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Hybrid organic inorganic lead halide perovskite semiconductors of the form Cs/FA;_ Pb(Br,l;_,)s are
promising candidate materials for high-efficiency photovoltaics. Notably, cation and anion substitution
can be used to tune the band gaps to optimize performance and improve stability. However, multi-
component materials can be prone to compositional and structural inhomogeneity and the extent,
length scale and impact of this heterogeneity on lead halide perovskite properties are not well
understood. Here we use synchrotron X-ray diffraction to probe the evolution of crystal structure across
the tetragonal-to-cubic phase transition for a series of Cs,FA;_,Pb(Br,;_,)s thin films with x = 0.05 to
0.3 and y = 0.17 to 0.40. We find that the transition occurs across a broad temperature range of
approximately 40 °C, much larger than for pure compounds such as MAPbls and MAPbBrz. We

Received 20th April 2021, hypothesize that this smearing of the phase transition is due to compositional inhomogeneities that give
Accepted 11th October 2021 rise to a distribution of local transition temperatures and we estimate the composition varies by about
DOI: 10.1039/d1ee01184g 10% to 15% with likely greater heterogeneity for the halide anion than the cation. This approach of

mapping the transition is a simple and effective method of assessing heterogeneity, enabling evaluation
rsc.li/ees of its impact.

Broader context

This paper focuses on metal halide perovskite thin films, a system of wide interest for photovoltaic applications. Particularly, perovskite films of the form
Cs,FA,_,Pb(Br,I;_,); have sparked a lot of enthusiasm for use in tandem solar cell applications since their bandgap is particularly well suited to complement Si.
However, these alloyed materials are potentially inhomogeneous, which have implications on the materials properties, including the propensity to photo-
induced instability and phase demixing. Stability is one of the most significant challenges faced in these materials before commercialization of perovskite solar
cell devices. Despite extensive studies, the nature of the inhomogeneities and the extent of compositional heterogeneity is still not well understood, as there are
few simple methods to assess this. It is essential to quantify heterogeneity, particularly at the nanoscale, to understand its impact. Understanding the complex
phase behavior is of paramount importance as the phase transitions are around the operational temperatures of solar devices.
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Introduction

Over the last decade, hybrid organic inorganic metal halide
perovskites (MHPs) have sparked tremendous enthusiasm due
to their favorable optoelectronic properties? for applications
in both single-junction and tandem solar cells as well as other
optoelectronic devices.>™ Perovskites have the general chemical
formula ABX; where for MHPs, A is a monovalent cation, B is a
divalent cation, and X is a halide anion. The unit cell comprises
corner-sharing BXs octahedra that form a cuboctahedral cavity
filled by the A-site cation. The perovskite crystal structure accom-
modates a wide compositional space, and in state-of-the-art MHP
photovoltaics, A is typically a mixture of formamidinium (FA =
CH(NH,),"), methylammonium (MA = CH;NH;'), and Cs', B is
typically Pb*, and X is typically a mixture of I~ and Br .
Compositional tuning on both the A- and X-site alters the
material’s band gap, and compositions of the form Cs,FA,_,Pb-
(BryI;_y); with 0 < x <1 and 0.1 < y < 0.3 have been found
to be particularly well-suited for applications as the top-cell
material in tandem perovksite-silicon photovoltaics.®

Despite the impressive performance of MHP based solar cells,
with record efficiencies exceeding 25% and 29% for perovskite
and perovskite/Si monolithic tandem devices, respectively,”® there
is space for improvement in several aspects before commerciali-
zation and widespread deployment becomes feasible.”* While
state-of-the-art MHP solar cells have short circuit current densities
that are near theoretical and practical maxima, the open circuit
voltage and fill factor can be improved, which could be achieved
by suppressing charge carrier recombination in the bulk film and
at interfaces. In addition, high-performing multi-cation, multi-
halide MHP devices need to be controllably synthesized by cost-
efficient and scalable methods. While there is some debate about
possible limitations imposed by the toxicity of Pb**, developing
high performing Pb-free solar cells is desirable. Finally, convin-
cingly demonstrating long-term stability remains a key issue."

Of these challenges, stability is, arguably, the most important.
While thermodynamic stability and chemical decomposition are
important, photo-induced instability (or demixing) is a significant
challenge for multi-cation, multi-halide MHPs that have wide
band gaps needed for tandem photovoltaics. Here illumination
induces a nanoscale compositional segregation into I-rich and
Br-rich domains."*™'® This process requires fast halide anion diffu-
sion that is likely facilitated by high vacancy concentrations."”” ™"
There is some evidence for photoinduced A-site cation demixing
as well,?® although mixed A-site MHPs with FA and Cs show
improved photo-stability.”! While the phenomenon of photo-
induced phase segregation has been intensively investigated, the
mechanism is still under active discussion.'® It has been sug-
gested that for MAPb(Br,I;_,); perovskites compositions near the
tetragonal-to-cubic phase boundary are more optically stable.**
We have shown that MHP crystallographic phase is not the sole
determinant to stability,"* and it has been postulated that initial
nanoscale local compositional variations serve as nuclei for
the formation of Irich segregated nanoscale domains under
illumination.>*2* Furthermore, local compositional fluctuations
can impact charge carrier dynamics and device performance.*®
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Thus, it is essential to quantify compositional uniformity, parti-
cularly at the nanoscale, to understand and control its impact.

