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Abstract

Two-Dimensional (2D) hybrid perovskites are attractive for thin-film optoelectronic devices.
However, in thin films, the color of optical emission and the texture of crystalline domains
are often difficult to control. Here, a method for extinguishing or enhancing different
emission features is demonstrated for the family of 2D Ruddlesden-Popper perovskites
(EA1-x<FAx)4Pb3sBrio (EA = ethylammonium, FA = formamidinium). When grown from
aqueous hydrobromic acid, crystals of (EA1-xFAx)4Pb3Brio retain all the emission features of
their parent compound, (EA)4PbsBrio. Surprisingly, when grown from dimethylformamide
(DMF), an emission feature, likely a p-like, self-trapped exciton, near 2.7 eV is missing.
Extinction of this feature is correlated with DMF being incorporated between the 2D Pb-Br
sheets, forming (EA1-xFAx)4Pb3Brio:(DMF)y,. Without FA, films grown from DMF form
(EA)4PbsBrio, retain little solvent, and have strong emission near 2.7 eV. Separately, slowing
the kinetics of film growth strengthens a different emission feature, likely a different type of
self-trapped exciton, which is much broader and present in all compositions. Films of
(EA1-xFAx)4Pb3Brio-(DMF)y have large, micron-sized domains and homogeneous orientation
of the semiconducting sheets, resulting in low electronic disorder near the absorption edge.
The ability to selectively strengthen or extinguish different emission features in films of
(EA1-xFAx)4PbsBrio-(DMF)y reveals a novel way to tune the emission color in these

compounds.



1. Introduction

Two-dimensional (2D) perovskites are attractive for optoelectronic applications because
their emission is tunable across the visible spectrum. [1-4 The Ruddlesden-Popper (RP)
family of 2D perovskites have the structure (A’)2(A)n-1MnX3n+1, where M is a metal (typically
Pb or Sn), X is a halide (], Cl, Br), A is a small cation that sits between the M-X octahedra, and
A’ is a larger cation (typically organic) that acts as a spacer for the 2D semiconducting A-M-
X sheets. 3-91 The Dion-Jacobson (D]) family is very similar, except the A’ cation has two
ammonium groups, which yields the structure (A’)(A)n-1MnX3n+1.? The emission color can be
varied by changing the number of layers (n) of M-X octahedra in the semiconducting sheets,
or by changing the halide between I, Br and Cl. While the emission of many 2D perovskites
comes primarily from one narrow peak (a free exciton), [810 various mechanisms, such as
coupling to phonons or defects, [11-13] can lead to additional emission at lower energies.
Careful selection of A/A’, M and X increases the distortions of the M-X bonds, which increases
the intensity of these lower-energy emission features [13-1°] and can broaden the emission
until white. [1520] The ease with which optical characteristics of free-standing 2D crystals can
be tuned has rendered them attractive for light emitting devices, such as LEDs or lasers, and

for light absorbing devices, such as solar cells or photodetectors. [3.21-28]

Thin film growth of 2D compounds has been heavily investigated for the development
of optoelectronic devices. [21-2529] Polycrystalline thin films are typically grown using
solution-casting methods, B! and unfortunately, such methods present several challenges.
The first is that the composition of bulk 2D single crystals is often not retained in thin
films.[30-32] [n addition, the solvent and precursors can form different complexes in solution
that can precipitate into highly-emissive impurities. [26:29-31,33-39] Finally, the orientation of
the metal halide semiconducting layers relative to the substrate is difficult to control,
particularly for 2D phases (A’)2(A)n-1MnX3n+1 with n > 1. [332.37.40] Because the orientation of
the semiconducting 2D layers determines the direction of carrier transport, controlling their
orientation is crucial for optoelectronic applications. [3.21.2437.4041] Much research has focused

on overcoming these challengesf30-323437.42-54]  with recent findings showing that that



judicious choice of precursor salts 5% and A/A’ cations [52] can yield pure, single-phase films

of 2D phases with n > 1.

Even when a film or crystal of an 2D phase is monophasic, the color of emission can
vary. This variation in the emission spectra is not completely understood, and here we
summarize current knowledge. In 2D perovskites, all of the emission occurs at energies
smaller than the bandgap. Among these features, the free exciton emits at highest energy,
followed by a variety of lower-energy features that arise from coupling of the free exciton to
phonons or defects. These lower-energy features enable white-light emission, and provide
avenues for fine-tuning the color of emission. [1520] The origin of the lower-energy features
is uncertain in many cases, with common assignments including types of exciton trapping,
such as self-trapping and/or defect-mediated trapping. [12-19.55-62] [ntriguingly, while the free
exciton consistently appears in free-standing crystals and films of 2D phases, the lower-
energy features do not consistently appear. For example, a specific lower-energy feature
appears inconsistently in (BA)2Pbl4 thin films across different studies, leading to conflicting
explanations regarding its origins. [1112566364] [,ower-energy features can also vary in
intensity across different locations of the same sample. [65] Recent work shows that film
strain can be used to remove the lowest-energy feature of (EA)4Pb3sBrio. 52 In order to fully
tune the emission color of 2D films, we must further explore how to change the

optoelectronic properties of 2D phases using the film format.

Here, we show how the solvent impacts the lower-energy emission and morphology
of films of a model 2D perovskite. We investigate a family of Ruddlesden-Popper compounds
(EA1-xFAx)4Pb3Brio, where EA is ethylammonium and FA is formamidinium. When grown
from aqueous hydrobromic acid, crystals of (EA1-xFAx)4Pb3Brio retain all the emission
features of their parent compound, (EA)4Pb3Brio. Surprisingly, when grown from
dimethylformamide (DMF), one specific emission feature, likely a p-like self-trapped exciton
near 2.7 eV, is missing. In contrast with other studies, we show that small domain size is not
the origin of the disappearance of this 2.7 eV emission. Spectroscopic and structural studies
reveal that films without the emission at 2.7 eV have composition (EA1-xFAx)4Pb3Brio-DMF,
with DMF located between the 2D Pb-Br sheets. The presence of DMF likely weakens



electron-phonon coupling that was responsible for the 2.7 eV emission. In addition, retention
of DMF in thin films is correlated with large domain size, homogeneous orientation of
crystallites and a steeper absorbance onset. We also find that slowing the growth kinetics of
(EA1-xFAx)4Pb3Brio:(DMF)y films results in a larger proportion of a different low-energy
emission feature. The ability to selectively extinguish different phonon-coupled emission

features by solvent provides a novel way to tune the color of other 2D perovskites.

2. Results and Discussion

We aimed to find ways to control the proportions of different emission features in films in a
2D phase by varying its composition. We started from the (EA)4Pb3Brio composition, where
EA is ethylammonium, because this phase exhibits three distinct emission features: one free
exciton (FE), and two other features that arise from coupling of the free exciton to different
phonon modes (hereafter called “phonon-coupled” features Ph-1 and Ph-2). [1552] The
structure of this n = 3 RP perovskite is shown in Figure 1a. 5] (EA)4PbsBrio is unusual
among halide perovskites, in that the A-site and spacer cations are identical. Solution growth
of (EA)4Pb3Brio films is not plagued by competing crystallization of emissive impurities, in
contrast to the challenging growth of films of mixed-cation 2D perovskites, such as the
(BA)2(MA)n-1PbnX3n+1, (PEA)2(MA)n-1PbnX3n+1, or (BDA)(MA)n-1PbnX3n+1families. [29,30,3237,50]
We previously showed that (EA)4Pb3Brio can be easily cast as a single-phase, pure film. [52]
Thus, (EA)4Pb3Brio is an ideal parent structure on which to test ways to control the
proportions of different emission features. We also showed previously that strain from rapid
casting suppresses broad emission in (EA)4PbsBrio, and that the intensity of broad emission
is recovered by slowing the casting kinetics. [52] Such broad emission is thought to originate
from self-trapped excitons (STEs) that might couple to a low-energy defect. [52] STE emission
has been correlated with distortions to the inorganic structure: in an “ideal” lattice, such as
cubic MAPbBr3, the Pb-Br bond lengths are all equal and the bond angles are all 180°.
However, the large size of cations such as EA (274 pm, [6667]) in the A-site forces the Pb-Br
bond lengths and angles away from these ideal values (Figure 1a) and can encourage
formation of STEs. [15171 We therefore investigated if replacing EA with a smaller cation
would relieve these octahedral distortions, removing the conditions for STE emission and

providing a way to tune the intensity of the phonon-coupled features.



