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Abstract

Hybrid organic/inorganic perovskites have attracted a lot of attention since they
were first introduced in a working photovoltaic device ten years ago, yielding an
efficiency of around 3%. Since then, the efficiency of the perovskite solar cells has
risen to almost stand toe to toe with that of commercial silicon photovoltaics.
Besides, it allows the fabrication of flexible devices at an inexpensive cost. Due to its
exceptionally good optoelectronic properties, there is also an intense research for
different applications of this type of materials, such as sensors, lasers or light-emitting
diodes. However, they still present some issues that need to be addressed, such as
chemical or structural instabilities under ambient conditions. In order to better
understand the structural stability, and the role played by the interaction between
the organic cation and the inorganic framework, we studied the structural and
optoelectronic properties of perovskites of the family FAMA,Pbl; at different
pressures (up to 15 GPa) and temperatures (10 to 385 K). We investigated this
material by noninvasive optical spectroscopy means, such as photoluminescence
(PL), Raman and ellipsometry.

In the articles here compiled, the first complete phase diagram of mixed cation
(formamidinium and methylammonium) lead iodide perovskites is provided as a
function of temperature and composition. This serves to assess the best relative
concentration of the organic cations to stabilize the cubic phase with respect to
temperature changes. These materials also present an atypical dependence of the
bandgap with temperature, which in the literature is ascribed exclusively to a huge
electron-phonon renormalization. However, here we show that thermal expansion

effects also play a decisive role in the temperature behavior of the fundamental gap.

From all the combinations in the family of organometal halide perovskites, MAPbI;
is probably the most studied due to its outstanding optoelectronic properties. It is
known that the interplay between the movement of the organic cations and the rigid
inorganic cage has a decisive role in the crystalline structure of this material. For
instance, due to the dynamic disorder of the methylammonia, MAPbI; adopts a
highly symmetric cubic phase at high temperatures. When cooling down, both the
contraction of the lattice and the reduction of symmetry due to a transition to an
orthorhombic phase lock the MA molecules in the cage voids. We are able to observe
for the first time a similar effect but at room temperature, by applying hydrostatic
pressure to the material. In both cases, the locking of the MA cations can be
indirectly observed through a drastic reduction of the phonon linewidths in Raman
experiments. We have shown, in this way, that it is possible to alter the vibrational
properties of the material by applying a controlled hydrostatic pressure. Finally, the
tuning of the bandgap and the variation of the band structure of the mixed-system
FAMA,(Pbl; is evaluated as a function of FA composition with ellipsometry and
photoluminescence.
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Nomenclature

Abbreviations

ABX; — General formula for perovskite compounds
DFT — Density Functional Theory

DSSC — Dye-Sensitized Solar Cell

DW — Debye-Waller

FA — Formamidinium, (NH,),CH*

FAPDI; — Formamidinium lead iodide (NH,),CHPbI;
FAMA . Pbl; — Formamidinium/methylammonium lead iodide
FTO — Fluorine doped Tin Oxide.

LI. — Integrated Intensity

MA — Methylammonium CH3;NH;*

MAPDI; — Methylammonium lead iodide CH;NH;PbI;
NCs — Nanocrystals

NREL - National Renewable Energy Laboratory (US)
OHP - Organometal Halide Perovskite

PCE — Power Conversion Efficiency

PL - Photoluminescence

PSC — Perovskite Solar Cell

PV — Photovoltaic

SE — Self-energy

TiO, — Titanium Oxide
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Motivation

A transition from conventional energy resources to clean and renewable ones is
essential to stop and possibly revert climate change, aiming to have a healthier
environment. Finding a cheap and efficient solar power alternative to fossil-based
sources could be a critical step in this process. Hybrid halide perovskites are
presented as promising candidates due to their inexpensive fabrication costs and
remarkably high efficiencies. However, they are unstable at ambient conditions, and
since it is a novel material, much is still unknown about the origin of such good
performances. A better understanding is fundamental to overcome obstacles such as
the instability, or to look for replacements of the lead atom for another less toxic
element.

By applying pressure or varying the temperature, it is possible to study the
optoelectronic properties of the material under different structural phase transitions,
the dependence of its bandgap with pressure and temperature, as well as the effect
of reducing the lattice parameters by a few percent in a controlled way.

This kind of experimental work gives us valuable information about the material. In
particular, for hybrid perovskites, it shows the special interplay between the organic
molecules and the inorganic frame, or the structural behavior depending on the cation
concentration, among other things.

Our group has a long experience in optical characterization and fundamental studies
of the optoelectronic properties of semiconductors, and it counts with the

experimental setups needed to carry this kind of experiments in our laboratories.
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Organization of this thesis

This Doctoral thesis is presented as a compilation of research articles following the

UAB (Universidad Auténoma de Barcelona) regulations in this respect.

Apart from a general introduction and a detailed summary of the experimental
techniques employed, three chapters more have been added with the intention of
introducing the theoretical background used in the articles in an intuitive and simple
way. In particular, the fundamentals of the electronic and vibrational properties of
perovskite materials, the interaction between the organic cation and the inorganic
matrix, and the bandgap dependence on temperature of this type of materials are
explained. All of which are of relevance to fully understand the work summarized on
the papers.

The articles included in this memoir and presented to the Doctoral committee are
the following, sorted by chronological order:

I. Pressure-induced locking of methylammonium cations  versus

amorphization in hybrid lead iodide perovskites. Francisco-Lipez, A.,
Charles, B., Weber, O. J., Alonso, M. 1., Garriga, M., Campoy-Quiles,
M., Weller, M. T., & Goni, A. R. (2018). The Journal of Physical
Chemistry C, 122, 22073-22082.

II. Equal footing of thermal expansion and electron-phonon interaction in the

temperature dependence of lead halide perovskite band gaps. Francisco-
Lopez, A., Charles, B., Weber, O. J., Alonso, M. 1., Garriga, M.,
Campoy-Quiles, M., Weller, M. T., & Goni, A. R. (2019). The Journal
of Physical Chemistry Letters, 10, 2971-2977.

II1. Spectroscopic ellipsometry study of FAMA, Pbl; hybrid perovskite
single crystals. Alonso, M. I., Charles, B., Francisco-Lopez, A., Garriga,
M., Weller, M. T., & Goni, A. R. (2019). Journal of Vacuum Science &
Technology B 37, 062901/1-7.

IV. Phase diagram of methylammonium/formamidinium lead iodide

perovskite solid solutions from temperature-dependent photoluminescence

and Raman spectroscopies. Francisco-Lépez, A., Charles, B., J., Alonso,
M. I., Garriga, M., Campoy-Quiles, M., Weller, M. T., & Goni, A. R.
(2020). The Journal of Physical Chemistry C. 124, 6, 3448-3458

Another article produced as a direct result of researching during this PhD thesis, but
which is not included in this work because it is unrelated to the main research line

is:


https://pubs.acs.org/doi/10.1021/acs.jpcc.8b05188
https://pubs.acs.org/doi/10.1021/acs.jpcc.8b05188
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b00876
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b00876
https://avs.scitation.org/doi/10.1116/1.5121604
https://avs.scitation.org/doi/10.1116/1.5121604
https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b10185
https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b10185
https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b10185
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I'. On the impact of the stress situation on the optical properties of WSe,

monolayers under high pressure. Francisco-Lépez, A., Han, B., Lagarde,
D., Marie, X., Urbaszek, B., Robert, C., & Goni, A. (2019). Papers in
Physics, 11, 110005-110005.
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1 Introduction

1.1 Hybrid Perovskites FAxMA:<Pbls

The name “perovskite” refers to the group of materials that share
the same crystalline structure with the mineral CaTiO;. It was
first discovered by Gustav Rose in 1839, and was named after the
Russian mineralogist Lev Perovski'.

Perovskite structure is characterized by the unit formula ABXs.
It can be represented geometrically as a cubic hexahedron with
the B-site atoms, usually metal cations, in the middle of the cube.
The A-site cations, which in the case of this thesis are organic
molecules, are placed at the corners. Finally, the X anions, which
typically belong to the halide family for photovoltaic applications,
are located in the center of each of the six faces. This structure is
schematically represented in Figure 1.1 for the particular case of
methylammonium lead iodide perovskite, CHsNH;Pbl; (MAPDI).

Several inorganic perovskite compounds have been intensively
studied during the last decades due to their interesting physical
properties such as ferroelectricity (BaTiOs)? ferromagnetism
(SrRuO;)?, superconductivity (YBa,Cu;O7)* photoconductivity
(LaAlO3/SrTiO; interfaces)’ or low
thermal conductivity (LaCoOs)*.

and magnetoresistance

However, there was an important breakthrough in the field of
perovskite photovoltaics in 2009. A hybrid organic-inorganic
compound, MAPDI;, was first introduced by Kojima and
coworkers as a light-harvester layer in a dye-sensitized cell®. The
power conversion efficiency (PCE) of this early device was 3.6%.
Such efficiency was promising but still not very high, as it was
being hampered by the presence of a liquid electrolytic layer that
degraded the perovskite material. In just three years, the reported
efficiency rose rapidly to 9.7% by replacing the electrolyte with a
solid-state hole transport layer’. Besides, due to the inherent
ability of the perovskite material to separate charge carriers, the
mesoporous titanium oxide scaffold was removed and planar
perovskite p-i-n heterojunction architectures were introduced in
solar cells. These devices were yielding efficiencies over 15% in less
than four years of development in the field®.

Years later, in 2013, solar cells based on perovskite materials were
given their own classification by the National Renewable Research
Laboratory (NREL). This is a laboratory from the U.S. National

Department of Energy that monitors and standardizes

Figure 1.1 Unit cell of the cubic
phase of MAPbDIs, which follows the
perovskite ABX3 structure. Iodine
ions (yellow) belong to the X-site,
placed in the faces of the cube; lead
(purple) corresponds to the B site,
in the middle of the cube, and the
methylammonium molecules (Blue
for N, dark grey for C and white for
H) are placed in the corners of the
structure, occupying the A-sites.
Notice the octahedra formed by the
iodine atoms, which will be

recurrent in the next figures.

[1] Rose, Gustav. (1840) “Ueber einige
neue Mineralien des Urals.” Journal fiir
praktische Chemie 19.1: 459-468.

[2] Von Hippel, A., (1950)
“Ferroelectricity, domain structure,
and phase transitions of barium
titanate.” Reviews of Modern Physics,
22(3), p.221.

[3] Longo, J. M., et al. (1968).
“Magnetic properties of STRuO3 and
CaRuO3”. Journal of Applied Physics,
39(2), 1327-1328.

[4] Pena, M. A., & Fierro, J. L. G.
(2001). “Chemical structures and
performance of perovskite oxides.”
Chemical reviews, 101(7), 1981-2018.

[5] Tebano, Antonello, et al. (2012)
“Room-temperature giant persistent
photoconductivity in SrTiO3/LaAlO3
heterostructures.” Acs Nano 6.2: 1278-
1283.

[6] Kojima, A., et al. (2009).
“Organometal halide perovskites as
visible-light sensitizers for photovoltaic
cells.” Journal of the American
Chemical Society, 131(17), 6050-6051.
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Figure 1.2 Example of perovskite

crystals used during this thesis.
From left to right: &-phase of
FAPbI;, MAPbBrs, and MAPbDI3

crystals  synthethized by our

colleagues in Bath.

[7] Kim, Hui-Seon, et al. (2012) “Lead
iodide perovskite sensitized all-solid-
state submicron thin film mesoscopic
solar cell with efficiency exceeding 9%.”
Scientific reports 2: 591.

[8] Burschka, Julian, et al. (2013)
“Sequential deposition as a route to
high-performance perovskite-sensitized
solar cells.” Nature 499.7458: 316.

[9] Best Research-Cell Efficiency Chart
(2019) | Photovoltaic Research |
NREL https://www.nrel.gov/pv/cell-
efficiency.html

[10] Gao, P., Gritzel, M., &
Nazeeruddin, M. K. (2014).
“Organohalide lead perovskites for
photovoltaic applications.” Energy &
Environmental Science, 7(8), 2448-
2463.

[11] Prasanna, Rohit, et al. (2017)
“Band gap tuning via lattice
contraction and octahedral tilting in
perovskite materials for photovoltaics.”
Journal of the American Chemical

Society 139.32: 11117-11124.

[12] Ball, James M., et al. (2013) “Low-
temperature processed meso-
superstructured to thin-film perovskite
solar cells.” Energy & Environmental
Science 6.6: 1739-1743.

[13] Yang, Shida, et al. (2017) “Recent
advances in perovskite solar cells:
efficiency, stability and lead-free
perovskite.” Journal of Materials
Chemistry A 5.23: 11462-11482.
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photovoltaic (PV) efficiency records all over the world. According
to them, the efficiency world record has risen up to 25% at the
moment of writing this thesis’. The current high performance of
perovskite technology is comparable with that of Si or GaAs
photovoltaic cells, which nowadays dominate the market due to
the good balance between high efficiency, great long-term stability
and, in the case of silicon, moderate cost of the modules.

The number of advantages of these materials with respect to the
inorganic PV is large; for instance the ability to tune the bandgap
and the absorbed energy range by simply changing relative
composition'™, the reduced fabrication temperatures (<150 °C)
in comparison to inorganic solar cells such as those made from Si,
or GaAs" (that require temperatures higher than 1000 °C), the
and the
flexibility of the modules, which allows roll-to-roll production,

easier solution processability and crystallization,

reducing further production costs.

All of these advantages help to explain the sky-rocketing number
of related publications and conferences on the matter in the last
few years. However, before bursting into the market, some issues
related to the long-term stability of the material such as chemical
or structural stability need to be addressed. Its organic molecules
are highly hygroscopic and moisture degrades the material
irreversibly after just a few weeks exposed to ambient conditions.
There is also UV light related degradation, and instability of the
structural phase at operating temperatures of a PV device.
Moreover, one of the main drawbacks of this technology is the
toxicity of lead, which raises environmental concerns as well as
poses a risk for the workers during fabrication. The latter is one
of the main reasons why lately some efforts have been made to
replace lead with other less toxic elements, such as tin or
bismuth'.

In this introduction I will briefly focus on some of the optical and
electronic properties which are related to the structural phase of
the crystal. Besides, I will mention the tunable composition and
its tolerance to defects, which plays a fundamental role in its
notably good optoelectronic properties, and on some stability
issues concerning these hybrid perovskites. In particular, I will
discuss the structural stability and optoelectronic properties of
hybrid perovskites of the formula FAMA,Pbl; as a function of
temperature and pressure.


https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
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1.1.1 Applications

Hybrid halide perovskites are typically used as a photovoltaic
material. However, they also show interesting properties for other
applications, such as lasers, light-emitting diodes (LEDs) or
thermoelectrics, the latter due to their ultra-low thermal
conductivity'.

Figure 1.3 represents schematically the first reported architecture®
employed in perovskite solar cells in 2009. It is a dye-sensitized
solar cell (DSSC), and in this case the perovskite material was
infiltrated in a mesoporous scaffold of titanium oxide (TiO,). The
perovskite used as a light absorber was MAPDbDI;, whereas the
surface of the TiO, scaffold favored the exciton dissociation. Later
on, it was observed that this mesoporous structure was not
necessary, as the perovskite already can generate free carriers due
to the weak values of the exciton binding energy. Then, a less
complicated planar p-i-n heterojunction architecture was adopted
(see Figure 1.5). Currently, both types of solar cells exhibit good
PV efficiencies.

Both generic types of structures present similar layers, apart from
the mesoporous TiO,. The top and bottom layers are the charge
conducting electrodes, one of them being transparent, like FTO
(fluorine-doped tin oxide) glass, to allow the light going through.
Sandwiched in between is the light-absorbing layer, with two
selective charge blocking layers on top and below it, allowing
either electrons or holes to reach the electrodes, and blocking the
opposite type of carrier.

Figure 1.4 is a partial reproduction of the record efficiency chart
from the National Renewable Energy Laboratory. The yellow
circles with the red stroke represent the evolution of perovskite
solar cells. It is interesting to observe the steep, increasing
tendency over time. Additionally, we can observe that they have
reached record efficiency values close to that of Silicon solar cells
(blue) in just a few years of development. Furthermore, the

formation'>!®,  defect
19,20

continuous progress made in film

passivation'™® and contact engineering suggest  that
perovskites will soon approach the maximum efficiency possible,

according to the Shockley-Queisser limit.

Miller, Yablonovitch and Kurtz?' spread the idea that a good solar
cell needs to be a good light emitter, since highly efficient solar
cells avoid trap-assisted recombination. If the deep-trap defect
concentration is reduced, the main recombination pathway
available is then radiative, making it suitable for light emission.

Figure 1.3 Dye-sensitized PV cell. In this
configuration the perovskite acts as dye

(light absorber). The mesoporous TiO;
scaffold helps separate the charge carriers
generated in the perovskite. Below, a hole
blocking layer (typically TiO: as well) only
allows electrons to reach the transparent
electrode (FTO glass). On the other side of
the cell, a hole transport layer blocks only
electrons, so the holes can reach the gold
electrode.

[14] Pisoni, Andrea, et al. “Ultra-low
thermal conductivity in organic-inorganic
hybrid perovskite CH3NH3PbLI3.” The
journal of physical chemistry letters 5.14
(2014): 2488-2492.

[15] Jeon, Nam Joong, et al. “Solvent
engineering for high-performance
inorganic-organic hybrid perovskite solar

cells.” Nature materials 13.9 (2014): 897.

[16] Eperon, Giles E., et al. “Morphological
control for high performance, solution-
processed planar heterojunction perovskite
solar  cells.”  Advanced

Materials 24.1 (2014): 151-157.

Functional

[17] Noel, Nakita K., et al. “Enhanced
photoluminescence and solar cell
performance via Lewis base passivation of
organic-inorganic lead halide perovskites.”
ACS nano 8.10 (2014): 9815-9821.

(18] Shao, Yuchuan, et al. “Origin and
elimination of photocurrent hysteresis by
fullerene passivation in CH 3 NH 3 PbI 3
planar heterojunction solar cells.” Nature
communications 5 (2014): 5784.

[19] Wojciechowski, Konrad, et al.
Heterojunction modification for highly
efficient organic—inorganic perovskite
solar cells. ACS nano 8.12 (2014): 12701-
12709.

[20] Zhou, Huanping, et al. Interface
engineering of highly efficient perovskite
solar cells. Science 345.6196 (2014): 542-
546.



Figure 1.5 Example of a p-i-n

heterojunction architecture for a fully
perovskite solar cell.

[21] Miller, O. D., Yablonovitch, E., &
Kurtz, S. R. (2012). “Strong internal
and external luminescence as solar cells
approach the Shockley-Queisser limit.”
IEEE Journal of Photovoltaics, 2(3),
303-311.

[22] Lin, Kebin, et al. (2018)
“Perovskite light-emitting diodes with
external quantum efficiency exceeding
20 per cent.” Nature 562.7726: 245.

(23] Yu, Jae Choul, et al. (2016) “High-
performance perovskite light-emitting
diodes via morphological control of
perovskite films.” Nanoscale 8.13: 7036-
7042.

[24] Tan, Zhi-Kuang, et al. (2014)
“Bright light-emitting diodes based on
organometal halide perovskite.” Nature
nanotechnology 9.9: 687.

[25] Xing, Guichuan, et al. (2014) “Low-
temperature solution-processed
wavelength-tunable  perovskites  for

lasing.” Nature materials 13.5: 476.

[26] Yuan, Mingjian, et al. (2016)
“Perovskite energy funnels for efficient
light-emitting diodes.” Nature
nanotechnology 11.10: 872.

(27] Galkowski, Krzysztof, et al. (2016)
“Determination of the exciton binding
energy and effective masses for
methylammonium and formamidinium
lead tri-halide perovskite
semiconductors.” Energy &
Environmental Science 9.3: 962-970

(28] Xing, Guichuan, et al. (2013)
“Long-range balanced electron-and
hole-transport lengths in organic-
inorganic CH3NH3PDI3.” Science
342.6156: 344-347

[29] Wehrenfennig, Christian, et al.
(2014) “High charge carrier mobilities
and lifetimes in organolead trihalide
perovskites.” Advanced materials 26.10:
1584-1589.
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Figure 1.4 NREL World record PV efficiencies as a function of time. Chart trimmed for
clarity, zoomed in to see the amazingly fast growing tendency of perovskite (red circles
with yellow core), which has already almost caught up with silicon solar cells in efficiency.

(Blue lines) GaAs and multijunction solar cells are showed in purple, and thin film
technologies in green. Reproduced with permission of ref. [9]

Besides, most of the exceptionally good optoelectronic properties
that make organometal perovskites very suitable materials for PV
also make them good candidates for making light-emitting diodes
and lasers in the visible range?*?*#% These properties are, for
example, a direct bandgap, long charge carrier diffusion length
and lifetime, high absorption coefficient and a low binding energy

27,28,29

of ca. 15 meV on the photo-generated excitons . Moreover,

they present a tunable bandgap, high quantum efficiency, and the

ability to be integrated into different optical resonators®?.

It has been shown as well that hybrid perovskites present a low
amplified stimulated emission carrier density threshold (which
gives a hint about how easily it can obtain net gain), making them

very promising candidates for lasing applications® %%,

Finally, due to the strong interaction of these materials with
incident light, new photodetector devices have been designed to
take advantage of the good optoelectronic properties of
organometal perovskites®.

The field of applications is thus very broad, and more fundamental
research for this type of materials that could lead to better

understanding such good properties is necessary.

1.1.2 Tunability

A wide range of mixed compositional perovskites has been studied
for their exceptionally good performance as solar cells*®. This is
probably one of the biggest advantages of hybrid perovskites: the
good miscibility of the A-site cations and the halogen anions in
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the ABX; formula. It enables access to a wide range of combined
properties, and moreover, to tune them towards optimum values.

Typically, for the A-site cation, the best optoelectronic properties

are obtained employing organic molecules such as
methylammonium (MA), formamidinium (FA), or even an
inorganic element such as cesium (Cs) or rubidium (Rb). For the
metal, the best performances are obtained with lead (Pb). Lead
electrons present huge spin-orbit coupling, which directly affects
the electronic band structure of lead-based perovskites®™. However,
as it is mentioned above, due to its toxicity new routes are being
explored to substitute lead with other metals such as Sn¥.
Unfortunately, the PCEs obtained this way are remarkably lower.
Finally, for the X-site ion, halides such as iodine (I'), chlorine (CI
) and bromine (Br) are the most employed ones in the fabrication
of perovskite solar cells. Interestingly, all of these are

compositionally miscible with each other®.

The archetypal MAPDI; is the most studied material of the family
of organometal halide perovskites (OHP), but it is not the only
one. Apart from MAPbI; (PCE ~ 21.1%)%, single-junction high
power conversion efficiencies have been obtained for perovskites
like FAPDI; (~20.2%)", FA02MAgsPbl; (~20.8%)", and other

FAMA . xPbl;

40 nm

I x=0.9

[30] Sutherland, Brandon R., and
Edward H. Sargent. (2016) “Perovskite
photonic sources.” Nature Photonics
10.5: 295.

[31] Stylianakis, Minas M., et al. (2019)
“Inorganic and hybrid perovskite based
laser devices: A Review.” Materials
12.6: 859.

[32] Deschler, Felix, et al. (2014) “High
photoluminescence efficiency and
optically pumped lasing in solution-
processed mixed halide perovskite
semiconductors.” J. Phys. Chem.

Lett 5.8: 1421-1426.

[33] Zhu, Haiming, et al. (2015) “Lead
halide perovskite nanowire lasers with
low lasing thresholds and high quality
factors.” Nature materials 14.6: 636.

[34] Dou, Letian, et al. (2014) Solution-
processed hybrid perovskite
photodetectors with high detectivity.
Nature communications 5: 5404.

[35] Even, Jacky, et al. “Solid-state
physics perspective on hybrid
perovskite semiconductors.” The
Journal of Physical Chemistry C 119.19
(2015): 10161-10177.
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Wavelength (nm)

Figure 1.6 Normalized PL spectra of different FAXMA1Pbls crystals, with x ranging from 0 to 0.9 in 0.1 steps.

From this image we can conclude that the emission lines and the bandgap of the material can be tuned by changing

the composition of its constituent parts.
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more complex formulas such as

Rbo.o5[CSO,05(MA0.17FA0.83)095]0.95Pb(10,83]3r0.17)3 (~21.6%)42.

Besides, the composition can be modified to tune the emission in
all the visible spectral range (390-790 nm) by varying the cation,
the halide, or the metal relative concentrations, or modifying the

metal halide precursor concentrations during synthesis®*,

Figure 1.6 shows almost the whole range of compositions for the
formula FAMA,xPbl;, with x ranging from 0 to 0.9 in steps of
0.1. We can observe that the PL swifts from that of pure MAPbDI;
to that corresponding to FAPbDI;, at small steps for each solid
solution. The bandgap changes accordingly with the PL, ranging
from 1.41 to 1.53 eV, with the extreme values corresponding to
the compositional ends FAPbI; and MAPDI; respectively®™ . It is
worth mentioning that both are remarkably close to the
theoretical optimum bandgap value of 1.34 eV for a single-junction
solar cell given by the Shockley-Queisser limit for the solar

spectrum.®

Table 1 summarizes some of the best efficiencies obtained for
perovskite solar cells so far'®, and their stability as a function of
the time necessary for its efficiency to drop by a 20% (T80).

Table 1 Power conversion efficiencies (PCE) of some of the most efficient perovskite solar
cells. Notice that electron and hole transport layers are not specified here, however, they
still play a fundamental role in obtaining high efficiencies. After references 40, 41 and 46.

Composition PCE T80 (h) TS0 (h)
(%) = Stored lum.
MAPDI; 23.9 2200 650
MAPDI;<Clx 19.3 24 -
FAPbDI; 20.2 = -
(CSMAFA)Pb(Iy5:Bro 15)s 21.5 . 400
(FAPDIz)0.95( MAPDHBr3)0.05 22.3 - 320
(Cs0.02F Ao.osPbls)o.07(MAPbBBrs)o.0s 21.7 250 250
(FA083MA017)0.95Cs0.0sPb(Io.9Bro.1)s 19.8 - 1800

Rbo.0s[Cs0.05( MAo.17F Aoss)0.05)0.0sPb(Lo.ssBro.r)s 21.6 - -

1.1.3 Structure

Perovskite structure, following the general ABX; formula, can be
visualized in its cubic form as a cube with the A atoms or
molecules at the corners, the B atoms in the center of the structure
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and the X sites in the middle of each of the six cube surfaces. This
structure is represented in 3D in Figure 1.8

A

Figure 1.7 Perfect cube, with one of the corners labelled A, the center in one of
the faces named X, and the middle of the cube labelled B. The letters represent
the ABX3 sites in a cubic perovskite.

In a perfect cube, as the one shown in Figure 1.7, the distance
between the X and A sites is V2 times longer than the distance
between X and B, as one could deduce by simple trigonometry. If
we think of a perfectly packed cubic perovskite structure, the
distance from X to A would be the radius of the cation A, say Ra,
plus the radius of the anion X, i.e. Rx. Similarly, Rx + Rg would
be equal to the distance from X to B. Then we obtain this relation:

(RA + RX) = \/E(Rx + RB)

Now if we assume that this relation is only nearly met in real cubic
perovskites, we introduce the Goldsmith tolerance factor (t) for
perovskite structures:

(R4 + Rx)

- V2(Rx + Rp) (-0

One can expect the formation of a cubic phase at room
temperature when ¢ is close to 1. For MAPbI;, ¢t =0.955, and for
FAPbDI;, t=1.036, according to the literature'. The former is
lower than 1, and MAPDbI; exhibits a tetragonal phase at 298 K.
The latter, on the other hand, is higher than 1 and the cubic
structure of FAPbDI; is unstable, transforming into a hexagonal
phase spontaneously at room temperature. Lower symmetry
structures such as rhombohedral or orthorhombic can be
observed®* when ¢ lies between 0.7 and 0.9.

Figure 1.8 Atomic and molecular

representation of cubic MAPbDIs.
Todine atoms (yellow) sit at the
corners of an imaginary octahedron
with lead (purple) in the core. MA
molecules (blue, gray and white for
nitrogen, carbon and hydrogen
respectively) are then placed in the
free space left among the octahedra.
See Figure 1.9 for a representation
with octahedra walls placed in the
structure to better guide the eye.
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However, there is another very helpful way of visualizing this
structure. The chemical bonds between the metal and the halide
ions have a strong ionic and covalent dual nature® in hybrid
perovskites such as the archetypal MAPDbI;. These bonds form an
inorganic lattice made of corner-sharing octahedra, with the halide
sitting in the corners and the metal laying in their centers. This
inorganic framework is rigid in comparison with the weaker
hydrogen bonding of the methylammonium cation, which can
move and reorient itself inside the inorganic cage, and whose main

function is balancing the net charge in the crystal™.

When the temperature is high enough (usually around room
temperature), the high dynamic disorder caused by a rotational
and librational movement of the cation inside the inorganic cage,
favors a highly symmetric cubic phase. This is common to most
of the hybrid halide perovskites™****. However, when temperature
decreases below the first phase transition temperature (330 K in
the case of MAPDI;), the octahedra tilt with respect to each other
to reduce the volume of the crystal, undergoing a transition to a
tetragonal phase. Another phase transition to an orthorhombic
phase happens in this material when temperature decreases below
160 K°', with a further tilting of the octahedra, this time in a
different plane than the previous one, leading to a volume
reduction in the crystals. Moreover, the octahedra themselves
experience an asymmetric reduction of its volume (Figure 1.9 (c)),
reducing the symmetry of the crystal to orthorhombic. This phase
has a very important peculiarity; the available space for the
organic molecule is reduced, locking its movement inside the
inorganic cage and affecting its optoelectronic properties™'. All
different phases observed in MAPDbI; are represented in Figure 1.9.

However, in the case of FAPDI;, such reduction of the inorganic
cage is not possible due to the bigger size and shape of the organic
molecule, FA. Instead, a transition to another, more disordered
tetragonal phase takes place™.

The organic cation, thus, even though it does not present a strong
bonding to the inorganic framework, actually plays a fundamental
role in the crystalline structure of organometal halide perovskites.

MAPDI;, despite its high efficiency in solar cells and other
advantages previously mentioned, presents a phase transition at
330 K, which is just in the middle of the typical operating
temperature of a photovoltaic device. This temperature ranges
between 270-350 K, which accounts for colder conditions at night
and hot peaks when the sun is perpendicular to the module. The
crystalline material in the photovoltaic module would be forced to
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Figure 1.9 3D representation of MAPDI; crystalline structure in its different structural phases. The first one is the cubic
phase (a to c¢) This phase is present at temperatures higher than 330 K, and belongs to the Pm3m space group. The
tetragonal phase (d to f) lies in the range of temperatures between 163 and 330 K, and its space group is I /mem. Finally,
the orthorhombic phase (g to i) can be found at temperatures below 163 K, and the space group is classified as Pnma.
The top row of figures are oriented in the (001) direction, the middle ones in the (110), and the bottom ones in the (100)

repeatedly undergo a structural phase transition. On the other
hand, this phase transition is continuous, so cycling it may not be
affecting the crystalline quality of the material after all. It has
been shown, however, that the first-order low-temperature phase
transition in MAPDbI;, happening at around 150 K, from a
tetragonal to an orthorhombic phase presents hysteresis, and
cycling it could indeed induce permanent changes in the material

properties®.

FAPDI;, on the other hand, presents a lower temperature phase
transition at 280 K™, so it would be subject to much less cycling

[65] Osherov, Anna, et al. (2016) “The
impact of phase retention on the
structural and optoelectronic properties
of metal halide perovskites.” Advanced
Materials 28.48: 10757-10763.
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[59] Queisser, Hans J., and Haller, E.
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vital.” Science 281.5379: 945-950.
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stress than MAPbDI;. It presents, however, a different structural
problem; its perovskite phase is unstable at room temperature; it
spontaneously transforms into a non-perovskite hexagonal, yellow
0 phase, with no interest in PV due to its poor photovoltaic
properties®. By mixing the organic cations, we can obtain
compounds such as FA;MAq;Pbls, a perovskite material which is
both stable at operational temperatures for a photovoltaic device,
and does not undergo a spontaneous transition into a mnon-

perovskite phase'.

Studying the structural stability of a material is then of
fundamental importance to obtain good performing devices in the
long time range. Reference IV, presented in this thesis, shows the
first complete phase diagram for compounds of the formula
FAMA,Pbl;. And reference I shows the phase transitions that
MAPDbDI; undergoes under pressure, revealing for the first time a
high-pressure phase not reported previously in the literature.

