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ABSTRACT: Mixed-halide two-dimensional (2D) hybrid organic-inorganic perovskites (HOIPs) offer an important oppor-
tunity to control the bandgap for applications in optoelectronic devices. This study focuses on phenethylammonium lead 
halide [(PEA)2Pb(I1-xBrx)4] films, the pure iodide form of which is one of the most widely studied optically active 2D perov-
skite systems. Resonant infrared, matrix-assisted pulsed laser evaporation (RIR-MAPLE) is used to grow films to explore the 
effects of post-growth annealing and mixed-halide composition. Composition, crystal structure, and optical properties are 
studied for as-grown and annealed films of (PEA)2Pb(I1-xBrx)4 for x = 0, 0.25, 0.5, 0.75, and 1. First-principles calculations are 
used in conjunction with the experimental data to explain mixed-halide behavior that does not trend monotonically with 
bromide content. Important results of this work are: (i) X-ray diffraction (XRD) reveals evidence for halide phase separation 
around x = 0.25, consistent with first-principles calculations, whereas no phase separation is observed for x = 0.5 and above; 
and (ii) a unique photoluminescence (PL) peak splitting is observed for x = 0.75, a composition for which no compositional 
phase separation is observed. The PL splitting is tentatively explained by the coexistence of two distinct types of halide 
short-range ordering at x = 0.75. Overall, this study demonstrates that mixed-halide n = 1 Ruddlesden-Popper perovskites 
are not simple random alloys, but that instead, they display distinct site and ordering preferences of the different halide 
anions. These preferences are critical to understand and rationally tune the properties of the materials. 

INTRODUCTION  
Hybrid organic-inorganic perovskites (HOIPs) have been 
explored as absorbers and emitters in photovoltaic 
devices1–8 and light emitting diodes (LEDs)9–13, respective-
ly, due to their high electron mobility, strong photolumi-
nescence, high absorption coefficient, and tunable 
bandgap.14–18 Three-dimensional (3D) hybrid perovskites 
are semiconductors with the structure ABX3, where A is an 
organic cation, B is a metal cation (e.g. Pb2+ or Sn2+) and X 
is a halide anion (I-, Br-, Cl-). 3D perovskites have been em-
ployed with great success as absorbing materials in photo-
voltaic devices.3,8,19–21 For example, 3D HOIPs have been 
used as the higher bandgap material in 
perovskite/silicon22 and perovskite/CIGS (copper indium 
gallium selenium)23 tandem solar cells to produce research 
devices that have reached power conversion efficiencies 
(PCEs) of 29.1% and 24.2%, respectively.24 In 3D HOIPs, 
halide alloying is critical for finely tuning the bandgap to 
create the higher bandgap absorber necessary in tandem 
solar cells.19,25 One challenge of harnessing the tunable 
bandgap in mixed-halide 3D HOIPs is halide migration, 

including phase segregation to form domains of I-rich and 
Br-rich phases.25–29 Ion migration may also contribute to 
hysteresis that reduces PCE in perovskite solar cells.30,31 
So-called quasi-two-dimensional (quasi-2D) HOIPs1,17 pro-
vide an alternative approach to tune the bandgap,32,33 with 
an additional hope of circumventing the challenge of halide 
migration in 3D HOIPs. Quasi-2D HOIPs have an R2An-

1BnX3n+1 structure in which R is a larger organic cation 
(compared to the A organic cation) and n is the number of 
B-X octahedra layers (n > 1). The bandgap of quasi-2D per-
ovskites can already be tuned by changing the n number of 
B-X octahedra layers, without introducing mixed-halide 
alloys. In addition, the quasi-2D HOIPs can help address 
the well-known stability challenges in 3D perovskites (n → 
∞) because the larger organic cation (R) acts as a hydro-
phobic layer that protects the 3D-like HOIP sublayers from 
humidity.4,34  However, creating quasi-2D HOIP thin films 
with only a single, precisely defined n value across an en-
tire film has been difficult to demonstrate consistently for 
large n, somewhat limiting the bandgap tunability achieva-
ble with this particular method.17,35,36 
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Pure 2D HOIPs (n = 1) have been incorporated into photo-
voltaic device structures as wider bandgap, passivating 
layers on top of 3D HOIP absorbers to improve the overall 
long-term device stability.3,37 One possible configuration 
for two-dimensional (2D) hybrid perovskites is the R2BX4 
structure in which R is a larger, singly charged organic 
cation, such as phenethylammonium (PEA = C8H12N+) or 
butylammonium (BA = C4H12N+). Introducing these larger 
organic cations reduces the dimensionality of the inorganic 
component in one direction by physically separating the 
metal halide octahedra into sheets.14,15,38,39 The alternating 
organic cation bilayers and metal halide octahedra can be 
viewed as the thinnest variant of halide perovskite quan-
tum wells, giving 2D HOIPs a larger bandgap than their 
quasi-2D and 3D counterparts because of quantum con-
finement effects. Importantly, the bandgap of 2D HOIPs can 
be tuned by using halide alloying, for example as a means 
to yield different emission wavelengths in LEDs.12,13,17 De-
spite these advantages for bandgap tunability, especially 
applied to LEDs, the thin-film deposition of mixed-halide 
2D HOIPs faces some challenges. Traditional, solution-
based deposition techniques generally require post-
growth annealing or hot casting to form the 2D HOIP crys-
tal structure.36,40–42 In the context of tandem active regions 
or passivating layers for solar cells, the required annealing 
could degrade interfaces or underlying material layers. 
Alternatively, La Placa et al. used traditional thermal evap-
oration to produce mixed-halide 2D HOIP films without 
requiring annealing. However, contamination of the evapo-
ration chamber by residual precursor material from previ-
ous growths prevented deposition of the intended film 
compositions.43  
This work focuses on a different thin film deposition tech-
nique for 2D HOIPs, namely, resonant infrared, matrix-
assisted pulsed laser evaporation (RIR-MAPLE).44,45 RIR-

MAPLE is a modified pulsed laser deposition technique 
that uses a low energy Er:YAG laser (peak wavelength at 
2.94 μm) to sublimate the matrix solvent in a frozen target 
solution of hybrid perovskite precursors (Figure 1a). Be-
cause the laser energy is resonant only with the vibrational 
modes of O-H bonds present in the matrix solvent (mo-
noethylene glycol, MEG), the resulting sublimation trans-
fers kinetic energy to precursor materials within the target 
solution such that the precursors are ejected from the tar-
get and gently transferred to the substrate (Figure 1b). It 
is important to note that, while deposition occurs under an 
active vacuum (approx. 2×10−5 Torr), a small amount of 
the primary solvent (dimethyl sulfoxide, DMSO) arrives at 
the substrate, due to entanglement with precursor materi-
als in liquid phase in the immediate vicinity of the target 
area irradiated by the laser. In contrast, most of the matrix 
solvent in vapor phase is removed from the chamber by 
the pumping required to maintain vacuum. RIR-MAPLE has 
already demonstrated high-quality thin film deposition of 
2D and 3D HOIPs.21,46–49 
In this study, the roles of annealing and mixed halide com-
position in determining the crystal structure of 2D, PEA-
based, mixed halide HOIPs (n = 1) deposited by RIR-
MAPLE are articulated. While the PEA-based, quasi-2D 
HOIP system has been investigated extensively,1,9,36,50–53 
less is known about the behavior of mixed-halide composi-
tions in the pure 2D system.41,43,54 RIR-MAPLE target solu-
tions with precursor materials [phenethylammonium io-
dide ((PEA)I), phenethylammonium bromide ((PEA)Br), 
lead iodide (PbI2), and lead bromide (PbBr2)] in dimethyl 
sulfoxide (DMSO, primary solvent) and MEG (matrix sol-
vent) were used to create mixed halide 2D HOIP films: 
(PEA)2Pb(I1-xBrx)4 for x = 0, 0.25, 0.5, 0.75, and 1.  
 

