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Resumen

La creciente urbanizacidon e industrializacién de las sociedades en
las ultimas décadas han provocado una alta demanda de energia. No
obstante, mientras no se desarrollen fuentes de energia renovables
que se constituyan como un reemplazo plausible de las actuales, la
liberacion de gases de efecto invernadero y sus consecuencias sobre
el cambio climdtico dificilmente serdn atajadas. Por ello, se estd
llevando a cabo una intensa busqueda de energias renovables para un
futuro inmediato. En los uUltimos afios, la perovskita ha alcanzado una
gran popularidad, centrando numerosos esfuerzos de investigacion
debido a sus propiedades 6pticas y eléctricas uUnicas. Como por
ejemplo su alto coeficiente de absorcién y su alta movilidad de carga.

Esta tesis comprende seis articulos cientificos en torno a las
perovskitas de haluro metalico. Por un lado, 3 trabajos estudian los
fendmenos 6pticos que ocurren en el seno del material, con la
finalidad de lograr una mejor comprensién de éstos. Puesto que el
conocimiento de estos fendmenos épticos a nivel individual (cristales
aislados) permite modular y adaptar su sintesis y morfologia para
aplicaciones determinadas.

Por otro lado, las perovskitas han sido implementadas en distintos
dispositivos para su aplicacién en tres campos: fotocatalisis, sensores
y fotovoltaica. Por primera vez, se ha logrado utilizar este material
para la obtencion de hidrégeno llevando a cabo la reaccion en fase
vapor. Asimismo, diversas composiciones de perovskita se han usado

para decorar grafeno y detectar niveles traza de Compuestos
Organicos Volatiles (COV) como benceno y tolueno. Y finalmente se ha
desarrollado una estrategia para insertar en la estructura de la
perovskita moléculas organicas, de forma que se permite una
ampliacion de la fotorrespuesta en el espectro visible.

Por lo tanto, las perovskitas se han implementado exitosamente
en aplicaciones de diversa indole, constituyéndose como un material
prometedor y facilmente adaptable a los distintos requisitos de cada
campo de estudio.






Resum

La creixent urbanitzacid i industrialitzacidé de les societats durant
les ultimes déecades han provocat una alta demanda d’energia. No
obstant aixo0, fins que no es desenvolupen fonts d’energia renovables
que puguen ser un reemplacament plausible de les actuals,
I'alliberament de gasos d’efecte hivernacle i les seues conseqiiéncies
sobre el canvi climatic seran dificilment aturades. Per tant, s’esta
duent a terme una intensa cerca d’energies renovables per a un futur
immediat. En els ultims anys, la perovskita ha aconseguit una gran
popularitat, centrant nombrosos esforcos de recerca a causa de les
seues propietats optiques i electriques Uniques. Per exemple, el seu al
coeficient d’absorcid i la seua alta mobilitat de carrega.

Aqguesta tesi reuneix sis articles cientifics al voltant de les
perovskites d’halur metal-lic. Per una banda, 3 treballs estudien els
fendmens optics que ocorren en el material, amb la finalitat d’assolir
una major comprensio d’aquests. Donat que el coneixement d’aquests
fenomens optics a nivell individual (cristalls aillats) permeten modular
i adaptar la seua sintesi i morfologia per a determinades aplicacions.

Per altra banda, les perovskites han sigut implementats en
diferents dispositius per a la seua aplicacio en tres camps: fotocatalisi,
sensors i fotovoltaica. Per primera vegada, s’hi ha aconseguit utilitzar
aquest material per a I'obtencié d’hidrogen duent a terme la reaccio
en fase vapor. Aixi mateix, diverses composicions de perovskita s’han
utilitzat per a decorar grafe i detectar nivells traca de Compostos
Organics Volatils (COV) com benzé i tolué. | finalment s’ha
desenvolupat una estratégia per a inserir en l'estructura de la
perovskita moléecules organiques, de forma que es permet una
ampliacio de la fotoresposta en I'espectre del visible.

Per tant, les perovskites s’han implementat exitosament en
aplicacions de diversa indole, constituint-se com un material
prometedor i facilment adaptable als diferents requisits de cada camp
d’estudi.






Abstract

During the last decades, the growing urbanization and
industrialization result in a significant need for energy. However, since
feasible renewable energy sources should be further developed to
replace the current energy source, the release of greenhouse gases
and their climate change consequences are difficult to overcome. For
that reason, the development of renewable energy sources has been
attracting growing research efforts. Recently, perovskites gathered
great interest owing to their outstanding optical and electrical
properties. For instance, their high absorption coefficient and superior
charge mobility.

This thesis comprises six scientific articles about metal halide
perovskites. On one hand, 3 works study the optical phenomena that
occur within the material in order to achieve a better understanding.
The deep knowledge of these optical phenomena’s at the individual
level (isolated crystals) enable the modulation and tuning of their
synthesis and morphology to match specific applications.

On another hand, perovskites have been implemented in several
devices for their application in three research fields: photocatalysis,
sensors, and photovoltaic. For the first time, this nanomaterial was
successfully employed for obtaining hydrogen carrying out the
reaction in the vapor phase. Likewise, several perovskite compositions
have been used for decorating graphene and detect trace levels of
Volatile Organic Compounds (VOC) as benzene and toluene. And
finally, it has been developed a strategy to insert organic molecules in
the perovskite structure, resulting in an enhanced photoresponse in
the visible range.

Therefore, perovskites have been successfully implemented in
several applications, becoming a promising material and easily
adaptable to the different requirements needed in each field of study.
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CAPITULO 1

INTRODUCCION






Introduccidn

1. INTRODUCCION
1.1. Antecedentes historicos

En 1839, Gustav Rose descubrid en los montes Urales un nuevo
mineral compuesto por titanio y calcio (CaTiOs) denominandolo
perovskita en honor al mineralogista L.A. Perovski (1792-1856).
Presenta una estructura cristalina idnica peculiar formada por dos
cationes de distinta composicion y tamafio, denominados de forma
general Ay B, junto con un anién, denominado X. La presencia de esta
topologia idnica (ABXs) en diversas composiciones ha tenido como
consecuencia la generalizaciéon del nombre perovskita a cualquier
material o familia de materiales que comparten esta estructura
cristalina.

Las perovskitas mas estudiadas son los conocidos como 6xidos de
perovskita (ABOs), donde las posiciones “A” y “B” pueden estar
ocupadas por la gran mayoria de cationes de la tabla periddica. Esto
conlleva una gran flexibilidad en su composicién (por ejemplo CaTiOs,
BaTiOs, LaMnOs, etc.)*® asi como una gran versatilidad en sus
propiedades, las cuales han sido estudiadas en profundidad durante
las ultimas décadas. Posiblemente, una de sus propiedades mas
resefiables es su actividad catalitica, y en concreto sus aplicaciones
como fotocatalizadores*®.

Estos 6xidos de perovskita presentan a su vez una gran estabilidad
tanto ambiental como térmica®’. Sin embargo, esta excelencia da
lugar a un gran inconveniente, pues se requieren altas temperaturas
para su preparacion®y por tanto su coste de fabricacion es elevado.
Por ello, durante los ultimos afos muchos grupos de investigacidon han
centrado sus esfuerzos en sintetizar otro tipo de perovskitas que
aporten una versatilidad similar pero cuyo proceso de preparacion sea
mas sencillo y econémico.

Entre estos tipos de perovskita se encuentran las perovskitas de
haluro metalico, donde en la posicion “X” se sitla un halégeno (CI, Br
o I, en la posicién B un catién divalente (Pb?*, Sn**, etc.) y en la
posicién A un catidon con cardcter inorganico (Cs, etc.) u organico
(metilamonio, formamidinio, etc.). En este ultimo caso se les conoce
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como perovskitas hibridas de haluro metdlico. El componente
organico le confiere un caracter hibrido (organico-inorganico),
proporcionando una flexibilidad estructural que no puede ser
alcanzada en perovskitas puramente inorganicas. Asimismo, la
diversidad quimica permite ajustar y modular sus propiedades fisicas
con métodos de sintesis sencillos y asequibles®.

Con todo ello, la primera perovskita hibrida fue sintetizada por
Weber y colaboradores en 1978 (Figura 1), concretamente la
perovskita 3D de férmula molecular CHsNHsPbX3 (X=Br’, CI', I)%°. A raiz
de este descubrimiento las perovskitas se han convertido en un
material prometedor para diferentes aplicaciones de diversa indole,
destacando su empleo en el ambito de la energia.

En los afios 90, cuando alcanzé su época de mayor desarrollo, Mitzi
y colaboradores!'™3 sintetizaron y caracterizaron por primera vez
dispositivos electrdonicos basados en este tipo de perovskita. Incluso
llegaron a desarrollar dispositivos optoelectronicos basados en
perovskita 2D, estructura de la cual hablaremos mds adelante.
Ademads, en estos afios de esplendor, se estudid la posibilidad de
implementar el material en dispositivos emisores de Luz (LEDs, del
inglés “ligth-emitting diode”), desarrollandose el primer dispositivo de
estas caracteristicas en 1994 (Figura 1).

Durante muchos afios, se estudid la inversion del sistema
optoelectrénico para conseguir recolectar luz en lugar de emitirla,
consiguiendo asi una célula solar. No obstante, a pesar de los esfuerzos
de diversos grupos, no fue hasta 2009 cuando se publicé el primer
articulo sobre una celda solar. En concreto, basada en nanoparticulas
de CHsNHsPbls sobre una capa mesoporosa de éxido de titanio (TiO,),
logrando una eficiencia del 3.8%'7. Ademds, hasta el afio 2014 no se
demostrd la emision laser de estos materiales®® o su aplicacién en
fotocatalisis!®. Sin embargo, en muy pocos afios se ha conseguido
emisiones laser de bajo umbral?®® y alin mas notable si cabe, igualar
practicamente al silicio en el desarrollo de dispositivos fotovoltaicos?:
B llegando a eficiencias del 25%%*. Cabe indicar que tales
rendimientos son tan altos que hoy en dia los esfuerzos se centran en
conferirles una mayor estabilidad para una posible aplicacién real®.
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Figura 1. Cronologia de los principales hitos en la investigacién de las perovskitas
hibridas.
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1.2. Estructura

Tal y como se ha mencionado anteriormente, la formula quimica
general que presentan estos materiales viene definida por ABXj,
donde A es generalmente un catién voluminoso y electropositivo, B es
un catién mas pequefio perteneciente a los metales de transicion
mientras que X es un anién??’, La Figura 2 ilustra su estructura
cristalina, que consiste en una red tridimensional (3D), que puede
definirse como octaedros BXs unidos por los vértices, con el catién A
ocupando el hueco formado entre los octaedros, dando lugar a una
pseudo estructura cubica centrada en el cuerpo.

a) ; b)
.
ol \“.I 7

N %

‘1 ',I—O—I'T
]

v_._v’.

v e

Figura 2. a) Estructura cristalina y b) celda unidad de la estructura 3D de perovskita
hibrida. Queda representado cada elemento por un color: A de color gris, B azul y X

violeta.

Todos los materiales que reciben el nombre de perovskita
cristalizan con esta estructura y solamente difieren en la conectividad
de los octaedros. Asimismo, para obtener una perovskita estable
existe un requisito imprescindible basado en los tamanos de los iones
que la forman. Una ligera distorsién puede producir notables
modificaciones en la red cristalina, dando lugar a configuraciones
inestables e incluso disminuir el ndmero de coordinacién de cada
anién?. De hecho, en el afio 1926, V. M. Goldschmidt cre6 una modelo
para evaluar la estabilidad de las perovskitas dependiendo del radio
idnico de los iones que la forman. Esta férmula recibe el nombre de
factor de tolerancia de Goldschmidt (t), y predice tanto la estabilidad
como la distorsidn que se produce en la estructura cristalina®.
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t= TqtTy
\/E(rb + rx)

Donde r, y r, son los radios idnicos de los cationes A y B,
respectivamente, mientras que ry es el radio correspondiente al anién
X. En la Figura 3 podemos observar el valor de t y la estructura que se
obtiene, en el caso de la perovskita APbBrs3;, dependiendo de los radios
idnicos de los cationes que la formen.