1.1.4 Defect tolerance

One attractive advantage of using perovskites as the active layer
in photovoltaics is its easy solution processability, as well as the
low temperature required during crystal growth. This makes it
cheaper than its conventional inorganic competitors and
compatible with large scale production at low cost. However, one
should expect a high amount of defects from this fabrication
process, so it is striking that the PV record efficiency for hybrid
perovskites is already at 25.2%° and increasing every year.
Actually, it is approaching quickly the theoretical maximum
efficiency for a semiconductor with a bandgap near 1.5 eV, which
is around 33%%. Hybrid perovskites, such as the archetypal
MAPDI;, must then present an extremely good defect tolerance®.
Understanding why is that so could open the path to designing
more robust or stable photovoltaic materials.

There are several types of defects in crystals, which involve one or
more atoms™. If it only involves one atom they are called point
defects; such as vacancies, interstitial or substitutions. A missing
atom in the lattice is called a vacancy. An interstitial happens if
an atom lies in between other crystalline positions. Finally, a
substitution occurs when one of the atomic species of the crystal
is occupying a different crystalline site other than its original
structural position. If these point defects are related to elements
that are not natural to the crystal, they are called impurities.
These point defects are illustrated in Figure 1.10 for a perovskite
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(MAPDI;) lattice. Defects may also involve higher dimensional
structures; such as arrays of atoms (dislocations) or three
dimensional defects (i.e. grain boundaries).

All crystalline materials of macroscopic proportions present
defects, and the good quality of a crystal is related to a low
number of these. This number can vary enormously: for example,

60

the highest quality silicon wafers® have a density of defects on the

order of 10*- cm™, which is impressive taking into account that
the density of Si atoms in a crystal lattice is around - 10* cm™.
Other crystalline materials grown at lower temperatures such as
organometal halide perovskites have a density of defects twelve
orders of magnitude higher®, around 10'° - cm™. This large amount
of defects contrasts with the high efficiencies obtained in
perovskite solar cells (PSC), which demonstrate their ability to

tolerate defects without affecting its optoelectronic properties.

All of these defects are spatially localized, and often their energy
levels lie within the bandgap of the material. These defects may
affect the material optoelectronic properties when they interact
with nearby charge carriers. If a charge carrier gets captured by a
shallow defect, which are those whose energy levels lie near the
band edges, it may escape the trap via phonon absorption, or it
could recombine with a hole in the valence band emitting a photon
(Figure 1.13 and Figure 1.15, respectively). If the defect, however,
lies well within the bandgap, in what is called a deep trap, the
radiative recombination process is unlikely, and it will most
probably decay emitting phonons. When an electron gets trapped
in a deep trap state, the lattice is distorted around the defect,
producing lattice relaxation, due to the change in coulombic
interaction between the defect and its surroundings. This process
generates an oscillating movement around the defect which is not
natural of the crystal, and it quickly decays in several phonons
due to phonon-phonon interaction (see Figure 1.16). Lattice
relaxation is thus the mechanism responsible of non-radiative
recombination in deep trap states. However, it is not exclusive of
this type of defects, and it can be present even in defects whose
energy levels lie inside the conduction or valence band, even
though this is less common.

Figure 1.11 to Figure 1.16, at the sides of the next pages,
summarize the recombination processes in semiconductors, mainly

for excitonic processes such as the ones present in perovskites.

Since electron-hole recombination via deep trap states constitutes
a common loss mechanism in photovoltaic devices®, the reduction
of these type of non-radiative recombination routes is fundamental
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Figure 1.10 Schematic

representation of all possible types
of point defects in MAPDI3 . (a)
Perfect lattice, (b) Vacancy, (c)
Schottky defect
from opposite charged ions), (d)

(two vacancies

Frenkel defect (An atom moves to
an interstitial position, leaving a
vacancy behind), (e) Interstitial,
(f)  Anti-site
Substitutional impurity and (h)

substitution, (g)

Interstitial impurity.

[61] Jiang, Minlin, et al. (2019)
“Observation of lower defect density
brought by excess PbI2 in
CH3NH3PDI3 solar cells.” AIP
Advances 9.8: 085301.
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Figure 1.11 Energy vs wave vector
“k” diagram of a band to band
radiative recombination of an electron
at the bottom of the conduction band

with a hole at the top of the valence
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Figure 1.12 Radiative recombination
from an excitonic level. Coulombic
interaction between the electron and
hole decreases the energy difference
between the excited and the relaxed

state, represented here in total value.

A

Figure 1.13 Electron absorbing a
phonon and hopping back to the exciton
energy level from a shallow defect state.
Here the temperature is high enough to
have a populated density of phonons.

[62] Ball, James M., and Petrozza,
Annamaria. (2016) “Defects in
perovskite-halides and their effects in
solar cells.” Nature Energy 1.11: 16149.
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for obtaining high efficiencies in solar power conversion. Growing
very high quality, low defect density crystals, usually increases the
production costs. Hybrid perovskites, on the other hand, naturally
do not present a high density of deep trap states, which is a great
advantage.

Shallow defects usually have a formation energy lower than the
thermal energy at room temperature. Then, it becomes easy for
trapped charge carriers to be spontaneously detrapped by
absorbing a phonon (Figure 1.13), in a process that typically
occurs much faster than the recombination with a hole from the
valence band. Radiative recombination from shallow defect states
can be observed, however, upon photoexcitation when the
temperature is low enough and there is a small phonon population
(see Figure 1.14 and Figure 1.15).

Shallow defects thus have a much lower impact than deep traps

on the performance of the device. They may, however,
(a) MAPDL (b)  MAPDI
140 K 10 K
I.LI. = 2.13E6
Cts-s'-eV

(C) FAO.EMAO,BPbIS (d) FAUSMAU5PbIJ
140 K 10 K
I.I. = 5.78E6
Cts st eV
PR
145 150 155 160 1.65 1.70 1.50 1.55 1.60

Energy (eV)

Energy (eV)

1.65

Figure 1.14 PL spectra of MAPDI; (a, b) and FAosMAosPbls (c, d) both at 140
and 10 K. Both left panels show a single and well defined PL excitonic peak for
the 140 K temperature, being the PL efficiency of the mixed formula considerably
higher than that of MAPbIs. The right panels show the low temperature regime,
where radiative recombination from the free exciton and also shallow defects can
be observed. Notice that FAosMAosPbls show almost no exciton complexes in
comparison with the single cation MAPDbI;.
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unintentionally dope the material. This can be avoided if there is
compensation between the creation of donor and acceptor defects,
and this way the performance of a PV device would not be
strongly affected. Both type of defects, however, may also affect
the charge transport in the device, especially if they are electrically
charged, because they become scattering centers due to coulombic

interactions.

Understanding the defect distribution and trying to minimize their
number and impact is therefore of great importance in any
material used in optoelectronic devices, as is the case for hybrid
perovskites. This type of materials exhibit very bright
photoluminescence (PL) at room temperature®. Figure 1.14 shows
PL spectra of single crystals MAPbI; and FAosMAqsPbl; obtained
at 140 and 10 K for both materials, using a 633 nm excitation
laser. This high intensity of the free-exciton PL peak (in blue)
shows that non-radiative recombination via deep trap states does
not dominate the relaxation processes in the material. On the
other hand, looking at the spectra of MAPbI; at 10 K in Figure
1.14(b), we observe many defect-related peaks (different colors).
They are now visible because due to the low temperature, the
phonon population is reduced, so the phonon absorption
represented in Figure 1.13 does not take place. It becomes more
difficult for the electron to absorb a phonon and be promoted back
to the excitonic energy levels, and, when the photoexcited charge
carriers become trapped in these shallow defects, they tend instead
to recombine radiatively directly from that level, emitting a lower
energy photon. It is interesting, however, to observe that the
mixed cation crystal with an even FA and MA concentration
shows a much lower presence of shallow defects. Besides, the
integrated intensity (I.I.) of the exciton in the mixed formula
almost triplicate the intensity of the corresponding one in pure
MAPDI; for the same temperature and laser power density. Thus,
favored in

the radiative recombination is even more

FAosMAqsPbls.

This shows the importance of mixing cations in hybrid
perovskites, and the relevance of the studies carried on them, such
as the ones shown in Papers III and IV. It goes beyond the scope
of this introduction to further analyze the nature of these defects
or properly ascribe them to specific point defects in the material.
However, I will just summarize the nature of defects found in the
literature for MAPbI;. This material presents twelve possible
native point defects. Three of them are the vacancies of any of its
constituent parts (MA, Pb or I), another three are interstitials of
these atoms, and finally, six correspond to all the anti-site possible

(

Figure 1.15 When the temperature is
low enough, the number of phonons in
the system is reduced, and the electron
which is trapped in a shallow defect
cannot hop back to the excitonic level.
Eventually, radiative recombination
occurs from these lower energy states.

Lattice relaxation

Figure 1.16 Deep trap states acting as
a recombination center. In this case, the
x axis corresponds to the configurational
coordinate ¢, a distance in real space.
The energy loss of the electrons that get
trapped is absorbed by an internal
atomic movement, i.e. lattice relaxation,
whose anharmonic vibrational mode
decays quickly, emitting multiple

phonons.
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combinations. Most of the theoretical approaches to calculate the
formation energy of these defects so far have been done with
density functional theory (DFT)%%%%  They agree that the
defects with lower formation energy, that is, the more probable to
be present, are shallow defects. The deep trap states have higher
formation energies, preventing them to dominate the electronic
landscape of hybrid perovskites.

Shallow acceptor defects™ are vacancies of MA (Via), Vpy, iodine
interstitial (I;), and methylammonium substituting lead (MApy).
On the other hand, shallow donor defects are MA;, MA;, and V.

More importantly, when synthesizing MAPDI; in stoichiometric
conditions, donor and acceptors defects are produced in equal

numbers, thus leading to charge carrier compensation®.

1.1.5 Stability

Power conversion efficiency is probably the most important
parameter in photovoltaic applications. However, the stability of
the material is also essential, because any type of degradation
would generally affect negatively the efficiency.

The ions inside the perovskite crystal present high mobility, in
particular halide vacancies or interstitials®™%. The fact that these
ions move and create an internal electric field has diverse
consequences for the optical and electrical properties of the
material. On the one hand, this built-in electric field helps
separating charges, and even in devices with no selective layers,
charge can be extracted upon application of an external electric
field™™. On the other hand, perovskite solar cells can present great
hysteresis when measuring current-voltage curves, due to ion

t™7, This means that its photovoltaics parameters,

movemen
including the efficiency, may change according to the voltage
applied, or the power generated upon illumination may vary with
time. Moreover, hysteresis should be avoided because due to its
dependence on scan rate or direction, efficiencies may be over or

under-estimated when characterizing the device.

However, this hysteresis can be greatly reduced by selecting a
convenient solar cell architecture. For instance, the dye-sensitized
solar cell with the perovskite infiltrated within the mesoporous
TiO, matrix presents a smaller hysteresis than those that use an
alumina scaffold, or those that employ the normal planar
configuration'®. This hysteresis is also reduced in “inverted” planar
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heterojunctions, with an inverted p-i-n configuration and using

organic compounds as selective layers™.

In fact, the biggest challenge for perovskite solar cells is probably
overcoming the degradation happening due to the contact with
water, or even with the humidity in the air. The organic cations
present a very hygroscopic nature, and this hydration of the
perovskite leads to degradation of the material. In the case of
humidity, degradation can be reversed after drying the material™.
However, if the sample gets in contact with liquid water it
decomposes irreversibly into lead iodide (Pbl,) and a non-
perovskite sub-product following this chemical reaction™:

H,0
4CH3NH;Pbl; = (CH;NH;),Pbl, - 2H,0 + 3Pbl,

However, direct degradation with water is not the only concern.
The combination of moisture with heat™, or a weak electric field™,
produces an extremely fast degradation. Proper encapsulation of
the device is thus fundamental in perovskite solar cells. Usually,
the best insulating technique consists in attaching a glass surface
to the device with an epoxy glue. Another option is using a plastic
sealant, because it offers flexibility and a lower price, but it
presents a certain degree of permeability to water.

Light soaking is another concern regarding the stability of
organometal perovskites, in particular, the exposition to
ultraviolet light. Recently, it was hinted that the cause of the
degradation of perovskite solar cells upon UV irradiation was the
presence of TiO; in contact with the perovskite material™, so the
solution could be either adding a UV blocking layer to the device,
or using non-metallic oxide contacts, which has already given good

results™.

Apart from all the stability concerns already mentioned, long term
structural stability is also necessary for making practical devices.
MAPbDBI; and FAPDI; present astoundingly high efficiencies,
however, they present serious structural instability problems that
prevent them from being perfectly suitable for commercial
photovoltaic applications. As it was stated above, the
Goldschmidt tolerance factor of FAPbI; is 1.04, making the
perovskite  phase favoring a  hexagonal,
photoinactive, 8 phase. On the other hand, the MAPbDI; tolerance
factor is 0.95, which forces the crystal to adopt a tetragonal phase

unstable and

at room temperature, finally transitioning to the cubic phase at
330 K. By mixing both MA and FA, it is possible to access those
tolerance factors between 0.95 and 1.04, getting thus closer to the
ideal t = 1 cubic perovskite value. In particular, a good value of

[72] Snaith, Henry J., et al. (2014)
“Anomalous hysteresis in perovskite
solar cells”. J. Phys. Chem. Lett 5.9:
1511-1515.
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3690-3698.
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cells with 18.1% power conversion
efficiency”. Energy € Environmental
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cells.” Chemistry of Materials 27.9:
3397-3407.

[76] Zhao, Jiangtao, et al. (2016)
“Investigation of the hydrolysis of
perovskite organometallic halide CH 3
NH 3 PbI 3 in humidity environment”.
Scientific reports 6: 21976.

[77] Liu, Jiewei, et al. (2015)
Employing PEDOT as the p-type
charge collection layer in regular
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The journal of physical chemistry
letters 6.9: 1666-1673.

[78] Weidmann, J., et al. (1999)
“Influence of oxygen and water related
surface defects on the dye sensitized
TiO2 solar cell.” Solar energy materials
and solar cells 56.2: 153-165.
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the tolerance factor for these compounds to stabilize a cubic
perovskite phase in room temperatures lie between 0.97 and 1.01,
which corresponds to values of x ranging from 0.4 to 0.6 in the
FAMA,Pbl; formula'. Besides, mixed cation compounds,
present both a slower polymorphism route than that of FAPDI; to
a hexagonal phase, and a slower decomposition due to moisture

present in the air?’.
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2 Experimental techniques

All  perovskite samples studied during this thesis were
characterized using optical, non-invasive techniques, such as
photoluminescence or Raman. Usually, these measurements were
made as a function of temperature, pressure, or both at the same

time.

In this section I will introduce the fundamental working principles
of these techniques, trying to avoid repeating the details and
specifications that are already present in the articles. I will focus,
however, on some practical aspects and theoretical concepts that
were not explained in detail in the papers.

2.1 Sample Growth

All the samples were provided by Bethan Charles, Oliver J. Weber
and Mark T. Weller from Bath University. These samples were all
single-crystal perovskites, in particular perovskites of the type
FAMA,Pbl;, with x ranging from 0 to 1 in 0.1 steps. Using single
crystals allows us to better study the material intrinsic properties,
compared with polycrystalline materials, whose grain boundaries
may affect their optoelectronic and structural properties.

We obtained several batches, grown from 2016 to 2019. The size
and crystalline quality of the samples improved after the first
batch, leading to bigger crystallite sizes (between 1 to 5 mm in
diameter), and improved quality in the PL and Raman spectra
obtained. Most of our measurements were done on these latter
high-quality single crystals (See Figure 2.2)

Crystal growth of the mixed cation samples was carried out
according to the inverse solubility method developed by
Saidaminov et al”™. The compositional ends, MAPbI;, FAPbI;, and
MAPDBBr;, however, were grown via the precipitation from HI
method by Poglistch and Weber®. A slightly different method was
employed with the very thin samples (30 pm of thickness) needed
for the experiments at high pressures. These samples were grown
in between two glass slides, in a process further explained in
reference 1. More details about the growing techniques from our
collaborators can be consulted elsewhere®.

Remarkably thin samples are necessary to fit in the narrow space
available inside the metal gasket used in pressure experiments, as
it will be explicitly shown in section 2.5, and the number of
samples grown by the confined method at our disposal was

Figure 2.1 The author of the present
work, using magnification lenses to
manually introduce a fragment of a
sample (of only a few tens of
micrometers in size), inside the 0.25 mm
diameter hole of a metal gasket, used for

pressure generation.

Figure 2.2 Example of two of the
MAPDI3 single crystals used in this
thesis, grown at Bath University. A 1
cent coin is placed next to them for

perspective.

[79] Saidaminov, Makhsud I., et al.
(2015) “High-quality bulk hybrid
perovskite single crystals within
minutes by inverse temperature
crystallization.” Nature

communications 6: 7586.

[80] Poglitsch, A., & Weber, D. (1987).
Dynamic disorder in
methylammoniumtrihalogenoplumbates
(IT) observed by millimeter-wave
spectroscopy. The Journal of chemical
physics, 87(11), 6373-6378.

[81] Weber, O. J., B. Charles, and M.
T. Weller. (2016) “Phase behaviour
and composition in the
formamidinium-methylammonium
hybrid lead iodide perovskite solid
solution.” Journal of Materials
Chemistry A 4.40: 15375-15382.
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limited. Fortunately, we found a very simple but useful method
to obtain thin samples from bigger perovskite crystals. In this
method, we proceeded to crush millimeter-sized crystals, like the
ones shown in Figure 2.2, between two glass slides. The crystals
broke in a large number of small pieces, with a tendency to create
thin, planar fragments, many of them of adequate size for the

experiments.

2.2 Raman

The Raman effect was discovered simultaneously by Raman and
Krishnan®, and by Landsberg and Mandelstam® in 1928. It was
Raman, however, who was awarded with a Nobel prize in 1930 for

its discovery.

The effect consists in the shift in frequency of a small fraction of
the light scattered by a sample. This shift is related to the
vibrational states of the constituent atoms of the sample, and it
can be regarded as a fingerprint of the material. The Raman signal
is very weak in comparison to the intensity of the elastically
scattered laser light. However, by filtering the latter, it is possible
to resolve the Raman signal and characterize the sample,
analyzing it quantitatively or qualitatively.

Figure 2.3 Olympus BX41 microscope,
integrated in the Jobin Yvon LABRAM
HR 800 spectrometer used to measure

Raman and photoluminescence during and light. The vibrational state of a molecule composed by N
the work of this thesis.

To understand the Raman effect, we have to introduce briefly the
interaction taking place between the vibrations of the material

atoms is completely defined by the temporal evolution of the three
spatial coordinates for each of the atoms. Thus, in a classical
82] Raman, C. V., & Krishnan, K. S. approach, the solution is given by solving the 3N Lagrange
(1928). “A new type of secondary equations (one for each particle in each of the three dimensions);
radiation’. Nature, 121(3048), 501-502. giving 3N solutions. Three of them correspond to all the atoms
moving in the same direction (translational movement), and

[83] Landsberg, G., & Mandelstam, L. another three correspond to rotations, in both cases with respect
(1928). “A novel effect of light

to each one of the axes. The rest of the solutions, 3N-6, correspond
scattering in crystals.

Naturwissenschaften”, 16(5), 5. to the normal vibrational modes, where the atoms vibrate in phase

with each other.

Since light is an electromagnetic wave, it can interact with positive
and negative charges in a molecule. Apart from the electrons, that
may absorb a photon and be promoted from the valence band to
the conduction band in a semiconductor, the vibrational state of
the atomic core can also change by interacting with infra-red light,
by absorbing a photon and emitting a phonon. However, when the
frequency of the light is far away from the vibrational frequency
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of the molecule, the main process taking place is the electronically
assisted scattering of the light.

In the following discussion I will present the classical approach to
the Raman effect, however, the images at the side of this page
represent the quantum interpretation, involving real and virtual
energy states, which is easier to visualize.

The dipole moment of a molecule (P) can vary with an external
electric field (E). The strength of this interaction depends on the
polarizability (@), according to the following equation:

P =aE
Here, E= EO cos wyt is the external electric field, oscillating with
an angular frequency wg, and @ is the polarizability of the

molecule (a second rank tensor), which can be expanded to first

order in a Taylor series as:

Being g = qg cos wt a generalized coordinate.

The induced dipole moment ﬁ, proportional to the scattered
electric field ES, is:
E; = P = agEycos wyt + % qoEo cos wyt cos wt
0

Which, by applying the trigonometry relation 2cosAcosB =
cos(A + B) + cos(A — B), leads to:
- _ o 1 667 -
Es = ayE, cos wgt + >\ 34 qoEo[cos(wg — w)t + cos(wy + w)t]

\ J 1/, 1 ‘ ) ' 1
R. Anti-Stokes

Rayleigh Raman Stokes

The first term corresponds to the Rayleigh scattering, i.e. elastic
scattering, where the scattered light frequency is unchanged. The
second term, on the other hand, shows a shift in the frequency of
the scattered light with respect to the incident one; this is the
Raman effect. The scattered frequencies are (wy— w) and
(wy + w), corresponding to the so-called Stokes, and anti-Stokes
processes, respectively. The latter presents a lower probability to
happen than the former, because it requires an occupied excited
state to take place (See Figure 2.4 (c)), which is more unlikely
according to a Maxwell-Boltzmann distribution of states for a
given temperature. Besides, in an anti-Stokes process a phonon is
absorbed, so it also depends on the number of phonons available

(a) Rayleigh

Virtual state

(b) Stokes

el Nitabaly

Eph = hV*h(Dv]

1
1
1
1
1
1
1
D ——
I g 53
1
Yy

Eph =hv+hoy

Figure 2.4 The three types of light
scattering processes. (a), Rayleigh
Scattering, (b) Raman Stokes and (c)
Raman  anti-Stokes. In  Raman
scattering, the energy of the scattered
photon has increased (or decreased) a
quantity equal to the difference in
vibrational energy of the molecule after
interacting with the excitation light (it
absorbed or emitted a phonon in the
process). The top energy level is a
virtual state. However, in resonant
Raman scattering this level would be
either real or close to a real one.
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Figure 2.5 Insides of the spectrometer
LABRAM HR 800. The light path is
highlighted for clarity. There are two
openings, to make it easier to change the
excitation wavelength by just moving a
mirror. In our laboratory we count with
different lasers that allow us to use
excitation wavelengths of 488 nm, 514
nm, 633 nm and 785 nm. It is possible
also to couple the spectrometer to a
laser, but  the
maximum intensity available is greatly

super-continuum

reduced.

[84]Barbillat, Jacques et al.
“Spectromeétrie Raman” (1999)
Techniques de lingenieur - Traité
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at that moment. Figure 2.4 illustrates the three different types of
light scattering.

Also, it is important to note that the Raman effect needs the
factor (Z—j)oto be different than zero. That is, only the vibrations
that lead to a change in the polarizability of the molecule are
Raman active. A useful tool to determine the activity of the
vibrational modes is group theory. Each mode transforms
according to irreducible representations of the symmetry group of

the molecule (or the crystal), and, in order for any derivative

(Z_Z) to be zero, @ and g must belong to different symmetry
0

classes™. So, a mode is Raman active only if its normal coordinate
transforms in the same way of any of the @(q) matrix components.
The number and symmetry of the active Raman modes in a crystal
can be deduced thus by looking at the group symmetry character
tables for a given crystal structure.

As mentioned above, typically the Raman signal is very weak
compared to the elastically scattered light. However, this signal
may be increased by up to 6 orders of magnitude in resonance
conditions. Usually, as is shown in Figure 2.4, scattering happens
promoting the molecule to a virtual energy state for a very short
period of time. However, if the excitation light energy matches the
energy of a real transition, such as the promotion of a valence
band electron to the conduction band, then resonance happens
and the Raman signal intensity is increased. For solids and liquids,
however, the photoluminescence produced after the excitation of
electronic states beyond the bandgap of the material may mask
the Raman spectra, complicating its recognition.

Regarding our measurements, we mainly looked at the vibrational
modes of the inorganic cage of the perovskites™ (~50 to 160 cm™).
The excitation wavelength was 785 nm, being near resonance at
room temperature for all the samples due to the proximity in
energy with the bandgap (785 nm is equivalent to 1.58 eV,
whereas the bandgap of the FA.MA;Pbl; ranges from 1.41 to
1.53). At lower temperatures, the samples experienced different
phase transitions, having associated a shift in the bandgap. In
some cases, as in the low-temperature regime for concentrations
of FA higher than 50%, the excitation energy approached too
much that of the bandgap, and a very intense PL peak would
appear in the spectra, masking completely the Raman signal. For
the rest of the samples, the PL peak position was far enough from
the excitation light energy, and the Raman could thus be easily
resolved. We did not observe any influence of the orientation of
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MAPbI,

785 nm RN

=

k%)

GC) Tetragonal 220 K
=

'O 1 1 1 1 1 1 L

[0}

g MAPDI,
© 785 nm
E *

—

o

Z

Orthorhombic 80 K

0O 20 40 60 80 100 120 140 160
Raman Shift (cm™)

Figure 2.6 Raman spectra of MAPbI3 at 220 K and 80 K, in the tetragonal and
orthorhombic phases, respectively. The excitation laser wavelength was 785 nm. As can be

seen, there is a huge difference in the line shape of the Raman peaks between the two
phases. The range 0 — 160 cm™ correspond to the inorganic cage modes.

the samples in the Raman signal obtained, even in the
orthorhombic phase, and we did not use any polarizer, so it was

not necessary in this case to take into account the selection rules.

Figure 2.3 shows the spectrometer (LABRAM HR 800) used
during this thesis to measure most of the Raman and
photoluminescence spectra. In this case, the sample was located
inside a pressure cell. The scattered light from the sample is
collected back again by the system (backscattering configuration),
where the incident laser light is filtered, and the rest of the signal
is spread in frequency by a diffraction grating, to be finally
detected with a liquid nitrogen-cooled, charged coupled device
(CCD) camera. See Figure 2.5 for further details of the working
mechanism inside this optical device, and Figure 2.6 for an
example of a Raman spectrum obtained measuring MAPbI;. The
spectrum obtained in the tetragonal phase is qualitatively very
different than the one obtained in the orthorhombic phase,
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Figure 2.7 Example of a

photoluminescence spectrum of
MAPDI3 measured with a 633 nm laser.
This material presents a phase
transition at 0.4 GPa, characterized by
a sudden shift in the position of the PL
peak. Between 0.4 and 0.7 GPa,
however, there is coexistence of both
phases, and both peaks can be resolved
(orange and purple peaks in the figure)

[85] Pelant, Ivan & Valenta, Jan
“Luminescence spectroscopy of
Semiconductors Oxford University

Press, 2012. ISBN-13: 9780199588336

[86] Pan, L., & Zhu, G. (Eds.). (2016)
“Perovskite Materials” - Chapter 12:
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allowing us to determine unambiguously the phase transition

temperature.

2.3 Photoluminescence

Luminescence is electromagnetic radiation (light) emitted from a
material in a non-equilibrium state. That is, radiation different
than the one emitted by a black body in thermodynamic
equilibrium according to Planck’s law.

In order to bring the system out of equilibrium, it is necessary to
apply an external excitation energy to it. This energy may be
provided by different means: Applying an electric field to the
material (electroluminescence), directing an electron beam to it
thermally

(cathodoluminescence), exciting it

(thermoluminescence),  exciting it with sound  waves
(sonoluminescence), etc. In the case of photoluminescence, this
excitation energy is electromagnetic radiation (light), typically

from a laser.

The difference with other processes such as reflection, or
scattering, is that in a luminescence process, prior to emitting
light, the energy is actually absorbed. This energy is employed to
promote electrons to real excited energy states, and these electrons
will finally emit light when they decay into lower energy electronic

states.

If this luminescence comes from a perfect crystalline lattice in a
solid, it is called 4ntrinsic luminescence®. Band to band
recombination, or recombination of an exciton (as is the case in
hybrid perovskites®™), are examples of intrinsic luminescence.
However, if the origin lies in the presence of defects or impurities,
then its nature is extrinsicc as can be observed in the

photoluminescence of rubies.

The probability of an electron to decay to the ground state is the
inverse of the lifetime 7, and equals the sum of the probabilities
of a radiative and a non-radiative transition:

Here 7, is the radiative decay mean time and 7, is the non-
radiative one. The latter involves processes where the energy,
instead of being radiated, is transferred to the crystal lattice in
the form of heat.
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From a kinetic point of view, luminescence can be separated in
two types of processes: monomolecular and bimolecular. A
monomolecular process involves a localized luminescence center,
and it is characteristic of defect/impurity mediated recombination
(See Figure 2.8). It depends on the concentration of recombination
centers (N(t)), according to the relation

dN(t) G N N

dt T N

Where G is the generation term, that is, the number of photons
absorbed per unit volume per unit time. G can roughly be
described as the product of the absorption coefficient a, times the

excitation intensity l,y.

Bimolecular processes, on the other hand, are characteristic of free
charge carriers (see Figure 2.9). They are, therefore, dependent on
both the concentration of electrons, n, and holes, p. This is so
because for an electron and a hole that are moving freely inside
the crystal, in order to recombine radiatively, they must randomly
encounter one another first. Therefore, the probability of this
event increases when both the density of electrons and holes is
larger. The equation that governs this process is:

dn(t)
dt

=G — fnp = aly, _ﬁnz

Where S is the bimolecular recombination coefficient, represented
as the sum of the corresponding radiative and non-radiative
coefficients f = B, + Bpr. Also we consider, for simplicity, an

intrinsic semiconductor where n = p.

When electron-hole pairs are photo-generated, they may
recombine before charges are completely separated (i.e. before
they are separated a distance larger than the Coulomb radius,
which is the distance where the Coulomb energy is ~KgT). In that
case, called geminate recombination, the exciton recombination
kinetics are monomolecular. On the other hand, if an exciton is
formed from free electrons and holes, since the electron needs to
randomly meet a hole before forming the bound electron-hole pair,
the recombination process follows bimolecular kinetics.

It is typical to find both mono- and bi-molecular processes
simultaneously. It is not in the scope of this brief introduction to
photoluminescence spectroscopy to elaborate further on the
equations that govern these processes, however, I just want to
note that in our materials it is possible to see both processes

happening at the same time when measuring at low temperatures
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a bimolecular recombination process.
Free charge carriers must come across
another one of opposite charge to
recombine. That is why the process is
dependent both in the density of
electrons and holes.

[87] Davies, Christopher L., et al.
“Bimolecular recombination in
methylammonium lead triiodide
perovskite is an inverse absorption
process.” Nature communications 9.1
(2018): 293.
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(see Figure 1.14). On the one hand, exciton recombination in
hybrid perovskites presents a bimolecular character®”, and on the
other hand, when the temperature is low enough, we can also see
luminescence from the defects, which, since they are spatially
localized, must follow a monomolecular description of its

recombination kinetics.

By looking at the shift of the photoluminescence peak with
changing conditions, such as increasing pressure or decreasing
temperature, we can extract the bandgap dependence on these
parameters. This allows us to obtain information about the
electronic band structure, or -electron-phonon and thermal
expansion effects on the bandgap (See ref. II). Also, sudden
changes in the tendency or the position of these peaks, are
indicative of structural phase transitions, as we note in ref. I and
IV. Besides, valuable information about the quality of the crystal
can be extracted from PL spectra. A representative spectrum is
shown in Figure 2.7 for MAPbI; under mild pressure (0.55 GPa).

2.4 Ellipsometry

Ellipsometry is also an optical, non-destructive characterization
technique. It is based on the measurement of the change in
polarization of the incident light upon reflection (or transmission)

on a material surface.

Spectroscopic ellipsometry allows the determination of the
complex refractive index of a material, and its thickness in the

Normal to the
surface

Reflected
Incident ~ ! light

light

Figure 2.10 Electric field being reflected on the surface of a material. E; and Ey represent
respectively the incident and reflected components of the field parallel to the plane of
incidence. Ej, and E,, correspond to the incident and reflected components perpendicular
to the plane of incidence. @ is the angle of incidence.



25 | Chapter 2

case of a thin film. It is possible as well to study electronic
transitions in the material, and the magnitude of the bandgap of
a semiconductor, as it was done in ref. III with hybrid perovskites.

There are several types of ellipsometry techniques®™; the zero
method, the phase modulation method, the modulation by
rotation method, etc. The latter method presents a rotatory
element in the setup, which can be either the polarizer, the
analyzer or a compensator. Below I will explain the fundamental
working principles of ellipsometry with a rotatory polarizer, as this
is the setup present in our laboratories.

If we decompose the electric field in its components relative to the
plane of incidence; parallel (E;) and perpendicular (E;) (See
Figure 2.10), then the effect of each element of the setup on the
polarization can be represented as a 2x2 matrix with complex
coefficients.

[E"]_[COSBA —sinGA] [r" 0][cosep sinGPHEO]

E, sinf, cos8, |0 7. l|l-sin8p cosBp]|E,
A
X T Sample T /‘
Analyzer Polarizer
Detector 0. = ot Light
L g Source
0 E,
EII

Figure 2.11 Path of the light from the source to the detector, with each element in the

path associated with a transformation matrix.

