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ABSTRACT 

Organic metal halide Ruddlesden–Popper phases combine the excellent optoelectronic properties 

of three-dimensional, bulk hybrid perovskites with superior material stability in ambient 

conditions. However, the thin film structure of these layered perovskites is still poorly understood, 

as phase purity is typically determined solely by specular X-ray diffraction. The thin film structure 

of these Ruddlesden–Popper phases was examined by increasingly local characterization 

techniques. It is difficult to assess the phase purity by purely bulk optical and diffraction 

measurements. From the comparison of grazing-incidence wide angle X-ray scattering (GIWAXS) 

patterns of cast films to expected scattering from single-crystal structures, significant in-plane 

disorder was observed. Spatially localized photoluminescence measurements show that films do 

not phase separate on the micrometer-scale. Selected area electron diffraction measurements show 

the intergrowth of different phases within the same thin film, consistent with previous observations 

seen in epitaxially-grown Ruddlesden–Popper complex oxides. Despite the presence of phase 

impurities that would typically be detrimental for device performance, fits to photothermal 

deflection spectroscopy measurements show relatively low Urbach energies of 33 meV for 

(C4H9NH3)2(CH3NH3)2Pb3I10 and 32 meV for (C4H9NH3)2(CH3NH3)3Pb4I13, indicating that the 

electronic properties are insensitive to the phase impurities. 
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INTRODUCTION 

Hybrid halide perovskites have shown great promise as cost-effective, solution-processable 

semiconductors due to their remarkable optoelectronic properties.1–7 Although they possess 

modest carrier mobilities in comparison to other inorganic semiconductors, hybrid perovskites 

have significantly-long carrier lifetimes,8,9 the origin of which is still highly debated.10–14 The 

power conversion efficiency of laboratory-scale solar cells made with mixed-cation and anion 

perovskite alloys have reached values near 23%,15 making perovskites competitive with existing, 

established thin film solar cell technologies.16 More recently, perovskite alloys have also been 

found to have desirable emission properties, ranging from monochromatic light for LED 

applications17–19 to broadband white light emission.20–22 The stability of perovskite-based 

absorbers in the ambient environment is still a major concern, because degradation from moisture 

and heat are extremely detrimental to device performance.23–25 

To improve the environmental stability of perovskites, great research efforts have been put into 

Ruddlesden-Popper phases, layered analogs of the three-dimensional perovskite structure.26,27 

Extensively studied in the field of complex oxides,28,29 Ruddlesden-Popper phases have an overall 

stoichiometry of (A’)2An-1BnX3n+1 where n defines the size of the perovskite-like sheets that are 

spatially separated by the A’ moieties. Formation of these phases has been achieved in hybrid 

perovskites through the use of a large organic (typically alkylammonium) cation as a spacer.30 

These spacer cations have also been utilized to produce single-crystal perovskite nanoparticles and 

nanoplatelets, which, due to their increased quantum confinement and phase purity, have narrow 

emission linewidths with large (~90%) photoluminescence quantum efficiencies.31–33 Photovoltaic 

devices employing Ruddlesden-Popper phases have shown increases in their lifetimes relative to 

their three-dimensional counterparts.34,35 However, the thin film structures of these layered 
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perovskite films are poorly understood. Previous studies suggest that layered hybrid halide thin 

films naturally form highly crystalline, oriented domains upon spin coating, but optical and 

electronic transport measurements appear to show high defect densities which contribute to large 

recombination rates.36,37 A thorough understanding of crystalline structure within these thin films 

should lead to improvements in the performance of optoelectronic devices. 

In this study, we characterized the thin film structure of the n = 3 and 4 Ruddlesden–Popper 

phases butylammonium methylammonium lead iodide, (C4H9NH3)2(CH3NH3)n-1PbnI3n+1, over 

varying length scales. Grazing-incidence X-ray scattering measurements were used to probe the 

average composition of thin films. Micron-scale structure was then evaluated by analyzing 

spatially-resolved photoluminescence maps. Transmission electron microscopy (TEM) was then 

used to deduce the nano-scale, local structure. Using all the structural characterization techniques, 

a generalized structure for Ruddlesden–Popper thin films was proposed. Finally, the impact of film 

structure on electronic properties was assessed by measuring the absorption coefficient with 

photothermal deflection spectroscopy (PDS) and fitting the absorption edges to extract the Urbach 

energies. 

