and	DMF-blade-25°C	cases.42	These	observations	clearly	suggest	a	physical	picture	in	which	during	film	formation,	MAPbI3	precursors	form	a	disordered	colloidal	phase	that	remains	suspended	in	the	solvent	at

the	early	stages	of	drying.	With	further	solvent	drying,	intermediate	solvated	crystalline	phases	of	precursor-DMSO:GBL	or	precursor-DMF	and	PbI2	are	preferentially	nucleated	and	crystallized,	with	phase	transition	to	MAPbI3	crystal

requiring	further	thermal	annealing.	This	indirect	crystallization	from	the	precursor	sol-gel	to	MAPbI3	crystals	through	intermediate	phases	is	responsible	for	the	poor	film	quality	(to	be	discussed	in	the	section	Solid-State	Film)	and

poor	performance	of	solar	cells.35

The	structural	evolution	is	strikingly	different	when	spin-coating	or	blade-coating	the	solution	onto	the	hot	substrate	from	the	above-room-temperature	cases.	For	example,	the	DMSO:GBL-blade-150°C	case	exhibits	a	direct

phase	transition	from	disordered	sol-gel	to	MAPbI3	crystals	without	the	formation	of	any	intermediate	phases	(Figure	1C).	This	phase	transition	begins	ca.	2–3	s	after	the	blade	spreads	the	solution	and	is	complete	in	 less	than	1	s,

implying	a	very	rapid	and	direct	crystallization	of	the	desired	MAPbI3	phase	without	formation	of	crystalline	intermediates.	The	MAPbI3	phase	exhibits	significantly	higher	scattering	intensity	and	better	orientation	with	respect	to	the

substrate	than	the	spin-cast	case	after	CB	drip	(Figure	S6).	These	observations,	therefore,	indicate	a	direct	crystallization	to	the	desired	MAPbI3	phase	when	solution-casting	onto	the	hot	substrate,	and	this	crystallization	is	mainly

induced	by	the	fast	removal	of	the	solvent	from	the	disordered	sol-gel	film	without	allowing	the	latter	to	crystallize	into	the	solvated	phases.	The	composite	set	of	structural	evolution	data	described	thus	far	reveals	distinct	phase

transitions	from	the	disordered	sol-gel	to	the	MAPbI3	during	film	formation	in	terms	of	whether	intermediate	phases	participate	(Figure	1D).	Note	that	the	large	amounts	of	DMSO	or	DMF	remaining	in	the	blade-coated	or	spin-coated

as-cast	 solvated	 films	 is	 attributed	 to	 the	 strong	 polarity	 of	 these	 solvents	 and	 solvent-ammonium	 hydrogen	 bonding	 producing	 a	 barrier	 for	 the	 nucleation	 of	 the	 MAPbI3	 phase.43	 Instead,	 intermediate	 solvated	 phases

methylammonium	iodide	(MAI)·PbI2·DMSO	and	MAI·PbI2·DMF	as	well	as	PbI2	crystals	with	comparatively	low	activation	energies	are	more	favorably	formed	during	ink	drying.	Transition	from	the	intermediate	phases	to	the	MAPbI3

phase	 occurs	 during	 thermal	 annealing,	 whereby	 solvent	 evaporation	 destabilizes	 the	 solvate,	 allowing	 newly	 released	 organic	 cations	 and	 PbI2	 to	 nucleate	 and	 grow	MAPbI3	 crystals.	 Distinct	 from	 the	 aforementioned	 indirect

crystallization	scenario	at	low	temperature,	the	direct	phase	transition	from	disordered	sol-gel	to	MAPbI3	can	be	achieved	via	partial	or	complete	removal	of	DMSO:GBL	or	DMF	solvents	either	by	anti-solvent	drip	during	the	solution-

Figure	1	In	Situ	GIWAXS	Measurements	of	MAPbI3	for	Different	Fabrication	Conditions

(A)	The	reference	(DMSO:GBL-blade-25°C	with	anti-solvent	drip).

(B)	DMSO:GBL-blade-25°C.

(C)	DMSO:GBL-blade-150°C.

(D)	Schematic	models	of	the	MAPbI3	structural	evolution	for	the	three	cases.



casting	process	(reference)	or	by	coating	on	a	hot	substrate.	In	such	cases,	the	nucleation	barrier	for	the	MAPbI3	phase	is	decreased,	and	the	intermediate	phases	and	the	PbI2	crystalline	phase	are	suppressed.	The	increased	amount	of

nuclei	 improves	surface	coverage	and	uniformity	of	 the	MAPbI3	 films.	 Importantly,	 the	hot-substrate-induced	fast	removal	of	solvent	seems	more	compatible	with	printing	processes	 in	contrast	to	the	recently	reported	anti-solvent

extraction	for	blade-coating.44	It	also	demonstrates	higher	effectiveness	in	MAPbI3	crystallization	and	complete	suppression	of	intermediate	phases	in	contrast	to	the	anti-solvent	extraction	(reference).	This	difference	would	lead	to

quite	distinct	crystal	growth	mechanisms,	crystalline	morphologies,	and	photophysical	properties,	which	will	be	thoroughly	discussed	in	the	subsequent	sections.

The	structural	evolution	of	both	indirect	crystallization	and	direct	crystallization	for	the	representative	DMSO:GBL-spin	(or	blade)-25°C,	reference,	and	DMSO:GBL-blade-150°C	cases	are	described	in	the	following	chemical

equations.

