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ABSTRACT	
Metal	 halide	 perovskite	 solar	 cells	 have	 made	
significant	 breakthroughs	 in	 power	 conversion	
efficiency	and	operational	stability	in	the	last	decade,	
thanks	 to	 the	advancement	of	perovskite	deposition	
methods.	 Solution-based	 methods	 have	 been	
intensively	 investigated	 and	 deliver	 record	
efficiencies.	 On	 the	 other	 hand,	 vapor	 deposition-
based	 and	 assisted	methods	 are	 less	 studied	 in	 the	
early	years	but	have	received	more	attention	recently	
due	to	their	great	potential	towards	large-area	solar	
module	 manufacturing	 and	 high	 batch-to-batch	
reproducibility.	Besides,	an	in-depth	understanding	of	
perovskite	 crystallization	 kinetics	 during	 the	 vapor	
deposition	 based	 and	 assisted	 process	 allows	
increasing	perovskite	deposition	rate	and	enhancing	
perovskite	 electronic	 quality.	 In	 this	 review,	 the	
advances	in	vapor-based	and	assisted	methods	for	the	
fabrication	of	perovskite	solar	cells	are	introduced.	In	
addition,	 the	 quality	 of	 the	 perovskite	 layers	 (i.e.,	
morphology,	 crystallinity,	 defect	 chemistry,	 carrier	
lifetime)	 fabricated	 by	 different	 methods	 are	
compared.	 The	 limitations	 of	 state-of-the-art	 vapor-
deposited	 perovskite	 layers	 are	 discussed.	 Finally,	
insights	 into	 the	 engineering	 of	 vapor	 deposition	
based	and	assisted	perovskite	layers	towards	efficient	
and	 stable	 perovskite	 solar	 cells	 and	 modules	 are	

provided.		
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I. INTRODUCTION 

Global	warming,	 air	 pollution	 and	 the	 increasing	 energy	
demand	 indicate	 the	 urgent	 necessity	 of	 developing	
abundant	clean	renewable	energy.	Photovoltaic	 (PV)	 is	a	
clean	energy	conversion	process	and	will	meet	the	needs	
of	 over	 12	 terawatt	 energy	 requirement	 by	 2050.1	
Perovskite	 solar	 cells	 (PSCs),	 using	 metal	 halide	
perovskites	as	absorbers,	are	a	new	class	of	 thin-film	PV	
technology.2	 In	 2009	 Miyasaka	 et	 al.	 reported	 a	
mesoporous-structured	PSC	for	the	first	time	with	a	power	
conversion	efficiency	(PCE)	of	3.8%.3	Motivated	by	this		
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proof-of-concept	 study,	 a	 series	 of	 experiments	 and	
density	functional	theory	(DFT)	calculations	were	carried	
out,	revealing	that	perovskites	are	ideal	PV	absorbers	with	
high	 absorption	 coefficient,4-7	 tunable	 bandgap,8	 long	
carrier	 diffusion	 length9-12	 and	 high	 tolerance	 of	 defects	
(low	density	of	deep	level	defects).13-16	In	2021,	PSCs	have	
demonstrated	 a	 certified	 PCE	 of	 25.7%	 on	 the	 lab	 scale	
(~0.1	 cm2),	 surpassing	 the	 other	 thin-film	 PVs	 and	
comparable	with	crystalline	silicon	PV.17	A	carbon-based	
2D/3D	 perovskite	 solar	 module	 shows	 negligible	 PCE	
decay	over	10000	h	under	continuous	1-sun	illumination,	
equal	to	operation	for	4	hours	every	day	under	standard	
illumination	 for	 about	 6.8	 years.18	 Besides,	 technology	
commercialization	is	on	the	way.	Oxford	PV,	Microquanta	
Semiconductor,	 Toshiba,	 Panasonic	 and	 Solaronix	 are	
pioneer	 companies	 devoted	 to	 perovskite	 solar	 module	
manufacturing,	 to	 name	 a	 few.	 On	 November	 2021,	
Microquanta	 Semiconductor	 reported	 a	 new	 certified	
record	high	efficiency	of	21.4%	on	a	mini-module	(19.32	
cm2).19	On	July	2021,	Oxford	PV	announced	the	completion	
of	 its	 perovskite-on-silicon	 tandem	 solar	 cell	
manufacturing	 line	with	an	annual	 target	manufacturing	
capacity	of	100	MW.20			
The	 perovskite	 layer	 is	 the	 key	 component	 in	 a	 PSC.	

Morphology,	 thickness,	 crystallinity,	 stoichiometry	 and	
defect	level/density	of	perovskite	layer	determine	photon	
absorption,	charge	transport	and	recombination	kinetics,	
and	 ion	 migration	 activation	 energy,	 which	 all	 have	 a	

significant	impact	on	solar	cell	PCE	and	stability.21-23	In	the	
last	decade,	great	effort	has	been	made	in	the	development	
of	 deposition	methods	 to	 obtain	 high-quality	 perovskite	
absorbers.24	 Solution-based	 methods,	 such	 as	 spin-
coating,25	 spray-coating,26-28	 blade-coating,29-30	 slot-die	
coating,31-32	etc.	have	been	intensively	investigated.	Taking	
advantage	of	the	advanced	strategies	such	as	anti-solvent	
dripping,33	solvent	engineering,34	solvent	annealing,35	hot-
casting,36	 etc.	 record	 efficiencies	 of	 solution-processed	
perovskite	solar	cells	are	continuously	rising	for	both	small	
cells	 and	modules	 (Figure	 1).	 On	 the	 other	 hand,	 vapor	
deposition	 based	 and	 assisted	 (VDBA)	 methods	 were	
relatively	less	studied	in	the	initial	years	but	have	received	
more	attention	recently.	Vapor	deposition-based	methods	
include	 thermal	 evaporation,7	 chemical	 vapor	
deposition37-38	and	close-space	sublimation39	etc.	in	which	
perovskite	 absorbers	 are	 fabricated	 in	 a	 chamber	 or	 a	
furnace	 under	 vacuum	 condition	 without	 involving	 any	
solvent.	 Vapor	 deposition-assisted	 methods	 are	 a	
combination	 of	 vapor	 and	 solution	 methods	 when	 the	
crystallization	process	is	usually	conducted	on	a	hotplate	
and	 at	 low	 or	 ambient	 pressure.	 An	 in-depth	
understanding	of	perovskite	crystallization	kinetics	during	
the	 VDBA	 processes	 allows	 increasing	 perovskite	
deposition	 rate	 and	 enhancing	 perovskite	 electronic	
quality,	resulting	in	vapor-processed	perovskite	solar	cells	
that	 are	 fast	 catching	 up	 with	 the	 solution-processed	
perovskite	solar	cells	(Figure	1).		

Figure	1.	Efficiency	evolution	of	perovskite	solar	cells	and	modules	(with	an	area	over	10	cm2).	The	data	points	are	
collected	 from	 published	 papers	 on	 solution-based	 cells,[40-45]	 vapor-based	 cells,7,	 39,	 46-47	 vapor-assisted	 cells,25,	 48-51	
solution-based	modules,52-57	vapor-based	modules58-61	and	vapor-assisted	modules.50	
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VDBA	methods	offer	several	unique	advantages.	(I)	No	
or	 less	 solvent	 concerns.	 Solvents	 such	 as	 N,N′-
dimethylformamide	(DMF),	dimethyl	sulfoxide	(DMSO),	γ-
butyrolactone	(GBL)	and	anti-solvent	such	as	toluene	(TL),	
chlorobenzene	 (CB),	 and	 diethyl	 ether	 (DE)	 are	 mostly	
used	 in	 research	 labs	 to	 prepare	 perovskite	 layers	 via	
solution	 processing.	 However,	 toxicity	 concerns	 and	
handling	 issues	 pose	 a	 great	 hindrance	 for	 large-scale	
manufacturing.	Besides,	a	solvent	with	a	high	boiling	point	
can	 leave	 residues	 in	 perovskite	 even	 after	 annealing,	
causing	instability	risks.62-63	In	the	case	of	VDBA	methods,	
no	solvent	(vapor	based)	or	less	solvent	(vapor	assisted)	
is	 used	 during	 perovskite	 deposition,	 solving	 these	
solvent-related	 issues.	 (II)	 Processing	 up-scalability.	
Molecular	diffusion	rates	of	reactants	(i.e.,	organic	halides)	
are	 significantly	 faster	 in	 a	 vapor	 phase	 (diffusion	 or	
pressure-driven)	 compared	 to	 a	 liquid	 phase	 (external	
force	driven).	Organic	halide	vapors	with	uniform	partial	
pressures	 are	 created	 in	 the	 reaction	 chamber	 during	 a	
VDBA	 process,	 resulting	 in	 perovskite	 films	 with	 large-
area	uniformity	and	high	batch-to-batch	reproducibility.64-
67	 (III)	 Ease	 integration	 with	 existing	 thin-film	 PV	
manufacturing	 lines.	 VDBA	 methods	 such	 as	 thermal	
evaporation,	plasma-enhanced	chemical	vapor	deposition	
(PECVD),	 have	 been	 widely	 applied	 in	 fabricating	
absorbers	of	other	thin-film	PVs,	i.e.,	a-silicon,68-69	CIGS,70	
CdTe.71	 These	 manufacturing	 lines,	 with	 necessary	
upgrading,	 may	 be	 suitable	 for	 PSC	manufacturing.	 The	
knowledge	 gained	 in	 thin-film	 PVs	 can	 also	 provide	
valuable	 insights	 for	 technology	 commercialization	 of	
PSCs	 fabricated	by	 the	VDBA	methods.	For	example,	 the	
exact	manufacturing	cost	via	different	VDBA	methods	may	
vary	 but	 are	 similar	 compared	 with	 solution-based	
methods,	as	reported	in	our	recent	review.72		

II. PROGRESS IN VAPOR DEPOSITION-BASED 
PEROVSKITE SOLAR CELL 

Vapor	 deposition-based	 methods	 are	 a	 mature	
technique	widely	 applied	 in	 the	 semiconductor	 industry	
for	 optoelectronic	 applications,	 i.e.,	 solar	 cells,	 organic	
light-emitting	diodes	(OLEDs),	lasers,	etc.	Vapor	deposited	
perovskite	film	((RNH3)2PbI4)	was	first	reported	by	Era	et	
al.	in	1997	with	a	history	of	over	2	decades.73	In	view	of	the	
deposition	pressure,	vapor	deposition-based	methods	can	
be	divided	 into	 two	groups,	 i.e.,	high	vacuum	deposition	
techniques	 (e.g.,	 thermal	 evaporation)	 and	 low	 vacuum	
deposition	techniques	(e.g.,	chemical	vapor	deposition	and	
close	space	sublimation).	