2.1 Growth of Bulk Crystals of (EA1-xFAx)4Pb3Brio

Before depositing the films, we first prepared powders from bulk crystals, in which the EA
cation of (EA)4PbsBrio was replaced by a smaller cation (Figure 1). We selected
formamidinium (FA), which is slightly smaller than EA (253 pm for FA and 274 pm for EA
[66,67]; Figure 1a-1b). Starting with a large cation and progressively changing composition
with a smaller cation is the opposite approach to a common method where the initial cation
is smallest. [68-701 EABr, FABr and PbBrz were weighed following the (EA1-xFAx)4Pb3Brio
stoichiometry, and dissolved in hot aqueous hydrobromic acid (HBr)aq. Large bulk crystals
precipitated upon cooling (Figure 1c; see Methods), with dimensions on the order of
hundreds of microns. The compositions refer to the stoichiometric amount of FA relative to
EA in the precursor solution, xra, and the resulting solid has approximately (EA1-xFAx)4PbsBrio
stoichiometry. The actual amount of FA in the (EA1-xFAx)4Pb3Brio stoichiometry was verified
by NMR, and is designated xra, actual (see Figure S1). The n = 3 designation means that the
material has an n = 3 Ruddlesden-Popper structure and does not refer to the parent
compound (EA)4PbsBrio (xra = 0) specifically. For xra = 0, the structure formed was

(EA)4Pb3Brio, as previously verified. [1552]
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Figure 1. (a) Structure of (EA)4Pb3sBrio. The outer octahedra (blue) have more distorted Pb-Br bond lengths
and angles; these are less distorted for the inner octahedra (red). EA is found in the A-site and spacer site. (b)
Structures of EA and FA and their sizes. The stoichiometries of the precursor solutions made from hydrobromic
acid are indicated. (c¢) Optical microscopy image of (EA)4PbsBrio bulk crystals placed on a quartz substrate
(scale bar: 500 pm). (d) X-Ray Diffraction (XRD) patterns of xra = 0.00, 0.09 and 0.17 bulk crystals placed on
quartz substrates, focusing on the (060) peak, and showing a lattice contraction with increasing FA. (e) Full
XRD patterns, with simulated XRD pattern of (EA)4PbsBrio, assuming no preferred crystallite orientation. The

predominance of the signature (0k0) peaks reveals a preferred orientation of the bulk crystals on the substrate.

In bulk crystals, FA was successfully incorporated into n = 3 RP structures. The X-Ray
Diffraction (XRD) patterns of powders from bulk crystals with xra = 0.00, 0.09 and 0.17 are
shown in Figure 1d. Bulk crystals of (EA)4PbsBr1o (xra = 0.00) oriented on the substrate with
the (0k0) peaks out-of-plane (i.e., 2D sheets parallel to the substrate), consistent with prior
work. 521 As an example, the (020) plane is shown in Figure 1a. All (0k0) peaks are observed
for xra = 0.09 and 0.17 indicating that an n = 3 structure is retained (Figure 1e). A slight

lattice contraction is observed with increasing FA composition (Figure 1d), consistent with



FA being smaller than EA, and with no other changes occurring to the structure in crystals
grown from (HBr)aq. Individual bulk crystals of xra = 0.09 and 0.17 were selected for single
crystal XRD analysis. The unit cells obtained for both xra = 0.09 and 0.17 show increasing
shrinkage with increasing FA composition (see Table S1 in the Methods for a brief
description of the information obtained). However, a satisfactory structural model was not
found due to disorder (see Methods). One possible explanation for this disorder is that FA
can be located either in the A-site [71] or the spacer site.l’2l We further verified FA
incorporation into the n = 3 structures via NMR. [73] Bulk crystals of xra = 0.09 and 0.17 were
dissolved in deuterated DMSO and the NMR spectra of the solutions confirmed the presence
of both cations (Figure S1). NMR shows that the xra = 0.09 and 0.17 bulk crystals have xra,
acual = 0.03 and 0.08 respectively; the discrepancy possibly arises from different
complexation of FA and EA in the precursor solution. Thus, FA is successfully incorporated

into the n = 3 RP structures. 4

2.2 Emission features of (EA1-xFAx)4Pb3Brio bulk crystals

(EA)4PbsBrio (xra = 0.00) bulk crystals have three emission features: a free exciton
(FE) near 2.9 eV, and two features at lower energy, that arise from coupling of the free
exciton to phonons (Figure 2). [52] We call these two features “Ph-1" and “Ph-2", for phonon-
coupled 1 and 2. Ph-1 is narrow, and located near 2.7 eV, which is only 0.2 eV below the free
exciton (see prior work for peak fits [52]). Moreover, the intensity of Ph-1 depends on
measurement angle (Figure S2), and Ph-1 blue-shifts strongly with cooling.[2] These very
particular characteristics suggest that Ph-1 is a self-trapped exciton (STE), which is p-like
and associated with a magnetic dipole transition observed in similar materials.[125¢] [n
contrast, Ph-2 does not weaken with measurement angle (Figure S2), but does weaken with
strain,®2] much like other broadband self-trapped excitons.[1474] Thus, Ph-1 and Ph-2 are

likely self-trapped excitons of different types.
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Figure 2. Photoluminescence (excitation 3.95 eV, 293 K) of xra = 0.00, 0.09 and 0.17 bulk crystals placed on
quartz substrates. The free exciton (FE) is labelled, as are the two phonon-coupled features, Ph-1 and Ph-2,
which are likely different types of self-trapped excitons. L designates features that are due to incomplete

filtering of the excitation lamp by the monochromator used (see also Figure S3).

The three emission features of (EA)4Pb3Brio are all preserved after incorporation of
FA. Figure 2 shows photoluminescence from bulk crystals with xra = 0.00, 0.09 and 0.17. All
three samples contain the free exciton, as well as Ph-1 and Ph-2. There is a slight red-shift of
the free exciton with increasing FA, likely because the smaller FA cation in the A-site lowers
the octahedral distortions relative to EA. [¢°] The relative intensities of the two phonon-
coupled peaks, Ph-1 and Ph-2, do not change with incorporation of FA. Since phonon-coupled
emission has been linked to octahedral distortions, [1>17] the octahedral distortions are likely
still high. Overall, when grown from aqueous HBr, small amounts of FA in the n = 3 structure

do not remove the phonon-coupled emission of (EA1-xFAx)4PbsBrio.

2.3 Drop-Cast Films of (EA1-xFAx)4Pb3Brio-DMF and Origins of Ph-1 Weakening

We then investigated if changing the growth conditions of (EA1-xFAx)4Pb3Brio would change
the optical properties of these phases. We weighed EABr, FABr and PbBr: in ratios
corresponding to approximately (EA)4PbsBrio (i.e., xra = 0.00) and (EAo.93FA0.07)4PbsBrio (i.e.,
xra = 0.07), and dissolved the EABr, FABr and PbBrz in DMF (see Methods). Hereafter, we

focus on a low FA composition, xra = 0.07, due to the presence of additional phases at higher



FA compositions (Figures S4, S5, S6). The resulting solutions were drop-cast onto quartz
substrates, and the solvent was left to evaporate for approximately 1h (all at 293 K). The
films were subsequently annealed (373 K), and capped with a PMMA protective layer. We
started with drop-casting, rather than spin-casting, because drop-casting preserves the
emission features of the bulk crystals of (EA)4Pb3sBrio. [52] Drop-cast films with xra = 0.07
maintained the n = 3 structure, with the presence of strong (0k0) features in XRD ruling out
intergrowth with other n phases (Figure S7). The crystallites were uniformly-oriented with
Pb-Br sheets parallel to the substrate (Figure S7). For the drop-cast xra = 0.00, an n = 3 phase
was also obtained, with Pb-Br sheets parallel to the substrate, consistent with prior work.
[52] NMR revealed that the xra = 0.07 films had xra, actual = 0.02, with the difference attributed
to different complexation of FA and EA in solution (Figure S$8). The composition obtained
for films corresponds to a lower FA content than the bulk crystals made from aqueous HBr,
which have xra, actual = 0.03 and 0.08 respectively (for xra = 0.09 and 0.17 bulk crystals). While
the FA content is slightly lower in films (xra, actual = 0.02) than in bulk crystals (xra, actual = 0.03),

we believe that these FA contents are similar enough to compare properties.
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Figure 3. Retention of DMF when FA is present in (EA1-xFAx)4Pb3Brio. (@) Photoluminescence of bulk crystals
(xra = 0.09, XFa, actuat = 0.03) made from aqueous HBr, and of a drop-cast and annealed film made from DMF (xra
= 0.07, xFa, actual = 0.02). FE, Ph-1 and Ph-2 designate the free exciton and phonon-coupled features 1 and 2.
Spectra were taken at excitation energy 3.95 eV and at 293 K. L designates features that are due to incomplete
filtering of the excitation lamp by the monochromator used (see also Figure S3). (b) *H-NMR of drop-cast and
annealed films with xra = 0.00 ((EA)4Pb3Brio) and xra = 0.07 compositions prepared from DMF (no PMMA
capping layer), that were then scraped off the substrates and dissolved in deuterated DMSO. See Figure S8 for

10



full NMR analysis. (c¢) Schematic of the structure of xra = 0.07 films, and of hydrogen bonding between FA and

DMF, but not between EA and DMF. For clarity, A-site cations are not shown.