Indirect	phase	transition	for	the	DMSO:GBL-spin	(or	blade)-25°C	case:

Phase	transition	for	the	reference	(anti-solvent	drip):

Direct	phase	transition	for	the	DMSO:GBL-blade-150°C	case:

Crystal	Growth	Mechanism
To	gain	deeper	insight	into	the	MAPbI3	crystallization,	we	imaged	the	crystal	growth	mechanism	in	situ	using	time-resolved	optical	microscopy	(Figures	S7	and	S8).	The	images	reveal	quite	distinct	solidification	behaviors	and

morphologies	for	the	 indirect	and	direct	crystallization	processes.	For	example,	 the	DMSO:GBL-blade-25°C	case	exhibits	needle-like	crystal	growth,	which	darkens	during	subsequent	 in	situ	annealing	 to	 form	the	perovskite	phase

templated	by	the	needle-like	morphology	(Figure	2A).	At	the	initial	stage	(t0,	defined	as	the	time	at	which	nuclei	can	first	be	found),	relatively	small	nuclei	are	generated	in	the	as-cast	film	by	a	stochastic	Poisson	process.	These	nuclei

undergo	a	one-dimensional	growth	to	long	needles	with	lengths	up	to	several	hundred	micrometers	within	ca.	4	s.	These	crystals	are	highly	textured,	as	indicated	by	the	appearance	of	diffraction	peaks	rather	than	rings	in	2D-GIWAXS

snapshots	 taken	 in	situ	(Figure	S2).	The	 final	 film	exhibits	 stacked	needles	but	many	pinholes	 remain	between	 the	 large	grains,	 resulting	 in	poor	coverage	of	 the	 substrate.	By	contrast,	 spherulitic	growth	emanating	 radially	 from

centered	nuclei	is	observed	for	the	DMSO:GBL-blade-150°C	case	(Figure	2B),	again	initiated	by	a	stochastic	Poisson	distribution.	Note	that	this	spherulitic	growth	is	confined	to	the	2D	plane	of	the	film	since	the	thickness	(0.5–0.8	μm)	is

far	less	than	the	lateral	size	of	spherulitic	domains	(20–100	μm).45,46	The	spherulitic	growth	is	completed	in	quite	a	short	time	(<0.9	s)	as	soon	as	it	meets	other	adjacent	domains,	and	is	thus	accompanied	by	the	formation	of	grain

boundaries.	These	domain	boundaries	are	located	at	the	boundaries	defining	the	Voronoi	diagram,	which	are	delineations	equidistant	to	two	nearest-neighbor	nuclei	(Figure	3A).47	This	leads	to	formation	of	a	compact,	pinhole-free	and

uniform	 film	 consisting	 of	 spherulites	 (20–100	 μm	 in	 size).	 Interestingly,	 the	 DMF-blade-150°C	 case	 also	 exhibits	 quite	 similar	 crystal	 evolution	 (Figure	 S8).	While	 the	 size	 of	 spherulites	 (20–50	 μm)	 is	 smaller	 in	 contrast	 to	 the

DMSO:GBL-blade-150°C	one.	These	observations	indicate	crystal	growth	behavior	for	the	direct	crystallization	case	is	quite	distinct	from	that	of	the	indirect	crystallization	case	and	appears	to	be	independent	of	the	solvent	nature.

(Equation	1)

(Equation	2)

(Equation	3)

(Equation	4)

(Equation	5)

(Equation	6)



Figure	2	Schematic	of	the	Process	and	Real-Time	Optical	Microscopy

(A)	DMSO:GBL-blade-25°C	film	during	thermal	annealing.

(B)	DMSO:GBL-blade-150°C	film.	The	full	evolution	is	illustrated	in	Figures	S7	and	S8.



The	Voronoi	diagram	is	determined	where	a	tile	corresponding	to	a	tracked	spherulite	nucleus	 is	a	 locus	of	all	solute	of	space	closest	to	this	nucleus.48,49	The	good	agreement	between	the	Voronoi	diagram	and	spherulitic

boundaries	suggests	a	strong	dependence	of	crystal	growth	on	the	Voronoi	area.	The	crystal	growth	kinetics	within	 individual	Voronoi	cells,	governed	by	the	accessible	area	of	solute	and	the	solute	diffusion	 length,35	was	 further

scrutinized	for	the	DMSO:GBL-blade-150°C	and	DMF-blade-150°C	cases.	Figure	3B	shows	a	plot	of	the	tracked	spherulite	area	as	a	function	of	time.	We	observed	two	stages	of	growth	for	each	case.	A	quadratic	growth	of	spherulites	at

the	early	stage	is	essentially	governed	by	the	solute	diffusion	within	the	Voronoi	cells.	This	was	also	found	in	a	recent	report	when	FA0.85MA0.15PbI2.55Br0.45	film	was	solution-cast	using	a	meniscus-assisted	printing	strategy.35	The	solute

diffusion	leads	to	solution	depletion	ahead	of	the	growth	front,	which	can	be	observed	from	optical	microscopy	images	as	the	symmetrical	solution	band	rings	(Figure	2B).	Inside	the	Voronoi	cells,	the	solute	preferentially	moves	to	the

closed	nuclei	until	the	solution-depletion	band	rings	impinge	on	each	other.	The	competition	of	different	nuclei	for	solute	diffusion	changes	the	crystal	growth	kinetics,	which	is	mainly	determined	by	the	accessible	solute	collection

area.	As	such,	the	crystal	diameters	grow	linearly	with	time	at	later	stages.24	The	direct	crystallization	processes	for	both	the	DMSO:GBL-blade-150°C	and	DMF-blade-150°C	cases	follow	two-stage	growth	kinetics,	with	a	relatively

higher	linear	growth	rate	for	the	former	(Figure	3B).

To	understand	the	mechanism	of	the	difference	in	linear	growth	rate	between	the	DMSO:GBL-blade-150°C	and	DMF-blade-150°C	cases,	we	plot	the	spherulite	area	as	a	function	of	time	in	Figure	3C	using	the	Avrami	equation,50

Figure	3	Nucleation	and	Growth	Mechanism

(A)	Voronoi	cell	diagram	of	MAPbI3	spherulitic	film	for	the	representative	DMSO:GBL-blade-150°C	case.

(B)	Plot	of	spherulite	size	as	a	function	of	time	for	the	DMSO:GBL-blade-150°C	and	DMF-blade-150°C	cases.

