com|3|onacadem1ca

1986 - 2016 (

“ v

INGENIERIA

il deposgrado
m universidad de la reptblica

H4d AvrINdOvd

Temperature-Dependent Optical
Characterization of Inorganic Lead Halide
Perovskites

An in-Depth Study of Fundamental Processes

MSc. Daniel Gau de Le6n

Instituto de Fisicay CINQUIFIMA, Facultad de Ingenieria, Universidad de la Republica,
Julio Herrera y Reissig 565, C.C. 30, 11000 Montevideo, Uruguay
< dgau@fing.edu.uy

Tribunal: Dr. Ricardo Marotti (Orientador)
Dr. Daniel Ariosa (Presidente)
Dr. Rodolfo Jalabert
Dr. Mauricio Rodriguez
Dra. Mariana Berruet
Dr. Lorenzo Lenci (Suplente)

UNIVERSIDAD

DE LA REPUBLICA
URUGUAY







Declaracion de autoria para las publicaciones en las que se basa una
tesis doctoral por compilacion de articulos:

La autoria de las ideas, desarrollos, programas de computacion y resultados de la presente tesis
doctoral pertenece exclusivamente al autor y el/los directores de la Tesis, salvo cuando se hace
mencidn expresa de la autoria.

La presente tesis doctoral estd compuesta por 3 articulos que han sido publicados o aceptados
para publicacion en revistas arbitradas. El autor deja constancia de que sus contribuciones en
estos articulos no forman parte de otra tesis. Las contribuciones del autor de la tesis a cada
articulo y las posibles modificaciones o actualizaciones que la informacién en ellos incluida
haya tenido para su inclusion en la tesis son las siguientes:

Articulo 1:
Titulo: Electrochemically Assisted Growth of CsPbBrs-Based Solar
Cells Without Selective Contacts

Autores: Daniel Ramirez, Gonzalo Riveros, Patricia Diaz, Javier Verdugo, Gerard Nufiez, Susy
Lizama, Pamela Lazo, Enrique A. Dalchiele, Daniel L. Gau, Ricardo E. Marotti, Juan A. Anta,
Lidia Contreras-Bernal, Antonio Riquelme, Jesus ldigoras,

Correos electronicos de los co-autores:

daniel.ramirez@uv.cl
gonzalo.riveros@uv.cl
patriciaediazg@gmail.com
javearO5@hotmail.com
gerard.nunez@alumnos.uv.cl
SUSY.LIZAMA@alumnos.uv.cl
pamela.lazo@uv.cl
dalchiel@fing.edu.uy
khamul@fing.edu.uy
anta@upo.es
lidia.contreras@icmse.csic.es
jesusidigoras@hotmail.com

Referencia bibliografica: D. Ramirez, G. Riveros, P. Diaz, J. Verdugo, G. Nufez, S. Lizama,
P. Lazo, E. A. Dalchiele, D. L. Gau, R. E. Marotti, J. A. Anta, L. Contreras-Bernal, A.
Riquelme, J. Idigoras, ChemElectroChem 2020, 7, 3961.

DOI: 10.1002/CELC.202000782

Estatus: publicado


mailto:daniel.ramirez@uv.cl
mailto:gonzalo.riveros@uv.cl
mailto:patriciaediazg@gmail.com
mailto:javear05@hotmail.com
mailto:gerard.nunez@alumnos.uv.cl
mailto:SUSY.LIZAMA@alumnos.uv.cl
mailto:pamela.lazo@uv.cl
mailto:dalchiel@fing.edu.uy
mailto:khamul@fing.edu.uy
mailto:anta@upo.es
mailto:jesusidigoras@hotmail.com

Contribuciones del autor de la tesis:

1. Revision exhaustiva de la literatura: Nuestro trabajo se inicié con una rigurosa revision
de la literatura existente sobre las propiedades Opticas de las perovskitas. Esta
investigacion nos permitid establecer una solida base de conocimientos y comprender
el estado actual de este campo.

2. Caracterizacion experimental: Se llevaron a cabo mediciones de espectros de absorcion
y fotoluminiscencia a temperatura ambiente en un amplio conjunto de muestras
preparadas en diferentes condiciones. El objetivo principal era cuantificar el impacto
de estas condiciones en las propiedades opticas de las perovskitas. Estos experimentos
nos proporcionaron datos fundamentales para nuestro analisis.

3. Desarrollo de una rutina de andlisis de espectros de absorcion: Para analizar los
resultados obtenidos, se cred una rutina de analisis de espectros de absorcion, lo que
permitié una evaluacion precisa y sistematica de los datos. Esta herramienta se convirtio
en un componente crucial de nuestros trabajos futuros.

4. Elaboracion del texto del articulo: Después de un exhaustivo andlisis y evaluacion de
los resultados, se redact6 un texto detallado informando los hallazgos obtenidos. Este
informe se incluyd en el articulo final, proporcionando una vision completa y
consistente del impacto de las diferentes condiciones de preparacion de las muestras en
sus propiedades épticas.

5. Contrastacion de resultados: Para garantizar la validez y la integridad de nuestros
hallazgos, los resultados de la caracterizacién 6ptica se compararon con los obtenidos
mediante otros métodos. Esta comparacidn nos permitié obtener una comprension mas
completa y robusta de la influencia del método de preparacion de las muestras en sus
propiedades finales.

Una vez concluido el manuscrito, se llevé a cabo una revision y edicion general del mismo para
garantizar su calidad y claridad.

Modificaciones o actualizaciones para inclusion en la tesis:
Sin Modificaciones. Se adjunta el articulo publicado.

Articulo 2:
Titulo: Photophysical and Photoelectrochemical Properties of CsPbBr3
Films Grown by Electrochemically Assisted Deposition

Autores: Daniel L. Gau, Daniel Ramirez, Fernando likawa, Gonzalo Riveros, Patricia Diaz,
Javier Verdugo, Gerard Nufiez, Susy Lizama, Pamela Lazo, Enrique A. Dalchiele, Lidia
Contreras, JesUs ldigoras, Juan A. Anta, Ricardo E. Marotti.

Correos electrénicos de los co-autores:
daniel.ramirez@uv.cl
iikawa@ifi.unicamp.br


mailto:daniel.ramirez@uv.cl

gonzalo.riveros@uv.cl
patriciaediazg@gmail.com
javearO5@hotmail.com
gerard.nunez@alumnos.uv.cl
SUSY.LIZAMA@alumnos.uv.cl
pamela.lazo@uv.cl
dalchiel@fing.edu.uy
lidia.contreras@icmse.csic.es
jesusidigoras@hotmail.com
anta@upo.es
khamul@fing.edu.uy

Referencia bibliografica: D. L. Gau, D. Ramirez, F. likawa, G. Riveros, P. Diaz, J. Verdugo,
G. Nufez, S. Lizama, P. Lazo, E. A. Dalchiele, L. Contreras, J. Idigoras, J. Anta, R. E. Maraotti,
ChemPhysChem 2022, 23, e202200286.

DOI: 10.1002/CPHC.202200286
Estatus: publicado
Contribuciones del autor de la tesis:

1. Reuvision exhaustiva de la literatura: Nuestro trabajo se inicié con una amplia revision
de la literatura existente sobre las propiedades Opticas de perovskitas a bajas
temperaturas. Esta investigaciobn nos permitié establecer una sélida base de
conocimientos y comprender el estado actual de este campo especifico.

2. Disefio y realizacion de mediciones experimentales: Se llevaron a cabo mediciones de
espectros de absorcion y fotoluminiscencia en funcion de la temperatura en varias
muestras seleccionadas. Dado que este tipo de mediciones no se habian realizado
previamente en nuestro grupo de investigacion, fue necesario disefiar un dispositivo
experimental adecuado.

3. Ampliacion de la rutina de anélisis: Para analizar los datos obtenidos, se extendio la
rutina de analisis mencionada anteriormente para incluir la dependencia de las
propiedades Opticas con la temperatura. Esta ampliacion permitié un analisis mas
completo, sistematico y detallado de los datos experimentales.

4. Complemento con medidas fotoelectroquimicas: EI Dr. Ramirez aport6 sus resultados
de medidas fotoelectroquimicas, que sirvieron como complemento a los datos
experimentales obtenidos por métodos épticos. Una vez concluido el anélisis de los
datos experimentales y los resultados fotoelectroquimicos, se llevdé a cabo una
interpretacion conjunta para obtener una vision global de los procesos fundamentales
responsables de las propiedades Opticas de las perovskitas a bajas temperaturas. Este
proceso de interpretacion fue esencial para comprender en profundidad los fendmenos
observados.


mailto:gonzalo.riveros@uv.cl
mailto:patriciaediazg@gmail.com
mailto:javear05@hotmail.com
mailto:gerard.nunez@alumnos.uv.cl
mailto:SUSY.LIZAMA@alumnos.uv.cl
mailto:pamela.lazo@uv.cl
mailto:dalchiel@fing.edu.uy
mailto:lidia.contreras@icmse.csic.es
mailto:jesusidigoras@hotmail.com
mailto:anta@upo.es
mailto:khamul@fing.edu.uy

5. Eneste trabajo también fui el encargado de redactar el manuscrito inicial y de la edicion
para obtener el documento final que fue luego publicado.

Modificaciones o actualizaciones para inclusion en la tesis:
Sin Modificaciones. Se adjunta el articulo publicado.

Acrticulo 3:

Titulo: Origin of photoluminescence and experimental determination
of exciton binding energy, exciton-phonon interaction, and urbach
energy in y-CsPbls nanoparticles.

Autores: Daniel L. Gau, Isabel Galain, lvana Aguiar, Ricardo E. Marotti
Correos electronicos de los co-autores:

igalain@fq.edu.uy
laguiar@fg.edu.uy
khamul@fing.edu.uy

Referencia bibliogréfica: D. L. Gau, I. Galain, I. Aguiar, R. E. Marotti, J. Lumin. 2023, 257,
119765.

DOI: 10.1016/J.JLUMIN.2023.119765
Estatus: publicado
Contribuciones del autor de la tesis:

1. Conceptualizacion de la idea central del trabajo y su relevancia en el campo de las
perovskitas.

2. Medicion de propiedades Opticas y difraccion de rayos X: Se realizaron mediciones de
espectros de absorcion, fotoluminiscencia en funcion de la temperatura y difraccion de
rayos X a temperature ambiente. Estos analisis fueron realizados en varias muestras
para lograr optimizar sus propiedades dpticas, composicion, morfologia y estabilidad.

3. Analisis de los resultados de propiedades Opticas: Se realiz6 un analisis exhaustivo de
los resultados de las mediciones de propiedades dpticas en funcion de la temperatura.
Utilizando las rutinas de analisis mencionadas en el trabajo anterior.

4. También se participo activamente en la interpretacion de los difractogramas obtenidos
por la difraccion de rayos X y en el analisis de imagenes de microscopia electrénica de
alta resolucion (HRTEM). Esta colaboracion fue esencial para comprender la estructura
y morfologia de las perovskitas estudiadas.

5. Redaccion y preparacion del manuscrito para su publicacion.

Modificaciones o actualizaciones para inclusion en la tesis:
Sin Modificaciones. Se adjunta el articulo publicado.



Low Temperature Optical Characterization of Inorganic Lead Halide Perovskites

1 Introduction

1.1
1.2
13
14

1.5
1.6
1.7

SEMICONAUCEOr PRYSICS .......ooooiiiiiiiiicccee e et e et e e e e aae e e e e ab e e e e e aneeas
Production of Photovoltaic Solar ENergy............cccooooviiiiicciiiie ettt e s
Perovskite-Based Solar Cells: The Leading Emerging Technology............ccccceeecivieiiciieennns
History of perovskite-based solar cells...............cccooiriiiiiiiiiiii e
Evolution of ArchiteCture......cceeuueeiiiiiiiiiiiciiniinrrr s
Description of the Most Used Architecture in PSCS ........ccccciiiieeiiireeenciirenencceneneneesrenessesnennnes
Most used perovskite solar cell Architecture ........ccceuecieieeiiiierccree e e enene
Fundamental Components of Planar-architecture PSCs........cccccciteiiieeierenniieecrenncerencceeenenenns
Colloidal NANOCIYSTalS..........ccuviiiiiiiie e e e e s s sabe e e e s snbaeeesnsreeeeas
BeYONd SOIAr CellS .........oooiiiiieiiciiiee ettt e et e e e s b te e e e sbee e e e snraeessnraeeesanes
CRAIIENEES. ........ooeeeeeee et e et e e e et e e e e ata e e e s aaaeeeessaeeeensaeeeentaeeeennseneeans
Degradation/Stability ........ceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeerereeerereeeeseeeresssessesssssssssrssssssssssessse
TOXICITY 1ieuiieiiiniirniitniieeeteernereteeetteestesstassrnssrnsernssesssessrasernserasessssesssasssasssnsssnsssnssenssenssanennnes

0= (=] =] 4 (=L TP URRTRURRRR

2 Fundamental Properties of Perovskites

2.1
2.2
2.3

24

2.5

2.6
2.7

2.8

2.9

2.10
2.11

BaCKBIOUNG ..ot e et e e et e e e e e bt e e e e ebteeesebteeeeenbeaeeeeseneaeannes
Dielectric FUNCEION ......cooiiiiiieee ettt st st as
EXCIEONS......oeiiiiieit ettt st e st e s e s b e e e sab e s be e e re e e s b e e e nnree s
Broadening Effects in @XCitonic lINES .....cccereeiiiiiiiiiireniiieierecrreerreeereneerensesenseeraseensneranes
Excitons In Metal Halide Perovskites ..........eeeeeeeeeeeememmimmememememniemeiemeeimiiiieeeeieeeeeeeee.
PRONONS ...ttt b e s at e st e et e e s b e e s bt e sat e st e et e e b e e bt e saeesaeeeanean
Elliot Formula: Excitonic Effects in the Absorption Spectra
Absorption of Excitonic Semiconductors and Elliot Formula.........c...ccoriveiiiiiieciniienccnneenneens
Temperature Dependence of Bandgap Energy in Leak-Halide Perovskites..........................
PhOtOIUMINESCENCE ...ttt st st e st s bae e sabeesbeeesabee s
Excitons and Photoluminescence: Arrhenius Plot..............cuueeeeeeeereeeeieeneneneeeeeeeeeneeeeeeeeeeeennnn
STOKES SRt ... ..ottt ettt st sttt
EXCiton Thermalization ..........eeeeeeeeemmieieieimieiiiiieieieitieieieieieieeeieeeeeeeeseseseeeereesesesesessssssssssenes
Excitation-power dependence of Photoluminescence.............cccceeviiiiiiiciiee e
Urbach Tail.......ooeoieeee et st e
Charge Carrier DYNAMICS............cooiiiiiieciiieeec et e e e e e e e e e e e e s eanb e e a e e e e e s e s nnraaaeeeeaeennns

[ L= L= =T Lol =C T

3 Experimental Results

3.1

LYo Tg Qe (=2 ol T AT o PP

Page3



3.2

33

3.4

3.5

3.6

4.1

4.2

Low Temperature Optical Characterization of Inorganic Lead Halide Perovskites

EXPErimeNntal SELUP ........ooiiiiiie et e e e e et e e e e b a e e e e e bea e e e saraeeeeanes 55

[ L= L= =T Tl =L N 56

Electrochemically Assisted Growth of CsPbBr; Based Solar Cells Without Selective
CONTACTS ...ttt e e e et e e e e e e e e e bt e e e e e s e s s nnbeateeeeeseaannbaneeeeeeeenan 57

Photophysical and Photoelectrochemical Properties of CsPbBr; Films Grown by
Electrochemically Assisted DepoSition...............ccceeiiiiiiiiiiiiiiii e 71

Origin of Photoluminescence and Experimental Determination of Exciton Binding Energy,
Exciton-Phonon interaction and Urbach Energy in y-CsPbl; nanoparticles........................... 87

Light-Induced Self-assembly and Effect of Amorphization in Photoluminescence Spectra of
V-CSPBI3 NANOCKYSTaAlS. ........oooiiiiiiiiee et e et re e e e e e e e eeareeas 103

Work in Progress
Evidence of Excitonic Localization in y-CsPbI3 Nanoparticles Revealed by

Photoluminescence SPEeCrOSCOPY. ........cuiiviiiiiiiiiiieeecitie e ecitee e et e e e sre e e s stre e e e sareeesssaeaeeas 118
Excitonic behavior in stoichiometric and non- stoichiometric CsPbBr; thin films.............. 126
Discussion

WOTRK SUMMANY ...ttt e e e e e ettt e e e et e e e e e ate e e e eaasaeeeeansaeeesansaeeeeanssneanan 135

Page4



Low Temperature Optical Characterization of Inorganic Lead Halide Perovskites

Page5



Low Temperature Optical Characterization of Inorganic Lead Halide Perovskites

Work Summary

This doctoral thesis delves into the fundamental properties of perovskites, which have rapidly
emerged as one of the most active fields of study in the solid-state community over the past decade.
Perovskites, having the distinctive ABXs; crystal structure, are the first solution-processed
semiconductors capable of matching the properties of conventional semiconductors. Their
exceptional properties have paved the way for the development of highly efficient perovskite-based
devices in record time. However, many of perovskites' fundamental properties remain a mystery,
inhibiting further device development and commercialization. Therefore, the aim of this work is to
perform an extensive exploration of the fundamental properties of inorganic perovskite materials,
including CsPbBr; thin films and y-CsPbls nanoparticles, using advanced temperature dependent
spectroscopic techniques as continuous wave photoluminescence and transmittance. Through these
techniques, we conducted a detailed study of the excitonic properties in perovskites, resulting in the
extraction of key parameters like Stokes shift, exciton binding energy, exciton-phonon interaction
energy and Urbach energy in both systems. The knowledge of these properties is of vital importance
for the implementation of perovskite-based devices. Besides that, an in-depth study of the previously
mentioned properties allowed us to develop a comprehensive, yet straightforward model to elucidate
absorption and emission mechanisms, considering the strong excitonic properties of perovskites. We
expect that our model serves as a crucial tool for deciphering the complex correlations between
optoelectronic properties, device efficiency, and stability, as these parameters can be influenced by
excitonic properties. The stability issue is of particular importance in perovskite-based devices, since
the short durability is nowadays the biggest obstacle for commercialization in perovskite-based
devices. As an efficient, affordable, and solution-processable material, perovskites have shown
promising capabilities in transforming the solar energy sector, thus holding great potential for the
decarbonization of our energy generation matrix.

To demonstrate the usefulness of the mentioned model we investigated, using temperature
dependent spectroscopic techniques the effects of the amorphization process during the self-
assembly of y-CsPbls; nanoparticles into nanorods under illumination from a solar simulator. The light-
induced self-assembly process in these perovskites is a phenomenon that, to the best of our
knowledge, has not been previously reported in the literature. This process is also highly interesting
from the fundamental point of view since it can hold the key to a better understand of surface
properties of perovskites and as a new route for the synthesis of more complex nanostructures.
Further, we also applied our model to explore the impact of secondary phases in non-stoichiometric
CsPbBr; thin films in the optoelectronic properties of thin films.

In summary, this doctoral thesis offers valuable insights into the fundamental properties of
perovskites, and it also presents a novel, comprehensive model for understanding the underlying
mechanisms governing perovskite optoelectronic behavior.
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Resumen del Trabajo

Esta tesis doctoral profundiza en las propiedades fundamentales de las perovskitas, que han emergido
rapidamente como uno de los campos de estudio mas activos en la comunidad de estado sdlido
durante la dltima década. Las perovskitas, con su distintiva estructura cristalina ABXs, son los primeros
semiconductores procesados en solucidon capaces de igualar las propiedades de los semiconductores
convencionales. Sus propiedades excepcionales han allanado el camino para el desarrollo de
dispositivos basados en perovskitas de alta eficiencia en tiempo récord. Sin embargo, muchas de las
propiedades fundamentales de las perovskitas siguen siendo un misterio, inhibiendo el desarrolloy la
comercializacién de dispositivos adicionales. Por lo tanto, el objetivo de este trabajo es realizar una
exploracién extensa de las propiedades fundamentales de perovskitas inorgdnicas, incluyendo
peliculas delgadas de CsPbBrs; y nanoparticulas de y-CsPbls, utilizando técnicas espectroscdpicas
avanzadas dependientes de la temperatura como fotoluminiscencia de onda continua y transmitancia.
A través de estas técnicas, realizamos un estudio detallado de las propiedades exciténicas en
perovskitas, lo que resultd en la extraccidn de pardmetros clave como el desplazamiento de Stokes, la
energia de ligaciéon de excitdn, la energia de interaccion exciton-fondn y la energia de Urbach en
ambos sistemas. El conocimiento de estas propiedades es de vital importancia para la implementacion
de dispositivos basados en perovskitas. Ademds, un estudio profundo de las propiedades
mencionadas anteriormente nos permitié desarrollar un modelo comprensible, pero sencillo, para
dilucidar los mecanismos de absorcidn y emisién, considerando las fuertes propiedades excitdnicas de
las perovskitas. Esperamos que nuestro modelo sirva como una herramienta crucial para descifrar las
complejas correlaciones entre las propiedades optoelectrdnicas, la eficiencia del dispositivo y la
estabilidad, ya que estos pardmetros pueden ser influenciados por las propiedades exciténicas. La
cuestion de la estabilidad es de particular importancia en los dispositivos basados en perovskitas, ya
que la corta durabilidad es en la actualidad el mayor obstdculo para la comercializacidn de dispositivos
basados en perovskitas. Como material eficiente, asequible y procesable por solucién, las perovskitas
han demostrado capacidades prometedoras en la transformacidn del sector de la energia solar, por lo
tanto, tienen un gran potencial para la descarbonizacién de nuestra matriz de generacion de energia.

Para demostrar la utilidad del modelo mencionado, investigamos, utilizando técnicas
espectroscdpicas dependientes de la temperatura, los efectos del proceso de amorfizacion durante el
autoensamblaje de las nanoparticulas de y-CsPbls en nanovarillas bajo la iluminacion de un simulador
solar. El proceso de autoensamblaje inducido por la luz en estas perovskitas es un fendémeno que,
hasta donde sabemos, no ha sido previamente reportado en la literatura. Este proceso es también
altamente interesante desde el punto de vista fundamental ya que puede contener la clave para una
mejor comprension de las propiedades de superficie de las perovskitas y como una nueva ruta para la
sintesis de nanoestructuras mas complejas. Ademas, también aplicamos nuestro modelo para
explorar el impacto de las fases secundarias en las peliculas delgadas no estequiométricas de CsPbBr;
en las propiedades optoelectrdnicas de las peliculas delgadas.

En resumen, esta tesis doctoral ofrece valiosas percepciones sobre las propiedades fundamentales de
las perovskitas, y también presenta un modelo novedoso y completo para entender los mecanismos
subyacentes que rigen el comportamiento optoelectrdnico de la perovskita.
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1: Introduction

1.1. Semiconductor Physics

The development stage of a civilization is determined by the type of materials it has learned to master.
Thus, the stone age man defended himself using spears, bows and arrows and other technologies that we
would today call rudimentary. However, at that time these represented the cutting-edge technology.
Thanks to these technologies, primitive man was able to make modifications to his environment with the
aim of more easily satisfying his needs, thereby increasing his chances of survival. Later, the mastery of
the use of metals began, allowing the manufacture of increasingly sophisticated and useful tools. The
mastery of metals allowed the manufacture of steam machines, which were the foundation of the first
industrial revolution. In the 20th century, if we look at it from the point of view of Solid State Physics (SSP),
we see one of the greatest revolutions in history. This revolution was based on the previous development
of semiconductor physics, which made the birth of the silicon industry possible. This industry is nowadays
considered one of the most important technologically worldwide affecting technology and geopolitics, as
we recently saw in the shortage of semiconductor chips. In the early stages of development of the silicon
industry, in the 1960s, the first commercial transistors were implemented. Over time, the manufacturing
techniques were optimized, allowing for increasingly high levels of integration in integrated circuits. This
integration has been evolving sustainably, giving rise to what we now call Moore's Law (which is actually
an empirical law) named after Gordon Moore, co-founder of Fairchild Semiconductor and Intel, the first
to observe that the number of transistors in a dense integrated circuit doubles every two years.
Integration is at the base of the computer revolution of the last century and is also what has allowed the
implementation of devices with functionalities that only appeared in science fiction books 50 years ago.

The field of Semiconductor Physics has been highly active both in terms of fundamental and applied
physics since its inception. Thanks to advances in this area many scientific truths have been discovered
allowing us to better understand the world around us. Besides that, it is also thanks to this activity that
recent innovation as LEDs (Light Emitting Devices) flat screens with high definitions and new
functionalities such as touch screens. When looking at the LEDs revolution we also see another
characteristic of innovation in Solid State Physics: the short time frame between a revolution in the field
and its real impact on industry resulting in the emergence of new and better products. In 2014, Isamu
Akasaki, Hiroshi Amano, and Shuji Nakamura received the Nobel Prize in Physics for their development of
the blue LED in 1986. This sparked a revolution in lighting technologies, leading to the commercialization
of LED lamps in the early 21st century, which quickly dominated the market. This resulted in a significant
decrease in the amount of energy used for lighting and opened the door for new functionalities in the
lighting area.

The search for increasingly better materials for the development of new technologies is far from over. On
the contrary, this is one of the most active fields in science globally. Currently, some of the intensively
worked topics within solid-state physics are:

¢ Solid-State Batteries
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¢ Polymer Development

¢ Photovoltaic Solar Cells

¢ Devices for producing hydrogen from water

¢ Two-dimensional materials

¢ Superconductors

e Quantum Materials

¢ Implementation of solid-state qubits for quantum computers

¢ Implementation of systems for photonic, phononic, plasmonic, spintronic, and other systems

One of the main motivations guiding the evolution of devices is to mitigate the effects of climate change
and meet the goals set by the IPCC (Intergovernmental Panel for Climate Change). For this reason, there
is particularly intense research in the development of new materials for photovoltaic solar energy
production.

1.2. Production of Photovoltaic Solar Energy

According to the recent report by the Intergovernmental Panel on Climate Change (IPCC), there is ample
evidence that unprecedented changes are currently taking place in the Earth's climate system. These
changes are caused by the increasing concentration of CO, and other greenhouse gases in the
atmosphere. In particular, it has been shown that changes in the climate system tend to increase the
likelihood of extreme weather events, which in turn impact the global economy, human health, and
ecosystems!Y. Fortunately, the report also demonstrates that human actions can still determine the future
of the climate, and if a substantial and sustained reduction of such emissions is achieved, the impact of
climate change could be significantly mitigated!?. Based on the latest results, reducing the impacts of
climate change requires a reduction of greenhouse gas emissions between 40% and 70% by 2050. One of
the necessary measures to achieve the IPCC's goals is a rapid and profound transformation of the energy
generation matrix. Since solar energy is an abundant resource on the Earth's surface, photovoltaic solar
energy is one of the major candidates to play a crucial role in the decarbonization of energy production®4,
To achieve a deeper penetration of photovoltaics in the energy matrix, it is essential to develop more
efficient photovoltaic solar cells that can be produced at a lower cost.

Photovoltaic Solar Cells currently play a dominant role in semiconductor physics research. These
technologies are currently the ones with the highest growth rate due to their low production cost (which
can still be lowered further) and low carbon footprint!. It has also been proven that the deployment of
photovoltaic technologies has positive impacts on the economy, health, and climate. Furthermore, since
solar energy is the most equitably distributed form of energy, the deployment of photovoltaic
technologies will have a positive geopolitical impact by reducing the dependence on energy imports and
concentration.

The current market for photovoltaic solar cells is dominated by silicon-based technologies®™. Given the
indirect character of absorption of photons in silicon the presence of defects in structure has a very
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negative impact on the performance of silicon-based devices. For this reason, large amounts of high-purity
silicon must be used to produce silicon cells. This increases their cost and makes their mass production
difficult, thus limiting the possibility of a rapid deployment of this technology. However, thanks to intense
work by the scientific community over the last few decades, production methods have been optimized to
the point where it is now possible to manufacture photovoltaic solar cells with competitive production
costs. In addition, the commercial panels available today have a lifespan of 25 years, and some are
expected to last even up to 40 years. We can therefore say that silicon-based technologies are a reliable
and mature technology. This leadership can be seen in the fact that the thanks to silicon the first Terawatt
of installed photovoltaic solar energy production capacity was achieved in 2022, beating any prediction.
Given the significant advancement of silicon-based technologies, it's challenging for emerging
technologies to play a significant role in the photovoltaic solar energy production market. However, during
the 2010s, a new technology, perovskite-based solar cells, has garnered attention from both the scientific
community and the industry. This is because these cells can be manufactured with efficiencies comparable
to silicon while offering lower production costs and requiring significantly less energy to produce. In fact,
these cells can be synthesized through solution-based methods at low temperatures (~100°C).