Surprisingly, emission from the Ph-1 feature is weakened in the xra = 0.07 drop-cast
films (Figure 3a). The photoluminescence of (HBr)aq-made bulk crystals with similar xra (xra
= 0.09) clearly shows all three features: the free exciton and phonon-coupled features Ph-1
and Ph-2. In contrast, the spectrum of the drop-cast film only has Ph-2 and the free exciton.
The location of the free exciton is red-shifted; indeed, the free exciton gradually red-shifts in
xra = 0.07 films prepared with different casting and annealing conditions (Figure S7, S9). We
can eliminate a number of possible origins of the weakening of the Ph-1 feature: the
weakening is not due to the presence FA alone, as the (HBr)ag-made bulk crystals with FA
substitution have strong emission at Ph-1 (Figure 2, Figure 3a). Drop-casting alone cannot
be the source of the weakening, as drop-cast films of xra = 0.00 have a strong Ph-1 feature
(Figure S9 and prior work [521). The weakening is also not an effect of small domain size, in
contrast to other interpretations, [111 because the bulk crystals and drop-cast films have
micron-sized domains, both laterally and vertically (Figure 1c, S7). We also verified that a
weaker Ph-1 feature in the xra = 0.07 films is not an effect of measurement conditions that

may change emission proportions, such as photoluminescence collection angle (Figure S10).

To determine why the Ph-1 feature weakens, we performed proton NMR on the drop-
cast and annealed films of xra = 0.07 and xra = 0.00 (without the PMMA capping layer). We
scraped these films off their substrates and dissolved the resulting powders in deuterated
DMSO (Figure 3b - for discussion of 1H-NMR on spin-cast films see Figure S$S8). Notably,
while both DMSO solutions contained NH3 peaks from EA, the drop-cast xra = 0.07 sample
additionally contained large DMF peaks. Weak FA peaks were also visible in the drop-cast
xra = 0.00 sample. Peak integration shows that the ratio of EA: DMF: FA is 0.79: 0.19: 0.02 for
drop-cast xra = 0.07, and that the ratio of EA: DMF is 0.998: 0.002 for drop-cast xra = 0.00
(Figure $8). We also acquired NMR spectra of the bulk crystals made from (HBraq). As
expected, these contained peaks from EA and FA, but not DMF (Figure S1). Thus, the
presence of DMF is correlated with weakened emission from Ph-1 (films of xra = 0.07), while

the absence of DMF is correlated with strong emission from Ph-1 (bulk crystals of all xra, and

11



films of xra = 0.00). We therefore hypothesize that DMF influences the strength of emission
from Ph-1.

We examined the n = 3 phases obtained in more detail to understand how DMF could
influence the intensity of Ph-1. For drop-cast films of xra = 0.07, only an n = 3 phase is seen
in XRD (Figure S7), but large amounts of DMF are seen via NMR (Figure 3b). DMF is
therefore likely being incorporated into the n = 3 structure. The large size of DMF (= 300 pm)
[75] prevents it from sitting in the A-site, so it is likely located between the Pb-Br sheets, near
the spacer cations. Similar incorporation of solvent between M-X sheets via electrostatic
interactions has been reported. [7¢] In addition, retention of DMF is facilitated by FA, as drop-
cast xra = 0.00 films contain very little DMF (Figure 3b). It is likely that, when FA is located
in the spacer site, the 2nd amino group of FA hydrogen bonds with the carbonyl group of DMF
(Figure 3c), to form (EA1-xFAx)4Pb3Brio-DMF, similar to FA2PbBr4-DMSO [771 or
(FA)2Pbsls-4DMF. [78] In contrast, the sole amino group of EA is buried between the
octahedra, and therefore ill-placed to make hydrogen bonds with DMF. Thus, the data are

consistent with FA in the spacer site retaining DMF.

The structural changes induced by DMF likely remove conditions necessary for
emission at 2.7 eV. Prior work shows that the feature at 2.7 eV (Ph-1) behaves like it is
coupled to a phonon. 521 Phonon-coupled emission is sensitive to both the spatial
arrangement [7980] and dynamics [80.81] of the cations in the interlayer. DMF in the interlayer
should modify how the spacer cations are arranged (Figure 3c), and could relieve specific
Pb-Br octahedral distortions. Such a relief might weaken exciton-phonon interactions
specific to Ph-1. Relief of the octahedral distortions can also explain why for similar xra, the
free exciton of the drop-cast film is at lower energy than the free exciton of bulk crystals. [6°]
In addition, H-bonding interactions between DMF and the FA spacer cation may 1) change
the interactions of FA and octahedral bromides due to charge shielding/withdrawing effects,
or 2) affect octahedral tilting modes that couple with an STE. These effects could make the
octahedral network stiffer and lessen the self-trapping. Alternately, such effects could

change the energy of phonon modes away from coupling overlap with the free exciton.

12



(618182] Thus, DMF in the interlayer likely interferes with carrier-phonon processes

responsible for Ph-1.
2.4 Growth of Spin-Cast Films with FA and MA Substitution

Next, we investigated how such effects manifest in spin-cast films, which is the most common
method used to cast metal halide perovskite films. We used Grazing Wide-Angle X-Ray
Scattering (GIWAXS) to compare the structure of films of xra = 0.07 to that of xra = 0.00
reported previously. A simulated GIWAXS pattern of (EA)4PbsBrio with uniform orientation
of 2D sheets parallel to the substrate is shown in Figure 4b (reproduced with permission
from prior work [521). On this simulated pattern, the (0k0) peaks of the n = 3 phase
corresponding to stacking of the Pb-Br sheets are labelled. Prior work from our group
demonstrated that spin-casting the xra = 0.00 composition yields phase-pure films of
(EA)4Pb3Brio. [521 The xra = 0.00 film has (0k0) peaks/Pb-Br sheets oriented both parallel and
perpendicular to the substrate. The GIWAXS peaks of (EA)4Pb3Brio are also ring-like,
signaling disorder in sheet stacking with respect to gz and gxy. Correspondingly, Scanning
Electron Microscopy (SEM, Figure 5a) reveals small domains and many pinholes for the xra
= 0.00 film. While the (EA)4PbsBrio film is monophasic, it is desirable for the domain sizes to

be larger, with more uniform orientation for many applications.
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Figure 4. (a) Schematic of spin-cast film preparation from DMF precursor solution. (b) Simulation of the
GIWAXS pattern for (EA)4PbsBrio, assuming that all crystallites have semiconducting sheets parallel to the
substrate. The main (0k0) peaks are indexed, as well as the (111). (c)-(d) GIWAXS patterns of spin-cast films
of (c) xra = 0.00 ((EA)4Pb3Brio) and (d) xra = 0.07. Panels (b) and (c) are reproduced with permission from
reference [52]; Copyright 2021, Rhiannon M. Kennard, Clayton J. Dahlman, Juil Chung, et al., published by ACS
(Chemistry of Materials).

In contrast to the EA-only films, FA substitution produced spin-cast films with large,
homogeneously oriented domains. GIWAXS from the spin-cast xra = 0.07 films shows similar
locations to those of the simulated pattern of (EA)4PbsBrio, which assumed perfect
orientation of the sheets parallel to the substrate (Figure 4). The GIWAXS reveals (1) that
the xra = 0.07 film has an n = 3 structure in bulk, and (2) that the semiconducting sheets of
spin-cast xra = 0.07 are uniformly oriented parallel to the substrate. There is a weaker feature
near 0.5 A-1 (see Figure S4, S11) that does not belong to the n = 3 phase, but the film is
predominantly n = 3. In addition, the lattice spacings of xra = 0.00 and 0.07 films are similar
(Figures S4, S11). The diffraction peaks are sharp for xra = 0.07, further indicating good
orientational uniformity. Scanning electron microscopy (SEM) showed that the spin-cast
films of xra = 0.07 and xra = 0.00 had comparable thickness, but the xra = 0.07 films had an
order-of-magnitude increase in lateral domain size, and disappearance of pinholes (Figure
5b). Consistently, the XRD and GIWAXS peaks of xra = 0.07 are narrower than those of xra =
0.00 (Figure S4, S11), likely due to the increase in domain size. Thus, adding FA to the DMF
precursor solution yields spin-cast films that have an n = 3 phase, large domains, and

homogeneous orientation of the 2D sheets.
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Figure 5. SEM images of films spin-cast from DMF with compositions (a)-(c) xra = 0.00 ((EA)4Pb3Brio0) and (b)-
(d) xra = 0.07. Films were not coated with PMMA for SEM experiments, to best image the perovskite domains.
For the cross-sections, spin-cast films were cut in half with a diamond scribe, which likely induced some
fracturing. However, even in cross-sectional SEM ((c)-(d)), the xra = 0.07 spin-cast film appears to have more

defined domains than the xra = 0.00 film.

