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ABSTRACT 

Because mixed-halide wide-bandgap (1.6-2.0 eV) perovskite solar cells suffer from 

operating instability related to light-induced halide segregation, it is of interest to study alternative 

means of bandgap widening. Perovskitoids combine wide bandgaps and structural stability 

resulting from face- or edge-sharing octahedral connections in their crystal structures. 

Unfortunately, there existed no prior reports of three-dimensional (3D) perovskitoids having direct 

bandgaps with optical absorption edges less than 2.2 eV. As the most significant predictor of 

perovskitoid bandgaps is the fraction of corner-sharing in their crystal structures, we hypothesized 

that increasing the amount of corner-sharing would access lower bandgaps than previously 

reported. We accomplished this by mixing a spacer cation within the size range for 3D perovskitoid 

formation with a smaller, perovskite-forming cation. We explored three spacer cations of different 

sizes: ethylammonium (EA), cyclopropylammonium (c-C3A), and cyclobutylammonium (c-

C4A), combining these with methylammonium (MA), and found that the middle cation, c-C3A, 

pairs with MA to form a 3D perovskitoid with the formula (c-C3A)3(MA)3Pb5I16 and a direct 

bandgap with an optical absorption edge at 2.0 eV. Solution-processed films of this perovskitoid 

showed improved light stability over mixed-halide perovskites, and solar cells based on these films 

exhibit increased maximum power point operating stability compared to reference mixed-halide 

devices. 
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INTRODUCTION 

Perovskite solar cells have seen rapid progress in power conversion efficiency and feature 

solution processing and earth-abundant compositions.1 Multi-junction perovskite solar cells can, 

in principle, achieve higher theoretical maximum efficiencies2 than single-junction devices by 

reducing thermalization losses. However, to date, perovskite compositions with bandgaps above 

1.6 eV have been limited in their operating stability by light-induced halide segregation.3  

To address halide segregation, molecular additives have been employed to inhibit halide 

ion migration,4-7 but these additives have also curtailed charge transport.8 Two-dimensional (2D) 

perovskites have bandgaps widened via dimensional reduction9 and do feature enhanced light 

stability compared to 3D counterparts.10, 11 However, their higher exciton binding energies, 

anisotropic charge transport, and spontaneous phase disproportionation during processing have 

limited their employment as absorbing layers.11-14  

While perovskites consist solely of corner-shared octahedra, the wider family of 

perovskitoids feature octahedral face- or edge-sharing in addition to corner-sharing in their crystal 

structures.15-20 This altered octahedral connectivity affords perovskitoids wider bandgaps than 

perovskites without the need for halide mixing or dimensional reduction. The bandgaps of  

reported perovskitoids are strongly correlated with the connectivity of the structures, with highly 

corner-sharing perovskitoids having the narrowest bandgaps.21-30 Perovskitoids have been recently 

reported as photodetectors,31 X-ray and 𝛾-ray detectors,18, 23 and passivating layers for perovskite 

solar cells.15, 32 

We hypothesized that a 3D single-halide (all-iodide) perovskitoid with sufficient corner-

sharing could achieve an optical absorption edge of interest for triple-junction solar cells (1.7-2.0 

eV). This would require us to synthesize narrower bandgap perovskitoids than have yet been 

documented, for the narrowest absorption edge among direct bandgap 3D lead iodide perovskitoids 

reported to date is 2.2 eV.21-30 Designing a perovskitoid with a desired bandgap and dimensionality 

is challenging because the diverse connectivity of perovskitoids complicates the prediction of their 

crystal structures and optoelectronic properties. We began, therefore, by seeking design principles 

for 3D perovskitoids, where the size, shape, and stoichiometry of organic cations are key 

determinants of the structure and properties.   
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RESULTS AND DISCUSSION 

Small organic cations favor a 3D perovskite structure, while large ones break up the 

structure, reducing dimensionality. Thus, the formation of 3D perovskitoids should follow a 

Goldilocks principle for cations capable of expanding the structure without altering its 

dimensionality (Figure 1a). A survey of published 3D lead halide perovskitoids suggests that these 

structures tend to be templated by organic cations with effective diameters of 3-6 Å, but some 

outliers contain cations up to 12 Å.21-30, 33-55 However, these outliers are typically less connected 

and have wider bandgaps than those with small cations, so the 3-6 Å range appears optimal for the 

formation of perovskitoids with photovoltaic-relevant absorption. To access a higher fraction of 

corner-sharing than previously reported ternary perovskitoids, a cation falling within this size 

range should be mixed with a perovskite-forming cation such as cesium, methylammonium, or 

formamidinium to bring the structure of the perovskitoid closer to the 3D perovskite structure. We 

selected cyclopropylammonium (c-C3A) for this study because it falls within this size range, and 

the corresponding quaternary phase with methylammonium (MA) is not reported. 