1.3. Perovskite-Based Solar Cells: The Leading Emerging
Technology

Since the 90’s, when commercial Si cells seemed unattainable due to their high cost, there has been
intense research into new technologies for photovoltaic solar energy production. This is how dye
sensitized solar cells (DSSCs) were born. This technology initially sparked great interest but their efficiency
could not be increased beyond 13% (Figure 2). Nevertheless, DSSCs gave rise to what we now know as
Perovskite Cells. Currently, perovskite cells made of are one of the most promising technologies to
challenge silicon's dominance. In perovskite-based cells the absorbing layer has a crystalline structure with
the structure ABXs. A wide variety of materials have this structure, but in the context of this work, when
the term perovskite is used, it will refer to metal halide perovskites (MHPs). In this particular type of

material, A is formed by fragments such as methylammonium (MA*: [CH3NH3]+) or formamidinium (FA*:
[CH(NH>)2]*) organics, inorganics like cesium (Cs*), or a mixture of these, B is a divalent metal cation like
lead (Pb**) or tin (Sn**), and X is a halide such as chloride (ClI"), bromide (Br’), iodide (I"), or a combination
of these”!,
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Figure 1: Perovskite cubic structure.

Considering a solid spheres model where the radius of ions A, B and X is represented by R4, Rg and Ry
respectively, the formation of a compound with perovskite structure is determined by the Goldschmidt
tolerance factor defined as

. _RatRy
V2(Rg + Ry)

When 0.81 < t < 1.1 the formation of a perovskite structure can be expected. Besides that, if 0.9 <t < 1.0
a cubic structure is likely and if 0.81 <t < 0.9 a it is more probable to obtain a tetragonal structure®®.

It has been shown that it is possible to produce MHPs with energy conversion efficiencies similar to silicon
technologies, but at a fraction of their cost and with much lower technological requirements enabling
local production of devices'®.

1.4. History of perovskite-based solar cells

Since its invention at Bell Labs in 1954, it took Silicon solar cells almost fifty years to reach an efficiency of
25%. Perovskite-based solar cells achieved the same in just over ten years (Figure 2), thanks to a
combination of advancements in cell architecture, deposition methods, and understanding of the
fundamental processes responsible for their properties. Despite this unprecedented progress, the
commercialization of perovskite devices is currently strongly hindered mainly due to stability issues and
concerns about the toxicity of the materials used (mainly Lead-Pb).
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Figure 2: Evolution of efficiency in diferet Solar Cells technologies: silicon (black cubes) Dye Sensitized Solar Cells (red triangles)
and Perovskties (blue rombuses). Data obtained from the National Renewable Energy Laboratory webpage
https://www.nrel.gov/pv/cell-efficiency.html.

Evolution of Architecture

Interest in lead halide perovskites started in the late 90s with the work of Mitzi and collaborators. In this
initial work, the optoelectronic properties of hybrid perovskites showed strong excitonic influence!*®.
Although the researchers suggested that perovskites could be used for the manufacture of LEDs or solar
cells, they did not continue with the work. Later, in search of an alternative to the organic inks used in
Gratzel cells, Miyasaka and collaborators implemented a solar cell with an architecture similar to that used
in DSSCs that had a power conversion efficiency (PCE) of 3.8%**. Although this was the first report on the
photovoltaic effect in perovskites, the device degraded rapidly due to the presence of a liquid electrolyte,
which dissolved the perovskite layer. A major breakthrough in the development of perovskite solar cells
was achieved in 2012 when a complete solid-state PSC was implemented for the first time, replacing the
liquid electrolyte with Spiro-OMeTAD hole transporting layer (HTL)*?. The elimination of the liquid
electrolyte made the devices more efficient and significantly increased their durability, surpassing 500
hours for the first time. The next step was achieved by Burschka and his collaborators, who introduced
the first flat architecture PSC with a PCE of 15%*3l. Another major contribution was presented in 2015
with the introduction of a FAPbls an absorbing layer in a flat PSC*¥. This step was crucial in further
increasing the stability of the devices.
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Description of the Most Used Architecture in PSCs

A solar cell is a device that generates an electric current (moving electrons) by absorbing sunlight
(photons) that strikes its surface. For this to be possible, several processes must occur:

1. Absorption of an incoming photon and subsequent production and separation of an electron-hole
pair, which will be the charge carriers that generate the electric current.

2. The charge carriers must migrate to reach the opposite contacts that connect the cell to the
external circuit. During this trip, several mechanisms such as dispersion and recombination can
occur, causing the carrier not to reach the contacts, as well as other causes of energy loss.

It is also important to highlight that for a charge carrier, crossing the interface between one material and
another is a process that can lead to recombination of carriers hence limiting transport of carriers, and
energy loss. Therefore, in the design and implementation of a solar cell, not only the movement of the
charge carriers within the materials should be considered, but also the behavior of the carriers when
passing from one material to another. It is also important to note that much of the progress that is
currently being made in increasing the efficiency of solar cells is in the optimization of these interfaces.
To continue with this positive trend in the efficiency of perovskite-based solar cells it is important to
understand the fundamental processes of charge carrier generation and dynamics within devices.

Most used perovskite solar cell Architecture

Absorption of incoming sunlight and subsequent production and separation of an electron-hole pair,
which become the charge carriers that generate the electrical current. The charge carriers must travel to
the opposite contacts that connect the solar cell to the external circuit. During this journey, various
phenomena such as scattering and recombination can occur, causing the charge carrier to not reach the
contacts and resulting in other energy losses.

A

Electrons

<L:I

e

F
o

Energy E

HTL

Holes

TCO Metal

Figure 3: Basic structure of a planar perovskite solar cell. Main components from left to right are Transparent Conductive Oxide
(TCO), Electron Transport Layer (ETL) Absorbing Perovskite Layer, Hole Transporting Layer (HTL) and Metallic Cathode.
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Fundamental Components of Planar-architecture PSCs

As previously mentioned, perovskite-based cells have evolved their architecture over time. Currently, all
cells with the highest energy conversion efficiency have a planar architecture, as shown in Figure 3,
composed of 5 layers:

1. Metallic cathode

2. Hole transport layer (HTL)

3. Absorbing perovskite layer

4. Electron transport layer (ETL)

5. Transparent conductive oxide (TCO)

The function of the metallic cathode and the transparent conductive oxide is to extract the
holes/electrons generated by light absorption, thus allowing a current to be established by the charge
connected to the cell. Additionally, the conductive oxide also acts as a window, allowing incoming incident
solar radiation to enter and be absorbed by the absorbing layer. The absorbing layer, which in LHP is
formed by the perovskite, has the function of producing charge carriers from the absorption of photons
with energy greater than the material's bandgap. Finally, the electron/hole transport layers act as
interfaces between the absorbing layer and the electrodes, and separate the charges generated in the
perovskite. Usually when the working principle of solar cells are discussed electrons and holes are
considered as noninteracting. This is usually true, but they also can remain bounded forming an hydrogen-
like state called an exciton. The study of the fundamental properties of excitons and the interactions with
lattice vibrations (phonons) are the main topics of study of the present work.

1.5. Colloidal Nanocrystals

Colloidal nanocrystals, defined as particles with a characteristic size smaller than 100 nm, have been an
extremely active field of research since the 80s. The study of these systems has allowed the scientific
comunity to understand a great number of fundamental phenomena that determine the properties of
materials. In particular, the production of nanoperovskites (NPKs) has had a highly important evolution
since its first report in 2015, In this seminal work, it was demonstrated that the properties of NPKs can
be tuned through quantum confinement and composition. Later, it was shown that the properties can
also be tuned by modifying the adsorbed ligands on the surface of NPKs!*®\. The abundant research in
subsequent years has made it possible to obtain nanocrystals of great quality and to have great control
over their size and shape. The most used methods for their production are Hot-Injection and Ligand-
assisted Reprecipitation (LARP). With these methods, NPKs form an ink from which excellent quality films
can be fabricated (coating and drying process) or can be used as a sensitizing material in devices, such as
quantum dot solar cells (QDSCs). This has the advantage of decoupling the synthesis of the crystal and the
formation of the film, thus allowing greater control over the formation of the crystals. The efficiency of
QDSCs has advanced very quickly since its first report in the mid-2000s, making this technology very
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promising today. Notably, today's energy conversion record in QDSC architecture, which stands at 16.6%,
was achieved by a device that used NPKs (CsPbls) as a sensitizing materiall*®’. Although the progress in the
evolution of these devices has been surprising, QDSCs still need to overcome many challenges before they
can have a real impact on commercial devices. One of these problems is determined by the method of
charge carrier conduction, called Hopping, in which generated charge carriers must jump from one
nanocrystal to the next, resulting in low charge mobility and low carrier extraction. To solve this problem,
it is necessary to continue research in the physical chemistry of the ligands, their role in stabilizing the
nanostructures, and in understanding the fundamental processes that allow adsorption of these on the
surface of NPKs.

1.6. Beyond solar cells

The success of perovskites in the field of photovoltaic solar cells is closely linked to the fundamental
properties of these materials. The study of perovskites fundamental properties has surged in the past
decade, leading to the discovery of their high absorption coefficient, large carrier diffusion lengths, high
robustness to defect formation, and ease of adjusting the optical absorption edge by either varying the
composition of the samples or by quantum confinement effects in nanoparticles. The discovery of these
properties quickly made it evident that perovskites have the appropriate characteristics for the
manufacture of other devices such as lasers, LEDs, detectors, scintillators, photocatalytic devices, and
unique photon emitters, among others. Although perovskite-based devices are still in their early stages of
development, the progress made to date is extremely encouraging and they are likely to reach the market
in the next decade.

1.7. Challenges

While significant progress has been made in the development of perovskite-based photovoltaic solar cells
over the past decade, they are still far from reaching the market. This is due to two factors that will be
discussed below!”,

Degradation/Stability

Real devices are generally exposed to adverse environmental conditions such as thermal stress, humidity,
and high lighting intensity. Therefore, to achieve the commercialization of perovskite-based devices, these
problems must be solved. For a technology to be effectively adopted in the market, it is necessary to offer
consumers a durable product. For example, commercial silicon cells guarantee a life span of about 25
years with a decrease in performance of 15%. In the case of perovskites, the maximum duration of a
perovskite cell documented to date has been 100 days under standard one sun illumination at 55°C!8!,
This may not seem like much, but it should also be considered that the first devices manufactured only
had a life of a few minutes. It should also be noted that there are already several strategies for achieving
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greater stability with encapsulation being the most successful. It should also be considered that these
extra treatments/processes to which the sample must be subjected can considerably increase production
costs and make the optimization process more complex because there are more materials and interfaces
to design/deposit.

Toxicity

The presence of Pb in the absorbing layers presents a problem for achieving wider adoption of perovskite-
based devices. This concern is well founded, as this metal is highly toxic and has been the cause of a major
environmental problem during the 60s whose consequences are still palpable!*®!. However, it has been
demonstrated that the Pb content in perovskites is very low (0.4 g/m2), considerably lower than that used
for soldering commercial Si photovoltaic panels. In addition, encapsulation techniques can be used to
prevent lead from escaping from a damaged panel?®?!], So, although the presence of Pb can be considered
a non-fundamental flaw and it is possible to imagine Pb-based technologies in the market with adequate
regulation, Pb-free alternatives would certainly be better. To achieve the ideal of perovskite-lead-free
devices the scientific community is currently exploring different alternatives, among which we highlight:

1. The possibility of using a less toxic metal cation by completely or partially replacing the Pb cation
with other metals such as Sny*, Sns*, Gey*, Cuy®, Bis* and Sbs*. With these materials, it is currently
possible to obtain solar cells with an efficiency of 14.35%. However, devices based on these
materials are still far from being commercialized.

2. Use of double perovskites (elpasolite structure): these materials are characterized by the
A;M*Ms*Xe structure, they are a great family of innovative lead-free perovskites. However, these
crystals are very difficult to process.
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2. Fundamental Properties of
Perovskites

2.1.  Background

The outstanding success of lead halide perovskites in the development of the new generation of
solar cells has put this family of materials in the forefront of optoelectronic materials research. This
intense research activity has allowed not only to reach a 26.6 PCE in perovskite based solar cells in
2022, but also to unveil many outstanding properties in perovskites that make them ideal candidates
to build a new generation of optoelectronic devices as LEDs(!-3], lasers*7,radiation detectors(®-1!]
and COz2 reduction devices (1213114 among others. The great success achieved by perovskites in the
last decade is attributed to several outstanding properties as a direct bandgap (tunable in the visible
spectrum varying their composition)!”, long charge carriers diffusion length'¢17), low Urbach
energies'® and high absorption coefficient!!>?. Besides that, defects states are shallow (close to the
band edge) which is produced by the electronic nature of conduction and valence bands. Valence
band maximum and conduction band minimum are formed from the Pb-6s and I-5p atomic orbitals
and the Pb-6p and I-5p orbitals respectively, which are both antibonding?'??, in contrast to what
happens in semiconductors as CdSe and GaAs. Defect tolerance in perovskites makes it possible to
reach low levels of nonradiative recombination despite high densities of traps states (that can be
several orders of magnitude higher than the ones present in traditional semiconductors as Si or
GaAs). Despite that, defects do play a crucial role in charge-carrier transport and as nonradiative
recombination centers responsible for devices efficiencies and stability. In fact, the most recent
advances in the race to increase the efficiency of perovskite-based solar cells were only possible
thanks to the development of new passivation techniques. In similar fashion, defects produced by
the removal of ligands and surface halides strongly influence the quantum yield (QY) in colloidal

perovskite nanoparticles.

Remarkably, the outstanding properties that make perovskite-based devices possible are obtained
in solution-processed absorber/emitter layers, in stark contrast to classical semiconductors such as
GaAs, CdS, InP that are usually prepared using complex processes as epitaxial growth. The
simplicity of preparation also makes perovskite-based devices potentially cheaper and able to be
manufactured locally in medium sized facilities(??].

To date the most studied lead halide perovskites are the ones with A cation formed by an organic
molecule, typically Methylammonium (MA=CH3NHs) and that are normally named hybrid. The
organic component introduces instabilities in devices given by external factors as high temperature
(24 electric fields %), moisture 7281, UV radiation *3! and photo-oxidation (3233 which are
common in real life device operation conditions. This is seen as an obstacle to obtaining commercial
perovskite-based devices. Inorganic perovskites, that change the organic cation by Cs, have been
proposed as an alternative. Experimental results consistently show that inorganic perovskites retain
the desirable properties of hybrid perovskites while allowing a higher stability[3+3.
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The most studied inorganic perovskites are CsPbBrs and CsPbls. Since the first report of the
synthesis of these materials in the form of nanoparticles a great effort from the scientific community
has allowed to vary the morphology of the nanostructures obtaining nanocubes, nanorods,
nanoplatelets, nanosheets between others!. It has also been possible to lower reaction
temperatures and to engineer surface properties by changing ligands and precursors. Previously
mentioned studies also allowed us to conclude that the optical and electronic properties of these
materials are strongly dependent on their dimensionality. This feature is highly desirable for the
design of optoelectronic devices. It has been experimentally proven that reducing the
dimensionality in perovskites allows to obtain high photoluminescence quantum yield (PLQY)
without the need of core-shell structures as in the case of classical semiconductors. For all these
reasons, and many others, inorganic CsPbXs perovskites are nowadays at the forefront of materials
for the development of a new generation of optoelectronic devices.

Despite the great progress made in the last decade a lot is still unknown about perovskites. This is
particularly notable in the identification of the fundamental processes behind the properties that
make perovskites such good candidates for the implementation of devices. More precisely in the
case of optoelectronic properties it is of great importance to have a deep understanding of the
photogenerated species, their lifetimes and interaction between charge carriers and with the
semiconductor lattice. The interaction of charge carriers with phonons is particularly important
since this deeply influences charge transport, which is a fundamental parameter in the design of
optoelectronic devices. To study the fundamental properties of perovskites optical spectroscopy
techniques as transmittance and photoluminescence are a great tool“3. Moreover, the
dependence in these spectra with temperature is a great tool for studying the nature of charge
carriers and the fundamental process of interaction with lattice vibrations. It is through knowledge
of these processes that it is possible to understand how to optimize devices performance and feed

back into the material preparation process to find out the optimal synthesis conditions.
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2.2. Dielectric Function

All the optical properties of a material are condensed in the dielectric function €(w) = €,(w) +
i€;(w). The real and imaginary parts of this function are related by the Kramers-Kronig relations
(4344 This relation implies that only one of these expressions is necessary to describe the optical
properties of a particular material.

2 w'e(w) |,
er(a)) —-1= EVP_[ mdw
0
20 [ €-(w") ,

0

Where VP represents the Cauchy’s principal value of the integral.

It has been extensively reported that MHP’s present high dielectric function values in a broad
frequency range*#7l. High values of ¢ allow an effective screening of defects and charge carriers
which can negatively affect the performance of optoelectronic devices. Besides that, as will be
discussed later, it also influences the binding energies in excitons. In hybrid MHP’s the origin of
the high values in e(w) is attributed to the particular perovskite structure with flexible organic
cations in the A-sitel*8],

The temperature dependence of the dielectric function remains a complex topic within the field,
with conflicting data often reported in the literature. Nevertheless, it is usually accepted that three
primary effects contribute to the temperature dependency of the dielectric constant*’l. The first is
the decrease in the number of polarizable particles per unit volume as the temperature increases, as
these particles provide the medium for the electromagnetic interaction and their reduction
invariably impacts the permittivity of the material. Secondly, the increase of macroscopic
polarizability due to volume expansion plays a significant role. As temperature rises, materials tend
to expand, thus altering the interactions between the particles, which in turn affects the
polarizability. Lastly, the temperature dependence of the macroscopic polarizability at constant
volume is also a contributing factor. Even in a scenario where the volume is held constant, changes

in temperature can affect the ability of the material to polarize in response to an electric field.

It is important to note, however, that these three factors do not consider the influence of collective
phenomena. For instance, the formation of polarons, which are quasiparticles resulting from the
interaction between charge carriers and phonons in a crystal lattice, can induce a screening effect,

thereby reducing the dielectric constant.

Despite the importance of understanding the dielectric function in perovskites, a comprehensive
and systematic study evaluating the effect of temperature on this property remains to be
undertaken. This underlines the need for further research to unravel the complex interplay of
factors influencing the temperature-dependent dielectric function in perovskites.
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2.3.  Excitons

In a semiconductor the ground, or vacuum, state of electrons consists of a completely filled valence
band and a completely empty conduction band. This state is characterized by a total momentum
K=o, angular momentum L =0and spin S =0.The absorption of a photon with energy greater
than the bandgap excites an electron from the valence band to the conduction band, simultaneously
creating a hole (an electron vacancy) in the valence band. When this happens, we say the system is
excited. The electron and the hole are created in the same region in space and, since they have
opposite charge, they can remain bounded forming a quasiparticle called an exciton 5051, There are

two types of excitons:

e Frenkel or tightly bound excitons

¢ Wannier-Mott excitons

Frenkel excitons have very small radius (smaller than a lattice cell or molecule), and the electron-
hole systems remain strongly bound. They are usually observed in insulators and molecular
materials. Unlike Frenkel excitons Wannier excitons are delocalized and have a large radius
extending over many lattice sites in the crystal (Figure 1a). Given the electron-hole separation is
large, it is possible to consider that the system is embedded in a uniform dielectric material with its
properties determined by the average of the real structure®". In this effective mass approximation
when an electron and a hole are formed after the absorption of a photon the Coulomb interaction
between them is given by the expression
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Figure 1: a) Representation of a Wannier exciton b) dispersion relation for excitons.
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where 7, and 1, represent the positions of electron and hole respectively. In the parabolic band
approximation, the wavefunction of the exciton can be expressed as a linear combination of electron
Y, (7.) and hole wavefunctions ¥y, (73,) as®

W) = ) € (ke Wb, ()i, ()

kokn

Considering the Wannier function representation for electron (aﬁ (Fe)) and hole (aﬁ (Fh)) the
e h

previous expression can be written as

WG F) = ) ORe Ru)ag, () ag, (i)
pa

with ®(R,, Ry,) representing the exciton envelope wavefunction. This last equation follows a wave
equation given by®®?

h? 5 h2 X e?

where m, and m,, represent the effective masses of electron and hole respectively. Defining now a

coordinate for the center of mass of the system R and a relative coordinate 7" as

- m }_?) + mhi_?)h S =

R=—"*-*2—- and T =R,—Ry
me + my

Considering that the Coulomb interaction do not depend on R two equations, one for the center of

mass and other for the relative motion are obtained given by equations (1) and (2).

hZ
<——>v2 (R) = Exp(R) 1)
hzvz e? N B (7 9
(—5 ;- Ww) ¢(F) = Erp () @)

with u = ——" representing the reduced mass of the exciton.
P 8
me+mp

The total energy of the exciton E is obtained adding Er and E,. The solution to equation (1)
KZ

. . . . h
describes a free particle, whose center of mass has a kinetic energy Er = —

> » As represented by

1/}1?(}_?)) = N1/2 expil?-}_?) (3)

On the other hand, the solution to (2) can be expressed as a function of three quantum numbers n, [
and m representing the principal quantum number, the angular momentum and the magnetic

quantum number respectively.

¢nlm(?) = Rp ()Y (0, )
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Where R,;(r) is expressed in terms of the Laguerre polynomials and Y;,,(8,¢) are spherical
harmonics®?. In the case of isotropic masses E, can be expressed as a function of n only by the

expression
Ep
E.(n) = E, 2 n=123..
with Ez = 13.6 eV muez (where my is the electron rest mass) is the energy needed to ionize the
0

exciton which is usually called the Exciton Binding Energy.

The total envelope function for the exciton can now be obtained combining the previously
mentioned solutions giving as a result equation (4)

O um(R,7) = N2 exp(iR - B) Ruu(r) Yim (6, ) (4)

And the energy spectrum for the system is, as represented in Figure 1-b:

Es HK%K? (5)

Enlm = Eg —F +W n= 1,2,3,

From these results the size of the exciton in its ground level (S;) can be expressed relative to the
Bohr radius of the hydrogen atom af and the electron mass m, as

alem,
u

ag’
The radii of the excited states with ng > 1 can be considered with different levels of complexity>".
As previously mentioned in semiconductors ag® is usually much larger than the lattice constant,

what justifies the use of the effective mass approximation.

Broadening effects in excitonic lines

Ideally excitonic resonances are represented by a § — function due to momentum conservation.
However, real systems present a finite width in excitonic states that can be divided in homogeneous
and inhomogeneous broadenings®. Homogeneous broadenings are mainly originated in phonon
(optical and acoustic) scattering and any other mechanisms affecting the excitonic lifetime as
tunneling and recombination. On the other hand, the main inhomogeneous broadening sources are
interface roughness, alloy potential fluctuations, background impurity broadening and well to well

fluctuations in multi-quantum well systems>3.

Excitons in Metal Halide Perovskites:

Understanding of the excitonic properties present in perovskites is of fundamental importance for
the implementation of devices. In particular, a correct determination of Ep is crucial since for light-
emitting devices a high value of Ep is desirable given that the working principle of LEDs is based
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on the radiative recombination of excitons. So, excitons should be the dominant photoexcited specie
what can be achieved increasing Ep, what also reduces the probability of thermal dissociation. To
achieve this, nanostructured emitting layers can be important, since it has been proven that they
can increase Ep and the quantum efficiency of LEDs“l. On the other hand, perovskites with low
exciton binding energies are desirable for photovoltaic applications because dissociation of excitons
is less energetically costly. A value of Ep smaller than the thermal energy at room temperature (26
meV) is desirable, since this can ensure a high value of free carriers in solar cells. Given that a
correct determination of Ep is so important several methods as magnetoabsorption, temperature
dependence of photoluminescence intensity, optical absorption (Elliot analysis) as well as
theoretical calculations are usually employed to determine this parameter™®. It must be noted that
the measured value for Ep is usually highly dependent of the experimental method used. Besides,
it has also been proven experimentally that Ep is highly dependent on morphology®4 and quality
of samples®!. This feature of perovskites makes them suitable for different applications since this
can be used as a design parameter. In the case of perovskites the precise mechanisms determining
the measured values of Ep are under debatel>®. However, it is evident that they are determined by

the specific lattice properties.

2.4, Phonons

Similarly, to what happens with the electromagnetic waves inside a cavity, the energy in the
mechanical waves produced in the crystal lattice is quantized. This is experimentally proved by the
thermal and conduction properties of the crystalline solids which can only be understood correctly

considering phonons: the quantum of energy in the elastic waves4.

Although phonons do not really have momentum, for all practical reasons it can be considered that
their momentum is Aq, where ¢ is the wavevector of the wave/phonon. This quantity is usually
called crystal momentum, and it is of particular importance when selection and conservation rules
are considered. In solids with more than two atoms in the unit cell two different kinds of phonons
can be present. The movement of the atoms can be parallel to the direction of the wavevector, as
in soundwaves, or perpendicular, as in the waves of a string, and we name them longitudinal
acoustical (LA) or transversal acoustic (TA) phonons respectively. On the other hand, when the
movement of neighboring atoms in the lattice is out-of-phase, as when the lattice is excited by
infrared radiation, we speak about optical phonons. Optical phonons can also be longitudinal (LO)
or transversal (OT). The study of phonons in a solid is of particular importance in the context of
excitons, since the formation of these quasi-particle from free electrons and holes is only possible
with the presence of phonons that are fundamental for the energy and momentum conservation®”.

The presence of phonons in semiconductors leads to several effects among which we highlight:

i.  Carrier-phonon interactions fundamentally influences carrier dynamics hence limiting

charge carrier mobility produced by scattering events.

Page28



Low Temperature Optical Characterization of Inorganic Lead Halide Perovskites

ii. A change in the effective masses produced by a change in the band structure of
semiconductors. Even though this effect is small it can be relevant in transport processes.

iii.  Introduction of phonon sidebands in the absorption/emission spectra.

iv.  Homogeneous (Lorentzian) broadening of spectral lines, manifested as finite width in the
absorption emission spectra.

v.  The presence of phonons is the fundamental cause of relaxation of hot carriers after photon
absorption.

The temperature dependence of excitonic linewidths with temperature was theoretically analyzed
using perturbative methods by Segall and collaboratorsi>*-¢!l. The authors analyzed the temperature-
dependent influence of LO and acoustic phonons in the linewidths of excitons and obtained a
simple model that has been extensively used to quantify exciton-phonon interaction in
semiconductorsi860-63], Segall’s model considers three different contributions for exciton-phonon
interactions

i) Piezoelectric effect: (Exciton-Acoustic phonons) In non-centrosymmetric crystals local
strain can induce a local electrical polarization field thus affecting electrons.

if) Deformation potential: (Exciton-Acoustic phonons, is dominant) phonons produce
displacements of atoms form its lattice equilibrium sites which produces modifications
in the band structure of the material, thus affecting carriers. For small deformations the
change in energy is described by the deformation potentials.

iii) Frohlich interaction: (exciton-LO) the presence of charge carriers in polar
semiconductors locally distorts the lattice due to Coulombic interaction. These
distortions can be transverse or longitudinal with the direction of propagation of the
carrier. These distortions produce TO or LO phonons. The interaction produces an
increase in the effective mass of carriers known as Frohlich coupling.

With these considerations it is possible to show that the temperature dependence of the FWHM
(I') in the 1S excitonic state is given by equation (6)

Pro
I'(T) = ligp + Iy + I0 = Lipp + @acT + Fio (6)

eksT — 1

Here, I}, quantifies the inhomogeneous broadening present in the sample having its origin in
scattering due to crystal disorder and impurities. The second and third terms represent interactions
of excitons with acoustic and optical (LO) phonons respectively. The probability of interaction of
excitons with phonons is proportional to phonon population that is determined by a Bose-Einstein
distribution characterized by an energy E;,. In the case of acoustic phonons Ej, is very low
producing a lineal dependence with temperature. Finally, ¢4, and ¢;, are constants. The formal
derivation of this expression is laborious and is beyond the scope of this work[>l.

It must be highlighted that the previously described excitonic states are obtained considering the
Born-Oppenheimer approximation, i.e., assuming that the atoms are frozen, thus vibrations of the
lattice are not considered. Similarly, when the phononic states are considered the electronic degrees
of freedom are ignored. The consideration of excitons and phonons as independent entities is then
an approximation since they interact. A more complete analysis of the problem requires the analysis
of a new quasi-particle called polaron, formed by the coupling of exciton and phonon. It has been
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stated that polaronic-protected charge carriers may be the cause of the large diffusion lengths
despite the moderate mobilities in MAPI perovskites. An exact calculation of the polaron spectrum
is hard to obtain since finite-order perturbation theory cannot be used in this case!®4. So, polaronic
effects are beyond the scope of the present work.