The amplitude of the field on the detector is:

E;=A-R(A)-S-R(—P)-P-L (2.4-1)
_._(1 0 .
Where P=A = ( 0 0) corresponds to the polarizer and the
. __(cosB -sin@ . .
analyzer matrices, R(0) = (sin 0 cosd ) applies to the rotating

Eo
Eg

source, and § = (78‘

elements, L = ( ) is the isotropic field emitted from the light

0 . .

r ) represents the reflection on an optically
I

isotropic sample, being r; and 7 the reflection coefficients for each

of the polarizations, i.e. the relationship between the incident (Ej)
and reflected (E;) field:
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E
r = —L = |r |exp (i8,)
E;

E
—I = |ry|exp (i6))

= Eyi

These coefficients are complex. The moduli |r, | and |r||| represent
the change in amplitude of the field after the reflection, and the
phase 6, and &), the phase shift introduced. Equation (2.4-1) can
be visualized above, in Figure 2.11, where 6,4 is the angle of the
analyzer, and 8p = wt the corresponding angle of the polarizer

We can define p as the relationship between the parallel and

perpendicular reflection coefficients:

7
p= X tan ¥ exp (i)
ry

With tan¥ = ||:_"||7 and A = 5" + 6J_.
1

For a bulk sample, the refractive index can be obtained with the

following equation:

Ny 1-p\? 5 )
o= sin @, \/ 1+ (1+p) tan? @, (2.4-2)
Being N; the complex refractive index of the measured sample
(N; = nq + jkq), and Ny the refractive index of the medium in
which the measurement is made (Ny =1 in air). Also, @, is the
angle of incidence.

To obtain the values of tan¥ and A, which are necessary to
calculate p and then the refractive index N;, the intensity is
measured as a function of the polarizer and analyzer angles.

Solving equation 2.4-1, we obtain for the intensity:

1= |Ed|2 = (|r"|2 cos? 0, cos? 0p + | |?sin? 8, sin? Bp
+ (r"rl* + r"*rl) cos 64 sin 8,4 cos Op sin Gp) |EO|2
The asterisk (*) means complex conjugate. We can rewrite the
above equation as:
I =1,(1+ acos26p + Bsin26p)
With

tan? ¥ —tan? 4,
a =
tan? ¥ + tan? 6,

tan¥ tan b,
tan? ¥ + tan? 0,

[ =2cosA
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ARG

Iy = 5 cos? 8, (tan®? ¥ + tan? 6,)

Finally, with a, 8 and 84 we can obtain ¥ and A, and from them
p

1+a
tan¥ = T _altaneAI
CosSA = A

V1—a?

2.5 High pressures and low temperatures

By studying the behavior of a material with changing conditions
such as pressure or temperature, we can extract information about
its structure or optoelectronic properties. Decreasing the
temperature has different effects, such as a reduction in the
population of phonons in the material, or the change in the lattice
parameters. By applying pressure, it is possible to change the
interatomic distances as well, but while keeping the temperature
constant. Crystalline structure is dependent on both pressure and
temperature, and by modifying these two in a controlled way, new
properties may arise, or the previous ones can be better
understood.

2.5.1 High pressures

The diamond anvil cell (DAC) employed in this work (Figure
2.12) was designed and made at the Planck Institute for Solid
State Research, in Stuttgart. The pressure is exerted by tightening
a pair of threaded rods that push a piston, with a diamond on it,
towards the diamond placed in the DAC body. The sample is
placed in the middle of the hole of a metal gasket, which is put
between the diamonds, and which will act as lateral walls.
Hydrostatic pressure is conveyed by filling the hole with a pressure
transmitting medium, typically an alcohol, oil or He (liquid). The
size of the hole used in our experiments ranged between 150 and
350 um in diameter, with a thickness around 80-130 pm. However,
the dimensions of the hole can be reduced to less than half its
initial values as pressure is increased during the experiments. A
schematic representation of the gasket and the diamonds is shown
in Figure 2.13, and a cross-section is shown in Figure 2.14.

Figure 2.12 Actual diamond anvil cell
used for the high pressures experiments.
The removable piston on the left has a
diamond tip in the middle. Inside the
cell there is another diamond, and both
diamonds face each other when the
piston is put into place (inside the open
hole of the cell). Between the two
diamonds is placed a metal gasket, to be
sandwiched in between. This gasket has
been previously indented and
perforated, making a small hole
(between 150 and 350 pm in diameter)
where the sample is put, together with
a ruby for pressure calibration. Also, the
small hole is filled with a liquid pressure
transmitting ~ media  to  transfer
hydrostatically the pressure exerted by
the diamonds to the sample and the
ruby.

Figure 2.13 3D Image of the diamonds
inside a DAC pressing against the metal
gasket
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PL and Raman measurements are carried out by illuminating the
sample with a laser through the diamonds, and retrieving back the
signal in a backscattering configuration.

Regarding our measurements, perovskites proved to be extremely
sensitive to water (Ref. I), so the pressure medium chosen had to
be completely anhydrous. Generally, we used propanol as the
transmission medium, after thoroughly removing all traces of
water with molecular sieves. Propanol did not affect our samples
in any way, and it presents adequate hydrostaticity below 5 GPa®.
For the experiments at low temperatures we used liquid helium as
the pressure-transmitting medium, which ensures best hydrostatic
conditions both at room temperature (up to 50 GPa”) and at low

temperatures.

L

Figure 2.14 3D Representation of the working mechanism inside a DAC. The metal gasket
is shown cut in half for clarity. The top diamond is attached to a piston which gets pushed
down with screws, in a controlled way. The hole in the metal gasket acts as the lateral
walls in the cavity where the liquid (pressure transmission media) is. The sample (in black)
is placed inside the hole as well, together with a small ruby ball (red), whose PL peak
position is calibrated for the whole range of pressures. Optical measurement is performed
through the transparent diamonds.
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2.5.2 Low temperatures

Low temperatures were reached by cooling down with liquid
nitrogen, or liquid helium, inside a vacuum isolated cryostat from

CryoVac.

A glass window placed above the sample holder of the cryostat
granted us optical access to the cooled sample. Again, PL and
Raman measurements were performed with the same instrument,

a LABRAM HR 800 spectrometer from Jobin Yvon.

Figure 2.15 below shows a picture of the real device employed
during measurements.

Liquid intake
(N5, He..)

Sample
Thermometer b

& Heater
Connector

Figure 2.15 The cryostat used in this thesis. The black lid can be removed to paste or
remove the samples inside. The glass window in the middle allows the optical
characterization of the sample.
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3 Vibrational and electronic

structure in hybrid perovskites

In this section I briefly review the literature regarding the
electronic and vibrational properties of hybrid halide perovskites.
Understanding both is a necessary step in order to explain the
behavior of the bandgap with temperature, or the origin of the
Raman features observed experimentally during the realization of
this thesis.

3.1 Electronic band structure, spin-orbit
coupling (SOC), and band inversion

The direct bandgap of the cubic phase of MAPDbI; and FAPbI; is
located at the R point G,%,%) in the Brillouin zone” (see Figure

3.1). Both the valence and conduction band consist of electronic
states from the inorganic (Pbls;) cage®™, whereas the organic
molecule (CH3;NH3)" does not contribute to the density of states
near the band edges. The organic cation compensates, however,
the crystal net electric charge.

The electronic configuration of Pb*" is 5d"%6s6p", and for I'' it is
5p° so the valence band maximum consists of hybridized Pb s and
I p orbitals, presenting a strong anti-bonding character®. The
conduction band minimum, on the other hand, is composed
primarily by Pb p orbitals. This makes the electronic configuration
in hybrid perovskites inverted with respect to conventional
semiconductors, where the conduction band minimum has s
orbital character. This band inversion has an impact on the
atypical dependence of the bandgap of hybrid perovskites with
temperature and pressure as is explained further in ref. I and II.

Reflectivity measurements showed more than twenty years ago
that the conduction band in hybrid halide perovskites was split in
two due to a giant spin-orbit coupling (SOC)®. Later, in 2003,
Tanaka et al. gave further experimental evidence of it through

optical absorption measurements”.

The first computational studies of the electronic band structure of
these
calculations

materials ignored the spin-orbit coupling in their

%% Subsequent density functional theory (DFT)
calculations®® hinted that the spin-orbit coupling had indeed a
huge effect on the bandgap, lowering its value in more than 1 eV.

However, they underestimated the value of the bandgap with

Energy (eV)
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|
&)

—4

P R EE P B R A R
M R r

Figure 3.1 GW-SOC band structure
for MAPDI3 (Colored lines). Red lines
correspond to Pb 6p orbitals, green lines
depict I 5p, and blue lines Pb 6s. The
blue lines overlap with the green ones,
appearing dark green near 0 eV. Dashed
grey lines correspond to local density
approximation (LDA) of density
functional theory (DFT). Reproduced
with permission from ref. [92]
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respect to the experimental results, by almost 1 eV as well. Brivio

et al.”?

ascribed this discrepancy to the fact that DFT calculations
ignore spatial nonlocality in the exchange-correlation potential.
According to them, the valence band dispersion is described poorly
with this computational method. They also studied the electronic
structure of MAPDI;, in this case using quasiparticle self-
consistent GW theory, where G stands for Green function and W
refers to the screened Coulomb potential. Their results are
reproduced in Figure 3.1. They obtained a rather close value of
the bandgap (1.67 eV) with respect to the experimental number
(1.61 V). Similar results were obtained simultaneously by Umari
et al.””, also employing GW calculations with SOC corrections,
and by Leguy et al.”®

3.2 Vibrational properties

A complete description of the vibrational properties of hybrid
halide perovskites (MAPbI;, MAPbCl; and MAPbLBr;) was
provided by Leguy and coworkers in ref. [51]. They calculated the
vibrational frequencies of these materials using density functional
theoretical calculations with

theory, and compared the

experimental results from Raman and infrared measurements.

All three compounds have 36 vibrational modes in the cubic phase.
This number increases to 144 in the tetragonal and orthorhombic
phases due to the increase in the unit cell size. The tilting of the
octahedra and the concomitant reduction in symmetry, cause the
phonon bands that were degenerated to split.

The vibrational modes in the cubic phase can be separated into
two groups; one consists of a low-energy band (between 0 and 200
cm™) comprising 18 eigenmodes of the inorganic cage, and the
other set corresponds to 18 higher energy modes of the organic
molecule, spreading between ~200 and 3300 cm™. Figure 3.2 from
ref. [51] shows the contribution of each atom to the total energy
of a given vibrational mode, for the cubic phase of MAPDI;.

The first three vibrational modes correspond to the acoustic modes
along the three spatial coordinates. Modes 4, 5 and 6 are related
to twists of the octahedra by flexing the Pb-I-Pb bonds. The next
three modes consist on a distortion of the octahedra characterized
by a change in the angle of the I-Pb-I bonds. The rest of the low
energy modes, 10 to 18, are coupled modes of the inorganic cage
and the organic molecule. Of these, modes 12 to 15 present the
strongest coupling, corresponding to steric interactions of the MA
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Figure 3.2 Energy contribution of each atom to the vibrational states in MAPbIs. The
color code is as follows: Black for lead, purple for iodine, blue for nitrogen, orange for
carbon and grey for hydrogen. Reproduced with permission from ref. [51]

atoms with the inorganic framework, concomitantly changing the
Pb-I bond lengths in the process. Modes 19 to 36 are modes
corresponding to vibrations of the organic molecule. In particular,
even though mode 19 is a torsional mode of the CH3;NH3" cation,
to be spectroscopically active it needs to be coupled with the
lattice.

Figure 3.3, from ref. [99], and Figure 3.4 from ref. [51] show the
phonon band diagram and density of states of FAPbI; and
MAPDI; respectively, for the range of frequencies corresponding
to the inorganic cage modes.

In our work we studied the low-frequency modes corresponding to
the vibrations of the inorganic cage by Raman spectroscopy. At
room temperature the spectra show very broad features, with the
width being dominated by inhomogeneous broadening. This type
of broadening is generated by the disorder induced by the

200 | MAPDbI; | 200 MAPbDI,

150 | - 150
100 | = 100 2
|

1

Reciprocal space branch Partial density of states (a.u.)

Figure 3.4 Phonon dispersion and density of states for MAPbI; in the cubic phase at
room temperature. The range of frequencies show the inorganic cage modes. Figure
reproduced with permission from ref. [51]
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Figure 3.3 Phonon dispersion and
density of states for FAPbI3 in the cubic
phase at room temperature. The range
of frequencies show the inorganic cage
modes.  Figure  reproduced  with

permission from ref. [99]

[99] Yang, Jianfeng, et al. (2017)
“Acoustic-optical phonon up-conversion
and hot-phonon bottleneck in lead-
halide perovskites.” Nature
commaunications vol. 8 no 1, p. 1-9.
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Figure 3.5 Raman spectrum of

MAPDI; at 5.2 GPa. The peaks observed
(in green) correspond to some of the
vibrational cage modes, (between 0 and
200 cm™).
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reorientation dynamics of the organic molecules inside of the
inorganic cage, which creates a normal distribution of Pb-I bond
lengths, spreading the range of frequencies for each mode. In the
orthorhombic phase, however, the linewidth of the Raman peaks
is greatly reduced, and their features are much better defined. This
happens because the dynamic inhomogeneous broadening
disappears with the locking of the methylammonium molecules
inside the inorganic cage in the orthorhombic phase. Figure 3.5
shows a representative Raman spectrum of the orthorhombic
phase of pure MAPbI; under high pressure, where the Raman

peaks correspond to vibrations of the inorganic lattice.
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4 Homogeneous and
inhomogeneous broadening
in Hybrid Perovskites

The lines resolved in emission or scattering spectra are never
completely monochromatic. They always present a certain width,
independently of the resolution of the spectrometer, which
corresponds to a spectral distribution around a central frequency.

Breit and Wigner derived in 1936'" a probability distribution for
a particular physical process; the capture of slow neutrons. This
distribution, in its non-relativistic form, can be applied to many
physical processes as well, such as light emission or absorption.
The broadening introduced in the measurements by this
distribution is called natural line-width, or homogeneous
broadening. On the other hand, if the system presents
inhomogeneities that give rise to a distribution of energies for said
physical process, the overall line shape is the sum of all the
contributions, giving rise to an inhomogeneous broadening of the
line shape.

4.1 Homogeneous broadening

This type of broadening is related to a finite lifetime of the state
involved. The resulting spectral line shape follows a Lorentzian
distribution, whose deduction can be found in several spectroscopy

or solid-state books!"19%1% The Lorentzian line-shape can be
written as:
1"2
(w)=1y————
(@) =1 2+ (w—wgy)

Here I, is the height of the peak, wg the central frequency, and I'
the half-width at half maximum (HWHM).

The linewidth I' is related to the mean lifetime by the Heisenberg
uncertainty principle AE-At>h (See Figure 4.1). The
uncertainty in the energy of the emitted radiation in a decay
process is the sum of the uncertainties for the energies of the upper
level (AE,) and the lower level (AE;), and is proportional to the

inverse of the radiative decay time t,.

1
AE = AE, + AE, = hAw = h—

Ty
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Figure 4.1 Illustration of the
relationship between the uncertainties
in the energies of the upper and lower
energy levels, and the radiative life time
in the Heisenberg uncertainty principle.

[101] Merzbacher, E. (1998). “Quantum
Mechanics” John Wiley & Sons. Inc.,
New York.

[102] Demtroder, W. (2014).” Laser
spectroscopy 1: basic principles.”
Springer 5th ed. ISBN: 978-3-642-
53858-2



[103] Powell, R. C. (1998).” Physics of
solid-state laser materials” (Vol. 1).
Springer Science & Business Media. 1st
Ed. ISBN: 1-56396-658-1

2
‘@
c
=
£
3
Q
c
7
Qo
2
£ | 0.5um
E
=
-
0.2 pm

1670 1675 1680 18‘85 1690 1695 1700 1705
Photon energy (meV)

Figure 4.2 Direct observation of
inhomogeneous broadening in
GaAs/AlGaAs nanowires. For a wide
spot (35 um), the width of the line shape
is  dominated by inhomogeneous
disorder, and it follows a Gaussian
distribution function. For a reduced size
of the spot, local uniformity gives rise to
better defined Lorentzian emission line
shapes. Reproduced with permission

from reference [104]
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The lifetime of an excited state is affected by the number of
scattering processes per unit time, and since this number increases
with temperature, the homogeneous broadening of the peak is
temperature-dependent.

Regarding hybrid halide perovskites, Figure 4 (b) in reference IV
shows the dependence on the line-width of the photoluminescence
peak with temperature, which is related to the homogeneous
broadening of the line shape.

4.2 Inhomogeneous broadening

when the
absorption process presents a normal distribution of frequencies,

Inhomogeneous broadening occurs emission or
each one associated to a Lorentzian line shape. The final envelope

function follows a Gaussian line shape:

(w — wg)?
[ =1, exp (—ln(Z) 'TO
Where [ is the height of the peak, w the central frequency, and
I' the half-width at half maximum.

Inhomogeneities in a crystalline structure, such as defects, doping,
or alloying give rise to a distribution of lattice constants, or
different local microscopic strains. This generates a mnormal
distribution in the energies of the emission or absorption processes,
independent of its lifetime. The inhomogeneous broadening is then
independent of the temperature.

The effect of interface disorder in the recombination of localized
excitons, giving rise to inhomogeneous broadening is illustrated in
Figure 4.2, after F. Vouilloz et al.'™ This effect of interface
disorder, and alloy fluctuations in GaAs/AlGaAs quantum wires,
produces a random distribution of Lorentzian peaks, whose sum
follows a Gaussian line shape. When the size of the laser spot is
reduced, the inhomogeneous broadening disappears, and the
Lorentzian peaks corresponding to the recombination of excitons
in isolated QD-like potential wells start being resolved in the
spectra.

In the case of hybrid halide perovskites, the effect of mixing
cations produces a static inhomogeneous broadening of the Raman
peaks. For instance, the Raman peaks observed in pure MAPbI;
in the orthorhombic phase are narrow and well defined, but they
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gradually increase in width as FA is mixed with MA in the crystal
lattice. (See Figure 2 of reference IV, included in this thesis).

Another example of inhomogeneous broadening in MAPDbI; can be
observed in the cubic and tetragonal phases, in this case due to
dynamic disorder. In these phases, the MA cation can rotate and
rearrange freely inside the inorganic cage, interacting with the
surrounding atoms and creating a random distribution of atomic
distances in the Pbl; octahedra. The lifetime of the phonons is
much shorter than the reorientation time of the organic molecules,
so this dynamic disorder does mnot increase phonon-phonon
scattering, neither affects the phonons lifetime. It creates,
nonetheless, an inhomogeneous disorder based on the random
orientation of the cations. Strikingly, this inhomogeneous
broadening suddenly disappears in the transition to the
orthorhombic phase. In this low symmetry phase, the volume
available in the inorganic cage is reduced, and the movement of
the organic cation is limited. The MA can no longer rotate or
reorient, and thus the inhomogeneous contribution to the line
width vanishes. This is illustrated clearly in Figure 1 of article IV,
and Figure 2.6 above in the experimental section, where the
Raman peaks greatly reduce their line width after the tetragonal
to orthorhombic phase transition.
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5 Temperature dependence of
the bandgap

Most semiconductors, including the archetypal semiconductors Si,
Ge, GaAs, etc. present a red shift in their bandgap energy with

105,106

increasing temperature This temperature dependence is

shown in Figure 5.1 for different materials.

There are two physical effects that contribute to the bandgap
dependence on temperature: the thermal expansion and the
renormalization of the band energies by electron-phonon coupling.
The derivative of the gap over temperature includes, thus, these
two terms:
dE, [aEg [aEg
dT oT |, aT |.p
The thermal expansion component is linked to the change in the
electronic band energies with volume, and experimentally it can
be separated from the other term by measuring the pressure

07 "as is shown below. The

dependence of the bandgap isothermally
bandgap renormalization due to electron-phonon coupling, on the
other hand, comes from a perturbative analysis of the electron
self-energy up to second order in the atomic displacements'®!%
(i.e. phonon amplitudes). It is comprised of two components; the

so-called Debye-Waller and the Fan (or self-energy) terms.

Regarding hybrid halide perovskites, an atypical dependence of
the bandgap energy with temperature is observed. In their cubic
and tetragonal I and II phases the tendency is inverted with
respect to classical semiconductors, as the band gap energy
increases monotonically with temperature. This atypical behavior
is further explained in ref. II, later in this thesis. In the case of
the orthorhombic and tetragonal III phases, the dependence is

. . .. dE .
even more peculiar, as the derivative d—Tg changes linearly.

Ongoing work is being carried out at the moment of writing this
thesis regarding this shift observed for the band gap energy of
FAMA,(Pbl; perovskites for the low temperature phases.

5.1 Thermal expansion
The harmonic approximation has proven to be very useful in

quantum mechanics and solid-state physics'’. Mainly because for

the harmonic potential V = %mwzxz, where w is the vibrational
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Figure 5.1 Temperature dependence
on the band gap energy for Gallium
phosphide (GaP), Indium arsenide
(InAs) and Gallium antimonide (GaSb).
Reproduced with permission from ref.
[106].
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frequency, one can find an exact solution to the time independent
Schrodinger equation.

However, there are multiple physical processes that depend
entirely on higher-order terms in the expansion of the lattice
potential. One of these phenomena is the increase of volume in a
crystalline solid with increasing temperature, also known as
thermal expansion. That is, in a purely harmonic approximation,
the size of the crystal lattice would not depend on temperature''.
Due to the symmetry of the quadratic potential, the amplitude of
the oscillation around the equilibrium position would not affect
the distance between atoms'?.

This can be intuitively understood by looking at the dependence
on temperature in the vibrational amplitude of the atoms in a
Lennard-Jones potential, an approximation for atomic bonding.
As is shown in Figure 5.2, the asymmetry of the Lennard Jones
potential produces an increase in the interatomic distance with

temperature.

v(r)

Temperature
Increase

r (Interatomic distance)

Figure 5.2 Inter-atomic Lennard-Jones potential. An increase in temperature increases
the amplitude of the oscillations, which, due to the asymmetric potential, gives rise to a
thermal expansion.

To analyze the thermal expansion contribution, however, it is
useful to wuse a quasiharmonic approximation, where the
dependence on temperature of the gap is given by the dependence
on temperature of the crystal parameters. The effect of thermal
expansion on the band gap energy can be expressed with
derivatives:
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9E, v\ [ aP\ (JE, dE,
T =(6T> (61 V) ap ) =% Borlgp
TE p NIV TE TE

Where ay is the volumetric expansion coefficient and By is the

bulk modulus. This allows us to obtain the differential thermal

. . . . 0E
expansion shift using experimental values for ay,, By and (a_Pg)
TE

5.2 Electron-Phonon renormalization of
the bandgap

The fundamental theory that addresses the dependence of the
bandgap energy on temperature was developed by Allen and

13 4n 1976. It included a thermal expansion term and the

Heine
renormalization of the electronic energies due to electron-phonon
interaction. The latter comprises both the Debye-Waller (DW)
and self-energy (SE) terms, which are obtained by expanding the
electron-phonon coupling in perturbation theory and keeping
terms up to second order in phonon amplitudes'?. The DW term
is a first-order process in perturbation theory that comprises two
phonons, and it accounts for the coupling between the lattice
vibrations and the electronic band states through thermal
fluctuations of the atoms around their equilibrium positions. The
SE, on the other hand, corresponds to the second-order term in
perturbation theory, being an iterated one-phonon event. The self-
energy correction can be viewed as a change in the effective mass
of valence and conduction electrons due to their interaction with
the lattice vibrations. Higher order terms are not necessary to
explain the experimental data obtained for the dependence on
temperature of the gap'*.

The energy shift of a given band state, with wave vector k and
band index n, can be expressed as the summation over the
contribution of all phonon modes (Q, j) of energy hwg;:

DEy 1
B = ) s [nar (1) + 3],
g v

hwg
Here ng; = e*sT is the Bose-Einstein occupation factor. The real

22t jncludes both the DW and SE terms,
QJj

part of the coefficient

and in our work, we approximate it by a constant A which
represents the amplitude of a single oscillator. The frequency w,
of this oscillator is obtained by averaging the frequencies of the

(113] Allen, P. B., & Heine, V. (1976).
“Theory of the temperature
dependence of electronic band
structures.” Journal of Physics C: Solid
State Physics, 9(12), 2305.

[114] Zollner, S., Gopalan, S., &
Cardona, M. (1991). “The temperature
dependence of the band gaps in InP,
InAs, InSb, and GaSbh.” Solid state
communications, 77(7), 485-488.
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inorganic cage modes, weighted by their DOS, since only the cage
modes interact with the valence and conduction band electrons.

The electron-phonon correction to the bandgap shift, with a single
oscillator frequency wg then reads:

1
[AEg (T)]EP =A- (nB—E(wOIT) + E)
This approximation provides a good fit to our experimental data
using the minimum number of parameters, with realistic values of

the averaged phonon frequency.
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ABSTRACT: The structural phase behavior of high-quality single
crystals of methylammonium lead iodide (CH;NH,Pbl; or
MAPDI,;) was revisited by combining Raman scattering and
photoluminescence (PL) measurements under high hydrostatic
pressure up to ca. 10 GPa. The single crystals were specially
grown with the final thickness needed for pressure experiments,
retaining their high quality due to a less invasive preparation
procedure, which avoids sample thinning. Both PL and Raman
spectra show simultaneous changes in their profiles that indicate
the occurrence of three phase transitions subsequently at around
0.4, 2.7, and 3.3 GPa. At the second phase transition, the Raman
spectra exhibit a pronounced reduction in the line width of the
phonon modes of the inorganic cage, similar to the changes
observed at the tetragonal-to-orthorhombic phase transition

MaPbl, Pressure

G —

—~

MA Locked

50 150 250 50 150 250
Raman Shift (cm™)

occurring at around 160 K but ambient pressure. This behavior is interpreted as evidence for the locking of the organic
cations in the cage voids above 2.7 GPa due to the reduced volume and symmetry of the unit cell. At the third phase transition,

reported here for the first time, the PL is greatly affected, whereas

the Raman spectrum experiences only subtle changes related

to a splitting of some of the peaks. This behavior may indicate a change mostly in the electronic structure with little effect on the
crystal structure. Strikingly, the sharp Raman features observed at high pressures do not support amorphization of MAPbI; with
onset at 3 GPa, as claimed by most of the high-pressure (X-ray) literature. We interpret this apparent discrepancy in terms of
the degree of disorder introduced at different length scales in the perovskite lattice by the pressure-induced freeze-out of the

methylammonium cation motion.

B INTRODUCTION

For all of the spectacular developments in lead halide-
perovskite-based photovoltaics that catapulted solar-cell
efficiency to values in excess of 22% in a few years,' there
are still several fundamental physical questions that remain a
matter of debate. For example, the existence and stability of
bound electron—hole pairs (excitons) and their role in the
optoelectronic properties of these materials” remain con-
troversial. Another issue is the apparent contradiction of having
strong optical absorption as for direct gap materials and
simultaneously the long charge-carrier lifetimes typical of
indirect semiconductors like Si. A possible explanation relies
on a mixed nature of the fundamental band gap in
methylammonium (MA, CH;NH;) lead halide perovskites
due to large spin—orbit coupling.’ Furthermore, the great
advantage of this family of materials of being solution-
processable is somewhat counterbalanced by their mechanical
softness” and the consequent low energetic barriers for point

-4 ACS Publications  © 2018 American Chemical Society

defect formation and ion migration.”® It is speculated that the
photoinduced movement of ions and their accumulation at
interfaces are the origin of large hysteresis in current—voltage
characteristics” and transitory changes in the optical response
of lead halide perovskites.”” Probably the most prominent
drawback of these perovskite materials, however, is the
sensitivity to ambient conditions, in particular humidity,">""
which still hampers the improvement of their longtime
stability. To address all of these open questions, a deeper
understanding of different structure—property relationships
appears necessary if not mandatory.

In this respect, high-pressure techniques offer the possibility
to vary interatomic and intermolecular distances in condensed
matter in a controlled way, having large impact on the
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structural and consequently the electronic and optical
properties of the solid. The incipient high-pressure work on
hybrid halide perovskites has been recently reviewed regarding
their power for assessing new properties or enlightening
fundamental physical problems in this new class of photo-
voltaic materials.'”"? Regarding the archetypal hybrid perov-
skite MAPDI;, most of the high-pressure work performed so far
concerning the structural changes under compression relied
mainly, but not exclusively, on X-ray diffraction methods.
Reports span different forms of the perovskite material
(powder,"™" single,"*™"” or polycrystals'® and nanorods'”)
and different hydrostatic conditions regarding the pressure
transmitting medium. The general picture that emerges for
MAPDI, is that the material is relatively soft, mainly against the
tilting of the Pbls octahedra, because it exhibits a first
structural phase transition at a relatively low pressure in the
range of 0.3—0.6 GPa. In addition, a second structural
transformation takes place at around 3 GPa into a very
disordered phase, at which the organic cations seem to play a
role. The reports, however, differ in the phenomenology at
higher pressures. For the high-pressure phase, after the first
transition, an orthorhombic™""'? as well as a cubic'*'%'®
symmetry was proposed. There is more consensus about the
amorphous nature of the high-pressure phase after the second
phase transition. The accurate determination of the structural
changes in MAPI, of Szafranski and Katrusiak'® provides
strong evidence that under hydrostatic pressure the phase
changes are from tetragonal to cubic, followed by an
isostructural transition to another cubic phase, which exhibits
gradual amorphization with increasing pressure. Qualitatively, a
similar phenomenology is found for other members of the
hybrid halide perovskite family such as MAPbBr,, ' "
MAPbCL,,*° and FAPbBr,,”>" where FA stands for formamidi-
nium (CH(NH,),).

As pointed out by Postorino and Malavasi,'* despite the fact
that the application of high pressure is a particularly suitable
means to study the interplay between degrees of freedom of
the organic molecules and the inorganic cage, such kind of
studies remain scarce. In recent temperature-dependent
experiments, we have found in the Raman scattering signature
of MAPI; evidence of significant coupling between the
vibrations of the anionic (Pbl}), network and the CH;NH}
cations,””** in spite of the supposedly weak hydrogen bonding
between them. At around 160 K, MAPbI; undergoes a
transition from the tetragonal, room-temperature phase into an
orthorhombic one.” Neutron scattering measurements
provided quantitative insight into the rotational dynamics
and degree of order of the MA cations within the inorganic
cage in the different phases.”>*® Furthermore, time-resolved
vibrational spectroscopy has identified fast librations (300 fs)
and slow rotations (3 ps) of the MA molecule in the tetragonal
phase.”” These excitations dominate the dynamics of the MA
molecules in the tetragonal phase because they are fully
unlocked within the cage voids. As a consequence of the
hydrogen-bonding-mediated interaction between the MA
molecules and the halogen atoms of the inorganic cage, the
vibrational modes of the latter exhibit a wide statistical
distribution of frequencies, which in turn leads to a strong
inhomogeneous broadening of the Raman peaks.””*’ In
contrast, in the low-temperature orthorhombic phase, the
reduced volume and symmetry of the cage voids causes the
locking of the organic cations, which become well oriented
along high-symmetry directions of the perovskite crystal. The

result is a pronounced reduction of the inhomogeneous
broadening, which is readily observed in low-temperature
Raman spectra.”>*® Although not proven, it is believed that
such a strong coupling between organic and inorganic degrees
of freedom is the origin of the extremely low thermal
conductivity of MAPbI,.**** This served as motivation to
look for a similar effect induced through the application of
pressure rather than by decreasing the temperature, eventually
leading to control of thermal transport by strain.

In this work, we present a systematic study of the structural
phase behavior of high-quality MAPDI; single crystals under
compression by monitoring the pressure-induced changes in
the fundamental band gap and vibrational spectrum, as
observed in photoluminescence (PL) and Raman experiments,
respectively. In the range up to ca. 10 GPa, we find three
successive phase transitions characterized by sudden jumps in
the energy position of the main PL emission peak, indicating
abrupt changes in the fundamental band gap. A striking result
is that we do not seem to observe pressure-induced
amorphization of MAPDI; in the whole pressure range of the
experiment, in contrast to what might be expected from the
literature. On the contrary, at the second phase transition
occurring at about 2.7 GPa, the Raman spectra exhibit a clear
reduction of the peak widths. As explained below, this is taken
as compelling evidence of a strong reduction of phonon
inhomogeneous broadening due to the pressure-induced
locking of the MA cations along certain directions within the
inorganic cage voids. Our ansatz is that this freeze-out of the
organic cation motion leads locally to an orthorhombic
distortion of the crystal structure of MAPbI;, as probed by
Raman scattering, whereas on a macroscopic scale, the
different locked orientations and positions of the MA
molecules disrupt the long-range order sensed by X-rays.
The latter has been repeatedly interpreted as amorphization.
Moreover, at the third phase transition, which takes place at ca.
3.3 GPa, only the emission properties are strongly affected,
whereas the Raman spectra barely display a slight splitting of a
couple of modes. We believe that this phenomenon is
indicative of subtle structural changes at the phase transition,
which despite their small magnitude can cause a partial folding
of the Brillouin zone (BZ) in the high-pressure phase. As a
consequence, the gap widens suddenly from 1.85 to 2.15 eV.