Despite falling within the 3-6 Å size range for 3D perovskitoid formation, c-C3A forms a 

ternary 2D perovskite, (c-C3A)2PbI4, in combination with PbI2.
56 However, we found that when 

MA is included in the reaction mixture, c-C3A templates a novel 3D perovskitoid with the formula 

(c-C3A)3(MA)3Pb5I16. Thus, the addition of MA ‘unlocks’ the 3D perovskitoid phase of c-C3A. 

Furthermore, the fraction of corner-sharing in this perovskitoid is 69%, higher than any other 

reported lead iodide perovskitoid (Figure 1b).21-30 Because MA can fit into small pockets within 

the crystal structure, it accesses higher fractions of corner-sharing than have been seen in ternary 

compositions. In this case, MA serves as a ‘perovskitizer,’ increasing the corner-sharing from 50% 

in (c-C3A)2PbI4 to 69% in (c-C3A)3(MA)3Pb5I16, closer to the 100% corner-sharing of MAPbI3. It 

is worth noting that allylamine and propylamine, other three-carbon amines, produce step-like 2D 

perovskitoids and, in MA rich stoichiometries, layered perovskites.57, 58 As the ring shape of 

cyclopropylamine makes it slightly shorter than these chain molecules, the slight difference in size 

and shape of the cation results in a dramatic change in the crystal structure of the resulting 

quaternary phase. 
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Figure 1. Effects of organic cation mixing and size control on perovskitoid structures. (a) Schematic 

representation of perovskitoid formation with respect to cation size for quaternary halometalates (A, B = 

organic cations; M = Sn Pb; X = Cl, Br, I). (b) Optical absorption edge vs. corner-sharing fraction for 

reported 3D lead iodide perovskitoids. (c) Comparison of the crystal structures and absorption edges for 

hybrid iodoplumbates synthesized with methylammonium (MA) and ethylammonium (EA), 

cyclopropylammonium (c-C3A), or cyclobutylammonium (c-C4A). (d) Crystal structure of (c-

C3A)3(MA)3Pb5I16 shown down the a-axis with C, N, I, and Pb shown in black, blue, purple, and gray, 

respectively. (e) Calculated (red) and measured (black) powder X-ray diffraction patterns for red-colored 

(c-C3A)3(MA)3Pb5I16 with inset image of (c-C3A)3(MA)3Pb5I16 single crystals. 
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After finding that c-C3A forms a 3D perovskitoid with MA and PbI2, we tested the 

generalizability of this observation by synthesizing analogous iodoplumbates based on EA and c-

C4A, which are one carbon smaller and larger than c-C3A, respectively (Figure 1c). We chose EA 

and c-C4A to test whether incrementing or decrementing the size of the organic cation incorporated 

into the quaternary phase would significantly impact the resulting crystal structure. The smallest 

cation of the three, EA, forms a different 3D perovskitoid with a formula of (EA)(MA)Pb2I6, while 

the slightly larger c-C4A forms a 2D perovskite with a formula of (c-C4A)2(MA)Pb2I7. Although 

EA and c-C3A both form 3D perovskitoids with MA, the c-C3A perovskitoid has significantly 

more corner-sharing in its crystal structure, with 69% corner-sharing as opposed to 50% in the EA 

perovskitoid. This higher fraction of corner-sharing is reflected in the absorption of the 

perovskitoids; (EA)(MA)Pb2I6 has an optical absorption edge of 2.2 eV while (c-

C3A)3(MA)3Pb5I16 has an absorption edge of 2.0 eV, and (c-C4A)2(MA)Pb2I7 has an absorption 

edge of 2.1 eV. As the ternary iodoplumbate based on EA is an all-face-sharing structure,59 the 

formation of a  50% face-sharing 3D perovskitoid in (EA)(MA)Pb2I6 suggests that the EA cation 

is too small to stabilize a 3D perovskitoid with a sufficient fraction of corner-sharing for 

photovoltaic-relevant absorption. Likewise, the formation of a 2D perovskite in (c-

C4A)2(MA)Pb2I7 suggests that c-C4A is too large to template a 3D perovskitoid, instead preferring 

to adopt a lower dimensional, layered structure. However, c-C3A appears to exist within a narrow 

sweet spot for 3D perovskitoid formation as (c-C3A)3(MA)3Pb5I16 retains 3D connectivity while 

achieving an absorption edge ideal for all-perovskite triple-junction solar cells. More detailed 

structure images and electronic absorption spectra for (EA)(MA)Pb2I6 and (c-C4A)2(MA)Pb2I7 are 

provided in the Supporting Information (Figures S1-S3).  

