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ABSTRACT: Layered hybrid perovskites comprise modular components that are individually highly tunable, resulting in materials 
with a range of structure and properties. In these layered materials, the usual assumption is of two-dimensional electronic behavior, 
because of the relatively large separations between the inorganic layers. Here, we report two layered hybrid lead iodide perovskites 
that possess unusually short interlayer distances: (IPA)2(MA)Pb2I7 and (ACA)(MA)PbI4 (IPA = iso-propylammonium, MA = me-
thylammonium, ACA = acetamidinium). These compounds are prepared from mixing small organic cations, where they crystallize 
in the Ruddlesden-Popper type structure, and a structure with alternating cations in the interlayer space, respectively. The crystal 
structures are compared in detail with related structures, and electronic structures are analyzed using density-functional theory-based 
calculations. Time-resolved microwave conductivity measurements are employed to provide insight into charge transport in these 
compounds. This work exemplifies the unusual templating role of small organic cations in the layered halide compounds.

Hybrid layered halide perovskites are attractive semiconductors 
due to their highly tunable properties.1,2 Establishing structure-
property relations associated with optoelectronic performance 
has resulted in a number of high-performance photovoltaics in 
this family of materials.3-7 As research in this field has advanced, 
several different structure-types have been identified and clas-
sified, similar to oxide perovskites, where the two main catego-
ries are the Ruddlesden-Popper (RP) and Dion-Jacobson 
(DJ).8,9 The general formula for the 2D structures is A’mAn-
1MnX3n+1, where m = 2 for RP phases and m = 1for DJ phases.2 
The preference to form either an RP or DJ phase arises from 
differences in the charge and functional group of the organic 
spacing cations.2 These differences result in subtle changes of 
the inorganic framework, and subsequently the optical proper-
ties.2,10  

An interesting open question in the 2D halide perovskite 
world is how close the inorganic layers can be without linking 
together through chemical bonds, as in the 3D perovskite. For 
example, one can imagine filling increasingly small organic/in-
organic cations between the inorganic sheets, while simultane-
ously maintaining the corner-sharing octahedra layer ordering. 
The closest distance possible should arise from the use of the 
smallest cations, such as Cs, methylammonium (MA) or forma-
midinium (FA). For instance, the mixed-halide all-inorganic 2D 
perovskites Cs2PbCl2I2 and Cs2SnCl2I2 have interlayer distances 
of ~3.1 Å,11,12 one of the closest interlayer distances reported to-
date. (MA)2Pb(SCN)2I2 also has a very close interlayer dis-
tance, and lower energy band gap compared with conventional 
2D halide perovskites.13,14 In another recently reported layered 
material (MHy)2PbI4 (MHy = methylhydrazinium),15 the 
methylhydrazinium cation fits in the 3D distorted perovskite 

cages for the Cl- and Br-based structure,16 but only forms the 
2D structure in the case of the iodide. This material has even 
smaller interlayer distance of ~3.0 Å for the unique cation ori-
entation, and a low energy gap of 2.20 eV.15 Mixing small cati-
ons such as MA, Cs and guanidinium (GA) results in a distinct 
type of 2D perovskite, namely the alternating cation in the in-
terlayer space (ACI) type,17-19 where the n = 1 to 3 has been 
reported with reduced energy gaps compared with similar RP 
phases.18  

The feature of short interlayer distances in 2D halide perov-
skite has significant implications for their optoelectronic prop-
erties, related to the quantum and dielectric confinement in 
these layered materials.20,21 Light illumination on DJ, ACI and 
RP phases, results in short-interlayered phases (DJ and ACI) 
showing a contraction of the 2D layers in comparison to the RP 
phases, which remain almost unchanged.6 This effect boosts the 
corresponding performance of the DJ- and ACI-based solar 
cells. The transient photoluminescence mapping on DJ phase 
(4AMP)(MA)Pb2I7, has revealed that the transport of carriers or 
excitons along the out-of-plane direction is comparable to along 
the in-plane direction.22 This is dramatically different from the 
RP phase, where the carrier transport along the in-plane direc-
tion is usually superior to that of the out-of-plane direction be-
cause of the long interlayer distances.  



 

 

2 

Here, we report prototype phases of hybrid 2D halide perov-
skite with short interlayer distances by incorporating selected 
small organic cations. These compounds can be difficult to ac-
cess synthetically because of the risk of producing mixed 
phases from mixing small cations. However, we find that a ju-
dicious mix of methylammonium (MA) and iso-propylammo-
nium (IPA) with PbO in HI results in the formation of a bilayer 
(n = 2) RP type 2D perovskite structure (IPA)2(MA)Pb2I7. Ad-
ditionally, we find that a mix of MA and acetamidinium (ACA) 
forms an ACI-type structure with the composition 
(ACA)(MA)PbI4. Notably, both small cations (IPA and ACA) 
would not form layered structures with lead iodide by them-
selves. Instead, IPA forms corner-sharing 1D zig-zag chains 
(IPA)3Pb2I5 in hydriodic acid with PbO. This structure has been 
previously reported and we also collected the crystal structure 
for reference [see Figure S1(a)]. Similarly, ACA (acetam-
idinium) forms another type of more commonly seen type of 
structure (ACA)PbI3, where [PbI6] octahedra are linked in a 
face-sharing manner [Figure S1(b)]. With the addition of MA 
and proper ratio of the starting materials, two new layered struc-
tures (IPA)2(MA)Pb2I7 and (ACA)(MA)PbI4 form. The detailed 
experimental procedure is recorded in the Methods section.  