Studies have demonstrated optoelectronic and composi-
tional heterogeneity’”2° in MHPs across length scales, but
almost all investigations have been limited to >0.1 um spatial
scale.’® For example, de Quilettes et al. showed that photo-
luminescence (PL) intensities and lifetimes varied between
different regions within the same film.>” Correa-Baena et al.
used nano-X-ray fluorescence microscopy of mixed halide
MHPs to map heterogeneity in I and Br composition showing
pm-size regions of low Br content but demonstrating improve-
ments in uniformity for some compositions;*® the same
method was used also by Wieghold et al. to show that the
elemental composition is altered in single grains based on the
film thickness and this inhomogeneity explained differences
in charge carrier dynamics.”® Szostak et al. mapped chemical
diversity of individual regions with nano-spectroscopy”® showing
that these regions have an intrinsic heterogeneity of the organic
components. Gratia et al used ion microscopy to map halide
composition in FAggsMA, 15Pb(Brg15lp.g5)s films at sub-100 nm
and observed 50 nm regions devoid of Br, and interestingly, noted
no evidence for such compositional segregation based on peak
broadening in diffraction, an apparent contradiction.** Much of
the research on heterogeneity is summarized in the review by
Tennyson et al.*® Despite extensive work, easily and accurately
quantifying and characterizing compositional heterogeneity
remains a significant challenge, especially for 1 to 100 nm length
scales.

Compositional heterogeneity can have two origins: intrinsic
(or thermodynamic) and extrinsic (processing-induced). The
first form is the thermodynamic separation of the multi-
component MHP into two or more distinct phases driven by
minimization of the free energy. The second likely results from
kinetics due to the solution-processing methods used to fabri-
cate MHP materials that may lead to chemical, structural, and
electronic property heterogeneity on multiple length scales.*®
Distinguishing these is difficult because the MHP film may be
in a kinetically trapped, metastable state. We make no attempt
to distinguish intrinsic and extrinsic nonuniformity in this
paper and we refer to both as compositional heterogeneity.

To the best of our knowledge, there have been no investiga-
tions of the phase behavior and phase diagrams for any multi-
cation, multi-halide MHP. This is likely because these are very
challenging due to multi-dimensional phase space and the
capacity for the perovskite crystal structure to accommodate
many different distortions®* that can make perovskite phase
diagrams quite complex. We have mapped the room tempera-
ture crystal structures for Cs,FA;_,Pb(Br,l;_,); thin films with
x = 0.05 to 0.3 and y = 0.17 to 0.40 and identified the cubic-
tetragonal solvus.'* For the simpler four component MHPs,
there have been a few reports on phase behavior.2**73¢ For
A-site substitution, these have shown limited incorporation of
Cs in pseudocubic CsyFA,_,Pbl;, about y = 0.15 in the bulk
powders,*® despite theoretical predictions of much higher
solubility (y = 0.7).”° In contrast, most MHP films show a
solubility up to at least y = 0.3 for CsyFAi,bela,37 but these
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may be kinetically trapped. In MAPb(Br,I; ,)s, diffraction has
shown a miscibility gap up to 350 K with strong intergrowth of
Irrich and Brrich crystallites and observed deviations from
Vegard’s law,*®> a point we discuss later in this manuscript.
In CsPb(Br,I;_,);, a computational study®® has predicted a
single phase orthorhombic solid-solution at room temperature
but phase separate into Br-rich tetragonal and I-rich ortho-
rhombic phases at 50-75 °C.

The presence of compositional heterogeneity complicates
the phase transition behavior in MHPs, since slight variations
in composition can result in a different crystallographic phase
being thermodynamically favorable and shift the tempera-
ture where structural transitions occur. Because MHPs can
undergo phase transitions around operational temperatures,
an understanding of their complex phase behavior is necessary.
In this work, we explore the nature of the tetragonal-to-cubic
phase transition in Cs,FA;_,Pb(Br,l;_); perovskites and how
these behaviors differ from those observed in pure compounds
such as MAPbI; and MAPDbBr;. Crystal structure and phase
transitions are characterized using X-ray diffraction (XRD),
and the temperature dependence of the band gap is deter-
mined from the external quantum efficiency (EQE) of optimized
devices.

We track the lattice parameter and the octahedral tilt angle
across the transition and use the octahedral tilt angle to
characterize the evolution of the crystal structure from tetra-
gonal into cubic. We find that that this transition occurs over a
broad temperature range, and we also observe a change in the
temperature dependence of the band gap near the temperature
range where the MHP structure becomes cubic. The importance
of this study is that we show that photovoltaic-relevant MHP
films can be compositionally heterogeneous at the nanoscale
and we establish a simple methodology to characterize this
heterogeneity.