A. High vacuum deposition techniques 

1. Co-evaporation method 

In	 2013,	 Snaith	 et	 al.	 reported	 a	 dual-source	 co-
evaporation	 technique	 to	 deposit	 a	 CH3NH3PbI3-xClx	
perovskite	 film	 at	 a	 pressure	 below	 10-5	 mbar	 (Figure	
2a).7	CH3NH3I	and	PbCl2	were	simultaneously	sublimated	
for	the	formation	of	perovskite	and	the	substrate	holder	

was	water-cooled	and	rotated	to	improve	uniformity.	The	
deposition	 rates	 of	 each	 source	 and	 composition	 of	 the	
final	perovskite	 film	were	optimized,	which	resulted	 in	a	
perovskite	 film	 with	 high	 purity	 and	 superior	 uniform	
thickness	(Figure	2d).	A	planar-structured	PSC	showed	a	
PCE	 of	 over	 15%.	 A	 key	 challenge	 in	 co-evaporation	 of	
perovskites	 lays	 in	 calibration	 and	 controlling	 the	
evaporation	 rate	 of	 organic	 halide	 sources.	 Qi	 et	 al.	
optimized	 the	geometry	of	a	homemade	 instrumentation	
that	 allowed	 monitoring	 the	 CH3NH3I	 vapor	 partial	
pressure	 inside	 the	 vacuum	 chamber.	 Highly	 uniform	
perovskite	 films	 were	 fabricated	 using	 the	 hybrid	
deposition	method,	which	delivered	efficiencies	of	9.86%	
in	 PSCs	 in	 2014,74	 and	 11.48%	 in	 2015	 with	 the	
advancement	 of	 perovskite	 film	 morphology	 and	
roughness.75	
In	2016,	Bolink	et	al.	developed	a	series	of	intrinsic	(i.e.,	

N4,N4,N400,N400-tetra([1,10-biphenyl]-4-yl)-
[1,10:40,100-terphenyl]-4,400-diamine	 (TaTm),	 C60)	 and	
doped	 organic	 charge	 transport	 molecules	 (TaTm:F6-
TCNNQ,	C60:Phlm)	that	are	suitable	for	vacuum	deposition.	
They	for	the	first	time	demonstrated	fully	vapor	processed	
PSCs	with	a	PCE	of	16.5%	in	a	p-i-n	configuration	and	20%	
in	an	n-i-p	configuration,	respectively	(Figure	2e).46	These	
devices	had	an	operational	T80	lifetime	of	around	a	week.	
Later	on,	they	showed	that	mixed	cations/anions	organic-
inorganic	 hybrid	 perovskites	 (FAxMAyCs1-x-yPbIzBr3-z)76	
and	 inorganic	 perovskites	 (CsPbIxBr3-x)77	 could	 also	 be	
deposited	 via	 the	 co-deposition	 approach	 by	 precise	
regulating	 sublimation	 rate	of	multiple	 sources	 (Figures	
2b-c).	Liu	et	al.	reported	that	the	perovskite	optoelectronic	
property	 and	 PSC	 stability	 could	 be	 enhanced	 by	 Cs	
substitution	 via	 a	 co-deposition	 process.78	 In	 2021,	
Albrecht	 et	 al.	 used	 co-evaporation	 method	 to	 deposit	
FAxMA1-xPbI3	 and	 achieved	 a	 high	 PCE	 of	 20.4%.	 The	
method	 showed	 good	 compatibility	 in	 fabricating	
monolithic	fully	textured	perovskite/silicon	tandems	with	
a	PCE	of	24.6%.79	Two-dimensional	perovskites	exhibited	
higher	ion	migration	activation	energy	compared	to	three-
dimensional	perovskites	and	might	hold	the	key	to	solving	
the	 solar	 cell	 instability	 issue.	 In	 2020,	 Bolink	 et	 al.	
developed	a	dual-source	vacuum	co-deposition	technique	
for	 2D	 perovskite	 i.e.,	 PEA2PbX4	 (PEA	 =	
phenethylammonium	and	X	=	 I_,	Br_,	or	a	combination	of	
both).80	Low	bandgap	tin-lead	mixed	perovskites	(Eg	<	1.4	
eV)	can	be	used	as	bottom	cells	in	tandem	devices	and	have	
obtained	 considerable	 research	 interests.	 Solution-
processed	tin-lead	mixed	perovskites	rely	on	the	use	of	a	
small	 amount	 of	 SnF2	 to	 reduce	 the	 formation	 of	 Sn4+,	
which	 is	 technically	 challenging	 to	 control	 via	 vacuum	
deposition.	 In	 2020,	 Bolink	 et	 al.	 reported	 vacuum	 co-
deposition	 of	 MA0.9Cs0.1Sn0.25Pb0.75I3	 without	 the	 need	 of	
SnF2.	They	 found	 that	 the	 ratio	between	 the	monovalent	
(MA+,	 Cs+)	 and	 divalent	 metal	 cation	 (Sn2+,	 Pb2+)	
determines	 the	 optoelectronic	 properties.	 Precisely	
controlling	 the	 ratio	 resulted	 in	 a	 MA0.9Cs0.1Sn0.25Pb0.75I3	
PSC	 with	 PCE	 reaching	 8.89%.81	 To	 demonstrate	 the	
superiority	of	this	technique	toward	up-scalability,	Bruno	
et	 al.	 prepared	 co-evaporated	 MAPbI3	 perovskite	 solar	
modules	with	an	active	area	of	21	cm2	and	PCE	of	18.13%		
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Figure	2.	Co-evaporation	to	deposit	perovskite	films.	Illustration	of	(a)	the	dual-source	and	(b-c)	multiple-source	
vacuum	deposition	 instrument.	 (d)	 Cross-section	 SEM	 image	 of	 a	 co-evaporation	 deposited	 perovskite	 solar	 cell.	 (e)	
Current-voltage	characteristics	of	co-evaporation	deposited	PSCs	with	the	n-i-p	and	p-i-n	configurations.	(f)	A	photograph	
of	co-evaporation	deposited	perovskite	solar	module	and	(g)	the	current-voltage	characteristics.	(a,	d)	Reproduced	with	
permission	from	Nature	501,	395	(2013).	Copyright	2013	Springer	Nature.	(b)	Reproduced	with	permission	from	ACS	
Energy	Lett.	6,	827	(2021).	Copyright	2021	American	Chemical	Society.	(c)	Reproduced	with	permission	from	Chem.	Mater.	
32,	8641-8652	(2020).	Copyright	2020	American	Chemical	Society.	(e)	Reproduced	with	permission	from	Energy	Environ.	
Sci.	9,	3456	(2016).	Copyright	2018	the	Royal	Society	of	Chemistry.	(f-g)	Reproduced	with	permission	from	Joule	4,	1035	
(2020).	Copyright	2020	Elsevier	Inc.	

(Figures	2f	and	g).61	 The	unencapsulated	PSCs	 retained	
90%	 of	 their	 initial	 PCE	 under	 1-sun	 illumination	
condition	 for	 more	 than	 100	 h.	 The	 results	 are	 quite	
exciting	and	could	promote	more	research	interest	in	the	
further	development	of	this	technique.	

2. Sequential deposition method 

The	co-evaporation	technique	relies	on	simultaneously	
controlling	 the	 deposition	 rates	 of	multiple	 evaporation	
sources	 to	 obtain	 a	 perovskite	 film	 with	 an	 intended	
composition	or	composition	profile.	As	an	alternative,	the	
sequential	 deposition	 technique	 allows	 deposition	 of	 a	
perovskite	film	in	a	layer-by-layer	manner,	which	avoids	
the	difficulty	in	simultaneously	controlling	the	deposition	
rates	 of	 precursors	 and	 simplifies	 the	 instrumentation	
design.	In	2014,	Lin	et	al.	developed	a	two	step-sequential	
deposition	 technique	 for	 MAPbI3,	 with	 PbCl2	 first	
deposited	 on	 the	 ITO/PEDOT:PSS	 substrate	 followed	 by	

deposition	 of	 MAI	 (Figure	 3a).82	 The	 reaction	 kinetics	
were	 investigated	 by	 tuning	 the	 substrate	 temperature,	
resulting	in	a	pin-hole	free	perovskite	film	with	complete	
conversion	 (Figure	 3b).	 When	 deposited	 at	 75	 °C,	 the	
MAPbI3	 PSC	 delivered	 a	 PCE	 of	 15.4%	 and	 external	
quantum	efficiency	 (EQE)	 of	 80%	between	450	 and	750	
nm	wavelength	range.	Liu	et	al.	used	a	similar	method	but	
with	 multiple	 deposition	 cycles	 to	 deposit	 MAPbI3	 and	
obtained	an	improved	PCE	of	16.03%.83	Qi	et	al.	applied	the	
method	 for	 deposition	 of	 tin-based	 perovskite	 (i.e.,	
MASnBr3)	 for	 PV	 application.	 The	 formation	 of	MASnBr3	
was	confirmed	by	XRD	and	UV-Vis	measurements.	Based	
on	the	XPS	analyses,	MASnBr3	films	prepared	by	sequential	
evaporation	 showed	 much	 less	 an	 effect	 of	 oxidized	 Sn	
species	than	those	prepared	by	co-evaporation.84	Fan	et	al.	
prepared	mixed	 cation	 and	mixed	halide	perovskites	 via	
sequential	 evaporation.	Optimization	of	 the	 cation	 ratios	
and	 development	 of	 vapor-deposited	 charge	 transport	
layers	allowed	them	to	fabricate	an	all-vacuum-deposited	
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PSC	 with	 a	 PCE	 of	 up	 to	 15.14%.85	 Liu	 et	 al.	 recently	
reported	a	high-throughput	large-area	vacuum	deposition	
method	for	the	preparation	of	highly	uniform	perovskite	
films	on	rigid	and	flexible	substrates	(Figures	3c	and	d).47	
PbI2,	 FAI	 and	 CsI	 were	 evaporated	 in	 sequence	 on	 the	
FTO/TiO2	substrates,	followed	by	a	vacuum	annealing	step.	
They	showed	that	temperature	of	vacuum	annealing	was	
critical	in	regulating	crystal	domain	size,	density	of	defects	
and	 charge	 transfer	 dynamics.	 At	 a	 low	 annealing	
temperature,	 FAI	 reacted	with	 the	 upper	 portion	 of	 the	
PbI2	 layer	but	partially	with	the	 lower	portion	(could	be	
diffusion-limited).	 At	 a	 high	 annealing	 temperature,	
decomposition	of	perovskite	started	at	the	grain	boundary,	
causing	the	formation	of	PbI2.	These	PbI2	species	served	as	

carrier	blocking	layers	hindering	the	charge	transport.	By	
engineering	 the	 strain	 and	 tuning	 the	 crystallization	
temperature	 of	 perovskite,	 they	 reported	 sequentially	
deposited	 PSCs	 (FTO/TiO2/FAxCs1-xPbI3/Spiro-
MeOTAD/Au)	 with	 an	 efficiency	 of	 21.32%	 (Figures	 3e	
and	f),	a	record	high	efficiency	obtained	so	far	for	vapor-
based	 deposition	 techniques.	 Furthermore,	 they	 showed	
that	 the	 long-term	 environmental	 stability	 could	 be	
significantly	 improved	 by	 substitution	 of	 spiro-MeOTAD	
with	 an	 NPB	 (N,N0-Di(1-naphthyl)-N,N0-diphenyl-(1,10-
biphenyl)-4,40-diamine)/MoOx	bilayer	(Figure	3g).	Table	
1	has	summarized	the	PCE	and	lifetime	evolution	for	the	
PSCs	 fabricated	 by	 various	 high	 vacuum	 deposition	
techniques.		