FTIR and XRD show that spin-cast films incorporate less DMF than drop-cast films of
the same xra = 0.07 composition. We tried to determine the amount of DMF present in spin-
cast films via solution NMR, but the limited mass of the sample led to uncertainty in the
composition (see discussion of Figure S8). We therefore turned to Fourier Transform
Infrared Spectroscopy (FTIR) to determine the composition (Figure S12). The FTIR spectra
shows a weak peak at 1705 cm~1 consistent with the C=N stretch of FA. No clear feature at
lower wavenumber is attributable to DMF, indicating that if DMF is present then the
concentration must be lower than that of FA. In contrast, DMF is observed via NMR in drop-
castxra = 0.07 films (Figure 3b). XRD shows that the spacing between Pb-Br sheets is smaller
in spin-cast films than in drop-cast films of xra = 0.07 (see XRD of Figure S7), again
suggesting that spin-cast films of xra = 0.07 incorporate less DMF. This presence of DMF
complicates strain analysis of thin films, because the spacings of the (0k0) in drop-cast films
of xra = 0.07 cannot be taken as the spacings of the unstrained lattice. Spin-cast xra = 0.00
film contains small strains, [52] and it is likely that the spin-cast xra = 0.07 do as well. Thus,

the amount of DMF seems to vary with growth kinetics.
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The growth of large, homogeneously-oriented domains in spin-cast xra = 0.07 may
originate from the interactions of DMF and FA in the precursor solution (Figure 4, Figure
5). First, DMF does not need to fully leave the interlayer for the xra = 0.07 composition to
form an n = 3 phase, so 2D sheets can grow more easily than for the EA-only composition.
The easiest growth direction for the 2D sheets is parallel to the substrate, so large domains
are formed with uniform sheet orientation parallel to the substrate. However, it is also
possible that the presence of DMF in the interlayer is not the origin of the large and uniform
growth. Rather, DMF and FA together could act as surfactants or help the formation of an n
= 3 “seed” in the precursor solution that result in large and homogeneously-oriented
domains. #8501 The N-H group of FA in the interlayer can form hydrogen bonds with DMF,
resulting in DMF incorporation into the interlayer of an n = 3. Thus, the large, homogeneously
oriented domains of the spin-cast xra = 0.07 film likely originate from the interactions of DMF

and FA in the precursor solution.

We also examined whether these interactions are specific to FA and DMF, to
determine if cations could interact with DMF to produce the changes to emission and
morphology seen in (EA1-xFAx)4PbsBrio'-DMF. We therefore repeated the spin-casting
experiments, but with precursors solutions of stoichiometry (EA1-xMAx)4Pb3Brio, where MA
is methylammonium. Neither the increases to domain size nor the extinction of Ph-1 are
observed (Figure S13). This result is likely because MA is located in the A-site, and may be
less likely to retain DMF in the interlayer. In addition, MA is also less likely to hydrogen bond
with DMF, as it only has one N-H group, like EA. Thus, the simultaneous choice of organic
cation (EA, FA, MA) and solvent (DMF, HBraq) seems to dictate the strength of emission from

Ph-1 and film morphology.

2.5 Optical Properties of Spin-Cast Films of (EA1-xFAx)4Pb3Brio-DMF

Photoluminescence measurements reveal an obvious extinction of the Ph-1 feature in spin-
cast films in compositions with FA (Figure 6). Emission from the spin-cast xra = 0.00 film
contains the free exciton (FE), and both phonon-coupled emission features: Ph-1 and Ph-2.
In contrast, emission from the spin-cast xra = 0.07 film is missing Ph-1 (Figure 6; see Figure

S5 for spectra over a greater energy range). The presence of Ph-1 in the xra = 0.00 films,
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which have small lateral and vertical domains (< 200 nm), suggests that small domain size
does not remove Ph-1. Moreover, the removal of Ph-1 in films of xra = 0.07, which have larger
lateral domains than films of xra = 0.00 (Figure 5), further confirms that the removal of Ph-
1 is not an effect of small domain size, as proposed elsewhere. [111 The behavior of Ph-2 in
FA-containing compounds is consistent with prior work on (EA)4Pb3sBrio: [2] the intensity of
Ph-2 increases when the growth kinetics are slow (in drop-cast films, bulk crystals - see
Figure 2, S9), and decreases when the growth kinetics are fast (spin-cast films). This
decrease is previously attributed to strains acquired during the rapid spin-casting, that
hinder emission from Ph-2. 521 Thus, Ph-1 is weakened for xra films made from DMF,

independently of film thickness and growth kinetics.
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Figure 6. Photoluminescence (PL) of spin-cast and drop-cast films (with annealing) with precursor solutions
xra=0.07and xra = 0.00 ((EA)4PbsBrio), with excitation 3.95 eV at 293 K. The solventis labelled (DMF). Emission
features are labelled as free excitons (FE) and phonon-coupled emission features 1 and 2 (Ph-1 and Ph-2). For
additional comparisons of PL of samples grown in different ways, see Figure S9. L designates features that are
due to incomplete filtering of the excitation lamp by the monochromator used (see also Figure S3). An

explanation of why scattering is observed more in some samples than others can be found below Figure S3.

The weakening of Ph-1 and Ph-2 reveals new ways to tune emission in films. It is
interesting that Ph-1 is weakened, but that the low-energy phonon-coupled tail, Ph-2, is
retained in drop-cast films of xra = 0.07 (Figure 6). This difference suggests that Ph-1 and
Ph-2 are coupled to different phonon modes. Thus, film growth can provide novel routes to
selectively extinguish different emission features: DMF and FA can extinguish one emission

feature, and growth kinetics can weaken another. [521 This type of tuning is especially
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interesting because it is often unavailable to bulk crystal synthesis. The extinction observed
here is also unusual. While solvent incorporation can gradually shift the energy of the free
exciton, [77] extinction of a self-trapped exciton due to solvent incorporation in a crystalline
structure has not been reported to our knowledge. These results also show that care must
be taken when studying optical processes because the growth method or solvents may
enhance or suppress different emission features. Such variations might explain why lower-
energy features appear inconsistently across a sample of (PDMA)Pbls, [63] or from study to

study in (BA)2Pbla. [11.12,56]
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Figure 7. PDS spectra of spin-cast films of xra = 0.00 ((EA)4PbsBrio) and xra = 0.07, showing fits of different
absorption onsets and their respective Urbach energies Eu. For goodness of fits see the Section S2: Fitting the

PDS Data.

Finally, because a sharp absorbance onset is highly desired for photovoltaics and
photodetectors, we measured the electronic disorder near the absorption edge. Figure 7
shows Photothermal Deflection Spectroscopy (PDS) analysis of the absorbance onsets of
spin-cast films of xra = 0.00 ((EA)4Pb3Brio) and xra = 0.07, throughout the < 200 nm film
thickness (Figure 5). Onsets were fit (see Section S2: Fitting the PDS Data) in order to
extract the Urbach energies Eu, which represents the degree of electronic disorder near the

absorption edge. As discussed previously, 52! the (EA)4Pb3Brio film has two absorbance
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onsets, with high Urbach energies, of 45 meV and 54 meV. These two onsets likely
correspond to the two crystallite types in the film (crystallites with 2D sheets parallel vs.
perpendicular to the substrate), that each exhibit different strain. Indeed, the energy of the
free exciton can be shifted by small strains, [83] like those present in the film. 521 The two PDS
onsets do not originate from the free exciton and Ph-1: unstrained bulk crystals of
(EA)4Pb3Brio have only one onset in this region, but contain both the free exciton and Ph-1.
[52] The presence of only one onset near 2.6-2.8 eV in bulk crystals of (EA)4Pb3sBrio thus
confirms that Ph-1 does not originate from a defect that weakly absorbs at lower energies.
(13] The high Urbach energies of the two onsets in xra = 0.00 (45 meV and 54 meV) likely

arise from strain and morphology-induced disorder.