 

RESULTS AND DISCUSSION 

To study the structure of mixed butylammonium/methylammonium (BA/MA) Ruddlesden-

Popper thin films, samples were cast from solutions in N, N-dimethylformamide (DMF) by spin-

coating onto cleaned, z-cut quartz substrates. Further details of growth conditions are presented in 

the Supporting Information Section S1. Previous studies have utilized a hot-casting technique,34,38–

40 in which the substrate is heated prior to spinning; however, all samples here were deposited and 

annealed after spinning, consistent with our previous study.36 A schematic depicting the general 
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hybrid halide Ruddlesden-Popper structure (with n-butylammonium spacers), along with 

absorbance and emission data, is shown in Figure 1. The exact absorption edges in the n = 3 and 4 

films are difficult to discern due to scattering of long wavelength light in the measurement. The 

optical properties of these thin films suggest a rapid convergence to the absorbance and emission 

of the three-dimensionally connected MAPbI3 for values of ݊	 ൐ 2, despite the expected quantum 

confinement from the thickness of the lead iodide layers in the structure – in the n = 4 phase the 

inorganic layers within the structure are only approximately 2.5 nm thick. The results in Figure 1 

are consistent with previously reported spectra for solution-cast thin films.36,38 Because 

measurements of exfoliated single-crystals clearly show excitonic effects and expected changes in 

emission with n, the origin of this optical behavior in thin films is still not well understood, and 

has been attributed to defects at the edges of crystals.38  

To characterize the bulk thin film structure in the n = 3 and 4 phases, grazing-incidence wide-

angle X-ray scattering (GIWAXS) images of Ruddlesden-Popper thin films were collected and 

quantitatively analyzed. By utilizing a shallow incidence angle (schematic in Figure 2a), scattering 

from the underlying substrate is eliminated. Additionally, collection of signal by an image plate 

detector allows for rapid reciprocal space mapping (RSM), a technique often used on inorganic 

semiconductors to measure strain and lattice mismatch.41,42 Most importantly, the in-plane and off-

specular diffraction peaks provide information about misorientation and thin film structure. 

GIWAXS images for (BA)2(MA)2Pb3I10 and (BA)2(MA)3Pb4I13 are presented in Figures 2c and d. 

Due to the fixed angle of incidence, the projection of the scattering cones onto a planar detector 

results in the loss of specular diffraction information, which is represented by the missing wedge 

of intensity along ݍ௭, the out-of-plane scattering vector. These GIWAXS images can therefore be 

used in conjunction with specular XRD patterns (Figure S1) to map reciprocal space.  
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To determine whether obtained X-ray scattering patterns match expected structures, GIWAXS 

patterns were simulated and are shown in Figures 2e and f. Peak positions were determined from 

previously-solved single-crystal structures,43 and the intensities of peaks were set to the square of 

the structure factor (ܫ௛௞௟ ൌ 	 ௛௞௟ܨ|
ଶ |) for a particular lattice plane. Detailed descriptions of simulation 

calculations are provided in the Supporting Information Section S3. Additionally, peak broadening 

from crystals in the films was introduced to match experimental results; un-broadened spectra from 

a perfect crystal are presented in Supporting Information Section S4. For films exhibiting a mixture 

of crystalline textures, final simulated images were calculated as a linear combination of GIWAXS 

images corresponding to each preferred orientation direction, weighted by the associated texture 

fraction.  