Figure	3.	Sequential	evaporation	to	deposit	perovskite	films.	(a)	Schematic	illustration	of	a	two-step	sequential	
deposition	method.	(b)	SEM	image	of	the	MAPbI3	layer	prepared	by	a	two-step	sequential	deposition.	(c)	Illustration	of	
an	all-vacuum	deposition	system	and	(d)	a	photograph	of	the	as-prepared	perovskite	film	on	a	flexible	substrate.	(e)	Cross-
section	SEM	image,	(f)	the	current-voltage	characteristics,	and	(g)	stability	of	the	PSCs.	(a-b)	Reproduced	with	permission	
from	Adv.	Mater.	26,	6647	(2014).	Copyright	2014	Wiley-VCH.	(c-g)	Reproduced	with	permission	from	Energy	Environ.	
Sci.	14,	3035	(2021).	Copyright	2021	the	Royal	Society	of	Chemistry.	

TABLE	1.	Summary	of	perovskite	solar	cells	by	high	vacuum	deposition	techniques.	

Method	 Device	structure	 Voc	(V)	 Jsc	(mA	
cm-2)	

FF	
(%)	

η	(%)	 Area	
(cm2)	

Lifetim
e	(h)	

Year	 Referenc
e	
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Co-evaporation	 FTO/c-TiO2/Perovskite/Spiro-
MeOTAD/Ag	

1.07	 21.5	 67	 15.4	 0.076	 NA	 2013	 7	

Co-evaporation	 ITO/PEDOT:PSS/polyTPD/MAPbI3/
PCBM/3TPYMB/Au	

1.09	 18.2	 75	 14.8	 0.065	 NA	 2014	 86	

Co-evaporation	 ITO/PEDOT:PSS/polyTPD/MAPbI3/
PCBM/3TPYMB/Au	

1.07	 17.9	 57	 10.9	 0.95	 NA	 2014	 86	

Co-evaporation	 ITO/C60:Phlm/C60/MAPbI3/TaTm/T
aTm:F6-TCNNQ/Ag	

1.14	 22.08	 80.5	 20.3	 0.1	 7	daysd	 2016	 46	

Co-evaporation	 FTO/TiO2/MAxCs1-xPbI3/Spiro-
MeOTAD/Au	

1.10	 23.17	 79	 20.13	 0.09	 10d	 2017	 78	

Co-evaporation	 ITO/C60:Phlm/C60/MAPb(Br0.2I0.8)3/
TaTm/TaTm:F6-TCNNQ/Au	

1.119	 17.3	 82.3	 15.9	 -	 NA	 2018	 87	

Co-evaporation	 ITO/C60:Phlm/C60/Cs0.5FA0.4MA0.1Pb
(I3Br0.17)3/TaTm/TaTm:F6-
TCNNQ/Au	

1.146	 17.0	 82	 16.0	 -	 120d	 2018	 88	

Co-evaporation	 ITO/MoO3/TaTm/CsPbI2Br/C60/BC
P/Ag	

0.958	 14.3	 73.1	 10	 0.065	 NA	 2020	 77	

Co-evaporation	 FTO/TiO2/SnO2/PCBM/MAPbI3/Sp
iro-MeOTAD/Au	

1.12	 23.3	 77.7	 20.28	 0.1	 3d;	60	
daysc	

2020	 61	

Co-evaporation	 FTO/TiO2/SnO2/PCBM/MAPbI3/Sp
iro-MeOTAD/Au	

6.71	 3.68	 73.44	 18.13	 21a	 NA	 2020	 61	

Co-evaporation	 ITO/MoO3/TaTm/FA(1-n)CsnPb(I1-
xBrx)3/C60/BCP/Ag	

1.184	 18.0	 79	 16.8	 -	 14	
daysd;	
21	
daysc	

2021	 76	

Co-evaporation	 ITO/MoO3/PTAA/FAPb0.5Sn0.5I3/C60
/BCP/Ag	

0.72	 24.5	 79.3	 13.98	 0.01	 NA	 2020	 89	

Co-evaporation	 ITO/MeO-2PACz/FAxMA1-
xPbI3/C60/BCP/Cu	

1.05	 25.70	 75.91	 20.4	 0.16	 1000d	 2021	 79	

Hybrid	deposition	 FTO/c-TiO2/MAPbI3/Spiro-
MeOTAD/Ag	

1.09	 16.98	 53.49	 9.86	 0.05	 NA	 2014	 74	

Hybrid	deposition	 FTO/c-TiO2/MAPbI3/Spiro-
MeOTAD/Au	

1.098	 19.92	 52.44	 11.48	 0.06	 NA	 2015	 75	

Hybrid	deposition	 FTO/C60/MAPbI3/Spiro-
MeOTAD/Au	

1.10	 18.9	 75.4	 15.7	 0.08	 NA	 2016	 90	

Vapor	sequential	
deposition	

ITO/PEDOT:PSS/MAPbI3−	xClx/	
C60/Bphen/Ca/Ag	

1.02	 20.9	 72.2	 15.4	 0.05	 NA	 2014	 82	

Vapor	sequential	
deposition	

FTO/c-TiO2/MAPbI3/Spiro-
MeOTAD/Au	

1.00	 22.27	 72	 16.03	 0.071	 60	
daysc	

2015	 83	

Vapor	sequential	
deposition	

FTO/c-TiO2/MASnBr3/Spiro-
MeOTAD/Au	

0.498	 4.27	 49.1	 1.12	 -	 NA	 2016	 84	

Vapor	sequential	
deposition	

FTO/c-TiO2/CsPbBr3/CuPc/C	 1.328	 7.59	 75.2	 7.58	 0.09	 1000c	 2019	 91	

Vapor	sequential	
deposition	

FTO/c-TiO2/FAxMA1-xPbI3/Spiro-
MeOTAD/Au	

0.98	 22.4	 73	 15.8	 0.09	 NA	 2019	 92	

Vapor	sequential	
deposition	

FTO/c-TiO2/FAxMA1-xPbI3/CuPc/Au	 1.02	 19.16	 77.3	 15.14	 -	 240c	 2019	 85	

Vapor	sequential	
deposition	

FTO/c-TiO2/CsPbBr3/C	 1.42	 6.49	 79	 7.22	 0.16	 30	
daysc	

2020	 93	

Vapor	sequential	
deposition	

FTO/c-TiO2/FAxCs1-xPbI3/Spiro-
MeOTAD/Au	

1.11	 24.88	 77.2	 21.32	 0.09	 200	
daysc	

2021	 47	

a	active	area,	b	designated	area,	c-TiO2:	compact	TiO2,	m-TiO2:	mesoporous	TiO2.	c	storage	stability,	d	operational	stability	

B. Low vacuum deposition techniques 

1. Hybrid chemical vapor deposition method 

Chemical	vapor	deposition	is	a	vacuum-based	technique	

to	produce	high-quality	thin	films.	In	view	of	operational	
pressure,	modern	CVDs	can	be	classified	as	low-pressure	
CVD	(LPCVD)	or	ultra-high	vacuum	CVD	(UHVCVD).	State-
of-the-art	CVD	prepared	perovskite	films	are	deposited	at	
a	low	vacuum	of	10-1	-	103	Pa,	which	falls	in	the	LPCVD		
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Figure	4.	Hybrid	chemical	vapor	deposition	of	perovskite.	Schematic	illustration	of	(a-b)	hybrid	CVD	and	(c)	one-
step	 CVD.	 Photographs	 of	 perovskite	 films	 prepared	 by	 (d)	 two-step	 spin-coating	method	 and	 (e)	 HCVD.	 (f)	 Surface	
roughness	 of	 perovskite	 films.	 (g)	 A	 photograph	 of	 a	 10	 cm	 ×	 10	 cm	 sized	 perovskite	mini-module,	 and	 (h)	 the	 J-V	
characteristics.	(a)	Reproduced	with	permission	from	Adv.	Energy	Mater.	9,	1803047	(2019).	Copyright	2015	Springer	
Nature.	 (b)	Reproduced	with	permission	 from	J.	Mater.	Chem.	A	7,	6920	(2019)	and	ACS	Appl.	Energy	Mater.	4,	4333	
(2021).	Copyright	2019	Wiley-VCH	and	copyright	2021	American	Chemical	Society.	(c)	Reproduced	with	permission	from	
J.	Solid	State	Chem.	244,	20	(2016).	Copyright	2020	the	Royal	Society	of	Chemistry.	(d-f)	Reproduced	with	permission	
from	Adv.	Funct.	Mater.	28,	1703835	(2018).	Copyright	2018	Wiley-VCH.	(g-h)	Reproduced	with	permission	from	J.	Mater.	
Chem.	A	7,	6920	(2019).	Copyright	2019	the	Royal	Society	of	Chemistry.