B EXPERIMENTAL SECTION

Preparation of Loading-Ready Hybrid Perovskite
Single Crystals. The methylammonium iodide (MALI)
synthesis proceeds by adding dropwise 16.620 mL of HI (57
wt % aq + 1.5% H,PO, stabilizer) to 10.891 mL of
methylamine (40 wt % aq) in 50 mL of isopropanol in an
ice bath under stirring. The solvent is removed by rotary
evaporation, and the crude product recrystallizes from hot
ethanol, which is then washed with diethyl ether and dried at
100 °C. The space-confined on-substrate fabrication method of
MAPbI, single crystals with adjustable thickness™ consists first
in dissolving 2.3050 g of Pbl, (99%, Sigma) and 0.7948 g of
MAI in S mL of dry y-butyrolactone in a normal fume
cupboard, affording a 1 mol/dm? solution. Then, 100 uL of the
solution is dropped onto a glass coverslip on a hotplate.
Another glass coverslip is placed on top of the first,
sandwiching the solution between. The hotplate is ramped to
100 °C at 10 °C/h and retained at 100 °C for 48 h, driving off
the solvent and inducing crystallization of flat MAPbI; crystals.
The thickness of the crystals was varied by application of
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pressure using a Petri dish of weight 120 g applied to
substrates. The dimensions of the crystals were found to be 2.0
mm (width) by 32 ym (depth) through parallax measurements
taken using secondary electron images from a scanning
electron microscope.

High-Pressure Experiments. The high-pressure photo-
luminescence and micro-Raman scattering measurements were
performed at room temperature employing a gasketed
diamond anvil cell (DAC). Anhydrous propanol was used as
pressure transmitting medium, which ensures good hydrostatic
conditions (perfectly hydrostatic up to 4.2 GPa’®) and proved
to be chemically inert to MAPDI;. Thanks to the growth
procedure that directly produced single crystals with a
thickness of ca. 30 um and there was no need to thin down
the sample for loading the DAC. This is very important
because the thinning procedure employing either mechanical
polishing or chemical etching is known to spoil the quality of
such soft crystals like MAPDI;, introducing large amounts of
structural defects, which might have an influence on the
behavior of the material under compression. Small pieces cut
with a sharp knife of about 100 X 100 ym? in size were placed
into the DAC together with a ruby sphere for pressure
calibration.®’ The PL spectra were excited with the 633 nm
line of a He—Ne laser and the 514.5 nm line of an Ar*-ion laser
at pressures lower and higher than 3.5 GPa, respectively,
whereas the infrared diode laser emitting at 785 nm was
employed for the Raman measurements. The latter turned out
most suitable to excite the vibrational modes of the inorganic
cage, providing also the highest spectral resolution and stray-
light rejection. In all cases, a very low incident light power
density below 15 W/cm® was used to avoid any photo-
degradation of the samples, such that thermal damage by the
laser can be safely ruled out. Spectra were collected using a
20X long working distance objective with NA = 0.35 and
dispersed with a high-resolution LabRam HRS800 grating
spectrometer equipped with a charge-coupled device detector.
PL spectra were corrected for the spectral response of the
spectrometer by normalizing each spectrum using the detector
and the 600 grooves/mm grating characteristics.

B RESULTS AND DISCUSSION

Photoluminescence Measurements under Pressure.
Figure 1 shows the evolution of the PL spectra of MAPbI; with
increasing pressure. All spectra were normalized to their
absolute maximum intensity and vertically offset to ease their
comparison. It is worth mentioning that we loaded two pieces
of MAPbI; inside the diamond anvil cell (DAC) and
constituently performed the PL and Raman measurements at
the same two points on each piece. The results of the four
measurement series are similar; hence, we only show the
representative ones. The main PL peak exhibits sudden jumps
in the position of its maximum, which are indicative of the
occurrence of three phase transitions in the pressure range of
the experiment. Different colors correspond to the four
observed phases, and the same code will be used throughout
the article. At the beginning of the pressure upstroke and
before the first phase transition occurs, the PL spectra (blue
full lines) exhibit a slight but clear red shift, which indicates
that the fundamental band gap of MAPDI; in the room-
temperature tetragonal phase decreases with pressure. The first
phase transition starts at a very low pressure of 0.4 GPa, as
signaled by an abrupt blue shift of the main PL peak. This
transition is completed at about 0.7 GPa, before which both
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Figure 1. PL spectra of MAPbI; obtained for incremental steps of
pressure. The spectra were normalized to their maximum intensity
and plotted with a vertical shift for increasing pressure. The different
colors indicate the subsequent phases adopted by the material during
the pressure upstroke. For pressures lower and higher than 3.4 GPa,
the excitation laser wavelengths were 633 and 514 nm, respectively.
The inset displays spectra measured by releasing the pressure,
demonstrating the full reversibility of the structural changes except for
some hysteresis.

phases coexist. The new high-pressure phase is stable up to 2.7
GPa (red solid curves) and should correspond to the cubic
phase IV, as reported elsewhere.'® With increasing pressure
and within this phase, the PL emission exhibits first a gradual
blue shift and finally a red shift. At about 2.7 GPa, a second
phase transformation occurs, which is characterized by an
abrupt but stronger blue shift of the PL maximum (green solid
curves). As explained in the discussion of the Raman results,
this new phase is perfectly crystalline and probably
orthorhombic in nature. This result is at odds with the
widesgread claims of this being the amorphous cubic phase
V.'>'° The PL spectra clearly indicate the occurrence of a third
phase transition at about 3.3 GPa, which is again characterized
by an abrupt blue shift and a pronounced broadening of the
emission peak (black spectra in Figure 1). To properly excite
the PL of this phase, we switched to the green laser line. We
anticipate that the Raman data indicate again that this phase is
crystalline and probably orthorhombic up to the highest
pressure of this experiment close to 6 GPa. The broadband
emission exhibited by this high-pressure phase, though, speaks
for a large heterogeneity in the sample, as far as the electronic
states involved in the optical transitions are concerned. It is
important to remark that all changes in the PL emission (the
Raman too) are fully reversible, even though there is a certain
degree of hysteresis, as illustrated by the PL spectra of the inset
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to Figure 1, which were taken by releasing the pressure prior to
the final opening of the DAC (see also Figure S2 of the
Supporting Information).

To analyze the PL spectra of MAPbI;, we used a Gaussian—
Lorentzian cross-product function for describing the main
peaks, which are ascribed to free-exciton recombination. We
notice that the same fitting protocol was also successfully
employed for the analysis of the PL spectra of MAPDI; at
ambient pressure but as a function of temperature (data will be
published elsewhere®”). The expression for the cross-product
function reads as

FZ
4-5-(E;—hw)* + r

(1 = 5)-(Ey—hw)*
2

G X L(hw) = A-

exp| —41n2 "
1

where A is the amplitude prefactor, E, is the peak energy
position, I is the full width at half-maximum (FWHM), and s
is a weight parameter that takes the value s = 0 for pure
Gaussian lineshape and s = 1 for pure Lorentzian. This
function is a useful simplification of a Voigt function, which
corresponds to the mathematical convolution of a Lorentzian,
taking into account the natural lineshape due to spontaneous
emission and whose line width is the inverse of the lifetime,
and an inhomogeneously broadened Gaussian, accounting for
a normal distribution of exciton energies. Apart from yielding
an excellent lineshape fit, the cross-product function has the
advantage against the Voigt function of being far less
computationally expensive. Representative examples of the
lineshape analysis of the PL profiles are depicted in Figure S1
of the Supporting Information.

The assignment of the main emission peak to free-exciton
recombination is partly controversial because the reported
values for the exciton binding energy in lead halide perovskites
span a wide range from a few millielectronvolts™~* to several
tens of millielectronvolts."' ~** As suggested,” such a difficulty
to discern between the free-carrier or correlated electron—hole
pair character of the optical properties in these materials might
be in direct relation to the particular microstructure of the
sample being considered. The reason is that the dielectric
screening and consequently the magnitude of the exciton
binding energy are largely affected by the presence of grain
boundaries, interfaces, and surface defects, where charge can
accumulate or dipoles can be induced, all impacting the
macroscopic polarization of the medium.>** Furthermore, we
point out that claims for the absence of exciton states based on
a steplike absorption edge with no peaklike feature at its edge
are partly incorrect.”***>* A steplike profile is the evidence of
Coulomb-interaction-mediated correlations between electrons
and holes in the states pertaining to the excitonic energy
continuum.**® The absence of a peak just means the absence
of bound excitonic states corresponding to the discrete energy
spectrum, most probably because the exciton binding energy is
on the order of or smaller than the thermal energy. This, in
contrast, does not hinder bound exciton states in playing a
main role in emission because their optical recombination is
favored against that of continuum states due to the much
shorter lifetime of the latter.*” We thus use the Gaussian—
Lorentzian cross-product function of eq 1 to describe the
lineshape of the PL emission, which we ascribe to free-exciton
recombination.

The values of the fitting parameters corresponding to the
energy E, of the peak maximum and the integrated intensity,
given by the product A-T', are plotted as a function of pressure
in Figure 2. Again, the abrupt changes in the parameters clearly
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Figure 2. (a) Maximum peak position and (b) integrated intensity
plotted as a function of pressure, obtained from the PL lineshape fits
using eq 1. The pressures at which the phase transitions occur are
indicated by vertical dashed lines.

indicate the pressures at which the phase transitions occur
(marked by dashed vertical lines).* Although we cannot tell
the absolute values of band gap and/or exciton binding energy
from the lineshape fits, the shift of the PL peak energy E, with
pressure is to a large extent dictated by the pressure
dependence of the gap. In particular, we analyze the
pressure-induced red shift of the gap in the tetragonal phase
of MAPDI,, stable at ambient conditions, which is apparently at
odds with the well-established systematics on the pressure
dependence of direct band gaps in tetrahedrally bonded
semiconductors.*® In brief, for semiconductors with predom-
inantly sp® hybridization, it holds that (i) states with bonding
p-orbital character are almost insensitive to pressure. The best
example is the top of the valence band at the I' point of the
Brillouin zone (BZ), which is bonding pure p-type. (ii) On the
contrary, antibonding s-states exhibit a strong blue shift with
pressure. In most of the cases, the bottom of the conduction
band also at I" comprises states with antibonding pure s-orbital
character. In consequence, direct gaps at the BZ center
increase with pressure at a rate on the order of 100 meV/
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GPa.* (iii) Antibonding p-orbitals are characterized by a much
smaller but negative deformation potential as compared with s-
states. Antibonding p-like states contribute the most to the X-
valleys at the BZ edge. As a result, the indirect I'=X gap
decreases with pressure at a lower pace of typically —15 meV/
GPa.*® Relativistic band-structure calculations™*”*° for a
pseudo-cubic phase of MAPbI; predict a direct fundamental
gap at the R-point of the BZ. The peculiarity of lead halide
perovskites is that due to the huge spin—orbit interaction
present in heavy atoms like Pb and I there is a so-called band
inversion such that the top of the valence band is
predominantly composed by antibonding Pb 6s orbitals
hybridized with I Sp orbitals and the bottom of the conduction
band is formed by the antibonding split-off Pb 6p-orbitals.
Assuming that a similar atomic orbital behavior to that of
conventional semiconductors holds for these perovskites, one
would expect that the top of the valence band shifts up and the
bottom of the conduction band shifts down slightly with
applied pressure, leading to a reduction of the fundamental
gap, as experimentally observed (linear pressure coefficient of
—60(10) meV/GPa).

Raman Measurements under Pressure. Figure 3
summarizes the Raman results obtained on single-crystalline
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Figure 3. Room temperature Raman spectra of MAPbI; measured at
different pressures. The spectra were normalized to their maximum
intensity and shifted vertically for clarity. The different colors of the
spectra indicate the changes in phase after every transition.

MAPDI; as a function of hydrostatic pressure. Once more, to
ease the comparison, the spectra were normalized to their
maximum intensity and plotted with a vertical offset with
increasing pressure. The colors of the curves correspond to the
different phases, as determined from the PL measurements,
because the occurrence of the pressure-induced structural
transitions cannot always be clearly established from the
occasionally subtle changes in the Raman spectra. For a
quantitative assessment of the effect of pressure on the
vibrational spectrum of MAPbI; we have decomposed it in its
different mode components by a lineshape analysis, as
illustrated in Figure 4, with a representative example of the

0.10GPa (a)
PO TS ST S TN [ ST S T
1.65GPa (b)
> MAPDbl,
‘D 300K
C
[0
k=
kst
N 1 PR IR T
g 275GPa (c)
o
Z
0 100 200 300

Raman Shift (cm™)

Figure 4. Examples of the performed lineshape fits to the Raman
spectra using Gaussian functions for different pressures: (a) 0.10 GPa,
(b) 1.65 GPa, (c) 2.75 GPa, and (d) 5.15 GPa, each one representing
a different high-pressure phase of the material. We point out that the
number of Gaussians used for the fits is compatible with the Raman
active modes predicted by theory (out of 18 cage eigenmodes)** and
those observed at low temperature for the orthorhombic phase of
MAPbL>® The gray solid curves are auxiliary peaks used to improve
the fits and are not discussed further. Spectra shown in panels (a) and
(b) were obtained by subtracting the broad PL peak from the Raman
raw data (see the text for details).

fits for each of the observed phases. We note that for the first
two phases (P < 2.7 GPa) all Raman peaks appear on top of a
very broad but intense peak, which is ascribed to the main
excitonic emission (Figure 3). In fact, the qualitative changes
in the Raman spectra of the first two phases are principally due
to the shift of this broad background, which varies under
compression in exactly the same way as the main excitonic PL
peak. For completeness, we refer to a possible alternative
explanation in which this broadband is interpreted as a broad
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central Raman peak originating from local polar fluctuations
intrinsic to the perovskite structure.’’ The strong PL
background, however, does not hamper the observation of
the Raman features because the latter become resonantly
enhanced (outgoing resonance), when the 785 nm line is used
for excitation. As for the PL analysis, the background was
described by a Gaussian—Lorentzian cross-product function,
which has been subtracted from the Raman spectra of the two
lowest-pressure phases (see Figure 4ab) for a better
visualization of the phonon modes. All Raman bands/peaks
have been fitted using Gaussian functions. On the basis of a
previous full assignment of Raman®**® and far-infrared
spectra,”” all Raman peaks with frequency lower than 200
cm™ correspond to optical phonons of the inorganic cage,
whereas the broad peak centered at around 280 cm™' is
assigned to the so-called isolated mode associated with a
torsional deformation of the MA molecules.

The results of the Raman lineshape fits for the mode
frequencies and full widths at half-maximum are depicted in
Figure S as a function of pressure. The first transition from the
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Figure 5. (a) Frequency and (b) full width at half-maximum
(FWHM) of the Raman peaks, as obtained from the lineshape fits, as
a function of pressure up to ca. 6 GPa. The pressures at which the
phase transitions occur are marked with vertical dashed lines.
Representative error bars are indicated by the symbols inside the
dashed squares.

tetragonal to cubic phase'® can be inferred from the subtle but
abrupt changes in the mode frequencies observed at 0.4 GPa,
coinciding with the pressure at which the different PL
contributions start to change. In contrast, the occurrence of
the second phase transition at 2.7 GPa is clearly revealed by
the abrupt reduction of the width of all Raman peaks. It is very

difficult to discern if each of the broad bands observed in the
Raman spectra of the cubic high-pressure phase splits into
several sharp peaks, indicating a reduction of crystal symmetry,
or the different components are simply spectrally resolved
above 2.7 GPa due to the much smaller widths. Hence, we
cannot tell with any degree of confidence if the third phase is
cubic, tetragonal, or orthorhombic. Finally, at 3.3 GPa, a third
phase transition takes place. An abrupt blue shift of the main
PL band occurs, whereas in Raman spectra, the transition can
only be assessed by closer inspection of the fitting results (see
Figure S). Above 3.3 GPa, the Raman peaks sharpen further
but gradually and some of the peaks split into two. Thus,
additional Gaussians ought to be included in the fitting
function to describe the Raman lineshape accurately. Such a
contrasting behavior of the radiative recombination and the
vibrational properties of MAPbI; under high pressure speaks
for a transition to a phase that exhibits a slight lattice distortion
concomitant with a strong alteration of the electronic
properties. Are we being confronted with a kind of
“dimerization” of the lattice or the appearance of a super-
structure of the organic cations, similarly to the pressure-
induced, magnetically driven Peierls transition in CuGeO;,”” to
give just one example? Clearly more experimental as well as
theoretical work is needed to answer this question.

We now turn to the discussion of one of the main results of
this work, which concerns the pronounced sharpening of all
Raman features taking place at the second phase transition at
2.7 GPa. Such a behavior of the line widths is totally similar to
the one observed for decreasing temperature at the tetragonal-
to-orthorhombic transition.””*> On the basis of this similarity,
we propose that the line width reduction of the Raman peaks
has the same origin as for the low-temperature orthorhombic
phase of MAPDI;. The reduced symmetry of the structure in
the high-pressure phase together with a smaller void volume
leads to the locking of the MA molecules inside the inorganic
cage voids in certain crystalline directions. This causes a
sudden and marked reduction of the inhomogeneous broad-
ening of the Raman modes, as a consequence of the vanishing
dynamical disorder of the organic cations when locked. This is
an important result implying that the suppression of dynamical
disorder, which is entropically favorable at low temperatures, is
also achieved at room temperature through pure mechanical
deformation of the single crystal. Irrespective of its origin, the
reduction of the dynamical disorder should have the same
positive impact on the thermal conductivity of the material.””
On the contrary, in an amorphous or highly disordered phase,
the thermal conductivity would remain constant or even
decrease.

At this point, we would like to call attention to a striking
result, namely, the fact that, in our case, MAPbI; does not
seem to transform isostructurally into another cubic but
amorphous phase at around 3.0 GPa.'® The sharp peaks we
observe in Raman spectra up to 10 GPa, the highest pressure in
our experiment, clearly speak against amorphization, defying
the claims of the literature."*™"" Although we cannot tell the
symmetry of the lattice by inspection of just the Raman data, as
explained below, we found an unexpectedly strong parallel with
the structural behavior of Pbl, under pressure. We truly believe
that the different behaviors observed for MAPbI; under
pressure strongly depend on the crystal quality of the sample
loaded into the DAC and, of course, of the hydrostatic
conditions provided by the particular pressure transmitting
medium being used, if any. Regarding the former issue, we
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emphasize that the single crystals used here are unique because
they were specifically grown with the desired final thickness to
fit into the DAC. In this sense, except for the mild cutting into
smaller pieces, our crystals have not suffered any mistreatment
concerning the necessary thinning of the samples to be loaded
into the DAC. It is likely that mechanical polishing or chemical
etching might introduce structural defects in a soft material like
MAPbI;, which under compression would stabilize other
phases, leading to a different structural path as a function of
pressure.

There is, however, another possibility to explain the
apparent discrepancy between our high-pressure Raman results
and the X-ray diffraction data of the literature. The
crystallographic information extracted from the diffraction
patterns depends much on having high long-range order in the
structure. On the contrary, Raman scattering is much less
sensitive to disorder because even vibrations with an extremely
short coherence length are detected. Good examples are the
sharp features observed in Raman spectra of semiconductor
alloys™* or the molecular vibrations of the MA cations,”” for
instance. Hence, it could be that the high-pressure phase of
MAPDI; above 3 GPa corresponds to one in which the pre-
existing dynamical disorder of the MA cations is “frozen” at the
phase transition. This results in a kind of polycrystal regarding
the strain inhomogeneity with nanometric-size domains with
different deformation directions such that the long-range order
of the inorganic lattice is sufficiently disturbed to affect the X-
ray patterns but not the Raman features.

A few words about the pressure-induced structural effects on
MAPDI; are in place here. We have run further pressure
experiments up to 10 GPa and observed that the degree of
structural disorder, as indicated by the magnitude of the line
broadening of the Raman peaks of the phase setting at above
2.7 GPa, which is sometimes taken for amorphization, depends
on how fast pressure is increased. When approaching the phase
transition pressure, a rapid increase of pressure leads to
broader Raman features, indicating a more disordered
structure. If the sample is left overnight at a pressure slightly
higher than 2.7 GPa, the Raman spectra measured the next day
are as sharp as the ones shown in Figure 3. This clearly
indicates that the structural disorder in MAPDIL;, as well as the
occurrence of the fourth phase transition at ca. 3.3 GPa, is a
kinetically limited process.

At this point, we would like to report on an accidental
finding that might have implications for the understanding of
the high-pressure structural behavior of MAPbI;. In another
experiment, we loaded the DAC using the usual 4:1 methanol/
ethanol mixture. Most likely due to the presence of water
traces in the mixture,”> MAPbI; unequivocally transformed
into Pbl, under compression at a moderate pressure of about 1
GPa. In Figures S3 and S4 of the Supporting Information, we
display all of the Raman spectra as taken in a chronological
order and compare them with Raman results for 2H-Pbl,
under pressure.”® The similarity of the Raman spectra is so
striking that leaves no doubts that the crystal had already
transformed into Pbl, when pressure was released to almost
ambient after the first upstroke. Moreover, during the second
upstroke and at around 0.6 GPa, the phase transition from the
two-dimensional (layered) form of 2H-Pbl, into a three-
dimensional crystal structure is clearly observed, exactly as
reported.”® Above 5.5 GPa, however, we find another phase
transformation of Pbl,, not previously reported. As illustrated
in Figure 6, the Raman spectra of Pbl, at such high pressures
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Figure 6. Raman spectrum of MAPbI; at 3.85 GPa compared to the
spectra of Pbl, (transformed from MAPbI; under pressure) at 3.9S
and 5.65 GPa, corresponding to two different high-pressure phases of
the latter. The resemblance of the Raman spectra of the highest-
pressure phases of MAPDI; and the one of Pbl, is astonishing.

and those of MAPDI,; in the phase where the MA molecules are
locked in the cage voids are astonishingly similar. Although
both materials are certainly different (see Supporting
Information for details), we are lead to the conclusion that
they must share similar structural units in these high-pressure
phases. On the one hand, the full reversibility of the structural
changes in MAPDI; provides evidence that the sixfold
coordination of the Pb atoms to the iodides is preserved and
the high-pressure phases differ from each other only in the
degree of tilting and deformation of the corner-shared Pbly
octahedra. Furthermore, due to the observed locking of the
MA molecules in the voids, the phase setting at above 2.7 GPa
is likely to be orthorhombic. On the other hand, recent
searching simulations performed through the swarm-intelli-
gence CALYPSO method®” predict for 2H-Pbl, a series of
phase transformations from the layered P3m1 structure to an
orthorhombic Pnma and a tetragonal I4/mmm one at 2.5 and
27 GPa, respectively. Precisely, the tetragonal phase, which is
characterized by a 10-fold coordination of Pbl;, dodecahedral
units, is a good candidate for the high-pressure phase we found
above 5.5 GPa in Pbl,, in spite of the large discrepancy in the
calculated and measured transition pressures. Hence, the
similar shape of the Raman spectra of both materials displayed
in Figure 6 might be due to the similarity of the structural
building blocks, whereas the red shift of the mode frequencies
(even for a much higher pressure) of Pbl, compared to that of
MAPDI; is a consequence of the lengthening of the Pb—I
bonds imposed by a higher coordination of the structure of the
former material.

Finally, we would like to comment on results of a structural
search of the high-pressure phases of MAPbI;, performed with
the minima-hopping method and a classical force-field model,
which appeared very recently in the literature.”® The search
revealed that at least two structures are denser and lower in
energy than the experimentally observed low-temperature
orthorhombic phase. The calculations further show that
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particularly a phase type called double-delta could be
thermodynamically stabilized under compression in the
pressure range of 2—3 GPa, ie., the range where we observe
the second and third phase transitions in MAPbI; (at room
temperature, though). Double-delta phases contain a pillarlike
structure of edge-sharing Pblg octahedra, whereas the MA
cations uniformly surround them.® Interestingly, these novel
phases exhibit a much wider fundamental band gap (larger
than 3 eV), similarly to the case of the high-pressure phase we
found setting at above 3.3 GPa. From the many issues that
remain unclear, the understanding of the outspoken reversi-
bility of the pressure-induced structural changes seems crucial.
For example, how reversible would be the transformation from
the tetragonal or cubic structures, characterized by corner-
shared octahedra, to phases like the double-delta ones? The
formation of the pillars of edge-shared octahedra in the latter
would necessarily imply massive atom movement and bond
breaking, which would render difficult the reverse trans-
formation. Clearly, more experimental as well as theoretical
work is necessary to finally pinpoint the pressure—temperature
phase diagram of MAPbI;.

B CONCLUSIONS

In summary, by combining optical spectroscopy (Raman and
photoluminescence) with high-pressure techniques, we were
able to study structure—property relationships of the
archetypal hybrid lead halide perovskite MAPbI;. The high-
quality single crystals, explicitly grown by the space-confined
method with the desired thickness for high-pressure experi-
ments, exhibit a peculiar structural behavior under compres-
sion characterized by a sequence of three structural phase
transitions at 0.4, 2.7, and 3.3 GPa. All phases are perfectly
crystalline, with more or less dynamical disorder of the MA
cations, as evidenced by the Raman data. In addition, two
issues of the high-pressure phenomenology are worth to be
emphasized: On the one hand, at the second phase transition
around 2.7 GPa, MAPbI; undergoes a transformation into a
phase that is characterized by a pronounced reduction of the
inhomogeneous broadening of the Raman lines. This is
interpreted as evidence of a significant decrease in lattice
dynamical disorder because of the locking of the organic
cations inside the inorganic cage voids.”> This behavior is at
odds with the previously reported smearing of X-ray diffraction
patterns above 3 GPa, interpreted as amorphization. This is,
however, an apparent contradiction. Concomitant with the
pressure-induced locking of the MA cations, there is a local,
orthorhombic distortion of the inorganic cage structure, which
on a macroscopic length scale occurs randomly in different
directions. At last, this inhomogeneity disturbs the long-range
order of the crystal structure, leading to the smearing of the X-
ray patterns. Further investigation revealed that the degree of
pressure-induced disorder not only depends on crystal quality
but also is a kinetically limited process, which is prevented
when pressure is slowly raised in the pressure range close to
the second phase transition but favored by fast compression
(see the discussion in the Supporting Information). On the
other hand, the third phase transition at 3.3 GPa involves only
a slight structural change, apparent in the Raman spectra only
as an additional but small decrease in the line widths and
splitting of some peaks, which in turn has associated a marked
widening of the fundamental gap. Consequently, the main
emission peaks at a much higher energy of 2.15 eV (577 nm)
and broadens significantly to a FWHM of ca. 450 meV. The

latter points to large inhomogeneities in the electronic and
optical properties of this high-pressure phase of MAPbI;. Our
findings provide further fundamental insight into the under-
lying physics of this kind of organic—inorganic hybrid
materials, which are causing a change in paradigm in
photovoltaic and light-emitting device technology and,
possibly, for their by far less explored application in
thermoelectricity.
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Lineshape fits of PL spectra

Figure S1 shas representative PL spectra of MARIbbr different pressures to illustrate the line-

shape analysis of the PL profiles. Different colors correspond to the four phases observed as a
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Figure S 1: PL spectra of MAP§bbtained for diferent pressures. The spectra were normalized

to their maximum intensity to ease their comparison. The different colors indicate the subsequent
phases adopted by the material during the pressure upstroke (Blue: tetragonal, red: cubic, green:
probably orthorhombic, grey: unknown). For pressures lower and higher than 3.4 GPa the excita-
tion laser wavelength was 633 nm and 514 nm, respectively.
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function of pressure and the same code was used throughout the manuscript. The main emission
peak of MAPDbg at room temperature was assigned to free-exciton recombin4tfofhus, for

the lineshape fitting of the PL spectra we used a Gaussian-Lorentzian cross-product flitstion.
expression reads as:

|-2
4.s-(Eg—hw)2+T?2

Gx L(hw) =A- (1)

(1—s9)- (Eo—ﬁa))2)
M2

-exp(—4- In2
whereA is the amplitudeprefactor, Eq is the peak energy positiof, in the full width at half
maximum ands is a weight parameter which takes the vatite O for pure Gaussian lineshape
ands =1 for pure Lorentzian. The values of these four adjustable parameters were obtained as a
function of pressure from lineshape fits to the measured PL spectra using Eq. (1), as exemplified
in Fig. S1. For the cases where there is a coexistence of two phases (04 IBRdl.0 GPa) we

used two cross-product functions with independent variable parameter sets.

Reversibility issues

The reversibility of the structural as well as the related pressure-induced changes in the optical and
vibrational properties is certainly a matter of concern for a soft material such as MAFQgure

S2 displays Raman and PL spectra measured at two different pressures during the first pressure
upstroke (black solid lines) and with decreasing pressure after reaching the highest value of the
experiment (green solid lines). Whereas the Raman spectra are almost identical, the PL spectra
agree well with each other, besides for small discrepancies in the peak position (probably due to
small deviations in the pressure). We remark, though, that the intensity of the PL emission fully
recovers after decompression. This is very important because the PL signal is very sensitive to the

appearance of structural defects which usually cause its quenching. Altogether, both Raman and
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PL spectra demonstrate the full reversibility of the structural changes in MARIdler hydrostatic

pressure.

MaPbl; Raman MaPbl; Photoluminescence
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Figure S 2: (a,b) Raman and (c,d) PL spectra of MARIbtained for the pressure upstroke (black)

and subsequent downstroke (green), demonstrating the high degree of reversibility of the struc-
tural/optical changes induced by pressure.
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Figure S 3: Raman spectra obtained when applying pressure on a Ma&iple using a dif-
ferent pressure medium (4:1 methanol-ethanol mixture possibly with traces of water) rather than
propanol. After an initial cycle of pressurization, the Raman spectra of the sample coincide with
those obtained by for PRl The horizontal dotted lines mark the different days at which the mea-
surements were performed.
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A comparative of the effects of pressure on MAPb{ and Pbl,

Here wereport on an accidental finding with implications for the understanding of the high-
pressure structural behavior of MARDIIn another experiment, we loaded the DAC using the
usual 4:1 methanol/ethanol mixture. Most likely due to the presence of traces of water in the mix-
ture, MAPDbk unequivocally transformed into Pbunder compression at a moderate pressure of
about 1 GPa. The evidence of this transformation is seen in Figs. S3 and S4. In the former, we
display all the Raman spectra as taken chronologically during this separate experiment, whereas in
the latter we compare side-by-side the Raman results obtained for 2H#Rigr pressufewith

spectra measured in the present experiment at similar pressures. The direct comparison clearly
indicates, for example, that on day 2, MARIhlad already transformed into Bbfor the simili-

tude of the Raman spectra is just striking. We point out that the PL signal is completely lost once
the sample underwent the pressure-induced transition from MABRbb, i.e., we are not able

to record any spectrum similar to the ones reported by Saitoh et al. fersPigle crystals mea-

sured under pressure but at low temperafukéoreover, during the second upstroke and at around

0.6 GPa, the phase transition from the 2D (layered) form of 2H-Pidd a 3D crystal structure

is observed in Raman scattering, exactly as repdttelis phase transition was also observed at

the same pressure but a much lower temperature of 7dd§araman et & further reported two
subsequent phase transitions of 2H-Pbhe at 3 GPa to a phase with a less symmetric structure
and another at around 4 GPa to an amorphous phase. Above 5.5 GPa, in contrast, we find an
additional phase transformation of Rphot previously reported. In our case, we emphasize that
the structural changes were only partially reversible upon depressurization. As indicated by the
Raman spectrum taken by decreasing pressure to 0.75 GPa of Fig. S3, the sample recovered the
signature of the 3D crystalline phase of PlWevertheless, when the DAC was finally opened, the

sample decomposed completely and became a dark reddish paste, exhibiting the featureless Raman
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spectrum of Fig. S3 (0 GPa spectrum at the top). The strong PL of Md?®b disappeared as

soon as the Raman spectra corresponded to the ones of lead iodide.
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Figure S 4: The panels on the right hand side correspond to a reproduction of Fig. 1 of the work
by Jayaraman et af. which shows Raman spectra of 2H-Plheasured at the pressures where
three different phases were stable. The panels on the left hand side display Raman spectra of the
MAPDbI3; sample after its presumable transformation into lead iodide measured at similar pressures
as by Jayaraman et &iThe similitude of the spectra, regarding lineshape as well as the position

of the Raman peaks, is so high that there is no doubt that the full pressure-induced transformation
of MAPDI3 into Pbh has taken place.
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As mentioned in the manuscript, the Raman spectra of &lpressures ale 5.5 GPa, as de-
termined in the present experiment, and those of MARbthe phases where the MA molecules
are locked in the cage voids are astonishingly similar (see also Fig. 6 of the manuscript). We are
thus lead to the conclusion that both materials share similar structural units in these high pres-
sure phases. Hybrid organic-metal-halide perovskites are described by the general formula (R-
NH3),MX, where R is an organic group, X is a halogen atom (X=I, Br, Cl), and M is a metal
(M=Pb, Sn, Ge). The pair of indices {n) control the stoichiometry and charge neutrality of
the compound. They also determine crystal packing and dimensionality of the structure, ranging
from three-dimensional (3D) corner-shared perovskite structures fomdl,3), 2D layered per-
ovskites for (nm)=(2,4) to 0D structures with isolated inorganic octahedra. In this sense, 2H-Pbl
a 2D layered semiconductor, can be thought as pertaining to this family of compounds having in-
dices (nm)=(0,2). In addition, the application of high hydrostatic pressure usually leads to struc-
tural phase transformations, where phases exhibiting a higher metal-halogen atom coordination
are increasingly favored for higher compression. Hence, it is likely that certain correlation exists
between the pressure-induced structural changes of different members of the compound family.