(C)	Spherulite	size	as	a	function	of	time	plotted	using	the	Avrami	equation.

(D)	Plot	of	the	linear	growth	rate	of	spherulites	as	a	function	of	their	Voronoi	cell	areas	for	the	DMSO:GBL-blade-150°C	and	DMF-blade-150°C	cases.

(E)	Scanning	EM	images	showing	a	large	crystal	for	the	DMSO:GBL-blade-25°C	film	in	contrast	to	spherulites	consisting	of	small-size	grains	in	the	DMSO:GBL-blade-150°C	film.

(F)	Schematic	of	different	crystal	growth	regions	in	the	MAPbI3	growth	model.

(G)	Nucleation	and	growth	with	time	for	the	ideal	lamellar	growth	and	the	direct	crystallization	case.



where	Y(t)	 is	 the	 transformation	 fraction	 in	 the	 2D	 direction	 at	 time	 t,	 and	n	 and	K	 are	 the	 Avrami	 constants.	We	 found	 that	 the	 spherulitic	 growth	 in	 both	 the	DMSO:GBL-blade-150°C	 and	DMF-blade-150°C	 cases	 very	 closely

follows	the	Avrami	growth	model	with	the	same	Avrami	constant	K	and	exponent	n.	This	implies	an	identical	nucleation	behavior	and	crystallization	rate	constant,	irrespective	of	the	solvent	nature.	Additionally,	we	found	the	crystal

growth	rate	is	highly	dependent	on	the	geometry	of	the	Voronoi	cell.	We	recorded	the	linear	growth	rates	for	various	Voronoi	cells	with	different	sizes	for	both	the	DMSO:GBL-blade-150°C	and	DMF-blade-150°C	cases,	as	illustrated	in

Figure	3D.	A	 linear	relationship	was	 indeed	observed	between	the	growth	rate	and	the	size	of	the	Voronoi	cell	 for	both	cases:	 the	 larger	Voronoi	cells	had	a	higher	crystal	growth	rate,	 irrespective	of	the	solvent	nature.	Note	that

different	solvents	induce	different	nucleation	densities	due	to	their	different	nucleation	barriers,	and	thus	the	size	of	Voronoi	cells	also	differ.	This	is	confirmed	by	the	observation	that	larger	Voronoi	cells	are	preferentially	formed	in	the

DMSO:GBL	case	due	to	the	higher	affinity	of	DMSO	to	the	precursors.22

Importantly,	we	found	the	spherulitic	growth	of	the	direct	crystallization	cases	does	not	follow	polymeric	lamellar	crystallization.	When	looking	closer	at	the	crystalline	films,	large	flat	crystals	(100–200	μm	in	length)	without

grain	boundaries	are	seen	to	form	in	the	DMSO:GBL-blade	(or	spin)-25°C	film	(Figure	3E).	To	the	contrary,	spherulites	in	the	DMSO:GBL-blade-150°C	case	consist	of	densely	packed	small-sized	crystals	(1–3	μm	in	length)	rather	than

long	lamellae,	with	the	length	preferentially	parallel	to	the	spherulitic	growth	direction.	Apparently,	the	indirect	crystallization	process	is	more	determined	by	nucleation,	while	the	direct	crystallization	is	preferentially	determined	by

the	solute	diffusion.	To	assist	the	understanding	of	this	observation,	we	proposed	a	schematic	illustration.	The	solubility	of	the	MAPbI3	precursors	in	the	solvent	decreases	significantly	with	temperature	because	it	is	inversely	related	to

the	temperature.51	An	ideal	condition	is	formed	for	the	MAPbI3	solution	between	the	supersaturated	and	unsaturated	regions	where	crystallization	can	occur	but	nucleation	does	not	(Figure	3F),	and	this	condition	is	used	for	lamellae	or

single	crystal	growth.	In	this	ideal	condition,	the	solute	concentration	(Cα)	ahead	of	the	existing	nucleus	(N1)	is	assumed	to	be	constant	during	crystal	growth	(Figure	3G),	yielding	a	trade-off	equilibrium	between	solute	diffusion	and

depletion.	However,	for	the	direct	crystallization	process,	the	trade-off	equilibrium	is	broken	up	due	to	significantly	faster	solvent	evaporation,	which	remarkably	increases	the	solute	concentration,	leading	to	a	concentration	(C0+t)	at	a

certain	time	t	that	is	much	higher	than	Cα.	In	this	supersaturated	region,	a	second	nucleus	(N2)	forms	in	front	of	the	existing	nucleus	(N1).	The	periodic	nucleation	and	crystallization	finally	lead	to	elongated	crystals	along	the	spherulite

growth	direction.	Note	that	we	did	not	observe	crystal	bands	(or	rings)	such	as	in	the	films	recently	reported	by	Gong	et	al.,	which	were	solution-cast	at	80°C	using	slot-die	printing	and	delivered	poor	photovoltaic	performance.21	In

contrast,	the	high-quality	film	achieved	through	the	direct	crystallization	process	in	our	work	is	beneficial	for	an	efficient	solar	cell,	as	will	be	shown	in	the	next	two	sections.