In contrast, the spin-cast xra = 0.07 film has a single absorbance onset, with much
lower Urbach energy of 37 meV. This improvement in the absorbance onset is so pronounced
that it is also weakly visible via UV-Vis (Figure S5). The single absorbance onset of xra = 0.07
likely stems from uniform crystallite orientation (Figure 4), as the homogeneous orientation
likely means that the crystallites only experience one type of strain. Because we do not have
an unstrained reference for the spin-cast xra = 0.07 film (see above), we cannot confirm the
strain it experiences to verify how this strain might affect the absorbance onset. However,
the xra = 0.07 film likely has strain that arises from spin-casting, [5284] as it is has less Ph-2
than drop-cast xra = 0.07 (Figure 6). The low Urbach energy likely originates from increases
in domain size and lack of pinholes (Figure 5). It is also possible that DMF in the interlayer
relieves octahedral distortions inherent to the (EA)4PbsBrio phase, such that even though xra
= (.07 films exhibit strain from spin-casting/annealing, the electronic disorder is much lower
in xra = 0.07 films than in (EA)4PbsBrio films. Overall, the xra = 0.07 film has a very sharp
absorbance onset, which is highly desirable for optoelectronic devices such as

photodetectors or photovoltaics. [85]

3. Conclusions

We have demonstrated that the optical emission and morphology in films of two-

dimensional hybrid perovskites is modified by solvent and growth conditions. Adding FA to

19



the precursor solution of (EA1-xFAx)4PbsBrio films leads to retention of DMF in between the
semiconducting sheets to form (EA1-xFAx)4Pb3sBrio-DMF,; and this solvent retention is not
observed when using aqueous HBr. The use of DMF as a solvent for casting thin films is
correlated with large domain size, homogeneous texture of the crystallites, disappearance of
pinholes, decrease in electronic disorder near the absorbance onset, and most interestingly,
the complete extinction of a lower-energy emission feature (likely a p-like self-trapped
exciton) in spin-cast films. We show that small lateral or vertical domain size, implicated in
prior studies, cannot be the origin of the disappearance of this emission, as this feature is
weakened even in films whose domains are microns wide and thick. Possible reasons for this
weakening include different cation stacking in the interlayer, relief of Pb-Br octahedral
distortions, changes to interactions between cations and PbBrs octahedra, and changes to
their tilting modes. To our knowledge, this is the first report of incorporated solvent
extinguishing a lower-energy emission feature in a halide perovskite structure. The potential
for residual solvent to weaken a self-trapped exciton could also explain why lower-energy
features appear inconsistently across different studies or in different locations of the same
sample. If an emission feature is unexpectedly weak in films, the films should be checked if
solvent is incorporated into the structure. We also show that slowing the growth kinetics of
(EA1-xFAx)4PbsBrio films increases the proportion of a second low-energy emission feature,
consistent with our prior work on (EA)4PbsBrio films. The ability to selectively extinguish
different phonon-coupled emission features is demonstrated for (EA1-xFAx)4Pb3sBrio:(DMF)y

films, and may provide novel ways to tune the color of other 2D perovskites.

4. Experimental Section/Methods

Materials Lead bromide (PbBrz, 99.999 %), ethylammonium bromide (EABr, = 98 %), lead oxide
(PbO, 2 99.0 %), methylammonium bromide (MABr, 98 %), N-N-dimethylformamide (DMF, 99.8%,
anhydrous), poly (methyl methacrylate) (PMMA, MW 350000), and hydrobromic acid (HBr, ACS
reagent, 48%), deuterated DMSO (Dimethyl sulfoxide-de, 99.9 % atom D, in ampules of 650 pL) were
purchased from Sigma Aldrich and used as received. Two precursors were used for formamidinium
bromide (FABr). One FABr precursor was purchased from Sigma Aldrich (= 98 %); and the second

was made following a reported procedure. [8¢] Briefly, formamidine acetate (99 %, Sigma Aldrich)
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was dissolved in ethanol, and aqueous hydrobromic acid was added in excess with respect to FA. The
mixture was left to stir in air for > 1h. The solvent was then roto-vaped off, and the resulting solids
were washed multiple times with diethyl ether. The product was vacuum dried overnight. Fourier
Transform Infrared Spectroscopy (FTIR) was used to confirm complete conversion of formamidine
acetate to FABr (data not shown). The FABr from Sigma Aldrich and the home-synthesized FABr both
yielded spin-cast films of xpa = 0.07 ((EAo.93FAo.07)4Pb3Brig)) with identical XRD patterns and
photoluminescence (PL) spectra (see as examples, Figure S4, Figure 6 and Figure S5). Polished z-

cut quartz substrates (15 X 15 X 0.5 mm) were purchased from University Wafer.

Preparation for film casting 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 films were fabricated by dissolving EABr, PbBr; and either FABr or MABr in DMF to make an 0.5
mM solution (based on Pb), in the molar ratio (EA1-xSx)45Pb3Brio, or MAPbBr3 or FAPbBr; for certain
extra characterizations. A slight cation excess was found to be necessary in previous work to form
the n = 3 phase, likely due to strong complexation of Pb and Br in DMF. [87] The small excess organic
cation likely leaves the film either during spin-casting (most solvent escapes off the film) or during
annealing (EA is likely more volatile than MA, as according to Sigma Aldrich, the melting point of
ethylammonium chloride is 380-381 K while that of methylammonium chloride is much higher, at

501-506 K). The solutions were left stirring overnight at 3330 K to ensure good dissolution.

Film casting Films were spin-cast at 4000 rpm for 60 seconds without antisolvent rinse, and promptly
annealed at 373 K (verified by thermocouple) on a hot plate with a heat diffuser. All spin-cast films
were annealed. Some films were drop-cast, whereby a few microliters of the precursor solution was
dropped on the substrate, and left for an hour, at which point the film visually appeared solid. Some
drop-cast films were annealed. For some experiments (XRD, PL, GIWAXS), after the films cooled, 60
uL of a PMMA solution (75 mg PMMA/3mL toluene) was spin-cast on top of the films at 2000 rpm for
30 seconds. For SEM, PDS, NMR, and FTIR, the same casting procedures were employed, but PMMA
was not cast on the films. Films for PDS were cast on separate amorphous quartz substates. Films for
FTIR were spin-cast on thin glass slides, so that the Si-O signal wouldn’t overwhelm the film signals
(the quartz substrates were much thicker). The films were stored in a nitrogen glove box until

characterization.
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Growth of (EA,FA)4Pb3Brig bulk crystals/powders (EA,FA)4Pb3sBrio crystals were grown similarly to
the previously-published procedure. [15] Briefly, PbO, EABr and FABr in (EA1-xFA,)4+PbsBrio molar
ratio were dissolved in HBr, and the solution was heated. Large crystals were formed upon cooling.
Individual crystals, “single crystals”, were extracted for single-crystal X-Ray analysis. Bulk crystals
were drop-cast onto quartz substrates for PL measurements. The bulk crystals were not ground;
“powders from bulk crystals” is used to mean that many bulk crystals were dropped onto a substrate
and considered a powder. For Figure S2, bulk crystals of (EA)4Pb3Brio were exfoliated onto quartz

substrates using scotch tape, following prior work. [12.52]

Powder X-Ray Diffraction (XRD) patterns were obtained using a Panalytical Empyrean powder
diffractometer in reflection mode with a Cu-Ka source, operating with an accelerating voltage of 45
kV and beam current of 40 mA. Au nanoparticles (100 nm) drop-cast on quartz substrates were used

to calibrate peak positions.

Simulating crystal structures and X-Ray patterns VESTA software [88] was used to plot the crystal
structure of (EA)4+PbsBrio (Figure 1a), using the CIF determined in prior work. (5] Color schemes for
the octahedra and ions were modified, to highlight patterns in octahedral distortions. Bond lengths
and angles were also measured using VESTA. Simulated powder XRD patterns were also made using
VESTA, from this CIF. [15] For FAPbBr3;, a different CIF was used. 71l Simulated GIWAXS patterns were
made using this CIF !5l and Python.

GIWAXS characterization. Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) experiments
were performed on beamline 11-3 (12.7 keV, wiggler side-station) at the Stanford Synchrotron
Radiation Lightsource (SSRL). The source-to-detector (two-dimensional Rayonix MX225 CCD)
distances were calibrated using lanthanum hexaboride (LaB6). All raw images were geometrically
corrected using Nika. Au nanoparticles (100 nm) drop-cast on quartz substrates were used to verify
chi-q alignment post-processing. An incidence angle of 0.5° was chosen for the following reasons: (1)
it is shallow enough to properly detect the nIP (0k0) peaks (these were cut off when large incidence
angles, such as 2°, were used) and (2) it is well above the critical angle. The critical angle was
calculated to be near 0.17° using GIXA; 189 this value is slightly below the measured critical angles
(0.2°-0.26°) of the BA-MA RP film series. [40] [t is important to be far enough above the critical angle

to avoid double diffraction, which may manifest in gz but not gxy. [°
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Single crystal XRD and refinements. Individual crystals of xpa = 0.09 and 0.17 (the bulk crystals
precipitated from acid) were isolated for single crystal XRD analysis. Patterns were collected on a
Bruker KAPPA APEX II diffractometer with an APEX II CCD detector, Mo-Ka radiation source (A =
0.71073 A), and TRIUMPH monochromator. Structures were solved by direct methods and refined
by full-matrix least squares on F2 using the OLEX2 program package. Refinements reveal that xza =
0.09 and 0.17 crystals have an n = 3 Ruddlesden-Popper structure in the space group 68, Ccca, which
differs from (EA)4PbsBrio (n = 3 RP phase in space group 41, C2cb). In addition, the long axis (b)
shrinks with increasing FA, consistent with more incorporation of the smaller FA cation (see Table
$1). However, much disorder was observed in the location of Br, possibly due to disorder in the
location of FA (see main text). This disorder is reflected in the large R-values obtained (0.2114 <R <
0.3527), which are larger than those obtained in prior work 15 for (EA)4Pb3sBrio (0.1496 < R <
0.1854).