Results

We investigate a series of CsyFA; ,Pb(Br,l;_,); films with x =
0.05,0.17, 0.2 or 0.3 and with y = 0.17, 0.25 or 0.4 that have well-
controlled, and nearly constant morphology. Details on the
film preparation are given in ref. 14 and in the Experimental
section below.

Structural considerations

First, we briefly recall structural stability considerations. The
degree of distortion from the cubic perovskite crystal structure
and hence the tendency to form non-cubic structures can be
described by the Goldschmidt tolerance factor, tg, which has
the equation:

ra +rx

— Tontrd (1)

where r; is the ionic radius of ion i.*° Effectively, the Gold-
schmidt tolerance factor captures the size mismatch between
the A-site cation and the cuboctahedral cavity formed by the
BX¢ octahedra, assuming all of the ions are hard spheres. A 75
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greater than 1 indicates that the A-site cation is too large for the
cuboctahedral cavity and eventually leads to the formation of a
non-perovskite phase. On the other hand, a 7 less than 1
indicates that the A-site cation is too small, which causes the
BX; octahedra to tilt in order to reduce the size of the cubocta-
hedral cavity. Fifteen symmetrically distinct tilt patterns are
possible for ABX; perovskites depending on the size and
properties of the atoms comprising the material and their
interactions.*’

These tilt patterns are codified with Glazer notation*' and
can describe cubic, tetragonal, and orthorhombic perovskite
crystal structures.***® In this notation, the letters @, b, and ¢
indicate the magnitude of rotation about the x-, y-, and z-axes,
respectively, in the direction indicated by the superscript. A “0”
superscript indicates no rotation, so the Pm3m cubic crystal
structure is denoted a’a®a’. Successive octahedra along an axis
can either rotate in the same (in-phase) or opposite (out-of-
phase) directions. A “+” superscript indicates in-phase rotation
of equal magnitude of the octahedra along the specified axis,
whereas a “—"’ superscript indicates that successive octahedra
along that axis are rotated equally in magnitude but in opposite
directions. Tilt patterns that result in a structure with both
in-phase and out-of-phase tilts that are equal in magnitude are
termed antidistorted.”*® In an antidistortive phase transi-
tion from an untilted to a tilted structure, the size of the unit
cell increases, but centrosymmetry is preserved.?” Tetragonal-
to-cubic phase transitions in metal-halide perovksites are
antidistortive.

While the Goldschmidt tolerance factor is a good indica-
tor for the formation of either perovskite or non-perovskite
phases, it cannot be used to predict the predominance
of a given crystal structure within the perovskite family.
Bartel et al.*® have developed an alternative to the conven-
tional Goldschmidt tolerance factor, and in Section S1 (ESI¥),
we discuss the ability of tolerance factors from Bartel et al.*’
and Goldschmidt to predict crystal structure within the
perovskite family.

Fig. 1a shows the XRD patterns for two different Cs,FA;_,Pb-
(Br,I;_,); compositions at room temperature compared with
MAPDI;. This figure shows that Csg 17FAq g3Pb(Brg 419.6)3 has a
cubic perovskite structure (untilted a’a’a’ in Glazer notation),
while Csg 4FAq ¢Pb(Br.171.83)3 has a tetragonal P4/mbm struc-
ture that arises from in-phase tilting of the PBXy octahedra
(denoted a’a’c"). These structures are visualized in Fig. 1b and c,
respectively. XRD data for MAPbI;, which has a tetragonal
I4/mcm structure, is also shown. As previously mentioned, the
Pbl, are tilted out-of-phase (a®a’c”) as shown in Fig. 1d. While
both of these structures are antidistorted, they are crystal-
lographically distinct. In tetragonal Cs,FA;_,Pb(Br,l; _,); perov-
skites, neighboring PBX, octahedra in a given (001) plane
have the opposite sense of rotation, but each (001) plane is
identical. In MAPbI; the arrangement of PBX, octahedra in a
given (001) plane is similar, but the sense of rotation alternates
between each successive plane. In addition to MAPbI;, many
oxide perovskites also have the 74/mcm space group and out-of-
phase tilt pattern in the tetragonal phase.>'”>* Note that the

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) XRD patterns for different Cs,FA;_,Pb(Br,l;_,)s compositions exhibiting both tetragonal a%a’c* (tetragonal peaks indexed with t*) and cubic
a%aa’ structures as well as the a%a®c~ (tetragonal peaks indexed with t7) phase of MAPblz (MAPbIs data from Schelhas et al®). The y-axis is linear in
intensity (arbitrary units not shown) with an offset between the three patterns. Views of (b) a’a®a®, (c) a®a®c*, and (d) a®a®c™ structures looking down the
c-axis. Blue, orange and green spheres represent the A-site cation, and the PBXs octahedra are shown in grey. The tilt angle t we consider here is the

angle between the black lines in (c).

in-phase tilt pattern is consistent with previous works on MHPs
comprising either inorganic or FA cations.'*3%3°7?