  (IPA)2(MA)Pb2I7 crystalizes in the tetragonal space group 
P42/mnm, as seen in Figure 1a (data presented in Table S1). 
This structure belongs to the RP family (A’2An-1MnX3n+1) with 
n = 2, and the A’ spacing cation IPA is likely the smallest spac-
ing cation reported, with a fairly short interlayer distance of 
5.05 Å. Considering the Pb-I bond distance is ~3.0 Å, the inter-
layer distance here is similar to the size of the perovskite cage 
(i.e. 2×Pb-I bond). Interestingly, IPA forms a two-layered RP 
structure (IPA)3Sn2I7 with tin iodide at high temperatures, but 
this phase converts to (IPA)3SnI5 at room temperature. Both 
structures have been reported previously.23  

 In contrast, (ACA)(MA)PbI4, belongs to a different struc-
tural type, the alternating cation in the interlayer space (ACI) 
type [Figure 1(b-c)] (data presented in Table S2). The crystal 
structure is analogous to (GA)(MA)PbI418 and (Tu)(MA)PbI424 
(Tu = protonated thiourea), and it crystallizes in the same or-
thorhombic space group Imma. In fact, these three structures are 
almost identical, due to the fact that ACA, GA and Tu are sim-
ilar in size and shape. The only structural difference aside from 

the cation used is a small difference the Pb-I-Pb angles.  The 
chemical structures of IPA and ACA are both shown in Figure 
1(d), and the resemblance is clear. We therefore believe that the 
conjugation present in the ACA cation is critical in the for-
mation of ACI-type phases, as GA is also a conjugated cation, 
which is a consequence of conjugation holding all of the C and 

N atoms on the same plane.18 Both compounds could be pre-
pared as phase-pure powders as shown in Figure S2. 

Figure 1. (a) Crystal structure of (IPA)2(MA)Pb2I7. (b) Crystal structure of (ACA)(MA)PbI4 viewed parallel to the a axis and (c) 
parallel to the c axis. (d) Structure of the spacing cations used in this work. Blue and fuchsia octahedron denote [PbI6]. IPA = iso-
propylammonium, MA = methylammonium, ACA = acetamidinium. 

Figure 2. Detailed view of Pb-I-Pb angles in (a) 
(IPA)2(MA)Pb2I7 and (b) (ACA)(MA)PbI4. Hydrogens are omit-
ted for clarity. 
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Because of the nature of the small primary ammonium IPA 
cation, the inorganic Pb-I framework undergoes a similar level 
of distortion compared with the more studied (BA)2(MA)Pb2I7. 
Significant distortion arises when the cation is too small, too 
large, or in the presence of other interactions (i.e. H-bonding). 
In this particular case, IPA is too small to stabilize the space of 
the interlayer, causing a “relaxation” of the inorganic frame-
work, which manifests as distortion. The horizontal and vertical 
Pb-I-Pb angles are 166.5º, 179.6º, and 163.1º, respectively 
(Figure 2a). In the case of (ACA)(MA)PbI4, the structure has a 
unique cation arrangement (see Figure 2b), where MA and 
ACA occupy alternating sites of the interlayer space. The ACA 
cations are packed in an alternating array, with the regular ones 
staying in the middle of the layer and the irregular ones are on 
top of the iodides. As stated previously, the structures of 
(ACA)(MA)PbI4 and (GA)(MA)PbI4 are almost identical, 
where (GA)(MA)PbI4 has Pb-I-Pb angles of 180.0ºand 159.0º, 
(ACA)(MA)PbI4 has Pb-I-Pb angles of 180.0ºand 158.7º [Fig-
ure 2(b)].  

At this point, it is necessary to discuss the effect of cation 
arrangement on optical properties for the n = 1 structures. For 
the 1+ organic cations, we can divide them into three types as 
seen in Figure 3(a). Type I is the most commonly-seen RP-type, 
where the protonated ammonium group points towards the in-
organic layer and the tails are oriented towards the interlayer 

space. Type II is the ACI type, which differentiates itself with 
two different ordered cations in the interlayer space in one 
structure. Type III is also very interesting in the sense that it 
requires a small organic cation to orient in an unusual tilted con-
figuration which maximizes hydrogen bonding in the structure 
(Figure 3a). This type is known for the example of (MHy)2PbI4 
(MHy = methylhydrazinium), which exhibits the lowest energy 