On the one hand, the fact that the structural changes in M@Adklfully reversible is evidence
that the sixfold coordination of the Pb atoms to the iodides is preserved under pressure and that
the high pressure phases differ from each other only in the degree of tilting and deformation of the
corner-shared Pplctahedra (see sketch in Fig. S5). Furthermore, due to the observed locking of
the MA molecules in the voids, the phase setting in above 2.7 GPa is likely to be orthorhombic.
On the other hand, recent simulations performed through searching algorithms like the swarm-
intelligence CALYPSO methdtipredict for 2H-Pbj a series of phase transformations from the
IayeredPB_’ml structure to an orthorhombRnmaand a tetragondl4/mmmone at 2.5 and 27

GPa, respectively. Precisely the tetragonal phase, which is characterized by a tenfold coordination
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of Pblg dodecahedral units, B good candidate for the high-pressure phase we found above 5.5
GPa in Pbj, in spite of the large discrepancy in the calculated and measured transition pressures.
The similar shape of the Raman spectra of both materials displayed in Fig. S3 and Fig. 6 of the
manuscript might be due to the similarity of the structural building blocks, as depicted in Fig.
S5. Another interesting observation is that the Raman mode frequencies,chrelredshifted
compared to those of MAPHEven though the Raman spectra of the latter were measured at lower
pressures (see Fig. 6 of the manuscript). We believe that this is a consequence of the lengthening
of the Pb-1 bonds imposed by a higher coordination of the structure having dodecahedral structural
units rather than octahedral ones.

In summary, the main conclusion from the results of this section is that the high-pressure phase

Octahedron Dodecahedron
(Sixfold coordination) (Tenfold coordination)

Figure S 5: Sketch of the structural units corresponding t@ Btlahedra and Phj dodecahedra

from which the crystalline structure of the high pressure phases of MA&td Pbj might be
constructed. The grey central atom is Pb and the yellow balls represent the | atoms. The pb-I
bonds are necessarily longer in the dodecahedron due to the higher coordination.
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of MAPbI3 above3.3 GPa and the one of Rbhbove 5.5 GPa, reported here for the first time,

do share similar structural units, making the Raman spectra to look alike. Though, by no means
can be inferred that MAPBIhas transformed into Ppht those high pressures. In spite of the
(accidental) similarity of the PL emission from Blat around 2 GPaand that of MAPb} in the

fourth high pressure phase, there are unambiguous facts that rule out such a transformation. The
strongest one is the full reversibility of the pressure-induced changes in the vibrational as well as
optical properties of MAPRBlas compared to the complete irreversibility of its humidity-related

degradation into PbI®
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ABSTRACT: Lead halide perovskites, which are causing a paradigm shift in
photovoltaics, exhibit an atypical temperature dependence of the fundamental gap: 4
it decreases in energy with decreasing temperature. Reports ascribe such a behavior
to a strong electron—phonon renormalization of the gap, neglecting contributions
from thermal expansion. However, high-pressure experiments performed on the
archetypal perovskite MAPbI; (MA stands for methylammonium) yield a negative
pressure coefficient for the gap of the tetragonal room-temperature phase, which
speaks against the assumption of negligible thermal expansion effects. Here we
show that for MAPbI; the temperature-induced gap renormalization due to SEZ ﬁ%_
electron—phonon interaction can only account for about 40% of the total energy EP = +

shift, thus implying thermal expansion to be more if not as important as electron—
phonon coupling. Furthermore, this result possesses general validity, holding also
for the tetragonal or cubic phase, stable at ambient conditions, of most halide
perovskite counterparts.

Energy Gap
R

Temperature

I I ybrid lead halide perovskites of the type APbX; with using the empirical pseudopotential method at an early

organic A-site cation and halide substitution on the X stage'™'>'”? and ab initio techniques afterward.'®*"** The
site are the focus of attention of photovoltaic research and to a changes of the semiconductor band structure with temperature
lesser extent as light emitters. These materials, which can be arise essentially from the effect of thermal expansion (TE) due
cost-effectively deposited from solution, experienced a rash to the anharmonicity of the crystal potential and from
improvement in solar-energy conversion efficiency, recently electron—phonon interaction. The renormalization of the
reaching a remarkable value of 23.7%." For a solar cell as well band energies due to electron—phonon coupling, when
as for a light emitting device, the band gap and its temperature considered to second order in the atomic displacements,
dependence are fundamental properties of the active material. consists of two terms: The Debye—Waller (DW) and the self-
A peculiarity of the tetragonal and cubic phases of hybrid lead energy (SE) corrections. Usually, for the direct gaps of most
halide perovskites, which are stable at ambient conditions, is semiconductors both terms cause a reduction with increasing
that they exhibit an atypical dependence on temperature of the temperature. The decrease caused by thermal expansion is
fundamental direct gap: it decreases in energy with decreasing mainly due to a positive hydrostatic pressure coefficient of the
temperature. This temperature dependence of the gap is gaps, whereas the gap reduction arising from electron—phonon
almost ubiquitous in halide perovskites, as it can be found, for interaction is proportional to the Bose—Einstein phonon
example, in MAPbI3,2_6 MAPbBr,;,*>” MAPbCL,,* FAPbL,,’ occupation number. There are, however, exceptions to the
FAPbBr,,*® FA,MA,_.Pbl,,” CsPbl;,'® CsPbBr,,'""’ mentioned rule. The first reported material that appeared to
MASnL,"* and CsSnl,."* By atypical it is meant opposite to show an abnormal temperature dependence of the fundamen-
the temperature behavior of the gaps exhibited by most of tal gap was CuCl, which exhibits a szllight sublinear increase ng
covalent bonded semiconductors, for which the gap increases the gap with increasing temperature.” Other cuprous halides
with decreasing temperature (see, for instance, refs."*~"® and and several silver chalcopyrites like AgGaS, and AgGaSe, also
references therein).

The theoretical framework for describing the variation of Received: March 27, 2019
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Figure 1. (a) PL spectra of MAPbI; measured at different temperatures in the range of stability of the tetragonal phase (ca. 170—311 K) using the
red line (633 nm) for excitation. The spectra were normalized to their maximum intensity and plotted with a vertical shift for increasing
temperature. (b) Plot of the temperature dependence of the maximum peak position E, of the spectra displayed in part (a).

display abnormal behavior but at low temperatures.”” A
common characteristic of copper halides and silver chalcopyr-
ites is that the pressure coeflicient of the gap is very small, such
that the thermal expansion contribution to the gap
renormalization becomes almost irrelevant. As a consequence,
in these cases, the temperature dependence of the gap is
mainly determined by electron—phonon interaction. As far as
halide perovskites are concerned, thermal expansion effects
were indeed considered at an early stage™* and even taken as
the only cause of band gap renormalization.”> However,
probably mislead by the copper halide results, researchers
adopted lately the point of view of interpreting the atypical
temperature dependent renormalization of the fundamental
gap of lead halide perovskites exclusively as due to a
particularly strong electron—phonon coupling.”'’ Recent
results from first principle calculations also seem to indicate
that lattice expansion has negligible effects on the band
structure of MAPDbI; in comparison to the electron—phonon
coupling.”® Here we show this is not the case.

In this Letter, we demonstrate that the role of the electron—
phonon interaction in the temperature-induced renormaliza-
tion of the gap of lead halide perovskites has been widely
overestimated. Using available data for the hydrostatic pressure
coefficient of the gap, we show for the archetypal perovskite
compound MAPbI; that the thermal expansion contribution is
the leading term in the temperature dependence of the direct
gap, whereas electron—phonon interaction effects account for
ca. 40% of the total energy shift. Moreover, we provide
arguments in favor of an interpretation of the sign and
magnitude of the electron—phonon renormalization terms,
which holds also for other halide perovskites. On the basis of
the results of previous empirical pseudopotential calculations,
we infer that the electron—phonon coupling affects electronic
states in different ways, depending on their bonding/
antibonding and atomic orbital character.

The MAPDI; samples used for the high-pressure experiments
are high-quality single crystals grown by the space-confined on-
substrate fabrication method, as reported elsewhere,*® having a
suitable final thickness of ca. 30 um. Otherwise, for the
experiments as a function of temperature we used large and
thick single crystals of about 2 X 2 X 1 mm® synthesized from
aqueous solution by a similar procedure.”” The high-pressure
photoluminescence (PL) measurements were performed at
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room temperature by employing a gasketed diamond anvil cell
(DAC) with anhydrous propanol as pressure transmitting
medium,”® whereas the temperature dependent PL measure-
ments were carried out in vacuum using a gas-flow cryostat.g
The PL spectra were excited with the 633 nm line of a He—Ne
laser using a very low incident light power of ca. 1 yW (a
power density below 15 W/cm?) to avoid photodegradation of
the samples. Spectra were collected using a 20X long working
distance objective with NA = 0.35 and dispersed with a high-
resolution LabRam HR800 grating spectrometer equipped
with a charge-coupled device detector. PL spectra were
corrected for the spectral response of the spectrometer by
normalizing each spectrum using the detector and the 600
grooves/mm grating characteristics.

Figure la shows the evolution of the PL spectra with
temperature in the stability range of the tetragonal phase of
MAPDI;. All spectra were normalized to its absolute maximum
intensity and vertically offset for clarity. The main PL peak
exhibits a gradual red shift and sharpening with decreasing
temperature. To analyze the PL spectra of MAPDI;, we used a
Gaussian—Lorentzian cross-product function for describing the
main peak, which is ascribed to free-exciton recombination.*®
The values of the fitting parameter corresponding to the
energy E; of the PL peak maximum are plotted as a function of
temperature in Figure 1b. Although we cannot tell the absolute
values of bandgap and/or exciton binding energy from the line
shape fits, the shift of the PL peak energy E, with temperature
(or pressure) is to a large extent dictated by the shift of the gap
which for MAPDI; exhibits a fairly linear decrease with
decreasing temperature.

As mentioned before, the derivative of the gap over
temperature contains two terms; one accounts for thermal
expansion effects (TE), and the other corresponds to the
renormalization directly caused by electron—phonon inter-
action (EP), which includes the Debye—Waller and self-energy

corrections: ' #!5*!
dT oT - oT o (1)

The effect on the gap due to the contraction of the lattice
with decreasing temperature is intimately related to the
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response of the electronic band structure upon application of

external hydrostatic pressure. It thus holds'*'>"®
0E, 3 dE,
or| TR
TE 2)

where —ay is the volumetric expansion coefficient, B is the
dE
bulk modulus, i.e., the inverse of the compressibility, and d—Pg is

the pressure coeflicient of the gap, which can be determined
from high-pressure experiments. The last two factors depend
only weakly on temperature. As shown in the Supporting
Information, the strongest temperature variation comes from
ay (also including zero-point vibrations'®). At room temper-
ature ay is positive and the sign of eq 2 for the thermal
expansion contribution is determined by the sign of the

. . . dE, .
pressure coefficient. For most semiconductor direct gaps T

positive as well. Hence, thermal expansion causes a gap
reduction. The lead halide perovskites are an exception. Figure
2 shows the variation with pressure of the energy position of
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Figure 2. Energy E, of the PL peak maximum (blue symbols) plotted
as a function of pressure in the stability range of the tetragonal phase
of MAPDI;. The dot-dashed line represents a fit to the data points
using a linear function (its slope is indicated). The red symbols
correspond to PL emission from regions of the sample that had
already undergone the phase transition into the high-pressure cubic
phase (see ref 26 for details).

the PL peak measured in MAPDI; single crystals with the DAC
in the short stability range of the tetragonal phase. A linear fit
to the data points (dot-dashed line) yields an unusually large
but negative pressure coeflicient, as indicated. The negative

. dE . . . .
sign of d—; arises from the inverted atomic orbital character of

the states at the top and bottom of the valence and conduction
band of MAPbI,, respectively, as explained elsewhere.”® This
implies that for MAPbI; the expansion of the lattice with
increasing temperature leads to a gradual opening of the gap, as
displayed in Figure 1b. The magnitude of this effect will be
discussed later together with the gap renormalization due to
electron—phonon interaction.

Gopalan et al."> derived an expression for the shift and
broadening induced by temperature, through electron—
phonon interaction, of any electronic state E,; with band
index n and wavevector k, for which all phonon modes of the

branch j, wavevector q, and frequency w,y contribute:
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OE 1
AE,(T) = ), —& (n,q(T) + —)
~ On. \’ 2
ja e 3)
where ng = (e/}hm 1)"! is the Bose—Einstein phonon

occupation factor with ﬁ = ﬁ The real part of the complex
B

interaction coefficients 2% contribute to the energy shift of the

”/-1

bands and contain both the DW and SE parts, whereas the
imaginary part leads to a lifetime broadening of the electronic
states. Obviously, the sign of the renormalization of a gap is
thus determined by the difference in magnitude and sign of the
respective energy shift of valence and conduction band.

Invoking energy conservation transforms the summatlon in
eq 3 into an integral over the phonon frequencies: "

AE,(T) = fo " do gZF(n,k,a)){n}-q(T) + %)

nk

O0E
‘F(nkw) =
gF(nkw) = Y, p

jq jq

G qu)
4)

The function g’F(nk,w) is the so-called electron—phonon
spectral function and is essentially the phonon density of states
(DOS) appropriately weighted by electron—phonon matrix
elements. As such, the spectral function is temperature
independent, which means that the temperature dependence
of the electron—phonon contribution to the gap shift arises
solely from the Bose—Einstein occupation factor n(T).

This is an important result because eqs 3 and 4 clearly
indicate that the main contributions to the electron—phonon
renormalization of the gap arise from peaks in the phonon
density of states. In fact, this is at the origin of the Einstein-
oscillator model introduced by Cardona and co-workers,”' ~>*

which approximate the P
n

Jq
phonon interaction parameters A; for phonons with average
frequency w,, inferred from the peaks in the phonon DOS. The

EP correction to the gap then reads

[AE,(T)]gp = ZAi-(nB(w,-,T) + %)

coeflicients by effective electron—

(s)

where ny again stands for the Bose—Einstein factor. In special
cases of materials with two atoms per unit cell with markedly
different masses like the cuprous halides,”"** it is allowed to
use a two-oscillator model with a modified effective EP
coefficient that explicitly accounts for its dependence on the
average phonon frequency and atomic species mass

(4, - A0y This is justified because the phonon DOS
w;M;

exhibits two peaks, one at the average frequency of the acoustic
phonon branches at the Brillouin zone edges, corresponding to
vibrations of the heavier mass specie, and another oscillator
accounting for the optical phonon contribution, corresponding
to vibrations of the lighter mass atomic specie. For exactly the
same reason, each of the two oscillators is identified with the
contribution from acoustic and optical phonons to the
electron—phonon renormalization. We point out that this
model cannot be simply transferred to the case of the halide
perovskites,”'” because perovskites have many atoms per unit
cell and the vibrations cannot be classified as lead only or
halide only. In fact, an inspection of the phonon DOS for the
three methylammonium lead halide compounds®® indicates
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that the DOS exhibits up to four well-defined peaks or bands,
not two, with partial intermixing of optical and acoustical
branches.

In this respect, we show here that the electron—phonon
renormalization can be well accounted for using a single
Einstein oscillator with a positive effective coefficient A.g, so as
to reproduce the linear decrease of the gap with decreasing
temperature of MAPDI;. Since we do not know the absolute
magnitude of the gap renormalization at room temperature (or
at any other temperature), we decided to circumvent this
handicap by evaluating instead the derivative with respect to
temperature of the gap renormalization. The closed black
symbols in Figure 3 represent the first derivative over
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Figure 3. First derivative of the PL peak energy E, with respect to
temperature (closed black symbols), numerically calculated from the
data of Figure 1b. The solid black line represents a fit to the data
points, corresponding to the sum of the contribution of thermal
expansion (blue dot-dashed curve) and electron—phonon interaction
(red dashed curve). See text for details.

temperature of the bandgap, numerically calculated point-by-
point from the data set of E; versus T shown in Figure 1b.
Despite the dispersion of the values, in the temperature range
of stability of the tetragonal phase of MAPDI;, the first
derivative of the gap over temperature is, as expected,
essentially constant. The contribution from thermal expansion
can be directly obtained from eq 2, using the values of oy =
1.57 X 107*K™' *” and B, = 18.8 GPa™ from the literature and
the linear pressure coefficient determined by us from high-
pressure experiments, indicated in Figure 2. The result is the
constant contribution represented by the blue dot-dashed line
in Figure 3. In order to calculate the contribution from
electron—phonon interaction, we have derived eq S5 with
respect to temperature, considering a single oscillator with
coupling constant A and oscillator frequency @,

OE,
) (6)

oT

This function together with the constant contribution from
TE given by eq 2 were fitted to the data points of Figure 3
using only the electron—phonon coupling constant and the
average phonon frequency as adjustable parameters. The
resulting values for these parameters are A.4 = 8.0(8) meV and
hwg = 5.8(6) meV, where the numbers in parentheses are the
error bars (uncertainty of the last digits). The solid black curve
and the dashed red curve in Figure 3 represent the resulting

A hog 1
o 4T kT sinhz(

hag
2k T
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total rate of gap renormalization per Kelvin and the EP
contribution to it, respectively. We emphasize that without
further information apart from the data of Figure 1b the only
way to ensure uniqueness of the fitting results is to use one
Einstein oscillator. Addition of further oscillators would just
introduce strong correlations between oscillators parameters,
leading to multivalued solutions. In summary, at 300 K we
obtain from the fitting results a total renormalization rate of
0.26(5) meV/K, corresponding to the sum of the contribution
from thermal expansion (0.15(5) meV/K) and that from
electron—phonon interaction (0.11(5) meV/K). This is a clear
indication that thermal expansion effects (~60%), rather than
being negligible,”'*** are even more important than electron—
phonon coupling effects (~40%). We show below that this
situation also holds for most, if not all, lead halide perovskites
investigated so far.

By accounting for the thermal expansion effects, we obtain
within the Einstein-oscillator model a value of ca. 6 meV for
effective phonon frequency involved in the gap renormaliza-
tion, which is in excellent agreement with the frequency of 1
THz (approximately 4 meV) of the specific phonon mode
which strongly couples to the gap in terahertz transient
transmission experiments® and with the frequency of 4.2(8)
meV of the phonons leading to exciton broadening,*' both in
MAPDI;, although the latter holds for the orthorhombic phase.
In contrast, if the two-oscillator model is applied without
thermal expansion consideration, unrealistically large average
phonon frequencies for the oPtical branches of approximately
16 meV’ or even 40—50 meV * are found for the best fit to the
gap-versus-temperature data. We recall that the maximum
cutoff frequency of the phonon modes of the inorganic cages of
lead halide perovskites is 200 cm™' (ca. 25 meV)*” but the
most intense Raman modes have frequencies below 100 cm™
(ca. 12.5 meV).”® For comparison we show in the Supporting
Information results from a literature survey containing a
comprehensive list of available band gap pressure and
temperature coefficients for different halide perovskite
materials.

The calculation by ab initio methods of the magnitude of the
electron—phonon interaction in materials like the hybrid halide
perovskites, characterized by soft and stron§ly anharmonic
vibrational modes, constitutes a real challenge.””***** Despite
their relevance, we prefer to make use of the semiempirical
pseudopotential calculations that provided a detailed, though
qualitative, picture of the electron—phonon interaction in
covalent, sp*>-bonded semiconductors'®'>'”* (for further
details see the Supporting Information). The Debye—Waller
correction represents two-phonon processes for which the
lattice vibrations perturb the electronic band structure in the
same way as in the case of X-ray diffraction patterns, i.e., by
smearing the pseudopotential structure factor. In this sense, the
DW correction mainly depends on the spatial distribution of
the electronic charge around the lattice atoms. As illustrated in
the sketch of Figure 4, valence-band states with mostly
bonding character increase in energy with increasing temper-
ature, whereas the antibonding conduction-band states slightly
decrease in energy. Hence, the DW term always cause a gap
reduction with increasing temperature for sp®>-bonded semi-
conductors. In contrast, the sign and magnitude of the self-
energy term would depend on how the pseudopotential form
factors react to the different phonon eigenvectors correspond-
ing to the modes leading to the peaks in the phonon DOS. It
turns out that the acoustic-phonon SE contribution almost
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Figure 4. Sketch of the sign and magnitude (arrows) of the Debye—
Waller (DW) and self-energy (SE) contributions to the electron—
phonon renormalization of valence and conduction-band states of sp*-
bonded semiconductors, depending on the bonding (B) or
antibonding (AB) and atomic orbital character (s or p) of the
involved states for the case of increasing temperature (T).

cancels out the DW correction,"® which implies that for sp®
bonding only optical phonons contribute to the gap
renormalization. The remaining SE interaction matrix elements
are large and positive for p-like and moderate but negative for
s-like bonding valence-band states, whereas for antibonding
conduction-band states the SE interaction parameters are
negative for s- and p-like states but larger for the latter (see
Figure 4). As a consequence, a single Einstein oscillator with a
negative coupling constant A provides a good description of
the gap reduction induced by an increase in temperature in
conventional semiconductors.

A common feature of the materials showing an abnormal
temperature dependence of their gap, like certain cuprous
halide*"** and Ag chalcopyrite23 compounds, is the presence
of d-states in the valence band. The Cu 3d-like and Ag 4d-like
valence electrons hybridize with the usual p-like counterparts,
reverting the sign of the electron—phonon interaction and so
leading to a strong downshift of the valence band with
increasing temperature. The d-state hybridization also has
important consequences for the pressure coefficient of the
gap,” which is largely reduced, because the AB d-states push
up the top of the valence band with pressure at a similar pace
as for the upshift of the bottom of the conduction band. On
the contrary, the unusual temperature-induced gap renormal-
ization in lead halide perovskites possesses a different origin,
since there is no hybridization with d-states whatsoever. It is
the huge spin—orbit interaction that causes a so-called band
inversion. Relativistic band-structure calculations*®™*’ for a
pseudocubic phase of MAPbI; predict that for the direct gap at
the R-point of the Brillouin zone the top of the valence band is
predominantly composed by Pb 6s orbitals slightly hybridized
with I Sp orbitals, whereas the bottom of the conduction band
is formed by the split-off Pb 6p-orbitals. Hence, one expects
the EP interaction to lead to a gap increase with increasing
temperature (see Supporting Information for details). This is
supported by ultraviolet photoemission spectroscopy com-
bined with optical gap measurements, which for MAPbI; show
a stronger lowering of the valence-band maximum with respect
to the conduction-band minimum, as the temperature is
raised.” We note that in tin halide perovskites,'”"” despite the
weaker spin—orbit coupling as for lead-based compounds, a
similar band inversion occurs, leading to a totally similar
atomic orbital character of the electronic states at the
conduction and valence-band extrema®”*' like in MAPbIL,.
Furthermore, such band inversion also explains the negative
pressure coefficient observed in halide perovskites (see
Supporting Information for a complete survey of literature
data). The pressure coefficient determines the sign of the
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thermal expansion contribution, which thus adds up to the
effects of electron—phonon interaction as far as the gap
renormalization is concerned. Since all arguments presented
here are valid for all halide perovskites crystallizing in the
tetragonal and/or cubic phases, the same behavior of the gap
with temperature, which is ubiquitous in this material system,
has a similar explanation.

In conclusion, we have shown that the importance of the
electron—phonon interaction in the abnormal temperature
dependence of the fundamental gap of the tetragonal or cubic
phases of halide perovskites has been widely overestimated in
previous work. This was the result of totally neglecting the
effects of thermal expansion. As a consequence, disproportion-
ately large electron—phonon coupling constants and average
phonon frequencies were needed to explain the variation of the
gap with temperature in halide perovskites. Using MAPbI; as a
representative example, we showed that the thermal expansion
effects can be readily quantified from the measured (also
unusual) negative pressure coefficient of the gap. Our findings,
which have general validity for halide perovskites, clearly
indicate that thermal expansion has to be treated on equal
footing with the electron—phonon interaction for the correct
interpretation of temperature effects on their electronic
structure. Given the relevance of the electron—phonon
interaction for a variety of physical phenomena apart from
the temperature dependence of the gap (charge transport,
exciton lifetimes, nonradiative relaxation processes, thermo-
electric properties, etc.), its correct assessment is fundamental
for further scientific and/or technological developments with
halide perovskites.
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Relation between thermal expansion (TE) and Einstein oscillator
model

From thermodynamical gument$-? it is possible to relate the volumetric thermal expansion with

the Grineisen parametgg, = — oIV

and Bose-Einsteiphonon occupation numbayq(T) as

AV(T)
Vo

= oy - AT

1 1 1)
By Vo %M’Jq%q (”Jq(T) + 5) ;

where the summatioruns over all phonon modes of the branghvavevectorg and frequency

wjq. Two important results might be surmised from Eq. (1). On the one hand, we note that the

electron-phonon coupling is somehow indirectly contained in the thermal expansion (TE) contri-

bution through the phonon Griineisen parameters. On the other hand, the temperature dependence

of the TE gap renormalization is given by the Bose-Einstein occupation factor. This is the same de-

pendence as for the Debye-Waller (DW) and self-energy (SE) contributions, directly accounting for

electron-phonon interaction effects. Thus, if the TE contribution is neglected, i.e. not taken explic-

itly into consideration, an Einstein-oscillator model would nevertheless provide a good description

of the temperature dependence of the bandgap, although at the expense of yielding unphysical

values of the mean phonon frequency and/or electron-phonon coupling constant.
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The electron-phonon (EP) interaction and the empirical pseu-
dopotential method

For the discussion of the electron-phonon interaction it is strictly necessary to count with a satis-
factory description of the electronic states as well as the spectrum of vibrations of the solid. In
the former case, the empirical pseudopotential method has demonstrated to be a powerful tool for
the calculation and understanding of the temperature dependence of direct band gaps in covalent
semiconductors$=® Within the pseudopotential approximation, the electronic states correspond to
the eigenvector®,x with band indexn and wavevectok, obtained from the following secular

equations>

ZKﬁ_z'(mG)z—E k)-5 '+ Y Vi(G-G)-S(G-G) | -C(G') =0
2 [\2m n GG KK n

| 2)

whereG, G’ are reciprocal-lattice vector§,(G) are the properly normalized Fourier coefficients

of Whk andV,(G) andSc(G) are the pseudopotential form and structure factors, respectively, of
the atomx in the unit cell. Rather than performing explicit matrix-element calculations, our aim is

to attain a qualitative insight into the problem of the electron-phonon interaction that would allow
us to draw general conclusions from a careful inspection of the empirical pseudopotential results
available in the literature. In addition to the electronic states, a description of the vibrational
properties of the solid are needed. Cardona and cowoYRemsiployed the rigid-ion model to
calculate the phonon spectrum of semiconductors to obtain an expression for the electron-phonon
(EP) renormalization of the electronic band-state energies as a function of temperature. All phonon

modes of the branchand with wavevectog and frequencyojq contribute to the renormalization
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of the electronic energies, which then reads as:

A(nk, j,9,%) < l)
AEn(T Nig(T)+5 |, 3)
" IGES Wjq - MK :

wherenjq = (eﬁh“’iq — 1) - is the Bose-Einsteiphonon occupation factor with = % In Eq.

(3) we have explicitly written the dependence of the EP matrix element on the frequgnof

the phonon mode involved and the md&sof the vibrating atom (an average mass for modes with
more than one atom vibrating). Equation (3) can be rewritten by transforming the summation into

an integral over the phonon frequencres:

BEN(T) = [ do-gF(nk o). (n,-qm+ %) . @)

The functiong?F (n,k, ) is the so-called electron-phonon spectral function and is essentially
the phonon density of states (DOS) appropriately weighted by electron-phonon matrix elements.
These matrix elements pick up contributions from two terms: The Debye-Waller (DW) and self-
energy (SE) term (the electron-phonon Feynman diagrams, corresponding to second order pertur-

bation in atomic displacements, are shown in Fig. 1 of Réfr, instance).

The Debye-Waller (DW) correction

The DW term accounts for the coupling between the lattice vibrations and the electronic band states
through thermal fluctuations of the atoms around their equilibrium positions, which in turn induce
a smearing of the pseudopotential structure fa8diG). In a totally similar way as for x-ray

diffraction patterns, such a smearing is easily taken into account by introducing a Debye-Waller



79

factor in the structure factot:

12\ |G| 1

5(G)-e 21~ 5(6)- [1-2 (W), (6] +- - |, (5)
Where<u2>K is the mean-square thermal amplitude of the displacements of the atomic gpecie
As illustrated in Fig. S1, the effect of temperature is twofold: i) The static structure f&@&ris
reduced in magnitude by the Debye-Waller factor which contains the mean thermal amplitude of
the atomic displacements in the exponent. ii) The lost weight of the pe&lGiis redistributed

forming side tails, corresponding to diffuse scattering processes.

S(G).exp(-H,<u?>|GP)

Figure S 1: Sketch showing the pseudopotential structure f&®y (blue curve) in reciprocal
space and the effect of the Debye-Waller factor upon it (red curve).

A careful inspection of the empirical pseudopotential results for sesgfddonded semicon-
ductors®>® led us to the following conclusions regarding the DW term of the electron-phonon
interaction: i) For conduction band states which are mostly antibonding in nature, i.e., the wave-
function is mainly distributed around the lattice ions, the DW correction is moderate and negative.
This means that the DW term causes a moderate downshift in energy of the conduction band with

increasing temperature, corresponding to the reduction of the static structure factor at the recipro-
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cal lattice vectors due to the DW factor. ii) For valence band states which possess mostly bonding
character and concentrates valence charge in the interatomic regions, the DW correction is large
and positive. This means that the valence band shifts up in energy with increasing temperature,
as a consequence of the increased structure factor weight in the regions between reciprocal lattice

vectors due to the appearance of the diffuse-scattering structure-factor tails.

The self-energy (SE) correction

The self-energy correction can be viewed as a change in the effective mass of valence and conduc-
tion electrons due to their interaction with the lattice vibrations. The effective mass can be incre-
mented or reduced, for which the electron energy decreases or increases, respectively, depending
on the bonding/antibonding character of the states as well as their atomic orbital character. At last,
the SE correction depends on how the pseudopotential form fa6to&) of each atomic specie

react to the different phonon eigenvectors.

From the empirical pseudopotential calculations we infer following trends for the temperature
renormalization of gaps in $provalently bonded semiconductors: i) For conduction band elec-
trons the SE correction is always negative, pretty weak for acoustic and strong for optical phonons,
and larger fomp-like states as comparedsdike states. This means that conduction band electrons
become "heavier" due to their interaction with the lattice vibrations; a coupling that then causes a
downshift in energy of the conduction band. ii) For the valence band the sign of the SE correc-
tion does depend on the particular phonon modes involved in the interaction. The SE correction
is always negative for acoustical phonons but it accidentally almost cancels out with the DW con-
tribution. As a consequence, electron-acoustic-phonon interaction plays a minor role for the gap
renormalization in conventional semiconductors. The SE contribution from coupling with optical

phonons, in contrast, is negative feilike atomic orbitals but positive (twice as large, though)
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for p-like states. Hence, for conventional semiconductors, for which the top of the valence band
and thebottom of the conduction band at the Brillouin zone center has exclugivahds-atomic

orbital character, respectively, the fundamental gap decreases with increasing temperature. This is
a general trend and as such is consideredtitenaltemperature dependence of the gap, in frank

contrast to that observed for halide perovskites.

Survey of band-gap pressure and temperature coefficients

Table 1: Linear pressur%% and temperaturéf% coeffi-

cient ofthe fundamental band gap of the tetragonal or cu-
bic phase, stable at ambient conditions, measured for a se-
ries of halide perovskite materials. The notation SC, PC, TF
and NC stands for single crystal, polycrystal, thin film and
nanocrystal, respectively, indicating the structural quality of
the studied samples. Numbers in parentheses are error bars.
The asterisk denotes slope values obtained from only three

data points available.