 
Figure 1. RIR-MAPLE. (a) Schematic diagram of the frozen target solution that consists of a primary solvent (DMSO), a matrix 
solvent (MEG), and precursor materials PbX2 (yellow) and (PEA)X (red). (b) Schematic diagram of the RIR-MAPLE growth cham-
ber used to deposit perovskite thin films. 



 
 

3 

 

The values of x correspond to the fraction of bromide add-
ed to the target solution. The amount of bromide that is 
incorporated into the deposited film could deviate slightly 
from the composition of the target. However, the absence 
of excess PbX2 or PEAX in the resulting films shows that 
the deviation between input and incorporated composi-
tions must be limited (if any) and is not expected to signifi-
cantly impact the results of this study. The impact of post-
growth annealing was determined by comparing as-grown 
and annealed mixed-halide (PEA)2Pb(I1-xBrx)4 thin films by 
characterization techniques including time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) for composi-
tional analysis throughout the depth of the film, grazing-
incidence wide angle x-ray scattering (GIWAXS) and X-ray 
diffraction (XRD) for perovskite crystal structure, UV-vis 
absorbance (UV-vis) and photoluminescence (PL) spec-
troscopy for optical behavior, as well as energy dispersive 
spectroscopy (EDS) to compare halide distribution across 
the film surface, and scanning electron microscopy (SEM) 
and atomic force microscopy (AFM) to compare film mor-
phology. In addition, samples at the five different nominal 
compositions were characterized to determine any impact 
of the mixed-halide composition beyond tuning the 
bandgap. First-principles calculations were used to predict 
the formation energies and energy band structures of dif-
ferent crystal configurations. Specifically, the first-
principles simulations shed light on structural hypotheses 
regarding the preferred distribution of Br− and I− anions in 
the alloyed samples and their connection to experimental-
ly observed signatures. 
 
RESULTS AND DISCUSSION 
Pure-Halide Crystal Structures 

The pure-halide compositions are used as starting points 
for the exploration of the mixed-halide crystal structure. 
The (PEA)2PbI4 (x = 0)55–57 and (PEA)2PbBr4 (x = 1)58,59 
crystal structures are known to consist of bilayers of PEA 
cations between single layers of corner sharing Pb-X octa-
hedra. The (PEA)2PbI4 (x = 0) structure used in this work is 
based on the (PEA)2PbI4 structure that was recently re-
fined in detail and reported by Du et al.55 (see Supplemen-
tary Note I, Figure S1, and Tables S1-S2 for more infor-
mation). The most stable (PEA)2PbBr4 structure is based 
on the structure from Shibuya et al.58 (see Supplementary 
Note I, Figures S2-S4 and Tables S3-S4 for more infor-
mation). 
According to several experimental reports of (PEA)2PbI4 
and (PEA)2PbBr4 atomic structures 55–59, the layered per-
ovskites (PEA)2PbI4 and (PEA)2PbBr4 have different organ-
ic molecular stacking patterns, as shown in Figure 2. The 
phenyl rings of PEA molecules within the same organic 
layer align in the same direction for the (PEA)2PbI4 struc-
ture (Figure 2a), while the molecules align in different 
directions in (PEA)2PbBr4 (Figure 2b). The pure halide 
structures shown in Figure 2 are computationally derived 
structures, using the experimentally reported (XRD) struc-
tures of (PEA)2PbI4 by Du et al..55 and (PEA)2PbBr4 by 
Shibuya et al.58 as starting points. The pure-halide struc-
tures were optimized to reflect local minimum-energy 
structures according to van der Waals corrected semi-local 
density-functional theory (DFT). Specifically, the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional60 
was used, to which the Tkatchenko-Scheffler (TS) pairwise 
dispersion correction61 was added, referred to as DFT-
PBE+TS in this work. The high-precision, all-electron code 
electronic structure FHI-aims62–66 was used as further de-
tailed in the Methods section.  

 
Figure 2. Pure Halide Crystal Structures. The most stable (a) (PEA)2PbI4 and (b) (PEA)2PbBr4 structures fully relaxed by DFT-
PBE+TS. The insets show the orientation of organic layers for each structure seen in a top view along the c direction, which con-
nects different organic/inorganic layers. The accompanying color scheme indicates the color used to represent the different chem-
ical elements in each structure. 
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Two different molecular conformations were confirmed as 
lowest-energy structures among the ones considered for 
(PEA)2PbI4 and (PEA)2PbBr4, respectively. As is shown in 
the Supplementary Information (Tables S2, S4-S5), the 
actual structure parameters of the computationally opti-
mized structures are very close to the experimentally de-
termined structures, e.g., deviating by 1% or less from the 
T=100K (PEA)2PbBr4 crystal structures of Gong et al.59 
Importantly, the two different molecular arrangements 
found in (PEA)2PbI4 and (PEA)2PbBr4 are also distinct from 
a total energy point of view, as shown in Table S6. Switch-
ing the halide anion but not the molecular arrangement 
increases the computed total energy by 5 meV per halide 
atom (I substituted for Br in (PEA)2PbBr4 template struc-
ture) and 18 meV per halide atom (Br substituted for I in 
(PEA)2PbI4 template structure), respectively. 
Mixed-Halide Film Composition 
 Turning to experimentally synthesized, mixed-halide films 
next, it is important to establish the degree of homogeneity 
achieved in mixed halide films deposited by RIR-MAPLE. 
Therefore, time-of-flight secondary ion mass spectrometry 
(TOF-SIMS) was used to characterize the depth profile of 
film composition in as-grown and annealed films. Figure 3 
shows depth profiles of as-grown (a-e) and annealed (f-j) 
(PEA)2Pb(I1-xBrx)4 films for x = 0 (a & f), x = 0.25 (b & g), x 
= 0.5 (c & h), x = 0.75 (d & i), and x = 1 (e & j). The signal 
intensity corresponding to a specific molecule was meas-
ured to describe the film composition from the surface 
(depth = 0 nm) to the film-substrate interface (depth ≈ 300 
nm). Note that the intensity of the glass signature increas-
es as the film depth approaches the film-substrate inter-
face while the HOIP ionic signatures decrease.  
Within each film, the intensities of PEA, lead, bromide, and 
iodide signatures remain fairly constant throughout the 
depth of the film. Additionally, the organic:inorganic inten-
sity ratio (represented by PEA:Pb signatures) and the io-
dide:bromide intensity ratio remain constant throughout 
the depth of the film. These constant trends indicate that 