of PL emission amongst all comparable structures (Figure 3b). 
The average Pb-I-Pb angle is 175º, close to the perfect 180º. 
The ACI types (type II) are in the middle, where 
(ACA)(MA)PbI4 and (GA)(MA)PbI4 have lower PL emission 
energy and (GA)CsPbI4 has higher PL emission energy, due to 
the smaller average Pb-I-Pb angles. This is because Cs is a 
smaller cation than MA, and it therefore has less ability to sta-
bilize the Pb-I framework, causing a contraction of the layer and 
smaller average angles. Type I, represented by classic RP phase 
(BA)2PbI4, has the highest PL emission energy and the smallest 
Pb-I-Pb angles. Note that (3AMP)PbI4 (3AMP = 3-ani-
momethylpiperidinium) is a DJ phase which does not belong to 
any of the three types.9 Though the averaged bond angles are 
not as large, the use of the 3AMP di-cation leads to the direct 
alignment of the layers (as opposed to the staggered configura-
tion seen in RP phases) and a short interlayer distance of ~4 Å. 
The stronger iodine-iodine interaction arising from the direct 
alignment and short interlayer distance is potentially influential 
in lowering the band gap and PL emission. The analysis of the 
structure-PL relations is fundamentally important to the design 
and synthesis of new layered perovskite materials.  

The optical properties of the short-interlayer-distance phases 
are characterized at room temperature. The absorption edges of 
(ACA)(MA)PbI4 and (IPA)2(MA)Pb2I7 are at 2.17 and 2.10 eV 
(Figure 4a), respectively. We have measured the absorption 
spectra of (BA)2PbI4 and (BA)2(MA)Pb2I7 for comparison, and 

Figure 3. (a) Illustration of cation orientations in 2D halide per-
ovskites as discussed in the text. (b) Correlation between aver-
aged Pb-I-Pb angle and PL emission energy in a representative 
group of type I, II and III structure. PL emission energies for 
(3AMP)PbI4, (MHy)2PbI4, (GA)(Cs)PbI4, and (GA)(MA)PbI4 
are from ref. 9, 15, 17, 18, respectively. 

Figure 4. (a) Optical absorption spectra of (IPA)2(MA)Pb2I7 
and (ACA)(MA)PbI4. (BA)2PbI4 and (BA)2(MA)Pb2I7 are pre-
sented for comparison. Inset shows picture of powdered sam-
ples of the compounds measured here. (b) PL emission spectra 
of (IPA)2(MA)Pb2I7, (ACA)(MA)PbI4, and (BA)2(MA)Pb2I7. 



 

 

4 

(ACA)(MA)PbI4 and (IPA)2(MA)Pb2I7 clearly fall in between 
these two. The colors of the polycrystalline powder samples 
provide further evidence of the band gap trend (Figure 4a, in-
serted), where (BA)2PbI4 is orange, (ACA)(MA)PbI4 is red, 
(IPA)2(MA)Pb2I7 and (BA)2(MA)Pb2I7 are dark red. For 
(IPA)2(MA)Pb2I7, there is a slight bump at ~620 nm (2 eV). We 
later recollected the absorbance spectrum from a different batch 
of samples (see Figure S3), and found the band edge should be 
around ~590 nm (2.10 eV). We then collected the PL emission 
spectra [Figure 4(b)] using a confocal Raman instrument with a 
532 nm laser excitation. This instrument was chosen partially 
due to the rather weak PL observed compared with other com-
pounds such as (BA)2(MA)Pb2I7, as evidenced by the roughness 
of the normalized PL spectra in Figure 4(b). We believe that the 
fast precipitation process during synthesis results in poor crys-
tallinity of (ACA)(MA)PbI4 and (IPA)2(MA)Pb2I7, leading to 
overall weaker PL. Additionally, the PL of (BA)2PbI4 is not 
plotted here because of the 532 nm excitation cut-off. The PL 
emission energy follows the same trend as the absorption edge, 
where (ACA)(MA)PbI4 > (IPA)2(MA)Pb2I7 > (BA)2(MA)Pb2I7. 
The shape of the PL emission spectra of (ACA)(MA)PbI4 and 
(IPA)2(MA)Pb2I7 are also unusually broad compared to similar 
compounds.  

In order to further investigate the electronic structure of these 
new phases, we performed density functional theory (DFT) cal-
culations using the PBE functional and incorporating spin-orbit 

