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	11	

Mixed-halide	 perovskites	 prepared	 from	 methylammonium	 iodide	 and	 lead	 chloride	 (MAPbI3-xClx)	 precursors	 are	12	

becoming	 increasingly	 well	 understood,	 however	 the	 effect	 of	 non-stoichiometry	 in	 this	 system	 is	 still	 not	 clear.	13	

Here,	we	create	MAPbI3-xClx	perovskites	from	starting	mixtures	containing	an	excess	of	MAI,	and	study	them	using	a	14	

variety	 of	 structural	 and	 optical	 probes.	 Using	 grazing	 incidence	 X-ray	 scattering	 (GIWAXS)	 we	 demonstrate	 the	15	

existence	 of	 non-perovskite	 structures,	 and	 show	 that	 addition	 of	 hydroiodic	 acid	 (HI)	 also	 leads	 to	 similar	 low-16	

dimensional	phase	formation.	Photoluminescence	spectroscopy	performed	at	cryogenic	temperatures	indicates	the	17	

existence	of	multiple	emissive	states	between	510	nm	and	605	nm	resulting	from	a	low	dimensional	phase	(LDP)	or	18	

multiple	 phases.	 By	 mapping	 the	 distribution	 of	 luminescence	 across	 the	 surface	 with	 submicron	 resolution,	 we	19	

found	strong	co-localisation	of	LDP	emissive	states.	At	certain	blend	 ratios,	emission	 is	 seen	 from	both	LDP	states	20	

and	 methylammonium	 lead	 iodide	 perovskite	 (around	 770	 nm).	 Photoluminescence	 excitation	 spectroscopy	 of	21	

mixed-phase	films	reveals	energy	transfer,	or	a	cascade,	between	different	LDP	states,	but	this	process	only	occurs	22	

inefficiently	to	the	surrounding	perovskite.	Time-resolved	photoluminescence	measurements	demonstrate	that	LDP	23	

excited-state	 lifetimes	 decrease	 as	 a	 function	 of	 increasing	 temperature;	 a	 process	 consistent	 with	 a	 thermally-24	

activated	charge	transfer	process.	Our	work	suggests	that	non-stoichiometric	materials	prepared	via	this	processing	25	

route	can	lead	to	the	formation	of	metastable	LDPs	with	unique	material	properties	that	merit	further	investigation.	26	
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1   1	

Perovskite	 semiconductors	 have	 attracted	 worldwide	 interest	 since	 the	 first	 use	 of	 a	2	

methylammonium	(MA	=	CH3NH3
+)	lead-halide	perovskite	MAPbX3	(X	=	Cl-,	Br-	or	I-)	in	a	dye-sensitised	solar	3	

cell.1	The	ease	by	which	hybrid	organic-inorganic	perovskites	can	be	 fabricated	make	 them	an	attractive	4	

material	 for	 a	 variety	 of	 applications	 including	 solar	 cells,2	 light	 emitting	 diodes3	 and	 photodetectors.4	5	

However,	 certain	 perovskite	 materials	 are	 unstable	 and	 undergo	 degradation	 when	 exposed	 to	6	

combinations	of	moisture,	ultraviolet	light,	oxygen	and	heat.5–8		7	

There	 is	 significant	 growing	 interest	 in	 the	 development	 of	 perovskite-like	 materials	 that	 self-8	

assemble	 into	 low	 dimensional	 phases	 (LDPs)	 which	 have	 modified	 photonic	 and	 electronic	 properties	9	

resulting	 from	 exciton	 confinement	 effects,	 with	 such	 materials	 having	 potential	 relevance	 for	 various	10	

device	applications.	In	general,	quasi-2D	perovskite-like	materials	adopt	a	planar	or	layered	structure,	and	11	

can	be	formed	by	partially	or	completely	substituting	smaller	cations	(such	as	MA,	Cs	of	formamindium,	FA	12	

=	 CH(NH2)2
+)	 with	 larger	 organic	 cations	 such	 as	 butylammonium	 (BA	 =	 C4H9NH3

+)	 and	13	

phenethylammonium	(PEA	=	C8H9NH3
+)	in	the	precursor	ink.9,10	Here,	the	crystal	structure	of	such	materials	14	

can	be	thought	of	being	composed	of	slices	along	the	(100)	or	(110)	plane	of	a	‘3D’	parent	APbX3	structure	15	

(such	 as	 MAPbI3)	 with	 larger	 cations	 acting	 as	 spacer	 layers	 that	 split	 the	 lattice	 along	 one	 axis,	 with	16	

octahedral	 layers	 terminated	by	additional	halides.11	One	such	material	 family	 is	 the	Ruddlesden-Popper	17	

phase	(RPP)	that	is	described	by	the	general	formula	A2Bn-1PbnX3n+1,	in	which	A	and	B	are	larger	and	smaller	18	

cations	 respectively.9	 It	 has	 been	 shown	 that	 these	 RPPs	 can	 form	 natural	 quantum	 wells,	 with	 cations	19	

acting	 as	 an	 electrically	 insulating	 barrier	 layer,12	 permitting	 the	 formation	 of	 stable	 excitons.13	20	

Importantly,	 RPPs	 can	 have	 improved	 moisture	 tolerance	 and	 stability	 compared	 to	 conventional	 ABX3	21	

perovskites;	 a	 property	 attributed	 to	 organic	 cations	 forming	 a	 hydrophobic	 spacer	 layer.10	 Using	 this	22	
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approach,	pioneering	work	by	Grancini	et	al.	and	others	has	incorporated	‘2D’	layers	into	perovskite	films,	1	

creating	solar	cells	that	retain	efficient	performance	after	one	year	of	operation.14–16		2	

Another	 class	 of	 organic-inorganic	 hybrid	 materials	 that	 have	 recently	 been	 synthesised	 are	3	

Dion−Jacobson	phases	(DJPs)	which	can	be	described	by	the	general	formula	ABn-1PbnX3n+1.	These	materials	4	

form	a	class	of	quasi-2D	phases	that	can	also	be	thought	of	as	being	composed	of	a	(100)	slice	taken	from	a	5	

perovskite	crystal.17	However,	 in	contrast	to	a	RPP	in	which	there	are	two	cations	per	unit	cell	 located	in	6	

the	 insulating	 barrier	 region,	 there	 is	 only	 a	 	 single	 organic	 spacer	 cation	 molecule	 (A)	 in	 a	 DJP	 that	7	

separates	the	octahedral	layers.18	For	this	reason	DJPs	generally	have	lower	bandgaps	for	a	given	n-value	8	

than	 their	 RPP	 equivalent.	 For	 completeness,	 we	 note	 that	 other	 lower	 dimensional	 perovskite-like	9	

materials	can	also	exist,	such	as	0D	and	1D	crystals	that	generally	have	larger	bandgaps	compared	to	their	10	

2D	and	3D	counterparts.19,20		11	

In	 this	paper,	we	 investigate	 the	photophysics	of	mixed	quasi-2D	and	perovskite	 films	 formed	by	12	

adding	an	excess	of	MAI	into	a	MAPbI3-xClx	perovskite	precursor	blend,	and	show	that	the	resultant	mixed-13	

phase	 film	 contains	 some	 fraction	 of	 LDP.	 A	 previous	 report	 by	 Song	et	 al.	 indicates	 the	 formation	 of	 a	14	

variety	of	LDP	structures	and	other	phases	in	non-stoichiometric	MAI:PbI2	blends,21	and	others	have	shown	15	

a	small	MAI	excess	(1.05:1	MAI:PbI2)	benefits	device	performance	after	exposure	to	moisture.22	However,	16	

LDP	 structures	 produced	 via	 excess	 organic	 in	 the	 MAI:PbCl2	 3:1	 processing	 route	 have	 not	 yet	 been	17	

investigated,	nor	has	a	structural	and	photo-physical	analysis	of	such	mixed	perovskite-LDPs	systems	been	18	

made,	despite	their	observation	in	literature.23	 In	a	regular	MAPbI3	perovskite	the	MA	molecule	normally	19	

occupies	the	A-site	within	the	ABX3	perovskite	crystal	structure	(tetragonal	space	group	I4/mcm	or	I4cm	at	20	

room	 temperature).	 Here	 we	 show	 that	 by	 using	 excess	 organic	 halide	 material	 (up	 to	 1/3rd	 above	 a	21	

stoichiometric	3:1	mixture)	this	solution	stoichiometry	and	processing	route	can	induce	the	formation	of	a	22	
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structure	 of	 layered	 lead-halide	 octahedra.	 We	 also	 show	 that	 the	 addition	 of	 hydroiodic	 acid	 (HI)	 can	1	

induce	the	formation	of	crystallographically	comparable	LDPs	in	the	film	and	investigate	the	potential	for	2	

introduction	 of	 dimethylammonium	 (DMA	 =	 (CH3)2NH3
+)	 cations	 during	 film	 preparation	 as	 a	 cause.	 The	3	

formation	 of	 low	 dimensional	 structures	 is	 unexpected,	 as	 the	 MA	 organic	 cation	 used	 here	 is	 relatively	4	

small	compared	to	longer	chain	cations	typically	observed	to	form	RPPs.24	We	propose	that	the	dominant	5	