(c-C3A)3(MA)3Pb5I16 crystallizes in the triclinic space group P1̅ with unit cell parameters 

a = 8.8784(2) Å, b = 15.5291(4) Å, c = 23.1301(7) Å, 𝛼 = 103.159(2)°, 𝛽 = 91.397(2)°, and 𝛾 = 

106.169(2)°. The crystal structure (Figure 1d) is comprised of three-octahedra thick [Pb4I16]
8- slabs 

taken from the 〈311〉 plane of the 3D perovskite crystal structure linked together by face-sharing 

octahedra, which completes the 3D [Pb5I16]
6- inorganic lattice. The MA cation sits in the small 

space between the corner-sharing PbI6 octahedra, while the c-C3A cation sits in the ‘tunnels’ 

created by the face-sharing octahedra, breaking up the otherwise layered structure (Figure 1d). 

This structure resembles the ‘step-like’ layered perovskitoids previously reported with 

allylammonium58 and propylammonium,57, 60 but the tighter packing of (c-C3A)3(MA)3Pb5I16 
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forces the perovskitoid layers together, generating 3D connectivity. The (c-C3A)3(MA)3Pb5I16 

perovskitoid contains both face-sharing and corner-sharing octahedra, and the fraction of corner-

sharing in the structure is 68.75%. This high fraction of corner-sharing should lend the compound 

a narrower bandgap and better charge-transport properties than other 3D lead iodide perovskitoids. 

Powder X-ray diffraction (PXRD) patterns show that the bulk phase produced during synthesis 

matches the reported single crystal structure (Figure 1e). Notably, single-crystal syntheses of (c-

C3A)3(MA)3Pb5I16 often produce a mixture of the desired perovskitoid with an impurity non-

perovskite hydrate phase, (c-C3A)x(MA)1-xPbI3•H2O. This hydrate is minimized during single 

crystal synthesis by extracting the crystals from their mother liquor before a significant amount of 

hydration occurs. More information about this hydrate and its crystal structure are provided in the 

Supporting Information (Figures S4-S6). 

 

Figure 2. Optical and electronic properties of (c-C3A)3(MA)3Pb5I16. (a) Band alignment of (c-

C3A)3(MA)3Pb5I16 (red) alongside 3D perovskites (blue) with 1.25, 1.55, 1.78, and 2.00 eV bandgaps. (b) 

Diffuse-reflectance spectrum of (c-C3A)3(MA)3Pb5I16 with optical absorption edge fit to 2.02 eV and inset 

photoluminescence spectrum of (c-C3A)3(MA)3Pb5I16
 thin film. (c) Band-structure of (c-

C3A)3(MA)3Pb5I16. (d) Photoelectron yield spectroscopy in air spectrum of (c-C3A)3(MA)3Pb5I16
 with first 

ionization energy fit to 5.53 eV. 
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The band alignment of (c-C3A)3(MA)3Pb5I16 was investigated by a combination of diffuse 

reflectance UV-vis spectroscopy and photoemission yield spectroscopy in air to determine the 

absorption edge and absolute energy of the valence band maximum, respectively (Figure 2a). 

Diffuse reflectance spectroscopy (Figure 2b) confirms the optical absorption edge is 2.02 eV, 

within the ideal range of for a wide-bandgap top-cell in triple- or quadruple-junction solar cells,2 

and band structure calculations confirm the direct nature of the bandgap (Figure 2c). Notably, (c-

C3A)3(MA)3Pb5I16 has the narrowest optical absorption edge reported for any direct bandgap Pb 

perovskitoid phase.21-30 Photoemission yield spectroscopy in air (Figure 2d) yields a valence band 

maximum of -5.53 eV, very close to the experimentally determined valence band maxima for the 

1.55, 1.78, and 2.00 eV bandgap 3D perovskites, respectively (Figure S7). The conduction band, 

determined by adding the optically determined bandgap to the valence band energy, is -3.51 eV 

for (c-C3A)3(MA)3Pb5I16, in close alignment with the conduction band of the 2.00 eV 3D 

perovskite at -3.60 eV.  

Photoluminescence (PL) spectra were measured on (c-C3A)3(MA)3Pb5I16 films (Figure 2b, 

inset). The film PL shows two distinct features. A small shoulder peak centered around 610 nm 

likely corresponds to direct band-to-band relaxation within the perovskitoid, but a larger peak 

around 650 nm produces an overall broad luminescence spectrum with a full-width at half-

maximum of 80 nm and an average Stokes shift of 40 nm. Low-frequency Raman spectroscopy on 

the same films at room temperature reveals a centralized, broad peak (Figure S8) similar to that of 

MAPbBr3 and CsPbBr3,
61, 62 indicating that (c-C3A)3(MA)3Pb5I16 experiences dynamic structural 

disorder analogous to that of 3D perovskites. A photodetector fabricated from a single crystal of 

(c-C3A)3(MA)3Pb5I16 a more than 20x increase in current when exposed to room lighting, 

suggesting a high degree of photoresponsivity (Figure S9). The full PL spectrum of powder and 

films of (c-C3A)3(MA)3Pb5I16 along with details on (c-C3A)3(MA)3Pb5I16 films, including 

photographs, scanning electron micrographs, transmission electron micrographs, transient 

absorbance, and XRD are provided in the Supporting Information (Figures S10-S13). 