coupling to determine the band structure and density of states 
for (ACA)(MA)PbI4 and (IPA)2(MA)Pb2I7, and compared the 
results with (BA)2(MA)Pb2I7 (Figure 5). The trend in the calcu-
lated band gaps qualitatively match the experimental trends, 
with a calculated gap of 1.34 eV for (ACA)(MA)PbI4, 1.24 eV 
for (IPA)2(MA)Pb2I7, and 1.00 eV for (BA)2(MA)Pb2I7. In the 
case of all compounds the bandgap is underestimated due to the 
use of the PBE functional with the spin-orbit coupling correc-
tion. Additionally, calculations indicate that all compounds are 
direct-gap semiconductors. For (ACA)(MA)PbI4, the direct gap 
occurs at the R point,	 and	 for	 (IPA)2(MA)Pb2I7 and 
(BA)2(MA)Pb2I7, the direct gap occurs at G.	In all three com-
pounds, the valence band maximum is comprised mainly of io-
dine 5p states, while the conduction band minimum is made up 
of lead 6p states. As would be expected from the crystal struc-
tures of these compounds, the band structures of 
(IPA)2(MA)Pb2I7 and (BA)2(MA)Pb2I7 are qualitatively similar 
and show similar degrees of band dispersion in the valence band 
and conduction band. These observations are also consistent 
with literature reports of the band structure of related RP com-
pounds. In contrast, in (ACA)(MA)PbI4 the conduction bands 
are dispersed while the valence bands are fairly flat. This can 
partially be attributed to the fact that (ACA)(MA)PbI4 is an n = 
1 structure, while both (IPA)2(MA)Pb2I7 and (BA)2(MA)Pb2I7 
are n = 2. Additionally, this suggests that although there may be 
some 3D-character to this structure (as indicated by the small 
amount of dispersion in the valence band maximum along G to 
Z), it is likely weak. The rather flat bands also corroborated by 
the results of the TRMC measurements, discussed below. A no-
table additional feature of the electronic structure of 
(ACA)(MA)PbI4 is the more obvious contribution of the or-
ganic cation to the DOS in the energy range shown. These fea-
tures have also been observed for similar compounds and are 
due to the conjugation of the ACA cation.17 Overall, although 
(IPA)2(MA)Pb2I7 displays a small interlayer spacing, its elec-
tronic structure is quite similar to other n = 2 RP phases. Addi-
tionally, (ACA)(MA)PbI4 shows features seen in other ACI 
compounds, and the lack of dispersion in the band edges sug-
gests that carrier mobility is unlikely to be high in this com-
pound despite the reduced interlayer spacing. 

    Thin films were fabricated and characterized (Figure S4 to 
S7) of these two phases for time-resolved microwave conduc-
tivity (TRMC) measurements. TRMC is a contactless technique 
which enables one to approximate a proxy for carrier mobility 
and lifetime in thin-film semiconductors.24 The common 
TRMC figure of merit is ϕΣμ = ϕ(μe+ μh), where ϕ is the carrier 
generation yield (between 0 and 1), and μe and μh are the aver-
age mobility of electrons and holes, respectively, over the sam-
ple area. While ϕΣμ has the same units as mobility, it contains 
contributions from both electrons and holes, and is also reduced 
by ϕ. In 3D perovskites, such as (MA)PbI3, the exciton binding 
energy is known to be less than thermal energy at room temper-
ature,25 and ϕ is hence assumed to be close to unity. Under these 
circumstances ϕΣμ can be interpreted in a similar way to mo-
bility. However, in more excitonic systems such as organic 
semiconductors26 or layered hybrid halides27 this may not be the 
case. 

Towards that goal, a thin film of (ACA)(MA)PbI4 has been 
successfully made. A thin film of target composition 
(IPA)2(MA)Pb2I7 yielded the n = 2 phase in bulk, but inclusions 
of higher n RP phases were identified via PL, and TRMC ex-
periments are not reported in this compound. TRMC data for 

Figure 5. Density of states and band structure for (a) 
(ACA)(MA)PbI4, (b) (IPA)2(MA)Pb2I7, and (c) 
(BA)2(MA)Pb2I7. 
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thin-film samples of (ACA)(MA)PbI4, (BA)2PbI4 and (MA)PbI3 
are presented in the supporting information, section S4, with the 
raw TRMC data displayed in Figure S8 and S9. Figure S10 to 
S12 display the processing of the TRMC data. Preliminary re-
sults (Table S3) indicate ϕΣμ for (ACA)(MA)PbI4 (ϕΣμ = 0.014 
cm2/Vs) is lower than for (BA)2PbI4 (ϕΣμ = 0.076 cm2/Vs). 
Both 2D samples are one order of magnitude lower than the 3D 
film sample (MA)PbI3 (ϕΣμ = 0.66 cm2/Vs), for which the 
measured value is consistent with previous reports.28 This is not 
unexpected as the average connectivity, and hence mobility, in 
a random direction is anticipated to be higher in a 3D system 
than a 2D system. Additionally, while the role-played by exci-
tons is unclear in these compounds, it likely that ϕ will be higher 
in a 3D system than a 2D system. 

To summarize, we report here two new short-interlayer-dis-
tanced 2D lead iodide perovskites (IPA)2(MA)Pb2I7 and 
(ACA)(MA)PbI4 and study their optical and electronic proper-
ties. A shared structural feature of these two new materials is 
the rather short interlayer distance (3 to 5 Å). These two mate-
rials have similar bandgaps of  »2 eV and room-temperature ob-
servable PL. The short interlayer distance and small distortion 
in the inorganic framework give rise to a lower energy PL emis-
sion for (ACA)(MA)PbI4, comparing with some other n = 1 
structures, whereas (IPA)2(MA)Pb2I7 has weaker and broader 
PL emission compared with (BA)2(MA)Pb2I7. The electronic 
calculation reveal that the short interlayer distance does not nec-
essarily bring large band dispersion. On the contrary, the rather 
flat bands correlate with low TRMC and PL intensity. Another 
possible reason for the low intensities could be from the struc-
tural instability, as the blend of these cations can lead to multi-
ple phases. This work represents one step further in fine-tuning 
the structural nuances for the 2D halide perovskite family and 
provides more insights towards their application in high-perfor-
mance optoelectronics.  
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Section	S1.	Experimental	details.	