LDP	 in	 our	 material	 may	 occupy	 a	 similar	 structure	 to	 that	 of	 a	 previously	 reported	 DJP/RPP-like	 phase,	6	

with	excess	MAI	or	HI	in	the	solution	facilitating	the	formation	of	isolated	octahedral	layers	in	a	metastable	7	

phase,	with	the	organic	spacer	layer	composition	unclear.18	8	

To	characterise	the	structural	and	optoelectronic	properties	of	this	LDP	material	system,	we	have	9	

used	temperature-dependant	steady-state	and	time-resolved	photoluminescence	(PL)	emission	(SSPL	and	10	

TRPL)	 spectroscopy,	 along	 with	 photoluminescence	 excitation	 (PLE),	 optical	 absorption	 and	 grazing	11	

incidence	wide-angle	X-ray-scattering	(GIWAXS).	Our	GIWAXS	measurements	indicate	that	hot-casting	such	12	

precursor	 inks	 in	 a	 N2	 atmosphere	 creates	 films	 that	 are	 preferentially	 oriented	 in	 the	 out-of-plane	13	

direction,	 as	 has	 been	 observed	 with	 other	 RPPs.10	 Time-resolved	 measurements	 indicate	 a	 significant	14	

temperature-dependence	 of	 LDP	 fluorescence	 lifetime,	 and	 we	 conclude	 that	 exciton	 dissociation	 most	15	

likely	occurs	via	 thermally	activated	 tunnelling	of	 charge-carriers	 through	 the	organic	 spacer	at	elevated	16	

temperatures.	We	also	use	PLE	to	show	that	excitons	can	undergo	energy	transfer	between	different	LDP	17	

emissive	states.	PL	mapping	shows	heterogeneity	in	film	structure	over	length-scales	of	around	10	µm.	Our	18	

measurements	confirm	the	complex	energy-landscape	that	is	present	in	films	formed	from	excess	MAI	or	19	

HI	 precursor	 inks.	 Such	 phase	 inhomogeneity	 is	 also	 likely	 to	 be	 present	 in	 films	 that	 are	 closer	 to	 their	20	

stoichiometric	ratio	via	this	processing	route.	21	
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2   1	

   2	

Figures	1a	and	b	show	SEM	images	of	3:1	and	3.5:1	(MAI:PbCl2)	 films	respectively.	 It	can	be	seen	3	

that	 the	 films	 are	 highly	 polycrystalline	 in	 nature.	 The	 structure	 of	 the	 3:1	 film	 is	 qualitatively	 similar	 to	4	

previous	measurements	on	this	system,	with	the	3:1	film	characterised	by	grains	with	a	range	of	sizes	up	to	5	

~1	μm.25,26	 The	3.5:1	 film	 is	 characterised	by	comparable	 structure,	 in	addition	 to	 larger	 semi-crystalline	6	

domains	with	a	length	scale	of	10s	of	microns,	as	well	as	regions	with	no	surface	coverage.	We	emphasize	7	

that	this	study	focuses	on	the	structure	and	photophysics	at	play	in	this	system,	and	that	the	pinholes	and	8	

reduced	film	coverage	would	certainly	result	in	poor	performance	if	this	film	was	used	in	a	solar	cell.	Figure	9	

1c	shows	PL	emission	from	a	similar	3.5:1	film	and	a	bright-field	optical	image	of	the	same	film	is	presented	10	

in	Figure	1d,	with	both	images	recorded	at	room	temperature.	Here,	the	bright-field	and	PL	images	were	11	

taken	using	an	optical	microscope,	with	the	PL	signal	extracted	by	placing	a	600	nm	long-pass	filter	in	the	12	

collection	 path.27	 These	 measurements	 again	 confirm	 significant	 inhomogeneity	 in	 the	 film	 with	 non-13	

uniform	PL	emission	from	longer	wavelengths	over	the	film	surface.	14	

	15	
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	1	

Figure	 1:	 Topographical	 images	 of	 reference	 (3:1)	 and	 excess	 methylammonium	 iodide	 (3.5:1	 MAI:PbCl2)	 perovskite	2	

samples	prepared	on	quartz.	Scanning	electron	microscope	images	from	a	secondary	electron	(SE)	detector	of	(a)	3:1	and	3	

(b)	 3.5:1	 films	 respectively.	 (c)	 Fluorescence	 imaging	 of	 a	 3.5:1	 film	 excited	 through	 a	 short-pass	 550	 nm	 filter	 and	4	

collected	through	a	600	nm	long-pass	filter.	(d)	Bright-field	optical	image	of	the	same	film	area	shown	in	part	(c).	5	

 X-  6	

 7	

To	understand	the	composition	of	the	crystallites,	we	characterised	their	structure	using	GIWAXS.	8	

Figures	2a	and	b	show	typical	2D	scattering	patterns	from	3.5:1	perovskite	films	annealed	in	air	or	in	a	N2	9	

filled	glovebox	respectively.	The	crystalline	planes	 in	the	3.5:1	perovskite	 film	(Figure	2a)	annealed	 in	air	10	
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have	some	partial	orientation;	however,	there	is	strong	preferential	alignment	in	the	same	film	annealed	in	1	

glovebox	conditions,	where	we	observe	a	modulation	 in	the	azimuthal	reflection	 intensity	of	the	Q	≈	1.0	2	

Å−1	scattering	peak	and	a	number	of	Bragg	spots	in	the	2D	scattering	pattern.	We	note	that	other	studies	3	

on	RPPs	have	observed	similar	orientation	effects	 in	 films	containing	 the	 larger	cations	BA	and	PEA	 that	4	

were	hot-cast.9,28,29	5	

Figure	2c	shows	a	radial	integration	of	the	GIWAXS	pattern	from	the	images	shown	in	Figure	2a	and	6	

b,	 together	 with	 that	 of	 a	 MAPbI3-xClx	 (3:1)	 reference	 film.	 In	 all	 cases,	 we	 observe	 a	 characteristic	7	

reflection	at	Q	≈	1.0	Å−1,	consistent	with	the	(002)/(110)	plane	for	tetragonal	MAPbI3	perovskite	phase	or	8	

equivalent	inter-octahedral	spacing,	with	a	small	shift	to	higher	Q	for	the	excess	organic	materials.30–32	In	9	

films	containing	an	excess	of	MAI	(shown	in	Figure	2a	and	b)	a	series	of	additional	scattering	features	are	10	

detected	at	Q	≈	0.29,	0.59,	0.88	and	1.16	Å−1.	Notably	the	reflection	at	0.29	Å−1	appears	significantly	more	11	

intense	in	the	glovebox-annealed	sample	(Figure	2c),	and	the	scattering	is	anisotropic	with	numerous	Bragg	12	

spots	in	the	film	annealed	under	nitrogen	in	the	glovebox.	This	film	has	an	increased	state	of	order	in	the	13	

out-of-plane	direction	(Qz),	with	some	larger	Q	peaks	oriented	in-plane	(Qxy).	We	discuss	the	origin	of	these	14	

features	below,	but	firstly	we	note	that	the	observation	of	a	characteristic	reflection	at	Q	≈	1.0	Å−1	suggests	15	

the	presence	of	 some	MAPbI3	phase	 in	 the	non-stoichiometric	 films,	or	comparably	 sized	Pb-I	 scattering	16	

planes.	Orientation	of	this	feature	is	shown	in	Figure	2d,	where	an	azimuthal	integration	of	the	Q	≈	1.0	Å−1	17	

scattering	feature	shows	both	in-plane	and	out-of-plane	orientation	for	both	samples;	these	observations	18	

suggest	 a	 preferentially	 oriented	 system	 in	 the	 glove-box	 annealed	 film.	 Evidence	 for	 the	 presence	 of	 a	19	

perovskite	 phase	 is	 strengthened	 by	 optical	 absorption	 measurements	 (see	 later)	 that	 also	 confirm	20	

characteristic	 emission	 from	 MAPbI3	 perovskite.	 However,	 this	 characteristic	 reflection	 is	 also	 evident	 in	21	
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other	2D	systems,	[18]	and	a	shift	to	larger	Q	for	the	excess	organic	films	is	observed	(Q	~	1.02	Å-1);	a	result	1	

consistent	with	a	compression	of	the	perovskite	lattice.	2	

In	 the	 stoichiometric	 sample	 discussed	 above	 (and	 throughout	 this	 study),	 we	 have	 used	 1%	3	

volumetric	 addition	 of	 hydroiodic	 acid	 (HI)	 to	 the	 precursor.	 This	 has	 been	 found	 to	 aid	 solubility	 and	4	

improve	 film	 morphology	 prepared	 via	 this	 processing	 route,33	 and	 has	 also	 been	 used	 for	 optimised	5	

morphology	control	of	perovskite	 layers.34	 Important	work	by	Ke	et	al.	has	 identified	 that	HI	addition	 to	6	

CsPbI3	perovskite	precursor	inks	using	DMF	as	a	solvent	leads	to	the	spontaneous	formation	of	DMA	which	7	

can	 incorporate	 into	 the	 deposited	 perovskite	 film	 resulting	 in	 a	 mixed	 cation	 phase.35	 Acids	 like	 HI	 and	8	

formic	acid	 (HCOOH)	have	been	shown	to	shift	 the	reversible	reaction	of	DMF	hydrolysis	 to	HCOOH	and	9	