For Csy.4FA, 6Pb(Brg171o.83)3, the symmetry associated with
in-phase tilting of the PBX¢ octahedra results in the emergence
of several tetragonal superlattice peaks, including the ¢(210)
and #(211) reflections around 1.6 and 1.9 A™!, respectively,
which are not observed in cubic Csg17FAqg3PD(Brg 4lo.6)s3-
We note that a tetragonal phase should result in the splitting
of the cubic ¢(100) peak into #(110) and #(001) reflections and
the ¢(200) into #(220) and #(002). The difference in tetragonal
peak positions is expected to be about 0.5% at room tempera-
ture. However, the observed XRD peak full width at half
maximum (FWHM) for the ¢(110)-£(001) and #(220)-#(002) peaks
is about three times larger than this expected splitting of 0.5%
and hence does not allow us to resolve two separate peaks from
this measurement.

temperature, T (°C)

1.0 1.5 2.0
scattering vector, g (A1)

Phase transition monitored through the disappearance of
tetragonal reflections

We performed in situ XRD on the series of perovksite thin films
while heating through the tetragonal-to-cubic phase transition.
The temperature dependent XRD patterns are shown in Fig. 2a
for Csy.4FAq 6Pb(Brg 1710.83); and Fig. 2b shows the region near
the ¢(210) peak demonstrating the disappearance of this tetra-
gonal superlattice peak with increasing temperature. The ¢(210)
peak is weak but observable at 95 °C, but it is not observed at
100 °C. At all temperatures, the XRD peaks have been fit with a
Voigt function over a quadratic background from the substrate.
Because small peaks are hard to distinguish from background
and noise, we used chi-squared analysis to determine the
presence of tetragonal reflection at each temperature. All
calculations and fitting procedures are explained in greater
detail in Section S2 (ESIT). We identify the temperature where

b i
100°C
95°C,
90°C
855" S N——]
2.5 3.0 155 16 1.65
q A

Fig. 2 (a) Temperature XRD map for Csg 4FA0 6Pb(Brg 1710 g83)3 With the extracted Ty (temperature where film is purely cubic) indicated by a dashed line.
(b) Evolution of the integrated intensity of the t(210) superlattice peak. Temperature is increasing moving up in the vertical direction. The y-axis is linear

and represents the intensity counts in arbitrary units.

This journal is © The Royal Society of Chemistry 2021
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the tetragonal peak intensities go to zero as T, For
Cs0.4FAo 6Pb(Bry 1710.83)3 (Fig. 2) this is 97 + 3 °C (see Section S2
for details, ESIt). We note that T, may represent a solidus
temperature'? where above Ty, the MHP film is in a fully cubic
crystal structure but below this, there exist tetragonal domains.

Behaviour of the phase transition

To track the phase transition behavior of Csy,FA;_,Pb(Br,l;_,);
perovskite films, we extract the average octahedral tilt angle ¢
from the tetragonal reflection intensities in our XRD measure-
ments (see Section S3, ESIT). Note that we define the tilt angle
for one PbX, octahedron, with Pb taken as the center, and the
angle is relative to the cubic phase atomic position of the halide
(see Fig. 1c). This is the tilt angle averaged over space and time.
Hence, if the MHP film is heterogeneous, either because of
extrinsic compositional variations or due to the coexistence of
cubic and tetragonal phases, ¢ is averaged over these regions. As
explained in Section S3 (ESIT), the presence of preferred orien-
tation in our CsyFA; ,Pb(Br.I; ); perovskite films results in
some uncertainty in the absolute value of the tilt angle. This
would manifest as a systematic change in the magnitude of the
tilt angle (e.g., shifted higher or lower by some constant multi-
plier) but will not impact our conclusions, as relative changes
are not affected.

The temperature evolution of the tilt angle, ¢, is shown in
Fig. 3a for all Cs)FA,_,Pb(Br,I;_,); compositions along with
comparable tilt angle temperature dependence for pure com-
pounds, including MAPbI; films®® and MAPbBr; single crystals.
To aid comparison, we have plotted ¢ as a function of T — T,
where for Cs,FA; yPb(Br,l;_,); films T, is the temperature
where the average tilt goes to zero, and for MAPbI; films and
MAPDBr3, Ty is the phase transition temperature. The results
shown in Fig. 3a for MAPbI; and MAPbBr; are consistent with
the literature.’>®* The striking qualitative observation from
Fig. 3a is that the tilt evolution at the transition in all the mixed
A-site, halide Cs,FA, _,Pb(Br,l, _,); compositions is significantly
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broadened compared to MAPbDI; films and MAPbBr;, which as
we explain below, is a manifestation of compositional hetero-
geneity. This behavior is most apparent for 40-17 and 17-05
where we have the largest temperature range. For all our alloyed
compositions, Fig. 3a shows that the slopes of the tilt angle ¢
versus temperature T are much smaller than it is for the
pure compounds MAPbI; and MAPbBr;, consistent with the
broadened transition although there is a few °C offset in the tilt
for 17-17, 25-20 and 40-30 (compared to 40-17), reflecting the
errorbar in determining 7,. We refer to the compositions studied
here by chemical formula (e.g., Cso.4FAo.6Pb(Bro1710.83)3) Or simply
the percentage of Cs and Br at the A- and X-site, respectively (e.g
40-17). For some compositions (17-17, 25-20 and 40-30), the
temperature range is limited since we are unable to cool the films.