The electronic band-structure of (c-C3A)3(MA)3Pb5I16 (Figure 2c) shows a direct bandgap 

at Γ with band edges comprised of hybridized lead and iodide orbitals, consistent with reported 

lead halide perovskites (Figure S14).63  This leads to high dispersion, particularly in directions 

where octahedra are corner-shared. However, the region from Γ to 𝑍 presents nearly flat bands 
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with bandwidths smaller than 5 meV, corresponding to the real direction of the face-sharing 

connections between corner-sharing layers of the crystal structure. This could suggest poor charge-

transport between corner-sharing layers of the 3D perovskitoid, resulting in potentially anisotropic 

conductivity. Nevertheless, the high dispersion perpendicular to the face-sharing direction 

indicates generally good charge-transport within (c-C3A)3(MA)3Pb5I16. The effective masses of 

electrons (me) and holes (mh) at the band edges in the 3D perovskitoid are 0.06 and -0.16 times the 

mass of an electron (m0), respectively. The mh in the perovskitoid is similar in magnitude to the 

computed mh in CsPbI3 of -0.11m0,
64, 65 while me of the perovskitoid is lower than me in CsPbI3 of 

0.10m0.
64, 65 It should be noted that the effective masses for the perovskitoid are calculated at the 

band minima and in the direction of corner-sharing Pb-I-Pb bonds, and the effective masses in 

other directions, particularly in the direction of face-sharing, are likely higher. The relatively 

narrow bandgap and 3D crystal structure of (c-C3A)3(MA)3Pb5I16 make the phase uniquely suited 

for demonstration of the first perovskitoid solar cells, and the low effective masses of electrons 

and holes in the perovskitoid, comparable to 3D perovskites, indicate that (c-C3A)3(MA)3Pb5I16 

should be capable of sufficient charge-transport for solar cell applications. Furthermore, because 

the offset between the band alignments of the 2.00 eV mixed-halide perovskite and the 2.02 eV 

perovskitoid are relatively minor, it should be possible to assess the viability of (c-

C3A)3(MA)3Pb5I16 by simply replacing the active layer in an existing architecture used for 2.00 

eV 3D perovskite devices with the 3D perovskitoid. 
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Figure 3. Light stability of 2.0 eV mixed-halide perovskite and (c-C3A)3(MA)3Pb5I16. (a) and (b) 

photoluminescence spectra for (c-C3A)3(MA)3Pb5I16 and 2.0 eV mixed-halide 3D perovskite films under 

continuous light exposure over 300 seconds with high intensity mapped as dark color and low intensity 

mapped as light color. (c) and (d) X-ray diffraction patterns of (c-C3A)3(MA)3Pb5I16 and 2.0 eV 3D 

perovskite films under continuous light exposure over 90 min. 

We investigated the light stability of (c-C3A)3(MA)3Pb5I16 films by conducting PL and 

XRD measurements under continuous illumination and comparing the results to identical 

experiments performed on 2.0 eV mixed-halide perovskite films. The PL stability data for the 

mixed-halide perovskite (Figure 3a) was measured using confocal laser illumination and plotted as 

a function of time, under which the 2.0 eV PL peak shifts significantly after only 60 seconds, 

evidence of light-induced halide segregation. The (c-C3A)3(MA)3Pb5I16 film (Figure 3b), however, 

shows no significant peak shift over the same period. XRD stability (Figures 3c and 3d) was 

measured using global 1 sun white-light illumination, under which the 2.0 eV perovskite film 

diffraction peaks broaden and lose intensity over 90 minutes while the (c-C3A)3(MA)3Pb5I16 film 

diffraction peaks show no significant change, indicating that the perovskitoid film is phase-stable 

under 1 sun illumination. These results confirm that the elimination of halide-mixing from the 

composition of (c-C3A)3(MA)3Pb5I16 dramatically improves upon the light-stability of the 2.0 eV 
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mixed-halide perovskite. Thermal stability of bulk (c-C3A)3(MA)3Pb5I16  crystals and films is 

presented in the Supporting Information (Figures S15 and S16) 