DMA.36,37	 Recent	 work	 has	 also	 shown	 that	 films	 produced	 via	 a	 similar	 3:1	 lead	 acetate	 and	 MAI	10	

conversion	 route	 leads	 to	 approximately	 10%	 replacement	 of	 MA	 cations	 in	 perovskite	 films	 by	 DMA.38	11	

These	results	have	implications	for	this	work,	and	in	the	3:1	case	low	intensity	peaks	are	resolved	at	Q	=	12	

0.29,	0.88	and	1.16	Å-1	(Figure	2d).		13	

This	led	us	to	investigate	whether	HI,	and	perhaps	DMA,	may	assist	in	the	formation	of	this	phase	14	

or	 phases.	 Figure	 S1a	 shows	 XRD	 of	 3:1	 MAI:PbCl2	 films	 with	 volumetric	 addition	 of	 HI	 (1-4%),	 clearly	15	

showing	the	emergence	of	the	same	scattering	features	as	in	the	excess	MAI	case.	To	verify	this	finding,	in	16	

Figure	S1b	and	c	we	also	compare	GIWAXS	of	a	3.5:1	excess	MAI	film	and	a	3:1	+	5	vol%	HI	film.	In	both	the	17	

excess	 HI	 and	 excess	 MAI	 case,	 similar	 Bragg	 spots	 are	 apparent	 in	 the	 2D	 pattern	 and	 the	 scattering	 is	18	

highly	comparable.	To	confirm	whether	DMA	is	present	 in	 films	prepared	using	excess	HI,	we	undertook	19	

solution	state	1H	and	13C	nuclear	magnetic	resonance	(NMR)	measurements	on	3:1,	3.5:1,	4:1	and	3:1	+	20	

5vol%	HI	films	which	were	then	re-dissolved	in	DMSO-d6.	Somewhat	surprisingly,	we	did	not	find	any	peaks	21	

that	 are	 characteristic	 of	 DMA	 in	 the	 1H	 NMR	 spectra	 for	 any	 composition,	 with	 only	 one	 carbon-22	
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containing	species	being	identified	in	the	13C	NMR	spectra	(Figure	S2).	We	confirmed	the	peaks	are	likely	1	

attributable	to	MAI	by	utilising	a	capillary	 insert	containing	dissolved	MAI	 inside	the	NMR	tube	for	a	3:1	2	

sample	(to	avoid	any	chemical	interaction)	and	found	good	correspondence,	suggesting	MAI	is	the	only	1H	3	

and	13C	containing	species	in	the	dissolved	films.	This	observation	suggests	that	the	addition	of	excess	HI	4	

to	this	solution	system	results	 in	a	film	containing	excess	MAI;	the	mechanism	for	such	a	reaction	 in	the	5	

precursor	ink	is	presently	unclear.	6	

	7	

Figure	2:	Grazing	incidence	wide-angle	X-ray	scattering	(GIWAXS)	patterns	of	(a)	3.5:1	air	annealed	and	(b)	3.5:1	glovebox	8	

(GB)	 annealed	 excess	 organic	 perovskite	 films.	 The	 x	 and	 y	 axis	 are	 the	 scattering	 vectors	 in	 the	 xy	 (Qxy)	 and	 in	 z	 (Qz)	9	

planes	respectively.	(c)	Radially	integrated	GIWAXS	profiles	(normalised)	through	all	azimuthal	angles	of	stoichiometric	3:1	10	
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+	1	vol%	HI	(blue	line),	3.5:1	–	air	annealed	(black	line)	and	3.5:1	–	glovebox	annealed	(red	line).	(d)	Azimuthal	integrations	1	

around	Q	=	1.0	Å-1	for	3.5:1	annealed	in	air	(black)	and	in	the	GB	(red)	with	Qz	perpendicular	to	the	beam	path	marked.	2	

 3	

To	 investigate	potential	phases	 induced	by	excess	MAI	or	HI	 that	may	cause	additional	scattering	4	

features,	we	considered	various	simulated	and	experimental	data.	Previous	work	has	shown	that	due	 to	5	

the	 hygroscopic	 nature	 of	 amine	 salts,	 monohydrate	 and	 dihydrate	 perovskites	 can	 form	 in	 similar	6	

materials	 when	 exposed	 to	 high	 humidity	 levels	 (>	 40	 %RH)	 39–42.	 Such	 materials	 can	 form	 1D	 and	 0D	7	

structures	 respectively,40,43–46	 with	 the	 (100)	 plane	 of	 monohydrate	 MAPbI3•H2O	 expected	 at	 0.61	 Å−1	42	8	

which	 is	 close	 to	 our	 experimentally	 observed	 peak	 at	 0.59	 Å−1.	 Comparison	 of	 air-annealed	 and	 GB-9	

annealed	3.5:1	films	can	give	useful	insight	on	whether	the	observed	scattering	planes	at	Q	<	1.0	Å-1	result	10	

from	the	presence	of	moisture	during	thermal	annealing.	However,	we	find	that	3.5:1	films	annealed	under	11	

a	nitrogen	atmosphere	and	encapsulated	with	PMMA	are	characterised	by	scattering	at	the	same	Q	as	in	12	

the	air-annealed	sample,	confirming	hydrate	phases	are	not	present	(Figure	2c).		13	

We	note	previous	simulations	of	MA2PbI4	indicate	a	unit	cell	geometry	with	a	(100)	plane	having	a	14	

spacing	of	19.5	Å	(Q	≈	0.32	Å−1),	however	this	plane	is	not	expected	to	strongly	reflect	in	the	Pnm21	space	15	

group.47	 	 Indeed,	 1D	 perovskite-like	 structures,	 such	 as	 (MA)2(DMF)PbI5,	 have	 been	 reported	 when	 an	16	

excess	of	MAI	is	used	in	an	MAI:PbI2	precursor	solution48	forming	a	DMF-complex	with	coordinating	lead-17	

iodide	octahedra.	However,	the	same	study	found	that	thermal	annealing	at	70	°C	was	sufficient	to	remove	18	

such	 DMF	 phases	 from	 the	 films.	 	 It	 is	 apparent	 that	 the	 scattering	 pattern	 and	 peaks	 identified	 in	 this	19	

material	 system	 do	 not	 correlate	 with	 those	 of	 the	 mixed-halide	 precursor	 phase	 that	 forms	 during	 the	20	

early	stages	of	annealing	a	3:1	MAI:PbCl2	precursor	(peaks	 identified	by	Barrows	et	al.	at	Q	≈	0.45,	0.83,	21	

0.88	 Å	 -1	 and	 Stone	et	 al.	 	 at	 Q	 ≈	 0.85,	 0.9,	 1.1	 Å	 -1).49,50	 This	 phase	 is	 observed	 up	 to	 ~45	 minutes	 into	22	

annealing	and	is	expected	to	contain	a	mixture	of	 iodide	and	chloride.	To	investigate	this,	we	performed	23	
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EDX	analysis	on	3:1	and	3.5:1	samples	annealed	in	air	(see	Table	S1)	which	show	a	negligible	concentration	1	

of	 chloride	 present	 after	 90	 minutes	 of	 thermal	 annealing;	 a	 result	 that	 further	 confirms	 we	 are	 not	2	

observing	this	previously	reported	phase.50	3	

We	 propose	 that	 the	 LDP	 identified	 here	 contains	 lead-halide	 octahedral	 planes	 with	 a	4	

characteristic	d-spacing	of	21.7	Å,	and	the	addition	of	MAI	to	the	precursor	promotes	the	formation	of	LDP	5	

structures	causing	the	reflection	at	Q	≈	0.29	Å−1.	The	peak	at	0.59	Å−1	is	thus	consistent	with	a	second	order	6	

reflection	 from	the	same	structure	with	 the	peaks	at	0.88	Å−1	and	1.16	Å−1	 indicative	of	 third	and	 fourth	7	

order	 reflections	 (see	Table	 S2	 for	 complete	 peak	 analysis).	 Previous	 work	 on	 this	 processing	 route	 has	8	

identified	the	peaks	at	0.88	Å−1		and	1.16	Å−1	that	we	observe	here	using	non-stoichiometric	precursor	inks,	9	

with	the	origin	of	these	peaks	as	yet	unexplained.23	The	peak	at	0.88	Å−1	also	closely	matches	a	reflection	10	

produced	by	the	PbI2	2H	polytype,	expected	at	Q	≈	0.90	Å−1,	and	this	phase	may	be	present	in	our	film.51	It	11	

is	 also	 possible	 that	 the	 1.16	 Å−1	reflection	 may	 overlap	 with	 that	 of	 the	 (100)	 plane	 of	 MAPbCl3	 (Table	12	