region.	A	unique	advantage	of	CVD	is	that	highly	uniform	
thin	films	over	an	area	of	m2	can	be	obtained,	which	has	
been	successfully	demonstrated	 in	 the	amorphous	Si	PV	
industry.68	 In	 recent	 years,	 CVD	 has	 gained	 increasing	
attention	and	becomes	an	 important	route	among	vapor	
deposition	techniques.72		
In	 2014,	 Qi	 et	 al.	 developed	 a	 hybrid	 CVD	 (HCVD)	

approach.	Lead	halide	was	deposited	on	substrates	in	the	

first	 step	 via	 scalable	 methods	 such	 as	 spray	 coating	
(Figure	4a)	or	vacuum	evaporation	(Figure	4b),	followed	
by	vapor	phase	deposition	of	MAI	via	CVD.94	Temperatures	
of	the	precursor	and	the	substrate	zones,	vacuum	pressure	
and	 flow	 rate	 of	 carrier	 gas	 are	 key	 parameters	
determining	the	reaction	kinetics.	By	careful	optimization,	
the	 authors	 demonstrated	HCVD	prepared	MAPbI3	 PSCs	
with	an	efficiency	of	11.8%	and	stability	of	approximately	
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1100	h.	Later	on,	Qi	et	al.	showed	that	the	HCVD	method	
can	be	readily	applied	for	deposition	of	other	perovskites,	
i.e.,	 FAPbI3,58,	 60,	 95	 FAxCs1-xPbI3,96	 CsPbIxBr3-x,97	 with	 the	
PCE	reaching	16%.	Compositions	of	perovskite	determine	
not	 only	 optical	 absorption	 but	 also	 charge	 transport	
characteristics.	Perovskite	films	can	also	be	deposited	via	
a	one-step	approach	by	CVD.	In	2015,	Fan	et	al.	reported	a	
facile	 one-step	 CVD	 to	 deposit	 MAPbI3	 and	 MAPbI3-xClx	
perovskites.	Inorganic	sources	(PbI2	or	PbCl2)	and	organic	
sources	 (i.e.,	MAI)	were	 loaded	 in	 the	 high-temperature	
zone,	 the	 positions	 of	 which	 were	 determined	 by	 their	
sublimation	 temperatures	 (Figure	4c).98	Meanwhile,	 the	
substrates	 were	 placed	 in	 the	 low-temperature	 zone.	
During	the	deposition	process,	a	carrier	gas	(i.e.,	Ar)	was	
constantly	flowed	from	the	source	towards	the	substrate	
to	facilitate	the	chemical	reaction.	MAPbI3	and	MAPbI3-xClx	
films	with	large	grains	(>	1	μm)	and	long	carrier	lifetime	
were	deposited	on	substrates.	The	PSCs	using	these	films	
gave	a	PCE	in	the	range	of	9%	to	11%.	In	2020,	Peng	and	
Ku	 et	 al.	 reported	 that	 the	 incorporation	 of	 CsBr	
significantly	 improved	 the	 crystallinity	 of	 the	 FAPbI3	
perovskite.	 Meanwhile,	 the	 FACl	 vapor	 could	 accelerate	
the	 perovskite	 growth	 rate	 during	 the	 vapor–solid	
reaction	 process.	 Using	 Cs0.24FA0.76PbI3-yBry	 as	 the	
absorber,	they	obtained	a	PSC	with	a	PCE	of	17.29%99	and	
later	on	17.77%.100	In	2021,	they	developed	a	multistage	
atmosphere-assisted	 (MSA)	 process.	 When	 RbI	 was	
introduced	in	the	perovskite	system,	the	halogen	exchange	
can	 be	 regulated,	 allowing	 passivation	 of	 defects	 in	 the	
perovskite	 layer,	 especially	 at	 the	 grain	 boundary.	 The	
champion	PSC	showed	a	PCE	of	19.6%.101-102	
To	 demonstrate	 the	 processing	 up-scalability,	

perovskite	layers	over	a	large	area	(i.e.,	5	cm	×	5	cm	or	10	
cm	×	10	cm)	were	prepared	by	HCVD	and	compared	with	
those	 prepared	 by	 the	 spin-coating	method.	 An	 obvious	
uniformity	improvement	was	demonstrated	by	the	HCVD	
processed	 layer	 (Figures	 4d	 and	 e),	 which	was	 further	
confirmed	by	smaller	surface	roughness	values	measured	
at	 different	 positions	 (Figure	 4f).96	 These	 layers	 were	
used	in	the	fabrication	of	perovskite	mini-modules.	Qi	et	al.	
demonstrated	 Cs-FA	 mixed	 cation	 perovskite	 solar	
modules	with	a	PCE	of	over	14.6%	over	an	active	area	of	
12	cm2.	The	mini-module	showed	only	3.6%	relative	PCE	
decay	 after	 3600	 h	 storage	 in	 dark,	 and	 an	 average	 T80	
lifetime	 of	 388	 h	 under	 continuous	 1-sun	 equivalent	
illumination.	 Recently,	 Qi	 et	 al.	 discovered	 that	 SnO2	
electron	 transport	 layer	 (ETL)	 deteriorated	 during	 the	
CVD	process	due	to	generation	of	oxygen	vacancy	defects,	
and	 a	 5-nm-thick	 layer	 of	 C60	 deposited	 on	 SnO2	 can	
mitigate	such	a	detrimental	effect.103	Combination	of	the	
SnO2/C60	bilayer	ETL	and	HCVD	deposited	perovskite,	Qi	
et	 al.	 fabricated	 a	 perovskite	 mini-module	 with	 a	 PCE	
approaching	 10%	 over	 a	 designated	 area	 of	 91.8	 cm2	
(Figures	4g	 and	h),	 and	 a	T80	 lifetime	of	 approximately	
500	h	under	illumination	of	1	sun	at	25	°C.104	

2. Close space sublimation 

Close	 space	 sublimation	 (CSS)	 is	 another	 thin-film	
deposition	technique	commercially	used	in	the	CdTe	PVs.		
In	a	CSS	process,	the	substrates	and	source	materials	are	
held	close	to	each	other	(e.g.,	a	few	mm)	with	independent	
heating	 elements	 in	 a	 chamber	with	 a	 low	 vacuum.	The	
short	diffusion	path	results	 in	a	 fast	 thin-film	deposition	
rate	(0.5–1.0	μm/min)	and	a	high	deposition	yield.	In	2016,	
Li	 et	 al.	 used	 the	 CSS	 method	 to	 deposit	 MAPbI3	
perovskite.39	 A	 PbI2	 substrate	 was	 pre-deposited	 and	
loaded	right	above	the	MAI	power	in	a	chamber	with	a	low	
pressure	(Figure	5a).	The	temperature	of	the	source	was	
set	 to	 be	 160	 ℃	 for	 sublimation	 of	 MAI	 and	 the	
temperature	 of	 the	 substrate	 was	 150	 ℃	 for	 the	
subsequent	 reaction	with	 PbI2.	 Lowering	 the	 deposition	
pressure	 from	 50	mbar	 to	 1	mbar	 facilitated	 the	 vapor	
transport,	therefore	reducing	the	processing	time	from	10	
min	to	1.5	min	(Figure	5b).	Such	a	fast	conversion	rate	is	
highly	desirable	for	roll-to-roll	manufacturing.	Moreover,	
the	perovskite	film	showed	high	uniformity	over	an	area	
of	5	cm	×	5	cm	(Figure	5c).	Using	such	a	CSS	deposited	
perovskite	 film,	 an	 n-i-p	 structured	 PSC	 reached	 an	
efficiency	of	16.2%	(Figure	5d).	Almost	at	the	same	time,	
Tan	et	al.	reported	the	application	of	a	CSS	deposited	p-i-n	
structured	 PSC	 with	 a	 similar	 efficiency.105	 Pérez-
Gutiérrez	 et	 al.	 found	 that	 the	 morphology	 and	 surface	
roughness	of	 the	perovskite	 layer	 could	be	 regulated	by	
tuning	the	size	and	crystallinity	of	PbI2	grains.106	Later	on,	
they	showed	that	the	halide	ratios	in	the	final	perovskite	
film	could	be	easily	tuned	by	adjusting	the	composition	of	
the	 organic	 halide	 mixtures	 (i.e.,	 MABr	 and	 MACl)	 for	
sublimation.	By	engineering	the	composition	of	perovskite,	
they	obtained	MAPb(I1-xBrx)3	and	MAPb(I1-xClx)3	PSCs	with	
an	efficiency	of	around	10%.107	Table	2	has	summarized	
the	PCE	and	lifetime	evolution	for	the	PSCs	fabricated	by	
various	low	vacuum	deposition	techniques.		

III. PROGRESS IN VAPOR DEPOSITION ASSISTED 
PEROVSKITE SOLAR CELL 

The	 vapor	 deposition-assisted	 methods	 are	 multi-stage	
deposition	 methods	 that	 combine	 the	 vapor	 and	 the	
solution	 processes	 into	 one.	 The	 vapor	 stage	 is	 usually	
conducted	 at	 low	 vacuum	 to	 ambient	 pressure.	 Vapor	
processes	 such	 as	 post	 deposition	 treatment	 (PDT),	
although	are	not	standalone	processes,	are	considered	as	
the	deposition-assisted	methods,	which	are	discussed	 in	
this	section.	The	vapor	deposition-assisted	methods	take	
advantage	 of	 both	 the	 solution-processing	 (composition	
and	 additive	 engineering,	 intermediate-phase	
crystallization	 kinetics	 adjustment,	 defect	 chemistry	
regulation,	 etc.)	 and	 the	 vapor-processing	 (high	
uniformity	 and	 processing	 up-scalability,	 etc.),	 and	may	
hold	 the	 key	 to	 fabricating	 efficient	 perovskite	 solar	
modules.	 Hereinafter,	 we	 introduce	 several	 important	
types	of	vapor	deposition	assisted	methods.		
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Figure	5.	Close	space	sublimation	to	deposit	perovskite	films.	(a)	Schematic	 illustration	of	 the	CSS	method.	(b)	
Complete	conversion	time	as	a	function	of	deposition	pressure.	(c)	A	photograph	of	the	CSS	deposited	MAPbI3	perovskite	
film.	(d)	I-V	and	P-V	characteristics.	(a-d)	Reproduced	with	permission	from	Status	Solidi	RRL	10,	153	(2016).	Copyright	
2016	Wiley-VCH.

TABLE	2.	Summary	of	perovskite	solar	cells	by	low	vacuum	deposition	techniques.	