The Ruddlesden-Popper phases show differing structural disorder based on the value of n. The  

experimental n = 3 and n = 4 GIWAXS patterns presented here are consistent with measurements 

in literature on the same system.34,44 For comparison, measured and simulated GIWAXS patterns 

of the pure n = 1 phase are shown in Supporting Information Section S5, displaying agreement 

between the two images. However, in the n = 3 and 4 phases, it appears that many reflections are 

missing in the experimental patterns, noticeably along the ݍ௫௬ direction at fixed values of ݍ௭. To 

better understand the origin of these missing peaks, the schematic in Figure 2b illustrates important 

crystallographic directions in the structure of these Ruddlesden-Popper phases. Previous 

diffraction measurements have shown that the majority of the (BA)2(MA)2Pb3I10 and 

(BA)2(MA)3Pb4I13 align along the ሾ101ሿ crystallographic direction, or with lead iodide sheets 

oriented perpendicular to the substrate.34,36 This implies that the measured in-plane scattering is 

primarily due to Bragg reflections along the ሾ010ሿ direction, or b-axis, corresponding to the 

direction along which lead iodide sheets stack in the crystal structure. The presence of strong 
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scattering peaks at both ݍ௫௬ ൌ 1.0 Å-1 and ݍ௫௬ ൌ 2.0 Å-1 are consistent with those in the simulated 

patterns; however, the less intense 0݇0 peaks that are missing in the experimental pattern should 

be observable considering the intensity of the visible peaks.  

To make these absences easier to observe, in-plane intensity linecuts were taken for both the 

experimental and simulated patterns and are shown in Figures 2g and 2h. The large spike in 

intensity near ݍ௫௬ ൌ 0 in the experimental patterns is due to beamstop scattering. Comparison of 

the expected and collected diffraction linecuts confirms the in-plane disorder seen in the two-

dimensional scattering patterns, suggestive of defects in the perovskite layer stacking, possibly 

due to stacking faults. Quantitative fits of the scattering peaks are difficult for these thin films 

because broadening from crystallites causes many of the scattering peaks to overlap with each 

other. For analysis purposes, the full-width at half-maximum (FWHM) of the in-plane peak at 

௫௬ݍ ൌ 1.0 Å-1 is taken as a combination of two peaks as shown in Supporting Information Section 

S6. The scattering peak at this location was chosen as the ideal candidate for fitting as it only 

results from the overlap of two peaks, unlike other strong reflections that result from the overlap 

of three or more (Figure S4). Fits of the peaks show an approximate FWHM value of 0.03 Å-1 for 

both n = 3 and 4, indicating a minimum lateral domain size of 20.9 nm from Scherrer broadening 

based on our sample size and detector resolution.  

Determination of the phase-purity in thin films of Ruddlesden-Popper compounds from 

GIWAXS is also difficult because of overlap between peaks from different phases. This issue is 

clear from the simulated GIWAXS pattern of three-dimensional MAPbI3 (Figure S6) that shows 

overlap in its strong diffraction peaks with those in the layered phases due to the similarity in 

structure. Additionally, due to the similarities in the values of the a and c lattice constants in all 

the phases, indexing of peaks with components along the b-axis becomes the only method to 
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clearly distinguish between the different phases by diffraction. This makes it difficult to identify 

phases with larger n values in a dominantly lower n sample. Measurements at very low diffraction 

angles may make the differences in reflections from the layer stacking distance more apparent; 

however, disorder-induced peak broadening makes this challenging as the in-plane peaks fade into 

the background. Previous work has explored the growth kinetics of Ruddlesden–Popper thin films 

from solution, showing characteristic diffraction peaks associated with the different n values.45,46 

If the  phase fractions of the impurities is small, it still makes it difficult to identify in the final thin 

film. Therefore, X-ray scattering cannot be solely used as the means of assessing phase-purity of 

lead-iodide based layered perovskite thin films. 

Because X-ray scattering only provides a measure of the average thin film structure, we used a 

combination of optical microscopy and spatial photoluminescence measurements to observe the 

micron-scale structure and determined that there is no phase separation on this length scale. Figures 

3a and b show transmission optical microscope images of n = 3 and 4 thin films, respectively, 

illustrating distinct film morphologies. The n = 3 film appears to possess a larger concentration of 

smaller grains (~500 nm), while the n = 4 has more slender grains (2 – 3 m) in a larger matrix of 

smaller (~500 nm) grains. To quantitively characterize the structure, we measured the spatial 

dependence of the photoluminescence. Using a custom-built setup (described in Supporting 

Information Section S1), the localized emission from 72 square sub-regions each of size 7 μm x 7 