none of the film constituents (organic cation, inorganic 
cation, or halide anion) segregate to the film surface, and 
each film is compositionally well-mixed throughout the 
film depth. Further, the TOF-SIMS spectra and energy dis-
persive spectroscopy (EDS) measurements (Figure S6) for 
the x = 0 and x = 1 films confirm that halide cross contami-
nation does not occur between different RIR-MAPLE film 
deposition sessions. Specifically, for the TOF-SIMS spectra 
in Figure 3a & Figure 3f, the intensity of the bromide sig-
nature is lower than the iodide signature intensity by a 
factor of 104 and is less than 10 (i.e., within the measure-
ment noise floor). This indicates that no bromide was de-
tected in the x = 0 films. Similarly, Figure 3e & Figure 3j 
show iodide signature intensities in the measurement 
noise floor that are orders of magnitude below the bro-
mide signature, indicating no iodide is present in the x = 1 
films. From the EDS spectra, Figure S6a confirms no bro-
mide peak (~ 1.5 keV) is observed in the x = 0 films and no 
iodide peak (~ 3.9 keV) is observed in the x = 1 films.  
The TOF-SIMS spectra and EDS measurements also con-
firm that the iodide-to-bromide ratio homogeneity was 
achieved in each mixed-halide film deposited by RIR-
MAPLE. The bromide signature intensity (for depth ≈ 0-
300 nm) increases with increasing bromide content (x) 
from less than 10 a.u. (x = 0, Figure 3a & Figure 3f) to 
greater than 104 a.u. (x = 1, Figure 3e & Figure 3j). Like-
wise, the iodide signature intensity (for depth ≈ 0-300 nm) 
decreases with increasing bromide content (x) from great-
er than 105 a.u. (x = 0, Figure 3a & Figure 3f) to less than 
10 a.u. (x = 1, Figure 3e & Figure 3j). The EDS spectra in 
Figure S6a show the bromide signature peak intensity 
increasing and the iodide signature peak intensity decreas-
ing with increasing bromide content. In addition, the EDS 
maps shown in Figure S6b demonstrate that, on the tens 
of microns scale of the measurement, the films are well 
mixed such that the iodide and bromide ions are dispersed 
homogeneously throughout the films.  
 

 

Figure 3. TOF-SIMS. TOF-SIMS depth profiles of (a) - (e) as-grown and (f) – (j) annealed (PEA)2Pb(I1-xBrx)4 films deposited by 
RIR-MAPLE for x = 0, 0.25, 0.5, 0.75, and 1. Note that the intensity is shown in arbitrary units (a.u.). Also note that the depth at 
which the signal for the glass substrate (red) becomes dominant seems to shift towards lower values after annealing ((a) & (f) and 
(b) & (g)), suggesting that the film may shrink. If the films were extremely smooth, the TOF-SIMS could indicate such a change; 
however, RIR-MAPLE films are generally rough21 and the TOF-SIMS depth profile does not give a definitive answer on this point. 
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Lastly, there are no significant differences in the TOF-SIMS 
molecular signature intensities or depth profiles between 
respective as-grown (Figures 3a-e) and annealed (Fig-
ures 3f-j) films. Similarly, the EDS measurements (Figure 
S6) reveal no significant differences between as-grown 
and annealed films. Thus, post-growth annealing does not 
affect the mixed-halide composition throughout the depth 
of the film. This observation is important to establish that 
RIR-MAPLE produces compositionally well-mixed films, 
and material does not precipitate out of the film or accu-
mulate at the surface of the film (also confirmed with XRD, 
vide infra). These results also mean that the effects of post-
growth annealing on the structural and optical properties 
of films can be isolated and probed because controlled 
compositions were achieved as-grown and maintained 
after annealing. 
Grazing incidence wide-angle X-ray scattering (GIWAXS) 
was used to probe the perovskite-phase purity of each film. 
Figure 4a & Figure 4b show the respective GIWAXS maps 
for as-grown and annealed (PEA)2PbI4 films (x = 0) depos-
ited by RIR-MAPLE. The q values for the diffraction rings 
agree very well between the as-grown (Figure 4a) and 
annealed (Figure 4b) (PEA)2PbI4 film maps, such as the 
innermost ring that corresponds to the (002) reflection at 
q = 0.37 Å-1. This agreement between the as-grown and 
annealed films is consistent for each subsequent reflection 
as evidenced by the rings at higher q values. For all film 

compositions and regardless of annealing, there is some 
crystallographic texture along (00L). GIWAXS was also 
used to observe the film during post-growth annealing to 
capture the evolution of film crystallinity in time, as op-
posed to only before (as-grown, Figure 4a) and after (an-
nealed, Figure 4b) heat treatment. Figure 4c shows 
GIWAXS measurements taken while increasing annealing 
temperature over time on an in-situ heating stage to detect 
any changes in the position, q, and intensity of each reflec-
tion. Aside from small decreases in q consistent with ther-
mal expansion during the annealing process, the 2D perov-
skite (002) reflections remained steady. Further, the posi-
tion and intensity of q were maintained consistently for all 
other film compositions, x = 0.25, 0.5, 0.75, and 1 (Figure 
S7 & Figure 4d). Figure 4d further supports composition 
control by the gradual change of the {002} and (11̄     1̄  ) posi-
tions with increasing bromide compositions. Note that the 
shift is more pronounced for the (11̄     1̄  ) position compared 
to the change in the {002} positions because the (002) 
plane spacing depends mostly on the organic molecule in 
the 2D perovskites with less contribution from the halide. 
In contrast, for the (11̄     1̄  ) plane, the [PbX6]2- octahedra sig-
nificantly impact the in-plane contribution. As X goes from 
I- to Br- the octahedra expands significantly, thereby im-
posing a larger impact on the in-plane shift compared to 
the change in the out-of-plane direction. 
 