Method	 Device	structure	 Voc	(V)	 Jsc	(mA	
cm-2)	

FF	
(%)	

η	(%)	 Area	
(cm2)	

Lifetim
e	(h)	

Year	 Referenc
e	

Hybrid	CVD	 FTO/c-TiO2/MAPbI3-xClx/Spiro-
MeOTAD/Au	

0.92	 19.1	 62	 10.8	 0.07-
0.1	

1100c	 2014	 94	

Hybrid	CVD	 FTO/c-TiO2/FAPbI3-xClx/Spiro-
MeOTAD/Au	

1.03	 20.9	 66	 14.2	 0.04-
0.16	

155	
daysc	

2015	 95	

Hybrid	CVD	 FTO/c-TiO2/MAPbI3/Spiro-
MeOTAD/Ag	

0.91	 21.7	 64.5	 12.73	 0.12	 NA	 2015	 37	

One-step	CVD	 FTO/c-TiO2/MAPbI3-xClx/Spiro-
MeOTAD/Au	

0.97	 18	 64	 11.1	 -	 NA	 2015	 98	

Hybrid	CVD	 ITO/ZnPc/MAPbI3/C60/Bphen/Al	 0.96	 17.26	 70	 11.6	 0.032	 NA	 2016	 108	
Hybrid	CVD	 FTO/c-TiO2/MAPbI3-xClx/Spiro-

MeOTAD/Au	
1.06	 21.7	 68	 15.6	 0.09	 NA	 2016	 58	

Hybrid	CVD	 FTO/c-TiO2/MAPbI3/Spiro-
MeOTAD/Au	

1.06	 22.08	 80	 18.9	 0.11	 NA	 2016	 109	

Hybrid	CVD	 FTO/c-TiO2/FA0.85Cs0.15PbI3/Spiro-
MeOTAD/Ag	

0.906	 22.858	 69.8	 14.45	 0.12	 7	daysc	 2017	 110	

Hybrid	CVD	 FTO/c-TiO2/FA0.93Cs0.07PbI3/Spiro-
MeOTAD/Au	

1.00	 22.0	 75.2	 16.6	 0.09	 20d	 2018	 96	

Hybrid	CVD	 FTO/c-TiO2/FA0.93Cs0.07PbI3/Spiro-
MeOTAD/Au	

5.84	 3.67	 68.1	 14.6	 12a	 NA	 2018	 96	

Hybrid	CVD	 FTO/c-TiO2/CsPbBr3/C	 1.13	 6.79	 70	 5.38	 0.12-
0.15	

21	
daysc	

2018	 111	

Hybrid	CVD	 FTO/SnO2/C60/FA0.9Cs0.1PbI2.9Br0.1/
Spiro-MeOTAD/Au	

-	 -	 -	 13.3	 0.09	 500d	 2019	 103	

Hybrid	CVD	 FTO/SnO2/C60/FA0.9Cs0.1PbI2.9Br0.1 13.55	 1.16	 59	 9.34	 91.8b	 NA	 2019	 103	
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/Spiro-MeOTAD/Au	
Hybrid	CVD	 FTO/c-TiO2/FAPbIxBr3-x/Spiro-

MeOTAD/Au	
1.03	 21.1	 74	 16.1	 2	 NA	 2019	 103	

Hybrid	CVD	 FTO/c-TiO2/FAPbIxBr3-x/Spiro-
MeOTAD/Au	

6.29	 3.55	 66.5	 14.7	 12a	 388d	 2019	 60	

Hybrid	CVD	 FTO/SnO2/C60/FA0.9Cs0.1PbI2.9Br0.1/
Spiro-MeOTAD/Au	

0.99	 22.3	 70.2	 15.5	 0.09	 NA	 2020	 97	

Hybrid	CVD	 FTO/SnO2/C60/FA0.9Cs0.1PbI2.9Br0.1/
Spiro-MeOTAD/Au	

6.8	 2.7	 67.2	 12.3	 22.4b	 NA	 2020	 97	

Hybrid	CVD	 ITO/PTAA/FAxCs1-
xPbI3/PCBM/ZnO/AZO	

-	 -	 -	 10.6	 0.27	 NA	 2020	 112	

Hybrid	CVD	 ITO/LiF/C60/MAPbI3/Spiro-
MeOTAD/Au	

0.927	 17.0	 65.4	 12.3	 0.25	 NA	 2021	 104	

Vapor-solid	reaction	 FTO/SnO2/FAxCs1-xPbI3-yBry/Spiro-
MeOTAD/Au	

1.065	 22.88	 71.2	 17.29	 0.09	 200c	 2018	 99	

Vapor-solid	reaction	 FTO/SnO2/FAxCs1-xPbI3-yBry/Spiro-
MeOTAD/Au	

9.18	 2.25	 52.8	 12.24	 41.25a	 NA	 2018	 99	

Vapor-solid	reaction	 FTO/SnO2/FAxCs1-xPbI3-yBry/Spiro-
MeOTAD/Au	

1.02	 21.94	 78.9	 17.66	 0.16	 60	
daysc	

2020	 100	

Vapor-solid	reaction	 FTO/SnO2/FAxCs1-xPbI3-yBry/Spiro-
MeOTAD/Au	

6.28	 3.29	 67.4	 13.92	 16.07b	 NA	 2020	 100	

Vapor-solid	reaction	 FTO/SnO2/Rb0.04-
Cs0.14FA0.86Pb(BryI1-y)3/Spiro-
MeOTAD/Au	

1.127	 22.63	 76.8	 19.59	 0.148	 NA	 2021	 100	

Vapor-solid	reaction	 FTO/SnO2/Rb0.04-
Cs0.14FA0.86Pb(BryI1-y)3/Spiro-
MeOTAD/Au	

6.243	 3.51	 70	 15.35	 10a	 NA	 2021	 100	

Close	space	
sublimation	

FTO/c-TiO2/m-TiO2/MAPbIxCl3-
x/Spiro-MeOTAD/Au	

-	 -	 -	 16.2	
	

0.01	 NA	 2016	 39	

Close	 space	
sublimation	

FTO/PEDOT:PSS/MAPbI3/PCBM/Al	 1.03	 19.6	 80.2	 16.2	 0.04	 NA	 2016	 105	

a	active	area,	b	designated	area,	c-TiO2:	compact	TiO2,	m-TiO2:	mesoporous	TiO2.	c	storage	stability,	d	operational	stability	

A. Vapor-assisted solution process 

Vapor-assisted	 solution	 process	 (VASP)	 is	 one	 of	 the	
first	 vapor	 deposition	 assisted	 methods	 developed	 by	
Yang	 et	 al.	 to	 fabricate	 organic/inorganic	 hybrid	
perovskite	films	(e.g.,	MAPbX3,	X	=	Cl,	Br,	I)	in	2014.113	The	
PbI2	 framework	 films	 were	 prepared	 by	 spin-coating,	
followed	by	the	treatment	with	an	organic	vapor	(i.e.,	MAI)	
(Figure	6a).	This	method	takes	advantage	of	 the	kinetic	
reactivity	 of	 MAI	 and	 thermodynamic	 stability	 of	
perovskite	 and	 results	 in	polycrystalline	perovskite	 thin	
films	 with	 full	 surface	 coverage	 (Figure	 6b	 inset),	 low	
surface	roughness,	and	large	grain	size.	Solar	cells	with	a	
planar	structure	achieved	a	PCE	of	12.1%	(Figure	6b).	In	
2015,	Sharp	et	al.	developed	a	low-pressure	VASP	method,	
where	the	reaction	between	PbI2/PbCl2	mixture	films	and	
the	MAI	vapor	is	conducted	at	0.3	Torr	(Figure	6c).49	Low	
pressure	enables	the	annealing	temperature	(120	°C)	to	be	
reduced	with	respect	to	ambient	pressure	VASP	(150	°C).	
The	LP-VASP	processed	perovskite	film,	when	constructed	
in	a	planar	structured	PSC,	resulted	in	a	champion	PCE	of	
16.8%	 with	 reduced	 J-V	 hysteresis	 (Figure	 6d).	 They	
indicated	that	the	effect	of	Cl	on	carrier	lifetime	in	LP-VASP	
processed	perovskite	was	less	significant	compared	to	the	

solution-processed	perovskite	solar	cells.	This	is	likely	due	
to	 the	halide	exchange	between	Cl-	 and	 I-	 during	 the	LP-
VASP	process.	Yao	et	al.	showed	that	by	varying	the	ratio	
between	the	MAI	and	FAI	mixture	powder	during	LP-VASP,	
a	series	of	mixed	cation	perovskites	(i.e.,	FAxMA1-xPbI3)	can	
be	 easily	 prepared.	 The	 PSCs	 using	 FA0.6MA0.4PbI3	 as	
absorbers	achieved	a	champion	PCE	of	16.48%.114	

B. Hybrid vapor-solution process 

The	hybrid	vapor-solution	process	is	conceptually	similar	
to	 VASP,	 but	 the	 vapor	 and	 solution	 processing	 is	
conducted	 in	 a	 reverse	 sequence.	 In	 short,	 the	 inorganic	
templates	 are	 vapor-deposited,	 followed	 by	 perovskite	
conversion	via	a	solution	process	(Figure	7a).	This	method	
shows	a	unique	advantage	towards	deposition	of	uniform	
perovskite	 layers	 on	 substrates	 with	 textures	 or	 large	
surface	roughness.	Rafizadeh	et	al.	systematically	studied	
the	concentration	of	MAI	on	the	perovskite	crystallization	
and	grain	growth.	At	a	low	MAI	concentration,	conversion	
of	 perovskite	 is	 incomplete,	 resulting	 in	 substantial	
unreacted	PbI2	and	formation	of	voids	in	the	as-prepared	
film.	While	at	a	high	MAI	concentration,	the	grain	growth		
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Figure	6.	Vapor-assisted	solution	process.	(a)	Schematic	illustration	of	VASP.	(b)	J-V	curve	of	the	PSC	fabricated	by	
VASP.	Inset	is	the	cross-section	image	of	the	PSC	with	a	scale	bar	of	1	μm.	(c)	Schematic	illustration	of	the	LP-VASP	and	
(d)	the	J-V	curves	of	PSCs	fabricated	by	VASP.	(a-b)	Reproduced	with	permission	from	J.	Am.	Chem.	Soc.	136,	622	(2013).	
Copyright	 2014	 American	 Chemical	 Society.	 (c-d)	 Reproduced	 with	 permission	 J.	 Phys.	 Chem.	 Lett.	 6,	 493	 (2015).	
Copyright	2015	American	Chemical	Society.		
	