As noted in the introduction, we do not distinguish between
intrinsic (thermodynamic phase coexistence) and extrinsic
compositional heterogeneity. Hence, we model the phase tran-
sition behavior in Fig. 3a as a smeared first order or second-
order transition. For a first order behavior, the intrinsic tem-
perature dependence is a step function at T.; while for the
second-order transition, the behavior near the transition fol-
lows a power-law of the form ¢ ~ (T. — T)’, where f is the
critical exponent for the phase transition and T, is the transi-
tion temperature. For either type of transition, we account for
the impact of compositional heterogeneity by convoluting the
intrinsic temperature dependence (step function or power-law)
with a Gaussian distribution of transition temperatures. Both
fitting processes are discussed in detail in Section S4 (ESIT). For
Cso.4FA¢ 6Pb(Bry 1710 g3)3, the step function and power-law fits
give a T, at 73 °C and 80 °C, respectively, with a broad width due
to the distribution of transition temperatures (52 °C and 45 °C,
respectively). The best fit value for § is 0.49, but with large
uncertainty. We observe qualitatively similar behavior in all of
the Cs,FA;_,Pb(Br,I;_,); compositions studied and report T,
fitting transition width, and T, values in Table 1, while Fig. 3b
plots T, for different compositions. Note that our experimental

a 8k | b 100 } . ]
, 80 1
- 1 O
T 60F-., . Lo
6 g > 40t ¢ 40%Cs |
< ¢ % 25%Cs
5 1 20T ¢ 17%Cs |
[y 0 . . h
S 4 | 0 10 20 30
& 17-17 Br concentration (%)
E3r 17505 1 Coot2f ' ' ' ]
4 2520 § ‘ = +
2l + 4047 f 1 < ‘ *
4 40-30 } = 0.009 1
1F t MAPbIg 1 %
MAPbBrg | [
I i i T 0.006 £ i i i 7
-60 -40 -20 0 20 -60 -40 -20 0 20

relative temperature, T-T;, (°C)

T-Ty (°C)

Fig. 3 (a) Octahedral tilt angle (symbols) plotted as a function of temperature for all compositions studied with data for MAPbI5 thin films extracted from
Schelhas et al.°° and MAPbBrs single crystals. The solid lines show fits to these data as explained in the text. (b) Temperature Ty as a function of Br
concentration at constant Cs compositions: 17% (blue diamonds), 25% (green square), 40% (orange dots). (c) The FWHM of the t(210) peak in

Cso.4FA0.6Pb(Brg 1710 83)3 increases slightly around 20 °C below Ty.
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Table 1 Phase transition temperatures T. and Ty and fitting temperature
transition width for the smeared first order behavior, for the compositions
studied herein. Note that for y = 17, x = 5, the limited temperature range
may result in an overestimated T. and underestimated transition width

[Cs],y (%) [Br],x (%) T,(°C) T.(°C) Transition width (°C)
17 5 53 39 >21

17 17 37

25 20 56

40 17 97 73 45

40 30 64

data set only allows us to determine a 7. and transition width
for Csg4FAg 6Pb(Bro1710.83)s and Csg.17FAg g3Pb(Brg.0510.05)3, as
data are only available above room temperature and for
Cs0.17FA¢.83PD(Brg 951.95)3, we can only set a lower limit on
the transition width of 21 °C.

This behaviour is different from pure compounds, MAPbI;
and MAPDBr;. Despite being a well-studied system, the char-
acter of the tetragonal-to-cubic phase transition in MAPDI; is
still debated. DFT calculations suggest that the transition is
second-order,** but several experimental studies have con-
cluded that the transition is closer to tricritical (mean field
exponent f§ = 0.25).°05%3:5% A recent study of the tetragonal-to-
cubic transition in a deuterated MAPDI; single crystal indicates
that the transition is at least weakly first order with small
tetragonal domains nucleating near iodide vacancies in the
cubic lattice.®®

For Cs,FA,_,Pb(Br,l,_,);, we observe a very small increase in
the FWHM of the #(210) Bragg peak about 10-20 °C below Ty, as
shown in Fig. 3c. This weak dependence is, in general, incon-
sistent with the expected power-law increase in FWHM®” for a
second-order transition. This observation suggests that the
tetragonal-to-cubic transition in our Cs,FA;_,Pb(Br,l,;_,); films
is not second order.