25.  Elliot Formula: Excitonic Effects in the Absorption
Spectra

As previously stated, the optical properties of materials are determined by the dielectric function
€(w). A particular expression of €(w) is obtained when a particular kind of excitations are
considered. In the simplest case, when only transitions from the valence band to the conduction
band are considered and the one-electron approximation is assumed, Fermi’s Golden Rule gives the

expression for the imaginary part of the dielectric function?243:
-4 2 — - —
€:(w) wi Ly |Peo(B)| 8 (B (k) — E, (K) — hw) d3k

In this expression hw is the energy of the incident radiation, E. (k) and E, (k) are the energies of
conduction and valence band respectively, and |P,,| is the momentum transition matrix element
for transitions from valence to conduction band in the dipole approximation. The integral is
performed in the first Brillouin zone. Considering that the transition matrix element can be
considered approximately constant close to the band edge this result can be simplified using the

oscillator strength f;, < |P,,|/w a simplified version is obtained integrating in k

1
€;i(w) x chv ) Dj(hw)

Where D;(E,,) is the joint density of states (JDOS). This function describes the density of optical
transitions for a given energy difference E., = E., (k) = E.(k) — E, (k) and takes the form:

dSy

1
D:(E =
) (Eco) 4n3f Ve (Eoo)]
Sk

So, when only transitions from the valence band to the conduction band are considered around the
band edge the dielectric function €;(w) is mainly determined by the shape of the JDOS. The
singularities in Dj(Ecv), obtained when |V, (E,)| = 0, are called critical points or Van-Hove
singularities. The energy of these critical points can be experimentally determined by modulation

Spectroscopy.

For a direct semiconductor the critical point is an M, kind ie., D; =0 for E <E; and D; =

(E - Eg)l/z for E > E,. Therefore, close to the band edge the imaginary part of €; is given by the

function:

constant

5 ha)—Eg

0 for hw < E,

=>E
e(w) = . for hw = E,
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From this expression the absorption coefficient of the semiconductor can be calculated as*’]

2(©) = ——— ()
co - n(w)

0
So

rant constant ho—E for hwo>E

constan ——— |hw — or hw =

a(hw) = — fev Dj(hw) =4 hawn g 9
0

0 for hw <E,

7)

From this last expression we can see that a(fw) is also mainly determined by the square-root of
the JDOS. This expression is suitable for the determination of the bandgap energy of direct

semiconductors with no excitonic effects.

Absorption of Excitonic Semiconductors and Elliot Formula

In materials with a strong excitonic behavior, in addition to band-to-band transitions previously
mentioned, the probability of conversion of photons into excitons must be considered. The
fingerprint of the presence of excitons in a material is a (usually strong) absorption peak for energies
just below the bandgap®*>!l. As in the previous section using the Fermi’s golden rule, it is possible
to calculate the probability of formation of an exciton from its wavefunction (deduced in section

2.3.) giving the expression:

Woys o Z|P0f|25(Ef(1_(’) — Ey — hw)
7

In this expression |P, F |2 is the matrix element describing the transition from ground state (0) with
an associated energy E to the final excited state where an exciton with energy Ef and wave vector
K is formed. Moreover, since the momentum of photons is negligible, we can consider K=0.In
his original work [ Elliot calculated an expression for the transition matrix, and also proved that
the oscillator strength f,,5 of the ng — th excitonic transition is proportional to ®,,;,,,(r = 0) i.e.,

the envelope function

2
fog  |Pos|” o |92 (- = 0))]

The condition r = 0 is identical to 7, = 1, and hence f,, can be interpreted as the probability of
finding a conduction-band electron and a valence-band hole in the same unit cell. This is equivalent

to consider the overlap of the electron and hole wavefunctions/??.

Now the dielectric function of the system and its associated absorption coefficient a(hw) consists
of two contributions: discrete lines produced by excitons (bound electron-hole pairs) and
continuum above-bandgap excitonic states.

As previously discussed, excitonic states are determined by a series of states below the bandgap with
energies determined by equation (5). In absorption spectra a strong peak is expected for excitonic
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energies. Besides that, given the analogy between excitons and the hydrogen atom, we can expect
that the oscillator strength f;,, are nonzero only for states with quantum number [ = 0. So, the
absorption of a photon can only produce excitons with s-like wavefunction. Moreover, it can be
proven that f,, . o 1/n3 52 So, the excitonic part of the absorption in a semiconductor consists of
the sum of discrete peaks (ideally 6 functions) that decrease in amplitude with the third power of
n3. This is

1 v 1 Ep
ei(a))ocﬁzn—36 ho—Ey+o

ng=1 B

For energies above the bandgap of the semiconductor excitons are ionized, so electrons and holes
are not bound. However, Coulomb attraction is not zero, producing a residual effect that leads to a
correlation of their position in space. This leads to an overlap of the wavefunctions, and an envelope

function given by the expression

T

o 2 . Te
[Priol” = N7 smnc

Where N represents the number of unit cells, V the volume of one unit cell and 7=

Ep

T . Besides, the density of states for excitons, considering the dispersion relation given by

hw-Eg

expression (5), is

D(hw) o« /hw ~E,

From these results the imaginary part of the dielectric functions can be calculated to be

Jhw —E;  te®

w?Z  sinh(7)

ei(w) (08
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Figure 2: Absorption predicted by Elliot formula consisting of discrete excitonic absorptions (blue) and continuous band
to band transitions (red). Solid black curve represents the predicted absorption when electron-hole Coulombic
Interaction is not considered.

The complete expression for the absorption of an excitonic semiconductor, known as Elliot formula,
is obtained considering both continuous (band to band) and discrete (excitonic) states as represented

in Figure 2. This formula has the expression:

2 2m(E3)? E E
u Z m(E) S(h 8 m\Ep expt @®

a(hw) « h_ca)v e w—E,+ —2) +6(hw — Ey)

ng sinht

where © represénts a Heaviside function. It should be noted that Coulomb interaction between
electrons and holes also affects the continuum band-to-band absorption. This can be quantified
with the Sommerfeld enhancement factor S obtained from the ratio between the absorption when
no coupling between electron and hole are considered (equation (7)) and the band-to-band

contribution in equation (8)

S = Apand—to-band _

ano_excitons

1—exp| —2rm

The formation of excitons in perovskites has significant advantages, particularly enhancing the
absorption coefficient of these materials. The presence of excitons contributes to an increased
correlation in the positions of electrons and holes, which in turn leads to a greater overlap of
wavefunctions due to the Coulomb interaction between these charge carriers??. Consequently, this
electron-hole interaction is a primary driver behind the remarkably high absorption coefficients
observed in perovskites. This attribute is especially advantageous when employing perovskites as
absorbing layers in photovoltaic devices, as it allows the utilization of exceedingly thin layers,
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thereby maximizing charge-carrier extraction and improving overall device efficiency. Therefore,
contrary to initial assumptions, the formation of excitons can indeed be beneficial, provided that
the exciton binding energy is not excessively high, allowing for effective charge carrier separation.

The expression given for the Elliot function is not suitable to fit experimental data since in practice
both excitonic lines and bandgap have a finite width. So, to implement a suitable expression to fit
the data only one excitonic peak is considered and its absorption is modeled using a Gaussian
function and the Heaviside function is implemented with a Sigmoidal curve. This allows to obtain
excellent fittings, and experimental values for bandgap energy and excitonic energy and peak
width. Besides, the deconvolution of excitonic and band-to-band transitions, as shown in Figure 3.

\ '/'——— Band-to-band
v/ transitions

\ Excitonic
e
Absorption

Absorbance (Arb. Units)

R oehoa

225 2

Photon Energy (eV)

Figure 3: Absorbance spectra of a CsPbBrs thin film. Using the Elliot formula to fit the experimental data it is possible to
deconvolute the absorbance into excitonic and band-to-band absorption.

2.6. Temperature dependence of bandgap energy in Lead-Halide
Perovskites

In all cases the optical bandgap of lead halide perovskites increases with temperature. This is an
atypical behavior when compared with classic tetragonal semiconductors such as GaAs or Si. The
atomic origin of this unusual behavior is still unclear®l and there are still many unanswered
questions. The understanding of this behavior is nowadays of great interest to complete the picture
in the intriguing optoelectronic properties of this family of materials. Besides, the knowledge of
these fundamental properties can be one of the lacking ingredients for a large-scale deployment of
perovskite-based devices on the market.
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It is usually accepted that in the quasi-harmonic approximation, and when no crystalline phase
transitions are present, the dependence of E; with T is produced by two competing phenomena

lattice thermal expansion and electron-phonon interaction*’-7% as expressed by equation (9).

9
dT [ ]Expanswn [ ] ( )

In traditional tetragonal semiconductors the contribution of the first term is usually negligible.
Lattice thermal expansion/contraction can be related to the distortion in the electronic band

. . . . 14av
structure when a hydrostatic pressure is applied as shown by equation (10)¢7%71) where a, = P
P
. . . dp dE,
represents the volumetric expansion coefficient, By = =V v the bulk modulus and d—;’ the
T

pressure coefficient of the bandgap. This last term can be either positive or negative and can be

considered temperature independent!”!.

dv| dp| dE, dE,

r dP VE0 ap (10)

[ ]Expanswn

To estimate the contribution of lattice expansion experiments (low temperature to minimize
electron-phonon coupling) and calculations have been performed with different results. On the one
hand Francisco-Lépez” and collaborators concluded from experimental results that thermal

. . o . dE,
expansion and electron-phonon coupling have similar contributions to d—Tg. On the other hand, DFT

calculations performed for MAPbIs single crystals, show that the dominant contribution to bandgap
change is lattice expansion and this term can be an order of magnitude greater than the electron-
phonon interaction of corner sharing [PhX4]*~ octahedral®l. This last result is the usually accepted
by the community. However, these results are highly debated since there are a lot of unanswered
questions. This is especially notable in nanostructured perovskites where the effect of defects
distributions, surface electronic states phonon modes and quantum and dielectric confinements are

in its infancy.

For a correct determination of the electron-phonon interaction detailed, and hence complicated,
calculations are necessary. Several theoretical frameworks have been considered®: First, Fan
considered the self-energy of an electron to calculate the temperature dependence of the band
structure’?. Later Antoncik introduced a Deby-Waller term correction in the lattice potential.
Nowadays it is widely recognized that self-energy and Debye-Waller corrections are both relevant
and are in fact related™). This was condensed in a general second-order adiabatic theory (1976)

proposed by Allen and collaborators(74.

This approach rigorously introduced the correct self-energy (third term) and Debye-Waller (second
term) corrections thar correspond with the Feynman diagrams represented in Figure 4.
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Figure 4: Feynman diagrams used in the calculation of the Debye-Waller self-energy terms.

To use equation (9) it is fundamental to know (i) the electronics states and (ii) the phonon spectrum
of the lattice.

i) Electronic states corresponding with eigenvectors V¥, (corresponding with the n — th band
and wave vector k) can be obtained, within the empirical pseudopotential approximation,
from the secular equation

2
2, [[Zh_m (k+6)? — enk] Sa + ) Ve(G = G)S(G = G| Gy (67 = 0
G' K

Where G and G' represent reciprocal-lattice vectors, (). represents the volume of the unit cell
and V, and S, the pseudopotential form factor and the structure factor of k — nth atom in the

unit cell. Solving these equations, it is found that the eigenvectors take the form

1
e = =77 D Cue(G)expiCk +G) -7
QC G

Besides, Fourier coefficients C, in this last expression must meet the normalization condition
2 _
D lCu@F =1
G

ii) Cardona et al®! gave an expression for the phonon spectrum of semiconductors calculated
using the rigid ion model. In these model phonon modes of branch j with wave vector q
and frequency wj, contribute to the renormalization of band energies. So, the total

contribution is given by the expression

AEy () = ; aa’fl—]: (q(ry +3) = S AR 00 (g, 1)

o wj MK
Tax Ja

Where n;, represents the occupation factor of phononsi.e., nj; = (exp(ﬁ hwjq) — 1)_1 and
B =1/kgT.

Given the complexity in this model Cardona and collaborators proposed a semi-empirical simplified

OE .. )
nk - coefficient is

expression based on a Bose-Einstein two-oscillator model where the ——
ja
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approximated, for phonons with average frequency w;, by an effective electron-phonon interaction
parameter A;. In practice, to analyze experimental data only two terms, corresponding to acoustical
and optical phonons, are used [60%], i.e.

E,(T,M) = E, + Aac ! +1 + Aop ! +1 (11)
gL M) = Eo + o E 2| "M _E E 2
actac ac __ op“op ov _
eXP LT 1 exp T 1

In equation (11) E, represents the unrenormalized bandgap energy value, A,, and A,, are the
relative weight of the acoustic/optical phonons in the coupling, E,. and E,, are the effective
energies of acoustic and optical phonons respectively, and M, and M, represent the atomic masses
of the oscillators. It has also been experimentally shown that the contributions of acoustic and
optical phonons have opposite influence in the bandgap energy!®7%. More precisely, acoustic
phonons produce a blue-shift while optical phonons produce a red-shift when temperature is
increased. The use of the two oscillators model is justified by the following three characteristics in
perovskites(60-:66l;

1. Acoustic phonons oscillations are produced by heavy Pb atoms while optical phonons are
produced by the oscillation of light halogen atoms.

2. The bands of CsPbXs perovskites are formed by the p-band and s-band of Pb, and the p-
band of halide ions in the [PbXs]* octahedra.

3. Electron-phonon interactions are dominated by phonon modes of corner-sharing [PbXs]*
octahedra.
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2.7. Photoluminescence

Fundamentals

In general luminescence can be defined as a nonequilibrium radiation over thermal radiation
background arising in the presence of intermediate processes of energy transformation between
absorption and emission. Emission process has a characteristic time and the possibility of quenching
determined by the particular intermediate processes’>. When a material absorbs photons of a
certain energy, usually ultraviolet light, and then emits photons of a lower energy the process is
denominated Photoluminescence (PL). This emission of light is caused by the recombination of
excited electrons with holes in the material's energy band structure. Photoluminescence is divided

into two major categories: intrinsic and extrinsic”>.
Intrinsic photoluminescence can be further divided into three categories:

e Band-to-band is produced by the recombination of an electron in the conduction band with
a hole in the valence band.

e Excitonic: Aa previously discussed an exciton is a quasiparticle formed by an electron and
a hole bounded by Coulomb interaction. When the bounded electron-hole system
recombines, a photon is emitted producing a photoluminescence signal.

¢ Cross-luminescence is produced by the recombination of an electron in the valence band

with a hole in the outermost core band.

Extrinsic luminescence is caused by intentionally incorporating impurities or defects into the lattice
of other materials with no intrinsic luminescence. Extrinsic luminescence is also subdivided into

two categories:

e Unlocalized: electrons and holes of the host lattice participate in the luminescence process.
e Localized: luminescence excitation and emission process are confined in a localized

luminescence center.

In perovskites the origin of the observed photoluminescence is still under debate. To set this
discussion is also one of the most important fundamental problems, since this can provide very
important knowledge about fundamental processes involved in the working principles of devices.
In the present work strong evidence supporting the excitonic nature of photoluminescence in
inorganic perovskites will be given. The presented conclusion will be withdrawn from a detailed
analysis of the temperature dependence of the photoluminescence spectra of CsPbBrs thin films

and CsPblIs nanoparticles.

Excitons and Photoluminescence: Arrhenius Plot

In perovskites PL spectra it is wusually observed experimentally that the integrated
photoluminescence / (area under the curve) decreases with temperature T following a pattern that
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can be described by an Arrhenius diagram. This trend can be understood considering the excitonic
nature of PL. To explain this, consider a model in which electrons can be free in the conduction
band, with energy E, or forming an exciton. In this last case the electron has an energy E; (< Ej)
with the difference between these two energies being the exciton binding energy Ep. The average
number of electrons in the levels, Ny and N; respectively, is governed by the Boltzmann law
(equation (12) and the total number remains constant, i.e.:

E
No(T) + Ny (T) = Ng(T) with No1(T) = g, exp (—kZ—;) (12)

Thus, the dependence of the PL with temperature is determined by the previously mentioned
Arrhenius equation (13)

Iy
1+ aexp(—Eg/KgT)

I(T) = (13)

with a = a—l. In this scenario the activation energy calculated from the fitting of the Arrhenius
0

diagram corresponds to the exciton binding energy Ep. In some cases, for example in CsPbBrs3
results(®176-78] a second activation energy must be considered to obtain a good fitting. This indicates
the presence of a second quenching channel for PL. The nature of this second channel cannot be
determined by this method.

2.8. Stokes Shift:

The Stoke shift is defined as the difference between the maximum of excitonic absorption and the
maximum of excitonic (PL) emission (Figure 5). In light emitting devices the presence of a Stokes
shift is desirable since this reduces the self-absorption problem produced by the overlapping
between the emission and absorption spectra. On the other hand, in solar cells small Stokes shift
are desirable to allow re absorption of emitted photons. So, understanding and controlling the
Stokes shift is important in optimizing the design and performance of optoelectronic devices. To
understand how this parameter can be engineered it is of great importance to understand the
fundamental processes producing the Stokes Shift. In general Stokes shift can have different origins

ast?l:

1. Vibrational Relaxation (thermalization): After a molecule/atom absorbs a photon, it usually
finds itself in an excited vibrational state. The molecule can then undergo a process called
vibrational relaxation, where it loses vibrational energy and drops down to the lowest

vibrational state of the excited electronic state.

2. Structural Reorganization: When a molecule/atom absorbs a photon and is excited to a
higher energy state, it may undergo a change in its structure or conformation. This could
cause the molecule/atom to emit light of a different energy when it returns to the ground
state.
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3. Non-radiative Decay Processes: Non-radiative decay processes such as internal conversion
or intersystem crossing can also lead to a Stokes shift. These processes involve transitions
to different electronic states and can result in the loss of energy before the photon is
emitted.

Several paths have been proposed to optimize Stokes Shift value among which we highlight:
optimization of particle size, reaction temperature, core shell, doping with rare earth metals and

addition of organic ligands 8.

According to our results in the case of perovskites thermalization of charge carriers is the dominant
process producing stokes shift. This can be very clearly identified from the dependence of the Stokes

shift with temperature as explained in the following section.

Exciton Thermalization:

As shown in Figure 5 the PL spectra is redshifted from the excitonic absorption. This behavior is
usual in perovskites. Nowadays the origin of this difference, called Stokes Shift, is highly debated.
As we will show in the next lines these behavior can be understood from temperature dependence
of the Stokes Shift and the FWHM of the PL linewidth®!.

Stokes Shift

,——Direct Band Gap
v E,=2.43:0,01 eV

A
I .
+ +——w EXcitonic

B/ :
. A Absorption

By N Eom239:001eV

(syun "quy) »

Normalized PL (Arb.Units)

Photon Energy (eV)

Figure 5: Photoluminescnce (blue squares) and absorbance (red circles) deconvoluted fitting with the Elliot function
(black solid) and contributions from excitonic and band to band absorption (black dashed).

Under continuous wave excitation the absorption of photons produces, after energy and
momentum relaxation, excitons in a quasi-equilibrium state characterized by a thermal distribution
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with an effective temperature T¢. In general, T is larger than the temperature of the lattice. Besides
that, it is experimentally found that both can be approximated by the temperature of the sample
for temperatures above 50 K81, If excitonic linewidth exceeds thermal energy the low energy side
of the inhomogeneous excitonic bands is enhanced by thermal population producing the Stokes
Shift. At thermal equilibrium PL spectrum can be expressed as the product of the excitonic
absorptance a(E) and a thermal distribution (Boltzman factor) characterized by a temperature

T¢ and an energy Ej, i.e.l82:

1nu(E) ~ a(E) exp (~ ")
~ a(E)exp|—
PL p KpT,
In turn, the absorbance can be expressed as the sum of the fundamental excitonic absorption «
and higher excited states @. If excitonic absorption is considered as a Gaussian characterized by a

center E, and a deviation ¢ the photoluminescence spectra can be expressed as

(E — Ey)? E-E, _ E—E,

2 2
(E - EO + o /K T ) 0-2
Ip(E) = agexp| — 5o B+ 2K T, + & exp (—

E—E(,)

14
KT, (14)

From this last expression, if the absorption of the exciton is dominate by its fundamental state, we
can conclude that the PL spectrum can be essentially described by a Gaussian profile with the same

linewidth than the excitonic absorption but redshifted by a factor o / KgT, This parameter is the
Stokes Shift that can be expressed from the FWHM (I' = 2 ,/2In(2) 0 ) as

FZ

SS = 0.180 (15)

slc
This last expression can be tested using temperature dependence optical characterization. To test
this result is one of the main purposes of the present work!'®l. As discussed later, the excellent
agreement between the model and experimental results shows that Stokes Shift originates in a

thermalization process in the broadened exciton band.

29.  Excitation-power dependence of Photoluminescence

In lead halide perovskites, both hybrid and inorganic, PL is usually characterized by a single well
defined peak a few meV below the bandgap as shown in Figure 5 (¢33, Near band edge power
dependence of photoluminescence in direct semiconductors have several characteristic features
among which we highlight:

e The power dependence of PL spectra intensity (I) is described by a I~L¥, where L is the
power of the exciting laser radiation.
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e  When the radiation used for optical pumping has an energy greater than the bandgap of the
semiconductor 1 < k < 2 for free and bound exciton emission and k < 1 for free-to-bound

and donor-acceptor pair recombination.

Therefore, the origin of PL can be identified experimentally studying the power dependence of the
PL intensity®. Previously mentioned features for photoluminescence can be explained from rate
equations describing the different transitions producing photoluminescence which are, as

represented in Figure 6:

e free exciton recombination (A)

e radiative recombination of donor (B) and acceptor (C) bound excitons
e donor-acceptor pair recombination (D)

e radiative recombination of free electrons and a neutral acceptor (E)

e radiative recombination of a free hole and a neutral donor (F)

e nonradiative transitions of free electrons and holes to ionized donors (G) and acceptors (H)

Photoexcitation processes as the excitation of an electron-hole pair by above-bandgap (I) or

resonant formation of excitons (J) are also represented in Figure 6.

a B C D E F G H i =Jj
o). ... [ ] . K I e.__...° S A S LA
O -O-
O -O- e ol
Do D°
-> -> -+> —_ —_— -> hv =1
Ty Tpox Loy | 1o Tepo Thpo
Y
0 A° A° A
O O O -O-
) o (e o ‘T’ )
Radiative Non-RadiativF Excitation

Figure 6: Radiative, non-radiative transitions producing near-band-edge photoluminescence and absorption (excitation)
processes.

These processes can be described by a set of six coupled differential equations (eq. 16 to eq 21) under
the assumption that the electron concentration in the conduction band n equals the concentration

in the valence band p (n = p) and neglecting thermal dissociation of excitons.

dn
il an? — gn(Np — Npo) — enN 4o (16)
dnpg . 1 1
=an® +jL — |[—+ —7|npg — bnggNpo — cnpgN 4o (17)
dt TrE  TrE
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dnpy 1 1

a bnpgNpo — Tox + @ Npx (18)
dnyy 1 1

a cnppNgo — Tax + @ Nyx (19)
dN 4o 1 1

= h(NA _NAO)n_ CnFENAO + _+W nAX + dNDONAO (20)

dt Tax  Tax
dN po 1 1

i = g(Np — Npo)n — bnpgNpo + E+@ npx — dANpoNjo — fNpon @1)

In these expressions L represents the laser intensity, npg, npx and nyy represent the concentrations
of free, donor (D) and acceptor (A) bound excitons respectively, N, and N, represent the
concentrations of donor and acceptors, Npo and N,o the concentration of neutral donors and
acceptors. On the other hand, Tz and T} represent the radiative and nonradiative (nr) lifetimes
of donor/acceptor free excitons and Tpy, Tp%, Tax,> Tix the radiative and nonradiative lifetimes of
donor and acceptor bound excitons. Finally, the coefficients a, b, ..., | represent the transition rates
in the processes 4, B, ..., L represented in Figure 6. In these expressions is also assumed that bound

excitons recombine leaving neutral donors and acceptors.

When steady state excitation is considered the luminescence intensities I of free (FE) and donor
(D°X) acceptor (A°X) bound excitons are determined from eq 17 to 19 to bels4.

n
IFE =£:£n2 (22)

Tre  TFE

nDX _ bNDOﬂ 2

I = = 23
DX Tpx 1+ 7Tpx/Tpx *
I i S — 24
%X Tax 1+ 1ax/Thx -
where
g = a
I:L‘l'%jl +bNDO + CNAO (25)
TrE  TFE

Besides, if the intensity of free-to-bound transitions is considered proportional to the respective
transition rates the expressions for intensities takes the form

I,po~nN po (26)

IeAO ~TlNA0 (27)
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When the concentration of neutral donors and acceptors remains constant under excitation only

equations 16 to 19 are relevant, and three different regimes must be considered:

ii.

1ii.

Only a small portion of the free electron-hole pairs form excitons and most
photoexcited carriers recombine via defect states of donors and acceptors. This case
allows to neglect the term an? in equation 16. Therefore, the electron concentration in
the conduction band is determined by the expression

i

= L 28
" eNao + g(Np — Npo) (28)
Using this expression in equations 22 to 24 gives/®4
B i?
" tpg [eNgo + g(Np — Npo)]?
bN po i?
Ipoy = p°h — - 12 (30)
1+ tpx/tpx [eNgo + g(Np — Npo)]
cN 40 i?
Loy = P — > L2 (31)
1+ t4x/t4x [eNgo + g(Np — Npo)]

So, a quadratic power dependence in PL intensity is expected if this process originates
in free and bound exciton recombination lines. On the other hand, from eq 26 to 28 we
find that PL intensity originated in free-to-bound transitions must have a linear power
dependence.

When exciton recombination is the dominant process linear terms in equation 16 can
be neglected and we obtain n~L'/? for steady state excitation. From eq 22 to 24 we
obtain that I~L for PL of excitonic nature and from eq 26 and 27 I~L'/? for free-to-
bound transitions.

When neither excitonic nor donor-acceptor recombination is the dominant process the
linear and quadratic terms in 16 are of similar magnitude. This produces a curved

log(I) — log(L) plots.

When the power of excitation is low case (i) should apply. When the excitation level increases a

larger number of excitons should be expected, hence the behavior of the system should approximate

to case (ii). For this reason, when PL is originated in excitonic recombination 1 < k < 2.

In conclusion, as previously mentioned the fundamental recombination processes originating the

PL spectra can be identified from the power dependence of photoluminescence intensity /. In

particular, in this work it will be proved that the power dependence of PL intensity has k = 1.3 for

CsPblz nanoparticles. This will be one of the arguments to support the excitonic nature of

photoluminescence in this kind of perovskites.
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2.10.  Urbach Tail

The Urbach tail refers to the exponential edge seen at energies below the bandgap energy in the
absorption spectra semiconductors as observed in Figure 3 and 5. In an ideal, perfectly ordered
semiconductor crystal, there would be no states in the bandgap, and the absorption coefficient
would sharply rise from zero to a high value. However, in real semiconductors, there are always
imperfections like thermal vibrations of the lattice (phonons), impurities, defects, or local variations
in the material composition or structure, which lead to the existence of localized states in the
bandgap. These states give rise to a smooth increase in the absorption edge below the band edge, as
electrons can be thermally excited into these localized states, and then absorb a photon to reach the
conduction band.

The mentioned edge has an energy dependence that can be modeled by an empirical expression
given by equation (32)85-88]

(E - Eo)

£, (32)

a(E,T) = agexp [
where Ej is called Urbach Energy and is a measurement of the width of the absorption edge and is
also usually associated with a measurement of lattice disorder!®. Ej is the Urbach Focus that
generally in traditional semiconductors has a value larger than the bandgap”. However, lead halide
perovskites, due to its particular dependence on temperature. Ej is smaller than the bandgap, and
is usually considered as the lowest possible value for the bandgap that could be obtained in a sample
with perfect crystallinity® at OK.

The work by Cody® and Yang shows that the disorder present in the lattice has two components.
First, the excitation of phonon modes produces thermal disorder that can be characterized by the
mean square displacement of atoms from its equilibrium position in the lattice (U?);. Second, the
contribution of structural disorder is represented by the mean square deviation of the atomic
position from a perfectly ordered crystal (U?)y. So, the Urbach energy can be expressed as the sum
of these two contributions as

Ey(T,X) = K{U?)r + (U?)x} (33)

Thermal disorder can be described using the Einstein oscillator model characterized by an Einstein
temperature O and structural disorder can be normalized to the zero-point uncertainty in the
atomic positions (U?), hence X = (U?)y/(U?), is a measure of the structural disorder®®. With these
considerations an explicit expression for the temperature dependence of the Urbach energy
(equation (34)) can be obtained.
Op |1+ X 1 (34)
Ey(T,X) = K—|——+ 5

o[ 7 @

From the Cody model, it can also be proved that a linear relation between E 4 and Ey, as expressed
by 35, can be obtained.
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Ey(T,X) 1) (35)

Ey4(T,X) = E4(0,0) — (U?)oD (EU(O 0

In this expression E4(0,0) and Ey; (0,0) correspond to the values of the bandgap energy and Urbach
energy at T = 0 K in a material with no structural disorder (X = 0), and D is a second-order
deformation potential.

