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ABSTRACT. Mixed-halide hybrid organic inorganic perovskites have band gaps that span the
visible spectrum making them candidates for optoelectronic devices. Diffusion of the halide atoms
in methyl ammonium lead iodide (MAPDI3) and its alloys with bromine has been observed in both
dark and under illumination. While halide transport upon application of electric fields has received
much attention, less is known regarding bromide and iodide interdiffusion down concentration
gradients. This work provides an upper bound on the bromide-iodide interdiffusion coefficient D;
in thin films of (MAPbBr«lix); using a diffusion couple of a lateral heterostructure. The upper
bound of D; was extracted from changes in the interface profiles of the heterostructures upon
exposure to heat. The stability of thoroughly-heated interfacial profiles suggests that the miscibility
gap extends to higher temperatures and to a higher fractional composition of bromine than
predicted by theory. The results of this work provide guidance for compositions of thermally stable

heterostructures of hybrid halide perovskites.

Key words: halide perovskite, mixed halide, diffusion, phase diagram, heterostructure, halide
substitution, diffusion couple.



INTRODUCTION

Hybrid halide perovskites have recently emerged as candidates for optoelectronic applications
because they exhibit solar cell efficiencies similar to those of crystalline silicon,!? are solution
processable, and are made from inexpensive, earth-abundant materials.>® Hybrid halide
perovskites have an ABX3 structure, where A is a cation (e.g. Cs*, CH3NH;3*, CHsN,"), B is a
metal (e.g. Pb, Sn, Bi) and X is a halide. Mixed A-site cations and halides can be used to tune the
optical gap and structure near room temperature; the resulting alloys have the highest power
conversion efficiency in solar cells.!"”~'* Films of nanocrystals of alloys are efficient light emitters,
with quantum yields up to 90 %,'> and have been explored for LED applications.'® Despite the

17 which negatively impacts the

successes of alloys, halides can diffuse in hybrid perovskites,
performance of devices. Hysteresis in the current-voltage characteristics of solar cells is attributed
to halide migration.'®!” Mixed bromide-iodide perovskites can phase separate into I-rich and Br-
rich domains upon light exposure,?**! leading to instabilities in the performance of Br-rich
perovskite solar cells.3>*7 A thorough understanding of halide movement in mixed-halide
perovskites is therefore desirable for future design of efficient devices.

While much progress has been made towards understanding the mechanisms and kinetics of
light-induced phase separation,?’-3! the diffusion of halides in MAPb(Br.l;-); without illumination
is not as well understood. Many studies have focused on ion/vacancy movement in response to an
electric field,'®*%4® rather than on ion/vacancy movement down a concentration gradient.?>*
Recent work has elucidated interdiffusion behavior of bromide and chloride in CsPb(BrxCli.x)3
nanowires;*>* however, interdiffusion in Br-I systems has been less explored. Halide

interdiffusion constants were previously extracted from CsPbBr;-MAPbI; #° and PbBr,-MAPbDI;

2% heterostructures, where distances travelled by the halides in a given time enabled calculation of



the diffusion constant.?>*° However, halide interdiffusion in CsPbBr;-MAPbI; and PbBr,-MAPbI;
may differ from that in pure MAPbX3 because of differences between the phase diagrams of the
systems. Studies of Br-I interdiffusion in the MAPb(Br.li-x); system are further complicated by

31-52 where compositions within the gap phase-separate into 1-

the prediction of a miscibility gap,
rich and Br-rich regions, impeding halide interdiffusion down concentration gradients.

Here, we examine interdiffusion of halides in diffusion couples with varying composition of
MAPbBH(Br,l1-x)3 at temperatures relevant to electronic devices. Using a halide substitution
procedure, we fabricated lateral heterostructures of hybrid halide perovskite thin films and
examined changes in the interfacial profiles upon exposure to heat and light. The stability of
interfacial profiles confirmed that the interdiffusion coefficients D; at temperatures relevant to
device operation are low, and suggests that the MAPb(Br.l1-r); miscibility gap extends to higher
temperatures and more Br-rich compositions than expected based on computational models. These

results suggest compositions where it is possible to form heat-stable heterostructures of

MAPb(Br.li-.)s.



RESULTS AND DISCUSSION
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Figure 1. Fabrication procedure for perovskite-perovskite heterostructures.

To fabricate a diffusion couple comprising a lateral heterostructure of two compositions of
MAPDb(Br.l1-x)3, we used a two-step process. First, we spin-coated an I-rich perovskite thin film
and then we used a halide exchange reaction to form the heterostructure.”> We sought a
methodology that would reflect the crystallinity and microstructure of thin films typically used in
devices. Other heterostructures or halide gradients have been formed by processes including
solution exchange,* placement of microplates on top of nanowires,* activation of phase
separation/domain merging in single crystal nanowires using light,?* electron-beam lithographic
patterning of nanowires,” and contacting nanowires with single crystals.’® While lithographic
patterning enables fabrication of very sharp patterns, developers and electron beams may cause
sample damage and/or introduce vacancies in the hybrid halide perovskites.>” Modification of the
halide composition using precursors in solvent may also impact the crystallinity of the substituted
layer due to recrystallization. We therefore selected substitution by reaction with a vapor of Br; to

ensure that the I-rich and Br-rich perovskites had similar morphology and grain size,>® which is



desirable for interdiffusion studies. As with many substitution procedures, the number of vacancies
in the Br2-exposed side may change relative to that on the masked side, which could change the
rates of interdiffusion in these two areas relative to other methods.