Materials.	Iso-propylamine	(99.5%),	acetamidine	hydrochloride	(95%),	lead	oxide	(99.9%)	
were	 purchased	 from	 Sigma-Aldrich.	 Hydriodic	 acid	 (55	 wt	 %	 in	 H2O,	 stabilized)	 and	
hypophosphorous	 acid	 (50	 wt	 %	 in	 H2O)	 were	 purchased	 from	 Spectrum	 Chemical.	
Methylammonium	iodide	(>99.5%)	was	purchased	from	Luminescence	Technology	Corp.	
All	chemicals	were	used	as	received.	

Synthesis.	(IPA)2(MA)Pb2I7.	2	mmol	of	PbO	was	dissolved	in	4	ml	HI	and	0.5	ml	H3PO2,	1	
mmol	of	methylammonium	iodide	was	added	directly	to	the	previous	mixture	under	heating	
and	stirring	until	boiling.	Finally,	2	mmol	of	iso-propylamine	was	added	and	left	to	stir	until	
clear.	The	solution	was	taken	off	the	hotplate	after	the	solution	became	homogenous.	Red	
plate-like	crystals	were	formed	under	slow-cooling	to	room-temperature.	(ACA)(MA)PbI4.		
2	mmol	of	PbO	was	dissolved	in	4	ml	HI	and	0.5	ml	H3PO2,	5	mmol	of	methylammonium	
iodide	was	added	directly	to	the	previous	mixture	under	heating	and	stirring	until	boiling.	3	
mmol	of	acetamidine	hydrochloride	was	added	in	the	end.	The	solution	was	taken	off	the	
hotplate	after	becoming	clear	and	homogenous.	Red	plate-like	crystals	were	formed	under	
slow-cooling	to	room-temperature.	Note	that	for	(ACA)(MA)PbI4,	more	methylammonium	
iodide	was	 needed	 than	 in	 the	 stoichiometry	 to	 prevent	 formation	 of	 the	 yellow	 phase	
(ACA)PbI3.	(BA)2PbI4	and	(BA)2(MA)Pb2I7	were	synthesized	according	to	literature.1		

Single	Crystal	X-ray	Diffraction.		Full	sphere	data	were	collected	using	a	Bruker	KAPPA	
APEX	 II	 diffractometer	 equipped	 with	 an	 APEX	 II	 CCD	 detector	 using	 a	 TRIUMPH	
monochromator	with	a	Mo	Kα	source	(λ	=	0.71073	Å)	with	MX	Optics.	Data	were	collected	
at	 room	 temperature.	 The	 collected	 data	 were	 integrated	 and	 a	 multi-scan	 absorption	
correction	was	applied	using	the	APEX2	software.	Crystal	structures	were	solved	by	direct	
methods	(Full-matrix	least-squares	on	F2)	using	OLEX2	program.2		

Optical	 Absorption	 Spectroscopy.	 Optical	 diffuse	 reflectance	 measurements	 were	
performed	 using	 a	 Cary	 5000	 UV–vis–NIR	 spectrometer	 operating	 in	 the	 300−8000	 nm	
region	using	BaSO4	as	the	reference	of	100%	reflectance.	The	band	gap	of	the	material	was	
estimated	by	converting	reflectance	to	absorption	according	to	the	Kubelka−Munk	equation:	
α/S	=	(1	−	R)2	(2R)−1	,	where	R	is	the	reflectance	and	α	and	S	are	the	absorption	and	scattering	
coefficients,	respectively.	

Steady-State	Photoluminescence.	Steady-state	PL	spectra	were	collected	using	HORIBA	
LabRAM	HR	Evolution	Confocal	RAMAN	microscope.	A	532	nm	laser	was	used	to	excite	all	
samples	at	10×	magnification.	
Computational	Details.	Density	 functional	 theory	 (DFT)	 calculations	were	 performed	
using	the	Vienna	Ab	initio	Simulation	Package3-5	(VASP),	version	5.4.4.	The	Perdew-Burke-
Ernzerhof6	 (PBE)	 functional	 and	 projector-augmented	 wave7,8	 (PAW)	 pseudopotentials	
were	used	with	a	plane-wave	cutoff	energy	of	500	eV	and	energy	convergence	of	10–5	eV	or	
better.	PAW	potentials	were	chosen	following	the	version	5.2	guidelines.	Automatic	k-mesh	
generation9	 was	 used	with	 a	 length	 parameter	 (Rk)	 of	 60	 or	 better.	 For	 band-structure	
calculations,	an	appropriate	k-path	was	generated	using	SeeK-path,1011	and	band-structures	
were	plotted	and	analyzed	using	Sumo.12	For	both	compounds,	structural	relaxations	were	
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performed	in	which	the	atomic	positions,	unit	cell	shape,	and	unit	cell	volume	were	allowed	
to	 relax.	 Van	 der	 Waals	 corrections	 were	 incorporated	 using	 the	 DFT-D2	 method	 of	
Grimme.13		

Thin-film	fabrication	procedure.	