(1)

=
® 1.1 1
‘S J Estructuras2D1 @
c ! >
O 1.0
1 @
2 o @
-
o 0.9— 1 Estructuras 3D
T 1
. 1
= Cs) i
G 0.8+ .
l_fE Otras geometrias

Figura 3. Valores del factor de Goldschmidt (t) para la perovskita hibrida APbBrs.
Siendo A cationes organicos e inorganicos de diferente radio: Cesio (Cs), Metilamonio
(MA), Formamidina (FA), Dimetilamonio (DMA), Etilamonio (EA) y Guanidina (GA).

Para una simetria cubica ideal cabe esperar un valor de tiguala 1,
aunque en la mayoria de los casos los valores estan comprendidos
entre 0.8 y 0.9. A medida que el valor de t disminuye, los enlaces BX se
comprimen, lo que implica la elongacién de la distancia entre Ay X.
Este fendmeno provoca el giro de los octaedros en la estructura para
aliviar las tensiones provocadas por el desajuste en los tamafios de los
cationes. Por lo que se produce la distorsién de la estructura llegando
a dar lugar a otras simetrias posibles como tetragronal, ortorrombica
y monoclinica. Por el contrario, cuando t es mayor que 1 se
alargan/comprimen los enlaces BX/AX, siendo mas estable en este
caso la simetria hexagonal®®.

Cuando los valores de t son mucho mas elevados que 1, la
estructura 3D se disgrega dando lugar a las perovskitas de baja
dimensionalidad. En particular, la adicién de cationes organicos de
elevado/a tamafio/longitud A’ que parcialmente substituyen a A tiene
como consecuencia la formacidn de planos de octaedros que
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subdividen el cristal idnico dando lugar a una estructura laminar,
llamada quasi-2D. Este es el caso de la ocupacion parcial de A por
grupos aromaticos o cadenas alquilo®. En esta configuracion, la
estructura se mantiene cohesionada a través de interacciones m-m o
fuerzas Van der Waals respectivamente. En el caso donde todo el
cation A sea sustituido, se alcanza el limite 2D, y su férmula pasa a ser
A’;BX4, que consiste en una monocapa de octaedros separada por una
bicapa de cationes A’. En este caso, las capas inorganicas se unen con
las organicas mediante enlaces de hidrégeno derivados de la
interaccion del cation organico con los halégenos de la red inorgdnica.
Debido a restricciones geométricas del catidén, la interaccidon
generalmente se produce entre dos halégenos puente y un halégeno
terminal (configuracion puente) o entre dos haldgenos terminales y
uno puente (configuracién terminal)!*. Esta unidn entre los octaedros
y las laminas es un pardmetro destacable de la estructura, ya que
influye sobre el espaciamiento de las |dminas, la alineacién y la
rotacion de los octaedros, afectando de manera directa a las
transiciones estructurales?s,

Al contrario que en la estructura 3D, donde el cation A se sitla en
una cavidad rigida y definida, en las estructuras 2D la distancia entre
las laminas puede variar dependiendo del tamafio o longitud del
mismo catién. En consecuencia, se pueden incorporar cationes
organicos funcionales mas grandes y complejos, por lo que esta mayor
longitud tiene una influencia significativa en el espaciado de la red
inorganica, y en consecuencia, en sus propiedades fisicas®3.

Un ejemplo de las estructuras quasi 2D, que representa una fase
intermedia entre las 2D y 3D, son las denominadas fases Ruddlesden-
Popper3!. Fue descrita por primera vez en 1957 por S.N. Ruddlesden y
P. Popper y presentan la férmula general A’;An.1BnX3n+1, donde A y A’
son dos cationes organicos de diferente tamafio y n un nimero entero,
el cual indica el numero de octaedros en cada ldmina (Figura 4).
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<D
n= %&

n=3

Figura 4. Estructura tipo Ruddlesden-Popper para diferentes valores de n. Queda
representado cada elemento por un color: A gris, A'negro y X violeta.

Al igual que en las estructuras 2D, el cation organico actia como
espaciador entre los octaedros, dando lugar a la formacion de capas
organicas e inorganicas apiladas en una direccién. La distancia entre
[dminas y el espesor de la capa de octaedros (n) se puede controlar
experimentalmente ajustando la relacién entre ambos cationes®?. En
consecuencia, las propiedades opticas y eléctricas pueden ser
moduladas.

Por ultimo, para valores elevados de t (t>>1), es posible otro tipo
de estructuras de baja dimensionalidad (Figura 5). Concretamente, la
estructura monodimensional (1D) o con dimensionalidad cero (0D).
Los sistemas 1D consisten en cadenas de octaedros que comparten un
solo vértice con un octaedro adyacente, mientras que los sistemas 0D
presentan los octaedros totalmente aislados entre ellos. En ambos
casos, tanto la red orgdnica como la inorgdnica se encuentran aisladas,
lo que implica una mayor restriccidon en la movilidad de los electrones
y un mayor confinamiento, comprometiendo su aplicabilidad en
determinados sistemas®3.
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4.2

WURAIRARS

2D 1D oD

Figura 5. Diferentes estructuras de diferente dimensionalidad que pueden adoptar las
perovskitas. Queda representado cada elemento por un color: A rosa, A’ negro y X
azul.
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1.3. Propiedades y limitaciones
1.3.1. Propiedades

Las perovskitas hibridas presentan propiedades ligadas a su
estructura y composicion que las hacen Unicas. Una de sus
propiedades mas caracteristica es la facil modificacion de su
composiciéon, asi como la amplia variedad de alteraciones
estructurales que permite, lo que conlleva cambios en sus propiedades
dpticas y eléctricas®®.

Es bien conocido que la banda de conduccién de las perovskita
esta formada principalmente por los orbitales p de los atomos
metdlicos, mientras que la banda de valencia viene dada por los
orbitales p del halégeno. Por tanto, cualquier modificacion en la
composicion puede modular los niveles de energia (Figura 6a). A modo
de ejemplo, tomando como base la estructura estandar 3D, un solo
cambio en el halégeno permite desplazar la emisién del material desde
la region del azul al infrarrojo cercano (Figura 6b), y la modificacion del
elemento metalico ampliar su regién espectral, llegando incluso a
sobrepasar los 900 nm*.

2 b)
] Longitud de onda (nm)
52 490 7 CI 50 60 I, 70
1 I t T T .
] Br
.4{
] maPbBr, MAPbI, MAPbCI, CsPbBr, FAPbI;
_5_‘ 2.3 1.55 3.1 232 15
] v Al v
; ] MAPbX3

Figura 6. a) Estructura de bandas dependiendo de la composicidn de la perovskita 3D
(ABX3). b) Desplazamiento en la emision de la perovskita por el cambio del halégeno
en la estructura.

En el caso de la perovskitas con estructura 2D, el cambio en el
grosor de las laminas de octaedros y su composicion también permite
ajustar la posicién espectral de emision. Adicionalmente, es posible

11
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explotar la separacién entre las ldminas de octaedros, ya que al incluir
cationes orgdnicos mas grandes se modifica su ancho de banda®.

A diferencia de un semiconductor convencional, las perovskitas
presentan estructura idnica, por lo que son altamente solubles en
agua y en disolventes polares. Esta propiedad les confiere una baja
barrera energética en la formacién de cristales®*, permitiendo su
sintesis a temperatura ambiente en tiempos muy cortos (minutos) y
obteniendo un material de gran calidad (altamente cristalino).
Ademas, los reactivos necesarios como los métodos de sintesis son
considerados sencillos y de bajo coste.

Asimismo, la estructura idnica les confiere propiedades
superficiales que tiene implicaciones importantes en sus propiedades
fisicas. Por un lado, el aumento del area de superficie conllevaria a
priori una alta recombinacion, pero la atraccion electroestatica entre
los huecos y electrones generados favorece una separacion efectiva y
una movilidad de las cargas mads eficiente. Es decir, se obtienen
materiales con velocidades de recombinaciéon varios ordenes de
magnitud menores con respecto a otros semiconductores® y asi como
con portadores de mayor vida util y largas longitudes de difusion
(Tabla 1)%.

Material Distancia de Tiempo Movilidad Ref
difusién (um) de vida (ps) (cm2v-ist) ’
MAPbI
o 0.1-1 0.001-1 1-10 (7]
policristalino
MAPDbI; cristal 2-8 0.5-1 24-105 138]
MAPbB
IATDED 0.3-1 0.05-0.16 30 (9]
policristalino
MAPbBr; cristal 3-17 0.1-1 24-115 140]

Tabla 1. Valores de distancia de difusion, tiempo de vida y movilidad de portadores
para diferentes composiciones y configuraciones de perovskita hibrida.

Otra de las ventajas que presentan las perovskitas hibridas frente
a otros materiales son sus altos coeficientes de absorcién y su baja
energia de excitacién*!. Ambas propiedades le confieren una alta y

12
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eficiente generacién de portadores*. Ciertos estudios llevados a cabo
mediante técnicas épticas como las medidas de fotoluminiscencia en
tiempo resuelto, revelan informacién tanto de los procesos de difusién
de los portadores®® como de la distancia de difusion®. Estos estudios
concluyen que las distancias de difusion y la movilidad de los
portadores en un cristal aislado son mucho mas altas que los
registrados en capas policristalinas delgadas®. Esto se debe a la
ausencia de limites de grano, que aumenta sustancialmente la
longitud de difusién del portador?®,

Otra caracteristica resefiable de estos materiales es su tolerancia
ala presencia de defectos*. Los defectos presentes en el material son
criticos para la movilidad y vida de los portadores, y afectan de manera
negativa tanto a la recombinacién como al rendimiento obtenido en
determinadas aplicaciones. Que el material tenga tolerancia a la
presencia de los mismos significa que forma relativamente pocos, y en
su gran mayoria intrinsecos o estructurales (vacantes, etc.). Estos
actian como trampas superficiales y son de baja energia tanto de
formacidon como de eliminacion, por lo que pueden ser eliminados
facilmente, y no tienen un efecto significativo sobre los portadores.

Asimismo, a grandes rasgos los pocos defectos presentes en el
material (extrinsecos) suelen concentrarse cerca a los limites de grano,
sirviendo como centro de recombinacién no radiativa®. Estos defectos
se pueden minimizar aplicando algin tratamiento posterior a su
sintesis, o durante el mismo proceso de cristalizacidn (por ejemplo
modificando el disolvente) u obteniendo cristales mas grandes donde
se reducen drasticamente los limites de grano®. Por todo ello, el
empleo de cristales aislados facilita el estudio de transporte en estos
materiales. En particular, un cristal individual con wunas caras
controladas provee de informacion mas fehaciente que una capa
policristalina, donde la presencia de borde de grano limita y perturba
las propiedades intrinsecas del material. Sirva de ejemplo el estudio de
fotoluminiscencia en un cristal individual, donde la ausencia de
defectos en forma de borde de grano aumenta la transparencia del
material, limitando por lo tanto la autoabsorcion®.

13
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Ademas la naturaleza idnica de la perovskita puede servir como
modelo sencillo para el estudio de mecanismos y cinéticas de
intercambio de iones en estado sélido*’. En particular, se ha observado
mediante técnicas dpticas que la interdifusién de aniones, la cual
genera gradientes de concentracion de haluros, se produce mas
facilmente que la de los cationes*®. De hecho, este es un campo de
estudio relevante, ya que se cree que muchos de los fenédmenos que
ocurren en este material se deben a la migracién de los iones, desde
la presencia de histéresis en un dispositivo solar hasta la estabilidad
del material bajo iluminacién®.