 
Figure 4. GIWAXS. GIWAXS measurements for x = 0 films (a) as-grown and (b) annealed. c) GIWAXS measurements of (PEA)2PbI4 
during annealing on the GIWAXS stage from 30 oC to 100 oC at a rate of 1 oC per second. d) Stacked GIWAXS measurements for 
(PEA)2Pb(I1-xBrx)4 films with x = 0, 0.25, 0.5, 0.75, and 1 taken during annealing on the GIWAXS stage (from 30 oC to 110 oC at a rate 
of 1 oC per second for each composition). 
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Post-Growth Annealing 
Overall, the GIWAXS patterns of as-grown and annealed 
films for each composition were indistinguishable (Figure 
S7), indicating that only the perovskite phase is formed 
without significant presence of intermediate or solvent 
complexes or any other secondary phases. It is important 
to note that Quintero et. al found that solvent complexes 
and other non-perovskite peaks were present in as-
deposited films of solution-processed, quasi-2D HOIPs, 
namely (PEA)2MAn-1PbnI3n+1. These non-perovskite phases 
disappeared by the end of annealing, indicating that heat 
treatment is crucial for reduced-dimensional metal halide 
perovskite formation using conventional methods.36 In 
contrast, this work demonstrates that RIR-MAPLE-
deposited (PEA)2Pb(I1-xBrx)4 films show similar crystallini-
ty in both as-grown and annealed films, and post-growth 
annealing is not required to achieve perovskite-phase pure 
films of the PEA-based 2D HOIPs. The rings in the GIWAXS 
images shown in Figure S7 demonstrate that the crystal-
lites in RIR-MAPLE films are randomly oriented with re-
spect to the substrate. Further, this primarily random ori-
entation does not change with annealing. Nonetheless, 
scanning electron microscopy (SEM) (Figure S8) and 
atomic force microscopy (AFM) (Figure S9) images show 
that post-growth annealing has a clear morphological ef-
fect on the (PEA)2Pb(I1-xBrx)4 films deposited by RIR-
MAPLE. As an example, the x = 1 AFM image in Figure S9 
shows that the shape of the morphological features is the 
same in as-grown and annealed films, but the average size 
of the surface features increases with annealing. 
Higher resolution investigation of the crystal structure by 
X-ray diffraction (XRD) was used to reveal subtle effects of 
post-growth annealing (110 oC for 10 minutes) on RIR-
MAPLE-deposited (PEA)2Pb(I1-xBrx)4 thin films. The highest 
intensity peaks in the as-grown (Figure 5a) and annealed 
(Figure 5b) XRD spectra (shown on a log scale) are closely 
aligned with the {002} perovskite reflections, and no sol-
vent complex or PbI2 precursor peaks are observed. Con-
sistent with the GIWAXS measurements, these XRD spectra 
confirm that post-growth annealing is not required to re-
move solvent from the film or to initiate perovskite for-
mation. The (0010) peaks were considered to detect 
smaller differences in phase behavior among compositions 
for as-grown and annealed films, as shown in Figure 5c & 
Figure 5d, respectively. The starkest difference between 
as-grown and annealed films is observed for the x = 0.25 
film. The as-grown x = 0.25 film has a single (0010) XRD 
peak at 27o (Figure 5c), but after annealing, this peak 
splits into two separate peaks (Figure 5d). One of the new 
peaks shifts to the left of the as-grown x = 0.25 (0010) 
peak to 26.77o and the other moves to the right of that po-
sition to 27.16o. Typically, such peak splitting demon-
strates halide phase segregation in mixed halide 3D 
HOIPs,26,27 indicating that the well-mixed x = 0.25 film (un-
der as-grown conditions) separates into an iodide-rich 
phase and a bromide-rich phase upon annealing. Interest-

ingly, the peak splitting does not occur for the other mixed-
halide compositions (x = 0.5 and x = 0.75). 
It is also important to note that after annealing, the (0010) 
peak shifts to slightly higher 2θ values for several compo-
sitions: x = 0 shifts from 27.15o to 27.20o, x = 0.5 shifts 
from 26.60o to 26.67o, x = 0.75 shifts from 26.60o to 26.65o, 
and x = 1 shifts from 26.65o to 26.70o (Figure 5c & Figure 
5d).  Because the perovskite forms during the RIR-MAPLE 
growth process, the observed XRD peak splitting and shifts 
are likely effects of annealing the film after the perovskite 
has fully formed. The inset in Figure 5d depicts a possible 
mechanism for the slight shift in 2θ, namely, some PEA 
cation reorientation and/or improved PEA cation organi-
zation due to annealing that causes the organic bilayer 
thickness to decrease by Δd, which leads to a similar de-
crease in the interlayer spacing, d, and corresponding in-
crease in the 2θ positions of the {002} XRD peaks.  
Comparing as-grown to annealed films as a function of 
composition shows additional differences in film proper-
ties, such as crystallite size and microstrain. These proper-
ties were calculated from the XRD spectra in Figure 5a & 
Figure 5b using the Williamson-Hall method26,67 (see Fig-
ure S10) and are shown in Figure S11. In Figure S11a, 
the x = 0.25 films showed the largest difference in average 
crystallite size, with the as-grown film averaging 117 nm 
and the annealed film averaging 48 nm. While no con-
sistent trend in crystallite size is observed as a function of 
composition or post-growth annealing, it is clear that an-
nealing can change the average, as-grown crystallite size. 
Note that these sizes are along the c-axis, normal to the 
quantum well layers. In Figure S11b, smaller microstrain 
values are observed primarily in annealed films as op-
posed to the as-grown counterparts, suggesting that post-
growth annealing promotes structural relaxation. The mi-
crostrain difference between as-grown and annealed films 
is largest for the x = 0.25 case: 0.60% vs 0.10%, respective-
ly. The large microstrain in the as-grown x = 0.25 film is 
likely due to incipient compositional separation related to 
the halide phase segregation observed in the annealed x = 
0.25 film. Further, the larger difference in microstrain for x 
= 0.25 compared to other compositions, along with the 
reduced crystallite size (Figure S11), suggest a relaxation 
of the film whereby two distinct structural phases, with 
smaller crystallite sizes, comprise the relaxed state due to 
post-growth annealing. 
To further investigate annealing effects on the perovskite 
crystal structure, films were annealed at a higher tempera-
ture of 150oC for 10 minutes and characterized by XRD 
(Figure S12 & Figure S13). Annealing at higher tempera-
ture led to the development of non-perovskite XRD peaks 
(# and *) for (PEA)2PbI4 and all mixed halide compositions 
(Figure S12a): x = 0, x = 0.25, x = 0.5, and x = 0.75. The 
peaks at 13o and 39o (*) are characteristic of PbI2, indicat-
ing degradation of the perovskite structure after annealing 
at 150oC.68 PbI2 peaks are observed for x = 0, 0.25, and 0.5, 
but not for x = 0.75 and 1 which have a greater bromide 
content. Also, PbBr2 peaks are not observed for any  
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Figure 5. X-ray Diffraction. XRD spectra on a logarithmic scale for (a) as-grown and (b) annealed (PEA)2Pb(I1-xBrx)4 films. The 
(0010) XRD peaks for (c) as-grown and (d) annealed (PEA)2Pb(I1-xBrx)4 films. Dashed lines in (a) & (b) indicate {002} reflections 
for as-grown and annealed x = 1 films, respectively. Dashed lines in (c) & (d) indicate the (0010) peak location for x = 1 and x = 0 
as-grown films. (Inset) Schematic of PEA cation reorientation in (PEA)2Pb(I1-xBrx)4 films, where the PbI62- is yellow and the PEA+ 
cations are portrayed in blue. 

composition or annealing condition, suggesting that bro-
mine prefers to remain within the perovskite structure 
while iodine migrates.  The peaks at 7o and 14o (#) are 
strongly characteristic of PEA-intercalated PbI2.69 These 
non-perovskite peaks were most prominent in the x = 0.25 
film (Figure 6a). A closer look at the (0010) XRD peak for 
x = 0.25 (Figure 6b and Figure S13b) shows that while 
the (0010) peak becomes a single peak again at the higher 
annealing temperature (150oC), the corresponding 2θ val-
ue decreases such that it is more aligned with the value 
expected for x = 1, (PEA)2PbBr4, Overall, annealing at high-
er temperature did not reverse the peak splitting in the x = 
0.25 film such that it returned to the well-mixed state of 
the as-grown film. While the XRD peak splitting was only 
observed for the x = 0.25 film as a result of low-
temperature annealing at 110 oC, all three mixed-halide 
films showed peaks strongly characteristic of PEA-
intercalated PbI2 after the higher temperature annealing, 
150 oC (Figure S13b-d).  