S1).23	However,	EDX	measurements	show	no	trace	of	chloride	was	detected	 in	either	sample,	suggesting	13	

complete	MACl	sublimation	during	film	formation	and	we	conclude	that	the	1.16	Å−1	reflection	is	entirely	14	

related	to	LDPs.		15	

After	excluding	other	phase	possibilities	present	in	our	material,	we	now	compare	our	findings	with	16	

recent	work	by	Soe	et	al.	 to	understand	the	nature	of	the	LDP.18	Here	a	family	of	DJP/RPP-like	materials	17	

were	synthesised	and	termed	‘alternating	cations	in	the	interlayer	space’	(ACI)	perovskites.18	Structurally,	18	

the	 ACI	 perovskite	 exhibits	 a	 type	 II	 DJP	 structure	 52	 with	 a	 lateral	 offset	 between	 adjacent	 octahedral	19	

layers	in	the	a-plane	(Figure	S3)	but	not	in	the	b-plane	(semi-eclipsed	configuration),	as	opposed	to	an	RPP	20	

which	 would	 be	 offset	 in	 both	 the	a-	 and	b-planes	 (staggered	 configuration).	 In	 this	 case,	 the	 reported	21	

phases	were	based	on	mixtures	of	guanidinium	(C(NH2)3
+	or	GA)	and	MA	which	formed	the	material	family	22	
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GA(MA)nPbnI3n+1.	 Here,	 the	 lattice	 parameters	 for	 GA(MA)3Pb3I10	 single	 crystals	 were	 determined	 as	 a	 =	1	

6.35	Å,	b	=	12.44	Å	and	c	=	43.97	Å	 in	an	orthorhombic	centrosymmetric	 Imma	 space	group.18	 In	Figure	2	

S2a,	we	compare	simulated	powder	XRD	patterns53	from	the	crystallographic	information	files	produced	by	3	

Soe	 et	 al.	 for	 the	 n	 =	 3	 variant	 with	 our	 radially	 integrated	 GIWAXS	 patterns	 for	 a	 3.5:1	 GB	 annealed	4	

sample.	 It	 can	 be	 seen	 that	 an	 excellent	 correlation	 is	 observed	 in	 reflected	 peak	 positions	 with	 the	5	

simulated	data.	 Indeed,	 a	 reflection	corresponding	 to	 the	 (002)	plane	of	 the	GA(MA)3Pb3I10	ACI	phase	 is	6	

observed	at	Q	≈	0.29	Å−1,	corresponding	to	a	d-spacing	≈	22	Å.	The	(004)	and	(006)	planes	are	located	at	Q	7	

≈	0.57	and	0.86	Å−1,	together	with	stronger	reflections	from	the	(101)	and	(020)	planes	at	Q	≈	0.99	and	1.01	8	

Å−1	(d-spacing	=	6.3	and	6.2	Å−1),	respectively.	We	therefore	consider	an	n	=	3	type	II	DJP	structure	may	be	9	

a	 component	 of	 the	 scattering	 data,	 similar	 to	 the	 structure	 reported	 by	 Soe	 et	 al.	 with	 a	 spacer	 layer	10	

resulting	 from	 the	 excess	 MAI	 or	 HI	 precursor.	 This	 significant	 correlation	 suggests	 we	 have	 thin-films	11	

consisting	of	multiple	phases,	 including	an	LDP	structure	that	may	be	similar	 in	nature	to	the	ACI	phase.	12	

Although	the	exact	composition	of	 the	spacer	 layer	 that	 leads	 to	 this	multiple	quantum	well	 structure	 is	13	

still	unclear,	our	NMR	measurements	presented	 in	Figure	S2	suggest	that	the	only	organic	component	 is	14	

MA.	15	

 16	

	 The	possibility	of	a	perovskite-like	phase	similar	to	the	reported	ACI	phase	but	with	MA	substituting	17	

GA	 in	 the	 interlayer	 is	 intriguing.	 To	 understand	 this	 possible	 crystal	 structure,	 we	 carried	 out	 density	18	

functional	theory	(DFT)	calculations	using	two	appropriate	DFT	functionals:	PBEsol54	and	the	van	der	Waals	19	

functional	with	C09	exchange55	(further	referred	to	as	C09).	PBEsol	has	commonly	been	used	for	modelling	20	

lead-iodide	 perovskites19,56–60	 and	 has	 accurately	 predicted	 the	 lattice	 parameters	 of	 bulk	 and	 layered	21	

perovskites.58–60	 The	 C09	 functional	 has	 recently	 been	 applied	 to	 perovskites61–63	 	 and	 because	 this	22	
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functional	 is	able	to	describe	weak	van	der	Waals	 interactions,	 it	 is	also	expected	to	give	a	more	reliable	1	

description	 of	 the	 interactions	 in	 the	 dielectric	 spacer	 layers	 of	 LDPs	 compared	 to	 the	 GGA-type	 PBEsol	2	

functional.		3	

In	Figure	S4a	we	show	simulated	pXRD	patterns	taken	from	the	PBEsol	and	C09	possible	MA4Pb3I10	4	

structures	overlaid	with	radially	integrated	GIWAXS	pattern	from	a	4:1	sample.	Here,	there	is	commonality	5	

between	 the	 experimental	 and	 theoretical	 scattering	 patterns,	 with	 the	 C09	 functional	 more	 closely	6	

matching	the	scattering	features.	 In	Figure	S4b	we	show	significant	octahedral	distortions	 in	one	view	of	7	

the	crystal	structure	and	in	Figure	S4c	the	modelled	translation	in	the	ab-plane	is	seen	(as	is	noted	with	the	8	

ACI	perovskite).18,64	This	phase	would	therefore	have	comparable	symmetry	to	a	DJP	perovskite	but	with	9	

the	 stoichiometry	 of	 a	 monocation	 RPP.	 The	 calculated	 and	 experimental	 lattice	 parameters	 using	 both	10	

PBEsol	 and	 C09	 functionals	 applied	 to	 the	 (previously	 reported)	 mixed	 cation	 GAMA3Pb3I10	 and	 all-MA	11	

MA4Pb3I10	 crystal	 structures	 are	 given	 in	 Table	 S3.	 We	 caution	 that	 this	 analysis	 is	 reliant	 on	 sets	 of	12	

assumptions	 driven	 by	 GIWAXS	 data	 and	 literature;	 as	 such,	 further	 analysis	 using	 techniques	 such	 as	13	

Rietveld	 analysis	 of	 powdered	 or	 single	 crystal	 samples	 and	 extended	 X-ray	 absorption	 fine	 structure	14	

should	be	applied	for	full	structural	refinement.50,65	Single	crystals	of	this	phase	may	require	the	use	of	a	15	

complex	synthesis	process	if	-	as	we	suspect	-	there	is	a	sublimation	(MACl)	and	phase	conversion	process	16	

during	film	formation.		17	

 18	

Having	 demonstrated	 the	 existence	 of	 low-dimensional	 nanostructures	 within	 our	 films,	 we	 also	19	

note	 that	 such	 mixed	 phase	 films	 undergo	 a	 phase	 transition	 following	 exposure	 to	 high	 humidity,	20	

indicating	 that	 the	 quasi-2D	 layered	 structure	 is	 metastable.	 Whilst	 such	 films	 are	 stable	 under	 ambient	21	

conditions	(~25	°C	and	~30	%RH),	exposure	to	humid	air	(>50	RH%)	causes	them	to	rapidly	lose	their	dark-22	
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red	colour	and	convert	to	a	dark-brown	film	containing	MAPbI3	perovskite	and	hydrates	(see	images	and	1	

GIWAXS	 patterns	 in	Figure	 S5).	 We	 suspect	 that	 moisture	 may	 facilitate	 escape	 of	 excess	 MAI	 from	 the	2	

film,	 with	 the	 layered	 structure	 collapsing	 to	 more	 energetically	 favourable	 perovskite	 and	 hydrate	3	

structures,	although	the	precise	mechanism	is	unclear.	4	

  5	

-  6	

To	 investigate	 the	 co-existence	 of	 the	 LDP	 and	 MAPbI3	 phases,	 we	 measured	 steady-state	7	

photoluminescence	 (SSPL)	 and	 optical	 absorption	 as	 a	 function	 of	 temperature.	 Figure	 3a	 plots	 the	8	

normalised	absorption	(red	line)	and	PL	emission	from	a	stoichiometric	3:1	perovskite	film	at	290	K	and	12	9	

K.	The	film	absorption	(at	290K)	is	relatively	featureless	and	is	characterised	by	a	band-edge	at	758	nm.	The	10	

PL	emission	from	this	film	is	dominated	by	a	peak	centred	at	763	nm	which	is	expected	from	charge	carrier	11	

recombination	within	MAPbI3
30	and	red	shifts	to	772	nm	at	12	K	with	a	second,	 less	 intense	peak	at	740	12	

nm.	Emission	from	these	features	becomes	weaker	as	the	temperature	 is	 reduced,	with	the	 low	energy-13	

region	 of	 the	 spectrum	 becoming	 dominated	 by	 an	 emissive	 peak	 centred	 at	 770	 nm,	 corresponding	 to	14	

emission	from	the	orthorhombic	phase	of	MAPbI3.30,66	15	

For	 the	 non-stoichiometric	 case,	 Figures	 3b	 and	 c	 show	 normalised	 absorption	 and	 PL	 emission	16	

spectra	for	a	3.5:1	air-annealed	perovskite	film	at	290	K	and	12	K	respectively.	In	contrast	to	the	3:1	film,	17	

we	observe	a	more	complex	absorption	spectrum	at	290	K	characterised	by	a	broad	unresolved	band	at	18	