The procedure to form lateral heterostructures is shown in Figure 1. lodine-rich perovskites
were spin-coated onto quartz substrates. We chose an I-rich perovskite spin-coating procedure that
yields 17% solar cell efficiency for MAPbI;, before any halide substitution (Figure S1). A = 450
um-thick PDMS conformal mask was then laid on top of the thin film of MAPb(Br:li-)3, thus
covering half of the 1.5 cm X 1.5 cm X 300 nm thin film. The masked film was exposed to bromine
vapor (= 0.48 atm) in a nitrogen environment. The PDMS acted as a barrier to the bromine vapor
and the exposed areas were allowed to react fully with the vapor, yielding MAPbBr3. Consistent
with previous reports,>* the reaction was complete within one minute, indicating rapid reaction of
Br, with MAPbI;. The PDMS was then peeled off, leaving behind a lateral heterostructure of
MAPbBH(Br:l1-1)3lMAPbBr;. We focused on heterostructures with three compositions:
MAPbDI3MAPbBr3, MAPb(Bro.12l0.83)3iMAPbBr3, and MAPb(Bro.70l0.30)3MAPbBr3. These are
hereafter referred to as xpr = 0|1, xg: = 0.12]1, and xg: = 0.70|1 heterostructures respectively. We
chose to examine the response of iodine-containing phases xg: = 0.12 and xg; = 0.70, in addition to
that of xgr = 0, because these are at the approximate locations of the binodal lines at room-

temperature predicted by calculations using density functional theory.>!
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Figure 2. (a) XRD patterns of the MAPbI;-MAPDbBr; heterostructure (xs- = 0|1 - black trace (1)), of
simulated MAPDI; (orange trace (2)), of simulated MAPbBTr; (blue trace (3)), and the quartz substrate (gray
trace). Simulations were performed using the /4/mcm structure of MAPbI; *® and using the Pm-3m structure
of MAPbBr;.2° The dotted gray lines are guides for the eye, and the black * indicate additional peaks arising

from Tungsten (1.4764 A) and CuKp (1.3926 A) contamination in the X-Ray source. (b) UV-Vis spectra
of the MAPDbI;-MAPbBT3 heterostructure, of spin-cast MAPDI; and of spin-cast MAPbBTs3.



The conformal mask and substitution by Br> vapor led to complete exchange of the halide along
with an interfacial region (70 - 100 microns wide) of mixed composition; examination of changes
along this interfacial region in response to heat was used to analyze phase behavior in
MAPbBH(Br:l1-x)3, as will be discussed later. Formation of the desired heterostructures was
confirmed via X-Ray Diffraction (XRD), UV-Vis spectroscopy (Figure 2), Scanning Electron
Microscopy (SEM — Figure 3) combined with Energy-Dispersive X-ray analysis (EDX — Figures
S2, S3 and S4) and confocal microscopy (Figures 3 and S5). XRD of the entire film of an xp; =
0|1 heterostructure displayed peaks corresponding to both MAPbI; and MAPDbBT3, indicating full
replacement of the iodine with bromine (Figure 2a). Similarly, the UV-Vis spectrum of an xg; =
0|1 heterostructure displayed increased absorption at the onsets of the MAPbI; and MAPbBr13
bandgaps (Figure 2b). XRD and UV-Vis characterization for the xg: = 0.12|1 and xg, = 0.70]1
heterostructures also confirmed formation of the desired phases (Figure S6). Plan view SEM of
xar = 0|1 revealed the local structure of the interfacial region (Figure 3a). The films comprised =
300 nm grains contained in large, continuous domains, which is favorable for examining halide
diffusion across large areas. The change in contrast in domains along the interface indicated that
halide substation occurred in the middle of the domains (Figure 3a). Top-view and cross-sectional
EDX (Figures 4, S2, S3, and S4) confirmed the locations of Br and I, and thus of xg: = 0 and xg:
= 1. No iodine was observed above noise level in the xg: = 1 region, again suggesting complete
removal of iodine from this area. Intermediate xg; compositions along the interface were assigned
based on halide content relative to the EDX- and optically-determined xp: = 0 and xp: = 1
compositions for xg; = 0|1. Similar analysis was performed to determine macroscopic interfacial
composition in the xg: = 0.12|1 and xg; = 0.70|1 heterostructures. EDX baseline compositions were

obtained far from the interface (data not shown) to confirm lack of bromine in xg; = 0 and lack of



iodine in xg; = 1 (Figures 4, 6 and S3). The interface width was determined to be =100 um (Figures
4 and S3) via both EDX, optical microscopy, and confocal laser scanning microscopy (Figures
3b-d and S5). We attribute the width of the interfacial region to our fabrication procedure in which
Br> vapor permeates PDMS at the edge of the mask (Figure S7); and note that in a system with a

51

miscibility gap, which is predicted for the MAPb(Br:li-x); system,”’ a sharp interface would be

expected with an impermeable mask.

(a) SEM (b) Emission 499-599 nm  (c) Emission 605-699 nm  (d) Emission 699-800 nm

Figure 3. Plan view SEM of an MAPbI3-MAPbBr; heterostructure before heating (a). The inset in is a
high-magnification view of the area indicated by the arrow. Confocal scanning luminescence emission map
at three windows of emission, 499 - 599 nm (b), 605 - 699 nm (c), and 699 - 800 nm(d), each labelled with

false color, of an MAPbI;-MAPDBr; heterostructure before heating, with excitation wavelength 458 nm.

We examined the phase stability of the heterostructures upon heating without light exposure, at
temperatures relevant for thin film devices (see Methods section in the SI). Operating
temperatures are typically under 70°C for solar cells®® and lamination or curing temperatures for
solar cell encapsulants can exceed 100°C.%%! The miscibility gap for MAPb(Br.l;-)3 calculated
by DFT extends to 70°C,! leading to the expectation that halides will not diffuse down
concentration gradients below this temperature. We therefore selected 100°C because it is within

the window of temperatures encountered under practical conditions for devices and can test the



expected miscibility of the halide ions, at a temperature that will not be too damaging to the
perovskite layer.®? Prior to heating, we spin-coated a thin layer of polystyrene on top of the
heterostructure, both to prevent desorption of methylammonium, enabling lengthy and high-
temperature experiments, and to minimize diffusion along the perovskite surface. The
heterostructures were heated for extended times (up to 360 min.) on a hot plate with a heat diffuser
in a nitrogen-filled glove box. Lack of degradation and changes in grain structure after heating
were confirmed via XRD and top-view SEM (Figures S8 and S9). The heat diffuser was encased
in aluminum foil to ensure that the samples were kept in the dark, as light may affect halide
transport. After heating, the compositional profiles at the heterostructure interface were analyzed
via optical microscopy in transmission mode and via EDX (Figure 4). At each time point, the
samples were quickly removed from the hot plate/heat diffuser in the glove box for optical
microscopy analysis and were placed again on the heat diffuser afterwards. The total time off of
the hot plate, at each time point, was kept under 10 min. This method ensured rapid quenching of
any halide migration, which would be visible via change in local bandgap. Using optical
microscopy to obtain interface profiles enabled repeated analysis of the same location on each
heterostructure at each time point, enabling very rapid analysis of the interface profiles at specific
times. Optical microscopy also circumvented potential electron beam-induced sample damage
(and corresponding changes in vacancy concentration) that may have occurred during EDX
analysis. Interface profiles were subsequently analyzed after heating via EDX to confirm the