In practice, fitting experimental data with the previous expressions is challenging. So usually the
dependence of Ey with temperature is modeled using equation 36/*:

(36)

E,(T)=E th E”)
v(T) = Ey, co <2KBT

Where E,, is the phonon energy (hvp) interacting with the excitons and Ey, is a constant value

determined by the static lattice disorder.
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2.11.  Charge Carrier Dynamics

When a photon with an energy greater than the bandgap of a semiconductor is absorbed an
electron-hole pair is generated. This process is usually called photoexcitation. The behavior of
charge carriers immediately after excitation is usually of crucial importance for devices design since
they are responsible for establishing the electrical currents. For this reason, a deep understanding
of charge carrier dynamics is essential for designing high-performance, energy-efficient, and
reliable electronic devices.

In general, there are two kinds of excitations near the band edge in direct bandgap semiconductors:
free carriers and excitons. The ratio of free carriers/excitons in a semiconductor is determined (at a
fixed temperature) by the exciton binding energy. In organic semiconductors excitons are dominant
(Ep hundreds of meV). On the other hand, in inorganic semiconductors free charges are more
common. The prevailing view for metal halide perovskites is that, since they are characterized by
exciton binding energies lower than 50 meV, their properties are determined by a mix of excitonic

and free charge behavior. This is to some extent responsible for their unique properties as“®

¢ When excitons are formed after photoexcitation they are short lived. They dissociate in free
carriers after a very short time.

e The presence of excitons strongly determines the absorption properties and transient
absorption spectra. (See Elliot formula).

e After photoexcitation the excited charge carriers come back to a ground state by means of

radiative or nonradiative recombination.

Early-time relaxation dynamics of photogenerated charge carriers

Immediately after absorption the system is out of equilibrium, so the excess energy must be released
through some of the allowed processes of the system. Charge carriers have finite life before
recombination as evidenced by the fast time decay in photoluminescence spectral®'12.To examine
the decay rate of free-charge-carriers density n(t) the presence of three mechanisms must be
considered®3:;

i) monomolecular recombination: usually attributed to Shockley-Reed-Hall recombination
that is considered as a nonradiative process.

ii) bimolecular recombination: resulting from band-to-band recombination.

iii) Auger (or three body) recombination: is a many-body process involving an electron-hole
recombination, accompanied by energy and momentum transfer to a third particle (electron

or hole). Auger recombination is in general a non-radiative process.

Previously mentioned processes, schematically represented in Figure 7, are characterized by rate
constants k, k, and k3 respectively. Hence, the decay rate of a free-charge-carrier density n(t) is
expressed by the rate equation:

dn

E = _kln - k2n2 - k3n3
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These three mechanisms contribute to the total recombination rate r(n,t) = ky + kyn + kyn?.

Different fluences can make one or other process dominant.

This parameter determines the charge-carrier diffusion rate L according to[*!

l’lkBT
r(n)e

Lp(n) =

where u, T, kg and e represents the charge-carrier mobility, temperature, Boltzmann constant and

elementary charge respectively.

When a particular device or material is designed the relative importance of these mechanisms has
to be tailored to perform adequately. For example, in solar cells the monomolecular process (trap
related) must be minimized, which is mostly achieved by optimizing synthesis conditions. The
reduction of k, will increase the diffusin length L, which can increase the efficiency of the device.
On the other hand, for light-emitting applications the radiative recombination mechanism must be

incentivized.

d Trap-mediated b Bimolecular

e trap

VB1 VB1

Figure 7: Schematic representation of recombination processes: a) Trap- mediated recombination b) Bimolecular
recombination c) Auger recombination.

So, a detailed understanding of the processes dictating the transient behavior of photoluminescence
is not only desirable, but a valuable asset to optimize the performance of perovskite-based devices.
However, despite significant strides made in this field, a comprehensive model that encapsulates
the full scope of photoluminescence behavior reported in the literature remains elusive. This is
recognized as one of the most significant open problems in the study of perovskites fundamental
properties. Such a model must not only reconcile the diverse and often contradictory behavior of
photoluminescence with respect to power and temperature. Besides that, perovskites offer an
extensive range of compositional and morphological diversity, thus significantly complicating the
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pursuit of a comprehensive model. Despite substantial research efforts, the literature still lacks a
systematic study exploring the dependencies of transient photoluminescence properties on these
parameters. Such a study would not only enhance our understanding of perovskites optoelectronic
properties but would also act as a foundational stone towards the development of the much sought-
after comprehensive model.

Additionally, accurate determination of charge-carrier lifetime stands as a crucial factor for the
design and realization of efficient electronic components. As we continue our exploration of
perovskites and their exciting potential, it is essential to press forward in these fundamental areas
of study, increasing the available experimental results in order to bridge the gaps in our knowledge,

and striving for a comprehensive understanding of this unique class of materials.
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3.  Experimental Results

3.1.  Work description

This text describes a research project in the field of inorganic perovskites of CsPbBrs and y-CsPbls,
two materials that are currently being widely studied due to their excellent optoelectronic
properties, with which high-performance optoelectronic devices have been implemented in a short
time. In the initial work (Electrochemically Assisted Growth of CsPbBrs-Based Solar Cells Without
Selective Contacts), CsPbBrs films were characterized at room temperature. The characterizations
were carried out on a large number of samples prepared under different conditions, since one of
the initial objectives of the work was to determine the synthesis conditions that allowed obtaining
films with optimal stoichiometry in an original synthesis method proposed by Dr. Daniel Ramirez.
It was discovered that in all cases, the samples present a strong influence of excitons. This was
especially marked in the optical properties that present an absorption spectrum that can be modeled
using the Elliott Equation. It was also observed that the photoluminescence is characterized by a
well-defined single peak with a characteristic energy lower than the peak that characterizes
excitonic absorption. It was also observed that the difference between the energy associated with
absorption and excitonic emission, called the Stokes Shift, depends on the preparation conditions.

Subsequently, to confirm and deepen the study of excitons, measurements of optical properties
were carried out by lowering the temperature from room temperature to 30 K using a cryostat.
Thanks to these characterizations, the anomalous behavior of perovskites was discovered that
produces an increase in the bandgap with temperature, which is also observed in
photoluminescence. Variation of excitonic peaks was also observed as well as a decrease in their
amplitude with increasing temperature. Analyzing these results, techniques such as the Segall
equation were learned for the analysis of the broadening of the photoluminescence peak and the
obtaining of activation energies from the Arrhenius diagram. Information on the fundamental
processes that determine the optoelectronic properties of perovskites could also be obtained. The
results obtained (for the sample with the optimized stoichiometry) were published in a second
manuscript entitled 'Photophysical and Photoelectrochemical Properties of CsPbBr3 Films Grown
by Electrochemically Assisted Deposition'.

In 2020, due to the health situation, work with CsPbBrs samples was interrupted due to Dr.
Ramirez's inability to continue preparing samples in his laboratory. For this reason, in 2021, work
began with inorganic perovsktias samples of y-CsPbls, where high-quality nanoparticles were
obtained with the help of MSc Isabel Galain (Area of Radiochemistry of the Faculty of Chemistry -
UdelaR) who has extensive experience in synthesizing nanostructures using the Hot-Injection
method. Thanks to the excellent quality of the samples prepared by MSc Galain and the previous
experience we had gained in our work with CsPbBrs3, we were able to publish a third paper ('Origin
of photoluminescence and experimental determination of exciton binding energy, exciton-phonon
interaction, and urbach energy in y-CsPbls nanoparticles'). In this work, in addition to determining
important parameters from an applied point of view for this type of systems, we managed to give a
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complete vision of the fundamental processes that determine the optoelectronic properties of y-
CsPbls perovskites. The results generally seen in the literature allow us to believe that our
description can be extended to other metal halide perovskites, both organic and inorganic.

During the aforementioned work, I was particularly struck by the behavior of the nanoparticles
shown in Figure 2b of the manuscript. In this figure, a surprising alignment between the crystal
planes of neighboring nanoparticles is observed, and to my surprise, some of these crystal planes
continue from one nanoparticle to the next. Since I had never observed this before, I embarked on
a search for similar results in the literature but could not find any. However, I came across another
effect that is probably related to the aforementioned result, which is light-induced self-assembly.
This effect is obtained by illuminating colloidal nanoparticles with a solar simulator, causing them
to spontaneously assemble into 1D nanorods or other nanostructures. This effect has been mainly
studied in CsPbBrs perovskites. Trying to reproduce the results obtained for this material, I
attempted to irradiate y-CsPbls nanoparticles and found that this phenomenon also occurs. In
addition, building on what we learned during our previous work, we conducted a detailed study of
the optical properties of the samples before and after irradiation. This allowed us to analyze the
evolution of the fundamental processes, particularly the quality of the crystal structure, in the
nanoparticles and nanorods. This work is now part of a new manuscript entitled "Light-Induced
Self-assembly and Effect of Amorphization in Photoluminescence Spectra of y-CsPbls
Nanocrystals," which we recently submitted for publication and in which we report the

phenomenon of light-induced self-assembly for the first time in y-CsPbls nanoparticles.

3.2.  Experimental Setup

Optical characterization was performed by continuous-wave photoluminescence (PL) spectroscopy
and transmittance from 10 to 290 K. Samples were cooled in a CTI Cryogenics CRYODYNE
cryostat. For PL measurements the excitation source was a Thorlabs M365FP1 LED (365 nm, 9.8
mW), filtered with a 400 nm low-pass filter, and the emitted light was collected with an Ocean
Optics Flame S-UV-VIS-ES spectrometer as depicted in Figure 8. The result is a well-defined peak,
corresponding to the light emitted from excitonic recombination as previously discussed, from

which energy, width and area can be directly obtained.

Changing the excitation source to a halogen lamp (Ocean-Optics HL 2000) and the spectrometer
by an Ocean-Optics S2000, transmittance T was measured. Transmittance is obtained!! as the ratio
between light intensity of the transmitted light through the sample /(1) and the intensity of the
light source I5(4), i.e

I (1)
I

To evaluate the absorption of the sample the absorbance 4 is defined (for weakly reflective samples)

TQA) =

as

A=—In(T)
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. . . . d
Absorbance is related to absorption coefficient @ by the expression® A = — @, where d

represents the width of the sample.

400 nm
Low-pass

UV-LED filter

Sample

.ED Driver  Mounted LED

Quartz
window

Cold finger
(T:10K - 290K)

Figure 8: Experimental Setup used to perform temperature dependent measurements of photoluminescence and
transmittance.

Using the previously described device measurements with an interval of 10 K were performed. This
gives an important amount of data to fit. To perform these fittings in an efficient and systematic
way MATLAB routines were implemented to analyze the photoluminescence and the
transmittance/absorbance spectra. It is expected that these routines can be used to extend the
analysis performed in these works to other perovskite samples. This can be of particular interest to
study how important parameters for the implementation of devices as bandgap energy, exciton-
phonon interaction, exciton binding energy and Stokes Shift depend on size, morphology,
composition, and synthesis method of nanoparticles. Also, it is my intention soon to improve the
usability and extend the capabilities of the mentioned routine so that they can be uploaded in a
public repository thus making it possible for other colleges to perform a similar analysis. I consider
that giving this possibility can be a great tool to standardize the analysis of optical properties of
perovskites which can make results obtained from different samples comparable. This is nowadays
very hard to do since different researchers perform analysis using different methods and criteria.
In my opinion this is delaying the so needed understanding of the fundamental properties of
perovskites and so delaying the development of perovskite-based devices.
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Electrochemically Assisted Growth of CsPbBr;-Based Solar
Cells Without Selective Contacts

Daniel Ramirez,*® Gonzalo Riveros,®
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Juan A. Anta,'” Lidia Contreras-Bernal,™

In this work we report a simple and cost-effective CsPbBr;-
based solar cell without ordinary selective contacts. To do so
we follow an electrochemical approach consisting of three
successive steps: (1) electrodeposition of PbO, directly on top
of FTO substrates, (2) heterogeneous phase reaction with
gaseous HBr and (3) spin-coating of methanolic CsBr solutions
followed by annealing. This method is more adequate for large-
scale environmentally friendly production as it reduces chemical
waste, particularly toxic lead. The resulting films were structur-
ally and optically characterized showing good coverage of the
FTO substrates, absence of defects such as pinholes and
orthorhombic structure. Photovoltaic and impedance character-

Introduction

New photovoltaic systems based on perovskite solar cells (PSC),
have reached impressive efficiencies compared with commer-
cial technologies such as silicon." The most studied material
of this group is CH;NH;Pbl;, known as MAPI, which has proven
high efficiencies in single junction solar cells.** However, the
lack of stability of these cells under ambient conditions is a
continuous drawback that has braked the success of this
technology at commercial level. Other PSCs based on fully
inorganic perovskites such as CsPbBr; are more stable but they
are less efficient compared with those based on MAP|.5>920-27
This is mainly due to the high band gap of CsPbBr;, close to
2.31 eV, which is far from the optimal value for single junction
solar cells. On the other hand, the good optoelectronic proper-
ties of CsPbBr; have found other applications such as light-
emitting diodes (LEDs), photodetectors, photo-electrochemical
sensing and water splitting, photocatalysis for pollutants
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ization was carried out by pressing a carbon coated metal
spring onto the CsPbBr; film until obtaining maximized open-
circuit potential (V,.) and short-circuit photocurrent density (j.)
under simulated sunlight. The stabilized current at fixed voltage
(SCFV) technique gave a maximum PCE value of 2.70% close to
devices with similar configuration. Impedance measurements
demonstrated analogous behavior to that of state-of-art
CsPbBr; based solar cells, comprising a recombination arc at
mid-high frequencies, geometrical capacitance and ideality
factors closed to 2, typical of SRH recombination in the
perovskite bulk.

degradation, CO, reduction and organic synthesis, among
others.”®=7 CsPbBr, based PSCs remains an interesting material
for photovoltaics and other optoelectronic applications due to
its high stability under ambient conditions. The absence of
organic cations in this perovskite means that no glovebox is
strictly required and freshly made CsPbBr; films are usually
quite robust. At a laboratory scale, the synthesis of photovoltaic
perovskites involves toxic precursors such as lead salts that are
usually spin-coated on substrates to prepare PSCs. The main
drawback of this method is that more than 90% of this lead-
containing solutions are wasted out the sample holder, thus
discarding this method in terms of industrial efficiency and
environmental impact.®® Several electrolytes containing toxic
metals as electroactive specie can be reused during several
deposition cycles before its depletion together with an easy
disposal of a liquid waste. In fact, endeavors toward the
fabrication of PSCs modules using mainly slot die and doctor
blade techniques have resulted in acceptable efficiencies.®® In
the particular case of CsPbBr;, a two-step approach is
commonly preferred in the laboratory. In the first step, a hot
PbBr, solution is spin-coated onto either flat"®'*'¥ or mesopo-
rous substrates5-68211-1214-151819 Tha sacond step involves
conversion of PbBr, to CsPbBr; by dipping the film into
methanolic CsBr solutions. The actual way this second step
proceeds depends on the substrate. Fluorine doped Tin Oxide
(FTO) substrates are the most adequate choice for this because
freshly CsPbBr; films are better adhered to FTO substrates. In
fact, the spin coating conversion is currently preferred inde-
pendently of the nature of the substrate."” In all cases, the as-
formed CsPbBr; film must be submitted to a mild annealing
process at a temperature ranging from 250 to 400 °C to stabilize
the orthorhombic phase of CsPbBr;.™ Only in a few cases, a

© 2020 Wiley-VCH GmbH
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one-step approach is employed where the perovskite precur-
sors are jointly dissolved and spin-coated once over
substrates.”'® Other novel protocols to build PSCs are based in
the use of CsPbBr; quantum dots as raw materials to form
CsPbBr; films through either chemical conversion or thermal
assisted resumption."®'” More recently, alternative methods of
deposition such as vacuum and pulsed laser deposition have
been proposed, among others 2!

The electrochemical deposition is another approach to
implement scalable procedures for solar cell preparation but its
use to build PSCs has been restricted to a laboratory scale.?**”)
This less explored method includes the electrochemical deposi-
tion of a lead precursor such as Pbl,“" PbO“**! or PbO,. s
MAPI-based PSCs have exhibited best power conversion
efficiencies (PCE) of 14.59% and 10.19% for PbO and PbO,
precursors, respectively.”® Particularly, PbO, has a widely
accepted electrochemical formation mechanism via anodic
reaction of Pb(ll) either in acidic or alkaline conditions.***® In
acid media this occurs according to Eq. (1):

Pb?,; +H,0( —PbO, +4H , +2e”

2RT RT (1
E = EO(PbH/pbO) - TPH - ﬁln apbz+

PbO, films can be converted into MAPI through a two-step
conversion. First, the thermodynamically favorable reaction of
PbO, with either vapor®® or ethanolic®” HI to form Pbl, as
intermediate [Eq. (2)]:

Pb02(5)+4HI(9)—>Pb|2(s)+2H20(g>+|2(g) (2)

Pbl, is further converted into the final MAPI film by reaction
with CH;NH,l dissolved in isopropanol.**®

In this work, we make use of the electrochemical deposition
technique as an alternative to spin-coating to control the lead
transfer from precursors towards a substrate for further CsPbBr,
deposition. As a novel strategy we have used very little
amounts of hot HBr in a closed rounded glass flask which
reacted with an electrodeposited PbO, film to obtain an
intermediate PbBr, film. This film was further converted into
CsPbBr; by spin-coating a methanolic CsBr solution followed by
annealing. The resulting films yield comparable photovoltaic
performance with other less cost-effective procedures for
preparation of fully inorganic perovskites.

Results and Discussion

Electrochemical Deposition of PbO, on FTO and its
Conversion into CsPbBr;

As described in the Introduction [Eq. (1)], galvanostatic electro-
deposition of PbO, over FTO has proven useful to prepare
MAPI. After PbO, films were formed and characterized, their
conversion to PbBr, was designed in a similar way as reported
by Kemel et al.”® They reported for the first time the chemical
reduction of PbO, films to Pbl, under exposure to Hl vapors.

ChemElectroChem 2020, 7, 1-9 www.chemelectrochem.org
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The overall reaction included the oxidation of iodide to iodine.
According to the electrochemical series of standard reduction
potentials, built for aqueous media at pH 0 and 25°C, it can be
predicted that iodide is thermodynamically a good reductor for
lead(lV) in PbO,. The as formed lead (Il) is simultaneously
stabilized as Pbl, thanks to its low Ksp value (Ksp Pbl,=9.8x
107°)."" Following the same reasoning, bromide is a weaker
reductor compared to iodide, but still is capable to reduce Pb
(IV) to Pb(I).°" Although our conversion conditions are not
standard, it is reasonable to assume the thermodynamic
feasibility of the conversion. On the other hand, Pbl, is less
water soluble than PbBr, according to their K, values (K, Pbl,=
9.8x107°, Ksp PbBr,=6.6x107%"" which makes PbBr, solid
films more sensible to the presence of water than Pbl,. Further,
Kemmel et al. performed the conversion to Pbl, at 90°C using
silica particles in a reactor, so that water molecules coming
mainly from the HI solution can be absorbed. Other desiccants
including silica and molecular sieves led to low quality PbBr,
films, with clear signals of water-driven deterioration such as
condensation or “dew” prints. Surprisingly, after raising the
temperature to 250 °C without any kind of desiccant, the quality
of films was much better. This could be attributed to the smaller
amount of concentrated HBr used (1.5 pL vs. 20 pL in previous
work) together with the effect of the high temperature (250 °C).
Minimizing the amount of concentrated HBr, the presence of
water was also minimized while ensuring the minimum
stoichiometric amount necessary to complete conversion into
PbBr.. Following these ideas, we propose that the conversion of
PbO, into PbBr, occurs according to Eq. (3):

PbO,(;)+4HBr ;, —PbBry) +2H,0 ) +Bry( 3)

Structural Properties

The efficacy of the procedure described above has been
followed by X-ray diffraction experiments performed on the
successive layers. We found that the precursor films (Supporting
information, Scheme Sl-1a) can be indexed to the orthorhombic
structure of a-PbO,, in agreement with reported structural
characterization of electrodeposited lead oxide films.*? Scheme
Sl-1bconfirms the successful conversion to the rhombic PbBr,
structure and the absence of impure phases. Figure 1 shows
typical diffraction patterns of different thin film samples grown
by different spin-coating cycle numbers (#4, #10 and #13) that
can be indexed to the orthorhombic structure of CsPbBr;. The
XRD pattern corresponding to the thin film grown by #10 spin-
coating cycles (see pattern (b) in Figure 1), exhibited only
diffraction peaks which are consistent with the CsPbBr; phase.
No obvious impurity phases are found in these samples, then,
this result cross-check a good crystallization and high purity of
CsPbBr,. Furthermore, diffraction peaks are observed at 24.1°,
25.3° and 28.5°, which are unique crystallographic features of
the orthorhombic phase that are missing from the cubic crystal
structure of the CsPbBr,." The last is in agreement with other
reported results indicating a room-temperature stable ortho-

© 2020 Wiley-VCH GmbH
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Figure 1. X-ray diffraction patterns of perovskite CsPbBr; thin films grown by
different spin-coating cycle numbers: (a) #4, (b) #10 and (c) #13 cycles. The
JCPDS pattern of orthorhombic CsPbBr; is also shown for comparison at the
bottom of this diffractogram (thick blue bars). The characteristic peaks of:
CsPbBr3 are marked with blue symbols (@), those corresponding to
tetragonal CsPb2Br5 phase are marked with orange diamond markers (),
and those corresponding to the rhombohedral Cs4PbBr6 phase indicated by
green diamond symbols (#). The signals marked with (*) are associated to
the FTO/glass substrate.

rhombic CsPbBr; phase.”*>% In contrast, films grown through
#4 and #13 spin-coating cycles show the presence of additional
diffraction peaks that do not correspond to CsPbBr;. In the case
of diffraction pattern of a sample grown by 4# spin-coating
cycle numbers, diffraction peaks marked with orange diamond
markers indicate the presence of residual tetragonal CsPb,Br;
phase. This is a clear indication of a PbBr,-rich phase.'”*” On
the other hand, the XRD pattern of the sample grown by 13#
spin-coating cycles, suggests the presence of small amounts of
secondary rhombohedral Cs,PbBr,; phase (CsBr-rich phase).

Morphological Analysis

Figure 2 shows the different stages in CsPbBr; formation from
bare FTO. In contrast to a previous study,® where well-covered
films were obtained only after 500 s, we accomplished a very
homogeneous and well-covering PbO, film after 280s of
reaction with the same current density. This is probably due to
the positive effect of the activation protocol with HNO; on the
FTO pieces before electrodeposition. After conversion into
PbBr,, full coverage of the FTO and a granular morphology can
be observed. In Figure 2 it can also be seen a different number
and grain size distribution depending of the number of spin-
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Figure 2. SEM images of substrates during the different stages of CsPbBr;
preparation, including spin-coating (s-c) cycles. Scale bars equals 500 nm in
i o both frontal and lateral views.

coating cycles which were compared each other (vide infra).
Faraday’'s law predicts at a current density of 70 mCcm™
thicknesses of 94nm and 440 nm for PbO, and CsPbBr;,
respectively. These calculated values compared very well with
the experimental thickness of the final CsPbBr; films according
to the SEM images: 89 and 428 nm respectively.

EDS analysis was employed on the samples to obtain the
Pb/Cs ratio. Results as a function of the number of spin-coating
cycles with methanolic CsBr solution are depicted in Figure 3a.
9# spin-coating cycles appear to be ideal to reach the desired
composition. The inset with photographs in Figure 3 shows
clearly that the yellow color characteristic of CsPbBr; becomes
fully evident after the 6th cycle. In contrast, less spin-coating
cycles can only stabilize the white colored CsPb,Brsg
compound.”® This is also in agreement with the interpretation
given by Duan et col™ and with the XRD results from
Figure 1a. When the number of spin-coating cycles was higher
than 10, the composition of films changed substantially (Fig-
ure 3) which could indicate the formation of a new compound,
namely the pale yellow colored Cs,PbBrs.®? This result is also
confirmed by Figurelc from our XRD analysis. The grain size
(Figure 3b) estimated from SEM analysis also evolved with the
number of spin-coating cycles and approached to its highest
value when the number of spin-coating cycles was 10. Starting
from PbBr, (included in an inset in Figure 3b), after 5 cycles the
grain size exhibited a great increase from 550 nm to over 1 um
which matches with the stoichiometry of the CsPb,Br; phase
(Figure 3a). Subsequent spin-coating cycles increased and
decreases slightly the grain size. At 9 cycles the grain size was
particularly lowered but after the 10th cycle recovered its value
until reach a maximum. Evolution of grain size between 11 at
12 cycles demonstrated the predominance of the Cs,PbBrg
phase under formation. In spite of the slight deviation of the
CsPbBr; samples prepared with 10# spin-coating cycles from
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Figure 3. a) Atomic Cs:Pb ratio and b) grain size versus the number of spin-
coating cycles with CsBr over PbBr,. The inset in (b) shows the mean grain
size of PbBr, before starting the spin-coating cycles. The photographs
showed below the main graph evidence the changes in aspect when PbBr,
was progressively converted into CsPbBr;. The numbers in each photograph
correspond to the number of spin-coating cycles.

the theoretical stoichiometric composition, these samples
presented the best photovoltaic behavior (vide infra) as
demonstrated by its j-V characteristic (Scheme SI-2) and
compared with the response of samples after 9 cycles. We then
confirm and conclude that under these conditions an optimal
spin-coating cycle number equal to 10# should be performed
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Figure 4. Absorption coefficient a showing the characteristic shape of an
excitonic behavior. Inset: Typical transmittance spectra of the CsPbBr;
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squares). CsPbBr; samples with 10# spin-coating cycles.
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values among 4 and 11 spin-coating cycles for the energy of
the band gap and exciton of 2.43+0.01 eV and 2.39+0.01 eV
respectively. Thus, the exciton binding energy can be estimated
to be around 40 meV, relatively close to thermal energy of
26 meV. Similar behavior have already been observed in the
optical properties of other types of perovskites with the ABX,
structure in both thin films and nanoparticles.****
Photoluminescence measurements (blue squares in Fig-
ure 5) carried out for samples from 4 to 11 spin-coating cycles,
resulted in an emission that varies slightly between 2.30 and
2.34 (+0.01) eV giving a mean value for the difference with the
excitonic peak of 62+5meV and particularly 70 meV for 10
spin-coating cycles. In a second manuscript under preparation
these optical properties are further analyzed and interpreted.

Photovoltaic Properties and Impedance Characterization

The j-V response of our system was presented in Figure SI-2
from which it becomes clear that sample with 9 and 11 spin-
coating cycles were less efficient compared with the sample
prepared with 10 cycles. The biggest grain size from this
conditions also supported this interpretation (Figure 3b). The
high hysteresis, particularly close to V,. did not allow the
objective estimation of the fill factor (FF) and the efficiency
using this technique. The origin of such a large hysteresis,
especially at open-circuit appears to be related to the particular
experimental set-up we are using and it is probably due to slow
ion migration toward the carbon contact. However, a precise
description of this phenomenon is out of the scope of this
paper. Thus we followed the recommendations stablished in
which recommend in this case the use of stabilized current at
fixed voltage (SCFV) technique to assess the PCE.® Our best
cell obtained through this methodology gave a PCE value as
high as 2.70%, measured at +0.8557 V with the steady state
condition achieved after 1 h (Figure 6a). This PCE value is quite
close to a similar configuration reported in the literature:
2.35%." This demonstrates the potentiality of the electro-
chemical approach to build photovoltaic devices with simple
configurations based on cost-effective materials. From Fig-
ure 6b, the external quantum efficiency (EQE) response is quite
similar to that from a previous study where CsPbBr; was
prepared by spin-coating. As expected, the spectrum exhibited
a sharp decrease from ca 530 nm,"™® in line with the optical
analysis of Figure 4. Thus, the previous work described in Ref."®
can be regarded as a good reference for comparison between
these two different methods.

In Figure 7a and b a typical impedance spectrum at open
circuit of a CsPbBr; based device is presented. The spectrum is
recorded once the sample contacted with the carbon-coated
tip and after V,. stabilization is reached. The IS response shows
one main arc in the Nyquist plot, associated to the peak
appearing at ~5x10*Hz. This signal reflects mainly the
recombination process of the device." A second signal can be
also detected in most devices below 1 Hz. This is attributed to
the slow ionic motion in the perovskite film. We have used a
simple Rs(RC)-equivalent circuit to fit the high frequency part of
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the spectrum and to extract the resistance and the capacitance
associated with the recombination signal. This analysis is done
at various illumination intensities, resulting in varying V. values.
Typical results for the recombination resistance are plotted in
Figure 7c. A plot of the V.. versus light intensity is shown in
Figure 7d.