1.3.2. Limitaciones

Una de las limitaciones mas importante que presentan las
perovskitas hibridas, es su baja estabilidad en condiciones de
humedad, temperatura y oxigeno ambiental®. Esta susceptibilidad a
la degradacién quimica y estructural es una consecuencia de la baja
energia de formacion de estos materiales y de la posibilidad de
configurar la red cristalina con diferente composicion.

En particular, numerosos estudios han demostrado que las
perovskitas con estructura 3D son altamente susceptibles a la
degradacién por la humedad. Por ejemplo es conocido que la
perovskita con formula MAPbI; forma fases hidratadas tras la
exposicion a altos niveles de humedad®!. Un camino a seguir para
paliar esta limitacidon seria adecuar la composicién. Por ejemplo,
cambiar el catién organico A (metilamonio) por uno de mayor tamano
(formamidinio)®?, consiguiendo un mayor caracter hidrofébico del
material. También es posible su cambio por uno de caracter inorganico
(cesio)3, aportando una mayor estabilidad térmica. O incluso por una
mezcla de ambos cationes®, resultando finalmente en una menor
degradacién del material tanto térmica como en presencia de agua.

Otra posibilidad es la utilizacién de perovskitas con estructura 2D.
La presencia de cationes organicos grandes con cadenas alquilicas o
aromaticas le confiere cierto caracter hidrofébico, y supone una
proteccién a las condiciones ambientales®™~®, Adicionalmente,
presenta menos defectos estructurales y vacantes susceptibles de ser
nucleos de degradacién. Esta ultima propiedad estructural es comun
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en materiales 2D, y tiene como consecuencia unas propiedades
mecénicas excelentes®’. Sin embargo, presentan un mayor
apantallamiento y confinamiento lo que reduce su eficiencia tanto en
emisién como en coleccién de luz’®.

Con todo ello, numerosos estudios plantean escenarios de
compromiso, donde se mezclen perovskitas 2D y 3D para aprovechar
y optimizar las mejores propiedades de cada estructura minimizando
las penalizaciones de sus inconvenientes?.

Aparte de los factores ambientales existe otra gran limitacidn, su
toxicidad. Las perovskitas que contienen plomo en su composicién,
perovskitas con las que se han obtenido mayores eficiencias en
dispositivos fotovoltaicos, presentan una alta toxicidad que conlleva
un alto riesgo para la salud humana y el medio ambiente®®. Aunque
mediante una gestién adecuada de residuos no deberia de ser un
problema, se sigue investigando en cationes alternativos al plomo.
Algunos estudios han reportado dispositivos de perovskitas
empleando estafio que llegan a alcanzar unas eficiencias no
desdefiables del 6%%°. No obstante, siguen siendo muy bajas en
comparacién con las que contienen plomo debido a su mayor ancho
de banda y a problemas con su estado de oxidacion.
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1.4. Métodos de sintesis
1.4.1. Sintesis de cristales aislados y capas delgadas

Como se ha comentado anteriormente, una de las principales
ventajas de las perovskitas hibridas es la facilidad de su sintesis. Al fin
y al cabo, es un compuesto idnico que puede obtenerse mediante la
precipitacién de sus precursores. Esto no implica que el proceso de
fabricacion carezca de importancia, ya que las caracteristicas finales
del material tales como morfologia, tamafio de cristal/grano y
defectos estructurales, determinan sus propiedades objeto de
estudio*®. Por ello, elegir un método adecuado de sintesis presenta
algunos desafios, como seleccionar un disolvente apto tanto para el
componente organico como inorganico, elegir el sustrato ideal para
gue la deposicidon sea homogénea o que la temperatura 6ptima de
cristalizacion evite la degradaciéon de los precursores. A continuacion
se presentan una serie de métodos, con los que se pueden obtener
tanto peliculas delgadas como cristales aislados de alta calidad. Estos
métodos pueden clasificarse en dos grupos: métodos en disolucion y
métodos en fase vapor.

Los métodos mas sencillos y quizd los mas utilizados son los
métodos en disolucion (Figura 9a)®>. En estos métodos, los
precursores de perovskita, la sal halégena del metal de transicién y el
haluro del catién orgdnico, se disuelven en un disolvente polar comun,
como por ejemplo dimetilformamida (DMF) o dimetilsulfoxido
(DMS0)®. Una vez los precursores se encuentran en disolucidn, se
puede realizar la cristalizacién del material por diferentes vias.

Una de ellas es la técnica de recubrimiento por giro (del inglés
“spin coating”)®, método simple y ampliamente utilizado,
especialmente para la deposicion de capas delgadas. Por norma
general, se aplica una pequefa cantidad de la disoluciéon de
precursores en el centro del sustrato, el cual gira a una velocidad
determinada, de forma que el material se reparte por todo el sustrato
por el efecto de la fuerza centrifuga. Ademas, el proceso de giro
favorece la evaporacion del disolvente. Por lo tanto, la velocidad de
rotacién es un parametro significativo puesto que nos permite

16



Introduccidn

controlar la deposicion del material, determinando el espesor final y la
homogeneidad de la capa obtenida.

Otra técnica es la conocida como deposicidn por gota (del inglés
“drop casting”). Este método solamente implica la transferencia de la
disolucién de los precursores de perovskita al sustrato elegido, en el
cual el disolvente puede evaporarse a temperatura ambiente o
controlada. En este caso, el espesor de la capa de perovskita depende
fuertemente de la concentracién de precursores, ya que una
disolucién muy concentrada puede hacer que el proceso de
cristalizacion se acelere. Por otro lado, la tensidn superficial entre la
disolucidn y el sustrato, la viscosidad de la disolucién y la temperatura
aplicada afectara en gran medida a la calidad y la uniformidad del
material obtenido. Generalmente, se obtienen muestras menos
homogéneas que con el método de recubrimiento por giro. La ventaja
principal de esta técnica es que no requiere de ningun equipo especial
para su aplicacion®.

Ambos métodos pueden llevarse a cabo en una o dos etapas®. En
este Ultimo caso, se deposita una capa del haluro del metal de
transicién en el sustrato, por cualquiera de las técnicas anteriores.
Posteriormente, el sustrato se sumerge en una disolucidn de catién
organico®®®!, o bien se deposita una capa del mismo. De esta forma los
cationes se intercalan y reaccionan rapidamente con el haluro
metalico en el sustrato, formando una capa cristalina de material
hibrido?’. El principal inconveniente es que pueden quedar restos del
precursor metdlico, como impurezas, en la capa final, pudiendo
perjudicar en la eficiencia de los dispositivos electrénicos. También
cabe destacar que el disolvente final elegido para el catién organico no
debe disolver ni al haluro metdlico ni a la perovskita final.

Otro método mas orientado a la sintesis de cristales aislados es el
método conocido como “anti-disolvente”*° (del inglés “antisolvent”).
Este procedimiento se basa en la inversidn de la solubilidad, es decir,
la disolucién de precursores se introduce en una atmdsfera saturada
de un disolvente donde ni los precursores ni la perovskita final sean
solubles. En esa atmdsfera saturada se produce un intercambio de los
disolventes, provocando como resultado la cristalizacion de la
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perovskita. Con este método se obtienen cristales a temperatura
ambiente con muy pocos defectos y gran tamafio®.

Posteriormente, después de cada deposicién por cada uno de
estos métodos, se suele aplicar un tratamiento térmico para eliminar
completamente los retos de disolvente, y asi mejorar la cristalinidad y
pureza de la perovskita. También suele ser importante realizar un
tratamiento previo de la superficie del sustrato elegido, con acido o
plasma de oxigeno, con la finalidad de favorecer la adhesién de la
perovskita y obtener una morfologia uniforme®’.

a) Disolucién
precursores

b) . .
Deposicion en vacio

Sustrato
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Figura 7. Métodos de preparacion de perovskita en disolucion (a) y de deposicion en
vapor (b).

Otro tipo de preparacion de muestras son los métodos de
deposicion en vapor (Figura 7b), aunque se usan con menor frecuencia
ya que suelen ser mas complejos y de mayor coste. No obstante, su
principal ventaja es que permite obtener capas mas homogéneasy con
un grosor mas controlado que con los métodos en disolucién, por lo
que es ideal para obtener capas delgadas®. Asimismo, no se usa
ningun tipo de disolvente, por lo que son métodos menos téxicos.

La técnica en vapor mas empleada consiste en la deposiciéon en
vacio (del inglés “vacuum deposition”), con doble fuente de
precursores (AX, BX;). Las peliculas de perovskita se preparan
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generalmente en una cdmara de alto vacio (10°-10° mbar), donde los
precursores se cargan en crisoles separados y se calientan hasta la
temperatura de sublimacién correspondiente. Ademads, esta técnica
permite ajustar la composicion y estequiometria durante todo el
proceso®. Asimismo, el sustrato donde se deposita la perovskita se
mantiene a temperatura ambiente durante todo el proceso, y si se
cumple la relacion estequiométrica entre los precursores, la perovskita
puede formarse sin necesidad de llevar a cabo ningun tratamiento
térmico posterior’®. Esto es interesante cuando se tienen que emplear
sustratos sensibles a la temperatura, permitiendo la deposicion de la
perovskita sobre cualquier material’t. No obstante, existe una variante
de la técnica donde solamente se utiliza una fuente de precursor. En
este caso, la perovskita previamente sintetizada (en forma de capa o
polvo) se conecta a dos electrodos en una camara de alto vacio. A
continuacién, se aplica una alta corriente al metal, causando la
evaporacién instantdnea del material, el cual es transferido a otro
sustrato, manteniéndose la estequiometria y composicidn inicial’?.

Otra técnica relevante que puede usarse en la preparacion de
compuestos de perovskita es la deposicion de vapor quimico (CVD, del
inglés “chemical vapor deposition”). En este método, los precursores
se llevan térmicamente a la fase gaseosa y son transportados al
sustrato mediante una corriente de gas inerte’3. Esta técnica puede
emplearse para la sintesis de otros semiconductores y materiales.
Ademads, con la optimizacion de diferentes pardmetros, como el
tiempo de deposicion o la temperatura, se pueden conseguir peliculas
de mayor calidad.

En el desarrollo de esta tesis hemos empleado los métodos en
disolucidn. Por un lado, por su sencillez y rdpida aplicaciéon. Y por otro
lado, son mas adecuados para la obtencién de cristales aislados de
manera que se facilita el estudio de los fendmenos fundamentales que
ocurren en el material.

1.4.2. Sintesis de nanocristales

Cuando el objetivo es sintetizar nanocristales de perovskita
hibrida, se deben hacer uso de otros métodos de sintesis totalmente
diferentes a los explicados anteriormente. Estos métodos son
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generalmente sencillos y permiten obtener nanoparticulas coloidales
estables (Figura 8). Entre ellos se encuentran el método de
precipitacién inducida por un disolvente, la reprecipitacion con la
ayuda de un ligando (LARP), el método de emulsidn, el método asistido
por el uso de una plantilla y el método de inyeccidn en caliente.

El método de precipitacidn inducida por un disolvente consiste en
afiadir los precursores de perovskita junto con acido oleico (OA) y
bromuro de octilamonio (OABr), en un disolvente no coordinativo
como el octadeceno (ODE). Finalmente, los nanocristales se cristalizan
mediante precipitacion inducida debido a la adicidn de un disolvente
a una determinada temperatura’®. En general el tamafio de los
nanocristales se puede controlar con un ligando de cadena larga, y con
la ayuda del OA, que evita la agregacion de los nanocristales
asegurando su estabilidad. Modificando la relacién molar de los
precursores se puede mejorar el rendimiento cudntico de
fotoluminiscencia (PLQY)”®, ademas de poder modular su tamafio’®.

En el caso del método de reprecipitacion (LARP, del inglés “ligand-
assited precipitation”) con la ayuda de un ligando, los precursores de
perovskita, junto a Oleilamina (OLA) y OA, se disuelven en un
disolvente polar como DMF en lugar de octadeceno. Seguidamente se
afiade gota a gota una disolucidn de los precursores de perovskita en
tolueno, bajo agitacion vigorosa’’, obteniéndose asi los nanocristales.