550	nm	together	with	a	weak	band	edge	at	760	nm.	As	the	temperature	is	reduced,	both	the	absorption	19	

and	emission	evolve	into	the	spectra	shown	in	Figure	3c,	indicative	of	a	complex	energy	landscape	(the	full	20	

temperature	series	of	PL	emission	 for	 the	3.5:1	perovskite	 is	shown	 in	Figure	3d).	As	 the	temperature	 is	21	

reduced,	the	absorption	bands	between	500	and	590	nm	split	into	distinct	peaks	at	500,	515,	542,	562	and	22	
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582	nm,	with	the	lower	energy	band	edge	shifting	to	750	nm.	As	shown	in	Figure	S6,	the	low-temperature	1	

absorption	profile	for	a	stoichiometric	(3:1)	film	is	characterised	by	a	single	excitonic	feature	close	to	the	2	

band-edge.	 Therefore,	 additional	 absorption	 features	 at	 low	 temperature	 in	 the	 3.5:1	 films	 must	 result	3	

from	the	introduction	of	excess	MAI	into	the	precursor	solution.		4	

The	PL	for	the	3.5:1	film	is	similarly	structured,	with	strong	emission	peaks	observed	at	546,	566,	5	

586,	606,	641	and	803	nm	at	12	K.	There	 is	one-to-one	correspondence	between	peaks	observed	 in	 the	6	

emission	spectrum	at	546,	566	and	586	nm	with	the	peaks	observed	in	absorption	at	542,	562	and	582	nm.	7	

This	observation	suggests	a	series	of	excitonic	states	with	a	Stokes	shift	of	around	4	nm	at	4	K.	A	weaker	8	

emission	 peak	 was	 observed	 sporadically	 in	 3.5:1	 samples	 at	 512	 nm	 (see	 Figure	 3c	 inset,	 note	 that	 the	9	

inset	spectrum	was	recorded	using	a	PL	mapping	system	–	see	 later).	This	512	nm	peak	could	be	due	to	10	

localised	 lead	 iodide	 formation	 in	 the	 film,	with	 this	emissive	peak	correlating	with	previous	 reports.67,68	11	

Significantly	however,	 in	films	in	which	we	might	expect	the	lowest	fraction	of	PbI2	 (i.e.	those	containing	12	

the	 higher	 (4:1)	 organic	 ratio),	 we	 find	 that	 the	 intensity	 of	 the	 512	 nm	 peak	 is	 greatest.	 This	 suggests	13	

therefore	 that	 the	 peak	 at	 512	 nm	 likely	 results	 from	 LDPs	 in	 the	 film	 (Figure	 S7).	 We	 also	 find	 that	 PL	14	

emission	intensity	is	significantly	higher	from	the	4:1	sample	with	two	low	intensity	peaks	also	detectable	15	

at	room	temperature	(see	Figure	S7).	16	

In	the	3.5:1	film	(see	Figure	3d),	it	can	be	seen	that	the	band-edge	PL	undergoes	a	small	red-shift	of	17	

27	nm	as	the	film	is	cooled	from	290	K	to	185	K,	being	located	at	761	nm	and	at	788	nm,	respectively.	This	18	

peak	 then	 blue	 shifts	 to	 780	 nm	 at	 110	 K	 (a	 temperature	 just	 below	 the	 tetragonal	 to	 orthorhombic	19	

transition	 in	 the	 perovskite	 phase)69	 and	 broadens	 considerably	 as	 the	 film	 is	 cooled	 to	 12	 K.	 We	 have	20	

shown	 using	 a	 hole-quenching	 ITO/PEDOT:PSS	 substrate	 (see	 Figure	 S8)	 that	 this	 broadening	 can	 be	21	
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suppressed,	a	result	that	suggests	that	this	red	shift	and	broadening	results	from	increased	recombination	1	

via	hole	trap	states	at	low	temperature.	70		2	

Finally,	we	consider	the	origin	of	the	intense	peak	at	641	nm	that	is	broader	than	the	higher	energy	3	

features,	and	is	apparently	composed	of	several	unresolved,	narrow	peaks.	The	origin	of	the	feature	is	not	4	

clear,	but	we	speculate	that	this	might	result	from	interface	phases	or	charge	transfer	states	that	exist	at	5	

the	 boundaries	 between	 the	 LDP	 and	 perovskite	 material.	 We	 base	 this	 speculation	 on	 the	 observed	6	

reduction	in	intensity	of	this	peak	in	the	glovebox-annealed	3.5:1	film	(see	Figure	S9).	In	the	4:1	precursor	7	

blend	ratio	film,	we	also	observe	a	suppression	in	emission	both	around	640	nm	and	at	longer	wavelengths	8	

(see	 Figure	 S8b	 and	 S9),	 confirming	 that	 4:1	 sample	 is	 phase-pure	 with	 uniquely	 LDP	 emission	 at	 low	9	

temperature.	This	 leads	us	 to	 interpret	 the	broad	emissive	peak	at	640	nm	as	 coming	 from	 interface	 or	10	

charge-transfer	states	between	the	LDP	and	perovskite,	with	the	approximate	LDP-specific	and	perovskite	11	

regions	annotated	in	Figure	3d.	12	
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	1	

Figure	3:	(a)	Steady-state	photoluminescence	(SSPL)	at	290	K	(black),	12	K	(dashed	black)	and	absorption	at	290	K	(red)	of	2	

a	3:1	perovskite	 film.	 (b,c)	Typical	SSPL	 (black)	and	absorption	 (red)	of	3.5:1	at	 (b)	290	K	and	 (c)	12	K.	 (d)	Temperature	3	

series	of	SSPL	spectra	for	a	3.5:1	film	between	290	K	and	12	K	showing	the	emergence	of	short	wavelength	LDP	emissive	4	

states	and	gradual	blue	shift	of	emission	from	the	perovskite	phase.	5	

 6	

The	photoluminescence	features	at	546,	566	and	586	nm	are	of	particular	interest,	and	in	the	4:1	7	

sample	represent	the	dominant	emissive	species.	The	absorption	profile	shown	in	Figure	3c	resembles	that	8	

of	 a	 quasi-2D	 perovskite	 film	 using	 larger	 cation	 spacers.71–73	 Through	 analysis	 of	 the	 complete	9	
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temperature-dependent	 absorption	 spectral-series	 (see	 Figure	 S10)	 we	 find	 that	 the	 absorption	 peak	1	

observed	at	547	 nm	undergoes	 a	 blue-shift	of	 5	 nm	 as	 the	 temperature	 is	 reduced	 from	 290	 K	 to	 12	K.	2	

Similar	features	have	been	observed	in	quasi-2D	films	at	room	temperature28,74,75	and	have	been	ascribed	3	

to	excitonic	absorption	and	emission	 from	n-layered	quasi-2D	crystals.19,24,44,76	 	 Specifically,	quasi-2D	ACI	4	

hybrid	 GA(MA)nPbnI3n+1	crystals	 produce	 fluorescence	 at	 peak	 emission	 wavelengths	 of	 λ	 ≈	 550,	 605	 and	5	

645	nm	 for	n	=	1,	2	and	3,	 respectively,	and	 the	absorption	profiles	 seen	 in	 these	ACI	perovskites	 show	6	

similar,	 but	 broader,	 multiple	 excitonic	 absorption	 peaks	 to	 those	 seen	 Figure	 3c.18	 Indeed	 in	 films	7	

produced	with	the	n	=	3	target	composition	(GAMA3Pb3I10),	multiple	absorbing	states	have	been	observed	8	

and	 attributed	 to	 different	 phases	 in	 the	 film;	 a	 result	 also	 consistent	 with	 previous	 analysis	 on	 single	9	

crystals.18,64	 It	 is	possible	therefore	the	absorption	peaks	observed	at	shorter	wavelengths	correspond	to	10	

different	perovskite-like	structures	having	reduced	dimensionality.	11	

However,	 other	 explanations	 for	 multiple	 emissive	 peaks	 from	 a	 single	 LDP	 are	 possible.	 Two	12	

absorption	edges	in	the	pure	n	=	1	RPP	material	BA2PbI4	have	been	attributed	to	band	edge	and	excitonic	13	

absorption,	so	individual	phases	within	this	mixed	phase	may	have	multiple	absorbing	features.77	Whalley	14	

et	al.	have	recently	shown	that	deformation	at	the	grain	boundaries	 in	MAPbI3	caused	by	a	tilting	of	the	15	

octahedra	 due	 to	 thermal	 broadening	 gives	 rise	 to	 a	 40	 meV	 shift	 of	 the	 bandgap.78	 We	 note	 that	 the	16	

emission	peaks	seen	at	546	and	566	nm	differ	 in	energy	by	80	meV,	and	it	 is	therefore	possible	that	the	17	

multiple	 emissive	 states	 could	 result	 from	 disorder	 at	 grain	 boundaries,	 or	 by	 having	 disconnected	18	

octahedra	between	LDP	structures	which	would	reduce	tilting	constraints.	19	

We	conclude	therefore	that	the	3.5:1	films	are	comprised	of	a	perovskite	phase	(as	identified	by	the	20	

band	 edge	 absorption	 and	 emission	 at	 761	 nm)	 that	 co-exists	 with	 a	 series	 of	 LDP	 emissive	 states	 with	21	

absorption	and	emission	between	505	and	605	nm.	The	strong	 temperature	dependence	of	PL	emission	22	
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intensity	indicates	the	existence	of	a	thermally	activated	process	that	results	in	the	dissociation	of	excitons	1	