Solid-State	Film
The	 features	of	 the	 in	situ	 observations	 indicate	 a	 strong	dependence	 of	 the	 structural	 evolution	 and	 crystal	 growth	mechanism	on	 the	phase-transition	pathway.	 To	gain	 a	more	 in-depth	understanding	 of	 how	 the	phase

transition	influences	the	solid-state	film,	we	investigated	the	morphology	and	photophysical	properties	of	the	final	thermal-annealed	films.	Films	were	fabricated	on	compact	TiO2-coated	FTO	substrates	for	morphology	analysis	or	on

glass	 substrates	 for	 photophysical	 analysis.	 Figure	 S9	 illustrates	 the	 plan-view	 and	 cross-sectional	 scanning	 electronic	 microscopy	 (EM)	 images	 of	 the	 representative	 reference,	 DMSO:GBL-blade-25°C,	 DMSO:GBL-blade	 (and

spin)-150°C,	and	DMF-blade	(and	spin)-150°C	cases.	The	reference	sample	shows	densely	packed	small	grains	with	sizes	200–400	nm,	consistent	with	previous	reports.52,53	The	DMSO:GBL-blade-25°C	film	exhibits	randomly	distributed

fibrils	with	large	pinholes,	in	good	agreement	with	the	optical	images	shown	in	Figure	2A.	Densely	packed	spherulitic	grains	with	sizes	ranging	from	20	to	100	μm	are	observed	for	the	DMSO:GBL-blade	(and	spin)-150°C	and	DMF-blade

(and	spin)-150°C	cases.	The	size	of	the	small	crystals	in	these	spherulites	is	0.5–2	μm,	much	larger	than	those	in	the	reference	sample.	Strikingly,	crystals	in	these	spherulites	directly	contact	both	interfaces,	with	grain	boundaries

perpendicularly	aligned	with	respect	to	the	substrate.	However,	we	observed	large	holes	at	the	MAPbI3/c-TiO2	interface	for	the	DMF-spin-150°C	case,	while	it	is	not	yet	clear	what	causes	such	holes.	From	morphological	observations,

one	concludes	that	the	spherulitic	morphology	with	large	crystals	is	preferentially	formed	for	the	direct	crystallization	case,	irrespective	of	the	coating	process	and	solvent	nature.

We	further	conducted	optical	absorption	and	photoluminescence	measurements	to	study	the	photophysical	properties	of	all	the	films.	Figure	4A	illustrates	the	normalized	spectra	for	the	representative	reference,	DMSO:GBL-

blade-150°C,	and	DMF-blade-150°C	films.	The	absorption	and	photoluminescence	(PL)	spectra	 for	other	 films	fabricated	on	the	preheated	substrates	via	blade-coating	and	spin-coating	processes	are	shown	in	Figures	S10	and	S11,

respectively.	We	found	a	significant	difference	 in	photophysical	properties	between	the	direct	crystallization	and	indirect	crystallization	cases.	For	example,	the	DMSO:GBL-blade-150°C	and	DMF-blade-150°C	films	exhibit	stronger

absorption	 intensity	 in	 the	1.5–3.0	 eV	 range	and	a	 slight	 red-shift	 of	 the	PL	peak	 in	 contrast	 to	 the	 reference	and	 low-temperature	 cast	 films.	This	 implies	 that	 crystal	 quality	 in	 the	 final	 films	 is	 determined	by	how	 the	MAPbI3

crystallizes.	The	PL	peak	position,	full	width	at	half	maximum	(FWHM)	of	the	PL	peak,	and	the	bandgap	are	summarized	in	Figure	4B	for	all	the	films	as	a	function	of	substrate	temperature.	The	room-temperature	cast	films	exhibit	PL

emission	at	1.61–1.62	eV,	an	FWHM	of	90–95	meV,	and	a	bandgap	of	1.59–1.60	eV.	With	increasing	substrate	temperature,	a	∼10-	to	20-meV (change	"~10-	to	20-meV"	to	"~10-20	meV")	red-shift	of	the	PL	peak	was	observed	for	samples

from	both	 the	 spin-coating	and	blade-coating	processes.	The	corresponding	FWHM	values	are	gradually	narrowed	by	∼15–22	meV.	Moreover,	 the	bandgap	 stays	between	1.57	and	1.60	eV	with	 slightly	 lower	 values	 for	 the	 films

fabricated	at	higher	temperature.	Clearly,	one	can	deduce	from	these	observations	that	the	direct	crystallization	improves	the	crystal	quality	and	that	the	substrate	temperature	plays	a	critical	role	in	these	two	crystallization	processes.

It	is	interesting	to	note	that	the	crystal	quality	for	the	DMSO:GBL-blade	(and	spin)-150°C	and	DMF-blade	(and	spin)-150°C	films	is	slightly	better	than	that	of	the	reference.

(Equation	7)



The	charge-carrier	lifetime	was	further	investigated	by	performing	time-resolved	photoluminescence	(TRPL)	spectroscopy.	The	spectra	for	the	representative	reference,	DMSO:GBL-blade-150°C,	and	DMF-blade-150°C	films	on

bare	glass	substrates	are	illustrated	in	Figure	4C.	The	average	lifetime	(τave)	as	a	function	of	substrate	temperature	for	all	films	is	shown	in	Figure	4D.	The	τave	for	the	reference	film	is	35	±	4	ns,	much	higher	than	that	of	the	room-

temperature	cast	films	(10	±	7	ns).	Importantly,	the	τave	varies	remarkably	with	location	for	the	room-temperature	samples,	likely	due	to	poor	uniformity	and	large	pinholes	appearing	on	the	surface.	The	τave	gradually	increases	with

temperature	for	samples	from	both	the	blade-coating	and	spin-coating	processes.	The	highest	τave	(48	±	5	ns)	is	obtained	for	the	DMSO:GBL-blade-150°C	film,	while	the	DMSO:GBL-spin-150°C	and	DMF-blade	(and	spin)-150°C	films

achieve	τave	comparable	with	that	of	the	reference.	Moreover,	the	τave	is	less	location	dependent	in	these	higher-temperature	films,	suggesting	better	uniformity	in	these	spherulitic	films	compared	with	the	lower-temperature	cast	films.

The	 long	 carrier	 lifetime	 for	 these	 high-quality	 spherulitic	 films	 suggests	 that	 the	 trap	 density	 is	 appreciably	 decreased.	 The	 trap-induced	 photocarrier	 recombination	 loss	within	MAPbI3	 films	 is	 expected	 to	 be	more	 efficiently

suppressed	for	elevated	substrate	temperature	when	considering	photovoltaic	applications.