Materials	 Lead	 iodide	 (PbI2,	 99.999	 %),	 acetamidinium	 iodide	 (ACAI,	 ≥	 98	 %),	 N-N-
dimethylformamide	(DMF,	99.8%,	anhydrous),	poly	(methyl	methacrylate)	(PMMA,	MW	
350000),	 and	 hydrobromic	 acid	 (HBr,	 ACS	 reagent,	 48%)	 were	 purchased	 from	 Sigma	
Aldrich	 and	 used	 as	 received.	 Methylammonium	 iodide	 (CH3NH3I,	 ≥99%	 purity)	 and	
butylammonium	iodide	(≥99%	purity)	were	purchased	from	Greatcell	Solar.	Polished	z-cut	
quartz	substrates	(15	×	15	×	0.5	mm)	were	purchased	from	University	Wafer.		

Fabrication	of	thin	films	Quartz	substrates	were	cleaned	via	ultrasonication	in	isopropyl	
alcohol	for	10	min	and	exposed	to	oxygen	plasma	at	≈	300	mTorr	for	10	min.	All	subsequent	
solution	preparation	and	film	fabrications	were	performed	in	a	nitrogen-filled	glove	box.	
Precursor	 solutions	 for	 (ACA,MA)PbI4	 and	 (BA)2PbI4	 were	 fabricated	 by	 dissolving	 the	
precursors	 in	 stoichiometric	 ratios	 to	 make	 0.5M	 solutions	 in	 DMF,	 and	 left	 stirring	
overnight	at	60°C	to	ensure	good	dissolution.	Films	were	spin-cast	by	dropping	40	μL	of	
precursor	solution	on	freshly-cleaned	quartz	and	spin-coating	at	4000	rpm	for	60	seconds	
without	antisolvent	rinse,	and	promptly	annealed	at	100°C	(verified	by	thermocouple)	on	a	
hot	plate	with	a	heat	diffuser.	After	the	films	cooled,	60	μL	of	a	PMMA	solution	(75	mg	
PMMA/3mL	toluene)	was	spin-cast	on	top	of	the	films	at	2000	rpm	for	30	seconds.	The	
films	were	stored	in	a	nitrogen	glove	box	until	characterization.	Methylammonium	lead	
iodide	 (MAPbI3)	 control	 samples	 were	 fabricated	 mixing	 lead	 iodide	 (PbI2),	
methylammonium	iodide	(CH3NH3I),	and	dimethyl	sulfoxide	(DMSO)	in	a	1:1:1	molar	ratio	
then	dissolving	 in	dimethylformamide	 (DMF).	Films	were	spin-cast	under	atmospheric-
pressure	 onto	 quartz	 substrates	 and	 ether	 was	 dripped	 a	 few	 seconds	 before	 the	 spin-
casting	ends.	The	MAPbI3	films	were	then	annealed	as	the	(ACA)(MA)PbI4	and	(BA)2PbI4	
films.	