	

causes	the	appearance	of	gaps	between	the	adjacent	grains.	
With	a	suitable	MAI	concentration,	the	PSC	reached	a	PCE	
of	18.2%	with	small	hysteresis.115	Bolink	et	al.	advanced	
this	technique	for	preparation	of	mixed	halide	perovskite.	
By	optimizing	the	deposition	rate	of	the	PbI2	layer	and	by	
inserting	small	amounts	of	MABr	and	MACl	to	the	MAI	salt	
in	the	solution-based	conversion	step,	they	obtained	a	PSC	
(ITO/MoOx/TaTm/MAPbI3-x-yBrxCly/C60/BCP/Ag)	 with	
low	dark	current	and	a	PCE	of	19.8%	(Figures	7b	and	c).116	
In	tandem	applications,	PSCs	are	used	as	the	top	cells,	

which	are	to	be	deposited	on	the	bottom	cells	with	textures	
(i.e.,	 silicon)	 or	 high	 surface	 roughness	 (i.e.,	 CIGS).117	
Conventional	 solution	 methods	 could	 not	 produce	
conformal	layers	on	such	textured	substrates,	resulting	in	
severe	shunting	losses.118-120	In	2018,	Yang	et	al.	developed	
a	 chemical	 mechanical	 polishing	 method	 to	 create	 a	
smooth	interconnecting	layer	(i.e.,	ITO)	in	perovskite/CIGS	
two-terminal	 tandem	 devices.	 This	 approach	 allows	 the	
adoption	of	solution	processing	of	perovskite	on	top	of	the	
CIGS	bottom	cell	but	at	the	cost	of	optical	loss.121	In	2018,	
Jeangros	 et	 al.	 reported	 using	 the	 hybrid	 vapor-solution	
method	 to	 deposit	 perovskite	 films	 on	 textured	 silicon	
substrates	 for	 tandem	 applications.	 The	 growth	 of	 a	

perovskite	 layer	 followed	 well	 the	 texture	 of	 silicon	
pyramids	(Figures	7d	and	e).	As	a	result,	they	fabricated	
monolithic	 perovskite/silicon	 tandem	 solar	 cells	 with	 a	
PCE	of	25.2%.122	

	

C. MA gas assisted perovskite formation 

In	2015,	Pang	and	Cui	et	al.	discovered	that	the	MAPbI3	
perovskite	 crystals	 could	be	 “melted”	 in	 the	presence	 of	
CH3NH2	gas	within	a	few	minutes.123	Further	exposure	in	
CH3NH2	gas	atmosphere	led	to	the	transformation	from	a	
black	solid	crystal	to	a	transparent	liquid	phase	according	
to	Equation	1.		

CH3NH3PbI3(s)	+	xCH3NH2(g)	→	CH3NH3PbI3	•	xCH3NH2(l)		
(1)	

Removing	the	CH3NH2	gas	resulted	in	recrystallization	of	
perovskite	 via	 CH3NH2	 outgassing,	 as	 described	 in	
Equation	 2	 and	 indicated	 by	 the	 color	 change	 from	
transparent	to	black	(Figure	8a).	
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Figure	 7.	 Hybrid	 vapor-solution	 process.	 (a)	 Schematic	 illustration	 of	 the	 hybrid	 vapor-solution	 process.	 (b)	

Structure	and	(c)	J-V	curves	of	the	PSC.	(d)	Top	view	and	(e)	cross-section	SEM	images	of	the	perovskite	top	cell	deposited	
on	textured	silicon	heterojunction	bottom	cell.	(a-c)	Reproduced	with	permission	from	ACS	Appl.	Energy	Mater.	3,	8257	
(2020).	Copyright	2020	American	Chemical	Society.	(d-e)	Reproduced	with	permission	from	Nat.	Mater.	17,	820	(2018).	
Copyright	2018	Springer	Nature.	

CH3NH3PbI3	•	xCH3NH2(l)	→CH3NH3PbI3(s)	+	xCH3NH2(g)	
(2)	

This	 unique	 feature	 allowed	 healing	 defects	 in	
polycrystalline	 perovskite	 films,	 resulting	 in	 mirror-like	
films	with	 preferred	 crystalline	 orientation	 (Figure	 8b)	
and	 enhanced	 electronic	 quality.	 Later	 on,	 Pang	 et	 al.,	
showed	that	a	similar	solid-liquid-solid	phase	transition	
occurs	 when	 exposing	 methylamine	 to	 NH4PbI3,124	
HPbI3125	 and	 CsI.126	 Therefore,	 a	 series	 of	methylamine-
induced	 conversion	 processes	 were	 demonstrated.	 In	
2016,	 Qi	 et	 al.	 reported	 a	 rapid	 perovskite	 formation	
method	when	pre-deposited	PbI2	films	were	sequentially	
exposed	 to	 CH3NH2	 and	 HI	 gases.	 The	 perovskite	 films	
were	 obtained	 within	 a	 few	 seconds	 of	 exposure	 and	
exhibited	complete	coverage	with	a	surface	roughness	of	2	
nm.127	 Later	 on,	 they	 developed	 a	 methylamine	 post-
annealing	treatment	for	MAPbI3	perovskite.25,	128	The	spin-
coated	wet	 perovskite	 precursor	 films	were	 annealed	 in	
the	 CH3NH2	 atmosphere	 instead	 of	 the	 conventional	
thermal	 annealing	 (Figure	 8c).	 The	 process	 promoted	

continuity	 between	 adjacent	 grains	 (Figures	 8d	 and	 e)	
and	greatly	reduced	metallic	Pb	 impurities	at	perovskite	
grain	 boundaries	 (Figure	 8f).	 As	 a	 result,	 the	 PSCs	
achieved	a	PCE	of	up	to	18.4%	with	significantly	improved	
stability.		
The	CH3NH2	gas-induced	perovskite	formation	process	

demonstrates	 a	 great	 potential	 for	 large-area	
manufacturing.	 In	 2017,	 Chen	 et	 al.	 developed	 a	 solvent	
and	vacuum-free	route	for	fabrication	of	perovskite	solar	
modules.	They	showed	that	a	transparent	liquid	phase	of	
the	 amine	 complex,	 CH3NH3I·mCH3NH2	 (m	 =	 3)	 was	
formed	by	the	interaction	between	CH3NH3I	and	CH3NH2	
molecules	(Equation	3).		

CH3NH3I(s)	+	mCH3NH2(g)	↔	CH3NH3I	•	mCH3NH2(l)			(3)	

The	 amine	 complex	 precursors,	 CH3NH3I·3CH3NH2	 and	
PbI2·CH3NH2,	were	mixed	 and	 the	perovskite	 films	were	
fabricated	 by	 a	 pressure	 processing	 method.	 The	
deposited	 perovskite	 films	were	 highly	 uniform	without	
pinholes.	Using	such	a	method,	a	perovskite	mini-module	
with	a	certified	PCE	of	12.1%	over	an	aperture	area	
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Figure	8.	MA	gas-assisted	perovskite	formation.	(a)	Optical	images	showing	the	methylamine-induced	solid-liquid-
solid	evolution.	(b)	XRD	patterns	of	the	polycrystalline	perovskite	films.	(c)	Schematic	illustration	of	the	methylamine	post-
annealing	process.	TA	and	MPA	are	thermal	annealing	and	methylamine	post-annealing.	SEM	images	of	the	perovskite	films	
by	(d)	TA	and	(e)	MPA.	(f)	XPS	spectra	of	the	TA	and	MPA	prepared	perovskite	films.	(a-b)	Reproduced	with	permission	
from	Angew.	Chem.	Int.	Ed.	54,	9705	(2015).	Copyright	2015	Wiley-VCH.	(c-f)	Reproduced	with	permission	from	Mater.	
Horiz.	3,	548	(2016).	Copyright	2018	the	Royal	Society	of	Chemistry.

of	 36.1	 cm2	 was	 realized.55Qi	 et	 al.	 incorporated	 the	
chlorine	in	HPbI3(Cl)	before	exposing	it	to	the	CH3NH2	gas,	
which	allowed	fabrication	of	1-μm-thick	perovskite	films	
with	high	crystallinity,	low	defect	density	and	long	carrier	
lifetime.	A	12.0	cm2	six-cell	perovskite	solar	module	with	
a	PCE	of	15.3%	was	demonstrated.50	

D. MASCN gas assisted perovskite formation 

FAPbI3	 is	 an	 ideal	 absorber	 candidate	 because	 of	 the	
proper	bandgap	 and	high	 thermal	 stability	 compared	 to	
MAPbI3.	However,	the	thermodynamically	stable	δ-phase	

of	FAPbI3	 at	 solar	 cell	operational	 temperature	 is	photo-
inactive.	It	is	necessary	to	find	methods	to	stabilize	FAPbI3	
in	 the	 photoactive	 α-phase.129	 In	 2020,	 Grätzel	 et	 al.	
reported	 that	 the	 treatment	 of	 the	 δ-phase	 FAPbI3	 films	
with	 MASCN	 vapor	 caused	 the	 phase	 transition	
temperature	 from	 the	 δ	 to	 α	 phase	 to	 reduce	 below	
150	°C.51	Upon	MASCN	vapor	exposure,	I-	 ions	bonded	to	
Pb2+	on	the	surface	of	δ-FAPbI3	were	substituted	by	SCN–	
ions,	 which	 disintegrated	 the	 top	 layer	 of	 face-sharing	
octahedra	and	induced	the	transition	to	the	corner-sharing	
architecture	of	α-FAPbI3.	
Solid-state	 nuclear	 magnetic	 resonance	 (ssNMR)	 and	

time-of-flight	secondary	ion	mass	spectrometry	(Tof-SIMS)	
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measurements	 indicated	 that	 MASCN	 was	 not	
incorporated	 into	 the	 perovskite	 lattices	 but	 rather	
interacted	with	the	FAPbI3	surface.	Such	a	FAPbI3	film	was	
maintained	in	the	α	phase	after	annealing	at	85	°C	for	500	
h,	whereas	the	reference	film	decomposed	to	PbI2	severely.	
In	 addition,	 the	 MASCN	 vapor-treated	 film	 showed	
stronger	absorption	and	photoluminescent	(PL)	intensity.	
Using	 the	 MASCN	 gas	 assisted	 perovskite	 formation	
method,	PSCs	with	a	structure	of	ITO/SnO2/FAPbI3/Spiro-

MeOTAD/Au	were	prepared,	showing	a	champion	PCE	of	
over	 23%.	 Furthermore,	 the	 device	 exhibited	 a	 high	
external	 quantum	 efficiency	 of	 electroluminescent	 (EL)	
(6.5%	with	an	injection	current	density	of	25	mA/cm2)	and	
a	 record	 low	 turn-on	 voltage	 (i.e.,	 0.75V).	 Table	 3	 has	
summarized	 the	PCE	and	 lifetime	evolution	 for	 the	PSCs	
fabricated	 by	 various	 vapor	 deposition-assisted	
techniques.