Device	Performance	and	Charge-Collection	Mechanism
Photovoltaic	devices	were	fabricated	with	an	n-i-p	architecture	of	FTO/c-TiO2/perovskite/Spiro-OMeTAD/Au,	as	shown	in	Figure	5A.	Note	that	to	differentiate	the	influence	of	the	film	quality	on	the	charge	collection,	the	film

thickness	effect	was	also	considered	with	a	decrease	to	<1	μm	accordingly	for	the	DMF-spin-120°C,	-150°C	and	-180°C	cases	(see	details	in	Experimental	Procedures).	The	light	current	density-voltage	(J-V)	curves	of	the	representative

reference,	DMSO:GBL-blade-150°C	and	DMF-blade-150°C	devices	are	shown	in	Figure	5A,	and	the	others	are	illustrated	in	Figure	S12.	The	photovoltaic	parameters	are	summarized	 in	Table	S1;	 the	PCE	 is	plotted	against	 substrate

temperature	 in	Figure	5B.	The	 reference	with	 the	 active	 cell	 size	 of	 0.09	 cm2	 delivers	 an	 average	 PCE	 of	 16.38%,	 open-circuit	 voltage	 (VOC)	 of	 1.09	V,	 fill	 factor	 (FF)	 of	 73.21%,	 and	 short-circuit	 current	 (JSC)	 of	 21.50	mA	 cm−2,

comparable	with	most	MAPbI3-based	devices.54–56	However,	the	devices	based	on	room-temperature	blade-cast	and	spin-cast	(without	drip)	films	exhibit	a	PCE	range	of	7.20%–10.31%.	The	PCE	drop	for	these	devices	is	ascribed	to	low

VOC,	JSC,	and	especially	to	poor	FF,	i.e.,	the	FF	is	only	47.54%	for	the	DMSO:GBL-blade-25°C	device.	The	remarkably	low	FF	and	JSC	imply	a	high	carrier	recombination	loss	within	the	device.	With	increasing	substrate	temperature,	the

FF	and	JSC	increase	significantly	and	VOC	is	enhanced,	resulting	in	an	increase	in	PCE	to	the	16.69%–17.85%	range	for	the	DMSO:GBL-blade,	DMSO:GBL-spin,	and	DMF-blade	devices;	the	DMF-spin	device	performance	improves	only

slightly	with	temperature.	The	champion	cell	achieves	a	PCE	of	18.74%	with	VOC	of	1.07	V,	FF	of	77.01%,	and	JSC	of	22.67	mA	cm−2	for	the	DMSO:GBL-blade-150°C	device,	the	highest	performance	for	air-printed	MAPbI3	solar	cells	so

far.9,11,21,35,57–59	The	integrated	current	density	from	the	external	quantum	efficiency	(EQE)	measurements	is	22.46	mA	cm−2	(Figure	S13A),	comparable	with	JSC.	Hysteresis	is	still	observed	for	the	device	due	to	charge	accumulation	at

the	TiO2/perovskite	interface,60	consistent	with	the	reference	(Figure	S13B).	The	observed	hysteresis	implies	that	interfacial	engineering	is	also	important	in	further	optimizing	the	performance	when	printing	perovskite	devices.	Note

that	higher	substrate	temperature	(180°C)	yields	decrease	in	device	performance,	possibly	due	to	perovskite	degradation	(Figure	S14).	We	further	explored	the	manufacturing	of	large-area	perovskite	solar	cells	with	active	cell	size	of

1.0	cm2	determined	by	the	aperture.	The	PCE	of	17.06%	was	obtained,	with	FF	of	68.49%,	VOC	of	1.08	V,	and	JSC	of	23.17	mA	cm−2	(Figure	5C).	The	PCE	drop	in	the	large-area	cell	 is	mainly	ascribed	to	FF	deterioration	because	of

increased	resistance,	while	the	VOC	and	JSC	are	comparable	with	those	of	the	0.09-cm2	cell.

Figure	4	Optical	Characterizations	of	the	Final	MAPbI3	Films

(A)	Absorption	and	photoluminescence	spectra	for	the	representative	reference,	DMSO:GBL-blade-150°C,	and	DMF-blade-150°C	films.

(B)	Summaries	of	PL	peak	position,	full	width	at	half	maximum	(FWHM)	of	PL	peak,	and	bandgap	as	a	function	of	substrate	temperature	for	all	spin-coated	and	blade-coated	films.

(C)	Time-resolved	photoluminescence	spectra	for	the	representative	reference,	DMSO:GBL-blade-150°C,	and	DMF-blade-150°C	films	on	the	bare	glass	substrates.

(D)	The	average	lifetime	(τave)	as	a	function	of	substrate	temperature	for	all	spin-coated	and	blade-coated	films.



To	gain	insight	 into	possible	mechanisms	leading	to	performance	enhancement	due	to	the	elevated	temperatures,	we	further	examined	the	charge-collection	efficiency	of	all	the	devices.	Figure	5D	shows	the	 light	 J-V	curve

normalized	to	the	JSC	value	of	the	representative	DMSO:GBL-blade	devices	(see	Figure	S15	for	other	devices).	The	slopes	of	the	normalized	J-V	curves	at	each	voltage	were	extracted	and	are	shown	in	Figure	S15E.	In	the	ideal	case,	a	fast

transition	from	the	maximum	power	point	(MPP)	to	open	circuit	(OC)	would	produce	a	nearly	vertical	steep	slope	near	OC.	This	implies	highly	efficient	charge	collection	even	at	low	fields.	Inversely,	photocurrent	loss	would	cause

gradually	changing	slope	values.	On	the	contrary,	a	flat	slope	is	expected	when	the	internal	field	reaches	its	maximum	at	short	circuit	(SC).	The	steep	slope	meanwhile	suggests	that	the	charge	collection	is	strongly	field	dependent.	To

allow	for	such	analysis,	we	plotted	the	slope	values	at	SC	and	OC	as	a	function	of	substrate	temperature	for	all	the	films.	We	found	the	slope	value	of	8.4	for	the	reference,	while	it	was	3.7–4.8	for	room-temperature	cast	films	at	OC