El método de emulsion, en comparaciéon con otros métodos de
sintesis, proporciona un mejor control del tamafio durante la
cristalizacion. Este proceso de sintesis implica la mezcla de dos
disolventes inmiscibles entre si, como DMF y n-hexano, para formar
una emulsion. Seguidamente se afade un demulsificante, como por
ejemplo, acetona o tert-butanol, para producir la mezcla de los
disolventes e inducir la cristalizacién de los nanocristales’®. Con este
método es posible obtener los nanocristales en polvo sdlido,
pudiéndose redisolver para su uso en peliculas finas o en la fabricacion
de dispositivos. Ademas, se pueden sintetizar estructuras de
nanocristales con capas multiples si se ajusta la relacidn de ligandos de
cadena larga y corta.
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No obstante, a diferencia de los métodos explicados
anteriormente, en el método de cristalizacién asistido por una
plantilla, la formacion de los nanocristales es inducida por la cinética
de cristalizacion en un sustrato especifico (molde) en lugar de con la
ayuda de un ligando organico. Se pueden preparar facilmente
induciendo los precursores de la perovskita dentro de los poros del
material que se usa como plantilla. Por ejemplo, es posible la sintesis
de nanocristales de MAPbBr; dentro de silice mesoporosa’, en una
capa de 6xido de aluminio®, o sobre compuestos organometalicos
porosos (MOFs)&L,

El método de inyeccion en caliente es uno de los métodos mas
utilizados, especialmente para la sintesis de nanocristales de CsPbBr;
y para nanocristales de perovskita de composicién totalmente
inorganica®. Esta sintesis implica la mezcla de precursores (PbX;) en
ODE, junto a OA y OLA. Tras la total solubilidad del precursor, se
inyecta rapidamente oleato de cesio previamente preparado en
condiciones secas. El proceso de inyeccidn puede llevarse a cabo a
temperaturas comprendidas entre 140-200°C, y estas determinaran el
tamafio de los nanocristales finales. La reaccidon puede pararse en 5-
10 segundos enfriando la reaccién en un bafio de hielo o con la adicién
de tert-butanol para completar la precipitacion de los nanocristales.
Existen otros métodos recientemente publicados, como la preparaciéon
de nanocristales utilizando un proceso de ultrasonidos®?. Esto permite
una sintesis facil, escalable, en un solo paso y libre de disolvente
polares, obteniendo nanocristales de alta calidad.
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Precipitacién inducida

Precursores/Tolueno Emulsién
Disolvente
)/ DemuIsnflcan R
S Precursores
ODE OA \ Precursores
OA O.LA Disolventes inmiscibles
OABF Disolvente
a - ’ polar g = ’ ; '
Temperatura controlada Reprecipitacién (LARP)
Agitacion
Plantilla Inyeccién en Caliente

Oleatog
) Precursores
» ¢ / ODE
Silice mesoporosa Temperatura controlada -

Agitacion

Figura 8. Métodos de sintesis para nanocristales de perovskita.

Las propiedades 6pticas de los nanocristales estan fuertemente
relacionadas con su forma, tamafio y quimica superficial, debida al
cambio de la estructura de la banda. De hecho, dependiendo de la
temperatura de reaccion, el tiempo, los ligandos tensoactivos, el uso
de ligandos de cadena larga y la composicién de los precursores,
pueden formarse diferentes geometrias como nanoplaquetas (2D)%,
nanocables (1D)®, esferas® y nanobarras®. Ademds, una pequefia
variacion de la temperatura de reaccion puede modular el tamafio, ya
qgue una ligera reduccién de la temperatura puede provocar una
disminucion en el tamafio de los mismos®
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1.5. Aplicaciones

La creciente demanda del uso de energias renovables a nivel
mundial debido al cambio climatico estd centrando muchos esfuerzos
de investigacién en el estudio de nuevos materiales con potencial
aplicacién en el campo de la energia. Particularmente, la perovskita
hibrida presenta propiedades Opticas y eléctricas excepcionales,
situandose en el centro de muchas investigaciones. Y en este caso, su
principal y mas atractiva aplicacién, consiste en su uso como célula
fotovoltaica.

Actualmente existen numerosos materiales para la conversion
fotovoltaica, siendo el silicio el referente en el mercado y en cierto
modo un patron de medida de eficiencia. En el afo 2001 surgié la
conocida como célula de Graztel®, célula solar hibrida con un
rendimiento considerable (aproximadamente 12%) y cercano a la
células de silicio policristalino del mercado. Este tipo de células
pronosticaban un exitoso futuro debido a su bajo coste de fabricacion,
flexibilidad y modificaciones en el componente orgéanico. Sin embargo,
su eficiencia suponia la mitad de las células monocristalinas de silicio
o de otros materiales (Semiconductores IlI-V). Ademas, la degradacion
del componente organico y del electrolito liquido que contenia,
limitaba su aplicacién en condiciones reales. Surgieron modificaciones
para aumentar su estabilidad (transportadores de huecos sélidos), sin
embargo esto suponia una penalizacidn en cuanto a la eficiencia.

Material Jsc (mA cm?) Voc(V) FF(%) PCE (%) Ref
FAPbI; (QD) 16.7 1.12 071 132 (83]
(FAPbI3)1x(MAPbBrs), 24.7 1.06 775 202 (89]
MAPbDI; 23.8 1.08 76.2 19.7 (901
MAPbI5.Cly 22.4 0.92 82.0 18.0 (46
CsPbl; (QD) 14.0 1.22 077 131 (01]
CsPbl,Br 13.1 1.32 0.70 12.0 (92]

Tabla 2. Resumen de los parametros caracteristicos de varios ejemplos de celdas
solares basadas en perovskita hibrida.
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Las perovskitas hibrida se han convertido en un material
prometedor en este campo gracias a su elevada eficiencia y a su
sintesis de bajo coste. Ademas, las posibilidades de modificacién en su
composicion, asi como la alta generacion de cargas y transporte de las
mismas, favorecen sus altos rendimientos (Tabla 2).

La primera célula basada en perovskita hibrida se llevé a cabo en
2009 con eficiencias de 3.8%', pero no fue hasta 2016 cuando se
alcanzé un avance significativo y se han llegado a conseguir eficiencias
de mas de un 25%%*. A pesar de estas eficiencias, el principal
inconveniente que presentan es su alta degradacién en presencia de
oxigeno o en condiciones de humedad®. Para intentar solventar el
problema de la inestabilidad, en estos ultimos afios se ha estado
estudiando la implantacién de perovskitas con configuracion 2D en
celdas solares®. Ya que pese a presentar una menor eficiencia que las
perovskitas con estructura 3D, son mas estables a las condiciones
ambientales.

Las células de perovskita hibrida han marcado un hito en la
generacion de energia fotovoltaica, puesto que en pocos afnos han
igualado practicamente las eficiencias del silicio monocristalino. La
gran importancia de este hecho radica en que los materiales
comunmente empleados en investigacién y el mercado de células
solares evolucionan extremadamente lento, por lo que ligeros
incrementos (décimas de unidades de eficiencia) pueden suponer
grades logros tanto desde el punto de vista cientifico como en la
repercusidn a nivel energético mundial.

Debido a las propiedades de emisién de luz que presentan las
perovskitas hibridas en el rango del visible e infrarrojo cercano (altas
eficiencias de fotoluminiscencia), asi como a la capacidad en el ajuste
y pureza del color debido a su composicidn, también es un material
prometedor para su aplicacién en diodos emisores de luz (LEDs)%. El
rendimiento eléctrico y dptico en los dispositivos LEDs es muy sensible
a la calidad de la pelicula de material, por lo que es importante reducir
al maximo los defectos e impurezas, asi como conseguir regiones
activas ultra finas de manera que se obtenga un mayor confinamiento
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de los portadores, y en consecuencia una mejora de la recombinacién
radiativa®.

Su aplicacién en LEDs se remonta a 1994, cuando un grupo de
cientificos japoneses fue capaz de desarrollar LEDs basados en
perovskita que trabajaban a temperatura de nitrégeno liquido®®. Pero,
no fue hasta el afio 1999 cuando Mitzi y colaboradores consiguieron el
primer dispositivo que trabajara a temperatura ambiente®, aunque
con eficiencias muy bajas. A partir del afio 2014 se empiezan a
solucionar los problemas de rendimiento y estabilidad, llegando en
pocos afios a obtener eficiencias altas (Tabla 3)%’.

Relacion  Sensibilidad Intensidad luz Longitud de

Material Ref
I on/off (AV?Y) (mW cm?) Onda (nm)
PbB
CsPbers 3094 1.9 10 504 (o8
(nanoparticulas)
CsPbB
SPRBrs 2000 3 20 365 (99
(nanofibras)
CsPbCls(nanofibras) 2000 0.014 15 405 (100]
MAPbBr; (capa) 33 0.036 0.2 780 (1014
CsPbl
STRs 340 0.1 0.1 650 f102)

(nanoparticulas)

Tabla 3. Resumen de los resultados mas destacados de varios ejemplos de dispositivos
LEDs basados en perovskita hibrida.

Asimismo, la mayoria de los materiales que son validos para
células fotovoltaicas o LEDs, también lo son para fotodetectores. Al
igual que en las aplicaciones anteriores se han de minimizar la mayoria
de defectos que disminuyen la capacidad de respuesta y eficiencia.
Este problema ya se ha abordado usando monocristales de baja
dimensién, llegando a conseguir un dispositivo con nanofibras de
MAPbBr; de luz visible y de alto rendimiento!®, o bien haciendo una
hibridacidn de la perovskita con otras heteroestructuras®.

Al mismo tiempo, algunos trabajos han reportado que Ia
perovskita hibrida puede actuar como guia de onda. Se ha demostrado
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gue nanofibras con diferente composicidn permiten el guiado de la luz
a la largo de su estructura. La alta eficiencia cuantica y las largas
distancias de difusién de portadores son los que permiten el guiado de
la luz a lo largo de su estructura, con pequefias pérdidas en su
propagacion?t®,

También se ha reportado en la literatura que la perovskita hibrida
puede actuar como emisor laser'® debido a su alto rendimiento de
luminiscencia. La primera vez que se demostrd una alta eficiencia a
escala de nanocavidad Fabry-Pérot fue en nanofibras de MAPBIs*®
gracias a su morfologia, dimensiones de cristal y la presencia de pocos
defectos. Este alto rendimiento laser se atribuye a la baja
recombinacidn no radiativa, aunque si que se ha llegado a observar
que dependiendo del método de sintesis, del que depende la
morfologia y cristalinidad del material, se obtienen rendimientos

menores*?’.

Es muy importante para esta aplicacidon la sintonizacion de la
longitud de onda (420-820 nm), alcanzandolo facilmente con la
composicion y la estequiometria. Por ejemplo, CsPbls o CsPbBrs,
demuestran tener altas eficiencias ldser a temperatura ambiente en la
region del azul o ultravioleta (UV)!®. Asimismo, nanofibras de
perovskita hibrida, con composicién MAPBI;, presentan emisién laser
en el rojo%,

En los ultimos afos, se estd haciendo muy popular el uso de la
perovskita para convertir la energia solar en energia quimica a través
de la fotosintesis artificial, produciendo los llamados combustibles
solares. Estos combustibles generalmente se obtienen por la
reduccién de protones en hidrdégeno, por la ruptura catalitica del agua,
o por la reduccién de CO; en productos organicos de valor afiadido.