PDS. Photothermal Deflection Spectroscopy (PDS) measurements were performed using a homebuilt
instrument as previously described. 91 Briefly, monochromated light from either a 150 W Xenon or
a 100 W halogen lamp is modulated at 0.5 Hz with a mechanical chopper and then split to be
separately focused onto the sample and a pyroelectric detector. Degassed and filtered
perfluorohexane (C6F14, 3M Fluorinert FC-72) is employed as the deflection medium. The deflection
of a HeNe laser aligned perpendicularly to the pump beam to also be parallel and proximal to the
sample surface is measured by a position-sensitive Si detector using a lock-in amplifier. Analysis and
fitting were performed using MATLAB.). Absorbance peak positions are best determined from UV-

Vis (Figure S5b), since the PDS signal is less accurate above 3 eV.

Scanning Electron Microscopy was performed using an FEI Nova Nano 650 FEG SEM operating at 7-
10 keV accelerating voltage with beam currents of 0.40-0.80 nA. For SEM measurements, the samples

were sputter-coated with gold to prevent charging.

Absorbance spectra were extracted from transmission measurements made on a Shimadzu UV-2600

ultraviolet-visible spectrophotometer at room temperature and in ambient conditions.
Photoluminescence (PL) 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. Some PL spectra in the
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SI were acquired using an angle of 25° for comparison, since the proportions of different features can
be angle dependent. All measurements were performed at room temperature (293 K), with an
excitation wavelength of 315 nm (3.95 eV). A 345 nm long-pass filter was placed in front of the
mission port to reduce scattering. A long-pass filter was always used, when measuring emission. For
the measurement in Figure S2, an excitation wavelength of 370 nm and long-pass filter of 400 nm
were used. An explanation of why scattering is observed more in some samples than others can be
found below Figure S3. All materials were photostable enough that multiple subsequent scans could

be taken without the material changing.

1H-NMR spectra were acquired using a Varian 600 MHz SB VNMRS NMR spectrometer for solutions.
Drop-cast and annealed films were scraped off their quartz substrates using a razor blade, and the
resulting solutions were dissolved in deuterated DMSO. XRD of drop-cast films confirmed a lack of
non-n = 3 phases (Figure S7). This procedure was performed in air. Several scan times were
employed: 20-minute scans were performed using a 30° pulse and 5 second recycle delay, following
previous work. 1] Scans with length varying between 20 minutes and 16h were performed using a
90° pulse and 12 second recycle delay, as described previously. [73]1 All spectra were referenced to the
residual solvent peak for DMSO at 2.50 ppm, and all processing and analysis was done using the
TopSpin software package. NMR assignment were made following prior work, (73 as well as from the

standard spectrum of DMF from the Chemical Book database. [92I

FTIR spectra were obtained using a Perkin-Elmer Spectrum Two spectrometer equipped with a DTGS
detector and diamond windows in the range of 4000-450 cm-! at a resolution of 4 cm-1, or in the

range of 3500-1200 cm-1! at a resolution of 0.5 cm-1, and in transmission mode.
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Table S1. Unit cells of xpa = 0.09 and 0.17 crystals precipitated from aqueous HBr, with reported unit
cell of (EA)4Pb3Brio for comparison. [1l The b-axis (perpendicular to the 2D sheets) is in bold blue to
highlight the contraction with increasing FA. Full refinements were unsuccessful due to disorder in
the location of Br (possibly caused by disorder in the location of FA, as discussed in the main text),

but unit cell dimensions were extracted and are reported below:

Crystal (EA)4PbsBrio (from [11) xra = 0.09 xra = 0.17
Temperature 293K 296(2) K 293(2)K
Wavelength 0.71073 A 0.71073 & 0.71073 A
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group C2cb Ccca Ccca
a=8.4267(12) A, a=90° a=84199(11)A «a=90° a=8.4356 (12)A a=90°
dﬁ‘;ss;s b =46.351(5) &, B =90° b=46.305(6)A p=90° b=46.240 (6) A p=90°
c=8.4298(10) &,y =90° c=84216(10)A y=90° c=8.4282 (12) A y=90°




Section S2: Fitting the PDS Data

Following previous work, [2-4] the Urbach tails were fit according to:

E_EG
PDS=Aexp< A )
U

Where PDS is the PDS signal from Figure 7, where A is a prefactor, E¢ is the bandgap and Ey is the
Urbach energy.

The goodness of fits are as follows (from MATLAB):

(EA)4Pb3Bryo spin-cast film; Ey = 54 meV
sse: 942.3958e-006

rsquare: 997.5532e-003

dfe: 29.0000e+000

adjrsquare: 997.3844e-003

rmse: 5.7006e-003

(EA)4Pb3Brio spin-cast film; Ey = 45 meV
sse: 21.1291e-006

rsquare: 998.2440e-003

dfe: 60.0000e+000

adjrsquare: 998.1855e-003

rmse: 593.4233e-006

Xra = 0.07 spin-cast film
sse: 1.3240e-003

rsquare: 998.2726e-003
dfe: 78.0000e+000
adjrsquare: 998.2283e-003
rmse: 4.1200e-003



Xea = 0.09, Xpa actual = 0.03

XeA = 0171 XEA, actual = 0.08
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Figure S1. Proton NMR of bulk crystals with (EA;1-xFAx)4Pb3zBrio stoichiometry grown from (HBr)aq,
dissolved in deuterated DMS0-d6. The compositions refer to the stoichiometric amount of FA relative
to EA in the precursor solution, xra, and the resulting solid has approximately (EAi1-xFAy)4PbsBrio
stoichiometry. The actual amount of FA in the (EA;1-xFAx)4Pb3Brio stoichiometry is verified by NMR,
and is designated Xra, actual- (2) shows the full spectra, (b), (c) and (d) show specific regions of interest.

NMR assignments were made following prior work. 5l NMR confirms the presence of both EA and FA
in the bulk crystals. The proportion of EA: FA was calculated by integrating the peaks and using the

expression:

Moles EA _ Integration for EA _ Number of H in FA signal

= X
Moles FA Integration for FA'  Number of H in EA signal



The actual amount of FA, Xga, acrual, Were about half of the xra in the precursor solution, likely due to
different complexation of FA and EA in the precursor solution. All peaks correspond to either EA, FA,
DMSO or H;0, and no peaks are unaccounted for. As expected, no DMF is present, as no DMF was used
during bulk crystal synthesis. The H,0 peak near 5 ppm is downshifted relative to the H,0 peak in
the NMR spectra of films (Figure S8). This might be due to a small amount of (HBr).q leftover from
the synthesis. If (HBr).q were present, we would expect a reaction with DMSO to yield dimethyl
sulfide (DMS), which has a peak near 2 ppm. There is no DMS peak near 2 ppm, so either 1) the (HBr).q
stayed in pockets of water and did not react with the DMSO, or 2) the amount of residual (HBr),q in
the bulk crystals is negligible. In any case, the possible presence of residual (HBr).q has negligible
impact on the optical properties: (EA)4Pb3Brio bulk crystals grown from (HBr).q and (EA)4Pb3zBrio
drop-cast films made from DMF all have the free exciton, Ph-1 and Ph-2 in the same proportions, as
previously published. [4]
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Figure S2. PL emission of exfoliated flakes of (EA)4PbzBrio bulk crystals at different angles.
Schematics of the experiment at 25° (a) and 75° (b), with normalized emission spectra (c) taken at
295 K and 3.35 eV excitation (370 nm). For this measurement, a 400 nm long-pass filter was used.
The 2D, Pb-Br sheets of (EA)4+Pb3Bri are represented by blue lines.