(Figure	5E).	With	increasing	substrate	temperature,	the	slope	increases	for	the	DMSO:GBL-blade,	DMSO:GBL-spin,	and	DMF-blade	devices,	whereas	it	unexpectedly	decreases	for	the	DMF-spin	devices.	The	slope	values	finally	reach

their	highest	values	of	10.1,	7.8,	and	7.8	 for	 the	DMSO:GBL-blade-150°C,	DMSO:GBL-spin-150°C,	and	DMF-blade-150°C	devices,	 respectively.	 This	 suggests	 that	 charge	 collection	 is	 highly	 efficient	 at	OC	 for	 these	 three	devices,

comparable	with	or	even	better	than	for	the	reference.	The	increased	charge	collection	at	OC	is	also	reflected	as	charge	collection	at	SC	that	is	less	field	dependent,	as	evidenced	by	a	gradual	decrease	in	the	slope	at	SC	at	elevated

Figure	5	Solar	Cell	Performances

(A)	The	light	current	density-voltage	(J-V)	curves	of	the	representative	reference,	DMSO:GBL-blade-150°C,	and	DMF-blade-150°C	devices.	Inset	shows	n-i-p	architecture	of	FTO/c-TiO2/perovskite/Spiro-OMeTAD/Au	for	the	planar	devices.

(B)	The	PCE	as	function	of	substrate	temperature	for	all	spin-coated	and	blade-coated	devices.

(C)	The	light	J-V	curves	of	the	DMSO:GBL-blade-150°C	device	with	active	cell	size	of	1.0	cm2.

(D)	The	light	J-V	curves	normalized	to	the	JSC	value	of	the	representative	DMSO:GBL-blade	devices.

(E)	The	slope	values	at	open	circuit	(OC)	as	a	function	of	substrate	temperature	for	all	spin-coated	and	blade-coated	films.

(F)	The	slope	values	at	short	circuit	(SC)	as	a	function	of	substrate	temperature	for	all	spin-coated	and	blade-coated	films.



substrate	temperatures	(Figure	5F).	All	150°C	cast	films	achieve	slope	values	comparable	with	that	of	the	reference.

Note	that	the	charge	collection	at	SC	relies	on	exciton	dissociation	followed	by	drift	transport	caused	by	the	internal	field.	In	contrast,	the	internal	field	at	OC	is	 low,	and	thus	the	charge	collection,	relies	more	on	charge

diffusion.	Consequently,	any	potential	insulator	or	trap	states	in	the	active	layer	or	at	the	interfaces	would	appreciably	deteriorate	the	charge-collection	efficiency.	In	our	cases,	the	DMSO:GBL-blade-150°C,	DMSO:GBL-spin-150°C,	and

DMF-blade-150°C	devices	achieve	highly	efficient	charge	collection	at	both	SC	and	OC	due	to	improved	crystal	quality	and	photophysical	properties.	As	a	result,	these	three	devices	exhibit	comparable	or	even	better	PCE	than	the

reference.	In	contrast,	for	the	DMF-spin	cases,	neither	direct-crystallized	nor	indirect-crystallized	films	produce	efficient	charge	collection	at	OC,	because	of	their	poor	MAPbI3/c-TiO2	interfaces,	as	shown	in	Figure	S9.	This	is	believed	to

be	the	main	cause	of	low	FF	and	PCE	for	the	DMF-spin-150°C	case,	although	it	exhibits	high	crystal	quality	and	photophysical	properties.	To	the	contrary,	lower-temperature	cast	films	exhibit	lower	charge	drift	transport	and	diffusion

due	to	the	poor	coverage	and	low	crystal	quality,	leading	to	less	efficient	photocurrent	collection	and,	therefore,	poorer	device	performance.

Based	on	the	above	results	and	discussion,	we	establish	that	the	key	issue	that	limits	the	film	quality,	photophysical	properties,	and	overall	photovoltaic	efficiency	is	control	over	the	perovskite	phase	transition	when	moving

from	a	spin-coating	process	to	a	printing	process.	The	phase-transition	difference	arises	from	a	difference	in	solvent	extraction,	which	determines	whether	intermediate	phases	participate	in	the	transition	from	the	disordered	precursor

sol-gel	to	the	perovskite	phase.	The	hot	substrate	induces	fast	removal	of	solvent	and	demonstrates	higher	effectiveness	in	perovskite	crystallization	and	complete	suppression	of	intermediate	phases,	in	contrast	to	the	anti-solvent	drip

process.	Most	importantly,	the	substrate-induced	fast	removal	of	solvent	is	compatible	with	printing	processes.	Interestingly,	the	solvent	nature	does	not	change	the	two-stage	growth	behavior	for	the	blade-coating	case,	but	does	play	a

role	in	the	nucleation	behavior	and	in	determining	the	Voronoi	cell	area,	leading	to	different	linear	growth	rates.	As	a	result,	when	blade-coating	or	spin-coating	solution	on	a	hot	substrate,	large-grained	dense	perovskite	films	with

high	crystal	quality	and	photophysical	properties	can	be	obtained,	which	exhibit	efficient	charge	collection	and,	most	importantly,	high	PCE.