TABLE	3.	Summary	of	vapor	deposition-assisted	perovskite	solar	cells.

Method	 Device	structure	 Voc	(V)	 Jsc	 (mA	
cm-2)	

FF	
(%)	

η	(%)	 Area	
(cm2)	

Lifetime	
(h)	

Year	 Reference	

Vapor-assisted	
solution	 process	
(VASP)	

FTO/c-TiO2/MAPbI3/Spiro-
MeOTAD/Ag	

0.924	 19.8	 66.3	 12.1	 0.12	 NA	 2013	 113	

VASP	 FTO/c-TiO2/MAPbI3-xClx/Spiro-
MeOTAD/Au	

1.04	 21.7	 75	 16.8	 0.062	 NA	 2015	 49	

VASP	 FTO/c-TiO2/C60/FAxMA1-
xPbI3/Spiro-MeOTAD/Au	

1.00	 22.51	 76.56	 16.48	 0.09	 NA	 2017	 114	

MASCN	
treatment	

ITO/SnO2/FAPbI3/Spiro-
MeOTAD/Au	

1.165	 24.4	 81.3	 23.1	 0.16	 500d	 2020	 51	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3/Spiro-MeOTAD/Ag	

1.08	 19.6	 71.4	 15.1	 0.09	 NA	 2015	 123	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3/Spiro-MeOTAD/Ag	

1.03	 21.5	 77.9	 17.3	 0.09	 NA	 2016	 124	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3/Spiro-MeOTAD/Ag	

1.04	 21.8	 80	 18.2	 0.09	 NA	 2016	 125	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3/Spiro-MeOTAD/Au	

1.11	 21.6	 77	 18.4	 0.09	 8	daysc;	2d	 2016	 25	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3/Spiro-MeOTAD/Au	

1.04	 21.8	 72	 16.32	 -	 NA	 2016	 130	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MA0.9Cs0.1PbI3/Spiro-
MeOTAD/Au	

1.10	 20.97	 74.04	 17.08	 0.09	 NA	 2017	 126	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3/Spiro-MeOTAD/Au	

1.12	 22.6	 76.2	 19.3	 1.0	 500d	 2017	 55	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3(Cl)/Spiro-
MeOTAD/Au	

1.11	 22.9	 79.1	 20.0	 0.09	 1600d	 2018	 50	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3(Cl)/Spiro-
MeOTAD/Au	

6.65	 3.66	 63	 15.3	 12.0a	 NA	 2018	 50	

CH3NH2	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3/Spiro-MeOTAD/Au	

1.178	 22.81	 79.5	 21.36	 0.0725	 1000d	 2020	 131	

MA+HI	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3/Spiro-MeOTAD/Au	

1.05	 20.6	 71	 15.3	 0.05-
0.18	

133	daysc	 2016	 127	

MA+HI	
treatment	

FTO/c-TiO2/m-
TiO2/MAPbI3/Spiro-MeOTAD/Au	

1.04	 18.6	 67	 12.9	 -	 NA	 2020	 132	

Vapor-Solution	
sequential	
deposition	

FTO/c-
TiO2/PCBM/MAPbI3/Spiro-
MeOTAD/Au	

1.103	 22.95	 74.5	 18.9	 0.16	 NA	 2019	 115	

Vapor-Solution	
sequential	
deposition	

ITO/MoOx/TaTm/MAPbI3-x-
yBrxCly/C60/BCP/Ag	

1.15	 21.2	 81.7	 19.8	 0.06	 90d	 2020	 116	

a	active	area,	b	designated	area,	c-TiO2:	compact	TiO2,	m-TiO2:	mesoporous	TiO2.	c	storage	stability,	d	operational	stability
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Figure	 9.	Morphology,	 surface	 roughness,	 crystallinity	 and	 crystallographic	 orientation	 of	 perovskite	 films	

prepared	by	different	methods.	The	data	are	collected	from	published	papers.44,	96-97,	131,	133	Reproduced	with	permission	
from	Nat.	 Photonics	13,	 460	 (2019),	Adv.	 Funct.	Mater.	 28,	 1703835	 (2018),	 J.	Mater.	 Chem.	A	8,	 23404	 (2020),	Nat.	
Commun.	11,	5402	(2020),	Nature	590,	587	(2021).	Copyright	2019,	2020,	2021	Springer	Nature;	Copyright	2018	Wiley-
VCH;	Copyright	2020	the	Royal	Society	of	Chemistry.	

IV. COMPARISONS BETWEEN VAPOR AND SOLUTION-
PROCESSED PEROVSKITE 

Based	 on	 this	 review	 in	 vapor	 deposition-based	 and	
assisted	perovskites,	one	can	conclude	that	the	deposition	
processes	 of	 VDBA	 are	 quite	 different	 from	 solution	
processes	in	view	of	equipment	to	use	(chambers	or	tubes	
connecting	 to	 vacuum	 systems,	 in-situ	 film	 thickness	
monitoring	 system,	mass	 flow	control	 systems,	 etc.)	 and	
key	 parameters	 to	 control	 (deposition	 pressure	 (i.e.,	
background	 pressure),	 partial	 pressure	 of	 source	 vapor,	
flow	of	carrier	gas,	temperature	of	the	substrate,	to	name	
a	 few).	 The	 different	 deposition	 processes	 result	 in	
perovskite	 films	 that	 are	 different	 in	 morphology,	
crystallinity	 and	 crystallographic	 orientation.	 To	 give	 a	
clear	overview,	we	selected	perovskite	films	prepared	by		

solution-based	method,	 vapor-based	method	 and	 vapor-
assisted	 method,	 respectively,	 and	 compared	 these	
important	characteristics	(Figure	9).	Samples	are	selected	
according	 to	 the	 following	 criteria.	 (I)	 They	 are	 either	
standard	 samples	 representing	 common	 features	 of	
perovskite	films	deposited	by	such	methods	(i.e.,	solution-	
based	and	vapor-based	method)	or	the	sample	that	gives	
the	 best	 feature	 (i.e.,	 vapor-assisted	method).	 (II)	 These	
perovskite	 films,	 when	 constructed	 in	 a	 solar	 cell,	 give	
state-of-the-art	 PCE.	 From	 the	 morphology	 viewpoint,	
perovskite	 films	 prepared	 by	 solution	 and	 vapor-based	
methods	both	show	a	polycrystalline	nature	with	a	typical	
grain	size	of	less	than	1	μm.	In	strict	contrast,	perovskite	
film	 prepared	 by	 vapor	 assisted	 methods	 (e.g.,	 MA	 gas	
assisted	 method)	 shows	 a	 single-crystal	 characteristic	
with	 grain	 size	 over	 1	mm	 (Figure	9).	 Besides,	 solution	
and	vapor-based	methods	deposited	perovskite	films	have		
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Figures	10.	Defect	density	and	carrier	lifetime	of	perovskites	prepared	by	different	methods.	(a,	d)	Solution-based	
method,	 (b,	 e)	 vapor	 deposition	 based	method	 and	 (c,	 f)	 vapor	 deposition	 assisted	method.	 (a,	 d)	 Reproduced	with	
permission	 from	Nature	 592,	 381	 (2021).	 Copyright	 2021	 Springer	Nature.	 (b,	 e)	 Reproduced	with	 permission	 from	
Sustain.	Energy	Fuels	4,	2491	(2020).	Copyright	2021	Wiley-VCH.	(c,	f)	Reproduced	with	permission	from	Chem.	Mater.	
28,	284	(2015).	Copyright	2020	Springer	Nature.	

surface	 roughness	 on	 tens	 of	 nm	 scale.	 It	 is	 worth	
mentioning	 that	 some	 vapor	 processed	 perovskite	 films	
(i.e.,	 co-evaporation)	 have	 a	 low	 surface	 roughness	 of	 a	
few	 nanometers.	 Whereas	 the	 vapor-assisted	 method	
processed	film	has	a	small	surface	roughness	value.	From	
the	 crystallinity’s	 viewpoint,	 solution	 and	 vapor-based	
methods	 deposited	 perovskite	 films	 exhibits	 moderate	
crystallinity.	 On	 the	 other	 hand,	 the	 vapor-assisted	
method	deposited	perovskite	exhibits	a	higher	degree	of	
crystallinity,	 agreeing	 well	 with	 the	 grain	 feature.	
Furthermore,	 the	 vapor-assisted	 method	 deposited	
perovskite	shows	a	preferred	crystallographic	orientation	
as	compared	to	the	other	two	methods.	
The	morphology	 and	 crystallinity	 qualities	 determine	

the	density	of	defects	and	charge	transport	kinetics	in	the	
polycrystalline	perovskite	films.	The	space-charge	limited	
current	(SCLC)	method	is	usually	applied	to	quantitatively	
calculate	 the	 trap	 density	 in	 perovskite	 films	 (Figures	
10a-c).134-135	 The	 dark	 current-voltage	 (I–V)	
measurements	are	conducted	on	the	devices	and	the	trap	
densities	(Nt)	are	calculated	using	Equation	4,		

	

Nt	=	2εε0VTFL/eL2																																		(4)	

where	 ε0	 is	 the	 vacuum	 permittivity,	 ε	 is	 the	 relative	
dielectric	constant	of	perovskite,	e	is	the	electron	charge,	
and	 L	 is	 the	 thickness	 of	 the	 perovskite	 film.	When	 the	
comparison	 is	made	 between	 perovskite	 films	 prepared	

by	 the	 different	 methods,	 a	 trend	 can	 be	 concluded	 as	
follows.	 The	 trap	 densities	 in	 solution	 and	 vapor-based	
methods	deposited	perovskite	 films	are	similar	(i.e.,	1015	
cm-3),45,	102	which	are	1	order	of	magnitude	higher	than	the	
vapor	assisted	method	deposited	perovskite	(i.e.,	1014	cm-

3).131	 Generally	 speaking,	 these	 traps	 are	 responsible	 for	
carrier	trapping	and	non-radiative	recombination,	causing	
electrical	losses	in	PSCs.	However,	it	is	interesting	to	note	
that	defect	densities	in	vapor	based	and	assisted	methods	
prepared	perovskites	films	are	similar	or	lower	than	those	
prepared	by	solution	methods.	This	observation	suggests	
that	 density	 of	 defects	may	 not	 be	 the	 key	 limitation	 in	
vapor	based	and	assisted	methods	prepared	perovskites.	
Among	various	techniques	(transient	absorption,	time-

resolved	 THz	 spectroscopy,	 time-resolved	 microwave	
conductivity)	 to	 study	 charge	 transport	 kinetics	 of	
perovskite	 absorbers,136	 time-resolved	
photoluminescence	 (TRPL)	 measurement	 is	 the	 most	
commonly	 used	 technique	 (Figures	 10d-f).	 Carrier	
lifetime	 (τ),	 defined	 as	 the	 average	 time	 it	 takes	 for	
minority	 carriers	 to	 recombine,	 can	 be	 obtained	 from	
perovskite	layers	that	are	deposited	by	different	methods.	
Solution-processed	 perovskites	 show	 a	 typical	 carrier	
lifetime	of	over	1	μs.45	As	a	comparison,	vapor-based	and	
assisted	 methods	 prepared	 perovskites	 show	 carrier	
lifetimes	 that	 are	 one	 magnitude	 lower.102,	 131	 A	 longer	
carrier	lifetime	resulted	in	a	longer	carrier	diffuse	length,	L	
(Equation	5).	