The recombination resistance shows a clear exponential
behavior with respect to the open circuit potential, in
accordance with the following theoretical expression [Eq. (4),
Ref. [18] and references therein]:

V,
Ba oc) @)

Rrec:ROO exp (_ kBT

where f is the recombination parameter. This is related to the
ideality factor of the device via m=1/4 and

mkgT

In(1) (5)

Voc ~

Figure 7d plots the open-circuit potential as function of
logarithmic values of the light intensity. A linear fit of the data
yields typically m values in 1.8-2.2 range. Furthermore, for a
given device, the ideality factor extracted from the V,.—In(/) plot
is fully consistent with that obtained from the recombination
resistance. After scaling by the smaller nominal area of the
carbon-coated tip, both the numerical values of the recombina-
tion resistance and the capacitance are in line with previous
literature values for CsPbBr; based perovskite solar cells. Thus,
the capacitance is voltage independent (results not shown)
with values of 1-2 107 Fcm™, very close to those reported for
CsPbBr;-based perovskite solar cells with a more elaborated
architecture including a hole transport layer and a gold contact.
This result further confirms that the electrochemical method
used here produces high quality films with recombination
features of the same nature and magnitude of the best samples
reported.®%#'® This shows that the experimental setup used
here probes correctly the impedance response of the perovskite
film, producing a true recombination resistance and a true
geometrical capacitance.

Conclusions

A novel method to manufacture CsPbBr; perovskite solar cells
have been developed through an electrochemically assisted
method. Features such as homogeneity and well-covering
thickness of as deposited PbO, precursor were well transferred
to the PbBr, intermediate by means of a heterogeneous
reaction with hydrogen bromide with a high control of lead
waste. PbBr, intermediate was subsequently converted into
CsPbBr; by a multiple-step spin coated method. Structural and
optical analyses revealed these CsPbBr, films are well crystalized
as orthorhombic phase with good optical absorption. PCE, EQE
and ideality factor values obtained without neither electron nor
hole transporting layers are quite concordant with state-of-art
CsPbBr; solar cells thus demonstrating the feasibility and
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potentiality of this cost-effective device. This strategy opens the
possibility to integrate the electrochemical methods to a
scalable technology for PSCs.

Experimental Section

All the chemical reagents were of analytical grade and used without
previous treatment. For aqueous solutions, deionized water (Milli-Q
water, 18.2 Qcm) was used. Fluorine doped tin oxide coated
glasses (FTOs, TEC 15, Xop Glass, 12-14 Q/sq) were used as
substrates. These substrates were cleaned with an Hellmanex
solution (1%) in an ultrasonic bath. After rinsing with a copious
amount of water, the FTOs were again sonicated in acetone and
ethanol. Then, the substrates were rinsed with water, dried using a
N, stream and activated in concentrated HNO; (65 %) for 3 minutes
under ultrasonic conditions. Finally, the FTOs were rinsed again
with water and dried with a N, stream.

A classic glass electrochemical cell was employed for the electro-
chemical deposition of PbO,. A lead-based electrolyte was prepared
following the methodology reported.*® Na(C,H;0,),x3H,0 was
dissolved in 40 mL of water, and then the pH value was adjusted to
5.5 with glacial acetic acid. Separately, PbC,H;0,%x3H,0 was also
dissolved in 40 mL of deionized water and added slowly to the
sodium acetate solution. The final pH value was adjusted to 5.5
before use, resulting in 0.1 M Pb(ll) as final concentration. The
electrochemical setup was formed by the freshly prepared FTO
substrate as working electrode. An Ag/AgCl,,. (0.196 V vs SHE) and
a Pt mesh served as reference and auxiliary electrode respectively.
The FTO substrate was located in front and parallel to the Pt mesh
keeping a distance near to 0.8 cm each other in order to favor the
homogeneous growth of PbO, film over the immersed portion of
FTO. A current density of 0.25 mAcm™ was imposed until a fixed
charge density of 70 mCcm™? was consumed during the electrol-
ysis.

Prior to the conversion, fresh PbO, samples were thoroughly rinsed
with water, dried with a nitrogen stream and heated at 250°C for 5
minutes. After that, the hot substrates were placed inside a
rounded glass flask, which contained 1.5 pL of HBr (47 %).The PbO,
face was placed in opposition to the position of the HBr aliquot. A
wide tubular furnace was used to hold the system at 250°C for 10
minutes. Then, the PbBr, film was slowly cooled down until 120°C.

On the other hand, a methanolic 0.07 M CsBr solution was prepared
by heating at 40°C and stirring. 50 uL of CsBr solution was
deposited on the PbBr, film and then spin coated in a one-step
setup at 3000 rmp for 30 s. Afterward the substrate was annealed
at 250°C for 5 min. This last step was repeated until 13 times in
order to obtain the optimized conditions to form stable CsPbBr,
orthorhombic phase.

Scanning electron microscopy (SEM, Zeiss Gemini SEM-300) was
used for frontal imaging of samples. The system was coupled with
a Silicon Drift detector (Oxford Instruments) for EDS analysis. A
field-emission scanning electron microscopy (FE-SEM, Quanta 250
FEG) was used for lateral imaging of samples. The crystalline
character of the films was determined by X-ray diffraction (XRD)
measurements, carried out in a standard theta-2 theta scans on a
Philips PW180 diffractometer (30 kV, 40 mA, CuKa radiation with
L=1.5406 A). The optical characterization was performed measur-
ing the transmittance T and photoluminescence of the samples at
room temperature. To measure the transmittance, the samples
were excited with a halogen source (Ocean-Optics HL 2000), and
the transmitted light was collected with an integrating sphere
(Ocean-Optics FOIS-1) connected to an Ocean Optics Flame-S-UV-
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VIS-ES spectrometer. With the same spectrometer, photolumines-
cence measurements were performed but exciting with a Thorlabs
M365FP1 LED (365 nm, 9.8 mW).

The electric contact for photovoltaic and impedance measurements
were performed using a carbon coated string tip. The empirical
criterion that we have implemented to probe the photovoltaic
response of the CsPbBr; film is to increase the pressure with which
this carbon coated string tip is pressed to the perovskite film until
both V,. and j,, were maximized in the device. After measurement,
the contacting area between the carbon coated string tip and the
perovskite surface can be estimated by optical microscopy. The
value obtained by this method is 2.09x 107 cm? which we have
subsequently used for the estimation of the nominal current
density and efficiency of the device.

Following this procedure, j-V curves were traced using a solar
simulator LOT (model LS0500) and an Autolab potentiostat (model
PGSTAT 302N), at a calibrated light intensity of AM1.5G
100 mWcm™2, using a Si-based reference solar cell. Strong hyste-
resis is systematically observed from the forward and reverse scans
carried out at a scan rate of 10 mVs™, using this procedure. For this
reason, maximum power potential (MPP) values and power to
current efficiencies (PCE) were obtained using the stabilized current
at fixed voltage (SCFV) technique.® At each imposed-bias, photo-
current density values were recorded once the steady-state had
been reached under continuous light soaking until power is
optimized. External quantum efficiency (EQE) was measured with a
photovoltaic device characterization system Bentham (PV300) using
monochromatic light under DC mode.

Impedance spectroscopy (IS) measurements were carried out using
the same experimental set-up used in the PCE and EQE measure-
ments and with the carbon-coated tip positioned at the same point
that maximized the V,. The same Autolab potentiostat equipped
with a FRA2 module was used in the IS studies. The measurements
were conducted at open-circuit conditions under varying white-
light illumination intensities in the 1-10° Hz frequency range and a
voltage perturbation of 20 mV. Linearity of the measurement was
verified by Lissajous analysis.
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Figure SI-1. (a) X-ray diffraction pattern of a lead oxide thin film electrodeposited onto an FTO/glass
substrate. The signals marked with blue light diamond symbols (¢), correspond to a-PbO2 phase. The
JCPDS pattern of orthorhombic [-PbO: is placed at the bottom of this diffractogram (thick blue bars).
(b) X-ray diffraction pattern of a chemically synthesized lead bromide thin film. The JCPDS pattern of
rhombic PbBr: is also shown for comparison at the bottom of this diffractogram (thick blue bars). In

both Figures, the signals marked with (*) are associated to the FTO/glass substrate.
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Average crystallite size was calculated from a full width at half maximum (FWHM) of X-ray

diffraction peaks by using Scherrer formula [1]:

_ ka
- Bcos6O

(SI-1)

Where D is the crystallite diameter, A is the wavelength of the incident radiation, k = 0.94 is the shape
factor, 8 is the Bragg angle, and B is the full width at half maximum (FHWM) in radians. The average
crystallite size evaluated from CsPbBrs diffraction peak at 21.5° was ca. 39 nm for a typical sample

grown by 10# spin-coating cycles, hinting their nanocrystalline character.

Elliot function

Excitons are defined as quasiparticles formed by the Coulombian interaction between an
electron (in the conduction band) and a hole (in the valence band) produced by absorbing a photon with
energy lower, but close, to that of the band gap [2]. The energy states allowed for the excitons can be
obtained by solving the quantum problem of two bodies, separating the movement of the carriers in a
movement corresponding to the center of mass of the system (M) and another corresponding to the
relative movement of the particles. The first of these contributions provides a continuous term
proportional to the momentum of an electron in the conduction band (#k)? in total energy (Ez), while the
second, being analogous to the problem of the hydrogen atom, provides discrete levels of energy (E,).

So the allowed energetic states for the exciton are [3]:

(hke)? 1
Eex = Eg + Eg + B, ~ By + 22 — R, () (SI-2)

n2
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In this expression R,, is the exciton binding energy, defined as the difference between the minimum
energy excitonic state and the lowest energy state of the conduction band, E, is the band gap energy
and n is an integer labeling the different energy levels. Given these allowed energy states and also
considering that only transitions with null angular momentum (I = 0) are allowed in this kind of materials

[4] it is obtained that the absorption edge can be modeled by the Elliot function [5]:

a(hw) = Py [B(he — Ey) - (25— + Rex N1 3+ 8(he — Eg + Rex/n?)| - (S1-3)

sinh (1tx)

In this expression hw is the photon energy, the term P.,, which is determined by the matrix elements of

the allowed transitions, is considered constant, & and 6 are the Heaviside and Dirac delta functions,

respectively, and the parameter x = Rex s defined.
(hw—-Eg)

j-V curves
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Figure SI-2. j-V characteristics taken for samples with 9, 10 and 11 spin coating cycles.
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Perovskite have had a great impact on the solid-state physics
world in the last decade not only achieving great success in
photovoltaics but, more recently, also in the implementation of
other optoelectronic devices. One of the main obstacles for the
adoption of Pb-based perovskite technologies are the high
amounts of Pb needed in the conventional preparation
methods. Here we present for the first time a detailed analysis
of the photophysical and photoelectrochemical properties of
CsPbBr; films directly grown on fluorine-doped tin oxide (FTO)
coated glass through a novel technique based in the electro-
deposition of PbO, as CsPbBr; precursor. This technique allows
to save up to 90% of the Pb used compared to traditional
methods and can be scalable compared with the commonly

Introduction

The research activity of the scientific community in the field of
perovskites has increased dramatically in the last decade,
mostly driven by the outstanding results obtained in photo-
voltaic devices. This activity has allowed the perovskite solar
cells (PSC) to increase their efficiencies from 3.8%" in the year
2009 to 25.5% in single junction architectures and 28% in
multiple junction architecture, as reported in 2020.% From this
intense research many of the outstanding optoelectronic
properties of these materials have been unveiled, allowing
many new applications of perovskites besides solar cell as
LEDs2™  lasers,*® radiation detectors™®™ and CO,
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used spin-coating process. The low temperature analysis of
their photoluminescence spectra, performed in both steady
state and time dependence, revealed a strong interaction
between electrons and longitudinal optical (LO) phonons
dominant at high temperatures. On the other hand, the
electrochemical and photoelectrochemical analysis proves that
CsPbBr; prepared using this new method has state-of-the-art
features, showing a p-type behavior under depletion regime.
This is also confirmed by photoelectrochemical measurements
using p-benzoquinone as target molecule. These results prove
that the proposed method can be used to produce excellent
CsPbBr; films, saving much of the lead waste.

reduction”*'® devices among others. Electrochemical proper-

ties of perovskites have also been exploited for electrodeposi-
tion purposes as in the case of electropolymerized PEDOT on
CH;NH,Pbl; (MAPI)." Further, the constant search for new and
better photoelectrochemical devices has also led perovskites to
find applications in water splitting devices,"®?? quantification
on analytes” and degradation of organic compounds.?”
Although the technologies based on perovskites have not yet
fully matured, they show very promising results allowing to
spot a future with perovskite-based devices in the market.

In recent years, all-inorganic perovskite solar cells have
attracted the attention in the scientific community, mainly
because they provide excellent stability under ambient con-
ditions compared to their organic counterparts.*>” One of the
most studied inorganic perovskites has been CsPbBr;. This
perovskite shows very interesting physicochemical properties
such as a wide direct bandgap of 2.43 eV, an exciton binding
energy of around 40 meV,*'¥ a diffusion length for electrons
(holes) of 5.5 um (2.5 um)® as well as high resistance to
photothermal exposure.®™ Furthermore, the material properties
can be improved by doping with CI(-1),*® Fe(I),"® SnBr,*” and
Sb(II®® among others, giving the possibility of tuning the
bandgap over the visible spectra.

To achieve a full development of the PSC, and an extended
implementation of this technology in the energy grid, several
obstacles have to be overcome. One of them is to reduce the
lead use in manufacturing methods, since its negative impact
on the environment and human health.®***” For this purpose, a
number of interesting efforts to recycle lead containing wastes

© 2022 Wiley-VCH GmbH
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have been regarded, mainly from car batteries and from
perovskite solar cells.*'*? An interesting perspective is also
given by G. Hodes who compared the mass consumption of
lead per power unit from a car and a perovskite solar cell thus
demonstrating a transition to a less lead-based energy gen-
eration similarly to the diminishing of carbon footprint.*
Taking into account this issue, recently, our group has reported
a new method to produce selective contact free CsPbBr, based
solar cells, using an electrochemically assisted method that is
both simple, lead waste saving and potentially scalable to fix
lead on electrodes compared with other techniques such as
spin-coating.®® Besides, it was also shown that the power
conversion efficiencies of the obtained samples are close to the
state-of-the-art values, even without the need of using neither
electron nor hole transporting layers. Efforts have been
made™*® to prepare solar cells assisted by electrochemical
deposition using different materials. However, scalability experi-
ments to prove this hypothesis for perovskite based solar cells
are still lacking.®® Thus, our results open a field for the study of
such fully inorganic perovskites.

Although CsPbBr; photoelectrodes can work without trans-
porting layers, better performance can be obtained by covering
the active film with a bi-functional material that serves as both
a protective layer, that prevents the contact with liquid water,
and as a charge transporter.®*=>? The basic electrochemical
properties directly assessed on FTO/CsPbBr; electrodes im-
mersed in dry liquid electrolytes have been achieved in a few
cases including low polarity organic solvents,”® but its photo-
electrochemical features as well as its semiconducting behavior
has been scarcely informed compared with its MAPI
counterpart.®¥

Thus, this work has two main purposes. First, to show the
good optical properties of the CsPbBr; films obtained by the
electrochemically assisted method reported previously, while
also analyzing the fundamental properties behind them.
Second, and in connection with their optical characterization, to
study the semiconducting properties as well as the photo-
electrochemical properties of these CsPbBr; electrodes grown
on FTO.®¥ Consequently, we will show that there are many
potential applications of photoelectrochemical devices in non-
aqueous media to carry out either organic synthesis or
degradation of organic pollutants taking advantage of the
solubility of many organic compounds in low polarity solvents.

Experimental

CsPbBr; films were grown on FTO substrates according to a novel
procedure recently reported by our group.’? Briefly, PbO, was
galvanostatically electrodeposited on clean FTO pieces using a fix
charge density of 70 mCcm™ Films were converted into PbBr,
through a heterogeneous phase reaction between solid PbO, and
gaseous HBr in a glass reactor at 250°C for 10 minutes. After
completion, samples were finally converted into orthorhombic
CsPbBr; by spin-coating 0.07 M CsBr in methanol at 3000 rpm
followed by annealing at 250°C for 5 minutes (Figure S1). 10 spin-
coating cycles were enough to achieve the full conversion,
obtaining a uniform film with optimized stoichiometry as can be

ChemPhysChem 2022, e202200286 (2 of 10)

seen in Figures S2 and S3. This film was used for further character-
izations presented in this work.

The optical characterization was performed by continuous-wave
(CW) and time-resolved (TR) photoluminescence (PL) spectroscopy
at different temperatures. For the CW measurements, the samples
were cooled from 285 to 30K in a CTI Cryogenics CRYODYNE
cryostat, exciting the sample using a Thorlabs M365FP1 LED
(365 nm, 9.8 mW) and collecting the emitted light with an Ocean
Optics Flame S-UV-VIS-ES spectrometer. Then, changing the
excitation source for a halogen lamp (Ocean-Optics HL 2000) the
transmittance T was measured, and from this we calculated the
absorptance a = —InT. Time-resolved PL was carried out using a
cold-finger He cryostat, a 371 nm pulsed diode-laser (Hamamatsu,
0.1 ns nominal pulse width) with an average power of 170 uW at
10-20 MHz, and a Streak-Camera (Hamamatsu C4334) coupled with
0.5 m spectrometer (Acton, SpectraPro 2500i).

Electrochemical and photoelectrochemical characterizations were
carried out in deaerated 0.1 M Tetrabutylammonium hexafluoro-
phosphate (TBAPF,) in anhydrous dichloromethane (DCM) as back-
ground electrolyte at room temperature. Electrochemical (linear
sweep voltammetry, cyclic voltammety and capacitance) and
photoelectrochemical measurements were carried out with a
Gamry Potentiostat/Galvanostat (model G300) and an Autolab
potentiostat (model PGSTAT 302 N), respectively. A Pt coil was used
as auxiliary electrode and a silver wire immersed in 0.01 M AgNO,
solution prepared in CH;CN as reference electrode. The latter was
daily calibrated using a solution of 5mM ferrocene and 0.1 M
TBAPF; in DCM and freshly polished glassy carbon as working
electrode giving 0.205+0.007 V vs our Ag/AgNO; electrode. To
obtain the electrochemical window where CsPbBr; was stable with
no Faradaic reactions involved, linear sweep voltammetry measure-
ments were carried out using a glass electrochemical cell in the
dark. Each potential scan (50 mVs™') was made with a freshly
prepared CsPbBr; electrode having a single use. Electrochemical
impedance measurements were carried out in the potential range
where only capacitive current densities were present and at
different frequencies using a perturbation amplitude of +5mV
from each DC potential value. The electrochemical cell was
mounted into a Faraday cage in the dark.

During photoelectrochemical measurements a quartz cell was
employed as electrochemical cell and 10 mM p-benzoquinone was
chosen as redox target being added to the aforementioned
supporting electrolyte. In order to attenuate the optical absorption
of the p-benzoquinone solution, each CsPbBr; electrode was
mounted in front of a flat quartz window using a glass cover slip
n°1 as spacer, thus giving a nominal distance between the quartz
window surface and the electrode surface close to 0.15 mm. A solar
simulator LOT (model LS0500) at a calibrated light intensity of
AM1.5G 100 mWcm ™2 (using a Si-based reference solar cell) was
utilized as light excitation source. Potentiodynamic (scan rate:
10mVs™") and potentiostatic experiments were made under
chopped light. The potential value chosen for photo-chronoamper-
ometry experiments was selected according to the potentiodynam-
ic profiles.

Results and Discussion
Optical Properties
In Figure 1a and 1b the absorptance and PL spectra of the

analyzed sample at 30K and 285K are presented. The
absorptance spectra show a pronounced excitonic absorption

© 2022 Wiley-VCH GmbH
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Figure 1. Absorptance (red triangles) and Normalized PL spectra (CW blue
circles and TR green squares) obtained at 30 K a) and at room temperature
b). Heat map of temperature dependent normalized PL spectra of a CsPbBr,
film obtained between 285 and 30 K ¢).

for low energies that red shifts and increases its amplitude
when the temperature is lowered. A similar behavior is
observed in the PL spectra, that besides moving its maximum
to lower energies also becomes more symmetrical and
narrower. The PL spectra versus temperature heat map shown
in Figure 1¢, illustrates the normalized amplitude of the PL
spectrum as a function of temperature between 285 and 30 K.
All PL spectra present a broad emission band in the visible
range and show different behaviour in two temperature ranges.
An initial blue-shift of the PL peak from room temperature to

ChemPhysChem 2022, e202200286 (3 of 10)

detail in the inset of Figure 2 (see below), where the position of
the maximum in the PL spectra (obtained using a Gaussian
fitting) as a function of the temperature is depicted. Two
aspects must be considered to explain this behavior. First, the
dependence of bandgap energy with temperature in the quasi-
harmonic approximation is determined by two competing
phenomena with antagonist effects that can be described by
equation 1.5

OE,  (OE)\ [0V 0 <[ OF, 1
F-@EEe)

The first term in this expression describes the effect of
lattice expansion on bandgap energy and is determined by the
hydrostatics deformation potential ‘3—¥ and the expansion
coefficient %i‘j’. Lattice expansion tends to increase the bandgap
energy when the temperature is increased,””*" as observed at
low temperatures. On the other hand, the second term -where
n;; represents the phonon occupation number in the phonon
branch j with wave vector G- quantifies the interaction of
electrons with LO phonons. This interaction is produced by the
deformation potential, and results in a decrease on the
bandgap energy®®®? when temperature is increased (although
some authors claim the opposite®) as observed at high
temperature range. Second, the dependence of the Stokes-shift
with temperature. In our case this parameter increased from
20 meV at 30 K to 70 meV at room temperature. This effect has
already been reported in perovskite samples, and has been
attributed to carrier thermalization in the broadened density of
states.*®*%! Similar dependence of PL spectra with temperature
have been reported in other types of materials with the
perovskite structure, both in the form of thin films and
nanostructures.®® |n some of these compounds, discontinu-
ities have also been observed in the results, which are
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Figure 2. Integral of the PL spectra (/) as a function of the temperature:
experimental data (red circles) fitting using two activation energies (dashed
black). Inset: photon energy of the PL maximum as a function of temperature
showing a blue-shift for temperatures above 195 K, and a red shift for
temperatures below this value, as the temperature is diminished.
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attributed to phase changes in the crystalline structure. These
phase transitions are absent in our CsPbBr; sample for the

were

@ac = 86 + 28 ueV/K

data with this model, the obtained values for the parameters
Ty =23+2meV,

and

temperature range analysed, which is of crucial importance for
the manufacture of electronic devices with stable performance.

Each of the CW-PL spectra was fitted using a Gaussian
curve, characterized by three parameters, the full width at half
maximum (FWHM), the centre of the emission peak, and the
integral (area) of the intensity spectra /.

Figure 2 shows the Arrhenius plot of / vs temperature. From
this plot the thermal activation energies E, were obtained using
an Arrhenius-like expression (dashed black line in Figure 2) with
two activation energies.

ly

M=——=—"-=
14+ A6t + Ajen?

)

In equation 2 |, is the PL intensity at 0 K, k, is the Boltzmann
constant, E,, and E,, are the activation energies, and A, and A,
are constants. In order to obtain a good fit of the model with
the data, we had to consider two thermal dissociation
channels™ This indicates that there are two quenching
channels for photoluminescence with activation energies
E,, =13+£2meV and E,, =39+ 5 meV. It has been argued
that these energies correspond to excitonic states below the
free exciton energies.®™ The origin of these states is still under
debate, but there is evidence showing that they can be
originated in surface states, which strongly influence the
photoluminescence properties.*®%?

Concerning to the temperature dependent FWHM (I'), the
interaction of electrons and phonons can be analysed. These
interactions can have three different origins: i) the deformation
potential that accounts for the interaction of electrons with
optical and acoustic phonons, ii) the piezoelectric effect that
can produce the interaction of acoustic phonons with electrons
in crystals without a centre of symmetry iii) the Frohlich
interaction which describes the effect of the electric field
created by longitudinal optical phonons (LO) in electrons.”57%7"
The contribution of the different interactions in the PL spectra
is highly dependent on temperature since the phonon
population is also thermally determined. Thus, the observed
broadening of the PL spectra can be fitted using the
independent Boson model,"” also known as Segall’s expression
(equation 3), which considers three contributions to the broad-
ening.

(M=l + T+ o= T+ @aT+ EZDLO 3

ekt — 1

The first term, I';,,, is a constant inhomogeneous broad-
ening, which has its origin in crystal disorder. I, represents the
coupling of the electrons with the low energy acoustic
phonons, which has a linear behavior. Finally, I',, represents
the interaction of electrons and longitudinal optical phonons.
The bosonic nature of phonons governs the population of the
energy states of the system, so the Bose-Einstein distribution
must be considered in this last term. Besides that, E,, = hw,, is
the characteristic phonon energy. After fitting the experimental
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E,o = 30 + 4 meV. Figure 3 shows the result of the fitting and
the contribution from the different terms of the Segall’s
expression. This result indicates that the process is dominated
by optical phonons, especially at high temperatures, which is
the main cause for the photoluminescence quenching. These
results are very similar to those reported by Wolf et al. also
working with CsPbBr; thin films processed at low
temperatures.’?

Finally, the time dependence of the PL spectra from 6 K to
45K was analyzed. These results were fitted using two
exponential decays as shown in equation 4.

I(t) = Ae™ +Ae™ @)

In this expression 7, and 7, are the characteristic decay
times and A, and A, are constants. These times were calculated
using two measurements with time windows of 50 (see
Figure S4) and 100 ns. Using the 50ns (100 ns) a better
estimation of the short (long) times can be obtained. The results
are shown in the inset of Figure 4 where it can be observed
that both times monotonically increase with temperature. It
must be addressed that the short times are close to the decay
time from the laser pulse width (estimated in 200 ps and shown
on the left side of Figure 4) therefore they may be shorter than
the reported values. Although the increase of these times with
the increase of temperature may seems not to be compatible
with the quenching of the luminescence and the increase of
FWHM with the increase of temperature, the results are in good
agreement with some previous reports on CsPbBr;.”>”? These
results were interpreted as due to exciton fission” and the
thermal motion of free excitons.”” However, other reports show
mono-exponential decays” and also non-monotonic depend-
ence on temperature.® Besides that, different functions have
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Figure 3. Temperature dependence of the photoluminescence FWHM:
experimental data (red circles), Segall’s expression fit (solid black) which can
be deconvoluted into three contributions: Inhomogeneous broadening
(green dots), acoustic phonons (blue dashed) and longitudinal optical
phonons (cyan dash-dot dot).
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been used to fit the data making a direct comparison between
the reported decay times very difficult. According to M.J. Trimpl
et al’® the fast initial decay can be explained considering an
initial charge-carrier trapping characterized by a short time ;.
Then, trapping and detrapping processes balance producing a
quasi-equilibrium system where PL transients are originated in
the recombination of trapped electrons with valence-band
holes characterized by time 7,.

Electrochemical and Photoelectrochemical Properties

The electrochemical window with no Faradaic processes was
estimated by assessing the limit for the first oxidation and
reduction processes from linear potentiodynamic scans de-
picted in Figure 5. At positive scans, starting from the open
circuit potential value (pointed by the red arrow), the CsPbBr,
electrodes exhibited a current density wave near to +0.7 V with
a peak centred at ca +1.1V. At more positive potentials a
second wave is also developed. When stopping the polarization
at the anodic potential limit and withdrawing the electrode
from the cell, it looked bleached as seen in the right-side
photograph included in Figure 5. This can be attributed to an
irreversible oxidation of one constituent from the CsPbBr;, thus
limiting its use to potentials below the onset of the first positive
current density wave.

During the negative scan of a new CsPbBr; electrode, again
starting from the open circuit potential, a negative current
density wave is developed at a potential near to —1.3 V.
Similarly to the anodic scan, when stopping the polarization at
the cathodic potential limit and withdrawing the electrode from
the electrolyte, a grayish aspect of the CsPbBr; film is seen as
shown in the left-side photograph included in Figure 5. This is
also explained by an irreversible process, in this case a
reduction involving the perovskite film.

ChemPhysChem 2022, e202200286 (5 of 10)

20 15 10 05 00 05 10 15
E/V vs Ag/IAgNO,

Figure 5. Linear sweep voltammetry of CsPbBr; samples in 0.1 M TBAPF,
dissolved in CH,Cl, under Ar ambient. Scan rate: 50 mVs ™. Inset: electrodes
photographs taken after polarization was completed. The aspect of the
immersed sections after completion of the potential scans are shown within
dotted line squares.