In order to explain the observations presented for the ef-
fects of post-growth annealing and mixed halide composi-
tion on 2D PEA-based HOIP films deposited by RIR-MAPLE, 
a possible crystal structure transformation is proposed. It 
is likely that during annealing, iodide escapes from the 
mixed-halide perovskite crystal structure (e.g., similar to 
Mosconi et al.70 and explained in reports by Boyd et al.71 
and Wang et al.30). That the iodide leaves while bromide 
remains is plausible because perovskite crystal stability 
generally increases with bromide content.69 Consequently, 
the iodide-based structure degrades into PEA-intercalated 
PbI2. Therefore, the mixed-halide structure could degrade 
due to higher temperature annealing such that PbI2 XRD 
peaks68 appear and the crystal forms an intercalated struc-
ture of PEA cations within PbI2 sheets. Thus, the primary 
impact of post-growth annealing on (PEA)2Pb(I1-xBrx)4 thin 
films deposited by RIR-MAPLE is a combination of struc-
tural degradation and transformation. 
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Figure 6. High Temperature Annealing Effects. (a) XRD spectra and (b) (0010) XRD peak of (PEA)2Pb(I0.75Br0.25)4 films under 
different conditions: as-grown (unannealed), annealed at 110  oC for 10 minutes, and annealed at 150 oC for 10 minutes. (#) peaks 
are characteristic of PEA-intercalated PbI2 and (*) peaks are characteristic of PbI2. The dashed lines in (a) are aligned with the as-
grown (002) reflection XRD peaks for reference. The dashed line in (b) is aligned with the as-grown x = 0.25 (0010) XRD peak for 
reference.

Mixed-Halide Crystal Structure 
Determining whether the mixed-halide structures mimic 
either pure halide structure or are something entirely dif-
ferent is crucial to illustrate how these 2D mixed-halide 
HOIPs change due to annealing or composition. First-
principles total energy calculations of the alloy configura-
tional space associated with the halide atoms were carried 
out to investigate the likely configurations of (PEA)2Pb(I1-

xBrx)4. Technical specifics of the first-principles assessment 
are provided in the Methods section. Two different mo-
lecular configurations were considered as starting points 
for mixed-halide model structures at x = 0.25, 0.5, and 
0.75, namely the two distinct molecular arrangements of 
the pure halide endpoint structures (PEA)2PbI4 (x = 0) and 
(PEA)2PbBr4 (x = 1) as shown in Figure 2. Since (PEA)2PbI4 
and (PEA)2PbBr4 prefer different organic stacking patterns 
and the nature of their cross-over as a function of halide 
composition is unknown, both the (PEA)2PbI4 and 
(PEA)2PbBr4 structures’ organic stacking patterns were 
used as templates, individually, to build the mixed halide 
crystal structures. The (2 × 2) × 2 template unit cell (Fig-
ure S5d) was used, which can represent the unit cell of 
both the (PEA)2PbBr4 and of the (PEA)2PbI4 end point 
structures. The (2 × 2) × 2 unit cell has 376 total atomic 
sites, 40 of which can be occupied by halide atoms. The 
mixed halide crystal structure configuration space was 
constrained to have the same halide pattern in each inor-
ganic layer of the (2 × 2) × 2 unit cells, i.e., assuming spa-
tial homogeneity and neglecting the possibility of Br-I sep-
aration in adjacent planes. Each individual inorganic plane 
has two different types of halide sites, namely an equal 
number of equatorial (eq.) ones and axial (ax.) ones, as 
shown in Figure 7(c). It is conceivable that there might be 
a preference for either eq. or ax. sites by different halide 
anions. To evaluate this hypothesis, three different types of 
halide site configurations were considered in the computa-
tional models: 

 (1) "Br → Ax." denotes configurations in which the bro-
mine atoms preferentially occupy the axial sites. For x = 
0.25 and 0.5, such configurations do not require any Br− 
anions to reside in equatorial sites. For x = 0.75, all axial 
sites are filled with Br− and, additionally, half of the equa-
torial sites are occupied by Br−.  
(2) "Br → Eq." denotes configurations in which the bro-
mine atoms preferentially occupy the equatorial sites. For 
x = 0.25 and 0.5, such configurations do not require any Br− 
anions to reside in axial sites. For x = 0.75, all equatorial 
sites are filled with Br− and, additionally, half of the axial 
sites are occupied by Br−.  
(3) "Br → Ax./Eq." denotes configurations in which Br− and 
I− configurations are evenly distributed between equatori-
al and axial sites.  
In total, sixty-eight distinct (PEA)2Pb(I1-xBrx)4 configura-
tions were considered, explained in detail in Supplemen-
tary Note II and illustrated in Figure S14. 
Based on the aforementioned configurations, a formation 
energy diagram was calculated to provide insight into the 
mixed-halide structures that are most likely to occur (Fig-
ure 7). The first-principles total energy (Etot) of each 
mixed-halide structure was obtained for fully optimized 
DFT-PBE+TS and then used to compute the formation en-
ergy (Eform) of each mixed-halide configuration, using the 
experimentally known end point structures as a reference. 
Considering that there are 40 halide sites in the (2 × 2) × 2  
unit cell, the following equation was used to calculate the 
formation energy (Eform) of each proposed structure con-
figuration:  
      
𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑥𝑥)

ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
=

[𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 (𝑥𝑥) − 𝑥𝑥 ×  𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 (𝑥𝑥 = 1) − (1 − 𝑥𝑥)  ×  𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 (𝑥𝑥 = 0)]
40

       (1) 
 