composition.
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Figure 4. Optical microscopy images (transmission mode) of the same xg; =0|1 heterostructure before (a)
and after (b) heating at 100°C for 360 min, obtained via illumination with white light. EDX maps of I and
Br in separate xg: =0|1 heterostructures before (¢) and after (d) heating at 100°C for 120 min. (¢) Interface
profiles (halide fraction vs. distance D) of the heterostructures in (a)-(d), showing overlap of the optical
microscopy and EDX-determined xg; traces. xi represents the halide fraction of I obtained from the EDX
images (c) and (d) (orange circles). xg: represents the halide fraction of Br obtained from the EDX images
(c) and (d) (blue circles) and from the optical microscopy image (a) (blue line). The dashed lines indicate
the interface width. The black arrow in (a) and (e) denotes residual PDMS on the heterostructure surface

(Figure S7), resulting in a dip in optical intensity near = 150 pm.

We verified that optical microscopy provided comparable interfacial profiles to EDX, enabling

a measurement of the interface profiles in a quasi-real-time and non-destructive manner (Figure
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4). The interface profiles of xg: = 0|1 obtained before and after heating, using both optical
microscopy and EDX, are shown in Figure 4. Because the bandgap of MAPbBr3 is = 540 nm and
that of MAPbI; is = 775 nm (Figure 2b), when the heterostructures were illuminated with white
light, the MAPbI3;, the MAPbBr; and the intermediate mixed-halide regions exhibited very
different transmission behavior (Figure 4a/b) and thus very different contrast. The dark color in
Figure 4a/b is MAPDI;, the yellow is MAPbBr3, and the pink is the intermediate region. The
images were converted to grayscale by taking the average values of the red, green and blue pixels,
giving each pixel equal weight. We then integrated the images to obtain interface profiles, with
the darker and lighter areas corresponding to MAPbI3 and MAPbBr3 respectively (Figure 4e and
Supporting Information). Interface profiles obtained from EDX overlapped well with those
obtained via optical microscopy (Figure 4e), confirming the validity of the optical method. The
optical microscopy and EDX interfacial profiles differ at a position of = 150 um along the interface
(black arrows in Figure 4a/e), which we attribute to residual PDMS on the sample (Figure S7).
We assume the EDX trace is more accurate in this region. We subsequently applied the optical
method to xg: = 0.70|1 and xg: = 0.12|1 heterostructures (Figures 7 and S10), again confirming

compositions using EDX.
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Figure 5. (a) Predicted miscibility gap for the MAPb(Br.l;.); system following a regular solution model
(from DFT "), with expected interface profile behavior (b) when heated to below the gap for a two-phase
binary system and (c) when heated to above the gap, for a single-phase binary system.® Sections (1) and
(3) refer to the Br-rich and I-rich halide miscible regions outside the miscibility gap, and section (2) refers
to the halide-immiscible region within the gap. The blue and orange regions designate predicted binodal

and spinodal areas of the miscibility gap.

The expected changes in the interface profiles upon exposure to heat strongly depend on whether
or not the heterostructure is heated to below or above the miscibility gap. ®%* Figure 5 depicts a
schematic miscibility gap for the MAPb(Br.li-1); system, with approximate interfacial profile
shapes before and after heating shown if the heterostructure is kept at temperatures within the
miscibility gap (Figure 5b) or is heated to above the miscibility gap (Figure 5¢). For simplicity,
the tetragonal-cubic phase transition in the I-rich region is not shown. Within the schematic gap
(Figure 5a - shaded area), halides are expected to phase separate into I-rich and Br-rich phases.

The shape of the interface profile is thus not expected to change for composition regions of the
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interfacial profile that are contained within the miscibility gap (Figure 5b — section (2)). However,
outside of the miscibility gap, halides can still intermix, which should change the shape of the
profile away from the interface (Figure Sb — sections (1) and (3)). Due to mass balance as halides
move from one side to the other, the interface should shift also slightly in location (Figure 5b).53-64
In contrast, should the heterostructures be heated to above the miscibility gap (Figure Sc), halides
should be free to intermix across the entire interfacial profile. Br and I should thus diffuse down
their respective concentration gradients, resulting in apparent flattening of the entire interfacial
profile, as shown in Figure Sc. This flattening would be most apparent near the edges of the
interface (Br-rich and I-rich regions), and least apparent near the mid-point, where the composition
stays constant.

Before discussing the response of the interfacial profiles to heat, we first analyzed the behavior
of the interfacial profiles upon formation. Although XRD and other characterizations indicated
clear presence xgr = 0 and xp: = 1 in the heterostructure (Figures 2 and 4), no XRD peaks
corresponding to intermediate compositions were identified (Figure 2 and S6), as the interfacial
region is a small percentage of the overall area in the incident beam. Given the presence of the
gap,>! one might expect the interface to be composed of crystallites with stoichiometries
corresponding to the I-rich and Br-rich binodal lines. When averaged, mixtures of different
amounts of these crystallites would then yield the apparently-smooth composition profiles of
Figures 4 and 6. In agreement with this, a MAPbI; film exposed to Br> vapor for only 5 seconds
(as opposed to 60s required for full bromination) exhibited highly uneven bromination, in the sense
that exposure to Br> vapor induced formation of pockets of Br-rich regions, rather than the even,
gradual composition change that would be expected if the compositions were miscible (Figure

S11). However, emission corresponding to intermediate mixed-halide compositions (605 - 699
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nm, or 0.3 < xg: < 0.7; see discussion of Figure S5) was observed in the interfacial region via
scanning confocal microscopy (Figures 2b and S5), where sample exposure times are on the order
of microseconds, indicating some retention of the 0.3 <xg: < 0.7 compositions. Prolonged exposure
to above-bandgap light (405 nm, or 3.06 eV) induced a red-shifting photoluminescence emission
at 730 nm (1.7 eV) that also became more intense over time, which is characteristic of light-
induced phase separation into I-rich and Br-rich regions?® (Figure S12), and suggests that some
intermediate compositions were present initially. Given all these observations, it is likely that upon
formation, the interface was composed of some metastable intermediate compositions, as well as

of some phase separated nanoscale [-rich and Br-rich regions (Figures 2b and SS5).