μm (optical microscope images show a fraction of the total area) were measured.  These spatial 

emission measurements are presented in Figures 3b and c, where the average photoluminescence 

spectrum based on the emission from all 72 regions is shown along with the peak emission energies 

for both films. The average photoluminescence spectra are consistent with bulk steady-state 

emission measurements on films (shown in Figure 1), also confirmed by taking the difference 



 9

between the normalized steady-state spectrum and average spectrum, shown in Figure S7. The 

shoulders in the emission spectra also suggest local compositional deviations that are not clearly 

resolvable by this technique. In both cases, the peak emission energies of our thin films are blue-

shifted by 90 meV in n = 3 and 40 meV in n = 4 from those presented in the earlier study,38 in 

which both the n = 3 and 4 films emit at 1.7 eV. Despite this discrepancy, which could be attributed 

to not hot-casting films, diffraction patterns (both specular and GIWAXS) are consistent with 

previous studies utilizing hot-casting,34,44 so we are confident our thin films are structurally similar 

over the length scale of these optical measurements. Additionally, fitting the emission profiles to 

Gaussian functions (Supporting Information Section S9) shows that although the overall FWHM 

of the n = 3 film appears larger than that of n = 4, when decomposed into contributions from 

different emitters, the FWHM of the thin film states are nearly equal (0.14 eV in n = 3 and 0.15 

eV in n = 4). Finally, atomic force microscope (AFM) micrographs of the two films are presented 

in Figures 3e and f, illustrating microscale morphologies consistent with previously reported 

measurements.36 The micron-scale spatial photoluminescence measurements therefore show no 

clearly resolved phase separation in the Ruddlesden–Popper thin films.  

The ambiguity in assessing phase purity from X-ray scattering and spatial emission 

measurements motivated the need to determine the effective stoichiometry of the final thin films. 

1H nuclear magnetic resonance (NMR) spectra were collected for both the precursor solutions and 

deposited films (Supporting Information Section S11), a technique that has been previously used 

to assess the actual stoichiometry of perovskite thin films.47,48  NMR spectra for the spin-coated 

films were obtained by scraping off material from the substrate with a razor blade and dissolving 

the material into deuterated dimethylsulfoxide (DMSO-d6). Analysis of the integrations of 

characteristic NMR peaks results in a measured stoichiometry of n = 2.95 ± 0.22 for the n = 3 film 
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and n = 4.20 ± 0.39 for the n = 4 film (Figure 4), so we are confident that on average, 

stoichiometrically, our thin films are representative of the specific layered phases. However, 

because some off-stoichiometric values of n are within error of our measurement, it is possible that 

defects of smaller and larger n values exist within our films, an assertion that has previously been 

suggested for phenethylammonium based Ruddlesden–Popper halides.49 Additionally, because the 

spacer cation is limiting to the formation of these structures, inclusions of bulk methylammonium 

lead iodide (I4/mcm at room temperature50) are possible when butylammonium is under-supplied.  

Nanometer scale structure of the Ruddlesden-Popper thin films was characterized by 

transmission electron microscopy (TEM) and suggests that films contain inclusions of different n 

values and three-dimensional methylammonium lead iodide. To ensure consistency in the growth 

kinetics for TEM samples and to avoid introducing defects from utilizing a focused ion beam 

(FIB), we used a transfer process to examine the composition (Figure 5a). The precursor solution 

was first spun onto z-cut quartz substrates and the resulting films were then annealed and scraped 

off using a razor blade. These flakes were deposited onto TEM grids for electron microscopy 

measurements, similar to methods used in previous studies.51,52 Because this scraping method does 

not quantitatively preserve out-of-plane crystalline texturing, we focused only on the composition 

of the films on a local scale rather than on the texture. Real space TEM micrographs along with 

inset selected area electron diffraction (SAED) patterns for thin films of the n = 3 and 4 phases are 

shown in Figures 5b and c. The spacing of distinct sets of lattice fringes are labelled in the real 

space micrographs. In the n = 3 film, the measured d-spacing of 6.8 Å is within error of the 0	4	0 

reflection of (BA)2PbI4 (6.91 Å), while 3.3 Å is very similar to the spacing of the strong reflections 