localised	 in	 LDPs.	 If	 excitonic	 in	nature,	 it	 is	possible	 that	 they	 result	 from	dielectric	 confinement	within	2	

different	phases	consisting	of	multiple	n-dimensional	layers	of	lead-iodide	octahedra,	leading	to	different	3	

well	widths	and	consequently	different	exciton	binding	energies.	However,	our	GIWAXS	data	suggests	this	4	

is	 not	 the	 case,	 with	 simulated	 scattering	 data	 from	 only	 one	 layered	 phase	 correlating	 well	 with	 the	5	

experimental	data.	We	might	expect	that	a	mixture	of	LDP	and	perovskite	phases	would	be	dependent	on	6	

the	 initial	 precursor	 blend	 ratio,	 as	 has	 been	 in	 observed	 in	 films	 of	 RPP	 phases.79	 Within	 the	 range	 of	7	

stoichiometries	explored	in	this	study,	we	do	not	observe	multiple	LDP	phases;	rather	the	peaks	identified	8	

in	the	scattering	pattern	from	a	4:1	MAI:PbCl2	ratio	precursor	blend	film	(see	Figure	S2a)	are	comparable	to	9	

those	from	a	3.5:1	sample	(see	Figure	2).	This	suggests	that	the	film	contains	a	single	LDP	phase,	and	that	10	

increasing	the	MAI	ratio	simply	increases	the	proportion	of	material	within	the	film	that	is	in	this	phase.		11	

	12	

  13	

To	evidence	possible	energy	transfer	between	the	different	observed	states	we	investigated	their	14	

emissive	behaviour	as	a	function	of	excitation	wavelength.	Two-dimensional	PL	excitation	(PLE)	spectra	are	15	

plotted	in	Figure	4a	and	b	for	a	non-stoichiometric	3.5:1	sample	recorded	at	temperatures	of	295	and	77	K	16	

respectively.	Here	the	scatter	from	the	excitation	laser	appears	as	a	diagonal	band	across	the	image	(note	17	

that	the	emission	spectra	are	only	plotted	for	wavelengths	>	450	nm	due	to	the	limited	operational	range	18	

of	the	spectrometer	grating	used	to	detect	emission).	At	both	temperatures,	the	excitation	of	the	sample	19	

up	to	~550	nm	results	in	strong	band-edge	perovskite	emission	around	750	nm.		20	

In	Figure	4c,	we	plot	a	horizontal	cross-section	through	Figure	4b	at	wavelengths	of	588	nm	and	777	21	

nm	(shown	using	dotted	lines),	corresponding	to	a	PLE	spectrum	of	one	of	the	LDP	emission	peaks	and	22	
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emission	around	the	perovskite	band-edge	respectively.	Interestingly,	we	find	that	the	excitation	spectrum	1	

of	emission	at	588	nm	indicates	excitation	resonances	at	542	and	562	nm,	signifying	some	degree	of	2	

energy	transfer	(most	likely	by	dipole-dipole	coupling)	between	the	different	LDP	emissive	states.	This	has	3	

been	observed	previously	in	RPP	systems	with	excitonic	energy	transfer	from	wider-bandgap,	lower	n-4	

dimensional	regions	to	narrower-bandgap,	higher	n-dimensional	regions	and	also	to	perovskite	phases	in	a	5	

cascade-like	manner.80	In	this	system,	such	resonance	features	are	relatively	weak	compared	to	the	PLE	of	6	

the	bulk	emission,	with	the	PLE	spectrum	at	777	nm	being	comparatively	featureless.	This	observation	7	

indicates	that	direct	energy	transfer	between	the	LDP	states	and	the	co-existing	bulk	perovskite	phase	is	a	8	

relatively	inefficient	process.	Significantly,	the	PLE	signal	recorded	over	the	excitation	range	600-700	nm	is	9	

relatively	greater	when	detecting	at	777	nm	(corresponding	to	emission	from	the	bulk	perovskite	phase).	10	

This	reinforces	our	hypothesis	that	the	spectral	region	600-700	nm	largely	corresponds	to	charge-transfer	11	

or	interface	states	between	LDP	and	perovskite	phases.		12	
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	1	

Figure	4:	Photoluminescence	excitation	(PLE)	contour	plots	shown	for	a	3.5:1	sample	glovebox	annealed	sample	on	quartz	2	

at	(a)	295	K	and	(b)	77	K.	(c)	Horizontal	slices	of	the	plot	in	(b)	at	given	emission	wavelengths	588	nm	(black)	and	777	nm	3	

(red).	The	shaded	section	indicates	scattered	signal	from	the	excitation	laser	around	588	nm.		4	
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2  -  1	

To	 further	 understand	 the	 photophysics	 of	 such	 LDP	 states,	 we	 measured	 time-resolved	2	

luminescence	of	a	3.5:1	air-annealed	film	as	a	function	of	wavelength	at	a	temperature	of	12	K	and	185	K.	3	

Figure	5a	and	b	show	the	(normalised)	PL	decay	lifetimes	corresponding	to	the	emissive	peaks	observed	at	4	

546,	566,	586,	646,	and	770	nm.	To	quantify	the	transient	behaviour,	these	were	fitted	to	double	stretched	5	

exponentials	of	the	form	! ! !!
!!!!!!!

!
!

! !!
!!!!!!!

!
! ,	with	such	biexponential	transients	commonly	used	to	6	

describe	relaxation	in	disordered	systems	and	thus	model	PL	decay	in	perovskite	materials.	Indeed,	multi-7	

exponential	 decay	 is	 associated	 with	 discrete	 populations	 of	 states	 undergoing	 relaxation	 through	8	

independent	decay	channels.			9	

We	plot	the	PL	decay	lifetime	of	the	fast	and	slow	PL	decay	transients	in	Figure	5c	and	d.	It	can	be	10	

seen	that	decay	 lifetimes	 increase	as	a	function	of	detection	wavelength;	an	observation	consistent	with	11	

the	increase	in	PL	intensity	from	the	LDP	states	as	a	function	of	increasing	wavelength	(see	Figure	3c,	d).	12	

The	general	 increase	 in	decay	 lifetime	as	a	function	of	emission	wavelength	observed	for	both	short	and	13	

fast	 transients	 is	 consistent	 with	 an	 energy	 cascade	 process	 from	 higher	 energy	 LDPs	 to	 lower	 energy	14	

states,	 as	 suggested	 by	 PLE	 spectroscopy	 (see	 Figure	 4c).	 However	 this	 effect	 may	 also	 result	 from	 low	15	

temperature	confinement	effects	of	excitons	in	LDPs	of	different	size	which	modify	radiative	rates.81,82			16	

It	is	noticeable	that	the	t1	(slow	transient)	emission	lifetime	of	the	localised	LDP	states	(detected	at	17	

wavelengths	<	620	nm)	increases	as	the	temperature	is	reduced	(see	Figure	4c).	In	a	perovskite	phase,	this	18	

recombination	 process	 would	 likely	 be	 dominated	 by	 bimolecular	 recombination,	 with	 this	 rate	 typically	19	

increasing	at	low	temperature	as	a	result	of	enhanced	carrier	mobility.83	In	the	perovskite	phase	(emission	20	

at	770	nm)	we	see	this	behaviour,	and	observe	a	slight	decrease	in	the	t1	lifetime	at	low	temperature.	The	21	

reverse	 is	 instead	 observed	 for	 the	 LDP	 states	 -	 an	 observation	 consistent	 with	 enhanced	 localisation	 of	22	
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excitons	at	low	temperature.	Notably	at	temperatures	>	200	K	such	states	appear	to	dissociate	rapidly.	We	1	

ascribe	 this	 dissociation	 process	 to	 either	 the	 electron	 or	 hole	 undergoing	 thermally	 assisted	 tunnelling	2	

into	regions	of	perovskite.	3	

	4	

Figure	5:	Time	resolved	photoluminescence	spectroscopy	for	3.5:1	film	air	annealed	on	quartz	at	 (a)	185	K	and	(b)	12	K	5	

shown	with	fitting	(solid	lines).	The	coloured	lines	represent	isolated	wavelengths	of	780	nm	(black),	640	nm	(red),	605	nm	6	

(blue),	585	nm	(cyan),	565	nm	(magenta)	and	545	nm	(gold).	(c)	First	(τ1)	and	(d)	second	(τ2)	time	constant	parameters	of	7	

double	stretched	exponential	fits	to	the	decay	transients	for	the	emissive	peaks	plotted	against	their	emission	wavelength.		8	

	9	

  10	

Clearly,	the	observation	of	energy	transfer	between	LDP	states	and	charge-carrier	tunnelling	from	11	

LDP	states	into	the	perovskite	phase	suggests	that	such	phases	must	be	intimately	mixed	at	length-scales	12	
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corresponding	to	exciton/carrier	diffusion-lengths.	To	confirm	the	length-scales	of	this	mixing,	we	used	PL	1	

mapping	 performed	 at	 4	 K	 to	 characterise	 the	 distribution	 of	 emission	 from	 the	 various	 emissive	 states	2	

from	 a	 3.5:1	 film.	 This	 is	 shown	 in	 Figure	 6	 where	 we	 plot	 the	 integrated-distribution	 of	 luminescence	3	

centred	at	512	nm	(PbI2	or	LDP	emission),	546	nm	and	566	nm	(LDP	emission)	and	760	nm	(perovskite).	The	4	

emission	spectrum	was	integrated	around	the	centre	wavelengths	with	limits	λ	±	5	nm.	As	was	evident	in	5	

the	optical	microscopy	images	shown	in	Figures	1c	and	d,	we	see	a	series	of	domains	whose	lateral	size	is	6	

of	the	order	of	10	µm,	 indicating	regions	of	emissive	material.	The	distribution	of	the	emission	from	the	7	