In	summary,	we	investigated	the	perovskite	phase	transition	in	real	time	from	the	disordered	precursor	sol-gel	to	the	solid	film	for	both	spin-coating	and	blade-coating	processes	and	elucidated	the	relation	between	the	phase

transition	and	 the	morphology,	photophysical	properties,	charge-collection	efficiency,	and	photovoltaic	performance	 for	 the	 two	processes.	We	 found	 that	 the	key	 issue	 for	a	 rational	printing	design	of	perovskite	 films	arises	 from

whether	intermediate	phases	participate	in	the	phase	transition.	Large-grained	dense	perovskite	films	with	high	crystal	quality	and	good	photophysical	properties	can	be	obtained	only	via	direct	crystallization	for	both	spin-coating	and

blade-coating	processes,	which	can	be	realized	by	the	substrate-induced	fast	removal	of	solvent	during	the	blade-coating	process.	In	contrast,	in	the	absence	of	fast	solvent	removal,	intermediate	phases	form	during	blade-coating	and

spin-coating	processes	followed	by	a	transition	to	the	perovskite	phase	during	thermal	annealing,	leading	to	poor	film	coverage,	low	crystal	quality,	and	poor	photophysical	properties.	The	structural	evolution	and	crystal	growth	for

both	direct	crystallization	and	indirect	crystallization	processes	were	scrutinized	by	in	situ	GIWAXS	and	time-resolved	optical	microscopy	to	provide	a	comprehensive	picture	of	how	perovskite	grains	grow	within	Voronoi	cells	and	how

the	solvent	nature	influences	the	grain	growth	behavior.	The	morphology	and	photophysical	characterizations	further	reveal	an	active	role	of	the	substrate	temperature	in	these	two	phase-transition	processes.	Photovoltaic	devices

based	on	perovskite	films	fabricated	via	direct	crystallization	exhibit	charge-collection	efficiency	at	both	SC	and	OC	comparable	with	or	even	better	than	the	reference	fabricated	using	the	anti-solvent	drip	method.	As	a	result,	the

blade-coated	MAPbI3	films	in	air	deliver	excellent	photovoltaic	properties	with	efficiencies	of	18.74%	(0.09	cm2)	and	17.06%	(1	cm2)	in	planar	perovskite	solar	cells.	These	insights	should	direct	the	perovskite	community	toward	future

printing	designs	and	provide	a	rational	path	toward	optimization	of	printed	devices.

Experimental	Procedures
Solution	Preparation	and	Device	Fabrication

The	solution	preparation	was	conducted	in	an	inert	atmosphere	inside	a	nitrogen	glovebox.	The	MAPbI3	precursor	solutions	were	prepared	with	MAI	(99.5%,	Xi'an	Polymer	Light	Technology)	and	PbI2	(99.9985%,	Alfa	Aesar)

(1:1	molar	ratio)	in	the	mixed	solvent	of	DMSO	(99.9%,	Aladdin)	and	γ-butyrolactone	(GBL;	99.9%,	Aladdin)	with	volume	ratio	of	7:3	or	in	neat	DMF	(99.9%,	Aladdin)	solvent.	The	solutions	were	filtered	prior	to	spin-coating	or	blade-

coating.	The	Spiro-OMeTAD	solution	was	prepared	by	dissolving	90	mg	of	Spiro-OMeTAD,	22	μL	of	lithium	bis(trifluoromethanesulfonyl)imide	(99%,	Acros	Organics,	520	mg	mL−1)	in	acetonitrile	(99.7+%,	Alfa	Aesar),	and	36	μL	of	4-

tert-butylpyridine	(96%,	Aldrich)	in	1	mL	of	chlorobenzene	(99.8%,	Aldrich).	The	FTO-coated	glass	(2.5	cm	×	2.5	cm)	was	cleaned	by	sequential	sonication	in	acetone,	isopropanol,	and	ethanol	for	30	min	each	and	then	dried	under	N2

flow	and	treated	by	ozone	plasma	for	15	min.	The	TiO2	was	prepared	by	chemical	bath	deposition	with	the	clean	substrate	immersed	in	a	TiCl4	(CP;	Sinopharm	Chemical	Reagent)	aqueous	solution	with	the	volume	ratio	of	TiCl4/H2O

equal	to	0.0225:1	at	70°C	for	1	hr.	For	in	situ	observations,	MAPbI3	(1	M	concentration)	solutions	were	spin-cast	or	blade-cast	in	air	onto	the	compact	TiO2-coated	FTO	substrates.	The	procedure	for	the	reference	sample	was	performed

at	1,000	rpm	for	10	s	followed	by	5,000	rpm	for	40	s.	At	ca.	25	s	before	the	last	spin-coating	step,	100	μL	of	neat	chlorobenzene	or	loaded	solutions	was	dropped	onto	the	substrate;	whereas	for	the	other	films	the	solution	was	spin-cast

or	blade-cast	onto	 the	substrates	preheated	 to	various	 temperatures.	The	device	 fabrication	was	completed	 in	an	 inert	glovebox	 for	 the	reference	device	and	 in	ambient	air	 for	 the	others.	Note	 that	we	specifically	decreased	 the

MAPbI3-DMF	solution	concentration	to	0.6–0.8	M	and	increased	the	spin	speed	slightly	to	obtain	film	thickness	of	no	more	than	1	μm	when	spin-coating	solution	at	high	120°C,	150°C,	and	180°C	substrates.	The	as-cast	 films	were

thermally	annealed	on	a	hotplate	for	10	min	at	100°C.	Subsequently,	the	hole	transport	material	was	deposited	on	the	top	of	the	perovskite	by	spin-coating	at	4,000	rpm	for	15	s	followed	by	evaporation	of	the	100-nm	gold	electrode	on

the	top	of	the	cell.



Characterization
Optical	Metrology

UV-visible	absorption	spectra	were	acquired	on	a	PerkinElmer	UV-Lambda	950	instrument.	Steady-state	PL	(excitation	at	532	nm)	and	TRPL	(excitation	at	405	nm	and	emission	at	760	nm)	were	measured	with	PicoQuant	Fluo	Time	300.	Time-

resolved	optical	microscopy	during	blade-coating	experiments	was	performed	using	a	Nikon	LV-100	microscope.	The	built-in	camera	was	replaced	with	a	Photron	FASTCAM	SA3,	Model	120K.	The	Photron	camera	is	capable	of	capturing	50–500	frames	per

second,	which	is	useful	for	capturing	images	of	the	crystal	growth	of	the	film.