Lattice parameter behavior

The temperature dependence of the lattice parameters through
the phase transition provides insight into the phase behavior
and nature of the heterogeneity that broadens the transition.
Fig. 4a and b show the temperature evolution of the lattice
parameters a’ and ¢ as well as the pseudo-cubic lattice para-
meter d for Csg17FAgg3PDb(Broosloos)s and Csg,FAg¢Pb-
(Bro.1710.83)3- We used the #(210) and ¢(201) peaks to extract

the lattice parameters, and for ease of comparison, we plot ' =

1
a/V2 and d = (a"*c)’. These lattice parameters are thus reflec-
tive of only the regions that are tetragonal within the film. It is
informative to compare this dependence to that for the pure
compound MAPbI;,*® which is shown in Fig. 4c, and behaves
the same as the pure compound MAPbBr;.®" Before making
this comparison, we calculate that the volumetric thermal
expansion coefficients (fy) for Csg4FAq ¢Pb(Bro171.83); and
CS0.17FA0.53Pb(Broosloes); as (2.11 £ 0.1) x 10°* K ' and
(1.83 £ 0.3) x 10~* K™, respectively. These values are slightly
larger than fy = (1.52 & 0.07)x 10~* K" for Csg;5FAo g5Pbl3,%?
and suggest that Br in the X site gives a larger y compared to L.
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Fig. 4 Evolution of lattice parameters for Csg17FA0.83Pb(Bro.oslo.os)s (a),
Cs0.4FA0.6Pb(Bro17l0.83)3 (b) and MAPDIs (c) plotted as a function of the
relative temperature T — Ty. (@ and b) The parameters are extracted from
the tetragonal peak positions. (c) Data extracted from ref. 60. Here ¢’ =
a/\/f (blue), d = (a’zc)% (brown) and c (green). For MAPblz we plot ¢’ = ¢/2
instead. Above Tg, the structure is cubic, so only a single lattice parameter
is shown. Solid lines show the general trend.

We observe no change in fy at the phase transition (7, in
Fig. 4a).

There is a distinct difference in the lattice parameter
behavior near the transition for CsyFA;_,Pb(Br,;_,); and
MAPDI; in that for the pure compound @’ and ¢ converge
approaching the transition temperature, but for the mixed-
cation, mixed-halide perovskite a’ and ¢ diverge approaching
Ty, especially c. We propose the following explanation for
this unusual observation for CsyFA; ,Pb(Br,I;_,); perovskite
films. This divergent behavior is a manifestation of the
compositional heterogeneity and the resulting distribution
of transition temperatures. Fig. 3c and Table 1 show that
CsyFA, _,Pb(Br,I; ,); with high Br and/or low Cs will trans-
form into the cubic phase at lower temperatures than for low
Br and/or high Cs. Consequently, as temperature increases,
regions of the Cs,FA;_,Pb(Br,l,_,); films with high Br and/or
low Cs will transform first into the cubic phase and the
tetragonal regions of the film will be those that are richer in
Cs or poor in Br. Since the tetragonal ¢(210) and ¢(201) peaks
are used to determine &’ and ¢ in Fig. 4a, these lattice
parameters will increasingly correspond to regions of low Br
and/or high Cs. Fig. 4a shows ¢ increasing approaching T,
and these still tetragonal regions must have relatively more I,
the larger halide, thus driving the larger c. Although indirect,
this suggests that there is more heterogeneity in the halide
composition than for the A-site cation. We expand on this
hypothesized behavior in Section S5 (ESIf) with a simple
model with four regions with different compositions. Overall,
these observations on the lattice parameters support our
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conclusion on compositional heterogeneity broadening the
transition and point to the halides as more heterogeneous.

Band gap temperature dependence

To better understand how this tetragonal-to-cubic transition
might influence the operation of solar cells, we measured the
optical band gap as a function of temperature. We measured the
external quantum efficiency (EQE) of an optimized Csg1,FA¢ g3-
Pb(Bry1,19.83); device at three temperatures on either side of Ty,
(temperature where the material is fully cubic) and extracted the
band gap by fitting the low energy tail of the EQE at each
temperature (see Section S6, ESIt). The extracted optical band
gaps are plotted in Fig. 5. We observe that below T, the band gap
decreases with temperature, and above T,, the band gap increases
with temperature. While both trends are modest, they are
distinguishable.

In the low-temperature tetragonal phase, the average tilt
angle decreases upon heating, increasing the overlap of the
orbitals associated with the Pb-X bonds, decreasing the band
gap,®*”’? consistent with Fig. 5. In the cubic phase above T, the
band gap increases with temperature, consistent with DFT
calculations that show that the band gaps of biaxially strained
cubic CsPbl; and CsSnl; increase with strain.”® This is because
in the cubic phase, lattice expansion reduces the orbital overlap,
increasing the band gap.**">

We fit the decreasing and increasing band gap regimes with
linear dependence and find that their intersection at 38 °C is
nearly identical to the value of T, = 37 °C that we estimate from
XRD data, see Fig. 3b. These results (Fig. 5) coupled with our
map of the transition temperature (Fig. 3b) can be used to
estimate the temperature where the slope in the band gap vs.
temperature changes from negative to positive (between about
T. and Ty). A positive slope for the band gap vs. temperature
results in a comparatively more efficient solar cell at higher
temperatures than for a negative slope. Thus, the temperature
where this slope changes may have important implications for
the temperature coefficient for power conversion efficiency in
MHP solar cells, if this is near typical operational temperatures.