Bulk crystals of (EA)4Pb3Brio were exfoliated onto substrates using scotch tape, following prior work.
(671 This was done to ensure that the 2D sheets would be well-aligned, parallel to the substrate. [67]
The angle of emission was varied by rotating the sample stage with respect to the excitation and
emission ports. When the 2D sheets are examined from the front (25°; Figure S2a), Ph-1 is weaker.
In contrast, when the 2D sheets are examined from the side (75°; Figure S2b), Ph-1 is stronger. Ph-
1 therefore behaves like the self-trapped exciton reported previously, that is p-like and associated
with a magnetic dipole transition. (68 However, Ph-2 shows no change with angle, so Ph-2 is likely a

different type of feature.
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Figure S3. Emission spectrum of the excitation source (lamp) used for photoluminescence
experiments, in the 2.3-3 eV region (data taken at 293 K). A monochromator is employed to select
3.95 eV as the excitation energy. However, the lamp itself emits across the visible spectrum, and has
several sharp peaks near 2.6 eV. Incomplete filtering of these peaks by the monochromator results in
these peaks appearing in the spectra of the samples studied here. Two samples are shown (discussed
elsewhere), with different composition; both contain weak lamp peaks.

A long-pass filter was used for all measurements on the fluorimeter, to mitigate the incomplete
filtering seen in Figure S3. The lamp peaks are particularly noticeable in samples that are not
continuous along the quartz substrate: drop-cast films and bulk crystals. This is because the
excitation light scatters particularly well off the polished surface of the quartz. For spin-cast films
(Figure 6), this scattering is much less of a problem, because the perovskite film is continuous across
the substrate, so the quartz is less exposed. To verify that the measured intensities of all emission
features (free exciton, Ph-1 and Ph-2) are accurate using the fluorimeter, we also measured emission
using a laser-based setup that does not have this incomplete filtering problem (see “temperature-
dependent photoluminescence” section of prior work [71). The intensities of the FE, Ph-1 and Ph-2 are
the same when using the laser setup and the fluorimeter, for both bulk crystals and drop-cast films,
[7] confirming the accuracy of our fluorimeter measurements.
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Figure S4. Structural characterization of spin-cast films with different xra. (a) XRD patterns of films
shown on a logarithmic scale, with corresponding SEM images. The n = 3 (0k0) peaks are indicated
with diamonds, and the n =3 (111) peak is also indicated. A schematic of the (020) plane is shown as
an example of (0k0). (b) XRD patterns of spin-cast xga = 0.07 and xra = 0.00 on a linear scale, compared
with the simulated pattern for xra = 0.00. (0kO) peaks are marked by the black diamonds; (111) and
(202) peaks as labelled, and SiO; peaks from the substrate labelled as well. (c) Closer examination of
the (060) peak.

Spin-cast films with FA substitution exhibit an RP n = 3 structure, with impurities appearing for larger
amounts of FA. Figure S4a shows the X-Ray Diffraction (XRD) patterns of films with 0.00 < xps < 0.44.
The initial (0k0) features of (EA)4+Pb3Brio, which are signatures of the n = 3 phase, can be found in all
FA-substituted films. [191 The (111) peak disappears, signaling a change in crystallite orientation with
FA substitution. The FA-substituted films have crystallites oriented out-of-plane, such that the Pb-Br



semiconducting sheets are parallel to the substrate (cartoon in Figure S4a). In addition, the XRD
peaks increase by an order of magnitude with FA substitution, consistent with larger domain size
(Figure S4a-b). This increase is especially remarkable because the film thickness is similar after FA
substitution (Figure 5). In addition, the peak width of the compositions with FA is also considerably
narrower, again reflecting larger domain size (Figure S4c). Non-n = 3 peaks are clearly visible for
most FA loadings, suggesting impurity formation.

To better understand n = 3 and impurity growth, we examined the structure of the films using
Scanning Electron Microscopy (SEM). The xga = 0.07 film appears homogeneous via SEM, consistent
with n = 3 being the predominant phase seen in XRD. In contrast, the xps = 0.18 film exhibits large,
needle-like impurities, consistent with impurity peaks readily appearing in XRD. The needle-like
shape of the impurities suggests that they are 1-D phases, as the habit of 1D phases in similarly-grown
films is needles. [31 More impurities appeared for xra = 0.22 and xra = 0.44, with different crystal habit,
suggesting impurities of different phases. The obvious presence of these impurities in XRD and SEM
contrasts with the behavior of impurities in (BA)2(MA),-1Pbals,e1 RP films. Impurities in
(BA)2(MA)s-1Pbalzns1 RP films are often off-target n RP phases, and they form intergrown into the
same grain as the RP of targeted n, [1011] and as such are indistinguishable in SEM.

No emission was observed from the very small amount of impurity in the xga = 0.07 films (Figure S5).

While this impurity may contain DMF, the lattice expansion of the n = 3 phase when more DMF is
present (Figure S7) confirms that DMF is being incorporated into the n = 3 phase.
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Figure S5. (a) Photoluminescence of spin-cast films with different xz4 for 3.94 eV excitation. 2D (n =
3) emission is retained until xpa = 0.22, with xga = 0.44 having emission from the 3D (EA,FA)PbBr;
phase. The intensity of a FAPbBr; film, made for comparison, is multiplied by 0.38. (c) UV-Vis
absorbance of the xra films. A higher-gap phase is indicated by the arrow, and likely corresponds to
the impurities seen in Figure S4.

For most of the FA compositions, the photoluminescence of the spin-cast films is from the n = 3 phase,
despite the films containing impurities. Figure S5a shows the photoluminescence emission of the
films with 0.00 < xpa < 0.44, as well as of an FAPbBr; film for comparison. Prior work on (EA)4Pb3zBrio
(xra = 0.00) identified the emission peak at 2.9 eV to be a free exciton (FE), and found that the 2.7 eV
peak and the low-energy tail are phonon-coupled. 4] The free exciton emission of the n = 3 phase at
2.9 eVisretained for all 0.00 < xps < 0.22. Thus, emission coming from the n = 3 phase is retained until
very high FA substitution despite obvious non-n = 3 phases appearing in both XRD and SEM (Figure
S$4). This suggests that emission from these non-n = 3 phases is not observed, similarly to how
emission from Pbl; or PbBr; is not observed in MAPbX; films. This interpretation is confirmed by UV-
Vis absorbance measurements, which reveal a peak near 4 eV that gets stronger with increasing FA
content (Figure S5b). The absence of emissive impurities contrasts with the behavior of
(BA)2(MA)s-1Pbalzns1 RP films, in which off-target n RP phases with smaller bandgap dominate the
emission. [310-13] The xps = 0.44 film exhibits emission similar in location and peak shape to FAPbBr3;,
and has absorbance onset near 2.2 eV (Figure S5b) suggesting that the emission from the xra = 0.44
film comes from the (EA,FA)PbBr3 alloy (see also Figure S6 [141). The (EA,FA)PbBr; alloy has blue-
shifted emission from FAPbBrs3;, likely because EA widens the gap, consistent with prior work
showing that the (EA,MA)PbBr3 alloy has larger gap than MAPbBrs. [151 Overall, most films with FA
substitution exhibit emission from the n = 3 phase.
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Figure S6. XRD pattern of the spin-cast FAPbBr; film, with peaks indicated. The pattern was well-
matched with the simulation. The 3D cubic phase contains no peaks at low angle.
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Figure S7. Structural and optical properties of drop-cast films of xra = 0.07. (a) XRD of drop-cast films,
with and without annealing, of xga = 0.07. The simulated pattern of (EA)4Pb3Brio is also shown. (b) PL
emission of these films and of the spin-cast film of xra = 0.07 film, with 3.95 eV excitation and 75 °
collection angle. FE stands for free exciton, and Ph-2 stands for phonon-coupled emission (the 2nd
phonon-coupled peak; the 1st one is at 2.7 eV and is not present in xga films). (c-d) SEM of drop-cast
films, with and without annealing. (e) The (060) peak (XRD), showing a lattice contraction when less
DMF is in the structure.
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The drop-cast films contain primarily the n = 3 phase, and are oriented uniformly with the
semiconducting sheets parallel to the substrate. The grains are micron-scale, and are unconstrained.
SEM confirms that only one crystal habit is present, likely corresponding to an n = 3 phase. The
phonon-coupled emission tail at low energy (Ph-2) is more pronounced when making the films via
drop-casting, than it is using spin-casting. Similar results were found for drop-cast films of
(EA)4Pb3zBrio. [4l Notably, the drop-cast films do not have the 2.7 eV emission (Ph-1), despite the low-
energy tail being present. This verifies that growth conditions are not responsible for turning off the
2.7 eV peak.

Additionally, the drop-cast films have larger b-axis lattice spacing than the spin-cast film. This is likely
because the drop-cast films contain more DMF, as is suggested by the FTIR and NMR data (Figure
$8, S12). In the drop-cast films, annealing contracts the lattice slightly; perhaps because some DMF
is removed upon annealing. Changes to lattice spacing and octahedral distortions [161 with the
presence of FA/DMF may explain the slight red-shift in the free exciton.