LDPs	 and	 the	 perovskite	 is	 similar	 but	 there	 is	 some	 variation	 in	 distribution	 of	 emission	 from	 these	8	

different	 phases,	 partially	 from	 self-absorption	 resulting	 from	 thickness	 fluctuations	 of	 the	 film.	 The	9	

similarity	 in	particular	between	the	546	and	566	nm	 images	suggests	 that	 this	LDP	emission	 is	 from	one	10	

LDP	phase	with	multiple	emissive	peaks	rather	than	multiple	phases.	The	significant	self-similarity	between	11	

LDP	and	perovskite	emission	suggests	that	these	phases	are	mixed	at	a	length-scale	finer	than	the	spatial	12	

resolution	of	our	PL	mapping	setup	(around	1.3	µm).		13	

	14	
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	1	

Figure	6:	Contour	plots	of	the	emission	from	LDP	and	bulk	perovskite	states	integrated	around	(a)	510	nm	(LDP	or	PbI2),	2	

(b)	546	nm	(LDP),	(c)	566	nm	(LDP)	and	(d)	760	nm	(MAPbI3).	The	z-axis	here	is	the	integrated	total	PL	intensity	under	the	3	

spectrum	with	 limits	±	5	nm	around	the	centre	wavelength.	Each	plot	has	 individual	 z-axis	 limits	between	 its	maximum	4	

and	minimum	value	and	are	not	individually	normalised.	Regions	of	very	low	intensity	are	without	any	material.	5	

3   6	

In	 summary,	 we	 have	 explored	 the	 structure	 and	 photophysics	 of	 perovskites	 from	 mixed-halide	7	

precursor	 inks	containing	a	non-stoichiometric	excess	of	methylammonium	iodide	(MAI).	We	show	using	8	

optical	 and	 scanning	 electron	 microscopy	 that	 the	 thin-films	 created	 are	 highly	 polycrystalline.	 Grazing	9	

incidence	X-ray	scattering	reveals	the	presence	of	new	scattering	features	at	Q	=	0.29,	0.59,	0.88	and	1.16	10	
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Å-1	 that	 co-exist	 with	 the	 bulk	 perovskite	 phase.	 This	 suggests	 strong	 reflections	 from	 lead	 iodide	1	

octahedral	layers	spaced	by	21.7	Å,	with	such	spacing	assisted	in	some	way	by	the	excess	organic	(MAI	or	2	

HI)	 solution	 stoichiometry.	 We	 have	 performed	 a	 detailed	 analysis	 of	 such	 scattering	 patterns,	 and	3	

compare	this	 to	simulated	powder-XRD	from	the	previously	reported	GA(MA)nPbnI3n+1	material	 family.	 In	4	

particular,	we	find	a	close	correspondence	to	the	n	=	3	variant.	Based	on	this	we	tentatively	suggest	that	5	

our	 film	 may	 include	 a	 Dion−Jacobson	 /	 Ruddlesden-Popper	 phase	 MA4Pb3I10	 which	 shows	 comparable	6	

scattering	features	after	modelling	using	two	DFT	functionals.	When	off-stoichiometric	films	are	annealed	7	

in	a	glovebox	under	low-moisture	conditions,	the	crystalline	phase-purity	improves,	with	a	highly	oriented	8	

film	formed.	Optical	spectroscopy	performed	on	films	as	a	function	of	temperature	reveals	the	presence	of	9	

excitonic-like	 features	 in	 both	 emission	 and	 absorption	 at	 temperatures	 <	 200	 K,	 and	 at	 higher	 organic	10	

ratios	interface	or	charge-transfer	state	emission	between	the	LDP	and	perovskite	is	suppressed,	and	the	11	

possibility	 of	 multiple	 emissive	 states	 either	 from	 one	 phase	 or	 different	 LDPs	 is	 explored.	 Using	12	

photoluminescence	 excitation	 spectroscopy	 we	 show	 some	 degree	 of	 energy	 transfer	 between	 low-13	

dimensional	 states	 with	 different	 energies,	 suggesting	 close	 intermixing.	 Time-resolved	 PL	 emission	14	

measurements	 demonstrate	 that	 the	 emissive	 states	 have	 reduced	 lifetimes	 at	 elevated	 temperature,	15	

however	 this	 reduced	 lifetime	 most	 likely	 results	 from	 exciton	 dissociation	 caused	 by	 thermally	 assisted	16	

tunnelling	of	charge-carriers	into	regions	of	perovskite.	Photoluminescence	mapping	of	the	emission	from	17	

perovskite	and	LDPs	performed	with	a	spatial	resolution	of	~	1.3	µm	further	confirms	a	mixed-phase	film	of	18	

the	 order	 of	 exciton	 and	 charge-carrier	 diffusion	 lengths;	 a	 result	 consistent	 with	 energy	 transfer	 in	 a	19	

cascade-like	 structure	 from	 higher	 energy	 to	 lower	 energy	 states.	 Strong	 co-localisation	 of	 the	 short	20	

wavelength	LDP	emission	indicates	multiple	emissive	states	resulting	from	one	phase.	Our	measurements	21	

indicate	a	significant	degree	of	energetic	inhomogeneity	in	a	perovskite	film	in	which	the	organic	cation	is	22	

in	excess.	This	work	highlights	the	potential	phase	behaviour	that	can	occur	with	off-stoichiometric	(excess	23	
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MAI	or	HI)	processing,	leading	to	the	generation	of	low-dimensional	nanostructures	containing	additional	1	

MA	 cations.	 It	 is	 likely	 that	 such	 structures	 and	 the	 interface	 between	 the	 LDPs	 and	 the	 perovskite	 are	2	

associated	with	charge-trapping	states	that	result	in	significant	recombination	pathways.		3	

	4	

4   5	

Materials	 preparation:	 To	 fabricate	 the	 LDP	 containing	 films,	 precursor	 compounds	 were	 mixed	 in	6	

anhydrous	 dimethylformamide	 (DMF)	 at	 molar	 mixing	 ratios	 of	 MAI:PbCl2	 (for	 convenience	 we	 refer	 to	7	

samples	by	their	MAI:PbCl2	molar	precursor	ratio)	and	emphasise	that	this	is	not	the	stoichiometry	of	the	8	

resultant	film.	Unless	otherwise	stated,	hydroiodic	acid	(HI)	was	added	to	the	precursor	at	1	vol%,	which	9	

we	have	found	to	improve	lead	chloride	solubility	as	well	as	increasing	film	coverage	and	homogeneity.33,84	10	

Films	using	a	3:1	(stoichiometric)	molar	ratio	form	the	well-documented	perovskite	material	MAPbI3-xClx,
85	11	

and	we	routinely	use	this	material	system	in	an	‘inverted	architecture’	device	format	to	create	solar	cells	12	

having	a	power	conversion	efficiency	of	up	to	14%.33	Films	were	deposited	onto	quartz	substrates	that	had	13	

been	cleaned	by	sonication	sequentially	for	10	minutes	in	hot	2%	Hellmanex	solution,	10	minutes	in	boiling	14	

deionised	water	and	finally	10	minutes	in	isopropyl	alcohol.	After	drying	with	nitrogen,	substrates	were	UV	15	

ozone	cleaned	for	15	minutes.	To	deposit	the	perovskite	film,	the	precursor	ink	was	heated	to	70°C,	and	16	

then	 spin-cast	 onto	 the	 quartz	 glass	 at	 90°C.	 After	 spin-coating,	 films	 were	 annealed	 in	 air	 or	 under	17	

nitrogen	 at	 90°C	 for	 90	 minutes	 and	 then	 encapsulated	 using	 a	 ~200	 nm	 thin	 film	 of	 poly(methyl	18	

methacrylate)	 (PMMA)	 spin-coated	 onto	 their	 surface	 from	 a	 toluene	 solution.	 We	 have	 found	 that	19	

without	encapsulation,	such	non-stoichiometric	perovskites	rapidly	convert	to	different	phases	on	contact	20	

with	moist	air;	with	only	small	excess	a	more	textured	MAPbI3-xClx	material	is	formed.22	21	
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X-ray	diffraction:	GIWAXS	was	performed	using	a	Xenocs	Xeuss	2.0	system	with	9.2	keV	X-rays	produced	1	

using	a	liquid	Gallium	MetalJet	(Excillum)	source.	X-rays	were	then	directed	onto	the	perovskite	thin-film	of	2	

interest	with	all	films	being	held	under	vacuum	to	reduce	unwanted	scatter.	The	X-rays	scattered	from	the	3	

film	 were	 then	 detected	 using	 a	 Pilatus3R	 1M	 detector	 at	 approximately	 300	 mm	 sample	 to	 detector	4	