0	12	0 (3.28 Å), 0	16	0 (3.25 Å), and 0	20	0 (3.22 Å) in (BA)2MAPb2I7, (BA)2(MA)2Pb3I10, and 

(BA)2(MA)3Pb4I13, respectively. Similarly, in the n = 4 film, there are characteristic d-spacings of 
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different phases. The spacing 7.0 Å is again similar to 0	4	0 in (BA)2PbI4 and 6.3 Å corresponds 

to the 1	1	1 reflections in (BA)2MAPb2I7 (6.22 Å), (BA)2(MA)2Pb3I10 (6.25 Å), and 

(BA)2(MA)3Pb4I13 (6.27 Å), as well as 1	1	0 in MAPbI3 (6.25 Å). This mixed-phase behavior is 

further confirmed from indexing the SAED patterns (Supporting Information Section S12). 

Although distinct spots are visible, the diffraction patterns are fit with rings since solution growth 

from spin-coating results in thin films with fiber texture – there is a strong out-of-plane orientation, 

but crystallites are randomly rotated in-plane. Because the measured area for SAED is small, not 

enough grains are sampled to produce continuous rings of diffraction, but we would expect this to 

be true if a large area was measured. These results indicate that these films are certainly not phase 

pure at the nanoscale, and that inclusions of lower and higher value Ruddlesden-Popper phases are 

clearly forming adjacent to each other. The defects seen from TEM are also not predominantly at 

the crystal edges, as suggested previously for measurements on exfoliated single-crystals.38 

Although these literature measurements are at a much larger length scale, the nano-scale defects 

are also consistent with the spatial photoluminescence. With majority ሾ101ሿ texturing, the surface 

of our thin films would be made up of the edges of the Pb-I sheets, so at low emission angles, we 

would expect primarily edge photoluminescence. However, the oil immersion objective in our 

instrument allows us to collect emission over large angles, and large contributions from the single-

crystal emission energies (Supporting Information Section S10) are still not present. Increased 

emission at the edges of the exfoliated crystals could therefore be due to phase impurities 

introduced by mechanical damage from the exfoliation process. Finally, the diffuse rings of 

intensity seen in the SAED background can be attributed to some amount of disordered phase in 

the films, consistent with the arcing of Bragg spots seen in GIWAXS images. 
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A proposed general structure of the crystalline regions of the Ruddlesden-Popper thin films is 

shown in Figure 6 and contains regions that correspond to the n = 1 through n = 4 phases, along 

with areas that are like nanoparticles of bulk MAPbI3. This structure is a schematic of the film 

morphology that is consistent with both the local deviations seen in spatial photoluminescence 

measurements and the indexing of multiple phases from TEM. These defects are also in agreement 

with planar faults previously seen in epitaxially-grown inorganic Ruddlesden–Popper oxides.53,54 

Irregular packing of the different phases is also responsible for the missing in-plane diffraction 

peaks from GIWAXS, since inclusions of other phases limit the amount of long-range order. 

Therefore, the in-plane Bragg reflections are broadened and fade into the background. The large 

amount of structural disorder suggests that fabricated devices should not operate efficiently, so a 

measure of electronic disorder is useful for comparison. 

To assess the effect of structural defects and inhomogeneities on the electronic properties, high-

resolution absorption spectra were collected using photothermal deflection spectroscopy (PDS) 

and suggest low electronic disorder in both the n = 3 and 4 layered compounds. Because PDS uses 

localized heating to measure absorbance, it is nearly insensitive to scattering effects often seen in 

transmission measurements, and therefore allows us to accurately measure low absorption 

coefficients over a wide magnitude range.55,56 PDS spectra of (BA)2(MA)2Pb3I10, 

(BA)2(MA)3Pb4I13 and bulk MAPbI3 thin films are shown in Figure 7a. At the absorption onset, 

the slope of the exponential region called the Urbach tail is used as a metric to measure the amount 

of electronic and/or compositional disorder in semiconductors.57 Urbach tails were fit with 

exponentials and are shown in the Supporting Information Section S13, giving an Urbach energy 

of 17 meV for MAPbI3, consistent with 15 meV previously measured by PDS.58 Optically 

accessible disorder in the density of states is captured in the slope of the true absorption onset 