14
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Figure S8. 1H-NMR spectra of drop-cast and annealed films with xpa = 0.07 and xga = 0.00
compositions prepared from DMF (no PMMA capping layer), that were then scraped off the
substrates and dissolved in deuterated DMSO-d6. (a) shows the full spectra, (b), (c), (d) and (e) show
specific regions of interest. The * in (c) is explained below.

NMR assignment were made following prior work, [51 as well as from the standard spectrum of DMF
from the Chemical Book database. [17l NMR spectra of drop-cast films revealed EA, DMF and a small
amount of FA. No extra peaks were observed. No reactions are expected here, as the drop-cast films
do not contain (HBr)a.q. The EA CHz and CH: peaks are down-shifted for the drop-cast samples
compared to for the bulk crystal samples, perhaps due to interactions with DMF for the drop-cast

samples.

NMR analysis confirmed that the xza = 0.07 composition (drop-cast and annealed; see Figure S7 for
XRD) had both FA and DMF. For integration, the EA and DMF peaks near 2.8 ppm were used and the
FA peaks near 9 ppm were used, as these had low overlap with other features. Peak integration
yielded EA: DMF of 0.998: 0.002 for the xza = 0.00 sample and EA: DMF: FA of 0.79: 0.19: 0.02 for the
xra = 0.07 sample. FA and EA are approximately in the proportions expected from weighing out the
powders; as 0.02 / (0.79 + 0.02) = 0.02, which is not very far off from 0.07 (the difference likely
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originates from different complexation of FA and EA in the precursor solution). All relative ratios
were obtained using:

Moles EA Integration for EA  Number of H in DMF signal
= X
Moles DMF  Integration for DMF ~ Number of H in EA signal

and
Moles EA _ Integration for EA _ Number of H in FA signal

= X
Moles FA Integration for FA' Number of H in EA signal

The same NMR experiment was tried on spin-cast samples; however, a very large number of samples
was required to have sufficient material for the NMR measurement; and the time scale needed to
scrape all these samples in air raised concerns of degradation. Thus, FTIR, which is a rapid technique,
was preferred for the spin-cast samples.

Regarding the * in panel (c), the EABr precursor used was 98% pure (from Sigma Aldrich), so it is

possible that a very small amount of impurity is present. Regardless, the FA-NH; peaks are clearly
present for the xga = 0.07 drop-cast film, and clearly absent for the xza = 0.00 drop-cast film.
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Figure S9. (a) Photoluminescence of bulk crystals (xra = 0.09, Xra, acual = 0.03) and a drop-cast and
annealed film (xra = 0.07, Xra, actuat = 0.02). (b) Photoluminescence of xga = 0.00 spin-cast and annealed
film, drop-cast and annealed film, and bulk crystals. (c) Overlay of the photoluminescence of different
samples. The shift in the free exciton is indicated by a red arrow. All spectra were taken at excitation
energy 3.95 eV and at 293 K; and all spin-cast films were annealed (see experimental section).

All materials grown slowly (drop-cast films, bulk crystals) exhibit comparable amount of Ph-2,
consistent with slow growth being favorable to Ph-2. [4] The drop-cast xga = 0.00 film in Figure S9b
17



has an extra peak near 2.75 eV; this is likely a small amount of a non-n = 3 phase, as previously-
discussed. [4l However, the emission trace follows closely that of the (EA)4sPbsBrio, indicating that
most of the emission from the drop-cast xra = 0.00 film comes from (EA)4PbsBrio. There is a gradual
red shift in the free exciton energy for drop-cast films for the FA-containing films (Figure S9c, Figure
S$7) , likely due to changes to the lattice spacing and octahedral distortions [1¢l induced by the
presence of FA-DMF in the interlayer. The free exciton remains distinct from Ph-1.
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Figure S10. PL emission of a spin-cast xra = 0.07 film, taken by varying the angle the sample makes
with the excitation and emission ports; excitation 3.95 eV at 293 K.

The relative emissive proportions of free excitons vs. lower-energy features can sometimes depend
on the angle of the 2D semiconducting sheets with respect to the PL collection (“emission port” on
fluorimeters). [68] For this reason, we varied the collection angle on the xra = 0.07 film, to see if the
2.7 eV feature would reappear. Traditionally, PL. measurements are collected with films making a 45°
angle with the emission port; here we used 25° and 75° to better probe the angle dependence of
emission from the oriented 2D sheets. As shown in Figure $10, the emission does not change when
rotating the film. A small extra amount of scattering appears when the sample is practically facing
the excitation port (25°). We previously also verified that the relative proportions of different
features do not change for (EA)4+Pb3Bry films. [4
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Figure S11. Integrated areas of GIWAXS patterns for spin-cast xpa = 0.00 and 0.07 films, with the
resulting patterns shown in the right panels. (a) near-out-of-plane integration, for an angle of 2-20
degrees from normal and (b) near-in-plane integration, for an angle of 77-89 degrees from normal.

The peaks near-out-of-plane (gz) are partially cut-off in GIWAXS (Figure S11a). For the spin-cast xra
= 0.07 film, the (0k0) peaks are therefore better examined via XRD, which only probes qz. Figure S4
confirms that the (0k0) peaks narrow significantly for xga = 0.07. From the near-in-plane integration
(Figure S11b), the (111) peak can be decoupled into multiple sharp peaks, likely due to
heterogeneity of locations of FA and DMF, which would inconsistently shift the lattice spacings. The
sharpness of these peaks is consistent with peak narrowing observed above (Figure S4). No clear
shiftin q is observed with/without FA, consistent with XRD (Figure S4) and with only small amounts
of FA and DMF being incorporated. In addition, with respect to size, FA < EA < DMF, so if FA and DMF
are near each other, the lattice spacing might not change very much.
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Figure S12. Full FTIR spectra of spin-cast films of xra = 0.00 ((EA)4+Pb3zBrio) and xga = 0.07, and of the

SiO; substrate. No PMMA capping layer was used. Spectra below 1500 cm-! are dominated by the
SiO; substrate.
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Figure S13. Structural and optical characterizations of spin-cast films with MA as the substituting
cation (xwma films), as well as of MAPbBr3. (a) XRD patterns of xma = 0.00 and 0.07. The n = 3 peaks are
indexed and visible for most patterns, with some that might be n = 2, by analogy with the
(BA)2(MA)s-1Pbnlzns1 RP films. (b) Closer look at the (0 14 0) peak from the n = 3 phase of both xuma =
0.00 and 0.07. (c) SEM images of xma = 0.00 and 0.07. (d) Photoluminescence emission (3.94 eV
excitation, 293 K). The free exciton and phonon-coupled peaks (Ph-1 and Ph-2) of the n = 3 phase are
labelled. No other emission is visible. The emission of MAPbBr; is shown for comparison.

Examination of spin-cast xma = 0.07 films reveals that improvements to film growth, as well as
the extinction of Ph-1, are specific to using FA.

Figure S13a shows that xua = 0.07 films retain the n = 3 structure in bulk, with some weak non-n =3
peaks appearing. Based on analogy with the (BA)2(MA),-1Pbxlz..1 RP series, these extra peaks may be
an n = 2 phase, with EA and MA as A-site cations. [°] Closer examination of the XRD patterns reveals a
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lattice contraction of the n = 3 phase when MA is used (Figure S13b). This indicates that MA is likely
in the A-site of the n = 3 phase, as MA is typically an A-site cation and not a spacer cation. In addition,
the XRD peak intensities of xua = 0.07 and 0.00 are similar (Figure S13b), no improvements to
domain size are seen (Figure S13c), and many pinholes are present in both films. Thus, using MA
does not result in increases in domain size/homogeneous orientation of the 2D sheets, in contrast to
what is observed when using FA (Figure 4-5).

Notably, using MA does not remove Ph-1. The emission spectra of xua = 0.07 and 0.00 are similar, and
contain all three n = 3 peaks: the free exciton, Ph-1 and Ph-2. Using the smaller cation (MA) results in
a slight red-shift of both the free exciton and Ph-1, consistent with slight lowering of octahedral
distortions when smaller cations are in the A-site. [16] The retention of Ph-1contrasts strongly with
the behavior of the FA compositions, for which the 2.7 eV feature disappears with xga = 0.07. Indeed,
MA, with its sole ammonium group and position in the A-site, is likely not anchoring DMF in the
spacer site.

The XRD pattern and photoluminescence emission of MAPbBr3 are shown as confirmation that xma =
0.07 is not forming the (EA,MA)PbBrs; alloy. [15] Typically, the presence of even very small amounts of
a 3D phase results in carrier transfer to this 3D phase; and as a result, the emission spectrum is
dominated by the 3D phase.[11l The strong presence of n = 3 emission and lack of a narrow peak near
2.3 eV confirm that xma = 0.07 does not contain the (EA,MA)PbBrs; alloy.
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