Film	 Characterizations	 Powder	 X-Ray	 Diffraction	 patterns	 were	 obtained	 using	 a	
Panalytical	 Empyrean	 powder	 diffractometer	 in	 reflection	 mode	 with	 a	 Cu-Kα	 source,	
operating	with	an	accelerating	voltage	of	45	kV	and	beam	current	of	40	mA.	Absorbance	
spectra	were	extracted	 from	transmission	measurements	made	on	a	Shimadzu	UV-2600	
ultraviolet-visible	 spectrophotometer	 at	 room	 temperature	 and	 in	 ambient	 conditions.	
Photoluminescence	 spectra	 were	 acquired	 using	 a	Horiba	 FluoroMax	 4	 spectrometer	
calibrated	with	Milli-Q	water.	Photoluminescence	spectra	reported	in	in	the	main	text	were	
all	 collected	 using	 an	 angle	 of	 75°	 between	 the	 excitation	 and	 emission	 port	 to	 reduce	
scattering.	All	measurements	were	performed	with	an	excitation	wavelength	of	485	nm	and	
a	495	nm	long-pass	filter	was	placed	in	front	of	the	mission	port	to	reduce	scattering.	
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Time-resolved	microwave	conductivity	(TRMC).	The	TRMC	system	used	in	this	study	
is	 as	 described	 in	 a	 previous	 report14	 but	 a	 brief	 description	 is	 provided	 here	 for	
completeness.	 Microwaves	 are	 generated	 using	 a	 Sivers	 IMA	 VO4280X/00	 voltage-
controlled	oscillator	(VCO).	The	signal	has	an	approximate	power	of	16dBm	and	a	tunable	
frequency	between	8GHz	and	15GHz.	The	VCO	is	powered	with	an	NNS1512	TDK-Lambda	
constant	12V	power	supply,	and	the	output	frequency	is	controlled	by	a	Stahl	Electronics	
BSA-Series	voltage	source.	The	sample	is	mounted	inside	the	cavity	at	a	maximum	of	the	
electric-field	 component	 of	 the	 standing	 microwaves,	 using	 a	 3D-printed	 PLA	 sample	
holder.	Microwaves	 reflected	 from	 the	 cavity	 are	 then	 incident	on	 a	 zero	bias	 Schottky	
diode	detector	(Fairview	Microwave	SMD0218).	The	detected	voltage	signal	is	amplified	by	
a	Femto	HAS-X-1-40	high-speed	amplifier	(gain	=	×100).	The	amplified	detector	voltage	is	
measured	as	a	function	of	time	by	a	Textronix	TDS	3032C	digital	oscilloscope.	A	Continuum	
Minilite	II	pulsed	neodymium-doped	yttrium	aluminium	garnet	(Nd-YAG)	laser	is	used	to	
illuminate	the	sample.	The	 laser	pulse	has	a	wavelength	of	532	nm,	a	 full	width	at	half-
maxima	of	 approximately	 5	ns	 and	 a	maximum	 fluence	 incident	on	 the	 sample	of	 ~1015	
photons/cm2/pulse.	An	external	trigger	link	is	employed	to	trigger	the	oscilloscope	before	
the	laser	fires.	The	photoconductance	and	TRMC	figure	of	merit	𝜙Σ𝜇	were	evaluated	from	
changes	in	the	detector	voltage	using	standard	analysis.15	𝜙Σ𝜇	was	measured	as	a	function	
of	fluence	and	fitted	to	a	model16	that	accounts	for	biomolecular	and	Auger	recombination	
in	order	to	evaluate	representative	value	for	sample	each	condition.	All	measurements	were	
conducted	in	air,	without	encapsulation,	in	the	over-coupled	regime.	

	

	

	

	

	

	

	

	

	

	

	

	

	



S5	

 

Table	S1.	Crystal	data	and	structure	refinement	for	(IPA)2(MA)Pb2I7	at	298	K.	

Empirical	formula	 C7H26N3Pb2I7	
Formula	weight	 1454.99	
Temperature	 298.0	K	
Wavelength	 0.71073	Å	
Crystal	system	 Tetragonal		
Space	group	 P42/mnm	

Unit	cell	dimensions	
a	=	8.980(5)	Å,	α	=	90°	
b	=	8.980(5)	Å,	β	=	90°	
c	=	35.288(18)	Å,	γ	=	90°	

Volume	 2845(3)	Å3	
Z	 4	
Density	(calculated)	 3.396	g/cm3	
Absorption	coefficient	 19.409	mm-1	
F(000)	 2496	
Crystal	size	 0.061	x	0.058	x	0.041	mm3	
θ	range	for	data	collection	 2.309	to	25.325°	
Index	ranges	 -10<=h<=10,	-9<=k<=10,	-42<=l<=41	
Reflections	collected	 12489	
Independent	reflections	 1449	[Rint	=	0.0878]	
Completeness	to	θ	=	25.242°	 99.8%	
Refinement	method	 Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 1449	/	3	/	42	
Goodness-of-fit	 1.077	
Final	R	indices	[I	>	2σ(I)]	 Robs	=	0.1185,	wRobs	=	0.2875	
R	indices	[all	data]	 Rall	=	0.1601,	wRall	=	0.3121	
Largest	diff.	peak	and	hole	 5.718	and	-3.290	e·Å-3	
R	=	Σ||Fo|-|Fc||	/	Σ|Fo|,	wR	=	{Σ[w(|Fo|2	-	|Fc|2)2]	/	Σ[w(|Fo|4)]}1/2	and	
w=1/[σ2(Fo2)+(0.0957P)2+616.8710P]	where	P=(Fo2+2Fc2)/3	
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Table	S2.	Crystal	data	and	structure	refinement	for	(ACA)(MA)PbI4	at	293	K.	

Empirical	formula	 C3H13N3PbI4	
Formula	weight	 805.95	
Temperature	 293	K	
Wavelength	 0.71073	Å	
Crystal	system	 Orthorhombic		
Space	group	 Imma	

Unit	cell	dimensions	
a	=	6.4676(19)	Å,	α	=	90.00°	
b	=	12.428(4)	Å,	β	=	90.00°	
c	=	18.950(6)	Å,	γ	=	90.00°	