In Equation 1, Etot(x) is the total energy of (PEA)2Pb(I1-

xBrx)4 where x is the bromide content (0, 0.25, 0.5, 0.75, or 
1). Etot(x=1) is the total energy of (PEA)2PbBr4 and Etot(x=0) 
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is the total energy of (PEA)2PbI4. Each point in the for-
mation energy diagram in Figure 7 represents a different 
possible structure configuration for the corresponding 
mixed-halide composition. The mixed-halide structures 
using the (PEA)2PbI4 and (PEA)2PbBr4 templates are 
shown in red and blue, respectively. For each template, 
mixed halide configurations structures in the three sub-
subspaces, Br → Eq., Br → Ax., and Br → Eq./Ax., are repre-
sented by diamond, circle, and triangle points, respectively. 
The zero-energy line at 0 meV/atom connects the end-
points of the two pure halide compositions, x = 1 and x = 0. 
The formation energy diagram shows that the lowest en-
ergy structures are from the "Br → Eq." subspace and they 
are based on the (PEA)2PbBr4 template. Thus, Br− prefers 
to occupy the equatorial sites, qualitatively in line with the 
larger radius of I−, which likely finds lower-strain positions 
at the axial sites. A similar result for preferential bromine 
orientation was observed by Brivio et al.72 for the mixed-
halide methylammonium structure, MAPb(BrxI1-x)3.  
Interestingly, the formation energy diagram in Figure 7 is 
fully consistent with the observation that XRD peak split-
ting, after annealing, occurs in the x = 0.25 films but not in 
the x = 0.5 or x=0.75 films. Specifically, the convex hull of 
the computed formation energies (green line in Figure 7) 
includes individual alloy configurations at the x = 0.5 or x = 

0.75 as ground states. In contrast, none of the alloy config-
urations considered here reach the convex hull at x = 0.25. 
This means that, within the configuration space considered 
here, the thermodynamic ground state of the system at x = 
0.25 is the phase-separated limit of distinct domains of 
(PEA)2Pb(I1-xBrx)4 with x = 0 and x = 0.5. In other words, 
the x = 0.25 is more likely to segregate into I-rich and Br-
rich domains than the x = 0.5 and x = 0.75, for the configu-
rations considered. This computational result is consistent 
with the experimental XRD spectra in which peak splitting 
only occurs for x = 0.25 (Figure 5d and Figure 6b). In con-
trast, the x = 0.5 and 0.75 structures show negative for-
mation energies that sit on the convex hull, suggesting that 
the structures are unlikely to segregate into I-rich and Br-
rich domains. It is important to note that the diagram in 
Figure 7 does not include finite-temperature effects, e.g., 
associated with the vibrational or configurational entropy. 
Furthermore, the energy difference between the lowest-
energy microscopically mixed x=0.25 alloy configuration 
and the convex hull in Figure 7 is very small, consistent 
with the idea that a long-term metastable x=0.25 mixed 
alloy configuration may initially form and would only 
phase-segregate into the thermodynamically slightly more 
advantageous form of separate domains after annealing 

 
Figure 7. Formation Energy Diagram. a) Formation energies of fully relaxed (PEA)2Pb(I1-xBrx)4 structures calculated by 
DFT-PBE+TS. b) Zoomed formation energy diagram of the lowest-energy configurations found. Inset in b) Two degenerate 
lowest-energy configurations of (PEA)2Pb(I0.25Br0.75)4. c) Definition of equatorial and axial halide positions in a single inor-
ganic layer of (PEA)2PbI4. In the atomic structure cartoons, I atoms are shown as purple spheres, Br atoms as orange 
spheres, and Pb atoms as grey spheres, while the molecules are omitted for visual clarity. In (a) and (b), data points for 
mixed-halide structures based on the x = 0 template are shown in red and corresponding data points for structures based 
on the x = 1 template are blue. Note that energy points for the mixed-halide compositions x = 0.25 and x = 0.75 are slightly 
offset from the corresponding Br content line to clearly show all of the data points. For each template, mixed halide configu-
rations structures in the three sub-subspaces, Br → Eq., Br → Ax., and Br → Eq./Ax. configurations as defined in the text are 
represented by diamond, circle, and triangle points, respectively. (The atomic structures of the lowest energy structures of 
(PEA)2Pb(I1-xBrx)4 for x = 0.25, 0.5, and 0.75 can be found in the HybriD3 database of organic-inorganic semiconductors at 
https://materials.hybrid3.duke.edu under data set ID numbers 1905 (x = 0.25), 1906 (x = 0.5), 1907 (x = 0.75), 1908 (x = 
0.75). The end point structures (x = 0 and x = 1) are also in the database under data set ID 1901 & 1902 (x = 0) and 1900 
&1903 (x = 1). These structures are included in the SI as well.)  
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Emission and Absorbance Properties 
Overall, the optical properties of (PEA)2Pb(I1-xBrx)4 films 
deposited by RIR-MAPLE shown in Figure 8 demonstrate 
the expected tunability of the bandgap based on the mixed-
halide composition. The excitonic photoluminescence (PL) 
peaks for the as-grown and annealed films for the x = 0 and 
x = 1 compositions are essentially the same (for each com-
position, respectively) with minimal differences in the 
FWHM linewidths. For the x = 0.25, x = 0.5, and x = 0.75 
compositions, the annealed film PL peaks are blue-shifted 
compared to the as-grown counterparts. However, in each 
case, the Stokes shift decreases upon annealing because 
the corresponding absorbance peaks red-shift compared to 
the as-grown absorbance peaks. When compared to the 
pure iodide and pure bromide films, the mixed halide films 
(both as-grown and annealed for x = 0.25, 0.5, and 0.75) 
have larger Stokes shifts. The larger Stokes shifts indicate 
that the mixed-halide films undergo greater energy losses 
during excitation than either pure halide structure. In ad-
dition, the FWHM linewidth of the mixed-halide PL spectra 
increases with increasing bromide content. Because the 
Stokes shifts and FWHM linewidths do not trend monoton-
ically with bromide content, the optical properties of the 
mixed halide films provide additional experimental evi-
dence that the mixed-halide crystal structures do not re-
flect the expected properties of a simple, ideal random 
mixture. 
Another important observation that warrants further dis-
cussion is the extremely broad PL spectrum of the x = 0.75 
films. The as-grown PL spectrum in Figure 8 shows two 
distinct peaks at 2.8 eV and 2.5 eV (the latter of which be-
comes a shoulder for the low-temperature annealed film). 
Most likely, these PL features are not due to halide phase 
segregation because the XRD spectra (Figure 5c & Figure 
5d, Figure S13i) show no evidence for segregation in the x 
= 0.75 film annealed at 110 oC. Also, halide segregation is 
not favorable because the lowest energy x = 0.75 structure 
sits on the convex hull, as shown in Figure 7. Interestingly, 
however, this study found two distinct Br/I configurations 
that are energetically degenerate at x=0.75 (shown as in-
sets in Figure 7b). One possible hypothesis is therefore 
that the PL features are characteristic of two types of octa-
hedra that exist simultaneously within the x = 0.75 struc-
ture and correspond to the two lowest energy x = 0.75 
crystal structures shown in Figure 7b (Inset). This hy-
pothesis is further investigated by comparing the calculat-
ed bandgap of both configurations to the measured photo-
luminescence of x = 0.75. Specifically, the Heyd-Scuseria-
Ernzerhof (HSE06) functional including spin-orbit cou-
pling (HSE06+SOC) was used to predict the band structure 
for the two lowest-energy x = 0.75 structures (Figure 9). 
Indeed, two distinct band gap values, at 2.682 eV and 2.594 
eV, are found for the two different configurations. Alt-
hough the 0.1 eV band gap difference found in the hybrid 
DFT calculations is not as large as the experimentally ob-
served difference of PL features at 2.817 eV and 2.541 eV 
in the x = 0.75 spectrum (Figure 8), it is nevertheless sub-

stantial. Unlike in the experiments, excitonic effects are not 
included in the calculations (more accurate many-body 
treatments such as the Bethe-Salpeter Equation based on 
the GW approximation are currently not yet affordable for 
the system sizes at issue here). Thus, the idea of two dif-
ferent types of Br/I decorated octahedra and/or two dif-
ferent, competing ordered structures at x = 0.75 is certain-
ly consistent with the band structure results obtained by 
hybrid DFT.  