Las perovskitas presentan la capacidad de llevar a cabo este tipo
de reacciones!®. De hecho ya existen trabajos donde se produce la
conversion de energia solar a hidrégeno, sobre todo empleando las
perovskitas con oxigeno en la estructura’®. La reduccién de CO,
también se ha logrado con estos materiales, aunque con una eficiencia
mucho menor. Es tal el auge de la perovskita como material alternativo
a semiconductores convencionales que en los ultimos afios se estan
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comenzando a estudiar otras muchas aplicaciones, como por ejemplo,
los moduladores electrodpticos gracias a sus propiedades como guia
de ondal®!® También, debido a la movilidad iénica que presentan, se
estd estudiando su capacidad para el almacenamiento de energia, y
por lo tanto, su uso como baterias!!! o supercondensadores!!?. E
incluso, recientemente, como sensor para la deteccién de gases
contaminantes®?
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1.6. Propiedades 6pticas en cristales micrométricos

Debido a las excelentes propiedades épticas que presentan las
perovskitas hibridas en cuanto a emisién y absorcion de luz, en los
ultimos afios, estan siendo objeto de numerosos estudios tanto de
caracter fundamental como en vistas a posibles aplicaciones.

Un material viene definido por sus propiedades basicas tales como
densidad o punto de ebullicion, e incluso mas especificas como su
estructura cristalina. Todas ellas, corresponden a propiedades
fundamentales para campos especificos de estudio. En el caso de
querer estudiar sus propiedades Opticas, es decir, la interaccién de la
luz con la materia, el indice de refraccion y el coeficiente de absorciéon
del material son dos parametros fundamentales.

El indice de refraccion (n) se puede definir como la relacién de
reduccion de la velocidad de la luz cuando se propaga por un medio.
Es decir, nos indica cuanto ha cambiado su velocidad la luz al atravesar
un material. De hecho, la velocidad de la luz en el vacio es quizas la
constante mas fundamental que disponemaos, a partir de la cual se han
definido magnitudes tan basicas como el metro y el segundo. Bajo este
contexto, el indice de refraccién supone un pardmetro fundamental,
directamente relacionado con el patrén de patrones, la luz.

La reduccidn de la velocidad de la luz (n) tiene como consecuencia
dos fenédmenos muy conocidos observables a simple vista, como es el
aparente cambio de dimensiones e inclinacion de un objeto al
introducirlo en un medio acuoso o simplemente las reflexiones de la
luz sobre la superficie de un material. En particular, el dangulo de
incidencia y el contraste de indices de refraccién en unainterfase entre
dos medios (o materiales) determinan tanto la intensidad, direccion (y
polarizacion) de luz reflejada, asi como la transmitida. Una vez en el
interior del material, esta ultima puede verse absorbida. La magnitud
de esta atenuacion de la luz depende del espesor a atravesar. En
particular, decae exponencialmente tal y como lo haria el tiempo de
vida de una especie pero en este caso, en funcidn del espesor recorrido
por la luz y como factor en la exponencial, el coeficiente de extincion.
Esta magnitud representa la parte imaginaria del indice de refraccién.
Asi pues, conocidos el indice de refraccidn, regularmente asociado a
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su parte real y su coeficiente de absorcion, se puede determinar a
priori la reflexion, transmisién y absorcién que muestra un material.

De sobra es conocido que el cambio de la absorcién, y por tanto,
el cambio del coeficiente de absorcion de un material es funcién de la
longitud de onda, es de remarcar, que a su vez también cambia el
indice de refraccion. De hecho, ambas magnitudes estan inter-
relacionadas, puesto que un pico de absorcién supone un cambio
acusado del indice de refraccion. En conclusién, es basico conocer la
dispersidon de ambas magnitudes en un material, en el rango espectral
de interés.

Para determinar ambos parametros, regularmente se emplea la
elipsometria, fundamentada en los cambios de polarizacion en
reflexién de una capa determinada de un material. Es una técnica
generalmente macroscépica, que requiere una deposicion o
recubrimiento controlado y homogéneo de un substrato de
caracteristicas determinadas. En el caso de muestras policristalinas, y
sobretodo granuladas, esta técnica puede arrojar un alto error puesto
gue son necesarias consideraciones adicionales, no solo el factor de
llenado del empaquetamiento, sino también las multiples reflexiones,
interferencias, asi como una gran superficie de absorcién adicional en
el borde de grano.

Una posible estrategia para minimizar las incertidumbres y realizar
estudios mas veraces es emplear un Unico cristal. En este caso se
suprimen efectos negativos o enmascaramientos colectivos, y se
pueden observar fendmenos de interés como las oscilaciones Fabry-
Pérot!®4,

Una cavidad tipo Fabry-Pérot consiste bdsicamente en dos
espejos paralelos, separados por una distancia determinada (Figura 9)
formando una cavidad. Donde al menos, uno de los reflectores (o
ambos) muestra(n) cierto grado de transparencia permitiendo insertar
o recoger luz al sistema. De esa forma, los fotones que entran en la
cavidad, para simplificar consideramos que de manera perpendicular,
son transmitidos a través de un espejo, y consecuentemente
reflejados en el otro, haciendo un viaje de ida y vuelta volviendo a su
posicion inicial continuamente. En el caso de volver en fase, se genera

29



Capitulo 1

una interferencia constructiva de la luz y por lo tanto una amplificacién
de la luz. Esta condicidn se cumple para ciertas longitudes de la cavidad
y de onda dando lugar a una serie de modos, los cuales se revelan en
un espectro puesto que dan lugar a una serie de picos caracteristicos.

. /] N
Medio 1 4 Medio 2 N\ Medio 3
q N
Excitacion / N N,

4 — N, Reflexion
/] N N N
,C Propagacion N Transmision
/] > N >
4 N
/] *~ N

-~ -
~~ Espejos ="~

Figura 9. Esquema bdsico de una cavidad Fabry-Pérot.

El hecho de que en un material se comporte como cavidad Fabry-
Pérot implica que es susceptible de que la luz que lo atraviese
permanezca confinada gracias a las reflexiones que se producen en sus
caras, que actian como espejos (Figura 9). Este fendmeno es
indispensable en dispositivos laser, de manera que la luz recorre varias
veces el material y es amplificada de manera coherente. En la
literatura se ha demostrado que cristales aislados de perovskita
hibrida presentan este comportamiento®.

Por otro lado, se ha demostrado que en estructuras 1D de
perovskitas hibridas se pueden dar las condiciones especificas de guia
de onda'’®. Estas estructuras 1D o nanofibras son dispositivos con alto
indice de refraccion, con la propiedad de confinar y guiar a la luz
eficientemente a lo largo de su estructura. Cuando la luz insertada en
el interior del material llega a la superficie de la fibra, que limita con
un medio con indice de refaccion menor, se refleja. Este proceso, al
igual que en la cavidad descrita anteriormente se produce
repetitivamente a lo largo de la fibra, dando lugar a modos, siendo en
este caso propagantes. De esa manera la luz confinada se desplaza a
la largo de la fibra (Figura 10). De hecho, el contraste de indice junto
con el tamafio de la seccion del material de alto indice (nucleo de la
fibra) determinan la cantidad de luz confinada en su interior para cada
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uno de los modos propagados, los cuales describen diversos dngulos
de incidencia con los limites de la fibra.

No obstante, a pesar de que la mayor parte de la luz se propaga en
el interior del material, cierta proporcién se propaga en el exterior
(Ilamado “cladding”). En esta regidn la luz decae exponencialmente, es
decir evanescentemente. Al igual que en el caso de la cavidad Fabry-
Pérot, a mayor contraste de indices, mayor es la luz reflejada y por
tanto estd mas tiempo confinada, mostrando una mayor interaccién
con la perovskita. El factor geométrico juega un papel clave, ya que en
secciones de gran (reducido) tamafio, la luz no estaria practicamente
confinada, pero dispersa en todo el material (se guiaria
fundamentalmente por el cladding). Por ello existe un tamafio 6ptimo,
frecuentemente cercano a la longitud de onda en el medio donde la
luz estd muy confinada en el nucleo de la fibra, mostrando una gran
interaccion con la materia mientras se propaga.

Reflexion Medio 1
. o

Excitacion

4
Estructura 1D

Figura 10. Esquema de la propagacion de la luz dentro de una guia de onda.

Como se ha indicado, para poder estudiar de manera exhaustiva
los fendmenos que ocurren en el material, y comprobar si se cumplen
determinados fendmenos &pticos, es necesario conseguir cristales
aislados de perovskita hibrida. La sintesis es relativamente sencilla,
pudiéndose obtener buenos resultados por métodos por deposicién
en vapor® o en disolucién®. No obstante y en ese caso, la perovskita
suele seguir direcciones de cristalizacidn preferentes, por lo que es
dificil obtener geometrias determinadas y con pocas irregularidades.
Es por esto que es importante investigar otros métodos de sintesis
alternativos que permitan obtener cristales mas regulares y con
determinadas dimensiones.

31



Capitulo 1

En un primer trabajo se realiza un estudio sobre el crecimiento de
cristales aislados usando el método de deposicion de recubrimiento
por giro®. Método rapido, versatil, reproducible y econémico. Aunque
hay muchos parametros que influyen en la formacién de los
cristales'’’, el estudio se centra de forma mas exhaustiva en la
influencia de la velocidad de rotacion relacionandola ademas con el
empleo de aditivos. Se ha seleccionado ambos pardmetros, puesto que
el primero es el pardmetro fundamental de la técnica y en cuanto al
segundo, se ha demostrado recientemente sus posibilidades de
control de la cristalizacién'’, gracias a que favorecen una evaporacién
mas lenta. En conclusidn, se establece una relacion entre la velocidad
de giroy el uso de aditivos con el efecto que producen en la geometria,
tamafio y defectos del cristal.

Aunque los cristales que se obtienen son de tamafo micrométrico,
son lo suficientemente grandes como para estudiar sus propiedades
fisicas y quimicas (Figura 11). De hecho, una de las mejores pruebas
sencillas y no destructivas para conocer la calidad de un cristal es
midiendo sus propiedades dpticas. En general, cuanto menos defectos
y mas cristalinidad presenten las muestras, mejor podra comportarse
como una cavidad y presentar resonancias Opticas, al albergar
reflectores plano paralelos mas ideales. Sin embargo, esto también
depende de otros factores como el acoplamiento de la luz, la absorcidn
del material, y de la geometria y tamafio del cristal.
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Figura 11. Imagenes de microscopia electrénica de barrido (SEM) de cristales de
MAPDbBr; sobre sustratos de cuarzo obtenidos a una velocidad fija de 1000 rpm, para
los diferentes aditivos. [a)Sin aditivo (NA); b) Ciclohexilpirrolidona (CHP); c)
Dimetilsulfoxido (DMSO); d) Tertbutilpiridina (TBP)].

Recordando que la condicién de resonancia se produce por los
multiples reflejos de la luz en las caras del cristal, que finalmente
conduce un fendmeno de interferencia constructiva. De esta manera,
en un cristal con forma de pirdmide no se espera este fendmeno o bien
que sus efectos estén muy limitados debido a su complicada
geometria. Sin embargo, las caras paralelas de un cristal plano son
dptimas para producir las resonancias tipo Farby-Pérot!!®, De hecho,
este fendmeno no sélo se observa en el espectro de transmitancia,
sino que también en el de fotoluminiscencia. En ambos casos aparecen
una serie de picos producidos por los modos resonantes de la luz.

Aunque el resonador éptico es un elemento fundamental de la
fotdnica, en la actualidad existen escasos estudios tedricos sobre el
fendmeno de cavidad Optica sobre cristales micrométricos'® y

33



Capitulo 1

aparentemente ninguno que ajuste el espectro de fotoluminiscencia
(PL) con picos Fabry-Pérot. Es por ello, que en un segundo trabajo se
desarrolla un método para determinar los parametros Odpticos
fundamentales a través de estos modelos. Para demostrar que el
método desarrollado es valido, hemos utilizado como referencia una
cavidad plana asimétrica. Se trata de un cristal aislado, igualmente
obtenido por el método de recubrimiento por giro sobre un sustrato
de cuarzo. La luz pasa a través de dos interfases, aire/perovskita y
perovskita/cuarzo donde los medios separados por las mismas
presentan una diferencia en el indice de refraccién. Esta diferencia
favorece que se produzcan multiples reflexiones y por tanto el
fendmeno de cavidad dptica.