𝐿 = √Dτ																																								(5)	
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where	D	is	diffusion	coefficient	(diffusivity).	Considering	
that	 the	 thickness	 of	 perovskite	 absorbers	 should	 be	
smaller	 than	 L	 to	 allow	 photo-generated	 carriers	 to	 be	
collected	before	recombination,	a	larger	τ	value	is	a	benefit	
for	 efficient	 carrier	 transport	 (assuming	 that	 D	 is	
constant).	Record	PCEs	of	perovskite	solar	cells	prepared	
by	 different	 methods	 followed	 the	 trend	 of	 perovskite	
carrier	lifetime,	indicating	that	carrier	lifetime	could	be	a	
limiting	 factor.	 Therefore,	 strategies	 towards	 improving	
the	 carrier	 lifetime	 of	 perovskite	 absorbers	 could	 be	 a	
rational	approach	to	enhance	the	PCE	of	vapor-based	and	
assisted	perovskite	solar	cells.	

V. SUMMARY AND OUTLOOK 

The	applications	of	vapor	deposition	based	and	assisted	
methods	in	fabrication	of	polycrystalline	perovskite	films	
are	 gaining	 increasing	 attention	 due	 to	 the	 superior	
advantages	 such	 as	 fewer	 solvent	 concerns,	 high	
uniformity	over	large-area	and	the	possibility	to	integrate	
with	existing	 thin-film	PV	manufacturing	 lines.	Although	
research	 efforts	 have	 been	 made	 to	 advance	 the	 VDBA	
method	 and	 significant	 achievements	 are	 obtained	 in	
terms	 of	 perovskite	 electronic	 quality,	 one	 can	 see	 that	
efficiencies	 of	 the	 state-of-the-art	 VDBA	 processed	 PSCs	
are	 far	 from	 the	 theoretical	 limit.	 Meanwhile,	 other	
important	criteria	such	as	stability	and	cost-performance	
analyses	 should	 be	 considered	 when	 the	 technology	
roadmap	 is	 to	 be	 planned.	 In	 the	 following	 section,	 we	
provide	 hints	 on	 several	 future	 research	 directions	
regarding	the	VDBA	method.		

A. Formation and decomposition kinetics of vapor-deposited 
perovskite 

Perovskites	are	known	to	be	a	class	of	structurally	soft	
materials.	In	a	vapor	deposition-based	process,	the	growth	
of	perovskite	is	conducted	at	a	high	temperature	and	in	a	
vacuum	 environment	with	 a	 constant	 supply	 of	 organic	
halide	vapor.	Meanwhile,	thermal	annealing	and	vacuum	
conditions	 can	 trigger	 the	 decomposition	 of	 perovskite,	
accompanied	by	outgassing	of	organic	 components	 such	
as	CH3NH2,	HI,	CH3I,	NH3,	and	I2	from	the	MAPbI3	(Equation	
6)	 and	 HN=CHNH2,	 HI,	 HCN,	 and	 NH3	 from	 FAPbI3	
(Equation	7),	respectively.137-138		

MAPbI3(s)	↔	PbI2(s)	+	Pb0(s)	+	I2(g)	+	CH3NH2(g)	+	HI(g)	
(6)	

FAPbI3(s)	↔ 	PbI2(s)	 +	 Pb0(s)	 +	 I2(g)	 +	 HN=CHNH2(g)	 +	
HI(g)	+	HCN(g)	+	NH3(g)																																																																								(7)	

When	the	forward	reaction	proceeds	at	the	same	rate	as	
the	 reverse	 reaction,	 a	 chemical	 equilibrium	 is	 created.	
Growth	 of	 perovskite	 is	 a	 dynamic	 process	 that	 is	
determined	by	the	formation	and	decomposition	kinetics.	
A	 fundamental	 understanding	 of	 formation	 and	
decomposition	kinetics	of	the	vapor	deposition	processes	
may	 be	 an	 important	 task	 to	 fabricate	 high-quality	

perovskite	films	with	negligible	decomposition	byproducts.	

B. Defect chemistry in vapor deposition based and assisted 
perovskite 

Structural	 defects	 and	 impurities	 in	 perovskite	
semiconductors	play	a	vital	role	in	solar	cell	performance.	
State-of-the-art	 understanding	 of	 defect	 chemistry	 in	
perovskites	 explains	well	 the	 case	 of	 solution-processed	
perovskites.15	 Many	 defect	 passivation	 strategies	 (alkali	
metal	 halide	 treatments,139	 2D/3D	 perovskite	
formation,140	 interface	 passivation141)	 have	 been	
developed,	 which	 can	 mitigate	 the	 electrical	 losses	 and	
boost	 the	 PCE	 of	 the	 solution-processed	 PSCs.	 These	
strategies,	 however,	may	 not	work	 for	 vapor	 deposition	
based	 and	 assisted	 perovskite.	 A	 possible	 explanation	 is	
that	solution	and	vapor	processed	perovskites	experience	
different	 nucleation	 and	 grain	 growth	 process.	 The	
detrimental	defects	that	dominate	the	electronic	quality	of	
polycrystalline	films	are	different.	From	this	viewpoint,	an	
understanding	 of	 defect	 chemistry	 in	 vapor	 deposition	
based	and	assisted	perovskite	(i.e.,	defect	types,	densities,	
locations	 and	 energy	 levels)	 is	 needed,	 which	may	 shed	
light	on	 the	development	of	 advanced	defect	passivation	
strategies	to	further	boost	solar	cell	efficiency.	

C. Processing throughput of the VDBA processed perovskite 
solar cells 

Processing	 throughput	 is	 a	 key	 parameter	 that	
determines	 the	 manufacturing	 cost	 of	 perovskite	 solar	
cells.	Song	et	al.	 reported	 that	 increasing	 the	 throughput	
from	0.53	m2	min-1	to	1.44	m2	min-1	(close	to	real	thin-film	
PV	 manufacturing	 scenario)	 reduced	 the	 manufacturing	
cost	by	~20%.142	Among	the	VDBA	methods,	close	space	
sublimation	 is	 a	 fast	 deposition	 technique	 commercially	
used	 in	 the	 CdTe	 PV	 industry.71	 The	 conversion	 of	
perovskite	using	the	CSS	method	can	be	realized	in	a	few	
minutes	 without	 any	 post-annealing	 treatment.	 On	 the	
other	 hand,	 deposition	 of	 the	 inorganic	 framework	 (i.e.,	
thermal	 evaporation)	 consumes	 a	 longer	 time	 and	
becomes	 the	 bottleneck	 of	 the	 process.	 From	 this	
viewpoint,	high-throughput	methods	for	deposition	of	the	
inorganic	framework	should	be	developed.	

D. Stability of the VDBA processed PSCs 

Several	reports	have	indicated	that	perovskite	deposited	
by	 VDBA	 methods	 exhibited	 higher	 stability	 compared	
with	solution	methods.78	When	using	the	VDBA	processed	
perovskite	layers	in	PSCs,	operational	stability	(i.e.,	under	
1-sun	 illumination)	varies	 significantly	 from	a	 few	hours	
up	to	1600	h	(Table	1,	2).	The	relatively	large	variation	in	
solar	 cell	 lifetime	makes	 it	 difficult	 to	 compare	 between	
different	 deposition	 methods.	 Moreover,	 most	 of	 the	
stability	measurements	for	the	VDBA	processed	PSCs	were	
shelf	 lifetime	measurements,	which	 could	not	 reflect	 the	
device	 lifetime	 under	 realistic	 operation	 conditions.	 A	
consensus	statement	for	the	stability	assessment	of	PSCs	



Perovskite	Solar	Cells	by	Vapor	Deposition	Based	and	Assisted	Methods	
	

	

has	been	reported	in	2020.143	A	series	of	testing	protocols	
were	recommended,	including	light-soaking	(ISOS-L),	bias	
stability	 (ISOS-V),	 outdoor	 stability	 (ISOS-O),	 thermal	
cycling	 (ISOS-T)	 and	 light	 cycling	 (ISOS-LC).	 Following	
these	 testing	 protocols	 to	 study	 the	 lifetime	 of	 VDBA	
processed	PSCs	could	facilitate	the	community	to	compare	
the	 results	 obtained	 from	 different	 institutes.	 A	 deep	
understanding	 of	 degradation	 mechanisms	 in	 VDBA	
processed	PSCs	can	be	gained.		

E. Roll-to-roll manufacturing perovskite films with a size of m2 

A	unique	advantage	of	the	vapor	deposition	method	is	
to	 deposit	 uniform	 thin	 films	 over	 an	 area	 of	 m2	 as	
demonstrated	in	the	amorphous	Si	PV	industry.	The	VDBA	
methods	such	as	hybrid	CVD	have	shown	a	great	potential	
to	deposit	perovskite	films	over	a	similar	scale.	A	proof-of-
concept	 perovskite	 solar	 module	 demonstration	 with	 a	
size	 of	 m2	 scale	 would	 be	 the	 next	 giant	 leap	 toward	
technology	 commercialization.	 The	 facilities	 and	
infrastructures	 that	 are	 compatible	 with	 roll-to-roll	
manufacturing	could	be	investigated.	The	power	output	of	
perovskite	solar	modules	operated	in	outdoor	conditions	
should	be	tested.	
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