Figure 4. Solar cells of (c-C3A)3(MA)3Pb5I16. (a) Schematic diagram of (c-C3A)3(MA)3Pb5I16 single-

junction solar cell architecture. (b) Cross-sectional SEM image of (c-C3A)3(MA)3Pb5I16 solar cell. (c) 

Current-voltage curve with device characteristics for champion (c-C3A)3(MA)3Pb5I16 solar cell including 

open-circuit voltage (Voc), short-circuit current density (Jsc), fill-factor (FF), and power-conversion 

efficiency (PCE). (d) Device statistics for thirteen (c-C3A)3(MA)3Pb5I16 solar cells. (e) External-quantum 

yield spectrum of a (c-C3A)3(MA)3Pb5I16 solar cell. (f) Maximum power point tracking of (c-

C3A)3(MA)3Pb5I16 and 2.0 eV 3D perovskite solar cells over 500 hours in N2-filled glovebox. Data is cut 

to the time at which half of the initial efficiency is lost (T50). 

Solar cells of (c-C3A)3(MA)3Pb5I16 were fabricated with an architecture of ITO/NiOx/Me-

4PACz/3D perovskitoid/C60/BCP/Ag (Figure 4a). Cross-sectional SEM images of the devices 

show a perovskitoid layer with a thickness of approximately 350 nm (Figure 4b). The current-

voltage curve of the champion perovskitoid device (Figure 4c) has a remarkably high Voc of 1.32 

V. However, the efficiency of the perovskitoid device is limited by its short-circuit current density 

(Jsc) of 11.1 mA/cm2 and fill-factor (FF) of 46.8% as compared to 12.8 mA/cm2 and 83.0% for the 

record 2.0 eV 3D perovskite device.66 These characteristics result in a PCE of 6.83% for the 

champion (c-C3A)3(MA)3Pb5I16 device, compared to 15.3% for the record 2.0 eV 3D perovskite.66 

Statistics for thirteen (c-C3A)3(MA)3Pb5I16 devices are provided in Figure 4d. The PCE difference 

between the perovskitoid and mixed-halide perovskite devices most likely arises from the quality 

of the perovskitoid film, which is also reflected in the external quantum efficiency (EQE) of the 
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perovskitoid devices (Figure 4e). Additionally, PXRD patterns of perovskitoid films indicate that 

they are strongly oriented preferential to the (001) plane of (c-C3A)3(MA)3Pb5I16 (Figure S11d), 

suggesting that charges are extracted from the film perpendicular to the corner-sharing layers of 

the perovskitoid. Furthemore, the diffuse reflectance spectrum of (c-C3A)3(MA)3Pb5I16 shows a 

minor feature characteristic of excitonic absorption. Should the exciton binding energy 

significantly exceed the ambient thermal energy, exciton formation could also inhibit the devices’ 

Jsc. Likely, the charge-extraction and therefore Jsc and FF would be improved with a more favorable 

orientation of the perovskitoid film, such as a (010) or (100) ‘vertical’ orientation. Nevertheless, 

the (c-C3A)3(MA)3Pb5I16 devices were, as a first try, able to achieve more than half the record 

efficiency of the corresponding 3D perovskites, a promising initial result. Furthermore, the high 

Voc of the perovskitoid devices is encouraging for future perovskitoid solar cell performance, and 

the low Jsc and FF may be ameliorated with improvements to film quality, film orientation, or 

device architecture. Light intensity-dependent JV, Voc, and Jsc measurements along with 

photocurrent transients and photo-charge extraction by linearly increasing voltage (photo-CELIV) 

measurements are provided in the Supporting Information (Figures S17-19). A detailed analysis of 

these experiments is presented in the Supporting Information, but they suggest that the carrier 

mobility and charge transport properties of (c-C3A)3(MA)3Pb5I16 are similar to those of mixed-

halide perovskites at the same bandgap, indicating that the perovskitoid devices are limited 

primarily by their low shunt resistance and high series resistance.  

To investigate device stability under continuous illumination, we performed maximum 

power point tracking measurements under continuous one-sun illumination (Figure 4f). The (c-

C3A)3(MA)3Pb5I16 devices demonstrate operating stability with T50 (the duration for the device 

efficiency to decay to 50% of the initial value) of 448 hours, 2.7 times longer than the 167-hour 

T50 of the 2.0 eV perovskite device, again confirming that the elimination of halide-mixing lends 

(c-C3A)3(MA)3Pb5I16 dramatically improved stability over 2.0 eV mixed-halide perovskites.  
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CONCLUSIONS 