-
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Fig.5 Band gap (eV) (black dots) for perovskite composition
Cso.17FA0.83Pb(Bro17l0.83)3 as a function of temperature (°C), calculated
from up and downward cycles of EQE, with a linear fit before discontinuity
(blue dashed line) and after slope discontinuity (red dotted line). The grey
dashed line shows the intersection of the two fit slopes.
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Discussion

Relative to the pure phases, we have observed two distinct
differences in the phase transition behavior for multi-cation,
multi-halide MHPs. First, as reflected in the octahedral tilt
angle, the transition is broadened over a considerable tempera-
ture range of the order of 40 °C. Second, the behavior of the
lattice parameters of the tetragonal domains just below the
transition diverges slightly as opposed to converging in
the pure compounds. These behaviors are consistent with the
presence of compositional heterogeneity.

With respect to the phase transition behavior, we have
defined two characteristic temperatures. T, is the temperature
at which the average tilt angle becomes zero and the entirety of
the film adopts the cubic structure. T, is the average transition
temperature obtained from fitting the temperature dependence
of the tilt angle to a broadened transition. While we cannot
distinguish compositional heterogeneity as intrinsic (or
thermodynamic) or extrinsic (processing-induced), T, and 7.
have different meanings for these scenarios. For the case of
two-phase coexistence, with increasing temperature, the film
evolves from pure tetragonal to cubic plus tetragonal to pure
cubic.?® Here, T, is a solvus temperature, while T is near the
middle of the two-phase region. In the case of extrinsic hetero-
geneity, T, corresponds to the transition temperature for
regions with the highest transition temperature and T, is the
transition temperature reflective of the average composition.
In either case the breadth of the transition, as obtained from
either the fit transition width (see Section $2.3, ESIt) or the
difference between T, and T, is indicative of the compositional
heterogeneity and can be used to provide an estimate of these
inhomogeneities. With reference to Fig. 3b, which shows the
variation in T, with Cs and Br composition, a 30-40 °C change
corresponds to roughly 10-15% variation in either Cs or Br
composition. This suggests compositional variation of the
order 10-15%, which is considerable.

There are additional ways that the phase transition might be
broadened, in particular, the compound can be relaxor ferro-
electric or dipolar glass. In this case, a homogeneous solid
solution would transform upon cooling from a non-polar para-
electric to an ergodic relaxor state with polar nanoregions. This
can eventually lead to vanishing or quenching the phase
transition.”> While some studies pointed out that MHP alloys
can present these responses,”*”” this is not the case in our work
because (a) the P4/mbm tetragonal phase is not consistent with
an ergodic relaxor or dipolar glass,”® (b) there is no evidence of
a superlattice of ordered A or X sites, (c) at the temperature of
our experiments (>300 K), freezing out the FA rotational
motions does not occur, and (d) we constantly observe a phase
transition throughout our compositional space.

From Fig. 3b, we find that at fixed Br substitution, T,
increases with increasing Cs substitution, and at fixed Cs
substitution, 7, decreases with increasing Br substitution.
The room temperature phase map reported by Beal et al. suggests
that for higher degrees of Cs substitution, more Br substitution
is required before any tetragonal phase is observed.'* This is
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because Cs is a smaller cation than FA, and Br is a smaller anion
than I. Structurally, Br substitution shrinks the size of the
cuboctahedral cavity so that it is a better fit for Cs, and the
Goldschmidt tolerance factor tg is closer to unity.*® Thus, when
the amount of Br in the lattice is increased, more Cs can be
substituted into the cubic crystal lattice before any distortion in
the form of octahedral rotations is required to decrease the size
of the cuboctahedral cavity."* This structural argument is also
supported by DFT calculations, which confirm that the energy of
the tetragonal phase is lower in systems where the A-site cation is
small relative to its cuboctahedral cavity (tg < 1).>°

A compositional variation of 10-15% is significant. It is
reasonable to expect that this should lead to broadening of
the XRD peaks of the order 0.5-1% of the peak Q value (e.g,
0.005 A~'-0.01 A~ for the #(110)/(002) peak). This is estimated
from the variation in lattice parameters with composition®>?’
and the compositional differences estimated above. This pre-
diction is less than the observed XRD peak widths of the
¢(110)/(002) and ¢(200)/(112) fundamental XRD peaks of about
0.005 A~* and 0.006 A", respectively. One explanation of this
apparent discrepancy is that regions of different composition
are partly coherently strained to have similar or equal lattice
parameters throughout the film; this would imply that the
regions with varied composition are small in order to achieve
such lattice coherency. This explanation would result in smaller
peak widths than predicted from the estimated compositional
variations, consistent with our data. In MAPb(Br,I; ,)s;, prior
work has shown a miscibility gap with strong intergrowth of
I-rich and Br-rich crystallites and unexpected deviations from
Vegard’s law.>®> These observations also may be related to the
possibility of coherency strain.