Material %—EF? (meV/GPa) %—ETQ (meV/K) Reference
MAPbI; SC -50(10) 0.26(5) this work & Ref.’
sC -65(10)* Ref8
PC -210(50)* Ref.?
sC -50(15)* Ref.10
sC -70(10)* Ref.1!




PC -62(5) Ref.12
TF 0.29(5) Ref.13
TF 0.24(5) Ref.14
TF 0.1(1) Ref.1®
MAPbBr; PC -52(8) Ref.!
scC -210(20)* Ref.16
TF 0.14(6) Ref.14
TF 0.15(8) Ref.15
MAPbCl; PC -77(5) Ref.l’
FAPb TF 0.55(5) Ref.1®
FAPbBr TF 0.44(6) Ref.14
TF 0.40(5) Ref.15
CsPbg NC 0.06(5) Ref.18
CsPbBg NC 0.05(5) Ref.18
CsPbC} NC -0.07(5) Ref.18

Calculation of the first derivative of Ey over temperature
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Figure S 2: The values of the change in PL peak ené&ggs a functiorof temperature. Open
blue symbols correspond to the raw data, whereas the closed red symbols were obtained after

smoothing. The latter were used to calculate the point-by-point first derivative with respect to
temperature, plotted in Fig. 3 of the main manuscript.
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Organic-inorganic hybrid perovskites have the generic formula ABX3, where X denotes a halide
anion and A and B stand for an organic and a metal cation, respectively. These hybrid compounds
are semiconductors with highly interesting and tunable properties. They are the subject of intense
research for several applications, mainly in solar cells but also as light-emitting diodes and lasers.
Tunability of the optical properties may be accomplished by site-substituted solid solutions in A, B,
or X sites. In particular, some mixed-cation systems show increased stability for these applications.
In this work, the authors report on the variation of the optical constants in mixed A-site cation
methylammonium/formamidinium (MA/FA) lead iodide perovskites FA,MA_,Pbl; evaluated by
spectroscopic ellipsometry in single crystal samples. The two main polymorphs of FAPbI; are
measured. The study is complemented by photoluminescence measurements to gain a better
insight into observed spectroscopic features related to the electronic interband transitions of the
crystals and their structural integrity. The main result is a continuous variation of the pseudocubic
perovskite band structure of the solid solutions between the two end compounds MAPbI; and

g7
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o-FAPbl3. Published by the AVS. https://doi.org/10.1116/1.5121604

I. INTRODUCTION

Hybrid perovskites ABX3, where X denotes a halide anion
and A and B stand for an organic and a metal cation, respec-
tively, are semiconductors that show promise for several opto-
electronic applications. The most widespread research is in the
field of photovoltaics motivated by the quick improvements in
efficiency'? with a record efficiency at present® above 25%.
Materials of this class also display excellent properties suitable
for other applications such as light emitters or detectors.*”’
For all these applications, knowledge of the optical properties
is both of fundamental and practical interest. Spectroscopic
ellipsometry (SE) provides detailed experimental knowledge
of electronic transitions which can be related to specific
aspects of band structure calculations. In addition, values of
the optical constants determined by SE enable the design and
optimization of light harvesting and out-coupling in solar cells
and other devices.® One of the main drawbacks of hybrid
perovskites are structural changes due to degradation or crys-
talline phase instabilities.”'® Although for applications thin
films are employed, studies on single crystals allow for an
improved understanding of many properties, among them the
optical constants, due to the better quality of samples for
structural and optical studies.''

Here, we focus on the optical spectra of FA,MA;_,Pbl;
solid solution single crystals by SE. The improved stability of
some of these mixed organic-cation crystals compared to the
workhorse compound methylammonium lead iodide (MAPDI3)

Note: This paper is part of the Conference Collection: 8th International
Conference on Spectroscopic Ellipsometry 2019, ICSE.
YElectronic mail: isabel @icmab.es

062901-1 J. Vac. Sci. Technol. B 37(6), Nov/Dec 2019

2166-2746/2019/37(6)/062901/7/$30.00

makes them interesting. The detailed structural phase behav-
ior of the solid solutions and the near-bandgap absorption
have been well determined.'>'® In contrast, the optical
spectra at higher energies have not been studied and, in par-
ticular, that of the end compound formamidinium lead iodide
(FAPbI;) is not well established. One possible cause for this
is the difficulty to stabilize its perovskite black phase at room
temperature, a-FAPbI;, versus the hexagonal yellow phase
5-FAPbI;.'*'*1 Three previous investigations by SE of thin
films of FAPbI; have reported on the optical constants of the
a phase'®"® showing differing results in terms of both
observed higher electronic transitions and absolute values of
the optical constants. In contrast, only one of these SE inves-
tigations'” reports on the measurement on a thin film of the
stable 6 phase, probably because of its wide bandgap and
limited practical interest for applications.

In this work, we study the variation of the optical constants
in single crystal samples of mixed A-site cation FA,MA_,Pbl;
perovskites as measured and evaluated by SE. We analyze the
observed electronic transitions as a function of organic-cation
composition x, obtained by fitting the numerically built second
derivatives of the dielectric function. We discuss the results in
combination with photoluminescence measurements. In partic-
ular, we examine the spectra of the two pure organic cation
end compounds in comparison with previous reports.'®™"

Il. EXPERIMENTAL DETAILS
A. Sample preparation

The samples used in this study were single crystals with
dimensions large enough for ellipsometry measurements, at

Published by the AVS. 062901-1
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least in millimeter range, grown by inverse solubility crystal-
lization in y-butyrolactone.”® Reference 12 contains full
details of the precursor synthesis and the reaction composi-
tions. The resultant crystal sizes tended to decrease in solid
solutions with large FA contents and some compositions
(x =0.8, 0.9) could not be measured. Special effort was
made for x = 1 to obtain good quality large FAPbI; crystals,
since the corresponding optical functions of this pure end
compound are not well known.

B. SE measurements and fitting

Ellipsometric spectra were measured at several angles of
incidence with a Sopralab GESSE rotating polarizer ellips-
ometer using the microspot option. We attempted to detect
optical anisotropy in some noncubic crystals (e.g., MAPbI3
and the MA-rich alloys are tetragonal at room temperature)
by measuring the SE data at different orientations of the
single crystals, including different in-plane azimuths and
different faces. The detected differences were rather small
and of the order of differences also seen even at different
points of the same large crystal. These variations could be
likely originated in irregular surface conditions, in any
case, we could not reliably establish any optical anisotropy
within our experimental error. Therefore, all the samples
were considered as optically isotropic in the analysis
regardless of their crystal symmetry. The true dielectric
functions of the bulk crystals were deduced by considering
a roughness overlayer calculated by a standard effective
medium approximation of 50% material and 50% voids.*'
More details about the effect of the roughness and a com-
parison with the typical surface morphology of the crystals
is given as supplementary material.>* The dielectric func-
tions were obtained by regression analysis without impos-
ing any analytical model, the only structural unknown
parameter was the surface roughness layer thickness. The
numerical inversion result was smoothed by cubic splines.”
The SE data and regression analysis results are included in
the SI as well. The electronic transition parameters were ana-
lyzed by numerically building second derivatives of the
dielectric function and fitting the observed features by critical
point lineshapes.”**

C. Photoluminescence measurements

The PL spectra were excited with the 633 nm line of
a He-Ne laser at very low incident light power density
below 15 W/cm? to avoid any photodegradation or thermal
damage of the samples by the laser. Spectra as a function
of temperature from 10 to 365 K were measured using a
gas-flow cryostat from CryoVac that fits under the micro-
scope using a 20x long working distance objective with
NA = 0.35 and dispersed with a high-resolution LabRam
HR800 grating spectrometer equipped with a charge-
coupled device detector. PL spectra were corrected for the
spectral response of the spectrometer by normalizing each
spectrum using the detector and the 600 grooves/mm
grating characteristics.
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lll. OPTICAL SPECTRA OF FA, MA,_,Pbl;

In this section, we discuss the measured values of optical
constants in the solid solution series and their variation with
the organic-cation composition x. The advantage of measur-
ing single crystals is that the bulk structure is well deter-
mined, whereas thin films are polycrystalline and prone to
contain some porosity, which affects the value of the optical
constants, as is known from the case of MAPbI; (Ref. 9) and
other hybrid perovskites.”* Even in bulk single crystals, there
is uncertainty in the absolute values due to the correction of
surface imperfections, i.e., roughness or overlayers of the
as-grown crystal facets. In any case, by now the values for
MAPDI; are rather well established,19 whereas, in contrast,
those for FAPbI; are more uncertain.

Furthermore, formamidinium lead iodide has two main
polymorphs'>'*'> with very different optical properties:
The photoactive black a-FAPbI; phase and the nonperov-
skite hexagonal yellow phase 6-FAPbI;. The black phase is
metastable at room temperature and depending on the
sample environment it transforms slower or faster to the
yellow phase.”> We measured SE spectra of both phases
using the same crystal. The transformation from yellow to
black could be quickly induced by heating the crystal on a
hotplate to about 80°C for several minutes. After removing
it from the hotplate, SE measurements were immediately
performed. In fact, no spectral changes could be detected
for several hours in the clean room environment at 23°C
ambient temperature and 28% relative humidity in agree-
ment with previous observations of large thermal hysteresis
of the cubic-to-hexagonal phase transition.”> Figure 1 shows

€1

€2
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Energy (eV)

Fic. 1. Real (g;) and imaginary (g;) parts of the dielectric functions at room
temperature determined for the two pure organic cation compositions. Both
perovskite crystals (MAPbI; and a-FAPbI3) display very similar spectra in
contrast to that of the hexagonal phase 5-FAPbI;.
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the obtained dielectric functions of the pure end compositions.
The roughness correction was chosen to render the minimum
possible values of the imaginary part &, at low energies, in
the transparency region of the materials. The thickness of the
rough layers needed for the analysis were 9 nm for the yellow
phase and 12nm for the black phase. These relatively large
roughnesses are in the range of those previously found for
MAPbDI; and which produced valid results, also plotted for
comparison. The slight roughness parameter increase from the
initial crystal to the phase-transformed one correlates with a
real worsening of the as-grown surfaces when the crystals
undergo a phase transformation.

Compared with previous determinations of a-FAPbI;
optical functions in thin films, our results are most similar in
value (somewhat higher) and spectral dependence to those
reported by Ndione et al'® The values reported by
Kato e al.'” and Subedi er al.'® were not very different but
their spectra contained more transitions. In particular, Kato
et al.'” assigned the transitions based on a density functional
theory (DFT) calculation. These authors also reported the
6-FAPDI; optical functions, in their case, each phase was a
different film deposited in different conditions. In this regard,
the largest difference with our data is the refractive index that
they determine for both films: they obtain about the same
value for the a and the & phase, whereas we obtain a much
lower value for the 6 phase, as is evident from Fig. 1. This
lower value of the real part £, is more consistent in view of
the much higher bandgap of 5-FAPDbI;, clearly seen as a pro-
nounced excitonic peak at about 3.2 eV.

Except for the 6-FAPDI;, all other measured single crys-
tals were perovskite phases. The dielectric functions of the
solid solutions determined from the measurements are pre-
sented in Fig. 2. No large differences in the optical spectra
are observed as the composition varies; the most obvious
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Fic. 3. Near-bandgap absorption and photoluminescence spectra at room
temperature showing the concomitant redshift as FA content increases. The
maximum intensities of the PL curves were arbitrarily rescaled to show the
shifts more clearly. The curves that correspond to the two pure organic
cation end compounds are plotted with thicker lines.

change is the bandgap redshift from low to high FA content,
also visible in measurements of photoluminescence shown in
Fig. 3 together with the absorption coefficient near the
bandgap extracted from SE measurements. The highest
absorption coefficients just above the bandgap are those of
the pure end perovskite crystals. However, the observed abso-
lute value fluctuations can be influenced by variations in crys-
talline quality and surface perfection that are difficult to
control. Nevertheless, different crystals of the same composi-
tion usually lead to very close results. However, two different
spectra for the mixed crystal with FA content x = 0.7 are dis-
played in Fig. 2 that correspond to two crystals from different
growth batches. In this case, the difference is intriguing, and
thus, we investigated more closely this composition to cross

T T T 1 T
-a) €1 FAXMAl_XPb|3 T

c —//\/\/\/ _
'_8 B O-7d :
s | 0.7
[ | -
L
= T 0.6 7]
o _
()
12 //“/\/

8 //\/\/_/

4

b) €2 074 ]
0.7 A

0.6 N

0.5 ]

0.4 i
/\/\’.\/ -8
14
40

Energy (eV)

Fic. 2. Dielectric functions at room temperature determined for the measured solid solution FA,MA,_,Pbl; perovskites with compositions between x = 0.1
and x = 0.7. The vertical scales are indicated for the lowest graphs and the rest are displaced for clarity. The two spectra displayed for the highest FA content
x = 0.7 correspond to two crystals from different growth batches. The label d stands for defect as explained in the text.
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check the resulting spectra. Another motivation was that one
clear extra peak is apparent near 3 eV in the uppermost spec-
trum. Note that this composition approximately delimits the
region of perovskite phase stability'® and above this value the
FA containing perovskite could transform into the hexagonal
phase so that a slight change in stoichiometry could cause the
observed difference. We anticipate that we ruled out this pos-
sibility as it will be further discussed below.

IV. ELECTRONIC TRANSITIONS IN FA, MA,_Pbl;

In principle, all numerically obtained dielectric functions
reported in this work can be parameterized using different
analytic models. For MAPDbI; different parameterizations
have been published. The spectra can be reproduced with the
smallest parameter number by using critical point (CP) line-
shapes’ although some authors prefer a sum of Tauc-Lorentz
(TL) oscillators®® to enforce a vanishing value of the absorp-
tion coefficient below the bandgap. The drawback of this
approach is that not all TL oscillators present in the model
correspond to electronic transitions in contrast to the CP
oscillators. From the point of view of suppressing the non-
physical absorption below the bandgap, the CP model can be
improved as shown by Leng er al.>’ However, to investigate
the bandgap only, the TL model provides a physical repre-
sentation giving the optical bandgap as well as the peak tran-
sition energy.”® In this work, we apply the TL model to the
bandgap region to retrieve the optical bandgap energy value.
In addition, to determine the energies of all observed elec-
tronic transitions, we used the CP model to analyze the
spectra by numerical derivatives.

Derivatives allow a more accurate determination of the CP
parameters because the background is eliminated and at the
same time CP structures become more pronounced. In this
work, we have built numerical second derivatives using the
smoothing polynomials method®>*’ to smooth out the experi-
mental noise as much as possible without significant distortion
of the spectral features. Therefore, the sharp gap transitions
were analyzed separately from the rest of broader upper transi-
tions. From previous study of MAPbI; crystals,” it was found
that zero-dimensional CPs represented well all transitions.
Therefore, we chose 0D CPs for the regression analysis of the
experimental numerical derivatives of all samples. The second
derivative of the 0D theoretical lineshape is given by

d*e(w)

5 = 2o — By 1), (1

where A is the amplitude, ¢ is the phase, E, is the transition
energy, and I" is the linewidth. Zero-dimensional transitions
given by Eq. (1) are characteristic of excitons or localized exci-
tations but also take place in the case of dispersionless
electron-hole states, for example, when the effective masses of
both electron and hole are large at the transition k-point and its
vicinity, as was calculated for MAPbI;."”

Figure 4 displays relevant second derivative spectra together
with the fit results to illustrate both the similarities and the dif-
ferences among the investigated samples. In general, the
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Fic. 4. Second derivative spectra for some relevant samples. One of the solid
solution samples is distinguished by the label “d” meaning defect. The verti-
cal scale is indicated for the lowest graph (6-FAPbI3) and the rest are dis-
placed for clarity but keeping the same proportions with the indicated scale
factors. Vertical lines are drawn at the main fitted critical point energies for
a-FAPbI; and their shifts with respect to MAPbI; are indicated by arrows.
These main critical points were assigned in MAPbI; to transitions from the
upper valence band to the lower conduction band at different symmetry
points of the pseudocubic Brillouin zone'® noted by labels.

spectra of perovskite phases (in the figure MAPDI;, a-FAPbI;,
and the pristine x = 0.7 crystal) are indeed rather alike. The
main critical point energies obtained from the fits are indicated
and labeled using the assignments obtained from electronic
structure calculations.'® Four main CPs were identified from
the calculations at the four main symmetry points of the pseu-
docubic Brillouin zone: The fundamental gap, CP1, at the R
point, and the upper gaps CP2 at the M point, CP3 at the X
point, and CP4 at the I" point. The dependence with composi-
tion of these CPs is plotted in Fig. 5. Our experimental results
indicate that the optical spectra of all FA,MA_,Pbl; including
a-FAPbI; are very similar although slightly shifted, suggesting
that the electronic band structures are basically coincident with
some small corrections that progressively evolve to give the
continuous redshift as x increases. The fitted linewidths do not
depend on composition, there are some variations but no defi-
nite trend. The lowest energy CP1, the fundamental bandgap,
is the sharpest and is around 50 meV broad independently of
the sample composition. The total energy shift, represented in
Fig. 5(a), is about 90 meV. Note that the fitted errors for the
energies are much smaller than the linewidth in the range of
3 meV. Different values are plotted for each composition; the
highest value is always given by the value CP1 (fit of the
second derivative), and the lowest one the optical gap energy



062901-5 Isabel Alonso et al.: Spectroscopic ellipsometry study

T ! T ¥ T

——
(a) FAxMA7.xPbl3 CP1 (R)

[ ]
A
v
*

() | L Il L | L | L 1 L |
> T d T g T ¥ T L T g T
() " (b 1
> ° CP4 (I') = 4.81-0.08x (eV)
() o ©
=
[41]
al CP3-s = 3.84-0.05x (eV) ]
A4, A A A
I A A A

I CP3 (X) = 3.25-0.07x (eV)
| V—y ¥ V¥ ¢ VY v—— ¥
3 - -
| CP2 (M) = 2.56-0.07x (eV) ]

[ 1 ; 1 L [

" | L
0.0 0.2 0.4 0.6 0.8 1.0
FA composition

Fic. 5. Electronic interband transitions as a function of composition. (a)
Fundamental bandgap energies found from different analyses. Circles
display results from fitting the second derivative spectra with OD CPs. The
dielectric function spectra fitted with a TL oscillator give the optical
bandgap (E,, down-triangles) and the transition energies (Eo, up-triangles).
For comparison, PL peak positions are displayed by squares. The lines are
linear fits to the data points. (b) Upper electronic transitions observed in
second derivative spectra and fitted with OD CPs. The assignments to
k-points of the Brillouin zone correspond to the mainly identified contribu-
tions in band structure calculations.'® The label CP3-s denotes the shoulder
of the CP3 transition. The fitting errors are in all cases smaller than the size
of the symbols. The lines are linear fits to the data points.

(Ep) fitted from the TL lineshape. The difference between
these two values is about 20 meV. The PL peak shows an
additional Stokes shift of about 10 meV.

The upper transitions plotted in Fig. 5(b) also show a pro-
gressive redshift that is between 50 and 90 meV in all cases.
For these transitions, the fitted linewidths are much broader
and even if there are differences among samples they are also
roughly independent of composition. It is worth mentioning
that the highest energy part of the UV spectrum is the most
affected by the performed roughness correction, cf. Sec. III,
and with it, the CP energies of rougher samples (here,
x=0.6, 0.7 and mainly CP4) have an added uncertainty.
We also point out that this fact has no effect on the fitted
linewidths. Linewidth variations may be indicative of crystal-
line quality. In general, sharper transitions are taken to mean
better quality. For these samples, this assertion is true
referred to the bandgap, CP1. In contrast, we must be aware
that this is not necessarily true for the higher energy transi-
tions, in particular, extended defects in the crystals may also
lead to sharper higher energy transitions. For good quality
crystals, the width for CP2 is about 250 meV and the error in
the fitted energies is typically 10 meV. For CP3, the width is
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about 400 meV and the error in fitted energies about 20 meV.
There is a shoulder to CP3 resolved in the second derivative
with a similar width but larger error in its energy determina-
tion, about 40 meV. Finally, CP4 is the broadest, about
500 meV but rather well determined, energy fitting errors are
about 30 meV. Since the widths of all these electronic transi-
tions do not show definite trends with solid solution composi-
tion, we conclude that the electronic structure is mostly given
by the inorganic cage structure and the influence of the
organic cation is relatively small in the system FA/MA, at
least in terms of the electronic structures and their transition
energies. In addition, our observations are consistent with a
rather continuous change of the band structure and do not
support differences in the bandstructures of the end com-
pounds obtained from some calculations.'’

V. SIGNATURES OF DEFECTS IN FA, MA,_,Pbl;

From Fig. 4, we can easily compare the two different
spectra measured for the mixed crystals with an FA content of
x = 0.7. One of them differs from a typical perovskite sample
and we label it accordingly as defect (d-FAq7MA(3;Pblz). In
fact, the intensity of the bandgap transition in the derivative is
clearly smaller than those of the other perovskites. As already
mentioned, the width of all perovskite bandgaps fitted in this
work is around 50 meV independently of the sample compo-
sition. In the atypical x = 0.7 sample, it is both weaker
(smaller amplitude) and broader (70 meV), probably indicat-
ing a worse crystal quality of the perovskite in this sample. It
is relevant to comment on this because, in contrast, the upper
transitions appear stronger and sharper than the ones observed
in the perovskites, as is typical of structures with weakly
interacting [Pbls]*~ octahedra, such as Pbl,, hydrated MAPbI;,
and 6-FAPbI;. Note that the energies of the peaks are rather
similar in both samples except for the feature near 2.9 eV.
Some extra peaks were found in previous reports of the
dielectric function of a-FAPbI3.'”'® In particular, a transition
reported at 3.04eV (Ref. 17) is quite analogous to this extra
peak and it does not appear in our a-FAPbI; crystal. This led
us to the conclusion that those a-FAPbI; films must have had
defects similar to our d-FAg7MA( 3Pbl; crystal. It is difficult
to identify which kind of defect could give rise to such strong
features in the upper electronic transition spectrum. In princi-
ple, it could correspond to some other component phase or
phases. For comparison, the derivative of 6-FAPbI; is also
plotted in Fig. 4. In this case, all transitions are strong and
sharp but do not coincide with those observed in our atypical
x = 0.7 crystal or the reported oc—FAPbI3;17’18 therefore, we
should discard as explanation that some § phase is present in
these samples. Actually, it seems clear that the second deriva-
tive spectrum of d-FAg7MA(3Pbl; is not composed by a
perovskite part with additional superimposed peaks from
another phase. Instead, the anomalous upper spectrum seems
likely to arise from some kind of structural variation that
leads to weaker interactions of the [Pbls]*~ octahedra. We
should also mention that the pristine x = (0.7 crystal was
quite stable and these peaks did not appear even after several
months, in agreement with the fact that the different structure
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of the anomalous crystal was formed during growth and was
not a degradation product. This stresses the importance of the
growth conditions to obtain perfect perovskite samples, either
single crystal or films. The main difference in the crystalliza-
tion processes of both x = 0.7 crystals which we are aware of
was a higher temperature heating of the solutions in the case of
the d-FAp7MA3Pbl; crystal that probably degraded the FA
and even more the less stable MA ions in the precursor solu-
tion and their incorporation into the structure was affected.

In order to obtain further insight of the defect structure,
we have measured PL as a function of temperature.
Selected spectra of the d-FAg;MA(3;Pbl; crystal are
shown in Fig. 6. The different colors denote two sets of
measurements performed at two different spots on the
sample, separated by several tens of micrometers (spot
diameter ca. 4 um). At room temperature, a single broad
PL peak is observed. However, for one of the series and as
temperature is lowered, the sharpening of the linewidth
allows one to observe two PL lines with variable intensity,
whereas for the other series only one peak remains (see
Fig. 6). The ratio of intensities of the peaks is very influ-
enced by the exact point on the sample and by changing
the temperature we could not avoid small displacements of
the measurement points. Hence, the relative intensities
cannot be interpreted. However, the energy positions of
these lines are well determined regardless of the measured
point and seem to indicate two different compositions.
Note that, for a pristine crystal of this composition, only
one line is seen at each temperature.'® These results clearly
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Fic. 6. Photoluminescence spectra as a function of temperature for the
d-FAp7MA( 3Pbl; crystal. The two sets of curves are measured by focusing
the laser at two different spots on the sample.
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show that the crystal is inhomogeneous. On the one side,
different spectra can be observed at different points. On
the other side, two PL peaks at well determined energies
are observed regardless of the point. The difference in
energy between the peaks is about 30-40 meV, which can
mean a composition change of x ~ 0.3-0.4. We actually
ascribe these two peaks to two compositions, that is, this
sample contains segregated FA-richer and MA-richer
regions although the average broader bandgap observed
by SE corresponds to the nominal x = 0.7 FA content.
Note that, for the splitting to be resolved, low temperature
measurements are needed and probably a better spatial
resolution than that given by the microspot (spot diameter
ca. 100 um) in SE. The exact compositions of the segre-
gated phases cannot be reliably determined because of
the strain induced by defects in these regions and the
strain-dependence of the PL energy positions.'' The non-
monotonous dependence of the bandgap energy with
temperature is influenced by different contributions, in
particular, for intermediate x the change from blue to red-
shift observed in Fig. 6 seems to be due to the evolution
of tilting of the Pblg octahedra in the crystal structure and
the changing contribution of the thermal expansion term.*
This point is still under evaluation and the complete phase
diagram with composition and temperature for these alloys
will be published elsewhere."?

Considering both the PL and the ellipsometry results
together, the picture that emerges is that this sample consists
of FA/MA segregated perovskite domains that determine the
near-bandgap PL and absorption. These domains are spatially
separated. However, the presence of these segregated phases
does not explain the observation of some sharp higher energy
electronic transitions. To understand them, we speculate that
between the segregated domains there must be surrounding
regions in which internal structural deformations can suppress
the interactions of the normal perovskite structure. Such
suppression is probably caused by high concentration of
vacancies. Local structural changes can be created by both
organic-cation (predominantly MA) or iodide vacancies,>'
usually present in lower concentrations. This is a possible and
most plausible explanation to reconcile all observations in this
case, in particular the sharp electronic transitions observed in
SE at higher energies.

V1. CONCLUSIONS

The dielectric functions of FA,MA,_,Pbl; single crystals
have been studied in the whole concentration range x. As-grown
crystal facets were measured without further preparation
and the measurements were corrected for surface roughness
or overlayer effects to determine the true values. Although
some compositions crystallize in anisotropic symmetries,
no optical anisotropy could be determined and all samples
have been considered isotropic. Based on these premises,
the results for the best crystals were reported. The two end
compositions x = 0 and x = 1 gave rather similar results in
terms of values of optical constants for the perovskite struc-
ture with values of the absorption coefficient just above the
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bandgap slightly larger for MAPbI; [a ~ 1.8 x 10* (1/cm)]
than for FAPbL; [a ~ 1.4 x 10* (1/cm)].

The influence of the organic cation is not only visible as a
redshift of the band gap energy from x = 0 to x = 1 but also
of all upper transitions. In fact, our observations are consis-
tent with a rather progressive nearly rigid shift of the entire
band structure.

Also, the complete upper spectrum and specially the second
derivative is very sensitive to the presence of structural defor-
mations or other phases. The region of the bandgap shows
mainly the normal perovskite regions which are characterized
by relatively broad higher energy electronic transitions. Sharper
higher energy peaks are more characteristic of crystal structures
with weaker interactions in the lead-iodide framework. We
believe that the ones we have observed here provide signatures
of such suppressed interactions due to internal structural defor-
mations originated in boundary phases between segregated
regions which contain numerous vacancies.
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I. FIGURE LIST

Figs. S1-S3:
Effect of roughness on the determination of the optical constants and roughness evaluation by
AFM.

Figs. S4-S14 :
Ellipsometric data and regression analysis results for all measured compositions.

Figs. S15-S17 :

Different dielectric function parameterizations for the main end compositions.

II. TABLE LIST

Table SI :

Roughness parameters evaluated from Atomic Force Microscopy in a MAPbI;3 crystal .
Tables SII - SIV :

Values of parameters related to the dielectric function of MAPbI3 and the observed critical points.
Tables SV - SVII :

Values of parameters related to the dielectric function of &.-FAPbI3 and the observed critical points.
Tables SVIII - SX :

Values of parameters related to the dielectric function of §-FAPbI3 and the observed critical points.

III. ELLIPSOMETRY SPECTRA OF FA,MA_,PBI;

The measurements were made in a rotating-polarizer type ellipsometer in which the signal is
given by:
I =1IH(1+ cxcos2mpt + Bsin2mpt), (1)

where @, is the polarizer rotation frequency and & and f are the Fourier coefficients. These
coefficients are the measured magnitudes that we chose to fit in this work.
The frequently used ellipsometric parameters tan  and cosA that are related to the complex

reflectance ratio p = tan yexp (iA) can be calculated from the Fourier coefficients according to:

l+a B

tany = |tan A[y/ —— , COSA = ———,
a N

— )
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where A is the angle of the fixed analyzer used in the measurement. All presented spectra are

measured with |[A| = 20° and at least three angles of incidence (65°, 67.5°, and 70°).

35 ! i 4 i I ! i 4 i I ! i 4 i I i ! i i I

3.0 | MAPI -
s 25 ]
©
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energy (eV)

Figure S1: Effect of the roughness on the complex refractive index components of MAPbI; as evaluated in
this work. The two-phase values are the pseudorefractive index () = (n) +i(k) and the three-phase values

or "true" values 7 = n+ ik take into account the roughness layer.

The dielectric function of an isotropic bulk sample in air using the two-phase model (air/sample)

is given by:

~\ 2
<’é>:<ﬁ>2:<;—g) tan® ¢ sin® ¢ + sin® @, (3)
where ¢ is the angle of incidence. The optical quantities written in brackets are referred to as
"pseudovalues” for which no roughness or overlayer is taken into account. To stress the importance
of considering the correction or three-phase model (air/overlayer/sample) we show in Fig. S1 the
effect of the roughness layer on the complex refractive index. In the region where the bulk is
transparent, that is, below the band gap, the effect of a transparent overlayer on the measured
spectra is essentially the appearance of a spurious absorption, whereas the measured refractive
index is almost unaffected.! This is obviously the case as illustrated in Fig. S1. We use this

fact to determine an overlayer thickness in this region by trying to minimize the fitted value of

k. We assume that the overlayer is a roughness layer but it could also be of another nature, the

3
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Table SI: Roughness average (R,) and root mean square roughness (R,) for the surface of MAPbI; crystal.

Area of interest R, (nm) R, (nm)
1 um? 1.25 1.58
2 um? 1.31 1.64
5um? 4.40 6.07

obvious example is Silicon and its oxide. However, possible overlayers for hybrid perovskites are
usually compounds that show sharp absorption peaks in the visible or near UV. Since no trace of
these peaks is seen in Fig. S1, we consider the simplest possibility for the correction, i.e., surface
roughness. The assumed roughness model is also the simplest possible: We consider an effective
medium model (Bruggeman approximation) and we choose to fix both the geometry (spherical)
and the void fraction (x = 0.5). Since the thickness of the roughness layer and the mentioned
parameters are correlated in a fit, the number we quote as roughness may not be quite reliable
because it could vary by changing the roughness model. But this didn’t essentially affect the
substrate. Hence, we believe that this procedure gives the best dielectric function value which is
attainable in the present experiment.

As a comparison for the obtained thickness of the rough layer, Atomic Force Microscopy
(AFM) imaging was performed using a Digital Instruments Nanoscope Illa scanning probe mi-
croscope in tapping mode using a Nanoworld soft tapping AFM probe. A typical MAPDbI; crystal
grown by inverse solubility was selected and the surface roughness of three areas (1 um?, 2 um?,
and 5 ,umz) were measured. The roughness average (R,) and root mean square roughness (R,) for
the three areas are shown Table SI. The 5 um? area image contained larger features (visible in the
optical image in Fig. S3(a)) typical of the crystals grown by the inverse solubility method, which
significantly increased the surface roughness evaluated in the larger area.

The area measured by SE is much larger in size than the whole area shown in the optical image
in Fig. S3(a), which is about 15um x 15 um. A twice as large roughness obtained from the SE
data is conceivable for the larger area illuminated by the microspot (spot diameter ca. 100 pum).
In addition, as explained above, the SE effective roughness value is not necessarily identical with
the AFM determination. The successive figures display the different measurements and regression
analysis results that lead to the dielectric functions (splines) given in the main text in Figs. 1 and

2.
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(b) | (©)

5.8 nm 253 n0m

-5.3 nm -6.3 nm

Height Height Topm

Figure S2: AFM images of MAPDI3 crystal surface of areas (a) 1 ,umz, (b)2 ,um2 and (¢) 5 ,umz. Features
reaching 25 nm were typical throughout the surface, appearing in clusters and significantly increasing the

surface roughness measured.