1.0
0.8
0.6
Br
0.4
0.2

0.0

D (um)

Time at 100°C:  Sim. D,, 360 min:
O 0 min — 103 cm?/s
— 102 cm?/s
— 10" cm?/s
O 360 min ---1019 cm?/s

— Sim. all D;, 0 min

Figure 6. Compositional profiles of an xz: =0|1 heterostructure obtained using optical microscopy after 0
min, 120 min, 260 min and 360 min of heating at 100°C. Profiles from Fick’s second law with different

interdiffusion coefficients D; were calculated as described in Section S9.
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We then examined the effects of heating on the interfacial profiles. All heterostructures studied
exhibited little interfacial profile flattening upon heat exposure (Figures 6, 7, S10 and S15). Slight
changes in composition near xg: = 0.8 and xg: = 0.1 were observed in xg: =0|1 after heating at
100°C for 360 min (Figure 6); however, overall, the interfacial profiles changed very little. The
profiles do not follow Fickian behavior described by Figure Sc, i.e. what would be expected from
a solid solution (see Figure S13). Calculations of how the diffusion profile should change
according to Fick’s law (see Section S9 of the Supporting Information) with interdiffusion
coefficients D; of different magnitudes were overlaid with the interfacial profiles for comparison
(Figure 6). Although there is some uncertainty of the profile derived from microscopy at higher
values of xgr, D; cannot be larger than ~ 10"!! cm?/s at 100° C based on examination of the profile
on both sides of the interface. The profiles of the xg; =0.12|1 and xp; =0.70|1 heterostructures were
also unchanged upon heating at 100°C for 260 min by microscopy and EDX (Figures 7 and S10,
S14). We thus take D; < 10" ¢cm?/s as an upper bound of the interdiffusion coefficient for
MAPbBH(Br.l1-x)3 at 100°C. Such a value is consistent with D; obtained at lower temperatures and
in different systems, namely 3 X 107'? cm?/s at 50°C using PbBr; as a Br-source for a PbBr»-
MAPbI; heterostructure?® and ~1 X 10712 cm?/s at room temperature for a CsPbBr;-MAPbI;

heterostructure.* However, the poor fit to this model suggests an alternative explanation.
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Figure 7. (a) Optical microscopy image of an xg; = 0.70|1 heterostructure before heating. (b) EDX mapping
of I and Br in the same xg: = 0.70|1 heterostructure (in the same location) after heating at 100°C for 260
min. (c) Interface profiles (halide fraction vs. distance D) of the same xg, = 0.70|1 heterostructure upon
heating to 100°C for varying amounts of time. x; represents the halide fraction of I obtained from the EDX
image (b) (orange circles). xg, represents the halide fraction of Br obtained from the EDX image (b) (blue
circles) as well as from the optical microscopy image (a) (black line). Additional interface profiles obtained

via optical microscopy are included (dashed blue lines).

The lack of flattening of the interfacial region may indicate slow interdiffusion, but if the
miscibility gap extends to higher temperatures than predicted then we would expect different
behavior than that of Figure Sc. The changes in the interface profile at 100°C were slight and only
at the edges of the interface profiles (Figure 6), much like the interfacial profiles depicted in
Figure 5b. No large changes were observed in xg: = 0.12|1 and in x: = 0.70|1 heterostructures
upon heating at 100°C for 260 min (Figures 7 and S10). The interfacial profiles were all set to
overlap at xg: = 0.5 during analysis and we do not have a marker to track changes in the interfacial

profile shifted in location as in Figure 5b. We also examined a xg; = 0|1 formed using another

17



route to for the initial MAPbI3 layer and found similar behavior (Figure S15). Overall, these results

suggest a miscibility gap extending to above 100°C and well into the Br-rich region.
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Figure 8. Effects of 8-9 months of storage at room temperature on the interfacial profiles of (a) xg: = 0|1

and (b) xg: = 0.70|1, with overlapping simulations of Fick’s law with different D; and interfacial profile

flattening (black arrow).
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To rule out the possibility of slow interdiffusion at room temperature, we then examined the
response of interfacial profiles to long-term storage (8-9 months), to determine the composition
bounds of the miscibility gap at room temperature. All encapsulated heterostructures (xgr =0|1, xgr
=0.12|1 and x5 =0.70|1) were stored at room temperature in ambient for 8 to 9 months, after which
the interfacial profiles were again obtained via a combination of optical microscopy and EDX
(Figures 8, S10 and S16). We show the profiles expected for simple diffusion in the absence of a
miscibility gap for a range of interdiffusion constants. Even for values as low as ~10"'* ¢m?/s at
this timescale we would expect a substantial change in the profile on both sides of the midpoint
which is not observed. A noticeable change towards higher concentration of iodide was observed
in the composition region from 0 < xg; < 0.2 in x; =0|1 stored for 8§ months, consistent with the
presence of a solid solution region from 0 < xg; < 0.2 (Figure 8a).2%->!6> Based on the distance that
the composition shifted (= 20 pm), D; in this region would be = 10-'* ¢m?/s, which is lower than
the D; estimated in the I-rich region of a CsPbBr3-MAPbI; heterostructure at room temperature.*’
In contrast, little change was observed in the composition region 0.2 < xp; < 1.0 in xg; =0|1 (Figure
8a), consistent with the presence of a miscibility gap for 0.2 <xg; < 1.0. The behavior of the profile,
particularly the region near xg; = 0.2, is consistent with the presence of a miscibility gap (Figure
5b), in general agreement with the predicted phase diagram by DFT. To further probe the extent
of the gap into the Br-rich region, we compared the interfacial profiles of xg: =0.70|1 before and
after 9 months of storage, via EDX. No flattening was observed, suggesting that the miscibility
gap extends to very near xg; = 1 at room temperature (Figure 9), which is much further into the
Br-rich region than predicted by theory.>! Extension of the gap to xs: = 1 may explain why mixed
Br-I hybrid of very high Br-content (e.g. xg: = 0.9) have been observed to undergo light-induced

phase separation.?’ Because we cannot access longer times for interdiffusion at elevated
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temperatures, we cannot completely rule out that diffusion is simply slow which limits our ability
to set the temperature for the miscibility gap. Such very slow interdiffusion would be consistent
with the slower re-mixing of halides in the dark, after light-induced phase separation, the latter of

20,21

which is typically a rapid process. Figure 9 shows three possibilities constrained by the

magnitude of the interdiffusion constant.