distance.	 GIWAXS	 data	 was	 corrected	 and	 reshaped	 using	 the	 GIXSGUI	 MATLAB	 toolbox.86	 X-ray	5	

diffractograms	(Figure	S1a)	were	collected	using	a	PANalytical	X’Pert	Pro	diffractometer	in	Bragg-Brentano	6	

geometry.	7	

Scanning	 electron	 microscopy:	 	 An	 FEI	 Inspect	 F	 microscope	 was	 used	 in	 secondary	 electron	 mode	 to	8	

image	 the	 surfaces	 of	 perovskite	 films.	 Samples	 were	 prepared	 with	 layers	 glass/ITO/PEDOT:PSS	 and	9	

perovskite	at	the	stated	compositions.	The	beam	had	an	accelerating	voltage	of	5	kV	and	spot	size	3	mm	at	10	

a	working	distance	of	11	mm.	Images	were	captured	rapidly	on	unexposed	areas	of	the	film	to	avoid	any	11	

degradation	due	to	 the	beam	energy	 (the	observed	 large	grains	were	 found	to	change	 their	appearance	12	

and	fracture	after	prolonged	exposure).	13	

Absorption	measurements:	Absorption	 spectra	 were	 determined	 through	 the	 change	 in	 transmission	 of	14	

light	from	a	deuterium/tungsten-halogen	lamp	that	was	imaged	through	the	sample,	with	light	again	being	15	

detected	using	a	fibre-coupled	Ocean	Optics	CCD-detector.	For	all	measurements,	the	samples	were	placed	16	

in	an	Oxford	Instruments	Drystat,	with	temperature	being	controlled	between	room	temperature	and	4K.		17	

Photoluminescence:	Steady-state	photoluminescence	was	recorded	using	a	fibre-coupled	BETEK	BTC112E	18	

CCD	 array	 spectrometer	 at	 an	 excitation	 wavelength	 of	 405	 nm	 with	 samples	 positioned	 within	 an	 APD	19	

Cryogenics	 DMX	 helium	 cryostat.	 The	 time-dynamics	 of	 the	 PL	 decay	 were	 recorded	 using	 a	 time-20	

correlated	 single	 photon	 counting	 (TCSPC)	 technique.	 Here,	 samples	 were	 placed	 in	 an	 APD	 Cryogenics	21	

DMX	helium	cryostat,	with	405	nm	laser	pulses	(having	width	of	140	fs	at	a	repetition	rate	of	4	MHz	and	22	
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fluence	of	3.8	nJcm-2)	provided	by	a	Coherent	Chameleon	Ultra	Ti-Sapphire	laser	system	used	to	excite	the	1	

film.	 The	 emitted	 PL	 was	 first	 monochromated	 using	 a	 Bentham	 M300	 single	 monochromator	 and	 then	2	

detected	 using	 a	 single	 photon	 counter	 APD	 detector.	 	 We	 estimate	 the	 temporal	 resolution	 of	 TCSPC	3	

system	to	be	≈	300	ps.		4	

Photoluminescence	excitation	(PLE):	To	investigate	energy-transfer	processes	within	the	films	PL	emission	5	

intensity	was	measured	over	the	spectral-range	520-800	nm	while	the	excitation	wavelength	was	scanned	6	

between	455	and	705	nm	in	2	nm	increments.	Here,	the	excitation	was	provided	by	light	from	a	Fiannium	7	

supercontinuum	laser	that	was	filtered	using	a	SPEX	monochromator	(FWHM	=	1.5	nm).	Emission	was	then	8	

recorded	 using	 an	 Andor	 303i	 CCD	 spectrometer,	 with	 samples	 being	 mounted	 in	 a	 cold-finger	 nitrogen	9	

cryostat.		10	

Photoluminescence	 imaging:	The	bright-field	 image	was	recorded	using	a	commercial	bright-field	optical	11	

microscope	(LV150N,	Nikon).	The	related	PL	image	was	recorded	using	the	same	microscope,	with	a	550nm	12	

short-pass	filter	placed	in	the	excitation	path.	The	PL	signal	was	then	extracted	by	placing	a	600	nm	long-13	

pass	filter	in	the	collection	path.27		14	

Photoluminescence	 mapping:	 To	 understand	 the	 length-scales	 over	 which	electronic	 inhomogeneity	15	

occurs	 within	 such	 films,	 we	 have	 used	 a	 microscopic	 PL	mapping	 technique	 performed	 both	 at	 room	16	

temperature	and	liquid	helium	temperatures.	 	Here,	the	perovskite	cast	on	quartz	was	placed	on	an	(x,y)	17	

translation	 stage	 and	held	 under	 vacuum	 in	 a	 cryostat.	 A	 405	 nm	 laser	 was	 then	 focused	 onto	 a	 <2	 µm	18	

diameter	spot	on	the	sample	surface	through	an	 infinity	corrected	objective	 (EO	20x	NA	=	0.6),	with	the	19	

PL	emission	at	 each	 point	 collected	 using	 the	 same	 objective	 and	 directed	 through	 a	 500	 nm	 long-20	

pass	filter	to	a	0.75m	spectrometer	and	a	high-sensitivity,	liquid	nitrogen	cooled	charge-coupled	device	to	21	

collect	 the	emitted	photons.	The	 laser	spot	was	then	scanned	across	the	sample	surface	 in	steps	of	1.25	22	
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µm.	At	each	location	the	PL	emission	spectra	was	integrated	with	limits	±	5	nm	around	a	central	emission	1	

wavelength	 to	 allow	 us	 to	 map	 out	 the	 relative	 spatial	 distribution	 of	the	 different	 LDP	 states	 and	 the	2	

perovskite	band-edge	emission.	3	

NMR	spectroscopy:	Perovskite	and	excess	organic	LDP	samples	were	prepared	on	glass	in	accordance	with	4	

the	above	methods.	Films	were	dissolved	in	DMSO-d6	by	running	the	deuterated	solvent	repeatedly	over	5	

the	 sample	 surface	 into	 a	 large	 vial.	 Around	 10	 films	 were	 used	 for	 each	 sample	 type	 to	 maximize	 the	6	

anolyte	 content.	 NMR	 spectra	 were	 recorded	 using	 a	 Bruker	 AVANCE	 III	 400	 spectrometer.	1H	 spectra	7	

were	 recorded	 at	 400.2	 MHz,	 using	 a	 30	 degree	 pulse	 and	 a	 relaxation	 delay	 of	 10s	 to	 ensure	 full	8	

relaxation.	16	transients	were	recorded	using	a	spectral	window	of	8.2	kHz	with	64k	acquisition	points.	13C	9	

spectra	 were	 recorded	 at	 100.6	 MHz,	 using	 the	 "UDEFT"	 sequence87	 to	 ensure	 a	 more	 quantitative	10	

response	 across	 both	 protonated	 and	 non-protonated	 C13	 environments.	 This	 data	 was	 recorded	 using	11	

1600	transients,	a	23.8kHz	acquisition	window	and	21k	acquisition	points.	12	

Computational	methods:	Density	 functional	 theory	 (DFT)	 calculations	 were	 carried	 out	 using	 the	 SIESTA	13	

code	 (version	 4.0).88,89	 Double-zeta	 polarised	 (DZP)	 finite-size	 numerical	 atomic	 orbitals	 were	 used	 in	14	

combination	 with	 Troullier-Martins	 norm-conserving	 pseudopotentials.	 The	 basis	 set	 and	 relativistic	15	

pseudopotential	for	Pb	were	downloaded	from	the	SIESTA	online	basis	sets	database.90	For	C,	N,	H	and	I,	16	

basis	set	size	was	controlled	using	the	energy	shift	(i.e.	the	energy	cost	of	confining	the	atomic	orbital	to	a	17	

finite-range)	 of	 10	 meV,	 and	 the	 non-relativistic	 pseudopotentials	 were	 downloaded	 from	 the	 SIESTA	18	

online	pseudopotentials	database.90	The	Brillouin	zone	was	sampled	using	the	kgrid_cutoff	parameter	of	19	

30	Å,	resulting	in	75	k-points.	Two	DFT	functionals	were	used:	the	PBEsol	functional54	which	is	based	on	the	20	

generalized	gradient	approximation	(GGA),	and	the	van	der	Waals	functional	with	C09	exchange.55	PBEsol	21	

has	been	widely	used	for	modelling	 lead-iodide	perovskites19,56–60	and	has	been	shown	to	be	accurate	 in	22	
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predicting	the	lattice	parameters	of	bulk	and	layered	perovskites.58–60	The	C09	functional	has	recently	been	1	

applied	to	perovskites61–63	and	our	tests	show	that	it	is	accurate	in	predicting	the	lattice	parameter	of	bulk	2	

methylammonium	 lead	 iodide.	 Lattice	 optimization	 of	 cubic	 MAPbI3	 using	 the	 computational	 settings	3	

described	above	without	any	symmetry	constraints	gives	the	values	a	=	6.32	Å,	b	=	6.27	Å,	c	=	6.40	Å,	 in	4	

good	agreement	with	the	experimental	value	a	=	6.32	Å.58	All	atom	positions	and	lattice	parameters	were	5	

fully	optimised	without	applying	any	symmetry	constraints,	with	the	displacement	threshold	of	0.1	Å	and	6	

the	force	of	0.04	eV	Å-1.	7	
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