According to these results, a wide electrochemical window
close to 2.0 V and with no Faradaic processes is available for EIS
measurements. In this window capacitive current densities as
high as 1 pA cm™ were measured, in agreement with a criterion
of low current densities for capacitive currents.®®®" Under this
condition, it was assumed a simple equivalent electric circuit
formed by the electrolyte resistance in series with the semi-
conductor space charge capacitance for EIS measurements
following the recommendations given in reference.®”

Capacitance measurements of CsPbBr; electrodes are
depicted in Figure 6a as Mott-Schottky plots. The use of
frequencies higher than 500 Hz was not possible since Lissajous
plots revealed departure from linearity between AC perturba-
tion thus response beyond that frequency was not registered.
Measurements carried out in quite similar conditions have been
possible in MAPI recognizing its semiconducting behaviour
from frequencies as low as 500 Hz to values as high as 5-
10 kHz.7*## This wide frequency domain towards low values
for capacitance measurements has also been found in other
orthorhombic and defect tolerant photovoltaic materials.
From these references it can be noted that the use of different
deposition methods on top of different substrates (i.e. spin-
coating, drop casting, and spray-coating) leads to different
crystallization conditions. It is known that the way of crystal-
lization strongly affects the electrical behavior of photovoltaic
perovskites.®*®” Thus, the physical meaning of this particular
response in our samples could be addressed in that direction.
Further research focused on different deposition techniques
could enlighten the way for understanding this behavior what
is out of the scope of this work. To face the impossibility of
measuring the capacitance at frequencies higher than 500 Hz,
we have measured at frequencies as low as 100 Hz and then
analyzed the acceptor density (N,) and flat band potential (Egg)
obtained from these experiments. The slopes of each Mott-
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Figure 6. Mott-Schottky plots of CsPbBr; samples measured at different
frequencies in 0.1 M TBAPF, dissolved in DCM (a), cyclic voltamperogram of
10 mM p-BQ+ 0.1 M TBAPF, + Ar in polished glassy carbon. Scan rate:

50 mVs~' (b) and energy level diagram, expressed as potential relative to the
Ag/AgNO; electrode, sketching the CsPbBr; electrode compared with the
redox couple p-BQ- /p-BQ (c).
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Schottky plot were consistent with the p-type behavior of the
orthorhombic CsPbBr; films on FTO substrates. All tested
samples presented frequency dispersion as evidenced in
previous studies for spin-coated MAPI films.®® The apparent N,
values were calculated from the Mott-Schottky treatment
assuming a relative permittivity for orthorhombic CsPbBr; of
22% which were found between 1.06x10" and 8.53x
10" cm™ spanning from 100 to 500 Hz, respectively. The
dispersion in frequency of the as-measured capacitances can be
attributed either to a complex electrical response from the
semiconductor surface or to a non-constant relative permittivity
of the material.®**” Further, higher capacitance values obtained
at too low frequencies can be influenced not only by the space
charge distribution but by other effects such as ion migration.
The N, value obtained at the highest frequency limit employed
here is of the same order with the previous results obtained
from MAPI electrodes (~10" cm~3).**" The mean E;; obtained
from the intercept at zero in the y-axis from the Mott-Schottky
plot was 0.4740.02V. This small discrepancy of E; as a
function of frequency can be acceptable as reported in MAPI
samples and common oxide semiconductors as TiO,
electrodes.®®)

Prior to photoelectrochemical measurements of CsPbBr,
electrodes, cyclic voltammetry was carried out of glassy carbon
electrodes in 10 mM p-BQ electrolyte (Figure 6b). These experi-
ments make it possible to verify the half-wave potential value,
E,,, for the one-electron reduction of p-BQ to its radical anion,
being the latter initially absent. The as-obtained value of E;,
equals to —0.767 V and it was used with the Eg value from
CsPbBr; electrodes to build the energy level diagram in the
dark depicted in Figure 6¢. To obtain the position of the valence
band edge, E,, the approximation given by Domen et col® was
used. The effective mass of CsPbBr; considered to our
estimations was 0.143 m,, where m, is the electron rest mass,
according to a previous study.®” The total density of acceptors,
P, Was approximated to the N,=8.53x 10" cm~ (obtained at
500 Hz), while the E; value used was 2.43 eV as reported in our
previous work.?¥ From this energy band diagram (Figure 6¢) it
can be clearly predicted the photoelectrochemical reduction of
p-BQ using the CsPbBr; electrodes under solar light illumination
and negative potential biased.

The potentiodynamic response of CsPbBr; electrodes under
chopped light using 10 mM p-BQ as redox target also
confirmed the p-type behavior of CsPbBr; (Figure 7a). Photo-
current densities obtained under these conditions are compara-
ble with those obtained from CsPbBr; nanoparticles using the
same target molecule and solvent thus demonstrating the
feasibility of polycrystalline CsPbBr; films to be used in solar-
driven processes such as organic reactions.”® From the linear
sweep voltammetry experiment it can be clearly seen that the
photoelectrochemical process includes recombination on the
whole potential range studied. The photochronoamperogram
presented in the inset of Figure 7a was obtained by polarizing
the samples at —0.7 V. The shape of these j-t transients matches
well with the classical behavior exhibited by p-type semi-
conductors with hole-electron pair generation, charge transfer
and recombination. The data was normalized by using the
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can dominate the recombination process or even a band edge
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Figure 7. Potentiodynamic profiles taken at 10 mVs™' (scanned in the

negative direction of potential) under chopped light (100 mWcm™?) for
orthorhombic CsPbBr; samples immersed in 10 mM p-BQ+ 0.1 M TBAPF; (a).
The inset with scale bars shows a photochronoamperometric response (for
simplicity photocurrent densities are presented in an inverted scale) after
fixing a potential difference of —0.7 V under chopped light. Normalized plot
of the photocurrent-time dependence for data shown in the inset (b).

model proposed by Peter® through the ratio (D) given by
equation 8.

j(t) =j(o) _ 7,
S R C R ®
Where j(t), j(co) and j(0) are the current densities at a time t,
at the steady-state and instantaneous respectively. The time
constant t equals to (kq+ke) ' where k; and k. are the
charge transfer and recombination rate constants respectively.
If the only way of recombination considered is that surface
mediated, the plot of In D versus t from the experimental data
should be a straight line with a slope equal to —1/t.7¥ The lack
of such trend under the experimental conditions is evident
from Figure 7b. So, it can be concluded that other mechanism
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unpinning can be involved, as recently discussed by Peter and
colleagues, thus warrantying further investigation.”®””! From a
qualitative point of view, the ratio between j(0) and j(o)
(figure 7a), close to 0.45, is indicative of a low efficiency electron
transfer from CsPbBr; to p-BQ. This result is not surprising and
proves that recombination in CsPbBr; is high under different
conditions, either on FTO or coupled with more interphases in
fully solid-state solar cells.?**®

The PL and photoelectrochemical results can be jointly
analyzed in function of the fluences calculated from their
corresponding excitation sources. The calculated fluence of the
PL excitation source was 1.8x 10' photons s™' cm™2 This value
is in the same order of that calculated from the solar simulator
(AM 1.5 spectrum) used in the photoelectrochemical measure-
ments (4.5x 10" photons s™' cm™). Here, only photons with
sufficient energy to create mobile electron-hole pairs were
considered, that is those with energy higher than that
corresponding to the previously determined bandgap
(511 nm).®¥ On the other hand, very recently Herz and
colleagues have proven the short lifetimes of photogenerated
carriers (~ns) and the prevalence of monomolecular recombina-
tion for polycrystalline CsPbBr; films grown on quartz at
illumination fluences several orders of magnitude higher than
those calculated in our experiments.” Previous studies have
proven that PL quenching in MAPI films grown on transparent
conductive oxides (FTO/ITO) is weak and resemble more to
films grown on glass/quartz than to those grown on classic
electron transporting layers such as Ti0,.""®" The pronounced
quenching obtained on TiO, confirms the poor charge extrac-
tion in the FTO/perovskite interphase. Recombination studies
also revealed the prevalence of Schockley-Read-Hall mechanism
in this FTO/MAPI interphase as in the case of our recently
reported FTO/CsPbBry/C solar cell®*'* Regarding the afore-
mentioned analysis, if it is assumed that CsPbBr; films grown
either on quartz or FTO have similar short carrier lifetimes at
room temperature, this feature would not contribute to
compensate the usual poor charge collection in FTO/perovskite
interphases."®'%? |n fact, carrier lifetimes in the order of
microseconds would be necessary to suppress recombination in
such interphase thus improving charge collection in FTQ.'
From these evidences, it can also be concluded that the whole
recombination process from CW-PL and photochronoampero-
grams measurements, has a minor contribution of band to
band process at room temperature.

Conclusions

The photophysical and photoelectrochemical properties of
CsPbBr; films prepared by a novel electrochemically assisted
method on FTO were analyzed. From the temperature depend-
ence of the steady state photoluminescence spectra, it can be
concluded that a strong interaction between electrons and LO
phonons takes place, especially at high temperatures. This is
the main reason for the photoluminescence quenching. The
time dependent photoluminescence measurements showed
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that photoluminescence transients are characterized by two
decay times originated in a fast initial charge carrier trapping
followed by recombination of trapped electrons with valence
band holes. These decay times increase with temperature.
Besides that, electrochemical stability was found to be closer to
state-of-the-art CsPbBr; showing a p-type behavior under
depletion regime. Further, photoelectrochemical activity re-
vealed the potential of polycrystalline films for organic charge
transfer reactions. The analysis of photocurrent transients
revealed that recombination process is more complex than a
one only surface mediated with low band to band recombina-
tion in agreement with PL emission at room temperature. This
novel method of deposition can be suitable to explore scalable
production of CsPbBr; films, thus avoiding the excess of toxic
lead waste without loss of quality.
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properties of CsPbBr; films electro-
chemically grown through a novel
technique on fluorine-doped tin
oxide is presented. An analysis of the
low-temperature photoluminescence
spectra reveals a strong interaction
between electrons and longitudinal
optical phonons.
(Photo)electrochemical analysis
proves that CsPbBr; shows a p-type
and recombinative behavior close to
that of state-of-the-art methods to
prepare CsPbBrs;.
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Fig. S2. FE-SEM image for CsPbBr; prepared after 10 cycles of spin-coating with CsBr dissolved in
methanol. The image was taken using a Zeiss Gemini SEM-300 microscope.
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Fig. S3. XRD data for a CsPbBr; film prepared after 10 cycles of spin-coating with CsBr dissolved in
methanol followed by annealing at 250°C. Orthorhombic CsPbBr3 pattern is also shown. CsPbBr;
and FTO substrate phases are indicated by red and blue asterisks respectively. The measurement
was performed in a Philips PW180 diffractometer (30 kV, 40 mA, CuKa radiation with A = 1.5406 A).
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Recently inorganic perovskites have had a deep impact in perovskites-based devices allowing the fabrication of
high efficiency and high stability devices. To continue with the development of these technologies a detailed
study of the optoelectronic properties of these materials is necessary since this is a fundamental tool for the
design of new and more efficient devices. In the present work, the optical properties of y-CsPbls nanoparticles are
studied using temperature dependent spectroscopic techniques of transmittance and photoluminescence. The
absorption spectrum shows a marked excitonic behavior especially at low temperatures. Analyzing this spectrum
with the Elliot function the evolution with temperature of the bandgap energy and the exciton binding energy is
studied. From the evolution of the shape of the excitonic peak, both in the absorption and photoluminescence, we
determined the excitonic recombination nature of photoluminescence and exciton-phonon interaction energy.
Once proven the excitonic nature of photoluminescence we prove that the Stokes Shift has its origin in excitonic
thermalization. Finally, analyzing the low energy region of the absorption spectrum the Urbach energy was
determined. The obtained values, which are very low for solution processed nanoparticles, indicates that the

nanoparticles present excellent crystallinity.

1. Introduction

In the last decade, what seems to be the next step in the evolution of
solar cells has emerged with the advent of perovskite based solar cells.
These devices have had an outstanding increase in their energy con-
version efficiency, which jumped from 3.8% [1] to over 25% [2] in a bit
more than a decade. The devices responsible for this unprecedented
improvement are generally based in hybrid organic-inorganic absorbing
layers. The presence of organic components, usually CHsNHjg, introduce
instabilities [3] given by external factors as high temperature [4],
electric fields [5,6], moisture [7,8], UV radiation [9-11] and
photo-oxidation [12,13]. These instabilities, common in real life oper-
ation of solar cells, are nowadays seen as a major bottleneck in the
implementation of commercial perovskite-based technologies [4,
14-18]. Despite a huge improvement in stability has been achieved [19]
devices available today are far from the objective of a marketable
device.

The previously mentioned limiting factors have drawn the attention

* Corresponding author.
E-mail address: dgau@fing.edu.uy (D.L. Gau).

https://doi.org/10.1016/j.jlumin.2023.119765

to inorganic perovskites since it is expected that the inorganic absorbers
can increase the stability of photovoltaic devices [20-22]. Up to now the
most explored alternative has been a-CsPbls, due to its high thermal
stability and moisture resistance [22,23], ~1.7 eV direct bandgap at
room temperature [22,24,25] (the most suitable of the inorganic lead
halide perovskites (LHPs) for photovoltaic applications), high carrier
mobility [26] and shallow defects enabling defect tolerance [27-29].
Since its first use as absorbing layer in a planar configuration perovskite
solar cells (PSC) achieving 2.9% energy conversion [25]. CsPblg has
been successfully used in PSC with several reports reaching a conversion
efficiency exceeding 10% [30-35] and a certified record efficiency of
17.06% [36]. Even though the great success of cubic a-CsPblg this phase
is thermodynamically unstable and spontaneously transforms into the
yellow orthorhombic & phase, with no photovoltaic or optoelectronic
properties at room temperature [22,25]. It has been proven, both
theoretically and experimentally, that the y phase of CsPbls has superior
structural stability properties when compared with other polymorphs
[37]. In fact, several reports on high efficiency and stability cells,
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including a device with (uncertified) power conversion efficiency of
17.4% and a lifetime (estimated using high temperature accelerated
degradation) of five years operating continuously at 35 °C, have been
recently reported [35,38,39].

To further improve efficiency and lifetime of CsPbl3 based solar cells
and other optoelectronic devices a deep understanding of the funda-
mental properties of this material is essential. It is of particular impor-
tance the study of photoexcited states near the bandgap. These states
affect light absorption and emission processes and charge transport,
which is of the outmost importance for the implementation of opto-
electronic devices [40]. The nature of the photoexcited states is nowa-
days one of the most important debated subjects upon the perovskite’s
community. If photoexcitation produces unbound electron-hole pairs a
conductive plasma of free charges is formed [41-44]. On the other hand,
if excitons (Coulombically bound electron-hole states) population
dominates, they produce an insulating gas of neutral particles. This can
hinder the collection of the photogenerated charges as they must be
separated first using a heterojunction [45]. In this case, the exciton
binding energy Epz must be overcome for electrons and holes to
contribute to the photocurrent [46]. For Eg < kgT, where kgT = 26 meV
is the thermal energy at room temperature, this energy may suffice to
dissociate the exciton making this condition highly desirable. Metal
halide perovskites (MHPs) constitute a particular class of semiconductor
materials. Their exciton binding energies, ranging from 5 to 50 meV,
place them between traditional inorganic semiconductors, mostly
dominated by free carriers, and organic semiconductors, which are
materials with strong excitonic behavior [40]. The current view is that if
excitons are formed, they rapidly dissociate intro free carriers with a
characteristic dissociation time in the ps range. On the other hand, ex-
citons undeniably play a fundamental role in the band edge absorption
and emission processes.

In this study, we present an in-depth analysis of the optoelectronic
properties of room temperature stable y-CsPbl3 nanoparticles. This was
carried out performing temperature dependent (10 K-290 K) continuous
wave photoluminescence (PL) and absorbance spectroscopy. A complete
and consistent theoretical framework that allows to analyze the results
obtained in these samples, in order to compare them and thus gain a
better understanding of the fundamental processes, is presented. The
absorbance spectra are studied fitting the Elliott function. From the re-
sults important parameters for the use of y-CsPbl3 in optoelectronic
devices as bandgap energy, exciton binding energy, exciton-phonon
interaction and Urbach energy were obtained. Besides, from the evolu-
tion of the shape of PL and absorption spectra with temperature the
excitonic nature of the PL spectra was proved. This is one of the most
discussed topics within the community dedicated to the study of
perovskite properties. The exciton binding energy is also obtained form
the Arrenhius plot of the integrated PL intensity, which corroborates the
result obtained form the Elliott function. Considering the excitonic na-
ture of the PL spectra the existence and temperature dependence of the
Stokes shift can be clearly understood as an excitonic thermalization
process. The effect of using the Tauc plot to calculate the bandgap en-
ergy and why this does not give a good result is also introduced. The
values obtained for the Urbach energy are very low for solution pro-
cessed nanoparticles indicating the nanoparticles present excellent
crystallinity. The results are compared to the ones obtained in other
LHP, which are currently the most widely used perovskites for the
manufacture of optoelectronic devices. With these comparisons the
possible application of y-CsPbls nanoparticles is highly supported.

2. Results and discussion

XRD diffraction results show peaks at 20 = 14.3°, and the splitting at
28.6° and 29.0°, which suggest an orthorhombic vy structure, as recently
reported [37,39,47]. The assignment of these peaks is done in Fig. 1. The
presence of these dominating peaks is originated in the slow evaporation
of toluene which gives nanoparticles time to arrange in a preferential
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Fig. 1. y-CsPbl3 XRD patterns: ICSD 4127359 (red) and experimentally ob-
tained (blue).

direction after being dropped on the substrate. Similar results were re-
ported by Tang et al. [47]. Using the Scherrer equation the size of the
quantum dots was estimated as 38 nm from the 20 = 14.3° peak. The
mean size of the nanoparticles was further confirmed by Transmission
Electron Microscopy (TEM) images. Fitting the results of the particle size
histogram (Fig. S1) an average particle size of 32 & 5 nm was obtained.
Besides that, nanoparticles are very uniform in shape and size, and show
a level of self-assembly into ordered arrays (Fig. 2 a), as is usual in MHPS
of different compositions [48]. Self-assembled systems are nowadays of
great interest both in fundamental and applied physics since super-
lattices can present new interesting collective properties not present in
the individual nanoparticles as superfluorescence [49]. In the applica-
tions these systems are good candidates for the implementation of a new
generation of QD enhanced LCDs and LEDs [50].

A remarkable alignment between atomic planes of two adjoining
nanoparticles can be observed in Fig. 2 b. The alignment can be parallel
(Fig. 2 ¢) or perpendicular (Fig. 2 d). In the first case it is even possible to
see planes that continue from one nanoparticle to the other. We believe
this effect indicates that the studied nanoparticles present a huge po-
tential for the realization of self-assembled superlattices (SLs) into other
larger structures, as has been reported for CsPbBrs3 [51].

In Fig. 3 the absorption spectra along with the normalized PL ob-
tained at 10 K and 290 K are presented. The results obtained at 10 K
show a sharp absorption peak followed by a softer increase of intensity,
as is usually observed in LHP, both hybrid and inorganic. This behavior
is characteristic of a strong excitonic absorption followed by interband
transitions [52-54]. It can also be observed that the PL spectra consist of
a well-defined peak located below the excitonic absorption. The origin
of this difference, denominated Stokes Shift, is discussed below.

2.1. Absorption

Given the strong excitonic nature of the absorption spectra previ-
ously discussed, to obtain the relevant optical parameters from the ab-
sorption spectra the Elliott function must be used. The expression
derived by Elliott (equation (1)) considers the absorption of semi-
conductors with strong excitonic effects as the sum of two terms. The
first term consists of a series of discrete excitonic absorption peaks below
the bandgap while the second one describes the continuous states pre-
sent when the Coulomb attraction of electrons and holes is considered
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Fig. 2. TEM images of colloidal CsPbl; nanoparticles with different magnifications. a) spontaneous order of nanoparticles into an ordered array b) neighboring
nanoparticles show a high level of alignment between their crystal planes. ¢) and d) interplanar distances correspond with (101) crystal planes.

[43,53,55-57].

E)xP,, -
(E)ocPe sinh(7x)

=27 E, T expx
EBZn—Bo(S(hw—Eg-i-n—f)+9(hw—Eg)o—p] €h)

n=1

In this expression 7w is the photon energy, P, is a coefficient repre-
senting the allowed transition from the conduction to the valence band,
E, represents the bandgap energy, 6 is a Dirac delta function (imple-
mented with a Gaussian function), ¢ is a Heaviside function (imple-

Ep
hw—Eg

mented with a Sigmoidal function) and x = with Ep representing

the exciton binding energy i.e. the energy needed to dissociate the
exciton intro a free electron and hole. The fitting, besides giving the
relevant optical parameters, allows the deconvolution of absorption
spectra into excitonic and interband contributions (dash and dash-dot
traces respectively in Fig. 3 a and b). The excitonic absorption is
obvious at 10 K and remains clearly distinguishable up to 220 K
(Fig. S2). In the results obtained at room temperature the amplitude of
the peak is not clearly visible but the Elliott fit shows that it is in fact
present. Besides that, Elliott function analysis must be used instead of
the usual Tauc plot, since the modeled a obtained from this last method
clearly overestimates the absorption as shown in Fig. S3. This over-
estimation originates from the fact that the linear region to fit the Tauc
plot is determined by the low energy shoulder of the Gaussian exciton
absorption and not by interband transitions as it should [58,59]. Per-
forming the Elliott analysis to all the measurements (considering only
the first excitonic state) from 10 to 290 K the evolution of the parameters
present in this function with temperature was obtained. These results
show that E, monotonically increases with temperature from 1.76 +

0.01 eV to 1.84 + 0.01 eV (blue circle in Fig. 4-a). This is the usual
behavior for perovskites that is considered ‘atypical’, since is contrary to
what is observed for covalent bonded semiconductors [42,55,60-63].
The origin of the atypical blueshift of E; with increasing temperature is
still a highly debated issue in the perovskite community. Theoretical
results show that this dependence is produced by two competing phe-
nomena (equation (2)): lattice thermal expansion (originated in the
anharmonicity of crystal potential) and electron-phonon interaction
[64-66].

dE, [0E, O,
e | =8 —£ 2
dar {BT] Expansion * {6T e—ph @

Lattice contraction with decreasing temperature is related to the
distortion in the electronic band structure when a hydrostatic pressure is
applied. This relation is given by equation (3), ! [60,64,65]] where ay
represents the volumetric expansion coefficient, By the bulk modulus

and (%) the pressure coefficient of the bandgap.

OE, dE
s = — ayB—2 3
|: aT:| Expansion o dP ( )

Thermal expansion usually produces a reduction in the bandgap with
increasing temperature caused by a positive hydrostatic pressure coef-
ficient. This effect is less important than the electron-phonon term in
conventional semiconductors [60,63,67]. Recently Francisco-Lépez and
collaborators [60] experimentally demonstrated that this parameter is
negative for single crystals of methylammonium lead iodide (MAPbDI3).
Besides, it is shown that thermal expansion cannot be neglected, and can
even be considered the main cause of the atypical thermal behavior of
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the bandgap in perovskites. It is also argued that this result can be
extrapolated to all metal halide perovskites, so this can be considered
the cause of the unusual bandgap shift observed. Unfortunately, given
that the relevant parameters are not available for y-CsPbls, we cannot
perform the analysis for our samples to quantify the contribution of each
term. However, an estimation of electron-phonon coupling can be given
using a two Bose-Einstein oscillators model [63,66,68,69]. This analysis
is presented in the supplementary information.

A correct determination of Ep is fundamental since this value de-
termines the excitonic dissociation with temperature, and hence the
nature of the photogenerated species which affects the working princi-
ple of devices. In our case Eg increases from 14 + 1 meV at 10 K to 33 &
1 meV at room temperature (cyan diamonds in Fig. 4 b). The value at
room temperature is close to the one reported for a-CsPbls (25 meV
[70]) and smaller than the one reported for CsPbBrs (37-40 meV [52,
711). For MAPbI; reported values differ wildly from 2 meV to 50 meV for
thin films and bulk, and there is also evidence that Eg can increase
considerably for nanoparticles [40]. Besides that, the temperature
dependence of Eg in y-CsPbls, produced by the change in the dielectric
function with temperature originated in an increase of excitonic
screening by optical polar phonons [72,73], is the opposite to what has
been reported for hybrid MAPI perovskites [74-76]. This indicates that
the fundamental processes responsible for the dielectric screening are
different for both materials. An analysis of the mechanisms present in
y-CsPbl3 is beyond the scope of this work. However, the increase of
temperature would result in a dilatation of the material, which would
reduce the dielectric constant, what would increase the exciton binding
energy [59,77]. Moreover the increase of the bandgap energy with
temperature would result in an increase of the effective masses of holes
and electrons, which also tend to increase the exciton binding energy
[59,77].

From Fig. 3 it can also be observed that at room temperature the
amplitude of the excitonic absorption peak is smaller, and the full width
at half maximum (FWHM or I') is much larger compared to the 10 K
results. This trend is like the one followed by the PL spectra shown in
Fig. 5 a. No discontinuities in the evolution of the PL energy are
observed, so no crystalline phase transitions, common in hybrid LHPs
[78-80], are present in the considered temperature range. Furthermore,
from this image it can be observed that the maximum emission energy,
as the bandgap energy, blueshifts with temperature. The dependence of
I" with temperature for the excitonic absorption obtained from the Elliott
function and for the PL spectra obtained by fitting with a pseudo-Voight
function (a lineal combination of a Gaussian G and a Lorentzian L
function shearing the same full width at half maximum I' and center of
the emission peak) are presented in Fig. 5 b. This figure shows that the
change in " with temperature is very similar in both cases, indicating
that the mechanism responsible for the broadening for excitonic ab-
sorption and PL is the same. This can be considered as an indication of
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the excitonic nature of the PL spectra. The temperature dependence of
excitonic linewidths with temperature was theoretically analyzed by
Segall and collaborators [81]. The authors show that exciton-phonon
interactions can have three different origins [68,73,81-83]

i) Piezoelectric effect: In non-centrosymmetric crystals local strain
can induce a local electrical polarization field thus affecting
electrons.

ii) Frohlich interaction: the presence of charge carriers in polar
semiconductors locally distorts the lattice due to Coulombic
interaction. These distortions can be transverse or longitudinal
with the direction of propagation of the carrier. These distortions
produce TO or LO phonons. The interaction produces an increase
in the effective mass of carriers known as Frohlich coupling.

iii) Deformation potential: phonons produce displacements of
atoms form its lattice equilibrium sites which produces modifi-
cations in the band structure of the material, thus affecting car-
riers. For small deformations the change in energy is described by
the deformation potentials.

Besides that, it is possible to quantify the influence of each of these
processes by studding the FWHM (I")
with temperature using the Segall expression given by equation (4):

Pro

Ero

el — 1

L(T) =T+ Tac + Tro = i + @p T + 4)

This expression has been used extensively to account for exciton-
phonon interaction in perovskites [68,80,81,83]. Here, 'y, quantifies
the inhomogeneous broadening present in the sample having its origin
in crystal disorder. Second and third terms represents the couplings of
electrons with acoustic and optical (LO) phonons respectively. Finally,
@4 and ¢, are constants, and E;, represent the energy associated with
the optical phonons. Experimental results (Fig. 5 b) show, in both cases,
a slope that tends to zero for low temperatures, indicating a low
contribution of acoustic phonons. This is usually observed in experi-
mental results on perovskites [80], and is also expected for polar inor-
ganic semiconductors [84]. So, to fit the data we set ¢,, = 0. The fittings
show that for the excitonic absorption I';;; = 30 =1 meV, E;p =125+
2meV and a ¢, =30+ 2meV and for PLT;, =28 = 1meV,Eo =7+
1 meVandag,, =18+ 2meV. Theresults for E;, are similar to the ones
obtained for hybrid lead halide perovskites, where exciton-phonon
interaction energies of 11.5 &+ 1.2 meV and 11.5 meV for MAPbI3 and
formamidinium lead iodide (FAPbI3) (T = 120 K-350 K), respectively,
have been reported [80]. A deep knowledge of exciton-phonon coupling
in perovskites is of the outmost importance since it has been proven that
they have a deep impact in optoelectronic properties and hence in device
performance [73]. In particular phonons produce scattering of excited
carriers, thus setting a fundamental limit to charge carrier mobilities in a
material with no scattering of impurities or interfaces [80,85]. The
strong exciton-phonon interaction can also be responsible for the
Gaussian line shape (see Fig. S3) of PL spectra at temperatures above
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160 K [81].

The excitonic nature of the emitted radiation in y-CsPbl3 nano-
particles was further confirmed by several other results. First, the power
dependence of the PL intensity can be used to determine the nature of
the transitions originating the PL. These two magnitudes are related by a
power law P7, with P representing the excitation power. When1 <y <2
PL has an excitonic origin whereas if y < 1 PL is originated in free-to-
bound carrier transitions or donor-acceptor pair transitions [86].
Experimental results at 290 and 10 K show that y = 1.3 in both cases, as
shown in the inset of Fig. 5 c, thus further confirming the excitonic
nature of PL. Similar results have been obtained for CsPbBr3 nanosheets
and single crystals [87,88].