Interfacial Profile Stability

T (°C) Solid solution Solid solution Solid solution

D; <10 cm?/s D, < 10" cm?/s

D; <103 cm?/s D; <108 cm?/s D; <103 cm?/s

XBrz'I XBrz’I

Figure 9. Summary of results, with three possible explanations for the obtained data, and with the Br-rich
binodal line at room temperature near xg: = 1. Schematic phase diagrams for the MAPb(Br.l,.,); system,

modified from reference,’!

should the miscibility gap either extend to above 100°C or extend to below
100°C, with the obtained upper bounds for D; at room temperature and 100°C. C. and T. refer to cubic (Pm-
3m) % and tetragonal (/4/mcm)’® phases respectively, with phase transition temperatures for the xg, = 0.0
and xp; = 0.2 compositions reported from references.’>* The blue and orange regions designate binodal and

spinodal areas of the miscibility gap, respectively.
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Finally, we examined the response of an xg: = 0|1 heterostructure to light (Figure 10). Light-
induced spinodal decomposition has been observed in single-crystal nanowires of MAPb(Br1.li-)3,
where halides diffused up the concentration gradient.?> We would thus not expect interface profile
flattening when exposing an xg: = 0|1 heterostructure to light, but rather the formation of I-rich and
Br-rich regions along the interface. Consistent with these expectations, prolonged exposure of the
interface region to above-bandgap light (3.06 eV) at = 0.14 Suns (= 14 mW/cm?) induced the
growing and red-shifting photoluminescence emission at 1.7 eV characteristic of light-induced
phase separation into I-rich and Br-rich regions (Figure S12).2° Previous works also reported that
the I-rich domains formed during spinodal decomposition are sub-100 nm?%?* in polycrystalline
MAPbB(Br.l1.x)3, which is below the resolution of our experiment. We tested the response of the
interfacial profiles of an xg; = 0|1 heterostructure to light by exposing the whole heterostructure to
1 Sun (AM 1.5G, 100 mW/cm?) of light for 360 min (Figure 10) at room temperature. In
agreement with expectations, the interfacial profile of xg: = 0|1 did not change after light exposure,
providing additional confirmation that light does not activate long-range halide transport in mixed-

halide perovskite thin films.

10F gt 10
0 min
= 368 min f
I (norm.) | g 1 Xar
g
05+ g 410.5
0.0 . . . 40.0
0 200 400 600 800
D (um)
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Figure 10. Integrated interfacial profiles of an xg: = 0|1 heterostructure before and after exposure to 1 Sun

for 368 min, with corresponding xg; axis shown on the right.
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CONCLUSIONS

In conclusion, we have examined interdiffusion in planar heterostructures of MAPb(Br:l1-x)3
films. These structures did not undergo simple interdiffusion that would be expected for a miscible
system, but were more consistent with the presence of a miscibility gap at 100 °C. We also
determined the upper bound of the bromide-iodide interdiffusion coefficient (D; < 107! cm?/s) in
spin-coated MAPb(Br.li-x); films at 100°C. Long term study of the interface indicates that the
binodal line at room temperature extends to higher fractional composition of bromine than
predicted by theory, but is in reasonable agreement at high iodide composition. Improvement of
our understanding of the phase diagram of MAPb(Br.li-x); will help to explain the origin of light-

induced phase separation observed in very Br-rich mixed halide perovskites.
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Methods

Materials

Lead (II) iodide was purchased from Sigma Aldrich (Pbl; - 99.999% purity, trace metal
basis) and from TCI chemicals (Pblz - 99.99% purity, trace metal basis). Methylammonium
iodide (CH3NHsl, = 99% purity) was purchased from Dyseol. Lead (II) bromide (PbBr2 -
99.999% purity, trace metal basis) and methylammonium bromide (CH3NH3Br - 98%
purity) were purchased from Sigma Aldrich. PolyDiMethylSiloxane (PDMS) was fabricated
from a Sylgard 184 elastomer Kkit. N-N-dimethylformamide (DMF, 99.8%, anhydrous),
dimethyl sulfoxide (DMSO, = 99.9%, anhydrous), Chlorobenzene (99.8%, anhydrous) were
purchased from Sigma Aldrich and kept in a nitrogen glove box. y-butyl lactone (GLB, = 99%)
was purchase from Sigma Aldrich and stored in air. Bromine (Brz, 99.5% purity) liquid was
purchased from Alpha Aesar and stored in air. Quartz substrates (z-cut, seedless, 15 X 15 X
0.5 mm) were purchased from University Wafer. Polytriarylamine (PTAA), polyethylenimine
(PEIE, 37% aqueous solution) were purchased from Sigma Aldrich and phenyl-C61-butyric
acid methyl ester (PCBM, = 99%) was purchased from Nano C.

Spin-casting of I-rich perovskites for heterostructures

Quartz substrates were ultrasonicated for 10 min in acetone and then for 10 min in
isopropyl alcohol. The substrates were then exposed to oxygen plasma at ~300 mTorr for
10 min, with air as the oxygen source. Precursor solutions were fabricated in a nitrogen-
filled glove box. Pbl; and CH3NH3l were dissolved in 1 mL DMF and 96 pL. DMSO to make a
1M solution, and the mixture was stirred for at least 30 min in a nitrogen-filled glove box.
The same procedure was applied to precursors PbBrz and CH3NH3Br. The two solutions were
then mixed in stoichiometric ratios necessary to obtain the desired perovskites (e.g. 3 parts
[-solution and 7 parts Br-solution to obtain MAPb(Bro.70l0.30)3). The mixed solutions were
then spin-cast onto the quartz substrates at 1000 rpm for 10 s then 4000 rpm for 30 s. When
8 s passed after the spin turned 4000 rpm, 0.2 mL of anhydrous chlorobenzene was dropped
on the substrate. The films were transferred on a hotplate of 100 °C immediately, and
thermally annealed for 10 min, again in a nitrogen-filled glove box. The temperature of the
heat diffuser was verified with a thermocouple. This spin-coating procedure was used for all
heterostructures except that of Figure S13 (see discussion of this figure below). The above-
described preparation yielded 17% solar cell PCE for MAPbI3 (see Figure S1).