Volume	 1523.2(8)	Å3	
Z	 4	
Density	(calculated)	 3.515	g/cm3	
Absorption	coefficient	 19.150	mm-1	
F(000)	 1384	
θ	range	for	data	collection	 1.96	to	30.64°	
Index	ranges	 -9<=h<=8,	-17<=k<=16,	-13<=l<=27	
Reflections	collected	 4030	
Independent	reflections	 1311	[Rint	=	0.0367]	
Completeness	to	θ	=	30.64°	 98.9%	
Refinement	method	 Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 1311	/	4	/	30	
Goodness-of-fit	 1.070	
Final	R	indices	[>2σ(I)]	 Robs	=	0.0534,	wRobs	=	0.1415	
R	indices	[all	data]	 Rall	=	0.0640,	wRall	=	0.1512	
Largest	diff.	peak	and	hole	 7.643	and	-1.967	e·Å-3	
R	=	Σ||Fo|-|Fc||	/	Σ|Fo|,	wR	=	{Σ[w(|Fo|2	-	|Fc|2)2]	/	Σ[w(|Fo|4)]}1/2	and	calc	
w=1/[σ2(Fo2)+(0.1014P)2+2.3743P]	where	P=(Fo2+2Fc2)/3	
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Section	S2.	Structure	of	other	related	phases	and	powder	X-ray	diffraction.	
	

	

Figure	S1.	Crystal	structure	of	potential	secondary	phases	(a)	(IPA)3PbI5	and	(b)	(ACA)PbI3.	
(c)	Sample	color	comparison	between	(ACA)(MA)PbI4	and	(ACA)PbI3.	

	

	

Figure	S2.	Experimental	(red)	and	calculated	(black)	powder	X-ray	diffraction	patterns	of	
(a)	(IPA)2(MA)Pb2I7	and	(b)	(ACA)(MA)PbI4.		
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Figure	S3.	Re-measured	absorption	spectra	of	(IPA)2(MA)Pb2I7	from	a	different	batch	of	
sample,	showing	the	edge	at	~2.10	eV.	

	

Section	S3.	Additional	thin-film	data.		

	

Figure	S4.	Room	temperature	steady-state	PL	emission	spectrum	and	absorption	spectra	
of	(ACA)(MA)PbI4	film	(λ	=	485	nm).	
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Figure	S5.	Room	temperature	steady-state	PL	emission	spectrum	and	absorption	spectra	
of	(BA)2PbI4	film.	

	

Figure	S6.	Experimental	(red)	and	calculated	(black)	powder	X-ray	diffraction	patterns	of	
thin	 film	 samples	 of	 (a)	 (ACA)(MA)PbI4	 and	 (b)	 (BA)2PbI4	 (show	 strong	 prefered	
orientation	along	the	001	plane,	red	and	blue	lines	represent	experimental	and	simulated	
peaks).	
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Section	S4.	Preliminary	time-resolved	microwave	conductivity	(TRMC)	data.	
	

	

Figure	S7.	(a)	UV-Vis	optical	absorption	spectra	of	(ACA)(MA)PbI4	and	(BA)2PbI4	films	(on	
quartz).	 (b)	 Fraction	 absorbance	 (at	 532	 nm):	 ACA-MA	 n=1	 PMMA:	 0.46	 and	
BA_n=1_PMMA:	0.18.	

	
Figure	S8.	Reflectance	of	microwave	cavity	as	a	function	of	microwave	frequency	when	
loaded	with	ACA-MA	n=1	and	BA_n=1.		
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Photoconductance	vs.	fluence:	

	

Figure	S9.	Photoconductance	as	a	function	of	time	for	films	of	ACA-MA	n=1	(black)	and	
BA_n=1	(red)	for	various	values	of	incident	laser	fluence,	measured	using	TRMC.	

	
TRMC	figure	of	merit	𝜙Σ𝜇:	

Figure	S10.	Points:	Experimental	values	of	the	TRMC	figure	of	merit	𝜙Σ𝜇	(black:	ACA-MA	
n=1,	red:	BA_n=1)	measured	as	a	function	of	incident	laser	fluence.	Lines:	fits	to	a	model17	
which	 accounts	 for	 bimolecular	 and	Auger	 recombination	 during	 the	 laser	 pulse,	 from	
which	a	representative	value	of	𝜙Σ𝜇	can	be	extracted.	
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Figure	S11.	Approximate	values	of	carrier	half-life,	τ1/2,	measured	as	a	function	of	incident	
laser	fluence	using	TRMC	(black:	ACA-MA	n=1,	red:	BA_n=1).	

	

Figure	S12.	Left:	Experimental	and	fitted	values	of	the	TRMC	figure	of	merit	𝜙Σ𝜇	as	a	
function	of	fluence	for	control	sample	of	3D	perovskite	methylammonium	lead	iodide	
(MAPbI3).	Right:	Approximate	values	of	half-life,	τ1/2,	measured	as	a	function	of	laser	
fluence	for	same	MAPbI3	control	sample.		
	

	

	

	

	

	

Table	S3.	Summary	of	preliminary	TRMC	results.		
Sample	 𝜙Σ𝜇	(cm2/Vs)	 τ1/2	(ns)	
ACA-MA	n=1	PMMA	 0.014	 29	
BA_n=1	PMMA	 0.076	 5.6	
MAPbI3	 0.66	 28	
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