Figure S3: (a) Optical image of crystal surface measured in AFM, with 3D images of measurements taken

of areas (b) 1 ,umz, ()2 ,umz and (d) 5 ,umz.
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Figure S4: Ellipsometry spectra of MAPbI; measured with different angles of incidence given on the plot.

The fitted roughness layer was 12.7 nm and the 2 = 0.26.
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Figure S5: Ellipsometry spectra of FAg | MAg 9Pbl; measured with different angles of incidence given on

the plot. The fitted roughness layer was 11.6 nm and the > = 0.35.
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Figure S6: Ellipsometry spectra of FAg,MA( sPbl; measured with different angles of incidence given on

the plot. The fitted roughness layer was 9.8 nm and the ¥ = 0.21.
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Figure S7: Ellipsometry spectra of FAg3MAq7Pbl; measured with different angles of incidence given on

the plot. The fitted roughness layer was 11.0 nm and the y> = 0.17.
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Figure S8: Ellipsometry spectra of FAg4MA( ¢Pbl; measured with different angles of incidence given on

the plot. The fitted roughness layer was 13.4 nm and the y> = 0.58.
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Figure S9: Ellipsometry spectra of FAgsMA( sPbl; measured with different angles of incidence given on

the plot. The fitted roughness layer was 11.0 nm and the y> = 0.81.
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Figure S10: Ellipsometry spectra of FAy ¢MA( 4Pbl; measured with different angles of incidence given on

the plot. The fitted roughness layer was 18.5 nm and the y*> = 0.57. (Excluding the angle of incidence at

60°, x> =0.39.)
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Figure S11: Ellipsometry spectra of FAg7MA( 3Pbl; measured with different angles of incidence given on

the plot. The fitted roughness layer was 18.2 nm and the x> = 0.60.
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Figure S12: Ellipsometry spectra of the defect sample of FAg7MA( 3Pbls measured with different angles

of incidence given on the plot. The fitted roughness layer was 15.4 nm and the ¥ = 1.13.
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Figure S13: Ellipsometry spectra of & —FAPbI; (black phase) measured with different angles of incidence
given on the plot. The fitted roughness layer was 15.2 nm and the y* = 5.35. (Excluding the angle of

incidence at 60°, y* = 4.14).
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Figure S14: Ellipsometry spectra of  —FAPbI; (yellow phase) measured with different angles of incidence
given on the plot. The fitted roughness layer was 9.5 nm and the > = 20.4 (Excluding the angle of incidence

at 60°, x> = 16.4).

The higher values of 2 obtained for the FAPI samples are mostly due to the worse fits below
the band gap due to the imposed constrain k ~ O below the band gap. This is especially poor for

the yellow phase in which the transparency range spans a large energy interval.

IV. DIELECTRIC FUNCTIONS OF MAPbI; AND FAPbI;

As explained in the main text, the regression analyses were performed without imposing any
theoretical lineshape to the dielectric functions. However, some parameterizations were mentioned
and are given in the following.

The equations for the lineshape of zero dimensional critical points is:
e() =Ae'? (ho — E;+iT) ™!, (4)

where A is the amplitude, @ the phase, E, the critical point energy, and I" the broadening.

11
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Table SII: Parameters for the analytic representation of the dielectric function of MAPbI3 with Critical

Points. The 4 first oscillators are CP1 — CP4 and the fifth one represents higher energy contributions and

provides the background.

Oscillator A ¢ (rad) E, (eV) I'(eV)
1 0.0491 —1.28 1.6538 0.0799
2 0.4906 —0.21 2.5809 0.1950
3 2.8568 —0.34 3.2839 0.3573
4 0.2965 —0.99 4.4644 0.3566
5 75.86 —0.80 12.945 15.58

Table SIII: Parameters for the analytic representation of the dielectric function of MAPbI3. The gap is

represented by a modified harmonic oscillator and the rest with Critical Points (4 = —1). The 4 first

oscillators are CP1 — CP4 and the fifth one represents all higher energy contributions and provides the

background.
Oscillator C ¢ (rad) u E, (eV) I'(eV)
1 2.9699 —0.08 —0.14 1.6525 0.0200
2 0.5310 —0.22 -1 2.5796 0.1985
3 29109 —0.36 -1 3.2804 0.3603
4 0.2917 —1.02 -1 4.4353 0.3501
5 55.76 —0.60 -1 13.000 9.704
The modified harmonic oscillator model equation is:?
e(w) =C (e (E;—hw—iT)* +e " (Eg+ho+iD)* (5)

—2Rele P (Ey +iD)H] — 2inhwImle P (E, +iT)* 1) / (ho)?,

where C is related to the amplitude and u is the order of the pole.

12
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Figure S15: Dielectric function of MAPDI3. The two parameterized fits (up to 5 eV) show the critical point

model result and how the bandgap lineshape is improved by the modified harmonic oscillator model.
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Table SIV: Critical Point parameters obtained from fitting the second derivative of the dielectric function

of MAPDbI3;. The numbers in parentheses indicate the fitting errors to the last given significant digits. The

CP labeled as 3-s is a weak shoulder.

Oscillator A ¢ (rad) E, (eV) I'(eV)
CP1 0.03(1) —1.74(20) 1.619(4) 0.056(4)
CP2 0.81(7) -0.17(9) 2.576(8) 0.258(8)
CP3 4.33(29) =0.77(7) 3.265(10) 0.453(11)

CP3-s 0.44(9) 1.22(10) 3.689(19) 0.406(20)
CP4 0.87(9) 0.52(13) 4.944(24) 0.533(24)

Table SV: Parameters for the analytic representation of the dielectric function of a-FAPbI; with Critical

Points. The 4 first oscillators are CP1 — CP4 and the fifth one represents higher energy contributions and

provides the background.

Oscillator A ¢ (rad) E, (eV) I'(eV)
1 0.0219 —1.61 1.5414 0.0456
2 0.4482 —0.33 2.5246 0.1926
3 2.8419 —0.40 3.2973 0.3502
4 0.3657 —1.46 4.3600 0.4500
5 65.26 —0.01 17.96 2.9080

14
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Figure S16: Dielectric function of @ —FAPbI3. The two parameterized fits (up to 5 eV) show the critical

point model result and how the bandgap lineshape is improved by the modified harmonic oscillator model.
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Table SVI: Parameters for the analytic representation of the dielectric function of a-FAPbl;. The gap

is represented by a modified harmonic oscillator and the rest with Critical Points (4t = —1). The 4 first

oscillators are CP1 — CP4 and the fifth one represents all higher energy contributions and provides the

background.

Oscillator C o (rad) u E, (eV) I'(eV)
1 28.54 —0.13 —0.016 1.5430 0.0200
2 0.5600 —0.83 -1 2.4477 0.2262
3 2.5594 —-0.42 -1 3.2971 0.3259
4 0.3657 —1.46 —1 4.3601 0.4499
5 40.88 0.12 -1 13.074 1.031

Table SVII: Critical Point parameters obtained from fitting the second derivative of the dielectric function

of a-FAPbI3. The numbers in parentheses indicate the fitting errors to the last given significant digits. The

CP labeled as 3-s is a weak shoulder.

Oscillator A ¢ (rad) E, (eV) I' (V)
CP1 0.03(1) —1.92(24) 1.532(5) 0.056(5)
CP2 1.06(12) —0.40(12) 2.532(12) 0.292(12)
CP3 3.23(24) —0.75(7) 3.227(9) 0.373(9)

CP3-s 0.20(11) —3.26(10) 3.760(22) 0.327(52)
CP4 0.56(28) 0.17(35) 4.752(78) 0.480(86)

16
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Figure S17: Dielectric function of § —FAPbI;. In this case the best fit of the gap is clearly an excitonic
lineshape and the two parameterized fits are with critical points. The behavior of & below bandgap is

improved by fixing some of the phases to zero.
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Table SVIII: Parameters for the analytic representation of the dielectric function of 6-FAPbI; with Critical

Points. The 4 first oscillators are CP1 — CP4 and the fifth one represents higher energy contributions and

provides the background. In this fit all phases are free parameters.

Oscillator A ¢ (rad) E, (eV) I' (eV)
1 0.5900 —0.18 3.1981 0.0913
2 1.3403 —1.67 3.8126 0.3531
3 1.4445 0.14 4.7307 0.3490
4 1.6058 0.03 5.4458 0.3535
5 23.27 0.20 10.041 0.1962

Table SIX: Parameters for the analytic representation of the dielectric function of §-FAPbI; with Critical

Points. The 4 first oscillators are CP1 — CP4 and the fifth one represents higher energy contributions and

provides the background. In this fit some phases have been fixed to zero.

Oscillator A ¢ (rad) E, (eV) I' (eV)
1 0.5716 0.00 3.2129 0.0870
2 1.6330 —0.11 3.5748 0.3312
3 1.3178 0.27 4.7561 0.3434
4 1.4029 0.00 5.4458 0.3535
5 26.32 0.00 10.106 2.0081

Table SX: Critical Point parameters obtained from fitting the second derivative of the dielectric function of

0-FAPbI3. The numbers in parentheses indicate the fitting errors to the last given significant digits.

Oscillator A ¢ (rad) E, (eV) I' (eV)
CP1 1.08(6) —0.47(5) 3.187(3) 0.137(3)
CP2 0.91(8) —1.61(12) 3.839(3) 0.297(3)
CP3 2.31(15) 0.61(10) 4.822(4) 0.400(6)
CP4 1.38(15) —0.59(22) 5.273(30) 0.370(7)
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ABSTRACT: The complete phase diagram of organic-cation solid solutions of lead iodide

perovskites [FA,MA,_,PbL;, where MA stands for methylammonium, CH;NH;, and FA for \/C_Ub'c/__’
formamidinium, CH(NH,),] with compositions x ranging from 0 to 1 in steps of 0.1 was

constructed in the temperature range from 10 to 365 K by combining Raman scattering and Tetra. |, * No Tetrall

photoluminescence (PL) measurements. The occurrence of phase transitions was inferred from < g
both the temperature-induced changes in the optical emission energies and/or the phonon

: e . o o FA,MA,,,Pbl,
frequencies and line widths, complementing X-ray and neutron scattering literature data. For e
MA-rich perovskites (x < 0.2), the same structural behavior as for MAPbI; was observed with K
decreasing temperature: cubic Pm3m — tetragonal-I I4/mcm — orthorhombic Pnma. As the FA Ortho Tetra. Ii

molecule is larger and more symmetric but less polar than MA, a tetragonal crystal structure is
favored at low temperatures and FA compositions x > 0.4, to the detriment of the orthorhombic
phase. As a consequence, with decreasing temperature, the phase transition sequence for FA- Composition

rich compounds is cubic Pm3m — tetragonal-Il P4/mbm — tetragonal-IIl. The Ilatter

presumably belongs to the P4bm symmetry group, according to neutron scattering data. Strikingly, the isostructural (tetragonal-to-
tetragonal) transformation, which occurs between 200 and 150 K, exhibits a kind of critical point for x = 0.7. For intermediate FA
contents, the perovskite solid solution transforms close to 250 K directly from the cubic phase to the tetragonal-III phase. The latter
is characterized by a nonmonotonic dependence of the band-gap energy on temperature. We ascribe such behavior to a substantial
tilting of the Pbly octahedra in the tetragonal-III phase. In this way, we established important links between crystal-phase stability
and the electronic as well as vibrational properties of mixed organic-cation halide perovskites, which might impact the current search
for more stable best-performing optoelectronic materials.

B INTRODUCTION compositional space by mainly varying the A-site cation and/
or the X halide anion.”'*""~*°

Referring to the archetypal hybrid perovskite MAPbI;, where
MA stands for methylammonium, CH;NH;, the gradual
substitution of MA by formamidinium (FA), CH(NH,),,
induces a moderate red shift of the fundamental band gap,
which amounts to ca. 60 to 100 meV for pure FAPbI;, as
extracted from photoluminescence (PL),"® absorption,'”
diffuse reflectance,”® or ellipsometry21 spectra. In this way,
the fundamental gap of the mixed organic-cation perovskite
becomes closer to the optimum value for a single-junction

A salient feature of hybrid lead halide perovskites is the
peculiar interplay between the organic and inorganic degrees of
freedom, which plays a crucial role in their structural,
vibrational, optical, and transport properties. In this respect,
unraveling the associated structure—property relationships is
instrumental for the fundamental understanding of not only

the exceptional performance in photovoltaics' ™ or in light-
emitting devices' ® but also the in operando stability of this

class of materials. In particular, the latter issue is critical for the

commercial applicability of halide perovskites, so far hampered solar cell, improving its photovoltaic performance.18’19 In
by material degradation and/or crystalline phase instabil- contrast, replacing iodide by bromide causes a strong blue shift
ities.” "> Furthermore, the great advantage of this family of of the gap and a simultaneous improvement in crystallinity,
materials of being solution processable is somewhat counter- thus reducing defect density and boosting photovoltaic action,
balanced by their mechanical softness'” and the consequent

low energetic barriers for point defect formation and ion Received: October 30, 2019

migration.M_16 To seek for the best material among the APbX; Revised:  January 24, 2020

lead halide perovskite system that would provide the highest Published: January 24, 2020

photovoltaic efficiency and simultaneous stability, a fruitful
strategy consisted of the systematic exploration of the

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jpcc.9b10185
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particularly for applications in tandem devices.'"” In fact, the
latest certified records in the conversion efficiency of hybrid
halide perovskite-based solar cells were attained using mixed
MA/FA and I/Br materials.”

Regarding the structural phase stability, both end-composi-
tion materials, MAPbI; and FAPbI;, have been systematically
studied. At ambient conditions, MAPDI; crystallizes in a
tetragonal phase belonging to the I4/mcm space group.”” This
phase will be called Tetra-I, hereafter. The inorganic cage
consists of corner-sharing Pbl octahedra with straight Pb—I—
Pb bonds in the c-direction (the bond angle equal to 180°) but
being alternatingly rotated a few tens of degrees along the ¢-
direction such that the Pb—I—Pb bond angle in the a,b-plane is
slightly smaller than 160°.** The MA cations, which can freely
move inside the cage voids, are dynamically disordered,
alternating their orientation in the a,b-plane between the four
equivalent (100) directions every few ps.””~>> At around 327
K, MAPbI; undergoes a second-order phase transition into a
cubic phase with Pm3m symmetry, for which all Pb—I—Pb
bond angles are necessarily 180°, but the MA cations remain
dynamically disordered (now spanning all six equivalent (100)
directions of the cube).22 In contrast, at around 165 K, a first-
order phase transition occurs, at which MAPbI; transforms
into an orthorhombic structure pertaining to the Pnma space
group.”” Two key features of the low-temperature phase are to
be remarked: The lower symmetry and volume of the cage
voids induce the locking of the MA cations inside the voids,
becoming fully ordered with well-aligned —NH; groups,”*~>*
and the now somewhat deformed Pblg octahedra exhibit a
clear tilting in all three spatial directions such that the average
Pb—I—Pb bond angle reduces to 154.5°.>

The other end-compound FAPbI; can be stabilized at room
temperature, although with difficulties, in a perovskite phase,
the so-called black a-phase. This phase is cubic and also
belongs to the Pm3m space group. The FA cations, being
rotationally highly mobile, are dynamically disordered over 24
orientations inside the inorganic cage voids.”® FAPbI, exhibits
a different low-temperature behavior than MAPDI;, trans-
forming into another tetragonal phase with P4/mbm symmetry,
hereafter denoted Tetra-II phase, at about 285 K."”*” In this
tetragonal phase, the FA cations remain dynamically
disordered but in the a,b-plane.27 Furthermore, neutron
powder diffraction”” measurements and a combination with
X-ray diffraction®® both indicate that at 140 K FAPbI,
undergoes an isostructural transition. The low-temperature
tetragonal phase, hereafter called Tetra-III, was tentatively
indexed as pertaining to the P4bm space group,”” although the
neutron diffraction patterns could not be fully indexed using
this symmetry for the unit cell.”” The neutron results are more
indicative of a disordered phase, where the FA cations seem to
be rotated in increments along the c-axis, thus influencing the
tilting of the Pblg octahedra.

Recently, the different degradation routes and the associated
kinetics under atmospheric conditions have been systematically
studied for FAMA,_,Pbl; mixed organic-cation lead iodide
thin films over the full compositional range.'” The main
conclusions are the following: MA-rich compounds decompose
in air into the precursor iodide salts and (layered) Pbl,. This
degradation is strongly accelerated by ambient humidity but is
slowed down with FA incorporation. On the other hand, FA-
rich phases are unstable against the formation of a non-
perovskitic hexagonal phase, which is the so-called 5-phase of
FAPbI,."’ This hexagonal phase, which is characterized by
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face-sharing Pblg octahedra, possesses a much larger band
gap,”' leading to its yellowish appearance.”**’ Density
functional theory calculations predict that the &-phase is
more stable by 0.2 eV per formula unit than the perovskite a-
phase.”” Hence, FA-rich phases convert mainly into this yellow
hexagonal structure upon degradation. Importantly, decom-
position is strongly inhibited in the intermediate compositional
range of x 0.4 to 0.6, where the available routes for
degradation of the end-composition materials are highly
restricted.'” Another way of structurally stabilizing the
perovskite phases in FA-rich compounds consists of the
addition of about 20% of Cs as the A-site cation, which
consequently leads to higher crystalline quality and improved
photovoltaic properties.”

The rotation—libration dynamics of the organic cations
inside the cuboctahedral inorganic cage voids plays an
important role in the structural and vibrational behavior of
lead halide perovskites and vice versa.’”’' Neutron scattering
measurements provided quantitative insights into the rota-
tional dynamics and degree of the dynamic disorder of the
MA/FA cations within the inorganic cage in the different
phases of hybrid lead halide perovskites.””***” In addition,
time-resolved vibrational spectroscopy”’' together with
molecular dynamics simulations™ has identified two time
scales for the motion of MA/FA molecules: fast librations
(300—600 fs) and slow rotations (2—3 ps). These excitations
dominate the dynamics of the MA/FA cations in the cubic and
tetragonal high-temperature phases, since the molecules are
fully unlocked within the cage voids. In recent temperature-
dependent experiments on the three methylammonium lead
halides, we found evidence of significant coupling between the
vibrations of the anionic (PbX3), (X = I, Br, Cl) network and
the CH,NHj cations in the Raman scattering signature.””*> As
a consequence of the steric interaction between the MA
molecules and the halogen atoms of the inorganic cage, the
vibrational modes of the latter exhibit a wide statistical
distribution of frequencies, which in turn leads to a strong
inhomogeneous broadening of the Raman peaks. In contrast,
in the low-temperature orthorhombic phase, the reduced
volume and symmetry of the cage voids cause the locking of
the organic cations, which become well oriented along high-
symmetry directions of the perovskite crystal. The result is a
pronounced reduction of the inhomogeneous broadening,
which is readily observed in low-temperature Raman
spectra.’”~>* Interestingly, a similar locking effect of the MA
cations and the concomitant reduction in the line width of the
inorganic cage phonon modes can be induced at room
temperature through the application of high hydrostatic
pressure.”>*® This speaks for the existence of a strain-mediated
link between the structural phase behavior of hybrid lead
halide perovskites with temperature and/or pressure and the
available phase space for the molecular motion of the organic
cations.

In this work, we present a systematic study of the structural
phase behavior of high-quality single crystals of lead iodide
organic-cation solid solutions (FA,MA,_,Pbl;) with composi-
tions x ranging from O to 1 in steps of 0.1 and in the
temperature range from 10 to 365 K. A peculiarity of this work
is that the complete phase diagram was obtained solely by
optical means, ie., by monitoring the temperature-induced
changes in the fundamental band gap and vibrational spectrum
for the different compositions, as observed in PL and Raman
experiments, respectively. The transition temperatures deter-

https://dx.doi.org/10.1021/acs.jpcc.9b10185
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mined here agree very well with the available literature data
from X-ray or neutron diffraction experiments. Interestingly, in
the high-temperature regime (T > 250 K) and for all
compositions, the hybrid perovskites adopt a highly symmetric
cubic structure of corner-sharing Pbls octahedra. This is a
direct consequence of the full dynamic disorder of the organic
cations, moving freely inside the inorganic cage voids, and their
strong steric influence on the rigid-body behavior of the Pbly
octahedra. By lowering the temperature, a second-order phase
transition into up to three different tetragonal structures
occurs, depending on composition. In the low-temperature
range below ca. 170 K and for MA-rich compounds (x < 0.4),
the solid solution undergoes a first-order phase transition (with
discontinuities in several physical properties like fundamental
gap or phonon line width) from tetragonal to orthorhombic.
Instrumental for this work is the sudden sharpening of the
inorganic cage Raman modes due to the locking of the MA
molecules within the cage voids of the orthorhombic phase,
which allows us to assess with great confidence the occurrence
of the phase transition. At the other compositional end, i.e.,
FA-rich (x > 0.7) mixed crystals, the phase transition is of the
first order but between two tetragonal phases. Both phases are
distinguished by the different gaps and, in particular, their
distinct temperature dependences. Unexpectedly, this isostruc-
tural transition appears to have a kind of critical point for a FA
content of x = 0.7. Below this composition down to x = 0.5, the
tetragonal-to-tetragonal transformation proceeds without any
discontinuity in the spectroscopic features such as the band

gap.

B EXPERIMENTAL SECTION

FA,MA,_,Pbl; Crystal Growth. The inverse solubility
method of Saidaminov et al.”” was developed to produce
crystals of FAMA,_ Pbl; across the full composition range.
Stoichiometric quantities of MAI, FAI (GreatCell Solar), and
Pbl, (Merck, 99%) were dissolved at 60 °C in dry y-
butyrolacetone (Alfa Aesar). Concentrations of the precursor
solutions were kept at 1 M, with an exception for the FA-rich
materials FA,MA,_,Pbl; (x > 0.8), where concentrations were
lowered to 0.9 M to allow the FAI to fully dissolve. When the
precursor salts and lead halide powders had completely
dissolved, the solutions were quickly filtered using Millex GS
filters of pore size 0.22 um and transferred to clean cylindrical
4 mL glass vials. The solutions were then heated to 110 °C at a
rate of 10 °C/h using an oil bath, the temperature of which was
carefully controlled and monitored using a Stuart SCT1
controller. Solutions were maintained at 110 °C for 2 h
allowing crystallization; the temperature was then raised to 120
°C for a final hour before the remaining solution was filtered
and large single crystals were oven-dried at 100 °C overnight.

Temperature-Dependent Optical Spectroscopy. The
PL spectra were excited with the 633 nm line of a He—Ne
laser, whereas an infrared diode laser emitting at 785 nm was
employed for the Raman measurements. The latter turned out
the most suitable to excite the vibrational modes of the
inorganic cage, providing also the highest spectral resolution
and stray-light rejection such that the acquisition limit for the
Raman spectra at low energies was ~20 cm™". In all cases, a
very low incident light power below 2 yW (power density < 15
W/cm?) was used to avoid any photodegradation of the
samples.”” Spectra were recorded using a 20X long working
distance objective with NA = 0.35 (laser spot of ca. 4 ym in
diameter) and dispersed with a high-resolution LabRam
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HRB800 grating spectrometer equipped with a charge-coupled
device detector. PL spectra were corrected for the spectral
response of the spectrometer by normalizing each spectrum
using the detector and the 600 grooves/mm grating character-
istics. Raman and PL measurements on large single crystals
exhibiting flat surfaces were carried out between 10 and 365 K
using a (He) gas flow cryostat from CryoVac with optical
access that fits under the microscope of the Raman setup.

B RESULTS AND DISCUSSION

Temperature-Dependent Raman Measurements. Fig-
ure 1 summarizes the Raman results as exemplified by two
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Figure 1. Raman spectra in the spectral range of the inorganic cage
phonons of (a) MAPbI; single crystal and (b) one with 30% FA
content measured at different temperatures, as indicated. The spectra
were normalized to their maximum intensities and shifted vertically
for clarity.

representative compositions of the FAMA,_,Pbl; series
measured as a function of temperature (the complete set of
temperature-dependent Raman spectra recorded for different
compositions is shown in Figure S1 of the Supporting
Information). To ease the comparison, the spectra were
normalized to their maximum intensities and plotted with a
vertical offset with decreasing temperature. The temperature
range shown in Figure 1 was chosen to capture the occurrence
of the tetragonal-to-orthorhombic phase transition. For the
determination of the transition temperatures, the abrupt
change in the line shape of the Raman spectra, mainly the
strong narrowing of the cage Raman modes, was employed. We
note that such a behavior of the line widths was previously
observed for MAPbI; at the temperature of the tetragonal-to-
orthorhombic transition at ambient pressure’” " and also at
room temperature but at a pressure of ca. 3 GPa,
corresponding to a transition from a cubic to presumably an
orthorhombic phase.” The reduced symmetry of the structure
in either the low-temperature or the high-pressure phase
together with a smaller void volume leads to the locking of the
MA molecules inside the inorganic cage voids in certain
crystalline directions. This causes a sudden and marked
reduction of the inhomogeneous broadening of the Raman
modes of the inorganic cage, as a consequence of the vanishing
dynamical disorder of the organic cations when
locked 2223273031

The Raman spectra of FA-rich compounds with x > 0.5,
however, do not show any of these changes (see the
Supporting Information), which is taken as evidence of the

https://dx.doi.org/10.1021/acs.jpcc.9b10185
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absence of an orthorhombic phase, down to the lowest
temperature of the present experiments (ca. 10 K). Moreover,
the (Stokes) Raman signal vanishes any time that the main PL
peak moves to lower energies and has no overlap with the
energy of the scattered Raman photons (see, for instance,
Figure Slgh). This usually happens at low temperatures and
high FA content, being most likely the result of a total loss of
(outgoing) resonance conditions for excitation with the IR
laser (785 nm). We will go back to the Raman results by the
discussion of the complete phase diagram.

It is instructive to compare the Raman spectra recorded for
different MA-rich compositions in the low-temperature
orthorhombic phase to learn about the effect of composition
on the cage phonons. For a quantitative assessment of the
vibrational spectrum of FA MA,_ Pbl,;, we have decomposed
the recorded Raman S}Jectra in different mode components by
a line shape analysis,”® as illustrated by the fitting examples
displayed in Figure 2 for spectra recorded at 120 K for the four
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Figure 2. Characteristic Raman spectra (strong color curves) of the
orthorhombic phase of the four MA-richer solid solution crystals (0 <
x < 0.3) recorded at 120 K. The performed line shape fits to the
Raman spectra using Lorentzian or Gaussian functions (see the text
for details) are also shown as light color curves. The solid gray curves
correspond to an edgelike function used for describing the spectral
characteristic of the dichroic filter (see the text for details). The inset
shows the Raman peak frequencies of the five more pronounced
modes as a function of FA content. The dash-dotted lines are just
guides to the eye.

samples with x between 0 and 0.3 (MA rich). The best fits of
the Raman band/peaks have been obtained using Lorentzian
or Gaussian functions for compositions ¥ < 0.2 or x > 0.2,
respectivelzr. Based on a previous assignment of the phonon
modes,”*”>**? all Raman peaks with the frequency lower than
200 cm ™! correspond to vibrations of the inorganic cage. Here,
we restrict ourselves to the five lowest-frequency cage modes,
for they are the more pronounced and well-defined ones. The
gray edgelike curve accounts for the spectral characteristic of
the 785 nm edge filter used to cut the stray laser light in the
Raman experiments (the edge center fixed at around 45 cm™).
The inset of Figure 2 shows the plots of the frequency of the
five most intense Raman modes obtained from the line shape
fits for the four compositions considered. Two conclusions can
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be drawn from these data: (i) The line width of the Raman
peaks associated with the cage modes increases with increasing
FA content. We recall that in the orthorhombic phase, the
contribution to the inhomogeneous broadening stemming
from the dynamic disorder has vanished due to the locking of
the MA molecules in the cage voids. On the contrary, the
contribution from the static disorder due to a sort of alloying
effect when the MA cations are gradually replaced by FA
remains unaltered and becomes apparent in the low-temper-
ature phase. Obviously, the MA/FA mixing disorder increases
steadily from zero to a maximum for 50% FA content and then
diminishes again (see also the discussion below). (i) As
illustrated by the inset of Figure 2, the frequency of the
inorganic cage modes decreases with the increasing FA
content. This softening is simply due to the increase in lattice
constant as FA, which is a larger cation than MA, is
incorporated in the material,'” leading to a weakening of the
covalent metal—halogen bonds.

Temperature-Dependent Photoluminescence Meas-
urements. Figure 3 shows the evolution with temperature of

FAg oMAq gPblg
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FAPbI,
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Figure 3. PL spectra of FAMA,_ Pblj; single crystals for four selected
compositions, namely, (2) x = 0, (b) x = 0.2, (c) x = 0.5, and (d) x =
1, recorded at different temperatures using the red line (633 nm) for
excitation. The spectra were normalized to their maximum intensities
and plotted with a vertical shift for increasing temperature. The
temperature range is indicated (a temperature step of ca. S K).

the PL spectra of four FAMA, Pbl; single crystals with
different FA contents spanning the whole compositional range
(x = 0, 02, 0.5, 1). All spectra were normalized to their
absolute maximum intensities and vertically offset to ease their
comparison. The complete set of spectra cascades as a function
of temperature for the 11 organic-cation compositions studied
here is displayed in Figure S2a—k of the Supporting
Information. Depending on the composition, the main PL
peak exhibits a nonmonotonic temperature behavior, including
sudden jumps in the position of its maximum. As explained
further below, the jumps and changes in the tendency of the
maximum peak energy are indicative of the occurrence of
different phase transitions in the temperature range of the
experiment. It is important to remark that all changes in the PL
emission (as well as in Raman) are fully reversible, even
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though there is a certain degree of hysteresis regarding the
precise temperature of the discontinuities.

Before discussing the temperature dependence of the PL
spectra, we would like to justify the assignment of the main
emission peak to free-exciton recombination instead of
bimolecular recombination of uncorrelated electron—hole
pairs. An inspection of the literature might indicate that this
assignment is partly controversial, since the reported values for
the exciton binding energy in lead halide perovskites span a
wide range from a few meV'"~** to several tens of meV."~*
Nevertheless, recent direct determinations of the exciton
binding energy have led to a consensus value of around 15
meV at low temperatures (the orthorhombic phase) in
MAPbL,**">* and MAPbBr;.>” Since neither the near band-
edge electronic properties like the effective masses nor the
dielectric screening changes much in the tetragonal or cubic
phases, it is expected that the exciton binding energy also
remains unaltered at higher temperatures. In fact, recent
ultrafast two-dimensional (2D) electronic spectroscopy inves-
tigations yielded for MAPbI; a binding energy of about 12
meV at room temperature.”” With this moderate excitonic
binding, the observation of a steplike absorption edge (none or
an incipient peaklike feature at the edge) at around ambient
temperatures is not surprising, which has been incorrectly
interpreted as the absence of excitonic effects.***>°° We
recall that a steplike profile is the evidence of Coulomb-
interaction-mediated correlations between electrons and holes
in states of the excitonic energy continuum.’”*” The absence
of a peak just means that bound excitonic states corresponding
to the discrete energy spectrum became dissociated because
the exciton binding energy is on the order of or smaller than
the thermal energy (300 K & 26 meV). This, in contrast, does
not hinder bound exciton states from playing the main role in
emission, since their optical recombination is favored by a
much longer lifetime compared to continuum states.’®
Furthermore, our temperature-dependent PL measurements
fully support this interpretation.

The PL spectra in Figures 3 and S2 (Supporting
Information) thus display the evolution of the free exciton
(FE) with decreasing temperature, exhibiting a nonmonotonic
shift of its energy and a clear decrease in line width. In view of
the relatively small binding energy, the former can be taken as
a representative of the temperature dependence of the
fundamental band gap of the perovskite solid solutions. The
latter is indicative of homogeneously broadened emission
peaks, which means a lifetime-limited line width. In high-
quality crystals, the homogeneous lifetime broadening is
mainly determined by the relaxation channel associated with
the scattering of electrons/holes by phonons, thus being
strongly temperature dependent. At very low temperatures, the
photoexcited carriers can readily form exciton complexes
bound to shallow impurities (acceptors and/or donors).>® In
fact, the sharp peaks, which are apparent below the FE energy,
become more intense with the decreasing temperature and are
ascribed to such bound exciton complexes (see Figures 3a,b
and S2a—k). Their properties and the reason for being more
pronounced for MA-rich compositions will be discussed in a
forthcoming paper.®

To analyze the PL spectra of the hybrid perovskites, we used
a Gaussian—Lorentzian cross-product function for describing
the main emission peak. We notice that the same fitting
protocol was also successfully employed for the analysis of the
PL spectra of MAPDI, as a function of pressure but at ambient
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temperature.”> The expression for the cross-product function,
which is given in the Supporting Information, essentially
contains three adjustable parameters: the amplitude prefactor
A, the peak energy position E;, and the full width at half-
maximum (FWHM) T. This function is a useful simplification
of a Voigt function, which corresponds to the mathematical
convolution of a Lorentzian, taking into account the natural
line shape due to spontaneous emission, and an inhomoge-
neously broadened Gaussian, accounting for a normal
distribution of exciton energies. There is, actually, a fourth
parameter, the so-called line shape-weight parameter s (s = 0
for pure Gaussian, s = 1 for pure Lorentzian). It turns out that,
at temperatures higher than approximately 120 K, s takes
values between 0.5 and 0.75, indicating an almost equal footing
of inhomogeneous (Gaussian) and homogeneous (Lorentzian)
broadening with a slight preference for the Lorentzian line
shape. In contrast, in the low-temperature range, s adopts
much higher values between 0.8 and 0.9, implying that
spontaneous emission dominates the low-temperature radiative
recombination of excitons in hybrid perovskites.