Solar cell device fabrication and characterization (Figure S1)

Quartz substrates were cleaned and plasma-treated as described above. All procedures
were performed in a nitrogen-filled glove box. A 2 mg/mL solution of PTAA in chlorobenzene
was spin-cast on the substrates at 6000 rpm. The DMF solution containing MAPbI3
precursors was then spin-cast as described above. A solution for the electron transport layer
(30 mg/mL PCBM in chlorobenzene) was spin-cast on the MAPbI3 layer at 1000 rpm. 0.02
wt.% PEIE in isopropyl alcohol was then spin-cast at 6000 rpm. The devices were finally
capped with Ag (80 nm) by vacuum deposition. The J-V characteristics were measured at 1
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sun illumination (AM 1.5G, 100mW/cm?) in a N:-filled glovebox with a solar simulator
equipped with a Xenon lamp (Newport), a Keithley 2602 Source Meter and a calibrated
silicon reference cell (Figure S1). The voltage was ramped from 1.50 V to -0.50 V then back
to 1.50 Vwith 0.01 V step and 0.03 s delay time. The power conversion efficiency (PCE) was
calculated with the following equation: PCE (%) = 100 x Voc x Jsc x FF / Pinc from the open
circuitvoltage, Voc, the short circuit current, Jsc, the fill factor FF and the incident powder Pixc.

Spin-casting of MAPb(Brxl1-x)3 thin films for lattice parameter calibration curve (Figure
S5¢)

The procedure was identical to that described immediately above, with the following
differences. Pbl, and CH3NH3I were dissolved in DMF to make an 0.55 M solution (same
procedure for PbBrz and CH3NH3Br), and the mixtures were stirred for >1 h at 60 °C in a
nitrogen-filled glove box. The spin procedure was 2000 rpm for 1 min, with no antisolvent
used. The films were annealed at 70 °C (verified with a thermocouple) for 5 min.

Fabrication of PDMS mask for heterostructures

Polydimethylsiloxane (PDMS) was fabricated by pouring 0.5 g of Sylgard 184 silicone
elastomer base into an aluminum boat and adding 0.12 g of curing agent. The base and curing
agent were stirred using a disposable plastic spatula until visible formation of many bubbles.
The boat was then set on a flat surface, to ensure even spreading. After the last bubble
disappeared, the cup was placed on a hot plate at 53 °C (as determined by thermocouple) for
10 min. The PDMS was poked with a needle to ensure no liquid remained and cut with a
razor blade for use as a mask. The top surface (exposed to air) of the PDMS was contacted
with the perovskite, as it was flatter than the bottom surface (that had been in contact with
the bottom of the boat). Care was taken not to press the PDMS layer onto the perovskite, as
this led to partial removal of the perovskite by the PDMS.

Vapor substitution to fabricate heterostructures

Briefly, a previously-reported vapor substitution setup was reproduced, with the following
differences. ! All nitrogen gas lines were purged for 5 min. 1.25 mL of liquid bromine was
poured into a 50mL round-bottomed flask and allowed to equilibrate for ~ 2 min. The
bromine gas stream was combined with a second nitrogen stream, leading to a second 50mL
round-bottomed flask (the sample chamber). The masked thin films were dropped into the
chamber (Brz concentration ~ 0.48 atm) and kept there for ~1 min. The PDMS mask was then
carefully removed from the heterostructure.

Interdiffusion experiments

Prior to heating, we spin-coated a thin layer of polystyrene on top of the heterostructures,
both to prevent desorption of methylammonium, enabling lengthy and high-temperature
experiments, and to minimize diffusion along the perovskite surface. The heterostructures
were heated for extended times (up to 360 min.) on a hot plate with a heat diffuser in a
nitrogen-filled glove box. The heat diffuser was encased in aluminum foil to ensure that the

S5



samples were kept in the dark, as light may affect halide transport. At particular time points,
the heterostructures were transported from the hot plate (in the glove box) to the optical
microscope for analysis. The time from hot plate to microscope was < 5 min. The
heterostructures were then transported back to the glove box, and put on the hot plate again.
The total time off the hot plate at each time point was < 10 min.

Characterization and Equipment

Optical microscopy images were acquired using an Olympus BH-2 microscope in
transmission mode. X-Ray Diffraction patterns were acquired using an Empyrean Powder
Diffractometer with a step size of 0.01313°, with a Cu-Ka source, operating with an
accelerating voltage of 45 kV and beam current of 40 mA, with samples rotated at 4
revolutions/min to improve signal-to-noise ratios. UV-Vis spectra were acquired using a
Shimadzu UV3600 UV-Nir-NIR Spectrometer with a step of 1 nm, in ambient conditions.
Scanning Electron Microscopy/Energy Dispersive X-Ray data was acquired using both an FEI
XL30 Sirion FEG SEM and a ThermoFischer Apreo C LoVac FEG SEM with EDX detectors.
10keV was used in both SEMs so as to be able to detect iodine with an adequate signal-to-
noise ratio via EDX. Confocal microscopy was performed on a Leica SP8 Laser Scanning
Confocal microscope, with a laser excitation wavelength of 458 nm. Time-resolved PL were
collected using an inverted microscope (Nikon Eclipse Ti-U) at 20x magnification. Samples
were continuously excited by a 405nm laser (Thorlabs S1FC405) through a 20x objective,
with power density * 160 mW/cm? at the level of the sample, and PL was continuously
collected with 1 s integration times through the same objective and was passed through the
entrance slit of an imaging spectrometer (Princeton Instruments IsoPlane), spectrally
separated by a 150 lines/mm grating, and collected with a CCD array (Princeton Instruments
Pixis). A standard 405nm PL filter set (Semrock) was used for all PL measurements to
remove excitation wavelengths from the collected signal.

Image integration to obtain interface profiles

To obtain interface profiles, optical and EDX microscopy images were integrated using
FIJI/Image] software. The optical images were converted to grayscale by taking the average
values of the red, green and blue pixels, giving each pixel equal weight. The entire image area
was then selected and then collapsed (integrated) to a line using the “plot profile” function.
This methodology was used (rather than obtaining simple linecuts of the images) in order to
improve signal-to-noise ratios, which was particularly important for EDX-obtained interface
profiles. Compositional verification of the optically-obtained interface profiles was
performed using EDX, with MAPbBrz and MAPbI3 baseline compositional verifications
performed in regions far from the interface.
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Figure S1. Current-Voltage (J-V) curve for a solar cell made from MAPbIs with an ITO/PTAA/MAPbI3/PEIE/Ag
device structure with Voc=1.07 V, Jsc = 18.5 mA/cm?, FF=0.86 and power conversion efficiency of 17.6% under

1 Sun simulated solar illumination, in forward and reverse bias.
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Figure S2. EDX spectrum of the gold-coated xsr =0|1 heterostructure in Figure 3a (fabricated on a quartz
substrate).