 By leveraging cation size and ratio to control structural connectivity, we synthesized a 3D 

lead iodide perovskitoid with the lowest optical absorption edge reported to date, bringing the 

perovskitoid within the ideal range for triple-junction solar cells. To demonstrate the utility of these 

materials, we fabricated perovskitoid solar cells, which have an operating decay time 2.7x longer 

than cells based on mixed-halide perovskites at the same bandgap. The efficiency of these devices 

is limited in fill factor by the perovskitoid film morphology and orientation, resulting from 

constrained charge-transport in the direction of face-sharing connections within the perovskitoid 

crystal structure. To advance the efficiency of perovskitoid solar cells to levels comparable with 

perovskites, future research must focus on controlling crystallite growth during film formation and 

on designing new perovskitoid materials that enable more isotropic charge transport. We believe 

that an edge-sharing 3D perovskitoid could achieve these criteria, so future synthetic work should 

focus on controlling the type of sharing present within the perovskitoid. Nevertheless, such an 

edge-sharing perovskitoid would need to maintain a bandgap similar to or narrower than the 

perovskitoid presented in this work, so the bandgap control strategies presented herein will be 

critical in the development of perovskitoids as functional materials. Overall, we believe this report 

establishes perovskitoids as a notable and underrepresented class of materials for optoelectronics 

applications with exceptional structural diversity. 
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EXPERIMENTAL AND COMPUTATIONAL METHODS 

Materials. All materials were used as received without further purification. Lead oxide (Alfa 

Aesar, 99.9%), cyclopropylamine (Oakwood Chemical), cyclobutylamine (Thermo Scientific, 

98%), methylamine hydrochloride (Aldrich, ≥98%), ethylamine hydrochloride (Aldrich, 98%), 

hypophosphorous acid (Sigma Aldrich, 50 wt%), hydroiodic acid (Sigma Aldrich, 47 wt%, 

99.95%), dimethylacetamide (Sigma Aldrich, 99.8%), methylammonium iodide (Great Solar, 

≥99.99%), methylammonium chloride (Great Solar, ≥99.99%), formamidinium iodide (Great 

Solar, ≥99.99%), Cesium iodide (Sigma, 99.9%), lead iodide (TCI, ≥99.5%), lead bromide (TCI, 

≥99.5%), lead chloride (TCI, ≥99.5%), tin iodide (TCI, ≥99.5%), Me-4PACz (TCI, ≥99.0%), 

dimethylformamide (Sigma, 99.8%), dimethylsulfoxide (Sigma, 99.9%), chlorobenzene (Sigma, 

99.8%), anisole (Sigma, 99.7%), and toluene (Sigma, 99.8%). 

Synthesis of cyclopropylammonium iodide and chloride salts. Cyclopropylammonium iodide 

and cyclopropylammonium chloride salts were synthesized by dissolving 20 mmol 

cyclopropylamine in 10 mL ethanol chilled by ice-bath and adding dropwise a 10% stoichiometric 

excess of HI (57 wt%) or HCl (37 wt%), respectively. The resulting solution was stirred for ten 

minutes before the excess solvent and acid were removed using a rotary evaporator. The resulting 

beige powder was washed with ether before being dried over vacuum and stored in a desiccator. 

Synthesis of (c-C3A)3(MA)3Pb5I16 single crystals by slow cooling in a saturated hydroiodic 

acid solution. Single crystals of (c-C3A)3(MA)3Pb5I16 were synthesized by slow cooling in a 

saturated hydroiodic acid solution following a procedure already published for hybrid lead halide 

perovskites.67, 68 A 1 g scale reaction is prepared by mixing 46.5 mg methylammonium chloride 

and 307.6 mg PbO in 2.0 mL HI solution (57% w/w) in a 20 mL scintillation vial. To the resulting 

mixture is added 477.5 𝜇L (50% excess) of a chilled 3 M solution of cyclopropylamine neutralized 

in H3PO2 (45% w/w) solution. The mixture is then heated with magnetic stirring at 120 °C until 

completely dissolved, after which the stir bar is removed and the hotplate turned off to allow the 

solution to come to room temperature and crystals to form. The resulting red needle crystals 

(Figure 1d) are extracted and washed with ether before being dried over vacuum and stored in a 

desiccator.  
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Film deposition of (c-C3A)3(MA)3Pb5I16 by spin-coating. Thin films of (c-C3A)3(MA)3Pb5I16 

were fabricated by spin-coating 65 𝜇L of a precursor solution of (c-C3A)Cl, (c-C3A)I, (MA)I, and 

PbI2 dissolved in dimethylacetamide in a 0.75:3.75:3:5 ratio with 1 M [Pb2+] onto a glass/ITO 

patterned substrate prepared by UV/Ozone cleaning. The films were spun at 4000 rpm for 30 

seconds, and dry nitrogen was blown over the films in the last 10 seconds of spin-coating to 

encourage nucleation. The resulting thin-films were annealed at 70 °C for 10 min before being 

stored in a desiccator until characterization. Notably, we found that the width, position, and flow 

rate of the nitrogen line affected the quality of the films. 