The values of the fitting parameters corresponding to the
peak energy E, and the line width I" are plotted as a function of
temperature in Figure 4 for the 11 compositions of the
FA,MA,_,Pbl; solid solutions studied here (the PL peak
integrated intensities are shown in Figure S3 of the Supporting
Information). According to the previous discussion, we
consider the shift of the PL peak energy E, with temperature
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Figure 4. (a) Maximum PL peak energy position and (b) FWHM
plotted as a function of temperature, obtained from the PL line shape
fits using a cross-product function (eq 1 of the Supporting
Information) for the complete set of compositions of the
FA,MA,_.Pbl, series. The inset of part (b) shows the temperature-
independent contribution I'; to the exciton line width as a function of
FA content (eq 1). The dashed line is a guide to the eye.
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a representative of the temperature shift of the gap. In this
regard, the values of E; at room temperature exhibit a clear
trend with respect to the organic-cation fraction: the PL
emission shifts to the red with the increasing FA content.
However, for two compositions, namely, pure FAPbI; and the
FA,;MA, ;Pbl; mixed crystal (both denoted by open symbols
in Figure 4), the red shift of the gap at ambient conditions
seems to depart from the overall trend. In both cases, a
probable reason is related to the crystal quality of the sample.
Concerning the case of the FA content of 70%, a recent study
that combines the temperature-dependent PL measurements
with spectroscopic ellipsometry”' indicates that this sample
consists of FA- and MA-rich segregated regions separated by
regions with high concentration of vacancies (predominantly
of MA®>°"), although maintaining an average stoichiometry of
x = 0.7. Such a spatial segregation, which might be caused by a
higher temperature heating of the solutions when growing this
particular sample,'”” turns out to determine the near band-
gap PL and absorption properties of the perovskite mixed
crystal. In the case of FAPbI,, in contrast, we were not able to
study the pristine as-grown sample. For technical reasons, the
sample had already transformed into the yellow hexagonal -
phase when received. Although we were able to transform the
FAPDI; crystal back into the perovskite a-phase by heating it
on a hotplate to about 80 °C for a few minutes,'® it seems that
this treatment was somewhat detrimental for its crystal quality
(see also the discussion of the PL FWHM further below).

A careful inspection of the data displayed in Figure 4a
indicates the existence of common characteristics in the
temperature behavior of E,, shared by samples in the whole
compositional range. At around room temperature, in the
stability range of cubic and tetragonal phases, the gap decreases
linearly with decreasing temperature. This at-first-glance
atypical behavior has been recently analyzed in MAPbI; and
ascribed to a roughly equal footing of thermal expansion and
electron—phonon renormalization effects.’> It turns out that
this temgerature dependence of the gap holds not only for
MAPDL, ">~ but also for many other halide perovskites like
MAPbBr;,>**¥%° MAPbCL,,*” FAPbL,,°*°® FAPbBr,,
CstI3,69 CsPbBr;,°””® MASnI,,”" CsSnl,,”* etc. Moreover,
above room temperature, a clear zigzagtype behavior of E; is
apparent for MAPbI; and FA, MA(,Pbl; in Figure 4a.
According to X-ray diffraction data, the zigzag coincides with
the occurrence of the second-order phase transition between
the high-temperature cubic phase and the lower-temperature
tetragonal phase.'” For several other compositions, similar
behavior can be observed but only after differentiation of the
E, vs T curves. For compositions x < 0.2, the energy E,
exhibits a sudden and abrupt jump to higher values, which, in
view of the simultaneous narrowing of the Raman peaks, we
ascribe to the occurrence of a first-order tetragonal-to-
orthorhombic phase transition. We note that the temperature
dependence of E; in the orthorhombic phase is almost
quadratic. Incidentally, the rigid shift of a group of points of
the E; vs T curve just after the phase transition observed for
FAy,MA,,Pbl; is not spurious. On the contrary, the
temperature range of the shifted points exactly matches the
regime of the coexistence of the tetragonal and orthorhombic
phases (see spectra in Figure S2b). We speculate that the
energy shift is due to the buildup of inhomogeneous strains in
the solid solution, as a consequence of the different unit cell
volumes of each phase. At the other compositional end for x >
0.8, in contrast, a less steep jump is observed at temperatures
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between 120 and 190 K. We will show that in this case the
jump is associated with an isostructural transition between two
tetragonal phases. Finally, we point out that for all
compositions x > 0.3 the phase stable at lower temperatures
exhibits a strikingly near-parabolic dependence of the gap. We
anticipate here that such behavior is the signature of a third
tetragonal phase characteristic of FA/MA mixed crystal
perovskites, which displays a peculiar crystal/electronic-
structure relationship.

Figure 4b shows the PL peak line width (FWHM) as a
function of temperature for the 11 FA MA,_Pbl; solid
solutions. Essentially, all data points fall onto a common
curve, irrespective of FA content, indicating a strong increase
of the FWHM with the increasing temperature, as observed for
several high-quality perovskite single crystals,”"”* thin films,*°
and nanocrystals.”””* Such marked temperature dependence of
the exciton line width is characteristic of an exciton broadening
mechanism mediated by electron—phonon interaction given

bY7 S

7/opt

I(T) =1 + ———
( ) 0 eEopt/kB.T -1

(1)
where T’y is the temperature-independent inhomogeneous
broadening, which is mainly determined by the crystal quality;
Yopt is the electron-optical-phonon coupling constant; and E,,
is the effective optical-phonon energy. Notice that the second
term in eq 1 is nothing else than the Bose—Einstein occupation
factor for a representative optical mode with an effective
frequency, multiplied by an effective coupling strength
constant. This is usually referred to as the one-oscillator
model of the electron—phonon interaction. In eq 1, we have
neglected the contribution stemming from exciton scattering
by acoustic phonons because the electron-acoustic-phonon
coupling is often several orders of magnitude weaker than for
optical phonons.”"**”* Using eq 1, we can now proceed to
analyze the temperature dependence of the free-exciton line
width, looking for correlations between electron—phonon
coupling parameters and organic-cation composition. In Figure
S4a, we provide for MAPDI; an example of a least-squares fit to
the FWHM data points with the function of eq 1 and having
Lo Yopw and E, as adjustable parameters. The values of the
parameters yielding the best fit for MAPbI; are given in the
legend of Figure S4a, whereas the fitting results for y,,, and E,;
are plotted as a function of composition in Figure S4b. While
the effective phonon energy is almost independent of FA
content with an average value of about 5 meV, the electron—
phonon coupling strength adopts two different values: ca. 10
meV for the two compositional ends and about 17 meV for
intermediate compositions. It is important to note that we have
restricted the fit for all compositions to the low-temperature
data (as illustrated in Figure S4a for MAPbL;), corresponding
to either the orthorhombic or the tetragonal phase, where the
latter exhibits the parabolic dependence of E, on temperature.
Despite the fact that eq 1 holds for the high-temperature
phases as well, the exponential dependence of the phonon
occupation number can be captured by the fitting function
only at very low temperatures because of the small value of the
effective phonon energy. The values of the fitting parameters
are thus no longer uniquely defined for the high-temperature
stable phases.

In contrast, the values of the inhomogeneous broadening
term I'y, depicted in the inset of Figure 4b, do show a
dependence on composition. As illustrated by the dashed
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curve, this dependence is a bell-shaped function, which roughly
correlates with the amount of the disorder introduced in the
crystal by mixing MA and FA in different proportions. The two
exceptions are the FAPbI; and FAgMA,,Pbl; samples, which
show much stronger residual broadening. This is indicative of a
lesser crystal quality, probably due to the instability of FA-rich
crystals toward the formation of the hexagonal &-phase.
Judging by the sharpness of the exciton peak at low
temperatures, the best-quality crystals correspond to pure
MAPbI, with a I’y value of 2.7(6) meV, which is about half of
the best one reported previously.””
Temperature—Composition Phase Diagram of
FA,MA,_,Pbl;. Figure S displays the temperature—composi-
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Figure 5. Temperature—composition phase diagram of
FAMA,_,Pbl; perovskite solid solutions. The symbols represent
experimental data (Raman and PL data from this work and X-ray/
neutron scattering data from refs 17, 22, 26, 27). The different crystal
structures and their symmetry are indicated in the graph. Phase
separation lines are a guide to the eye.

tion phase diagram of the FAMA, Pbl; solid solutions
constructed by optical spectroscopy, employing the temper-
ature-dependent Raman and PL data obtained here combined
with literature data from X-ray diffraction and neutron
scattering.'”*****” The identification of the different crystal
structures and their assignment to the corresponding space
groups are also from the literature and were discussed briefly in
the Introduction section. The closed red circles correspond to
the transition temperatures determined by Raman scattering.
They are obtained from the points at which the strong
narrowing of the Raman peaks is observed, as a consequence of
the locking of the MA cations inside the cage voids. This
occurs when the material transforms into the orthorhombic
phase with decreasing temperature. Figure S5 of the
Supporting Information illustrates this effect in the case of
MAPDI;. In Figure Sla—h, we further show that, apart from the
qualitative changes in the Raman spectra line shapes, the
transition temperature can also be determined from the Raman
data corresponding to either the phonon frequencies or the
line widths. Note that for x = 0.3 and 0.4 only the Raman
technique was able to pinpoint such phase transformations. In
addition, the phase transition temperatures denoted by the
blue circles were inferred either from abrupt variations of the
PL peak energies or from changes in their temperature
dependence. Particularly tricky is the determination of the
cubic-to-tetragonal-I/II transitions and the transitions into the
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tetragonal-III phase. For the former, the transition temperature
is taken from the middle point of the zigzag dependence of the
E, vs T curve, often visible only in the first derivative curve. For
the latter case, the inflection point from a linear to a quadratic
temperature dependence of E, was considered as the setting-in
of the phase transformation. The procedure to determine the
different transition temperatures from the PL data is illustrated
in Figure S6 of the Supporting Information. When available,
the PL data agree well with the phase transition temperatures
of the literature (open black squares).

The general picture that emerges from this phase diagram is
the following: at room temperature or slightly above as for
MAPDI; and FA; MA ,Pbl;, the most stable phase is a simple
cubic one with Pm3m symmetry, which is characterized by
straight metal—halogen—metal bonds and fully unlocked
organic cations inside the cage voids.”” Such a highly
symmetric structure is stabilized at high temperatures because
the entropy reduction of the inorganic cage is over-
compensated by the strong dynamic disorder of the MA/FA
organic cations, as inferred from molecular dynamics
simulations.”””“For MA-rich perovskites (x < 0.2), the same
structural behavior as for MAPDI; is observed with decreasing
temperature: cubic Pm3m — tetragonal-1 I4/mcm —
orthorhombic Pnma, with the latter transition being clearly
of the first order with a pronounced jump in the PL peak
energy. We find out that because the FA molecule is larger and
more symmetric but less polar than MA, a tetragonal crystal
structure is favored at low temperatures and FA compositions
x > 0.4, to the detriment of the orthorhombic phase. As a
matter of fact, the phase transition sequence for FA-rich
compounds and decreasing temperature is cubic Pm3m —
tetragonal-II P4/mbm — tetragonal-III. For the latter structure,
which corresponds to y-FAPbI;,”’ the space-group assignment
is uncertain. A unit cell refinement of neutron data indicates
that a P4bm symmetry is plausible but with a certain degree of
disorder present in the structure.”” Strikingly, the isostructural
(tetragonal-II to tetragonal-III) transformation, which occurs
between 200 and 150 K, exhibits a sort of critical point at x =
0.7. For FA contents x > 0.7, the transition takes place
exhibiting a marked jump in the PL peak energy E, (see Figure
4a); the phase separation line is indicated with a solid curve in
the phase diagram of Figure 5. In contrast, for FA
concentrations lower than 70% (but higher than 20%), the
evolution of E, with the decreasing temperature is continuous,
mimicking supercritical behavior (phase separation thus
marked with a dashed line in Figure 5). Finally, for
intermediate FA concentrations, the stability range of the
tetragonal-III phase extends all the way from very low
temperature to more than 250 K, where the FA MA,_ Pbl,
mixed crystals transform into the cubic phase. Recent ab initio
molecular dynamics calculations have shown that the
replacement of FA by a smaller A-site cation like MA causes
an increased tilting of the Pbly octahedra to compensate for
the reduced space filling offered by the smaller cation.”® Based
on these simulation results and the striking similarity with the
orthorhombic phase of the parabolic temperature dependence
of the PL peak energy, we speculate that the tetragonal-III
structure is also characterized by pronounced tilting of the
corner-sharing octahedra. We further expect that the average
tilting increases with decreasing temperature and competes
with the effect of electron—phonon renormalization,”” giving
rise to the observed nonmonotonic variation of the gap with
temperature. Further theoretical and experimental investiga-
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tions of this unusual behavior are certainly necessary to unravel
its origin.

B CONCLUSIONS

In summary, by combining optical spectroscopy techniques
such as Raman and photoluminescence as a function of
temperature, we were able to draw the temperature—
composition phase diagram for hybrid FA\MA,  Pbl; perov-
skite solid solutions. Despite the fact that the organic-cation
molecules are loosely bonded inside the inorganic cage just by
steric interactions, their presence and, in particular, their ability
to move, rotate, or librate inside the cage voids turn out to be
the determinant for the structural phase stability of the soft
skeleton of corner-sharing metal-halide octahedra. At temper-
atures around ambient and higher, the organic molecules of the
Assite cations are freely moving in the inorganic cage voids.
The fast molecular dynamics gives rise to almost spherical
atomic-density clouds, which favors a cubic environment,
hence imposing a cubic symmetry on the labile but heavy
arrangement of corner-sharing Pblg octahedra. This holds for
the whole compositional range. At temperatures lower than
roughly 150 K, the interplay between the cooling of the
molecular dynamics and the gradual quenching of the tilting
vibrations of the octahedra leads to the mutual locking of the
MA/FA cations in different directions in space and of the
octahedra at well-defined tilting angles. As a result, the hybrid
perovskites transform into crystal structures with lower
symmetry but high deformation, at least regarding the tilting
angles (metal—halide—metal bonds with angles much lower
than 180°). These are an orthorhombic phase for MA-rich
mixed crystals and the disordered Tetra-IIl phase for FA
compositions higher than 40%. At intermediate temperatures,
the situation is half way between the high- and low-
temperature ones. For both compositional ends, the inorganic
cage adopts a tetragonal structure, with the organic molecules
freely moving solely in the tetragonal plane and straight
metal—halide—metal bonds perpendicular to it. In contrast, for
intermediate concentrations, an inhomogeneous strain devel-
ops across the mixed crystal. The inhomogeneity is a
consequence of the different sizes, polarities, and conforma-
tions of the MA and FA molecules, which are translated to the
immediate surrounding of the organic molecule, at least to the
unit cell in which it is contained. An efficient way to
accommodate the inhomogeneous strain is by tilting the
octahedra indistinctly in different directions, following the
disorderly oriented organic molecules. These are the two main
characteristics of the Tetra-III phase: high disorder and tilting.
In view of the importance of the link between the crystal
structure and the electronic, optical, and vibrational properties
of a material, we expect that the knowledge gained here would
positively impact the improvement of the optoelectronic
performance and longstanding stability of mixed organic-cation
hybrid halide perovskites.
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Complete set of Raman and PL spectra recorded as a
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Raman spectra of FAIMA 1_4Pbl; solid solutions
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Figure S 1: Raman spectra, the energy position and the linewidth of the main Raman
peaks as a function of temperature for (a) MARHb) FAq1MAqoPbl, (c) FA)2MA o gPbls,

(d) FA03sMA(7Pbk, (e) FAo.aMAoePbls, (f) FAosMAqsPbk, (9) FAosMAo2Pbk, and (h)
FA0.9MA o 1Pblk. The spectra were normalized to their maximum intensity for clarity.
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Figures S1(a-h) show the complete set of Raman spectra measured at different temperatures be-
tween ca. 10 and 300 K for mixed crystals of the,Mh 1_xPbl; series with different FA content.

For FA compositions = 0 to 0.5 we show only the spectral range up to 200 teorresponding

to the inorganic cage modes. With exception of the sample xwtlD.5, in all MA-rich crystals,

an abrupt change in Raman lineshape, corresponding mainly to a more or less strong reduction of
the phonon linewidths, is observed at low temperatures. The temperature at which this sharpening
occurs depends on FA composition. This is taken as evidence of the structural phase transition into
the low-temperature orthorhombic phase, as discussed in the main text and elsefvimecen-

trast, for the two FA-rich samples & 0.8 and 0.9) we show a larger wavenumber range to make
visible the pronounced PL peak corresponding to the main exciton recombination in the perovskite
and how the PL peak moves as temperature changes, crossing the energy region of the scattered
Raman photons (see Figs. S1(g-h)). For high FA contents and at low temperatures, the PL peaks
become pretty narrow and shift down in energy below that of the scattered Raman photons, such
that the overlap between PL and Raman signals vanishes. In this case, the outgoing resonance con-
ditions for Raman scattering are lost and no peaks whatsoever are any longer apparent in Raman
spectra.

As discussed in the main text, the Raman spectra were decomposed into their different com-
ponents by fitting each spectrum using Gaussian or Lorentzian functions (see examples in Fig. 2
of the main manuscript). In Fig. S1, next to each panel with the Raman spectra we show the
corresponding plot of the peak energy position and linewidth of the main cage phonon modes as a
function of temperature. It is clear from these plots that the occurrence of the phase transition into
the orthorhombic phase can be assessed, apart from the linewidth reduction, also from the sudden
changes in the phonon frequencies (the shaded pink rectangles indicate the temperature range of

the structural transition). In fact, symbols with different colors pertain to different phases: The
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dark purple symbols correspond to the high temperature phases (cubic or tetragonal-1, Il, Ill, we
cannot distinguish between them from the Raman data), whereas the dark-orange symbols repre-
sent the positions of the Raman peaks in the orthorhombic low-temperature phase. The reduced
symmetry of the orthorhombic structure leads to the observed splitting of Raman modes, which
are readily observed for the MA-rich samples and are characterized by much smaller linewidths

(there is much less or no inhomogeneous broadening of the Raman peaks due to alloying).
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PL spectra of FA\MA 1_4Pbl; solid solutions
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(f) FAg sMAg sPbls
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Normalized Intensity (arb. units)

FAq 7MA( 3PDbls

—— 301
—— 289
—— 284
—— 280
— 276
— 271
— 267
— 262
—— 258
—— 253
— 249
— 244
—— 236
— 227
— 218
— 209
—— 200
—— 190
—— 180
— 170
— 160
—— 150
—— 140
—— 130
— 120
— 110
— 90

—— 80

—— 70

— 60

1.4

1.5 1.6 1.7 1.8
Energy (eV)

S15

1.9

141



(i)

Normalized Intensity (arb. units)

FAp gMAg »PDbl3

— 289
— 280
— 271
— 262
— 253

— 244

—— 236

— 227

— 218

— 209

— 200

—— 190K

—— 180K

—— 170K

— 160K

—— 150K

—— 140K

—— 135K

— 120K

—— 110K

— 100K

— 92K

— 80K

— 85K

— 70K

—— 60K

— 50K

—— 45K

—— 40K

— 35K

—— 30K

—— 25K

—— 20K

—— 15K

— 10K

— 6K

1.4 1.5 1.6 1.7 1.8
Energy (eV)

S16

1.9

142



Normalized Intensity (arb. units)

FAg gMA 1PDbl3

—— 289
—— 280
— 271
— 262
— 253
—— 244
— 236

— 227

— 218

— 209

— 200

— 190

—— 180

—— 170

— 160

— 150

—— 140

— 130

— 135

— 120

— 110

—— 100

—92

——85

—80

—70

—— 60

——50

——45

— 40

——35

—30

——25

—— 20

— 15

— 10

—6

1.4 1.5 1.6 1.7 1.8
Energy (eV)

S17

1.9

143



(k)
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Figure S 2. PL spectra as a function of temperature for (a) M4P@) FA)1MAooPbk,

() FAo2MAgPbk, (d) FAq3MA(7Pbk,

(e) FAoaMAePbk, (f) FAosMA(sPbls,

(9)

FAo.6MA.4PDbk, (h) FAg7MA(3Pbl, (i) FAosMAq2Pbk, (j) FAg9MAg 1Pbls and (k) FAPDS.

The spectra were normalized to their maximum intensity for clarity. Temperatures are indicated in

the legends.
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Figures S2(a-k) show the complete set of PL spectra measured at different temperatures between
ca. 10 and 365 K for all eleven compositions ofdWA 1, Pbls mixed crystals, spanning the whole
compositional range from= 0to 1 in steps of 10% FA content. The main emission peak observed

for all compositions at higher temperature was assigned to free-exciton (FE) recombitiétion.
Thus, for the quantitative analysis of the PL spectra we performed a lineshape’ fiting a
Gaussian-Lorentzian cross-product function (lineshape fitting examples were published elsewhere

2). Its expression reads as:

2 B ) _ 2
GXL(ﬁ“’):A'4.s.(Eo_rﬁw)2+r2'eXp(_“"”z(l & <r|520 ﬁw)) (1)

whereA is the amplitude prefactokg is the peak energy positiof, in the full width at half
maximum (FWHM) ands is a weight parameter which takes the vatiie O for pure Gaussian
lineshape and = 1 for pure Lorentzian. The values of these four adjustable parameters were
obtained as a function of temperature from lineshape fits to the measured PL spectra using Eq. (1).
For the cases where there is a coexistence of two phases we used two cross-product functions with
independent variable parameter sets. The much more complicated analysis of the wealth of peaks,
apparent at low temperatures (below ca. 70 K) for high MA content and ascribed to radiative
recombination of bound (acceptor/donor) exciton complexes, will be published elsefvhere.

Figure S3 displays the integrated intensity of the main PL peak, calculated as the product of the
peak amplitudé by the linewidthl” extracted from the lineshape fits using the cross-product func-
tion of Eq. (1), plotted as a function of temperature for the series gV _xPbls mixed crystals.

With decreasing temperature down to ca. 100 K the integrated intensity increases for all concen-
trations between one and two orders of magnitude. This is the typical behavior of free-exciton
radiative recombination as compared to bimolecular recombination of uncorrelated electron-hole

pairs and is the result of an enhanced optical matrix element due to a reinforced Coulomb at-
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Figure S 3: The PL peak integrated intensifyx I') plotted as a function of temperature, ob-

tained from the PL lineshape fits using a cross-product function of Eq. (1) for the complete set of
compositions of the FAMA 1_xPbls series.
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traction, i.e. an increased wavefunction overlap between electron and hole forming the exciton.
Below 100 K, in many cases the integrated intensity of the free exciton decreases with decreasing
temperature. This effect is the consequence of the appearance of the emission bands related to
bound-exciton complexes (see low temperature spectra in Figs. S2(a) to S2(k)), which provide
a competing radiative recombination channel, thus growing in intensity at the expense of the FE
intensity.

Figure S4(a) shows the values of the full width at half maximum (FWHM) of the main PL peak
of MAPbI3 as a function of temperature (closed symbols), as obtained from least-squares fits using
Eq. (1). We only show the low temperature range below 160 K corresponding to the orthorhom-
bic phase. The red solid curve represents the result of a fit to the FWHM data points using the
function of Eq. (1) of the main manuscript, which accounts for the inhomogeneous and homoge-
neous broadening contributions to the exciton linewidth, the latter arising from electron-phonon
interaction. This function contains three adjustable parameters: The temperature-independent
inhomogeneous broadenimg which is mainly determined by the crystal quality, the electron-
optical-phonon coupling constapp: and the effective optical-phonon enerByy:. The fitting
results for the last two parameters are plotted as a function of FA content in Fig. S4(b). To first
approximation, the electron-phonon interaction parameters causing homogeneous line broadening
of the free exciton in hybrid halide perovskite solid solutions seem to be fairly independent of

organic-cation composition.
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Figure S 4: (a) The full width at half maximum (closed symbols), as obtained from lineshape fits
to the PL spectra of MAPBIusing Eq. (1), plotted as a function of temperature in the range up to
ca. 160 K, corresponding to the stability regime of the orthorhombic phase. The red curve corre-
sponds to a least-squares fit using the expression for the exciton linewidth of Eq. (1) of the main
manuscript. The values obtained for three adjustable parameters are given in the legend. (b) The
electron-phonon coupling strengfp: (blue symbols) and the effective phonon frequegy:

(ocher symbols) represented as a function of the FA concentration for the whgéARA,Pbls

series. The dot-dashed vertical lines mark off either the temperature or FA-content range of stabil-
ity of the orthorhombic and the tetragonal phases.

S22



149

Procedures to construct the phase diagram of FAMA ;_,Pbls

from Raman and PL data

2x10° F MAPI . ; 1112 -
e /"'\W

1x10°

Intensity (cts./s)

0 50 100 150 200
Raman Shift (cm™)

Figure S 5: A series of Raman spectra of MAPtalken in small temperature steps in the range of
the Tetra-I to Ortho phase transition. The figure illustrates how the transition temperature can be
accurately determined from the qualitative changes in the Raman lineshapes.

Figure 5 displays the influence on the Raman lineshape of the structural changes occurring at
the transition into the orthorhombic phase in the case of MAPBY screening the temperature
range of the phase transformation in small temperature steps, the transition temperature can be

readily and accurately determined by inspection of the temperature-induced changes in the Raman
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lineshape (mainly the linewidth). Since the "static" inhomogeneous broadening of the Raman
peaks increases with increasing FA content, i.e., increasing lattice disorder, for kigakeres

such a determination becomes increasingly difficult but remains feasible.
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Figure S 6: First derivative of the PL peak enefgywith respect to temperature for (a) MARDI
and (b) FA) 3sMA o 7Pblk plotted as a function of temperature. The temperatures at which different
structural phase transitions occur are indicated by arrows. See text for details.

In Figs. S6(a)-(b) we illustrate the procedure to extract the phase transition temperature from
the data of the PL peak energy as a function of temperature. For that purpose we first construct
the graphs of the derivative & over temperature plotted as a function of temperature for each FA
concentration, as shown in Figs. S6(a) and S6(b) for MABhH FAy 3MA o.7Pbls, respectively, as
examples. In the first case, the temperature of the phase transition between the cubic and the tetra-I
phase (the same procedure is valid for the cubic-tetra-Il transition for high FA contents), which in
the Ep-vs.-T curve corresponds to a zigzag type behavior, is extracted from the zero of the first
derivative curve, as indicated in Fig. S6(a). In the same figure, we also show the determination of

the transition temperature for the tetra-1 to orthorhombic transformation, which simply corresponds
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to the temperature at which the jump in the first derivative occurs. For the smooth transition

between the cubic and the tetra-1ll phase, taking place for intermediate FA concentrations, the
transition temperature is obtained again from the crossing point of the first derivative curve and
the temperature axis (see example in Fig. S6(b)). This corresponds to the inflection point in the

Eo-vs.-T curve, which is less straightforward to be determined.
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7 Conclusions and perspectives

By combining optical spectroscopy with high-pressure and low-temperature techniques, we
were able to study fundamental structural and optoelectronic properties of hybrid halide
perovskites (FAXMAPbl;). Their dielectric functions have been studied for the whole
concentration range in ref. III, and also the first complete composition-temperature phase
diagram for this type of materials was given in ref. IV. It has been shown how the interplay
between the semi-rigid inorganic cage and the loosely bound organic molecules plays a
fundamental role in the structural behavior of hybrid perovskites. At ambient or higher
temperatures, the free rotation and movement of the organic cations inside the cage voids
randomly reorient the cations along the three spatial coordinates, favoring a spherical
density distribution and, concomitantly, a cubic symmetry. For intermediate temperatures,
i.e. above ~150 K, the contraction of the lattice entails a tilting of the Pbls octahedra along
the Pb-I-Pb bond to accommodate the crystalline structure to the reduced space available.
For the compositional ends MAPbI; and FAPbI;, the organic cations see their freedom of
movement restricted to the tetragonal plane. For the mixed cation formula, on the other
hand, the inhomogeneity induced in the crystal due to the different sizes, polarities and
conformations of the MA and FA molecules yields a more disordered phase, characterized
by tilting the octahedra indistinctly in different directions. At lower temperatures, further
tilting and a distortion of the octahedra induce a transition to an orthorhombic phase, for
FA contents lower or equal than 0.4, locking the movement of the organic molecule inside
the lead iodide cages. As a result, the Raman features are no longer subjected to the
dynamic inhomogeneous broadening related to the free movement and re-orientation of the
cations, and accordingly, their line-widths are drastically reduced.

Regarding the high-pressure experiments, in the case of pure MAPbI; we observed three
pressure-induced phase transitions at 0.4, 2.7 and 3.3 GPa. The second phase transition,
at 2.7 GPa, is characterized by a sudden reduction in the inhomogeneous broadening of
the Raman lines, similar to the one observed at low temperatures. Previous studies
observed a smearing of the X-ray diffraction patterns after this phase transition, which was
assigned to amorphization of the material. Our data, however, shows that the crystallinity
of the material is unaffected through all the phases observed. This apparent disagreement
is ascribed to the effect of the pressure-induced orthorhombic distortion of the inorganic
cage, which in the macroscopic length scale occurs randomly in different directions. This
disturbs the long-range order of the crystal structure, leading to the smearing of the X-ray
diffraction patterns. Raman spectroscopy, however, is much less sensitive to this type of
long-range disorder. The sharpness of the Raman features is evidence of a high degree of
order at a microscopic length scale, incompatible with amorphization. The third phase
transition, at 3.3 GPa, is reported in ref. I for the first time, and is characterized by a
further reduction in the dynamic inhomogeneous broadening of the Raman peaks and
the splitting of some of the peaks.

An interesting feature of hybrid halide perovskites is their atypical bandgap dependence
on temperature. For instance, at temperatures higher than 150 K, the linear shift in energy
with increasing temperature is positive, whereas archetypal semiconductors such as Si, Ge,
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GaAs, etc. present a negative slope. This shift depends on two terms; the first one is the
thermal expansion contribution, which can be experimentally obtained by studying the
gap shift as a function of pressure for a given temperature. The second contribution
corresponds to the electron-phonon renormalization of the bandgap. Below 0.4 GPa, we
show in ref. II that the bandgap energy also exhibits an inverted dependence with
increasing pressure with respect to typical semiconductors. In fact, the thermal
expansion contribution to the shift of the bandgap with temperature, that can be
derived from this contraction of the lattice, cannot be neglected, as it was previously
suggested in the literature, since this contribution is as important as the corresponding
to the renormalization of the band-gap due to electron-phonon coupling.

For temperatures lower than roughly 150 K, the bandgap dependence on temperature is
even more peculiar, with the magnitude of the energy shift with temperature changing non-
monotonically, switching from positive to negative for intermediate FA concentrations. To
better understand this atypical behavior, more high-pressure experiments at temperatures
lower than 150 K are required. Preliminary attempts have been made for some compositions
of the FA{MA,.Pbl; family, and the results are promising, as the gap dependence on
pressure also changes with temperature. This suggests that the effect of the contraction of
the lattice plays a fundamental role in the behavior of the bandgap. Applying pressure at
low temperatures, however, is not an easy task. It involves the cryogenic loading of the
pressure cell with liquid helium in its superfluid state, and a careful and precise preparation
for several days to obtain just a few experimental points. However, these measurements,
together with theoretical calculations, are fundamental to understand the origin of the
atypical dependence on temperature of the bandgap of hybrid halide perovskites for the
full range of temperatures.

It seems also interesting to study fundamental properties of perovskite nanocrystals (NCs),
as new properties and tunability possibilities arise at the nano-scale. Preliminary studies
on metal halide perovskite NCs show that the dependence of the bandgap energy with
temperature appears to be size-dependent, suggesting a different contribution of the
electron-phonon interaction to the overall shift for different nanocrystals. In order to
explore this hypothesis further, pressure-dependent, low temperature experiments need to
be carried out for different sizes of hybrid halide perovskite nanocrystals.

In summary, our findings provide further fundamental insight into the underlying physics
of this kind of organic—inorganic hybrid materials, which are causing a change in paradigm
in photovoltaic and light-emitting device technology. Still, more fundamental work needs
to be done following the line of this thesis to fully unravel the optoelectronic properties of
hybrid halide perovskites as a function of temperature and/or pressure at the macro and

nano-scale.
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