El método propuesto consiste en ajustar simultdaneamente la
transmitancia dptica (OT) y la fotoluminiscencia (PL). De esta manera,
el modelo permite una fiel determinacion de los componentes real (n;)
e imaginario (n;) del indice de refraccién del material, alrededor del
borde de absorcién. Adicionalmente, se tienen en cuenta cémo
afectan otros parametros del sistema en el fenémeno de cavidad. Por
ejemplo, se estudia el efecto de la apertura numérica del objetivo o el
espesor del cristal. Los resultados que se obtienen (Figura 12) se
comparan con otros valores de la literatura obtenidos por otros
métodos.
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Figura 12. a) Imagen de microscopio dptico del cristal con geometria plana de
MAPbBr; medido (estructura cuadrada en el centro de la imagen). b) y c) Datos
experimentales y ajuste tedrico de las curvas para los espectros de Transmitancia (OT)
y Fotoluminiscencia (PL). d) parte real y e) parte imaginaria del indice de refraccion y
la comparacién con datos de la bibliografia'?°. f) finura y g) factor de calidad para todos
los modos identificados.
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Con la finalidad de estudiar el fendmeno de guia de onda en las
perovskitas hibridas, en un ultimo trabajo se propone un método
simple y de bajo costo para obtener estructuras 1D o nanofibras
(Figura 13). El método de sintesis se basa en el inclusién de una
disolucién de precursores en la ranuras de tamano submicrométrico
de un molde en polidimetilsiloxano (PDMS). El molde de PDMS se
consigue mediante una réplica de un CD o DVD comercial
(policarbonato), ofreciendo diferentes tamafios de ranuras vy
distribucidon. Con este método se pueden obtener nanofibras de
diferente composicién (MAPbBr; y CsPbBrs) con un tamafo y ancho
homogéneo. Ademds con wunas dimensiones determinadas
dependiendo de la plantilla empleada.

DVD-like FDMS 500nm 240 nm
PDMS
[ — PDMS — — — []
E ——
CD/DVD polycarbonate  €Asting Removal of
substrate PDMS replica A
from CD/DVD ee—
master
¥ c;#’“"\ Surace CD-like PDMS S
Hydrophilized PDMS =~ o PDMS tempiate
Hydrophilization
0, plasma treatment F o
on PDMS surface

Figura 13. llustracidén esquematica de la preparacion de los moldes de PDMS.

Para confirmar la viabilidad del material sintetizado y sus
propiedades de guia de onda a lo largo de la estructura, se realizan
medidas épticas de fotoluminiscencia. La metodologia consiste en
variar la distancia entre el punto de excitacion y el punto de
recoleccion. En particular, se fija el punto de recoleccién de la sefial en
el extremo de la fibra, mientras que el de excitacion es desplazado a lo
largo de la misma.

El modelo presentado anteriormente para obtener los parametros
Opticos también es aplicable en nanofibras de perovskitas. En este
caso, el espesor representa la longitud de la fibra y tanto el indice de
refraccion y extincion del material son substituidos por valores
eficaces, puesto que la luz se guia tanto en la fibra como en la
proximidad de la misma. Con este modelo, corroboramos los datos
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experimentales obtenidos para el espectro de luminiscencia de una
nanofibra con un espesor determinado. El ajuste realizado por el
modelo, es totalmente coherente con los datos experimentales, por lo
gue podemos decir que nuestro material se comporta como una guia
de onda.

Al igual que el método tedrico puede ser aplicado para demostrar
y corroborar diferentes fendmenos O&pticos, asi como, para la
obtencion de pardmetros fundamentales de la perovskita hibrida, no
esta limitado Unicamente a este material, pudiendo ser utilizado para
estudiar otro tipo de materiales.
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1.7. Perovskita hibrida como fotocatalizador

La sostenibilidad ambiental y el uso de energias renovables
representan dos de los mayores desafios a los que se enfrenta la
sociedad actual®?!. La rapida urbanizacién e industrializacién conlleva
un uso intenso de los recursos disponibles, asi como, una
contaminacion masiva produciendo una escasez de agua. Ademas el
aumento mundial de la actividad humana estd incrementando la
emision de gases de efecto invernadero que afectan de manera directa
al calentamiento global. Todo esto provoca, que nuestro planeta sufra
serios problemas medioambientales, con un crecimiento continuo de
la demanda energética, lo que hace mas necesario el uso de energias
alternativas renovables. Es por ello que esta tematica se ha convertido
en uno de los principales desafios en investigacién y muchos grupos
centran sus trabajos en perseguir un uso sostenible de energia en
nuestro planeta.

Para mitigar estos problemas es importante desarrollar energias
alternativas sostenibles y que puedan satisfacer la demanda
energética actual'®?. Una de las opciones mas atractivas es el uso de la
luz solar debido a su accesibilidad?®. Ademas, es una fuente de energia
sostenible e inagotable!?*, y cuya explotacidn tiene un efecto minimo
adverso sobre el medioambiente. Con su uso masivo, concretamente
para la produccion de combustibles solares (hidrégeno, metano), se
podria reducir la dependencia a los combustibles fésiles, y por lo tanto,
se podria conseguir una disminucion de la contaminacion.

La técnica que se presenta como alternativa y como ruta principal
para convertir la energia solar en combustibles quimicos es la conocida
como fotocatdlisis'?*. Esta técnica surge en los afios 70, cuando
Fujishima y colaboradores demostraron por primera vez que el diéxido
de titanio (TiO,) era capaz de generar fotocorriente y a su vez disociar
el hidrogeno a partir del agua. Siguid en auge en los anos siguientes,
alcanzando grandes avances gracias a su cardcter multidisciplinar.
Principalmente los trabajos se centraron en su uso para la
descontaminacion de medios acuosos, de la atmdsfera y de suelos.

El proceso fotoquimico se inspira en la fotosintesis natural y esta
relacionado con la capacidad de un material para absorber fotones y
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acelerar una reaccién extremadamente lenta (Figura 14). Lla
fotocatalisis se inicia mediante la absorcion de luz, es decir la
excitacion de un fotén con una energia mayor que la energia de la
banda prohibida del material fotoactivo. Esto induce la promocidn de
electrones y formaciéon de huecos en las bandas de conduccién y
valencia, respectivamente. Estos pares electron-hueco (también
conocido como excitén) tienden a recombinarse facilmente con la
consiguiente pérdida de energia regularmente en forma de luz o
calor'®®, Lo pocos portadores de carga que no se recombinan migran a
la superficie del material, donde posteriormente ocurrirdn las
reacciones redox!?®.

mm——
Seae=="

d
~ Pt
“---—“

B

Figura 14. Etapas de un proceso fotocatalitico. i) Absorcidn de luz, ii) separacion de
cargas fotogeneradas, iii) transferencia de electrones y huecos, iii*) recombinacion
individual de las cargas, iv) reacciones redox donde A y B se refieren a las reacciones
de oxidacion y reduccion.

A lo largo de los afios los materiales mas estudiados en
fotocatdlisis han sido los 6xidos metdlicos. Sobretodo el 6xido de
titanio (1V), debido a su alta fotoestabilidad, ausencia de toxicidad y
abundancia'?’. El problema es que la mayoria de estos materiales
presentan un alto indice de recombinacion de cargas'® y una banda
prohibida que limita su uso a la radiaciéon UV. Cuando son iluminados
con radiacion solar baja su eficiencia, ya que solo se aprovecha un 5%
de la misma!?. Esto se debe a que la luz solar que alcanza la superficie
de la tierra contiene una fraccion muy pequeiia de radiacion UV (Figura
15).
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Figura 15. Espectro solar que alcanza la superficie de la tierra3.

Con la finalidad de mejorar la eficiencia de este proceso, se estan
explorando nuevas rutas en el disefio de fotocatalizadores. Para ello
hay ciertos parametros importantes a considerar, entre ellos la
generacién, difusidn y transporte de las cargas'®. Una vez
fotogenerados los portadores deben ser separados eficientemente, de
manera que disminuya la tasa de recombinacién, y que puedan ser
transportados a lo largo del material hacia la superficie del catalizador.
Es por eso que una longitud de difusién alta y un buen transporte de
carga son cruciales!®2,

La configuracion de las bandas de energia es otro punto
importante a tener en cuenta®®. Es requisito indispensable que la
energia del electrén fotoexcitado sea mayor que el correspondiente
nivel redox de la reaccién, y el potencial de la banda de conduccién
(BC) del fotocatalizador debe ser situado a un valor energético
superior. Por otro lado, si se consigue una modulacion de la banda
prohibida del material®**, se puede conseguir que el material absorba
en un rango mayor del espectro y en consecuencia obtener una mayor
eficiencia. Por ejemplo, ampliando el espectro de absorcién hasta las
600 nm se conseguiria un rendimiento del 16% y si se ampliara hasta
los 800 nm un 32%. Para conseguir este objetivo se usan diferentes
estrategias entre ellas el uso de estructuras nanométricas'®,
modificacién de la superficie o interfases!®*® y el uso de dopantes
metdlicos o no metdlicos!®’. La presencia de defectos afecta a la
estructura electrénica del material y por lo tanto, también puede
utilizarse como estrategia para conseguir un mejor rendimiento®3,
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Debido a las caracteristicas excepcionales que presentan las
perovskitas, han demostrado ser un candidato prometedor para
fotocatalisis. Entre las propiedades que destacan para su aplicacién en
este campo esta su alta absorcion en el rango del UV-Visible®®, su
baja energia de excitacion con una posicién de banda prohibida
optima, su larga difusién de cargas con respecto a otros materiales'*°
y su buen balance de transferencia de carga. También, su sintesis
sencilla y de bajo coste hace que sea un material muy accesible.

Ademas, las perovskitas presentan la posibilidad de modificar su
banda prohibida®’. El mero cambio del halégeno puede producir una
reduccion en la banda prohibida, abarcando una mayor regién del
espectro visible y en consecuencia un mejor actividad catalitica’®!.
Incluso la presencia de defectos puede hacer que cambien sus
propiedades optoelectrdnicas, los cuales pueden ser modificados y
controlados durante el proceso de sintesis!*2. Este es el motivo por el
cual hay una gran cantidad de perovskitas hibridas que pueden ser
utilizadas como fotocatalizadores.

Uno de los procesos mds comunes para la produccién de energia
y a la que se le esta dedicando una gran atencidn es la fotoelectrdlisis
de agua. La producciéon de H, y O, usando un fotocatalizador tiene gran
potencial debido al gran interés medioambiental y su coste
econdmico. Para que la reduccién del agua se lleve a cabo es condicidn
indispensable que la posicién de niveles de energia de la banda de
conduccidn del catalizador sea mas negativa que el potencial de
reduccion del agua (hidrégeno). Y la banda de valencia mas positiva
qgue el potencial de oxidacidn para producir oxigeno. Ademas el
catalizador debe ser estable en disolucién acuosa y bajo iluminacion.

Las perovskitas mds comunmente utilizadas para la produccion de
hidrégeno a partir de agua y luz solar son las perovskitas inorganicas
que contienen Ti y Ta'® en la estructura. Por el contrario, no existe
ningun trabajo sobre el uso de perovskitas hibridas, ya que es bien
conocida su inestabilidad en presencia de agua, luz e incluso
humedad'®. En cualquier caso, la presencia de agua tiene una
influencia negativa en el rendimiento de los dispositivos fotovoltaicos
basados en compuestos idnicos, debido a que se hidrata la superficie
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de los mismos y en consecuencia disminuye la conductividad eléctrica
y la migracion de cargas®*.

En el caso de la fotocatalisis, puede ocurrir que la humedad no
tenga un efecto tan negativo en el proceso. En la bibliografia existen
ejemplos donde no se observa fotocorriente, pero si actividad
fotocatalitica'®. Esto puede ser debido a que las condiciones
experimentales eviten la degradacion de la perovskita, es decir, que el
proceso sea lo suficientemente rapido para que la perovskita no se
degrade en presencia de agua y sea esta ultima la que se disocie.
Ademas, en este proceso los pares electrén-hueco no necesitan migrar
de particula en particula hacia el exterior necesario en dispositivos
fotovoltaicos, sino que la reaccion se produce en la superficie de cada
particula conductora, donde la humedad deberia de ser reactival®®.