 13

(Urbach tail) – increased disorder results in a shallower onset and thus an increased Urbach 

disorder energy. Despite appreciable structural disorder, Urbach energies of the n = 3 and 4 

Ruddlesden-Popper films are only 33 and 32 meV, respectively, values still indicative of a 

reasonably large degree of electronic order. For comparison with PDS results, photovoltaic devices 

were fabricated to measure the external quantum efficiency (EQE), shown in Figure 7b. Assuming 

efficient charge extraction at the band edge, the EQE spectrum of the device should match the 

absorbance of the active layer and can also be fit to extract the Urbach energy. In both n = 3 and 

4; however, the EQE is red-shifted with respect to the PDS and Urbach energies are larger, with 

values of 46 and 41 meV, respectively (Supporting Information Section S14). 

The discrepancy between PDS and EQE measurements can be understood from the structural 

picture in Figure 5. Thin films are predominantly composed of the targeted n value phase – this is 

evident from both the distinct absorption edges in the optical data in Figure 1 as well as average n 

values from NMR measurements. Inclusions of higher n phases, due to their lower optical band 

gaps, would therefore act as funnels for photo-generated charge carriers. This transfer of excitons, 

or charge carriers, from smaller to larger n values has been observed in Ruddlesden–Popper thin 

films with a phenethylammonium spacer cation.18,48,59,60 As TEM analysis suggests the presence 

of nano-scale MAPbI3 domains, excitations would eventually migrate to this phase during their 

lifetime prior to emission; this process is likely the cause of the red-shifted emission in thin films 

of n = 3 and 4. The difference in the photoluminescence peak positions between n = 3 (1.8 eV) 

and n = 4 (1.74 eV) is from nano-scale confinement effects of the MAPbI3 inclusions. This energy 

difference depends on the size of the nanoparticles, as increased quantum confinement effects 

blue-shifts the emission. Because a larger amount of methylammonium is supplied in the growth 

of the higher n value phases, the nanoparticle domains of MAPbI3 are on average larger in n = 4 
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films, explaining the lower energy emission in comparison to n = 3. Measurements of PDS and 

EQE differ in that the former is sensitive to all absorbing species in a sample, while the latter is 

dominated by the regions that generate charge from photo-excitation. In the PDS spectra presented 

in Figure 6, there is low-intensity signal at 1.5 eV in both the n = 3 and 4 traces that corresponds 

to a small amount of absorbing MAPbI3 moieties. The EQE measurements are therefore biased by 

the presence of these MAPbI3 nanoparticles, resulting in a red-shifted absorption onset from charge 

funneling. Additionally, due to the irregular distribution of these nanoparticles domains in the film, 

more electronic disorder is expected and is captured in the shallower slopes of the Urbach tails 

from EQE. Although the standalone thin film (PDS) and device (EQE) behavior could differ due 

to substrate effects, GIWAXS measurements of films spun on PEDOT:PSS (Figure S17) indicate 

that there is no appreciable structural variation between the neat thin films and those cast for device 

measurements. Therefore, it appears that device performance is highly dependent on the MAPbI3 

inclusions present. Furthermore, it is evident from the low Urbach energy values in PDS that the 

different perovskite phases present in the thin films are well-isolated from each other. 

 

CONCLUSION 

In conclusion, the thin film structure of the n = 3 and 4 Ruddlesden-Popper phases 

butylammonium methylammonium lead iodide, (C4H9NH3)2(CH3NH3)n-1PbnI3n+1, indicates 

significant structural disorder. GIWAXS show a significant number of missing in-plane diffraction 

peaks, corresponding to disorder in the stacking of the lead-iodide sheets. Additionally, micron-

scale spatial mapping of the photoluminescence shows no large-scale phase separation, with only 

small local deviations in emission energy. To understand the source of disorder in scattering, local 

structure was probed by transmission electron microscopy and shows intergrowth of different 
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Ruddlesden–Popper phases, as well as methylammonium lead iodide. Finally, the electronic 

disorder was assessed by photothermal deflection spectroscopy, showing low Urbach energies of 