S8



(o / 178

potnf  Ciuiupetnng o
0O 50 100 150 200 250
D (um)

Figure S3. Overlayed EDX iodine and bromine maps (a) and integrated EDX interface profiles (b) of the xsr =0|1
heterostructure shown in Figure 3a where xsr and xi represent the halide fractions of Br and I respectively.

The xgr= 0, xg=1, x1= 0, and x; = 1 compositions far from the interface were assigned by
taking EDX baseline compositions were obtained far from the interface (data not shown) to
confirm lack of iodine in MAPbBrs regions and lack of bromine in MAPbI3 regions.
Compositions far from the interface were separately confirmed via XRD and UV-Vis (Figures
2 and S6). The halide interface profiles of Figure S3 are thus compositionally representative.

S9



MAPbI, Increasing xg,

I
L

Perovskite
SiO,

lodine EDX map

Figure S4. (a) Cross-sectional SEM and (b) corresponding iodine EDX map of a MAPbI3-
MAPDbBT3 heterostructure before heating.
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MAPDbI;-MAPbBr; heterostructure (xg, = 0 is MAPbI; and xg, = 1 is MAPbBTr3)
(a) Emission 499-599 nm (b) Emission 605-699 nm (c) 699-800 nm

(d) Overlayed signals (e) Integrated intensities
= 499-599 nm (0.7 < xg, < 1.0) : 150 (2499599 nml |
3 605-699 nm (0.3 < Xg, < 0.7) Xer=1 | ~605-699 nm| |
= 699-800 nm (0.0 < xg, < 0.3) 699-800 nm
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Figure S5. Confocal microscopy image of an xsr= 0|1 heterostructure, for an excitation wavelength of 458 nm.
Images (a)-(d) represent emission between (a) 499-599 nm, (b) 605-699 nm, (c) 699-800 nm and (d) is an
overlay of these emission signals. xsr composition assignments were made using reference 2 (e) Represents the
integrated intensities of each emission (normalized).

Emission between 499 nm and 599 nm includes emission from xg:= 1 (at ~540 nm) as well
as from some Br-rich phases (0.7 < xgr < 1.0), based on previously-published work.2 The 699-
800 nm emission channel covers xg:= 0 (at ~780 nm) as well as some I-rich phases (0.0 < xg:
< 0.3). Correspondingly, the 605-699 nm emission channel covers intermediate mixed-
halide phases not included in the other two emission channels (0.3 < xp: < 0.7). Observation
of 605-699 nm emission indicates emission from mixed-halide compositions (0.3 < xgr < 0.7)
under light exposure at 458 nm, which is expected given the short exposure times in
scanning confocal microscopy (~ microsecond). This approximate composition assignment
is in agreement with composition assignment from optical microscopy and EDX (Figures 4e
and 6), as emission from the 605-699 nm channel spans a width of = 10 um, corresponding
to the interface width for 0.3 < xpr < 0.7. Given the large width of emission peaks from
MAPDb(Brxli-«)3, 23 the observed overlap between channels is not surprising. We therefore
relied on EDX for exact composition determination (Figures 4 and S3). The decrease in
intensity near 800 um in the 699-800 nm emission channel (0.0 < xg: < 0.3) likely stems from
emission being cut off at 800 nm in this channel, which cuts off some of the MAPbI3 emission
(emission center wavelength 775 nm)?2 and other low xg: emission.
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Figure S6. (a, b) XRD patterns of xsr= 0.7|1 and xsr= 0.12|1 heterostructures after 260 min of heating, with for
comparison xsr= 0|1 before heating. The gray lines are a guide to the eye, with large dashes indicating MAPbI3
(x8r = 0) peaks and the small dashes indicating MAPbBr3 (xsr = 1) peaks. The downwards gray arrows in (a)
designate peaks from the quartz substrate and the * indicate extra (110) and (100) peaks arising from Tungsten
(1.4764 A) and CuKp (1.3926 A) radiation contamination in the X-ray source. (c) Calibration curve made from
the (100) XRD peaks of spin-coated MAPb(Brxl1-x)3 thin films to verify the XRD xsr = 0.70 (blue box) and xsr =1
assignments. (d) UV-Vis spectra of xsr = 0.70|1 and xsr = 0.12|1 heterostructures after heating to 100°C for 260
min and of xsr = 0|1 before heating.

For all XRD pattern analyses, a z-height correction was applied to match the xg: = 1 lattice
parameter with the known lattice parameter of MAPbBr3 from the reported CIF file. # The
calibration curve in (c) matches that of previous works to within the step size of our
instrument (26 = 0.01313°). 25 The band onsets for MAPbl3 and MAPbBr3 are visible at ~795
nm and ~540 nm respectively, as well as the onsets for xg: = 0.12 at ~775 nm and for xg, =
0.7 at ~625 nm. Interference fringes become apparent at longer wavelengths.
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Figure S7. Optical microscopy image of an MAPbBr3-MAPbI3 heterostructure with the PDMS
mask still on the MAPbI3 side.

Figure S7 shows a MAPbBr3:-MAPDbI3 heterostructure, with the PDMS mask still on it. The
thick black stripe indicates the location of the edge of the =~ 450 um mask, as well as the
mask’s shadow. The location of the PDMS mask to the left of the interfacial region indicates
that Br2 bled under the mask. The coincidence of the locations of the PDMS mask and of the
optical artifact in Figures 4 /6 strongly suggests that the artifact arises due to residual PDMS
on the film.
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Figure S8. XRD patterns of xsr= 0|1 (a) and xsr= 0.7|1 (b) before and after 260 min of heating, showing no
change, and therefore little degradation. Notably, a Pblz peak at = 12° does not appear after heating.
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(a) No heat (b) 240 min at 70°C

1 um

Figure S9. Top-view SEM of two halves of the same fully-brominated film (a) without heating
and (b) after heating at 70°C for 240 min.
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Figure S$10. Optical microscopy images of the same xs:=0.12|1 heterostructure before (a) and after (b) heating
at 100°C for 260 min, obtained via illumination with white light. (c) Interface profiles of the heterostructure
after 0 min, 137 min and 260 min of heating at 100°C, and after storage at room temperature for 9 months. The
deviations between optical microscopy and EDX at high xsr are interpreted as noise.
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Exposed to Br,
vapor for 5 sec.