Electronic	Microscopy
Scanning	EM	imaging	was	conducted	on	a	field	emission	scanning	electron	microscope	(FE-SEM;	SU-8020,	Hitachi)	at	an	acceleration	voltage	of	3	kV.

Grazing-Incidence	Wide-Angle	X-ray	Scattering
GIWAXS	measurements	were	performed	at	 the	D-line	at	 the	Cornell	High	Energy	Synchrotron	Source	(CHESS).	The	wavelength	of	 the	X-rays	was	1.17	Å	with	a	bandwidth	Δλ/λ	of	1.5%.	The	scattering	signal	was	collected	by	a	Pilatus	200K

detector,	with	a	pixel	size	of	172	μm	by	172	μm	placed	165.8341	mm	away	from	the	sample	position.	The	incident	angle	of	the	X-ray	beam	was	0.5°.	Spin-coating	and	blade-coating	experiments	were	conducted	using	a	custom-built	spin-coating	stage	with

splashing	of	solvent	shielded	using	Kapton	tape	and	controlled	from	a	computer	outside	the	hutch.	For	blade-coating	experiments,	the	blade	passes	throughout	the	substrate	spreading	the	perovskite	ink.	When	the	blade	is	in	way	of	the	X-ray	beam,	it

blocks	all	or	part	of	the	scattered	signal	from	reaching	the	detector;	a	scattering	signal	is	obtained	as	soon	as	the	blade	moves	out	of	the	way	of	the	incident	and	scattered	beams.	The	integration	time	was	kept	at	0.19	s	with	measurements	performed	at	a

frequency	of	5	Hz	to	obtain	the	detailed	information	of	the	process	on	a	relevant	timescale.	Ambient	conditions	at	CHESS	were	around	23°C	and	ca.	30%	relative	humidity.	The	MAPbI3	phase	exhibits	the	dominant	(110)	scattering	ring	at	q	=	10	nm−1.	The

intermediate	phases	and	PbI2	show	scattering	features	at	q	<	10	nm−1.	We	integrated	the	highlighted	area	of	the	detector	(Figure	S16A)	to	track	the	structural	evolution	for	any	of	the	aforementioned	phases	that	might	appear	in	the	2D	GIWAXS	snapshots.

We	used	Fit2D,	a	freeware,	to	convert	2D	GIWAXS	images	to	the	line	profile	of	intensity	(a.u.)	versus	q	(nm−1).	The	integration	settings	of	the	software	are	shown	in	a	screenshot	(Figure	S16B).	The	“pie”	ranges	from	90°	to	180°.	The	inner	and	outer	radial

limits	are	set	according	to	the	desired	area	of	integration,	but	are	designed	to	capture	q	up	to	12	nm−1.	In	general	we	select	the	10th	and	500th	pixel	for	the	inner	and	outer	radial	limits,	respectively.	We	keep	the	scan	type	to	q-space.	The	radial	bins	option

affects	the	resolution	of	the	resulting	line	profile.	The	software	also	takes	care	of	polarization	and	geometrical	correction	factors.	The	resulting	line	profile	is	shown	in	Figure	S16C.	The	combination	of	these	line	profiles	at	different	times	is	then	plotted	in

an	intensity	map	with	time	on	the	x	axis,	q	on	the	y	axis,	and	scattering	intensity	on	the	z	scale,	represented	with	a	color	map,	as	was	the	case	in	Figures	1A–1C.

Solar	Cell	Characterization
The	J-V	curves	of	the	perovskite	solar	cells	were	analyzed	using	a	Keithley	2400	source	under	ambient	conditions	at	room	temperature,	and	the	illumination	intensity	was	100	mW	cm−2	(AM	1.5G	Oriel	solar	simulator).	The	scan	rate	was	0.3	V	s−1,

the	delay	time	was	10	ms,	and	the	scan	step	was	0.02	V.	The	power	output	of	the	lamp	was	calibrated	using	an	NREL-traceable	KG5-filtered	silicon	reference	cell.	The	device	areas	of	0.09	cm2	and	1.0	cm2	were	defined	by	a	metal	aperture	to	avoiding	light

scattering	from	the	metal	electrode	into	the	device	during	the	measurement.	The	EQE	was	characterized	on	a	QTest	Station	2000ADI	system	(Crowntech,	USA),	and	the	light	source	was	a	300-W	xenon	lamp.	The	monochromatic	light	intensity	for	EQE

measurement	was	calibrated	using	a	reference	silicon	photodiode.
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• Intermediate	phase	rules	the	transitioning	from	spin-coating	to	printing	processes

• Direct	crystallization	leads	to	high-quality	perovskite	film

• High	photovoltaic	performance	was	obtained	for	printed	MAPbI3	devices

Context	&	Scale

Hybrid	organic-inorganic	perovskite	(HOIP)	solar	cells	have	recently	emerged	as	a	highly	promising	and	inexpensive	solution	for	sustainable	energy.	Simple	and	scalable	fabrication	is	a	vibrant	prospect

to	be	exploited	further	for	perovskite	solar	cells.	However,	understanding	and	control	over	the	phase	transition	including	structural	evolution	and	crystal	growth	mechanisms	are	missing	when	moving	a	spin-

coating	to	a	printing	process.	We	utilize	in	situ	diagnostics,	including	synchrotron-based	grazing-incidence	X-ray	diffraction	and	optical	microscopy,	to	investigate	MAPbI3	phase	transition	during	both	spin-

coating	 and	 blade-coating	 processes.	 We	 propose	 direct	 crystallization	 via	 skipping	 intermediate	 phases	 as	 a	 key	 issue	 for	 a	 rational	 transfer	 from	 spin-coating	 to	 blade-coating	 processes.	 We	 thus

demonstrate	an	effective	process	for	high-quality	blade-coated	films,	which	deliver	high	efficiencies	of	18.74%	(0.09	cm2)	and	17.06%	(1	cm2)	in	planar	perovskite	solar	cells.