33 and 32 meV in (BA)2(MA)2Pb3I10 and (BA)2(MA)3Pb4I13, respectively. The large amount of 

structural disorder coupled with the low electronic disorder suggests that lead iodide domains are 

electronically isolated from each other. The results suggest that studies of devices, such as solar 

cells and LEDs, of Ruddlesden-Popper phases should account for the presence of multiple phases 

in interpretation of their optoelectronic properties. Direct control over phase purity is therefore an 

essential goal for optimization of devices with layered perovskites. 
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Figure 1. Normalized optical absorbance and photoluminescence for thin films of Ruddlesden-Popper phases with n 

= 1 through n = 4, illustrating rapid red-shifting of the emission peak and a vanishing excitonic absorption onset. A 

schematic of general Ruddlesden-Popper crystal structure with n value is shown on the right. 
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Figure 2. (a) Schematic of grazing-incidence wide-angle X-ray scattering (GIWAXS) experimental setup with image 

plate detector, where ߙ௜ represents the fixed, incidence angle. (b) Representative crystal structure of hybrid 

Ruddlesden-Popper phases (n = 3), showing important crystallographic directions. (c) – (d) Experimentally collected 

and (e) – (f) simulated GIWAXS patterns (with peak broadening based on experimental results) of (BA)2(MA)2Pb3I10 

and (BA)2(MA)3Pb4I13, respectively, along with (g) – (h) linecuts of scattering intensity along the ݍ௫௬ axis. 
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Figure 3. (a) – (b) Optical microscope images, (c) – (d) average of spatial photoluminescence spectra and peak 

energies, and (e) – (f) atomic force microscope (AFM) micrographs of thin films of (BA)2(MA)2Pb3I10 and 

(BA)2(MA)3Pb4I13, respectively. Spatial photoluminescence spectra were collected by measuring local emission of 72 

regions each of size 7 m x 7 m. Average emission spectra match those from steady-state photoluminescence 

measurements. AFM micrographs are also consistent with previous measurements. 
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Figure 4. Experimentally measured n values of precursor solutions and spun-cast thin films of (BA)2(MA)2Pb3I10 (n 

= 3) and (BA)2(MA)3Pb4I13 (n = 4) from results of 1H nuclear magnetic resonance (NMR). Error bars were determined 

by the standard deviation based on comparison of signals from different BA and MA protons. 
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Figure 5. (a) Schematic illustrating sample preparation for transmission electron microscopy (TEM) measurements 

of Ruddlesden–Popper thin films, and real space TEM micrographs of (b) (BA)2(MA)2Pb3I10 (n = 3) and (c) 

(BA)2(MA)3Pb4I13 (n = 4), with selected area electron diffraction (SAED) patterns shown as insets. Distinct lattice 

fringe spacings are indicated on real space micrographs. 
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Figure 6. Proposed schematic of Ruddlesden-Popper thin film morphology, where regions appear to have structures 

corresponding to n = 1 through 4, as well as small inclusions that appears to be like nanoparticles of three-dimensional 

methylammonium lead iodide. Phase impurity is consistent with spatial photoluminescence and TEM, while the 

stacking faults are consistent with the missing in-plane peaks seen in GIWAXS. 
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Figure 7. (a) Photothermal deflection spectroscopy (PDS) spectra of n = 3 and 4 Ruddlesden–Popper thin films, along 

with bulk methylammonium lead iodide, illustrating exponential tails at the absorption edges. (b) External quantum 

efficiency (EQE) spectra of devices fabricated with n = 3 and 4 thin films, also showing exponential tailing. Slopes of 

these tails are indicative of Urbach energy and degree of electronic disorder, providing information about trap states 

at the band edges. The red-shifted EQE with respect to the PDS is due to the presence of emitting MAPbI3 

nanoparticles to which all photo-generated charges are funneled. 
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measurements, detailed description of GIWAXS simulations, diffraction peak fitting analysis, 
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and thin films, fitting of SAED patterns, and Urbach tail fits of PDS and EQE measurements. 
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