Teniendo en cuenta la hipdtesis anterior y con el fin de
proporcionar informacidon sobre la actividad fotocatalitica de las
perovskitas hibridas, se presenta un estudio donde se reporta la
actividad catalitica para la produccidn de hidrégeno de una perovskita
hibrida de cobre MA,CuCl,Bras, cuya sintesis y actividad fotovoltaica
ya es conocida'¥’. Se selecciona esta perovskita con la finalidad de
evitar el uso de materiales toxicos, como el plomo, y porque ha sido
demostrado que la presencia de cobre hace que las propiedades
fotoquimicas de la perovskita no se vean tan influenciadas por la
humedad*,

En particular, se muestra la actividad catalitica de dos perovskitas
de cobre con diferente composicién, MA,CuCl;Br, y MA,CuClgsBrss. El
experimento se lleva a cabo en fase gaseosa bajo radiacidn solar, y sin
necesidad de un agente sacrificante. Ademads, para demostrar que la
actividad catalitica se ve afectada por la composicidn, se compara con
otras perovskitas que contienen plomo. Los experimentos concluyen
que la perovskita de cobre presenta una mayor actividad que su
analoga de plomo (Tabla 4).
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Photocatalyst H;l;ng::\t AQY? (%) TON¢
MA2CuCl,Br, 141.21 0.7153 (0.73)° 5.06 (12.05)¢
MA,CuClosBrs s 94.23 0.4773 4.00
Cs,CuCl;Br; 9.03 0.0457 0.51
MAPbBrl, 5.16 0.0261 0.30
MAPDCII, 2.89 0.0146 0.15
MAPbDI; 2.69 0.0136 0.17
MAPbDCI; 2.54 0.0129 0.09
MAPbBr; 2.11 0.0107 0.10

Tabla 4. Datos de produccién de H, obtenidos a las 24 horas de reaccién para
diferentes tipos de perovskita.? Rendimiento cuantico aparente calculado mediante la
ecuacién: AQY = 2:-nimero de moléculas de hidrégeno producidas/ nimero de fotones
incidentes. PRendimiento cudntico aparente para la produccién de oxigeno. TON
calculado a las 24 horas. “TON calculado a las 54 h

Frente a las condiciones experimentales este material es estable,
tal y como se demuestra en las diferentes técnicas de caracterizacién.
Por tanto, este estudio demuestra que a pesar de que la humedad es
perjudicial para las perovskitas, especialmente en su aplicacién
fotovoltaica, es posible utilizarlas para procesos que requieren de una
minima humedad para favorecer la migracién de la carga entre
particulas. Todo esto se consigue gracias a las condiciones
experimentales en las que se desarrolla la reaccion fotocatalitica.
Concretamente, se lleva a cabo la reacciéon en fase vapor lo que
permite que la perovskita hibrida sea estable durante la reaccién.
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1.8. Perovskita hibrida como sensor de gas

El uso de combustibles fdsiles para la produccién de energia es la
principal fuente de contaminacién del aire. Segun la Organizaciéon de
la Salud (OMS), nueve de cada diez personas estdn expuestas a aire
contaminado, provocando 7 millones de muertes en todo el mundo
cada afio!®. Por esta razén, esta organizacidn define la contaminacién
atmosférica como el riesgo ambiental mas significativo para la salud
humana y como el principal desafio para el cambio climatico.

Los gases emitidos, como el didxido de carbono (CO,), metano
(CH4) u ozono (0s), son los responsables del efecto invernadero, y
ademds peligrosos para la salud humana por encima de niveles muy
bajos de exposicion. El didéxido de nitrogeno (NO), se genera
principalmente en la combustién a alta temperatura en los
vehiculos®®, en exposiciones largas puede causar graves problemas de
salud, como enfermedades respiratorias, cardiacas o cancer de
pulmén. Por otro lado, el amoniaco (NHs) emitido mayoritariamente
en procesos agricolas y por el ganado, es irritante y corrosivo®?. Su
exposicidon a niveles elevados provoca toxicidad aguda que puede
producir ataques respiratorios, quemaduras, e incluso la muerte*2,
También es importante la deteccidn de otros compuestos aromaticos,
como benceno y tolueno, debido a su peligrosidad hacia la salud
humana por sus efectos cancerigenos. De hecho, actualmente los
principales paises europeos estan limitando la entrada de vehiculos en
las grandes ciudades, con la finalidad de controlar y limitar la
contaminacion en las mismas*>2,

Para controlar esta situacidon se necesitan sensores de gases
sencillos, estables y sensibles, para monitorizar y detectar
contaminantes a nivel de concentraciéon traza. De hecho, el
establecimiento de una amplia red de sensores para la monotorizacion
de los contaminantes es un desafio para nuestra sociedad actual. Esto
requiere dispositivos econémicos, de bajo consumo y suficientemente
selectivos. Sin embargo, la gran mayoria de los procedimientos de
deteccién de gases disponibles se asocian con instrumentacién
compleja y de alto costo, como por ejemplo técnicas
cromatograficas® o espectroscopia infrarroja por transformada de
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Fourier (FTIR)'®. Estas técnicas proporcionan lecturas de gases
precisas y selectivas, pero implican el uso de personal capacitado, alto
consumo de energia y su miniaturizacién sigue siendo un problema®®.

En los ultimos afios se han estudiado ampliamente otras opciones,
sensores Opticos, gravimétricos y electroquimicos. Los dispositivos
Opticos presentan alta sensibilidad, lo que permite la deteccién de
contaminantes a niveles traza'®’, pero actualmente son caros y
presentan baja portabilidad. Los dispositivos gravimétricos, como los
sensores de ondas acusticas de superficie (SAW) o las microbalanzas
de cristal de cuarzo (QCM), son muy sensibles a los gases con tiempos
de respuesta cortos®®°, Sin embargo, son muy complejos, de alto
costo y muy sensibles a la humedad y temperatura®®. En el caso de la
deteccién electroquimica, es la técnica mas popular debido a su bajo
coste, buena selectividad, bajo consumo y repetibilidad®®. El principal
problema que presentan es su variabilidad con la temperatura y su
dificultad de minituarizacion?®?.

Frente a estas alternativas, los sensores quimicos resistivos han
surgido como una opcién facil y econdmical®®. Estos dispositivos
pertenecen a la familia de sensores de gas en estado sdlido, en la que
la interaccién del gas objetivo con la superficie del sensor es reversible
y produce cambios en su resistencia. Es decir, cuando los gases
interaccionan con el material del sensor se produce una transferencia
de carga entre las moléculas absorbidas, y el mecanismo de
adsorcion/desorcion del gas induce una transferencia de carga que se
transforma en un cambio en la sefal eléctrica. La respuesta de los
sensores se define generalmente como la diferencia entre el valor de
resistencia inicial (Ro) y el cambio de la propiedad fisica medida (R),
normalizado a Ro. Estos cambios son monitorizados y cuantificados,
por lo que pueden correlacionarse con la naturaleza de las especies
gaseosas y con su concentracion.

En las ultimas décadas, este tipo de sensores se han centrado en
los éxidos metalicos!®, ya que presentan alta sensibilidad, buena
reproducibilidad y tiempos de respuesta bajos'®. Sin embargo,
requieren altas temperaturas de operacién y por lo tanto un alto
consumo de energial®®. Ademas, estas temperaturas disminuyen a
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largo plazo la estabilidad de los sensores, debido a los cambios
irreversibles que se produce en su estructura cristalina®’. Asimismo,
mejorar su selectividad es aun un desafio importante, ya que puede
mejorarse pero aumentando la complejidad y el coste econdmico del
dispositivo.

En los Ultimos afios, las investigaciones se han centrado en
nanomateriales de carbono, en particular, nanotubos de carbono y
grafeno. Las nanoestructuras de carbono de baja dimensionalidad
aportan unas mejores propiedades debido a la relacidn
superficie/volumen. La mayoria de los atomos estan en la superficie,
de manera que estan mas expuestos al ambiente quimico, lo que
implica también una alta sensibilidad. Ademas, estas nanoestructuras
suelen tener alta cristalinidad, alta movilidad de portadores, facilidad
de miniaturizacién y bajos niveles de ruido'®®. Estos dispositivos
también permiten trabajar a temperatura ambiente, lo que disminuye
drasticamente el consumo de energia. Sin embargo, los dtomos de
carbono unidos covalentemente a través de enlaces sp? implican una
baja reactividad quimica con el medio ambiente. Por ello se disefian
rutas para lograr materiales de carbono con una mayor sensibilidad,
como, por ejemplo, la creacion controlada de defectos, la substitucion
de grupos funcionales, y la decoracién con metales o nanoparticulas
de dxidos metalicos, entre otros.

Gracias a las propiedades semiconductoras que presentan, las
perovskitas son un candidato vélido para el desarrollo de sensores de
gases. Ademads, estas pueden ser implementadas facilmente en
sensores de gases debido a su facil sintesis, favoreciendo la obtencién
de dispositivos de bajo coste y que ademas pueden trabajar a
temperatura ambiente. La principal desventaja que presentan las
perovskitas es su inestabilidad en condiciones ambientales y de
humedad. Recientemente se ha desarrollado un sensor de gas
formado por un hibrido de grafeno y nanocristales de perovskita,
donde se consigue una proteccion muy efectiva de los nanocristales
gracias al caracter hidrofébico del grafeno!!®. Con este sensor se ha
conseguido la deteccidon de NO, y NHs3 en concentraciones de partes
por billén (ppb) y partes por millédn (ppm) respectivamente.
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Aunque actualmente existen diversos trabajos en los que se
estudian las propiedades de sensado de las perovskitas hibridas, en
ninguno se analizan los efectos que produce la diferente composicion
sobre el mismo. Es decir, hace falta un estudio exhaustivo que muestre
si los cambios en el cation (A) o en el anién (X) en la estructura de
perovskita (ABXs) tienen una influencia significativa en las propiedades
de deteccion de gases. Por lo tanto, en un articulo que forma parte de
esta tesis se presenta un estudio completo sobre el papel que
desempenfan varios cationes (A) y haluros (X) en la deteccién de
compuestos organicos volatiles (COV). El material activo que se usa es
un material hibrido grafeno-perovskita, que se ha demostrado que
confiere una alta estabilidad a las perovskitas y que presenta unas
buenas propiedades de deteccién frente a otros gases'!3. Para este
estudio se han sintetizado diferentes nanocristales de perovskita. En
particular, se han sintetizado nanocristales de perovskita con tres
cationes diferentes: metilamonio (MA), formamidinio (FA) y cesio (Cs).
Y tres perovskitas con tres aniones distintos: cloro (CI), yodo (I) y
bromo (Br). Sin embargo, debido a la alta inestabilidad de la
perovskita con anién triyoduro (MAPbI3) se ha sintetizado una
perovskita hibrida con mezcla de yodo y bromo (MAPbBra5lo.s)'*.

Los nanomateriales hibridos obtenidos se depositaron sobre
sustratos de alimina con electrodos interdigitados de platino. Los
experimentos de deteccion de gases se realizaron utilizando una
camara de teflon hermética de 35 cm?. Esta cdmara se conectd a un
sistema de mezcla y suministro de gas, que utiliza botellas calibradas
de gases y aire seco puro. Los dispositivos se utilizaron para la
deteccién de compuestos aromaticos como benceno y tolueno en el
rango de ppm. Ademas, estos dispositivos han sido utilizados en
condiciones de bajo consumo energético, trabajando a temperatura
ambiente y con un bajo caudal (100 mL/min), lo que no implica el uso
de bombas.
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Figura 16. Curvas de calibracion para benceno. a) en funcion del tipo de catidn, b) o
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de aniones en la estructura de la perovskita.