 

Figure 8. Photoluminescence and Absorbance. PL (solid 
lines) and UV-Vis absorbance (dashed lines) spectra of as-
grown and annealed (PEA)2Pb(I1-xBrx)4 films for x = 0, 0.25, 
0.5, 0.75, and 1. (Inset) Photographs of films under UV excita-
tion for each composition. Photographs of films under normal 
light are included in Figure S15. 

To help explain the unique observations for the x = 0.75 PL 
spectra, the Heyd-Scuseria-Ernzerhof functional including 
spin-orbit coupling (HSE06+SOC) approach was used to 
predict the band structure for the two lowest-energy x = 
0.75 structures determined corresponding to two kinds of 
Pb-halide octahedra (Figure 9). The two structures shown 
have direct band gaps at 2.682 eV and 2.594 eV, which 
possibly explains the experimentally observed PL features 
at 2.817 eV and 2.541 eV in the x = 0.75 spectrum (Figure 
8). 
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Figure 9. Band Structure for x = 0.75. Band structures and 
species projected density of states (DOS) of the two lowest-
energy (PEA)2Pb(I0.25Br0.75)4 structures, calculated by DFT-
HSE06+SOC. 

CONCLUSIONS 
In summary, RIR-MAPLE produced high-quality crystalline 
phases of mixed-halide PEA based layered perovskites – 
(PEA)2Pb(I1-xBrx)4 for x = 0, 0.25, 0.5, 0.75, and 1 – in a fac-
ile thin film deposition process. Surprisingly, post-growth 
annealing is not required to achieve these compositionally 
well-mixed and perovskite phase-pure films (as demon-
strated by the TOF-SIMS, EDS, and GIWAXS characteriza-
tions). In fact, XRD analysis revealed that post-growth an-
nealing (especially at higher temperatures) is detrimental 
in that it promotes degradation and/or halide phase segre-
gation. 
First principles calculations show good agreement be-
tween computationally predicted and experimentally 
known crystal structures of the pure end point composi-
tions (x = 0 and x = 1). Furthermore, the molecular ar-
rangement associated with (PEA)2PbBr4 is energetically 
preferred for x = 0.25, 0.5, and 0.75, and only the (PEA)-
2PbI4 end point structure shows a different molecular ar-
rangement. In the inorganic layers, bromine prefers to oc-
cupy equatorial positions in the Pb-X octahedra as opposed 
to the axial positions.  
Regarding miscibility, the alloyed structures are predicted 
to be energetically preferred for x = 0.5 and x = 0.75, 
whereas a weak miscibility gap around x = 0.25 results in 
the computations. The predictions were consistent with 
experimental data showing that, after post-growth anneal-
ing, XRD peak splitting occurred for the x = 0.25 film but 
not the x = 0.5 or x = 0.75 films indicating some halide 
phase segregation in the x = 0.25 film.  

Moreover, the PL spectrum for the x = 0.75 had two fea-
tures while the x = 0.25 and x = 0.5 spectra only had one 
peak each. The theoretical band structure for the x = 0.75 
film supported the hypothesis that the two features in the 
PL spectra might be characteristic of two different but sim-
ilarly likely x = 0.75 crystal configurations simultaneously 
present in the film. 
The key finding of this study is that one must consider the 
distinct site and ordering preferences of n = 1 mixed-halide 
perovskites in order to understand and rationally tune 
their properties. The miscibility gap observed around x = 
0.75 correlates directly with the preference of the larger I− 
anions to occupy axial rather than the spatially more con-
strained equatorial sites, coupled with the different molec-
ular orientation preferences that distinguishes the pure 
iodide phase (x = 0) from the bromide containing phases (x 
≥ 0.5). Likewise, distinct I− configurations on the axial sites 
are preferred over others for x = 0.75 and can shape the 
observed optoelectronic properties. Without considering 
these preferences, one would miss the key driving force 
that shapes the materials' properties as they age and 
evolve to their thermodynamically preferred configura-
tions. Overall, RIR-MAPLE was critical to enable isolation 
of post-growth annealing effects from compositional ef-
fects on the mixed-halide crystal structures to elucidate 
this nuanced behavior in the 2D mixed-halide HOIPs. 
 