2.2. Photoluminescence

The dependence of the integrated photoluminescence I (area under
the curve) with temperature T follows the typical behavior found in
perovskites, shown in Fig. 5 ¢, contrary to what was reported by Tang
and collaborators [47]. This can also be understood considering the
excitonic nature of PL. To explain this, consider a model in which
electrons can be free in the conduction band, with energy Ey, or forming
an exciton. In this last case the electron has an energy E; (< Ep) with the
difference between these two energies being the exciton binding energy
Eg. The average number of electrons in the levels, Ny and N; respec-
tively, is governed by the Boltzmann law (equation (5)) and the total
number remains constant, i.e:

No(T)+Ny(T) = Ne(T)  with No, (T) = ao, exp( - %) )

Thus, the dependence of the PL with temperature is determined by
equation (6)

Iy

1= exp(—E/K5T) ©®)

with a = 2. In this scenario the activation energy calculated from the
fitting of the Arrhenius diagram corresponds to the exciton binding
energy Ep that in our case was 27 + 2 meV, which is close to the result
obtained at room temperature using the Elliott equation (33 + 1 meV).
The difference can have its origin in the assumption that in the Arrhe-
nius fit the only influence is excitonic dissociation, which is without a
doubt an oversimplification [40]. In any case, both values are close to
the room temperature thermal energy (26 meV), which is a very valuable
feature for the use of this material in photovoltaic applications, since
this implies that a large quantity of free carriers will be present after
photoexcitation. This result shows that thermally activated dissociation
of excitons is the most relevant channel for PL quenching as has been
argued extensively in the literature for different MHPs [89-92]. A cor-
rect determination of this parameter is fundamental since it determines
the equilibrium populations of excitons and free carriers [93]. From
these results we can conclude that PL has its origin in excitonic
recombination and I decreases with temperature because the excitons
dissociate when temperature is increased.

Finally, the Stokes Shift (SS), defined as the difference between the
energy of the excitonic absorption and the maximum of the PL emission,
increases with temperature from 34 meV to 51 meV as seen in Fig. 4 b
(green circles). More precisely, the SS presents a weak dependence with
temperature up to 90 K, and then increases more rapidly. Similar trends
have been obtained for MAPbI; and CsPbBrs single crystals [94]. The
origin of the SS can be understood considering the analysis by Gurioli
and collaborators [95]. In this, work the authors prove that if the Stokes
Shift is originated in the thermalization of excitons in the inhomoge-
neously broadened excitonic band, a lineal relation between the product
of the Stokes Shift and the thermal energy (KzT) with the squared
FWHM of the PL I'? holds. This relation is explicitly given by equation
(7)
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SS == 0.180 KT )]

As shown in Fig. 5 d a lineal relation between these magnitudes, with
a slope is 0.190, is present in our results which can be considered as
another proof of the excitonic nature of the PL. This also explains the
increase of the SS with temperature, that is produced by the increase inI"
of the PL. The temperature dependence of PL peak energy with tem-
perature shown in red triangles in Fig. 4 is produced by the temperature
dependence of the bandgap energy and the Stokes Shift.

2.3. Urbach tail and structural disorder

The low-energy edge of the absorption spectra in Fig. 3 shows an
exponential increase as expected by the Urbach tail effect [96]. The
mentioned edge has an energy dependence that can be modeled by an
empirical expression given by equation (8) L [67,97-99]"

a(E) = ay exp {%} (€©)]

In this expression Ey is called Urbach Energy and is related to lattice
disorder [97]. The total disorder has two components [67,100] one
static (temperature independent) originated in intrinsic structural dis-
order in the lattice and another one dynamic (temperature dependent)
produced by the excitation of phonon modes. On the other hand, E is
the Urbach Focus which is one of the characteristics of the Urbach like
absorption. For regular semiconductors E, has a value that is above the
bandgap energy but in lead halide perovskites, due to the atypical
dependence of the bandgap with energy, this parameter takes values
below the bandgap. Besides that, it has been argued that E, represent the
minimum possible value for E; in a defect free sample [67]. In our case
this value is 1.71 + 0.02 eV. According to equation (8) Ey can be
calculated from a linear fit of the log a vs. Energy plot, as shown in Fig. 6
a. Small values of Ey are associated with low electronic disorder (i.e.
high crystalline quality) and hence it also determines the electronic
properties of the material. This parameter is also related with carrier
mobility and determines the voltage deficiency (defined as the differ-
ence between bandgap voltage E;/q and open circuit voltage) in solar
cells [97,99].

Ey monotonically increases from 7 meV at 10 K to 21 meV at 290 K as
shown in Fig. 6 b, which is a consequence of an increased carrier-phonon
interaction [97] produced by a temperature induced increased phonon
population. This behavior can be modeled using equation (9), L [97,98]%:

Ey(T) = Ey(0)coth ( zzhr > ©)

where Epp, is a measurement of the energy of the involved phonons in the
interactions, and Ey(0) is a constant representing the static disorder
contribution. The fitting of the model to the experimental data gives that
Eyp, = 20 + 2 meV, which is within the same order of magnitude of the
value calculated for LO phonons using the Segall’s expression. On the
other hand, Ey(0) = 8 &+ 2meV which is very close to the results in thin
films of different composition recently reported [67,97,99], although a
bit higher as expected for nanoparticles. In the work by Zeiske and
collaborators it is also argued that the very low values for Ey(0) obtained
in perovskites are produced by the excellent quality of the crystal
structure and that the static contributions to Urbach energy are domi-
nated by zero-point phonon energy.

3. Conclusions

Using the hot-injection method high crystallinity y-CsPbIz cubic
nanoparticles with excellent shape and size distribution were synthe-
sized. TEM images revealed the presence of nanoparticles with a
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medium size of 32 nm and XRD measurements are consistent with an
orthorhombic y phase. Optical properties of the nanoparticles were
measured using low temperature photoluminescence and transmittance
spectroscopy. The results show that the onset of absorption spectra of
v-CsPbljs is strongly influenced by the presence of excitons, specially at
low temperatures. An analysis using the Elliott equation shows that the
bandgap energy follows the usual blueshift present in perovskites. At
room temperature the bandgap reaches a value of 1.84 + 0.01 eV, and
the exciton binding energy is 33 + 1 meV. The excitonic nature of PL
was confirmed by analyzing the broadening of the spectra with tem-
perature and the lineal relation of: i) the intensity (area under the curve)
and the power of the incident radiation ii) the product of thermal energy
and Stokes Shift (kzTSS) and the square of the FWHM (I'2). So, consid-
ering the excitonic nature of PL is possible to explain all the changes
with temperature experimentally observed in the spectra. Furthermore,
fitting the broadening of the PL with temperature using the Segall
equation reveals that the exciton-photon interaction is mostly produced
by optical phonons with a characteristic energy of 7 + 1 meV. This value
is close to the one reported for organic perovskites commonly used in
photovoltaic devices. Finally, an Urbach energy of 21 meV indicates an
excellent crystal quality. The features reported in this research are very
similar to the ones reported for other lead halide perovskites used in
state-of-the-art devices. Besides that, the results show that y-CsPbls is a
material which shows great promise to implement high-performance
and high-stability optoelectronic devices that can compete with the
currently developing perovskite devices. We hope the results presented
in this paper can inspire researchers from all around the world to
consider y-CsPbls for the implementation of perovskite based opto-
electronic devices and solar cells.

4. Methods

CsPbl3 nanoparticles were prepared using the hot injection method
previously reported by Tang and collaborators [47]. Briefly, 0.4 mL of
0.06 M Cs-precursor was rapidly injected into a Pb-precursor at a higher
temperature (180 °C). Cs-precursor was obtained by adding 0.407 g of
cesium carbonate (CsyCO3, Aldrich 99%) into 20 mL of octadecene
(ODE, Aldrich 90%) and 1.25 mL of oleic acid (OA, Aldrich 90%) and
heating at 120 °C in an inert atmosphere up to complete dissolution.
Pb-precursor was obtained by adding 86.7 mg of lead iodide (Pbly,
Aldrich 99%) into 5 mL of ODE in an inert atmosphere. Then, 2 mL of OA
followed by 2 mL of 3-aminopropyltriethoxysilane (APTES, Aldrich
99%) was added to the suspension. When PbI, was completely dissolved,
Cs-precursor was injected, and the reaction was carried out for 10 s.
After this, the mixture was cooled with Toluene at 4 °C in an ice bath.
The black precipitate obtained was separated by centrifugation and
washed several times with ethyl acetate. For subsequent optical and
X-ray diffraction characterization the same sample, prepared by drop

casting the colloidal nanoparticles into a glass substrate, was used. The
X-ray diffraction pattern of the samples was obtained with a Philips
PW1729 diffractometer (with a Cu(K,) radiation, using a 0.02°/second
speed and a Bragg-Brentano configuration). The low and high electron
transmission microscope images were obtained with a JEOL 2100 mi-
croscope. The samples were prepared by drop casting the colloidal
nanoparticles into a carbon coated copper grids. The images were
analyzed using the Digital Micrograph 3 and Image J programs. Finally,
the optical characterization was performed by continuous-wave photo-
luminescence (PL) spectroscopy and transmittance from 10 to 290 K.
Sample was cooled in a CTI Cryogenics CRYODYNE cryostat. For PL
measurements the excitation source was a Thorlabs M365FP1 LED (365
nm, 9.8 mW), filtered with a 400 nm low-pass filter, and the emitted
light was collected with an Ocean Optics Flame S-UV-VIS-ES spec-
trometer. Then, changing the excitation source to a halogen lamp
(Ocean-Optics HL 2000) and the spectrometer by an Ocean-Optics
$2000, transmittance T was measured. From this we calculated the
absorbance [58] a = — InT.
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Origin of Photoluminescence and experimental
determination of Exciton Binding Energy, Exciton-
Phonon interaction, and Urbach Energy in -
CsPbl; Nanoparticles.

Daniel L. Gau, Isabel Galain, Ivana Aguiar, Ricardo E. Marotti.
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Figure S1: Size histogram of nanoparticles (bars) and Gaussian fit of the data (solid red).

Scherrer Equation:

KA 0.89 * 1.5418A

Bcos(8)  0.36529 * cos (14.31087) nm
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Figure S2: PL spectra (red squares) and Absorption (blue triangles) at 220 K with Elliot function fit (solid-black), Interband Absorption (black-
dash-dot) and Excitonic absorption (black-dash).
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Figure S3: Comparison of Elliot function (dash-dot) and Tauc fit (dashed) of experimental results for absorbance at 290 K.



The PL spectra were fitted using a pseudo-Voigt function (S1). This function is a lineal combination of a Gaussian G
and a Lorentzian L function and is generally used because it allows to quantify the homogeneous (Gaussian) and
inhomogeneous (Lorentzian) broadenings in a peak. Besides that, it also allows a better determination of the center of

the peak.

y(E) = fL(E) + (1 = f)G(E) (S1)

Figure S4 shows the temperature dependence of the Lorential Fraction of the Pseudo-Voight function PL lineshape

with
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Figure S4: Lorentzian fraction of PL pseudo-Voight fit.
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The line shape is Gaussian at high temperature and resembles a Lorentzian at low temperatures. This tendency is
contrary to the observation that the broadening should be homogeneous at high temperature (due to a larger exciton-
phonon coupling) and become inhomogeneous at low temperature (due to crystal disorder or particle size distribution)!'!
However, it can be interpreted according to the strength of the exciton-phonon coupling. For weak exciton-phonon
interaction it has a Lorentzian shape, while for large exciton-phonon interaction or sufficiently high temperature the

exciton lineshape will be Gaussiani?.,
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Two-oscillators model:

Lattice expansion is produced by the product of the hydrostatic deformation potential Z—Z and the expansion coefficient

aa%. This last term can be either positive or negative and can be considered temperature independentfl. On the other

hand, electron-phonon interaction is determined by the product of phonon occupation number in the phonon branch j

1.9’

L=

with wave vector ¢, named n, =, and (SE“" ) The total dependence of the bandgap with temperature can be therefore
19

expressed asl4-l;

dE, (0E,\ 0V 0 <o (0K, 1

—_ = — —_— +_ n.g,+_

ar ~ \av (ar) OTZ o (W 2)
14

The electron-phonon coupling calculated by this procedure must be considered as an upper bound. To analyze
experimental data a simplified expression (S2) considering a two-oscillatior Bose-Einstein model, considering only

effective energies of acoustic and optical modes, has been successfully used-1.

N |-

Eo(T, M) = Eq + —24 < : +l>+ Aop < .

E, E
MacEqc exp—k;;—l 2 MopEop eka;f?—l

+ ) (S2)

In this expression E|, is an unrenormalized bandgap energy, A, and 4, are the relative weight of the acoustic/optical
phonons in the coupling, E,. and E,, are the effective energies of acoustic and optical phonons respectively, and

M, and M,, represent the atomic masses of the oscillators. It has also been experimentally shown that the
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contributions of acoustic and optical phonons have opposite influence in the bandgap energy®7l. Fitting the data with

this model the obtained results were:

Eo=1.75-1.9eV.

Eac=500ueV- 1000peV.

Eor=60 meV-84 meV.

2.0

Bandgap Energy (eV)

1.7 F

Figure 5: : Bandgap Energy dependence with temperature: red triangles are experimental points, full line is fitting according to equation S1,
dashed line is unrenormalized bandgap energy, dash dotted line is optical phonon contribution, dash double dotted line is acoustic phonon
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Low Temperature Optical Characterization of Inorganic Lead Halide Perovskites

Abstract

Inorganic perovskites have gained significant interest in the scientific community due to their
superior optoelectronic properties and enhanced stability compared to hybrid counterparts.
Researchers are actively exploring new synthesis methods for creating advanced nanostructures.
Besides that, understanding the fundamental properties of inorganic perovskites is crucial for
optimizing their performance and unlocking their full potential in next-generation optoelectronic
applications. In this study, we report for the first time the visible-light-induced self-assembly of
cubic y-CsPbls nanoparticles into nanorods. Using temperature dependent continuous wave
photoluminescence spectroscopy, the fundamental properties of nanoparticles such as exciton-
phonon interaction and exciton binding energy is studied. The analysis reveals a blueshift in the
photoluminescence spectra and an increase in the width of the spectra. This can be attributed to an
amorphization of the crystal structure during the assembly process. Furthermore, we observe a
decrease in exciton binding energy due to size effects. Our findings demonstrate that temperature-
dependent CW-PL spectroscopy can be employed to characterize crystal quality and offers valuable
insights into the fundamental properties of perovskite materials. This can contribute to the further

development and optimization of perovskite-based devices in optoelectronic applications.
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Introduction

In the last decade the flourishing field of colloidal nanocrystals has been deeply influenced by
semiconducting lead halide perovskite nanocrystals (NPKs) (12 This is rooted in the excellent
optical properties among which we highlight: ease of bandgap tuning in the visible exploiting
quantum confinement effects and composition®4, long charge carrier diffusion length®¢, high
absorption coefficient”), high photoluminescence quantum yields®1% and high defect tolerance>'".
These properties are a fundamental part of the huge success that NPKs have had in the last decade
as absorbing/emitting layer in optoelectronic devices as solar cells(>4], light-emitting diodes!*1>16],
lasers!'”], radiation scintillators'® and single photon sources °) between others. Remarkably the
desired properties are obtained using low-temperature synthesis methods which allow the
obtention of NPKs with high crystallinity, a very narrow size distribution and great uniformity320,
It is also remarkable the short time that has taken to NPKs to jump to the center of attention for a

large part of the scientific community.

Nowadays, the most used NPKs synthesis methods are Hot Injection (HI) and Ligand-Assisted
Reprecipitation (LARP). With these methods varying ligands, reaction temperatures and precursors
great control over shape, size and composition in high quality crystals can be obtained(321-23],
Besides, several post-synthetic treatments for surface treatment have also been developed. It has
been proven that post-synthetic methods are a good way to improve the optical properties of
NPKs/?4l. The versatility with NPKs can be synthesized has been one of the main forces behind the
great success leading the evolution of perovskite-based devices. In summary we can say that the
work by the scientific community in the last decade has allowed the optimization of synthesis
methods. Now it is possible to obtain monodisperse and stable samples with excellent optical
properties using simple and low energy consuming methods. Recently alternative methods for
preparation as inorganic NPKs have been explored. Light induced synthesis of perovskites has been
explored, although these methods are still in their infancy. The most notable results have been
reported for CsPbBrs where lamellar structures where synthesized by UV-light induced self-
assembly of nanoplatelets and then the cubic nanocrystals into nanowires!®?”.. Then Liu et al,
reported the assembly and posterior fusion of cubic CsPbBrs nanocrystals into defect free

nanowires!?® after irradiation of the sample with visible light.

On the other hand, although great progress has been done in the comprehension of fundamental
phenomena behind the outstanding properties, a long way is still ahead. Understanding these
processes is important to understand the growth kinetics and the surface ligand properties of
perovskites. These properties highly determine the properties of the crystals. The lack of techniques
to translate the high performance of nanocrystals into solid films restricts the successful exploitation
of such materials in optoelectronics applications!?¢l.

In this work we report for the first-time evidence of the spontaneous assembly of y-CsPbls cubic
nanoparticles into nanorods when irradiated with a Solar Simulator light. Performing temperature
dependent CW-PL spectroscopy an in-depth analysis of the optoelectronic properties of both
nanoparticles and nanorods was performed. We investigated the effect of exciton-phonon
interaction, the influence in the exciton binding energy and structural disorder. Our results show
that the as
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Figure 1: TEM images of y-CsPbis nanoparticles (a) and different magnifications of nanorods (b, c and d)
obtained after irradiation of colloidal nanoparticles for 20 hours with a solar simulator.

mentioned characterization is an excellent tool to identify fundamental changes in the properties
of crystals.

Results and discussion

TEM images (Figure 1-a) show that cubic nanoparticles with excellent crystallinity and an average
size of 32+5 nm are present in the non-radiated sample as previously reported [2°. The irradiation
of the samples with a Solar Simulator (see Experimental section for more details) effectively
produced the assembly of the original nanoparticles into nanorods, with a length between 20 um
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and 35 pm and a width between 50 nm and 300 nm (Figure 1). Besides, the nanorods retained the
crystalline structure in the original nanoparticles as shown in Figure 1 d. A similar behavior has
been reported for CsPbBrs nanoparticlesi®!. In this work, the self-assembly effect is attributed to
the desorption of surface ligands (oleic acid/oleylamine), which reduces steric repulsion between
adjacent nanocrystals. In our case, since the same ligands were used, the self-assembly process can
be attributed to the same causes. It should be highlighted that no previous treatment or

functionalization had to be performed to obtain the assembly.

Figure 2 a show the transmittance T spectra of y-CsPblsz nanoparticles, where a clear absorption
edge is observed around 700 nm (Figure 2). To determine the bandgap energy the experimental
absorbance of the spectra was calculated as @y, = —In(T). As shown in Figure 2 b an strong
background, originated in reflectance at sample interface, below-gap absorption and light
dispersion, generates uncertainty in the zero line position of @,,. For a correct determination of
the absorption edge this background signal was subtracted considering a residual absorption
following an indirect Tauc relation (see inset in Figure 2). From this a background signal agg. is
determined that when susbstracted to @y, gives a corrected absorption @, as shown in Figure
2. Performing this correction, the onset of the absorbance spectra the does not significantly vary

from both samples and is located at 1.79+0.01 eV as seen in Figure 3.

5 r . - . ' . . r
=
= _ =
54 2 o
g °f <
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7] ©
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Figure 2: a) Transmittance of y-CsPbls nanoparticles b) corrected absorbance signal obtained by subtracting
the background signal agy; calculated from an indirect Tauc plot as shown in the inset of a).
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Nanoparticles
4 Nanorods
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Figure 3: Absorbance edge of nanoparticles (red triangles) and nanorods (blue triangles).

In our previous work we showed that the photoluminescence (PL) in y-CsPbls is originated in
excitonic recombination). Therefore, when temperature is increased the full width at half
maximum (FWHM or I') of PL spectra widens and its amplitude (I) decreases as shown in Figure 4
a and b for nanoparticles and nanorods respectively. The change in the shape of the mentioned
spectra was quantified by fitting them with a pseudo-Voight function?® (a lineal combination of a
Gaussian and a Lorentzian function weighted by a mixing parameter determining the relative
contribution of each peak). In both cases the maximum of PL spectra blueshifts when the
temperature increases (as usually reported for perovskites) from 1.71+0.01 to 1.74+0.01 for
nanoparticles and from 1.74+0.01 to 1.77+0.01 for nanorods (Figure 5 a). As proven in our previous
work the blueshift is originated in the temperature dependence of bandgap energy and Stokes
Shift?0l. Besides, the peak energy for the nanorods is in all cases "30 meV larger than for the
nanoparticles. Similar shifts in PL have been previously observed in pressure-induced experiments
(2931 and from focused ion beam milling®?. In all cases the blueshift was attributed to an
amorphization process producing AXs octahedral tilting and atomic orbital overlap suppression
originated in the loss of long-range order in the perovskite structure(*3!. In our case an
amorphization process is also likely since the radiation from the solar simulator produces the
desorption of the ligands, fundamental for the assembly effect, that is a known cause of
destabilization of the crystal structurel®*34. Besides, the solar simulator has a considerable UV
component, which has been proven to produce a degradation of the crystal structure in
perovskites®3¢l. This can be the cause of the rapid shift of the color of the sample from black to

brown yellow after nanorods optical characterization.
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Nanoparticles
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Figure 4: Temperature dependence of Photoluminescence spectra for nanoparticles (a) and nanorods (b)
obtained between 50K (blue) and 290 K (red).

The increase in full width at half maximum I, depicted in Figure 5-b, is rooted in the interaction
of excitons with LO phonons (203738], Therefore, the I' vs T dependence can be fitted with the
Segall’s model®! ((1). This model considers the broadening as formed by three contributions: an
inhomogeneous broadening [3,,;, independent of T, originated in the intrinsic crystal disorder. On
the other hand, the interactions of excitons with phonons (represented by I's. for acoustic and I},
for longitudinal optical phonons) are determined by the population of phononic states i.e., by a

Bose-Einstein distribution. In the case of acoustic phonons, given their low energy, the temperature
dependence can be considered lineal.
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To perform the fitting of the data with this model the term accounting for the interaction with
acoustical phonons is usually omitted, since perovskites are polar inorganic semiconductors2%:40l,
With this consideration the inhomogeneous broadening increases from 29+1 meV in nanoparticles
to 39+1 meV in nanorods. An increase in [, is also consistent with the amorphization of the crystal
structure. On the other hand, E;, is almost equal in both samples, 20+5 meV and 12+3 meV for
nanoparticles and nanorods respectively. The small difference indicates that the process of
amorphization is only partial, thus preserves the perovskite structure32.
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Figure 5: Evolution of maximum of PL (a) and FWHM (b) with temperature for nanoparticles (red) and
nanorods (blue).

Another usual result reported for perovskites is the decrease in PL area I as temperature increases.
As also proved in our previous work this is produced by an increase in the probability of dissociation
of the exciton when the thermal energy is increased. The main cause of exciton dissociation is the
thermal excitement of the carriers to the corresponding conduction (for electrons) and valence (for
holes) band. So, the activation energy of this process should be the exciton binding energy. The
binding energy of the exciton Ep is determined ((2) by the dielectric constant of the medium €.,
my the rest electron mass, u the reduced mass of the electro-hole system and Ry the Rydberg energy
of the hydrogen atom (13.6 eV). Besides, the principal quantum number n determines the relative

level from the ionization energy!*42l.

KRy

Ep(n) = _m062 n2
v

300
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This energy can be calculated from the plot of PL area vs T~! (Figure 6) fitting the data with an
Arrhenius like expression given by (3 2%%7). Obtained values in perovskites are comparable with the
thermal energy at room temperature, which is desirable for applications in solar cells3].

Iy
1+ aexp(—Eg/KgT)

I(T) = 3)

This fitting shows that Ep decreased from 35+2 meV in nanoparticles to 28+2 meV in nanorods.
This effect is produced by a change in the characteristic size of the samples. There is extensive
evidence, in both perovskites*44 and traditional semiconductors-], proving that Ep decreases

with increasing size.
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Figure 6: Arrhenius diagram of PL area (logarithmic) vs T showing experimental results for nanoparticles
(red) and nanorods (blue) and numerical fit with (3 (dashed black).
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Conclusions

In this work we have demonstrated for the first time the capacity for y-CsPbls nanoparticles to self-
assemble into nanorods when irradiated with visible light. Temperature dependent continuous
wave photoluminescence characterization showed that the self-assembling process can negatively
impact the crystalline structure of the nanorods. This amorphization process is manifested in a
blueshift and an increase in the full width ah half maximum of nanorods PL spectra when compared
with nanoparticles. The widening of the spectra increases the inhomogeneous broadening obtained
by fitting experimental results with Segall’s model for exciton-phonon interaction. This fitting also
shows that the exciton phonon interaction is not considerably affected by the change in
crystallinity. Finally, we also found that the exciton binding energy in nanorods is lower than in
nanoparticles, what can be attributed to an increment in the size of the nanostructures. Our study
shows also that temperature-dependent CW-PL spectroscopy can be employed to characterize
crystal quality and to indirectly identify underlying processes such as amorphization. This method
can provide valuable insights into the fundamental properties of perovskite materials and

contribute to the further development of perovskite-based devices in optoelectronic applications.

Pagel 12



Low Temperature Optical Characterization of Inorganic Lead Halide Perovskites

Experimental

Cubic nanoparticles with an average size of 32 nm were synthetized using the hot injection method
previously described in detail 2048, To trigger the assembly of the colloidal nanocrystals suspended
in toluene the sample was radiated for 20 hours with a NEWPORT 9600 Solar Simulator. The
intensity of the radiation was adjusted to one sun using a calibrated Silicon cell (Newport 99150V).
Colloidal nanostructures before and after irradiation were drop casted on a glass substrate to
perform the temperature dependent PL characterization. Continuous-wave photoluminescence
(PL) spectroscopy from 10 to 290 K, cooling the sample with a CTI Cryogenics CRYODYNE
cryostat, was performed on both samples. As excitation source for PL measurements a Thorlabs
M365FP1 LED (365 nm, 9.8 mW)), filtered with a 400 nm low-pass filter, was used. PL signal was
collected with an Ocean Optics Flame S-UV-VIS-ES spectrometer.
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5. Work in Progress

The published results so far constitute only a part of the total results obtained from a large number
of measurements performed on samples with different compositions and morphologies. This
chapter presents some interesting results that are currently being worked on and are expected to
be included in a manuscript to be submitted for publication soon. In summary, the results comprise
the observation of excitonic localization effects in y-CsPbls nanoparticles and the effect of different
samples composition in stoichiometric and non-stoichiometric CsPbBrs thin films. In both cases the
obtained results will be analyzed considering the model developed to explain the photophysical
processes of absorption and emission!!! in nanoparticles. We believe this is the best to test the
validity of this model and to find weak spots to modify it if necessary.
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5. 1-Evidence of Excitonic Localization in y-CsPbIs Nanoparticles
Revealed by Photoluminescence Spectroscopy.

As previously stated, luminescence in y-CsPbls nanocrystals is produced by excitonic
recombination. Excitons can move freely inside the lattice or be bound as a whole (bounded
electron-hole system) or to point defects (donors or acceptors impurities). In the last case the
excitonic recombination still produces a photoluminescence signal but with lower energy than the
signal obtained from free excitons?3.. The impurity-exciton binding energy can be determined by
the difference between the free exciton PL energy and the bound exciton PL energy (this should
not be confused with the energy binding the electron-hole pair to form the exciton). It is also
possible, when the carrier-phonon interaction is strong that the exciton becomes immobilized by
its own lattice distortion, then becoming confined to a localized region of the crystal™. The
formation of self-trapped states is particularly common in metal halides(#.

Excitonic localization has important consequences on the optical and electronic properties of
semiconductor materials. For example, it can influence the efficiency of light emission in devices
such as LEDs, as localized excitons can emit light less efficiently than non-localized excitons®. It
can also influence the conduction of electric current through the material, as localized excitons can
interfere with the movement of free electrons through the material. For this reason, understanding
and controlling exciton localization is an important area of research in materials science and
semiconductor physics.

The presence of localized excitons can be identified by the anomalous dependence on temperature
of photoluminescence spectra. This was theoretically studied (for traditional semiconductors) by Q.
Li et al. who showed that:

1. The maximum of PL spectra presents an S shaped dependence with temperature, where the
maximum first redshift, then blueshifts and finally redshifts again.

2. There is a reduction in the width of the photoluminescence peaks I' with increasing
temperature, contrary to the monotonic increase that we observe in the case of free

excitons.

These trends are originated in the thermal redistribution of localized carriers within the localized
states. In the following lines we reproduce the most important results in the mentioned work and
then compare the given predictions with experimental results obtained in y-CsPbls nanoparticles.