Figure S11. Optical microscope image of a MAPbDIs film (xsr = 0) exposed on the bottom half to Brz vapor in an
N2 environment for 5 sec, demonstrating the unevenness of the bromination reaction.
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Figure S12. Time-dependent photoluminescence spectra of localized regions (the interfacial and MAPbBr3
regions) of an xsr = 0|1 heterostructure under 405 nm excitation (continuous collections with 1 s integration
times), with a power density * 14 mW/cm? at the level of the sample.

The gradually increasing and red-shifting peak at = 1.7 eV indicates light-induced phase
separation in the mixed-halide interfacial region. 2 The gradual red-shift of the peak at ~ 1.7
eV indicates formation of I-rich regions that increase in iodine content. The inset shows
photoluminescence peaks at low intensity, with constant MAPbBr3 emission visible at 2.3 eV.
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Figure S13. Bromide fraction xs: vs. distance (a), which was then normalized by the square root of time t1/2(i.e.
the Boltzmann transformation) (b) for the optical microscopy-obtained traces of the xsr = 0|1 heterostructure

in Figure 6.

Dividing distance axis of the interface profiles by t/2, the square root of the time (120 min,
260 min, or 360 min at 100°C), resulted in lack of interface profile overlap. This confirmed
that Fick’s second law cannot be used to determine D;, assuming a solid solution regime.
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Section S9 - Simulations of Fick’s Second Law

To approximate D;, we used the error function solution for a diffusion couple (binary system)
based on Fick’s second law, for a solid solution regime: 7

c(d,t) = %+ CRZ;CL erf(

=) (1)

Where c (d, t) is the concentration of a species having diffused a distance d after heating for
atime t, cr and c; are the concentrations of that same species very far away from the interface
(atinfinity) on the right and left sides of the interface respectively, and D; is the interdiffusion
coefficient, which in this expression is constant with respect to composition.

Initial and boundary conditions

Equation (1) can be used as an approximation for concentration-dependent interdiffusion
provided that the following boundary and initial conditions hold true: cr and c; are uniform
compositions extending to quasi-infinity, and the initial shape of the diffusion couple is a
step-wise function. 68 Because the as-fabricated heterostructures exhibited a wide interface
rather than a step-wise shape, we made the following assumption. The initial (fictional) form
of the interface profiles was a step function. After a time to, halides (fictionally) interdiffused,
forming the wide interface that was initially observed upon fabrication (Figures 4, 6, 7 and
$10). For each D; (10-10 - 10-13 cm?2/s), to was adjusted, so that the simulated error function
would overlap as best as possible with the interfacial profile of the xg- = 0|1 heterostructure
upon fabrication (0 min of heating). Times heated (360 min) or stored at room temperature
(8 months) were subsequently added to ¢y (i.e. t + to) to simulate the error function. For all
xgr = 0]1 simulations, ck = 1 (MAPbBr3) and c1. = 0 (MAPbI3), and for all xg- = 0.70|1
simulations, cr = 1 (MAPbBr3) and c.. = 0.7. Below is a summary of the simulation parameters
used for equation (1).

Table S1. Parameters for simulations of Fick’s second law (equation 1)

Figure D; (cm2/s) to (s)

10-10 4000

4,512 10-11 40000
(100°C for 0 min and 260 / 360 min) 102 400000
1013 4000000

10-10 6500

5 10-11 65000
(Room temp. for 8 months) 10-12 650000
1013 6500000
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Figure S14. Calculated interfacial profiles for xg- =0.70]|1, for 0 min and 260 min of heating,

using the parameters of Table S1.
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Figure S15. SEM/EDX study of an xsr= 0|1 heterostructure made from poorer-quality MAPbIs films. (a) Plan
view SEM image of the xsr = 0|1 heterostructure after heating at 70 °C for 120 min. (b) Higher-magnification
image of the section of the interface indicated by the black arrow. (c¢) EDX-determined interface profiles of the
heterostructure in (a) after heating at 70 °C for 0 min, 120 min, and 240 min, where the profiles were
determined by fraction of halide x that is Br. The vertical dashed line indicates correspondence between the
SEM image and the Br composition profile.

We examined whether changes in the interface profile were affected by the spin-coating
process for MAPbI3, The heterostructure in Figure S15 was fabricated as described above
in all ways except the spin-casting of xp- = 0 perovskite. Here, Pbl, and CH3NH3I were
dissolved in 300 pL. DMSO and 700 pL y-butyl lactone (GBL) to make a 1M solution, and the
mixture was stirred for >1 h at 60°C in a nitrogen-filled glove box. The solution was then
spin-cast onto quartz substrates using a two-step procedure: 1000 rpm for 10 s, with a 200
rpm/s acceleration then 5000 rpm for 20 s with a 1000 rpm/s acceleration. A few drops of
chlorobenzene were dispensed onto the spinning substrate ~5 s prior to the end of the spin-
coating procedure to aid crystallization. The thin films were then annealed on a hot plate
with a heat diffuser at 34°C for 2 min, at 40°C for 2 min, at 50°C for 2 min, and at 70°C for 10
min (temperatures were verified with a thermocouple) again in a nitrogen-filled glove box.
These films yielded 8% solar cell PCE (data not shown).
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Consistent with our other heterostructure analyses, we observed little change in the
interface profiles after heating (Figure S15a and Figure S15c). Here, the heterostructure
was heated to 70°C rather than to 100°C. No interface profile flattening was observed via
EDX after 240 min of heating. Because the linewidth of our EDX traces was = 3 pm, we took
this to be the maximum possible distance travelled by halides after 240 min. Using equation
(1), we then obtained an interdiffusion coefficient D; < 10-13 cm?2/s at 70°C.
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Figure S16. Optical microscopy images of the xs-= 0|1 heterostructure from Figure 8, before (a) and after (b)
storage for 8 months. The strong retention of initial color indicates substantial retention of perovskite phases.
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