Conclusion

We used synchrotron XRD to characterize the crystal structure
of Cs,FA;_,Pb(Br,l;_,); perovskites across the tetragonal-to-
cubic phase transition. We find that, in contrast to MAPDI;,
which has an out-of-phase octahedral tilt pattern, Cs,FA;_,Pb-
(Bryl;_,); perovskites have an in-phase pattern of octahedral
rotations about the c-axis. This symmetry gives rise to super-
lattice reflections in the XRD patterns that we use to calculate
the temperature dependence of the octahedral tilt angle and
lattice parameters across the transitions. Our results show that
the tetragonal to cubic transition occurs over a broad range of
temperatures that we identify as due to compositional hetero-
geneity leading to coexisting cubic and tetragonal regions.
These give rise to a range of local transition temperatures that
effectively smear out into the global transition. We estimate the
local compositional variations of about 10-15% in either or
both FA/Cs and Bi/I, although the data suggest more in the
halide. We also find that the temperature dependence of
the band gap changes sign from negative to positive near the
temperature where the MHP structure becomes cubic, which
is explained as a competition between lattice expansion and
lead-halide bond length changes due to varying tilt angle.

This journal is © The Royal Society of Chemistry 2021
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Our results support and complement previous works demon-
strating that multi-anion, multi-cation MHP films can be compo-
sitionally heterogeneous at the nanoscale. Furthermore, we have
established a simple methodology to characterize this composi-
tional heterogeneity in mixed-cation, mixed-halide MHP. Using
this methodology can enable a way to understand the extent and
impact of heterogeneity on the properties and performance of
MHP photovoltaic materials.

Experimental data
Device fabrication and characterisation

Films were prepared using the standard chlorobenzene anti-
solvent method within a 4:1 dimethylformamide (DMF)/
dimethyl sulfoxide solvent (DMSO) mixture that was optimized
for film morphology at each composition and is detailed in
ref. 14. After spin casting, films were annealed on a hotplate at
60 °C for 1 min and subsequently at 105 °C for 30 min under an
N, atmosphere. Two-dimensional X-ray scattering patterns
were collected with monochromatic 12.7 keV synchrotron beam
on SSRL beam line 2-1 and recorded on a 255 mm” x 255 mm®
detector, under a flowing He atmosphere. Images were cali-
brated using LaBe and integrated to 1D using PyFAL’® Tilt angle
was obtained following the method developed in Sections S2
and S3 (ESIT). EQE was measured in a cryostat on solar cells
made with the following stack: glass, ITO, NiO,, perovskite,
PCBM, ALD SnO,, sputtered ITO. Light was shone through the
sputtered ITO side.

MAPDBr; crystallization and single crystal X-ray diffraction

MAPDBr; crystals were prepared by inverse temperature crystal-
lization. A 1 M solution of PbBr, and MABr in DMF was
prepared and passed through a 0.22 pm filter; the filtered
solution was heated to 82 °C in an oil bath and removed after
30 min. MAPDbBr; crystals were isolated quickly from the cool-
ing mother liquor to avoid re-dissolution. Crystals were
mounted on an X-ray transparent MiTeGen microloop using
Paratone oil and single crystal X-ray diffraction was performed
on a Bruker D8 Venture diffractometer equipped with a Photon
100 CMOS detector. The temperature was varied from 100-300 K
with an Oxford Cryostream.

Data were collected from ¢ and w scans using Mo-Ka
radiation (1 = 0.71073 A). The frames were integrated using
SAINT V8.38A and absorption correction was performed with
SADABS-2016/2, both implemented in the Bruker APEX 3
software. Space group determination was performed with XPREP,
with space group assignment based on reported structures, sys-
tematic absences, |E x E — 1| statistics, and refinement statistics.
The structure was solved using direct methods with the SHELXT
software’” and refined using a least-squares method implemented
by SHELXL-2014/7 in the Olex 2 software package.

The Pb and Br thermal displacement parameters are refined
anisotropically, whereas the C, N, and H parameters are refined
isotropically. Due to the well-known dynamic cation disorder in
the tetragonal and cubic phases, the methylammonium (MA)
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molecule was refined two ways: as a single atom centered in the
interstices, or as a molecule confined to reside along high
symmetry directions determined by residual electron densities.
Additional constraints to the MA cation were applied to the C-N
bond length (1.47 A) and to fix fractional occupancy to maintain
stoichiometry. No significant differences were observed in the
final structures refined with these two methods.
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