Film deposition of 2.0 eV 3D perovskite by spin-coating. Wide-bandgap perovskite precursor 

solution (1 M, FA0.75MA0.1Cs0.15PbIBr2) was prepared by dissolving CsI, MAI, FAI, and PbBr2 in 

a mixture of solvents DMF and DMSO at a volume ratio of 4:1. The precursor solution was stirred 

for 1 h and then filtered using a 0.22 μm polytetrafluoroethylene membrane before use. NiOx 

nanocrystal (5 mg ml−1 in H2O and 2-propanol mixed solvent with a volume ratio of 3:1) layers 

were first spin-coated on ITO substrates at 3,000 rpm for 25 s in air without any post-treatment, 

then the substrates were immediately transferred to the glovebox. Me-4PACz (0.4 mg ml−1) in 

ethanol was spin-coated on the NiOx film at 3,000 rpm for 30 s and then annealed at 100°C for 10 

min. For the perovskite film fabrication, the substrate was spun at 4,000 rpm for 35 s with an 

acceleration of 1,000 rpm, 100 μL. Anisole was dropped onto the substrate during the last 10 s of 

spinning. The substrates were then transferred onto a hotplate and heated at 100 °C for 15 min.  

(c-C3A)3(MA)3Pb5I16 Solar-cell fabrication. Perovskitoid precursor solution of (c-C3A)Cl, (c-

C3A)I, (MA)I, and PbI2 dissolved in dimethylacetamide in a 0.75:3.75:3:5 ratio with 1 M [Pb2+]. 

The precursor solution was stirred for 1 h and then filtered using a 0.22 μm polytetrafluoroethylene 

membrane before use. NiOx nanocrystal (5 mg ml−1 in H2O and 2-propanol mixed solvent with a 

volume ratio of 3:1) layers were first spin-coated on ITO substrates at 3,000 rpm for 25 s in air 

without any post-treatment, then the substrates were immediately transferred to the glovebox. Me-

4PACz (0.4 mg ml−1) in ethanol was spin-coated on the NiOx film at 3,000 rpm for 30 s and then 

annealed at 100°C for 10 min. For perovskite film deposition, 65 𝜇L of precursor solution was 

added to the stationary film, and the films were spun at 4000 rpm for 30 seconds. Dry nitrogen 

was blown over the films in the last 10 seconds of spin-coating to encourage nucleation. The 

resulting thin-films were annealed at 70 °C for 10 min. After cooling down to room temperature, 
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the substrates were transferred to the evaporation system and 27 nm of C60, 7 nm of BCP and 

140 nm of Ag were sequentially deposited on top of the perovskite layer by thermal evaporation. 

Single-crystal X-ray diffraction (SCXRD) of (c-C3A)3(MA)3Pb5I16. Intensity data of a red 

needle single crystal of (c-C3A)3(MA)3Pb5I16 were collected at 250 K. A suitable crystal with 

dimensions of 0.1×0.067×0.05 mm3 was mounted on a glass fiber with Paratone oil on a STOE 

StadiVari diffractometer equipped with an AXO Ag K𝛼  micro-focused sealed X-reay A-MiXS 

source (𝜆 = 0.560834 Å), running at 65 kV and 0.68 mA, and a Dectris Pilatus3 R CdTe 300K 

Hybrid photon Counting detector. Data reduction was performed with the X-Area software 

package using a numerical absorption correction using X-Shape. The structure was solved with 

the ShelXT structure solution program using the Intrinsic Phasing solution method and Olex2 as 

the graphical interface. The model was refined with ShelXL using least squares minimization. 

Powder and film X-ray diffraction. One-dimensional diffraction patterns were measured on a 

Rigaku Miniflex600 powder X-ray diffractometer (Cu K𝛼  with graphite monochromator, 𝜆  = 

1.5406 Å) operating at 40 kV/15 mA with a K𝛽 foil filter at 10° 2𝜃/min a 0.02° step-size. Powder 

diffraction patterns were measured on zero-background Si substrate sample-holders coated, and 

the powder was fixed to the sample-holder using a thin layer of vacuum grease. Film diffraction 

patterns were measured directly on the substrate. The height of the substrate produced a rigid shift 

of ~0.8° 2𝜃, which has been corrected in the relevant figures. Both film and powder diffraction 

patterns were measured with the sample rotating. 