EXPERIMENTAL METHODS 
Materials 
The organic salts, phenethylammonium iodide (C8H12IN, 
>99% purity) and phenethylammonium bromide 
(C8H12BrN, >99% purity), were purchased from Sigma-
Aldrich Corp. (now MilliporeSigma). The metal halides, 
lead (II) iodide (PbI2, 99.999% purity) and lead (II) bro-
mide (PbBr2, 99.999% purity), were purchased from To-
kyo Chemical Industry Co., Ltd. (TCI).  Anhydrous dimethyl 
sulfoxide (DMSO) and anhydrous monoethylene glycol 
(MEG) were purchased from Sigma-Aldrich Corp. (now 
MilliporeSigma). Soda-lime glass substrates were pur-
chased from VWR International, LLC. All materials were 
used as received without further purification. 
Perovskite Thin Film Fabrication 
Thin films of (PEA)2Pb(I1-xBrx)4 were grown from 22mM 
precursor solutions using resonant infrared, matrix-
assisted pulsed laser evaporation. The target solutions 
were comprised of (PEA)I, (PEA)Br, PbI2, and PbBr2 in 1:1 
DMSO:MEG by volume. The solutions were mechanically 
mixed at room temperature for approximately 5 minutes 
until the precursor materials were visibly dissolved in the 
solvents. The substrates were 2 cm x 2 cm of SiO2 glass. 
The solution is placed into the target cup in the growth 
chamber and cooled to -196oC under vacuum (approx. 2 e-
5 Torr). Once the target solution is frozen, an Er:YAG laser 
(2.94 μm) is used to remove the top layer of the frozen 
target that is primarily solvent. Regarding the frozen tar-
get, it is unlikely that the precursors react in solution to 
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form perovskite clusters or nanoparticles prior to freezing 
because a film formation study has shown that perovskite 
is not present in the film until at least 10-40 minutes of 
deposition by RIR-MAPLE.48,73  Thus, the laser rasters back 
and forth across the surface of the frozen target to subli-
mate the MEG in the solution, ejecting the precursor mate-
rial up onto the substrate spinning in the holder 7 cm 
above the target cup. The substrate temperature is not 
controlled and remains at approximately 10oC while in the 
cooled growth chamber. Each film was deposited in the 
growth chamber for 4 hours, and then transferred to the 
load lock. The samples remained in the load lock under 
turbo vacuum (2 e-5 Torr) for 1 hour before being re-
moved from the RIR-MAPLE system. The as-grown films 
were completed at that time and measured using XRD. The 
annealed films were annealed at 110oC for 10 minutes on a 
hot plate in an N2 environment before being transferred to 
the XRD stage for measuring. 
Time-of-Flight, Secondary Ion Mass Spectrometry 
(TOF-SIMS) 
TOF-SIMS measurements were taken on a ION-TOF TOF-
SIMS V instrument using standard profiling and the MCs+ 
method.74,75 For standard profiling, the beam resolution is 
around 3-5 microns, but still large scale lateral variation in 
some species can be observed in this mode if they are pre-
sent. Measurements were taken over a 50 x 50 μm2 analy-
sis area using a 30 keV Bi3+ primary ion beam, and a 1 keV 
Cs sputter beam rastering over a 150 μm x 150 μm area. 
Measurements were completed by profiling from the top 
surface of the film (x = 0 nm) down through the depth of 
the film past the substrate/film interface at approximately 
x = 300 nm. The MCs+ method is outlined by Harvey et al. 
and uses clusters of iodine and bromine with cesium from 
the sputter beam for enhanced halide sensitivity in posi-
tive polarity. In this work, the secondary ion cluster Cs3Br2 
is reflective of Br+ and Cs3I2 reflects I+; each cluster has a 
higher signal than just the respective halide ion peak. C2H3+ 
clusters were measured to track the PEA in the film. Si+ 
reflects the SiO2 glass substrate, and Pb+ reflects the lead in 
the film. 
Grazing Incidence Wide Angle X-ray Scattering and X-
ray Diffraction 
GIWAXS measurements were taken of 1 x 1 cm2 samples 
using beam line 11-3 of Stanford Synchrotron Radiation 
Lightsource (SSRL) at the SLAC National Accelerator La-
boratory. The source has an energy of 12700 eV and 0.15 x 
0.05 mm spot size. A 73.242 μm x 73.242 μm Raxyonics 
225 detector was used. In-situ GIWAXS measurements 
were taken while the films were annealed on the GIWAXS 
stage from 30o to 100oC at a rate of 1oC per second. The in-
situ measurements took approximately 90 seconds during 
which time the samples remained on the stage in a helium 
environment. Each film was only heated once to mimic the 
post-growth annealing process during annealed film fabri-
cation process. Igor Pro with NIKA and WAXStools were 
used to process and analyze the data. 

XRD spectra were acquired using a Panalytical Empyrean 
X-ray diffractometer with Cu K-α radiation. The operating 
voltage was 45 kV and the current was 40 mA. Continuous 
scans were taken from 2.5 to 70 degrees. 
Energy Dispersive X-ray Spectroscopy (EDS) 
Energy dispersive x-ray spectroscopy measurements were 
taken at SLAC National Accelerator Laboratory using the 
Stanford Synchrotron Radiation Lightsource (SSRL). 
Scanning Electron Microscopy and Atomic Force Mi-
croscopy 
Scanning electron microscopy (SEM) images were ac-
quired using an Apreo S system by ThermoFisher Scien-
tific. The accelerating voltage was 2 kV and the beam cur-
rent ranged from 25 pA to 1nA in order to improve the 
image quality. Secondary ions were detected using an 
Everhart-Thornley detector. Atomic force microscopy 
(AFM) images were taken using a Digital Instruments Di-
mension 3100 system by Bruker. Films on 1 cm x 1cm 
glass substrates were placed onto the instrument stage in 
an ambient air environment for imaging. The images were 
taken of 5 μm x 5 μm areas in several different locations on 
the film. Tapping mode was used to limit contact between 
the tip and the film. AFM images were then processed us-
ing Gwyddion software. 
UV-Vis Absorption and Photoluminescence 
Ultraviolet-visible (UV-Vis) absorption spectra were ac-
quired using a Shimadzu UV-3600 spectrophotometer. 
Samples of films on glass substrates were measured. Pho-
toluminescence (PL) spectroscopy measurements were 
taken using a Horiba Jobin Yvon LabRam ARAMIS system. 
All films were excited using a 325 HeCd laser source with a 
1% filter. Samples were kept in ambient air conditions for 
both sets of optical measurements. 
First-Principles Calculations  
The first-principles calculations were carried out with the 
high-precision, all-electron electronic structure code FHI-
aims.62–66  In particular, this code enables large-scale, spin-
orbit coupled hybrid density functional calculations for 
energy band structures, needed in this work (see below). 
Unit cell sizes containing up to 376 atoms were consid-
ered, as explained in Figure S5. For all pure- and mixed-
halide structures, atomic positions and lattice vectors were 
first computationally optimized using van der Waals cor-
rected semi-local density-functional theory (DFT), until the 
structure corresponded to a local minimum of the Born-
Oppenheimer potential energy surface. Specifically, the 
semilocal Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional60 was combined with the Tkatchen-
ko-Scheffler (TS) pairwise dispersion scheme61 to deter-
mine local minimum-energy structures and FHI-aims “in-
termediate” numerical defaults and 3×3×1 reciprocal-
space grids were used. The usage of “intermediate” basis 
set and 3×3×1 reciprocal-space grids for structure optimi-
zation was validated by comparing with a more stringent 
parameter setting, “tight” basis set with 4×4×2 k-grids, as 
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shown in Table S5. The deviation of lattice parameter be-
tween these two computational settings is less than 0.1 %, 
i.e., negligible.  The magnitude of any residual energy gra-
dient as a function of atomic position or lattice vector was 
required to be below 0.005 eV/Å. For the fully relaxed 
structures, energy band structures were calculated using 
the Heyd-Scuseria-Ernzerhof (HSE06) hybrid density func-
tional76,77 including spin-orbit coupling (SOC) in a second-
variational approach that was extensively benchmarked in 
past work.63 The exchange mixing parameter of the HSE06 
functional was fixed at 25% and the screening parameter 
was fixed at Ω = 0.11 (Bohr radii)−1. Using this fixed ver-
sion of the parameters in the HSE06 density functional 
avoids a system-specific parameterization, retaining in-
stead a single form that allows one to compare energy 
band structures across different structures in this work as 
well as in the literature78–81. For the band structures, FHI-
aims’ “intermediate” settings and dense k-point grids of 
4×4×3 were used as done, e.g., in Liu et al.78 The overall 
computational approach used here has been shown to 
yield results in excellent qualitative agreement with exper-
imental observations in past work by some of this 
group.49,78,80,82 The calculations used in this work’s compu-
tational approach can be found in the NOMAD repository 
(https://nomad-lab.eu/prod/rae/gui/search?order=-
1&order_by=authors&per_page=100&results=entries&vis
ualiza-
tion=elements&upload_id=nT82rxFGSgCZvD5aNaduiw). 
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