To prove this, consider that the localized electronic states are defined by a density of states (DOS)
p(E) and that the carrier population at energy E and temperature T is determined by the density
function N(E,T). In the weak excitation limit the rate of change in N(E,T) is given by the rate

equation:

dN(E,T) N(E,T) E—E;\ N(ET) y.N'

—=G(E) — - E 4
i =00 - e () - U e ®) @
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where kp is the Boltzmann constant, G (E) is the rate of carrier generation, and is proportional to
p(E)ie. G(E) = k p(E) with k constant; the second term represents the thermally activated scape
rate, characterized by a 1/7,, (attempt-to-scape ratio of localized carriers), of localized carriers to
a delocalized state of energy E; the third term describes the depopulation rate of localized carriers
due to radiative recombination characterized by 1/7,. Finally, the last term represents the number
of carriers re-captured by the localized states per unit time, where Y, represents the recapture
coefficient, N' is the total number of thermally activated carriers away from the localized states and

is determined by the expression

+00

, N(E',T) E'—E, ,
N' = f exp dE
Ter kgT

— 00

. . . +
and A represents the total number of localized states, hence it can be written as A = f_;o p(E"dE'.

As an approximation 7, and 7, are assumed to be constants. The solution of (4 in the steady-state

.. dN .
condition i 01is

N(E,T) = A(T) n(E, T)

with
E
n(E,T) = ——— bg )
exp (T’ra) + Ttr/Tr
and
A (T) _ KT¢r
(1=7) + (3) reda(1)/A

In this last expression & (T) = fj;o n(E',T)dE'. Besides that, n(E,T) is representative of the

luminescence spectra since is the only solution that depends on both energy and temperature.

Considering thatn(E,T) = f(E,T) - p(E) an explicit expression for the distribution function, given
by (5, is obtained.

1
fET) = E—E, T (5)
exp () + 3

In general, the DOS of the system can be described by a Gaussian function determined by an
amplitude p,, a peak position E, and a standard deviation o, i.e.

E — E;)?
p(E) = po exp (—%)

With the previous results it is now possible to predict the temperature dependence of the

parameters defining the photoluminescence spectra. To obtain the maximum of PL it suffices to
' . . .. On(ET . .
find the maximum of n(E, T). By setting the condition % = 0 it is found that the maximum of

PL is determined by the expression
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E=E0_kaT

where x(T') is obtained numerically solving!® (6

coms= () | (2)en )

2
This expression has a single solution for 0 < x < (ﬁ) .
B

So, an expression for the temperature dependence of the PL maximum (approximating the

temperature dependence of the bandgap with the Varshni equation®”)) is given by (7

2

aT
E(T) =E, —

— 7
O+ T XkBT ()

For traditional tetragonal semiconductors, in which the bandgap decreases with temperature, E(T)

has an S-shaped dependence as shown in Figure 7-a.

T —— ot
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Figure 7: Experimental behavior for a) exciton peak energy b) FWHM and c) exciton PL as reported in
InGaAs/GaAs and InGaN/GaN quantum dots by Q.Li et. al. (Figure adapted from reference [5])

From the expression of n(E, T) it is also possible to derive the Full width at half-maximum of the
PL spectra by numerically calculating n(E,T) = n(Epeqx, T)/2. It is possible to see that this
magnitude can decrease with increasing temperature as shown in Figure 7-b. Finally, the variation
of the integrated photoluminescence is proportional to the total number of localized carriers that

can be calculated as

+ 00 400
I(T) o f N(E',T)dE' = A f n(E', T) dE’
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This expression can be approximately calculated obtaining the result>®

Tr

( Eo — Eq + kpT1n (72) }_1

I(T) il +(1—y)exp Ttrz
\/(kBT)Z +2 (547

8)

This expression gives a monotonically decreasing variation of /(T) with temperature as represented
in Figure 7 c.

3. Experimental Results: Low temperature photoluminescence

The photoluminescence spectrum of the analyzed sample was measured between 12 K and 290 K
using the experimental setup described in chapter 3. As observed in Figure 8-a PL spectra follows
the usually observed trend of decreasing amplitude and increasing its width and maximum with
temperature. However, in this case an asymmetry in the spectra appears for temperatures below
150 K. By performing a numerical fit with two Gaussian curves, it is possible to confirm that the
asymmetry is produced by the appearance of a new peak in the low energy part of the spectra
(Figure 8-b). On the contrary, for temperatures above 150 K, a good fit of the data is obtained by
adjusting with a single Gaussian peak. The results obtained for the areas, peak energy positions, and
widths of the Gaussian peaks show a great similarity with the predictions given by Q. LI's model,
as we will discuss below. Therefore, we conclude that the appearance of the second peak is due to

the localization of excitons produced by the absorption of high-energy photons.

Firstly, the variation of the total area of the PL with temperature follows an Arrhenius diagram as
shown in Figure 9-a. Hence, the main quenching channel for photoluminescence is thermal
dissociation of excitons!!l. In addition, by fitting an Arrhenius function with a single activation
energy, we obtain that the

Photoluminescence(A.U)

1.5 1.6 1.7 — 1.8
Photon Energy (eV)

1.5
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Figure 8: a) Temperature dependence of photoluminescence spectra from 12 K to 285 K. b) Spectra obtained
at 20 K and its decombolution intro two peaks. The low energy peak is asociated with localized excitons and
the high energy peak with free excitons.

binding energy of excitons in this case is 6.0t2 meV. On the other hand, if we analyze the
temperature dependence of the area of each peak separately (Figure 9-b), we see that the
contribution of the low-energy peak decreases monotonically, as predicted by (8, until it becomes
0 at 150 K. In contrast, the high-energy peak increases up to 150 K and then decreases. This can be
explained by considering that as thermal energy increases, the probability of excitons to delocalize
increases and therefore recombine as free excitons (higher energy). This thermal transfer reduces

the number of localized excitons and increases that of free excitons as temperature increases.

As can be seen in Figure 10 a, the temperature evolution of the energy of the two
photoluminescence peaks is quite different. On one hand, the higher energy peak follows the
typical trend of increasing with temperature as expected for free exciton recombination. On the
other hand, the lower energy peak shows an increase up to around 100 K, reaching a local
maximum, and then decreases until it disappears. This behavior does not follow the S shaped
predicted by Q. Li's model for the maximum of PL in localized excitons. The discrepancy may be
due to the fact that the aforementioned model is derived for conventional semiconductors (such as
GaAs and I don't know what else) in which the bandgap decreases with temperature (see (7).
Therefore, the anomalous behavior of perovskites, increasing bandgap with temperature,
compensates for the initial decrease, causing the energy to tend towards an approximately constant

value. Similar results have been reported in CsPbBr3 nanosheets!®.
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Figure 9: The total area of PL peaks follows an Arrhenius-Ilike behavior indicating that thermal dissociation
1s the most relevant mechanism for PL quenching b) PL area of free (green triangles) and localized (red
triangles) excitons.

Finally, the evolution of the peak widths I' with temperature is shown in Figure 10 b. For the high-
energy peak a monotonic increase with temperature, as the one predicted by Segall’s model, was
obtained. On the other hand, the low-energy peak maintains its width practically constant until
100 K, and then this parameter decreases rapidly. This reduction is also consistent with the
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prediction of the Q. Li’s model although the valley predicted is not fully viewed as the amplitude

of localized excitons falls to cero before increasing again.
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Figure 10: a) Evolution of excitonic emission energy corresponding with free (red triangles) and localized
excitons (blue triangles) b) Evolution of the Full Width at Half Maximum of photoluminescnece peaks
asociated with free (red circles) and localized excitons (blue circles).

Conclusions:

The excitonic behavior of a sample of y-CsPbls nanoparticles was studied using temperature-
dependent photoluminescence spectroscopy. The results show that in this case the usual behavior
observed in perovskites is generally obtained, i.e. a decrease in the spectral area, as well as
broadening and blue shift as the temperature increases. However, a detailed analysis reveals the
appearance of a second low energy peak in the photoluminescence spectrum that appears for
temperatures below 150 K. By fitting the results with one or two Gaussian curves, depending on
the case, the dependency of each peak with temperature were obtained. The high-energy peak
follows the already-known behavior of free excitons. On the other hand, the low-energy peak
shows a non-monotonic dependence of its maximum and a reduction in its half-width at half-
maximum as the temperature increases. This behavior, very similar to that described by Q. Li's
model of exciton localization, being a strong indication that this peak is originated by the radiative
recombination of localized exciton. This thesis is further supported by the fact that the number of
localized excitons decreases with temperature until disappearing, while the number of free excitons
increases. This behavior suggests that thermal energy is responsible for providing energy that allows
localized excitons to be released and thus recombine as free excitons. Determining the causes of
exciton localization is, indeed, a significant challenge. Although empirical observations and
comparisons with existing models, such as the one proposed by Q. Li, can provide strong indications
of the presence of localized excitons, the task of identifying the specific factors causing this
localization is more complex. To draw more definitive conclusions about the causes of exciton
localization, it would be necessary to carry out additional, more detailed investigations. These could
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include a deeper study of the structure and properties of perovskites, as well as the use of more
sophisticated characterization techniques or the exploration of different theoretical models.
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5.2 - Excitonic behavior in stoichiometric and non-
stoichiometric CsPbBr3 thin films.

In the manuscript entitled "Photophysical and Photoelectrochemical Properties of CsPbBr3 Films
Grown by Electrochemically Assisted Deposition”, only some of the data obtained from
photoluminescence and transmittance measurements as a function of temperature were published.
The published data were obtained for the sample with optimized stoichiometry and allowed us to
report several relevant parameters such as the characteristic energies of exciton-phonon interaction
and the Stokes Shift, among others, as well as their dependence on temperature. While the
aforementioned work constituted an interesting and valuable contribution, it was when we
extended the studies to CsPbls nanostructures!! that we acquired a deeper and more mature
understanding of the subject. This allowed us to be much more critical of the abundant results
published in the literature for CsPbBrs and their interpretations. As mentioned earlier, it was
through this work that we were able to distill a model based on excitonic behavior that explains
the majority of the photophysical absorption and emission processes in inorganic perovskites.
Additionally, given the similarities reported in the literature for the behavior of CsPbls with other
perovskites, both inorganic and hybrid, we believe that this model can be extended to other
materials with the perovskite structure. We are currently working intensively to formalize this

extension, exploring two paths:

1 -Analysis of stoichiometric CsPbBrs sample

Thanks to the previously mentioned model, we have been able to take a fresh look at the results
obtained for CsPbBrs films. For example, we now understand that the activation energies
mentioned in "Photophysical and Photoelectrochemical Properties of CsPbBrs Films Grown by
Electrochemically Assisted Deposition" correspond to two channels of photoluminescence
quenching. We can say that one of them, with a characteristic energy of 39 meV, is associated with
the thermal dissociation of excitons, whose recombination produces photoluminescence. This
interpretation is supported by the fact that this value is very close to the exciton binding energy
reported in our first work obtained by fitting with the Elliott function®. The other energy obtained
from the Arrhenius plot allows us to identify the presence of a second channel with an energy of

13 meV. Unfortunately, with the information we currently have, we cannot identify its nature.

By analyzing the absorbance spectra with the Elliot function (Figure 11-a), we extended the initial
analysis to study the dependence of the bandgap energy, excitonic absorption maximum energy,
and Stokes Shift on temperature. First, by analyzing the dependence of the bandgap energy on
temperature, we can see a monotonically increase of this value with temperature, and not the
nonmonotonically dependence observed for photoluminescence spectra peak position!'?. This non
monotonically dependence is due to both, the dependence of bandgap energy with temperature
and the strong dependence with temperature of the Stokes shift. Moreover, we can see that by

fitting with the two-phonon model (see supplementary information in!') as previously described,
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the contribution of optical phonons to the variation of the bandgap occurs through interaction with

a phononic channel of 32 meV (Figure 11-b).
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Figure 11: a) Temperature dependence of absorbance in stoichiometric CsPbBrs films. B) Bandgap energy
dependence with temperature and contributions of acoustic and optical phonons obtained from the two

oscillators model.

We consider this result very important since this value is very similar to the exciton-phonon

interaction energy (304 meV) obtained by fitting the temperature dependence of the

photoluminescence linewidth I with the Segall function.
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Shift (blue squares) as a function of temperature. C) Gurioli’s model fit indicating thermalization of excitons
as the cause of Stokes Shift.

From the Elliot function fitting, it is also possible to obtain the maximum corresponding to excitonic

absorption. The difference between this value and the maximum of the photoluminescence (red

and green triangles respectively in Figure 12-a) determines the Stokes Shift, which, as seen in Figure

12-c, increases monotonically with temperature, as in the case of CsPbls nanoparticles.

10.0
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Besides, when the product of the Stokes Shift and k_B T is plotted against 2, a straight line with a
slope of 0.185+0.02 is obtained, as shown in Figure 12-c. We can then conclude that the
photoluminescence originates from excitonic recombination in CsPbBrs, and that the Stokes Shift
is produced by the thermalization of these pseudoparticles, as predicted by Gurioli's model'!l.

Exciton Binding Energy:

From the fit with the Elliot function, it is also possible to determine the exciton binding energy as
previously explained. Performing this analysis on the CsPbBrs measurements results in a non-
monotonic variation as shown in Figure 13. Specifically, this parameter decreases slightly from 21.0
meV at 30 K to 19.7 meV at 100 K. From this temperature on there is a monotonous increase up to
35 meV at room temperature. This last value is in good agreement with the calculated value of 40
meV calculated using equation 5 from chapter 2, using average effective masses for electron and
holes of 0.15 and 0.14 in free electron mass units and a dielectric constant of 4.96 as reported by
Protesescu et. al.'?. As mentioned earlier, variations in Ep are mainly determined by variations in
the material's dielectric function €. The results obtained indicate that this variation is more complex
for CsPbBrs than for CsPbls, with some process that is activated around 100 K. This dependence is
the result of the processes of increasing effective mass with temperature (due to the increase of the
bandgap energy) and the reduction of permittivity due to thermal expansion, which tend to increase
the binding energy of the exciton. On the other hand, screening due to phonons (which tends to
decrease the Coulomb interaction) is used as an argument in the literature when this energy

decreases with temperature.
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Figure 13: Temperature dependence of Exciton Binding Energy in stecheometric CsPbBrs film.
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Urbach Energy

As in the case of CsPbls, the low-energy end of the absorption presents a rapid increase that can be
modeled with an exponential from which it is possible to obtain the Urbach Energy of the system.
As previously mentioned, this is a measure of the disorder present in the crystal structure. By
calculating the dependence of the Urbach Energy on temperature and fitting it with the model
mentioned in our previous work!!], it is possible to obtain the energy E};(0), which represents 10+1
meV, and the effective phononic mode energy that produces the increase in disorder of thermal
origin. In this particular case, the latter value was 27+2 meV, which is very close to the phononic
mode energy that produces the exciton-phonon interaction and the increase in the bandgap energy
with temperature.
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Figure 14: Temperature dependence of Urbach energy.

Having understood the excitonic nature of photoluminescence, it is also possible to interpret other
results obtained with time-resolved photoluminescence spectroscopy performed at UNICAMP
during 2020. This findings, partially published in reference [10], stem from the use of a streak
camera, which generates a two-dimensional matrix of data points (as illustrated in Figure 15-a. Each
point in this matrix represents a count from the light detector, contingent on both the wavelength
and the time. By integrating this matrix over wavelength, we can produce time-resolved spectra.
This process enables us to determine the time decay of photoluminescence from the acquired data.
Equivalently, integrating over time provides us with the dependence on wavelength. Integrating
the data in the first nanosecond from measurements taken at temperatures ranging from 6 K to 60
K, we yield the spectra depicted in Figure 15-b. These results show the same anomalous blueshift
in PL when temperature is decreased than the previously described. Besides that, the shape of the

peak tends to become more asymmetric widening towards the low-energy edge. This change is
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produced by the appearance of a second peak with lower energy than the associated with the
recombination of free excitons that increases its amplitude as the temperature is lowered. These
changes are similar to the ones mentioned in the previous section. So, the second peak may be
produced by the recombination of localized excitons. This localization, whose existence and origin
are widely debated in the literaturel®], causes the excitonic recombination to produce a photon with
slightly lower energy than that corresponding to the recombination of the free exciton.
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Figure 15: Dependence of the normalized PL spectra with the temperature (obtained from t = 0 s time
resolved PL results). As the temperature increases a blue shift of both emission bands associated with free
(higher energy) and localized excitons (lower energy) is observed.

2 — Analysis of non-stoichiometric samples: effect of composition in PL spectra

With this more complete view, we now focus on studying the possible variations that may exist in
the properties of non-stoichiometric samples obtained with 4 and 13 spin-coating cycles during
preparation, as described in reference [9]. As demonstrated in that work with the variation of spin-
coating cycles besides the expected CsPbBrs phase, other minority phases of CsPb2Brs and CssPbBrs
are obtained. The optical properties obtained from the variations in the photoluminescence
spectrum with temperature are initially studied. Results obtained from the Arrhenius plot (Figure
16-a) show that E increases with variations in the stoichiometry of the samples while the energy
associated with the second (low energy) dissociation channel remains almost constant as detailed
in Table 1.
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Table 1: Optical parameters obtained for samples synthesized with different spin-coating cycles.
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Figure 16: a) Arrhenius plot with PL area normalized to 30 K for better comparison and b) FWHM vs
temperature for samples electrochemically synthesized using 4 (red), 10 (green) and 13 (blue) spin-coating
cycles.

Fitting the dependence of the FWHM with temperature using Segall’s expression the effect of
composition in exciton phonon interaction was studied. Results show that inhomogeneous
broadening is not significantly affected by the secondary phases. On the other hand, characteristic
energy of LO phonons is considerably lower (22 + 1 meV) for the 4 cycles sample when compared
to the other two samples. It is possible that this is produced by the reduced grain size for this sample

as previously reported!®.

Finally, we observed (as shown in Figure 17-a) that PL spectra became notably asymmetric specially
for the non-stoichiometric samples. Asymmetry introduces uncertainty in the determination of
maximum energy and FWHM. To avoid this uncertainty and to quantify the asymmetry the data
was fitted with an asymmetric pseudo-Voigt function. The pseudo-Voigt function is is a
mathematical function used to model the shape of peaks in spectroscopy and is the sum of a
Gaussian (G(E)) and a Lorentzian function (L(E)) sharing its width and center and whose
amplitudes are determined by a mixing parameter f (0 < f < 1), i.e.

y(E) = fL(E) + (1 = )G(E)

The mixing parameter, f, determines the relative contribution of the Lorentzian and Gaussian
functions to the pseudo-Voigt function. The sum of this kind of peak remains symmetric. To
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introduce asymmetry'3 the width of the distributions is allowed to vary according to a sigmoidal
function y(E). It must be noted that a new asymmetry parameter a is introduced in this procedure,
and that the lower the parameter the more asymmetric the spectra.

2o
1+ expla(E — Ey)]

y(E) =

Fitting the experimental data with an asymmetric function shows that in all cases the asymmetry

parameter increases with temperature as shown in Figure 17.
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Figure 17: Temperatrue dependence of asymmetry parameter for samples with different stoichiometry.

The origin of the previously mentioned asymmetry is still unclear. However in a recent study by
Boziki et all'*l suggest that the asymmetry may be produced by the preferential localization of Cs*
in either of two off-centre positions of the inter-octahedral empty space between the PbBr®
octahedra. This produces a local dipole moment, and consequently a Stark effect that affects the

electronic energy levels, and then the emission spectra.

Conclusions:

The previously presented results can be interpreted clearly using the model presented in our
manuscript on CsPbls. In particular, it is now clear the origin that the dependence of bandgap
energy with temperature is mainly produced by exciton phonon interaction and that the Stokes
Shift is originated in excitonic thermalization. We believe that this greatly strengthens our model,
as it allows us to correctly interpret results obtained from a sample with different composition and
morphology. Recently, we have been working on extending these results for the bandgap energy,
Stokes Shift, Urbach energy and exciton binding energy to non-stoichiometric samples, which we
expect to exhibit variations in these properties due to differences in phonon spectra, among other
factors. We believe that the analysis we can achieve will be of great importance, as it has been
shown that the composition of perovskite films strongly influences device performance, and the
reasons for this have only begun to be understood. For this reason, we believe that the results we

300
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can obtain with our model can make a significant contribution to understanding this important

topic.
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6. Work Summary

Optoelectronic fundamental properties of inorganic lead halide perovskites with different
compositions and morphologies were studied. The work started with the investigation of CsPbBr3
thin films electrochemically prepared on FTO substrates. Following this, y-CsPbls nanoparticles
synthesized using the Hot-Injection method were characterized after being drop-casted onto a glass
substrate. Nanorods of the same material were produced from these nanoparticles through
illumination in their colloidal form with a solar simulator, exploiting the light-induced self-
assembly property exhibited by perovskites. Obtained results constitute the first report of this effect

in the literature for y-CsPblIs nanoparticles.

The mentioned systems were examined using low-temperature (10K — 290K) photoluminescence
and transmission spectroscopy techniques, which enable the determination of fundamental
quantum processes of absorption and emission near the bandgap. The findings reveal that inorganic
perovskites display prominent excitonic behavior, especially in low-temperature absorbance
spectra. Furthermore, by analyzing variations in the photoluminescence spectrum shape with
temperature and excitation power it was possible to prove that in both materials that
photoluminescence is originated in excitonic recombination. Besides that, it was also possible to
prove that in both cases, the interaction of excitons with phonons occurs mainly through LO
phonons, especially at high temperatures. Exciton-phonon interaction is produced by a phononic
mode with an effective energy that can be calculated using Segall’s model of exciton-phonon
interaction. Results show that this characteristic energy is 30 meV in CsPbBr3 and 15 meV in y-
CsPblIs nanoparticles. In addition, the Arrhenius diagram obtained from the dependence of the
photoluminescence area on temperature makes it possible to obtain the energies associated with
the mechanisms that produce photoluminescence quenching. One of these channels corresponds
to the thermal dissociation channel of excitons. Moreover, as in the case of CsPbBr3, a second
quenching channel may be present and can be identified by the aforementioned analysis. However,

this analysis does not provide information about the origin of this activation energy.

The Elliot formula, which is a fundamental analysis tool, was used for the analysis of absorbance
spectra. Using Elliot’s model several important fundamental parameters were obtained, such as the
excitonic absorption energy and its spectral width, as well as the bandgap energy, which can be
used to determine the exciton binding energy. Analyzing the temperature dependence of these
parameters, several fundamental mechanisms were identified. First, the broadening of the excitonic
peak in absorption follows a very similar broadening than the photoluminescence. When the
broadening is analyzed using Segall’s model a very similar interaction energy is obtained, thus
implying that phonons are also responsible for this broadening. Analyzing the temperature
dependence of the bandgap with a two oscillator Einstein model some evidence that the same
phononic mode is also involved in this process. However, results are not conclusive given that other
processes, as lattice expansion, are also involved. Exciton binding energy at room temperature was
40 meV for CsPbBrs and 33 meV for CsPbls. In both cases these values are close to thermal energy
what ensures that most excitons will dissociate at room temperature producing free charge carriers.
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The results also demonstrate the exceptional crystal structure achievable in inorganic perovskites,
as evidenced by the remarkably low Urbach energy values obtained in both samples. Previously,
such crystallinity was attainable only through costly deposition techniques like Molecular Beam
Epitaxy and Metal-Organic Chemical Vapor Deposition. However, it can now be accomplished
using simple, locally available solution-based deposition methods. This outstanding crystallinity
enabled the clear observation of previously mentioned fundamental processes. Moreover, analyzing
the increase of Urbach energy with temperature it was possible to show that the same phononic
mode involved in the broadening of photoluminescence and in increasing bandgap is also

responsible for increasing the thermal disorder in the lattice.

From the obtained results it was possible to formulate a fully consistent model that allows for the
interpretation of all the results obtained in temperature dependent photoluminescence and
transmittance spectroscopy obtained in inorganic perovskites. It is expected that this model can also
be applied in hybrid perovskites since very similar results are usually reported in the literature. For
this reason, I believe the developed model can be an important contribution that can be of high
value to the scientific community. Besides that, a MATLAB algorithm for the analysis of the data

that extracts many valuable parameters automatically from measurements was implemented.

The developed theoretical model, along with the MATLAB code, played a critical role in explaining
several other results. First, it allowed us to identify the phenomena of exciton localization, which
is manifested in the photoluminescence spectra as an additional peak with lower energy than the
peak produced by free exciton recombination. The change in energy, full width at half maximum
and area of the low energy peak is very different to the one observed in free excitons and can be
explained by Li’s model. Localization of carriers is a ubiquitous phenomenon in semiconductors and
can have profound effects in charge carriers’ mobility and hence in device performance. So, its
identification is of great importance for device optimization. Next, the optical properties
characterization also allowed the identification of an amorphization process in the light induced
self-assembly of nanoparticles into nanorods. Amorphization is manifested in an increase of the
photoluminescence energy and in Urbach energy. This process also increases the inhomogeneous
contribution in Segall’s model for exciton-phonon interaction and decreases the exciton binding

energy due to the change in the characteristic size of the samples.

It is expected that the application of this algorithm in measurements performed in samples
synthesized in different conditions will enable the extraction of valuable information for a better
understanding of fundamental processes in absorption and emission. By identifying and
understanding the relationships between the optical, morphological, and compositional properties
of these materials, we can optimize their performance and deposition conditions in optoelectronic

devices. This can be an important asset for future work done in our group in the field of perovskites.

Looking forward, there are several promising possibilities for future work on perovskite materials.
Firstly, addressing the toxicity concerns associated with lead-based perovskites is of outmost
importance. Research efforts should focus on substituting lead with non-toxic elements, for
example tin and bismuth, while maintaining or even improving the desirable properties of
perovskites. Successful replacement of lead will allow us to develop more environmentally friendly
materials that could then be used to produce a new generation of optoelectronic devices. It is also
fundamental to gain a deeper understanding of the origin of self-assembly in perovskites.
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Investigating the underlying mechanisms driving this phenomenon can provide valuable insights
into the formation of perovskite nanostructures with controlled morphologies and properties.
Gaining a thorough comprehension of self-assembly processes can enable the development of a
wider variety of nano and microstructures simply processed from nanoparticles. In turn access to a
wider variety of structures will advance perovskite-based devices, enhancing their performance and
broadening their applicability across a range of applications. Besides that, given that self-assembly
is heavily influenced by perovskites surface properties, understanding this process can be an
excellent tool to better understand the origin and properties of superficial states. It has been proven
that superficial states have a direct impact in optoelectronic properties, device performance and

crystal stability in perovskite nanocrystals.

Even though during our work the stability of colloidal y-CsPbls perovskites nanoparticles for
several weeks was empirically corroborated a systematic study of stability is still needed. I'-CsPbls
is a particularly interesting material due to the as proved excellent optoelectronic properties, but
its inherent instability, especially in thin films, has limited its widespread adoption in practical
applications. Therefore, gaining a deeper understanding of the factors affecting its stability is
essential for broader consideration by the scientific community. Future work should also involve a
comprehensive investigation of the intrinsic and extrinsic factors that contribute to the degradation
of y-CsPbls. In particular, the role of environmental factors, such as temperature, humidity, and
exposure to light should carefully be investigated to better understand how these external
conditions contribute to the degradation processes. Besides, an exploration of the influence of
various synthesis methods, processing conditions, and material compositions on the material's
stability could be of high value.

In addition to the research directions previously discussed, there is also potential to further improve
the Matlab algorithm used for data analysis. The current algorithm has proven to be valuable for
extracting important parameters from optical measurements. However, it can be enhanced by
implementing additional analysis techniques to extend its capabilities and provide more
comprehensive insights into the materials' properties. One such extension could involve
implementing the f-sum rule algorithm. This method allows a more precise determination of
exciton binding energy. Additionally, future work could involve developing advanced algorithms
to incorporate machine learning techniques to identify patterns in the data once a large database of

parameters has been built.

The research conducted on perovskite materials is anticipated to provide valuable insights into their
fundamental properties and contributions for the development of perovskite-based devices. These
devices, including solar cells, LEDs, and other optoelectronic systems, hold great promise for
enhancing efficiency and reducing production costs. The wider adoption of perovskite-based
technologies has the potential to positively impact society by providing more accessible,
sustainable, and efficient energy solutions. Besides that, the study of perovskite materials presents
a significant opportunity for making tangible contributions to the development of perovskite-based
technologies using the capabilities of local laboratories in Uruguay. By advancing our understanding
of the fundamental properties of perovskites and optimizing their deposition methods to obtain
desired properties, we can potentially establish Uruguay as a key player in this burgeoning field.
The research conducted in our local laboratories can pave the way for the synthesis and production
of perovskite devices in Uruguay in the near future. This could ultimately contribute to the
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development of eco-friendly technology that can be an important player in the transformation of
the energy production matrix. So, the potential impact of this work extends beyond the realm of
academia. As we continue to explore the rich possibilities presented by perovskite materials, we are
committed to fostering innovation and positive change for the benefit of the environment and the

world at large.
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