UV-Vis diffuse reflectance and transmittance spectroscopy. UV-Vis spectra in reflectance mode 

were collected on ground powder using a Cary 5000 UV-Vis-NIR double beam spectrophotometer 

with a monochromator. BaSO4 powder was used for the baseline correction, and a mixture of 

sample powder with BaSO4 was used for the data collection at room temperature. Absorbance data 

was converted from reflectance data in-software using the Kubelka-Munk equation: 

𝛼

𝑆
=
(1 − 𝑅∞

2 )

2𝑅∞
 

where 𝛼 and 𝑆 are the absorption and scattering coefficients, respectively, and 𝑅∞ is the powder 

reflectance. UV-Vis transmittance spectra of films were measured directly on the same Cary 5000 
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UV-Vis-NIR double beam spectrophotometer. A clean substrate was used as a reference for 

baseline correction. 

Photoemission yield spectroscopy in air (PYSA). PYSA measurements were taken on a Riken-

Keiki AC-2 spectrometer. Thin film samples were scanned by tunable monochromatic ultraviolet 

light (UV, 3.8-6.2 eV) under dry air, and emitted photoelectron counts were measured at each 

excitation energy using an accelerating voltage of 2980 V with a counting time of ten seconds and 

a step size of 0.1 eV. A detector dead-time of 5.6 ms was used, allowing a maximum counting rate 

of 1785/s. Maximum signal-to-noise ratio was obtained by setting the UV intensity to 500 nW 

(1.78 and 2.0 eV 3D perovskite films), 50 nW (1.25 and 1.55 eV 3D perovskite films), and 800 

nW ((c-C3A)3(MA)3Pb5I16 crystals), and a quantity-of-light correction was used to account for 

variations in UV lamp intensity across the energy range. First ionization energies of thin film 

samples were determined by plotting the third root of photoelectron count rate against excitation 

energy, and a linear regression was used to determine the onset energy of above-baseline 

photoelectron flux. The negative of this onset energy was used as an approximation of the energetic 

position of the valence band maximum of the sample relative to vacuum energy. 

Photoluminescence spectroscopy. Photoluminescence on powder and films of (c-

C3A)3(MA)3Pb5I16 were performed using an Edinburgh Instruments FS5 spectrofluorimeter using 

a 150 W xenon arc lamp excitation source and plane-ruled diffraction grating monochromators 

with 1200 grooves/mm coupled to filter turrets to remove higher order diffraction signals and using 

a Hamamatsu R928P photomultiplier tube as a primary photodetector and two silicon photodiode 

detectors for reference and transmission detection. Optical longpass filters were used to control 

scattered excitation light, with a 340 nm cut-on wavelength for the excitation filter and a 420 nm 

cut-on wavelength for the emission filter. Confocal PL spectra were collected using a HORIBA 

LabRAM HR Evolution confocal Raman microscope. A 532 nm laser (0.01% power) was used to 

excite samples at 10× magnification. Scans were performed in seven windows of 50 nm with 0.2 

s acquisition time per window. 

Solar cell external quantum efficiency (EQE) measurements. EQE data were acquired using a 

Quantum Efficiency Measurement System (QE-R) from Enlitech. The light intensity at different 

wavelengths between 300-1000 nm was calibrated with a factory-calibrated Si cell following ISO 

17025 standards. 
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Solar cell current-voltage (JV) characteristics. The current density - voltage (J-V) curves were 

obtained using a Keithley 2400 source-measure unit under simulated AM 1.5 G irradiation (100 

mW/cm2) using a Xe arc lamp from a ScienceTech A1 Light Line Class AAA solar simulator. The 

light from the solar simulator was directed through a fiber optic cable into a nitrogen-atmosphere 

glovebox (H2O and O2 < 1 ppm). The light intensity, spatial uniformity, and temporal stability 

were factory-calibrated using traceable reference detectors, and the light intensity was periodically 

field-checked using a factory-calibrated reference cell, which was itself calibrated on traceable 

reference equipment. 

Computational Methods. First-principles calculations are based on density functional theory 

(DFT) as implemented in the SIESTA package.69, 70 The non-local van der Waals density functional 

of Dion et al. corrected by Cooper (C09) is used for geometry optimizations.71, 72 Spin-orbit 

coupling is taken into account in subsequent single-point calculations through the off-site approach 

in the Hemstreet formalism,73 using the revPBE functional.74 Core electrons are described with 

Troullier-Martins pseudopotentials,75 while valence wavefunctions are developed over double-ζ 

polarized basis set of finite-range numerical pseudoatomic orbitals.76 In all cases, an energy cutoff 

of 150 Ry for real-space mesh size has been used. The Brillouin zones is sampled using a 9×7×3 

Γ -centered Monkhorst-Pack grid. Experimental structures are used for the inorganic skeleton, 

which is well characterized by X-ray diffraction. As this is not the case for light atoms, the 

positions of organic cations have been optimized. 
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