En la Figura 16, se muestran las curvas de calibracién para el caso
del benceno, tanto para los diferentes cationes (Figura 16a) y aniones
(Figura 16b) en la estructura de la perovskita. En cuanto al efecto de
catién, MA muestra una clara mejora. Respecto al caso del anidn, el Br
ofrece una mayor respuesta y sensibilidad. En el caso de la deteccién

de tolueno, se observa un comportamiento equivalente.
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1.9. Dispositivos fotovoltaicos

Como se ha comentado en el apartado anterior, muchos expertos
afirman que estamos al inicio de una crisis energética mundial debido
al continuo incremento de la demanda energética y los problemas
medioambientales por lo que, el desarrollo de alternativas renovables
para suplir la demanda de energia es uno de los mayores retos de
nuestra sociedad. Una de las alternativas con mayor proyeccién son
los dispositivos fotovoltaicos. La fabricacién y desarrollo de
dispositivos eficientes y de bajo costo podrian sustituir las fuentes
convencionales de energia eléctrica.

En la actualidad existen diferentes tipos de células fotovoltaicas
disponibles. Las células mas comunes son las formadas por silicio. Este
material es abundante en la naturaleza, estable en condiciones de
iluminacion y presenta un espectro de absorcion que alcanza desde el
ultravioleta al infrarrojo cercano®®®. Estas células han funcionado bien
a lo largo de los afios en términos de eficiencia y estabilidad. Sin
embargo, el procesamiento del material requiere el uso de altas
temperaturas, lo que se traduce en un mayor costo econémico, y por
ende, una aplicacién comercial mas limitada.

En los ultimos anos, las perovskitas hibridas han atraido un gran
interés para esta aplicacion. Esto se debe a sus buenas propiedades de
absorcién, a su valor éptimo de banda prohibida y a la buena difusién
de portadores. Ademds, su sintesis e implementacion en los
dispositivos es facil y econédmica'’®. Asimismo, tienen una cierta
flexibilidad que les permite amoldarse a diferentes superficies y
formar parte de dispositivos plegables’!. Como se ha dicho
anteriormente, en los ultimos afios las perovskitas hibridas de haluro
de plomo (APbXs3) han logrado significativas eficiencias, situandose en
valores alrededor del 25%. Estos valores de eficiencia son totalmente
competitivos con las células convencionales de silicio, por lo que se
posiciona como alternativa de bajo costo a la tecnologia actual.

Por el momento, las células solares de perovskita con yodo en su
estructura son las que ofrecen la maxima eficiencia de conversién'’2,
Esto es debido a que esta composicion de perovskita exhibe una
cobertura total del espectro del visible. Sin embargo, en comparacion
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con las perovskitas que presentan bromo en su estructura, ofrecen una
menor estabilidad a la luz y a la humedad?”.

Las células formadas por perovskita hibrida funcionan como una
célula de unién p-n en estado sélido. La perovskita absorbe la luz con
la que el dispositivo es iluminado, generando electrones y huecos. La
capa de perovskita se encuentra entre dos contactos selectivos. Por un
lado, tenemos una capa que funciona como material transportador de
electrones (EMT), generalmente didxido de titanio (TiO,). Mientras
que un segundo contacto funciona como material transportador de
huecos (HTM), tipicamente spiro-OMETAD o [6,6]fenil-C61-acido
butirico metil ester (PCBM). Por lo tanto, los electrones y huecos
generados en la perovskita son recogidos selectivamente por cada una
de las capas, de manera que fluyen a través del circuito externo. En la
Figura 17 se muestra el diagrama de bandas de un dispositivo con una
configuracioén tipica.
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Figura 17. Diagrama de energia de una configuracién tipica para una celda solar de
perovskita. FTO/TiO,/Perovskita (MAPbIs)/Spiro-OMETAD/Au.

A pesar de los grandes avances en el aumento de las eficiencias de
las células fotovoltaicas formadas por este material, todavia hay
muchos obstaculos a superar antes de su comercializacién. Para que el
dispositivo pueda considerarse, se debe de garantizar la produccion
estable de energia en condiciones ambientales reales de radiacion
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solar, temperatura y presencia de humedad y oxigeno. Sin embargo,
es bastante conocida la inestabilidad de la perovskita en estas
condiciones>®. Ademas, otro problema es la presencia de plomo, que
presenta una alta toxicidad™®.

Para solventar el problema del plomo se ha intentado fabricar
células con otros metales diferentes, como por ejemplo estafio. Pero
presentan también problemas de estabilidad al exponerse al aire, lo
que limita el rendimiento de los dispositivos!’4. Por otro lado, para
evitar la degradacién de la perovskita en condiciones ambientales, se
han estudiado dispositivos con estructura 2D°>. Como ya se ha
comentado con anterioridad, en esta estructura, la presencia de
cationes organicos largos con cadenas alquilicas o aromaticas aportan
un mayor caracter hidrofébico. Aunque la misma presencia de estos
cationes orgdnicos le confieren peores propiedades de transporte de
cargas, que se traduce en la obtencion de eficiencias muy bajas.

Recientemente, han surgido unos candidatos prometedores
conocidas como perovskitas hibridas multidimensionales. Las
perovskitas multidimensionales 2D/3D, conocidas también como fases
Ruddlesden-Popper (R2An-1BnX3n+1), han sido descritas anteriormente a
lo largo de la tesis, y donde el nimero de capas de octaedros viene
determinado por n. Puede variar de 1 a e°, de manera que cuando n
es igual a 1 la estructura se corresponde con una estructura 2D vy
cuando n tiene un valor de o corresponde a un material 3D.

Estas estructuras multidimensionales combinan propiedades de
ambas configuraciones. Por un lado, el alto rendimiento obtenido para
las perovskitas 3D, manteniendo el excelente transporte de cargay su
absorcién caracteristica. Y por otro lado, mantienen la estabilidad en
condiciones ambientales de las perovskitas con estructuras 2D,
Ademas, son capaces de incorporar una amplia gama de cationes
organicos que confieren a la estructura una cierta flexibilidad. Es decir,
el espaciado entre las capas de la perovskita multidimensional puede
permitir la intercalacién de moléculas huésped. Esta estrategia ya ha
sido utilizada en otros materiales 2D”?, con el propdsito de conferir a
los materiales nuevas propiedades.
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Hoy en dia, los trabajos de incorporacién o dopaje en la estructura
de la perovskita son escasos!’®. Uno de los dopajes mas cominmente
utilizados es el intercambio de un adtomo de la red cristalina,
introduciendo defectos en la bandas, modificando el nivel de Fermiy
en consecuencia favoreciendo una unién p/n'’°. También se han
reportado estudios donde se introducen nanoparticulas metalicas
dentro de la estructura, consiguiendo una mejora en la fotorrespuesta
del material®. En esta tesis se presenta por primera vez la
incorporacién de un compuesto organometalico en la capa intermedia
de los cationes orgdnicos, encontrdndose asi dentro de la estructura
de la perovskita multidimensional (Figura 18).

.:Such !:PEA ®:ma

®:rb ’:Br.—,

Figura 18. Representacién esquematica de la molécula huésped (Subftalocianina-
SubPc) entre las capas de ligandos organicos.

Como molécula organica huésped hemos elegido un derivado de
subftalocianinas de boro (SubPc). Estas moléculas son macrociclos
aromaticos, formada por tres atomos de diiminoisoindol y un atomo
de boro central'®. Presentan una estructura piramidal, donde el
atomo de boro se encuentra conectado al &tomo de nitrégeno de las
tres isoindolinas, a través de dos enlaces covalentes y un enlace de
coordinacion. De este modo, todo el plano molecular constituye un
sistema conjugado de 14 electrones-mt. El Unico electrén en el dltimo
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orbital sp® dejado por el &tomo de boro deficiente en electrones, estd
conectado a otro 4tomo o grupo aromdtico en la posicidon axial'®?

(Figura 19).

Esta familia de compuestos presenta una alta estabilidad quimica
y térmica, asi como una buena procesabilidad en disolucion. Ademas
de unas propiedades dpticas similares a las ftalocianinas'®!, que son
cromoféricas y exhiben una absorcidn intensa en la region del espectro
visible. Las diferentes configuraciones de grupos en la posicién axial y
periférica hacen que tenga una mejor modificacién estructural'® y una
mejor actividad catalitica que las ftalocianinas.

convex face

\ X'\ axial position / /[«f" o

Figura 19. Molécula de SubPC de la composicién seleccionada e incorporada en la
estructura de perovskita multidimensional.

concav face

Adicionalmente, también presentan una movilidad de carga
apropiada, por lo que en los ultimos afios se han utilizado en el campo
de la fotovoltaica!®®. Recientemente se ha utilizado como material
transportador de huecos (HTM)!84, presentandose como alternativa al
spiro-OMETAD gracias a su estabilidad y larga longitud de difusidn.
Ademas, existen otros trabajos donde se estudia su efecto protector
frente a la degradacién de la perovskita, o como agente pasivante de
los defectos dentro de la pelicula del material®.

En el trabajo presentado se desarrolla una nueva metodologia
para incorporar moléculas de SubPc en la estructura cristalina de la
perovskita hibrida de plomo. El proceso consiste en la preparacién de
una perovskita multidimensional 2D/3D, utilizando como catidn
organico grande, el bromuro de feniletilo (PEABr) y como catidn
organico monovalente el metilamonio (MA). Para introducir la
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molécula organica como huésped, incorporamos una disolucion de la
misma a la disolucién de precursores de perovskita. En concreto,
hemos escogido una SubPC con boro, y con un grupo fenoxi en la
posiciéon axial (OPh,ISubPc). Esta molécula presenta una maxima
absorbancia que complementa casi a la perfeccidn con la absorcién de
la perovskita multidimensional 2D/3D.

La incorporacion de SubPc entre las capas de perovskita 2D/3D se
ve plasmada por diferentes técnicas. Por lo tanto, se demuestra que
esta nueva metodologia permite obtener una perovskita hibrida
incorporando colorantes organometalicos, y una mejora de la
fotorrespuesta del material hacia la regién del visible.
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2. OBJETIVOS

Como ha quedado reflejado a lo largo de la introduccién, el
elemento central de esta tesis es profundizar el estudio de las
perovskitas hibridas asi como su aplicacién en campos de gran interés.
Este material ha alcanzado en los ultimos afios una gran popularidad,
debido a sus propiedades excepcionales, tanto Opticas como
eléctricas. Ademas, la alta demanda mundial de energia conlleva una
intensa busqueda de nuevos materiales para el desarrollo inmediato
de energias renovables, favoreciendo la rdpida expansion de la
perovskita debido a su importante potencial.

La presente tesis doctoral comprende seis articulos cientificos.
Con lafinalidad de mejorar su uso en futuras aplicaciones, tres de ellos
se centran en el estudio fundamental de las propiedades
optoelectrdnicas de las perovskitas. Por otro lado, en los tres articulos
siguientes, se estudia la implementacién en diversas aplicaciones
dentro del dmbito de la energia y de sensores. Siendo estos dos puntos
los objetivos generales de la tesis.

Con respecto a los objetivos especificos, podemos dividirlos en dos
bloques. En un primer bloque, referente al estudio fundamental,
destacando cuatro objetivos principales:

1. Controlar la sintesis de cristales micrométricos de perovskita
mediante el método de deposicién por giro. Se pretende obtener
cristales de un tamafio y geometria especificos mediante el control de
dos parametros (velocidad de rotacién y el uso de aditivos). Ademas,
se intenta lograr una mayor homogeneidad y menor nimero de
defectos en los cristales.

2. Obtener cristales de perovskita hibrida en forma de nanofibras
mediante el uso de plantillas. Las plantillas serdan obtenidas por un
método de bajo coste y ademds permitirdn conseguir cristales de
diferente tamafo dependiendo de la plantilla empleada.

3. Evaluarlos fendmenos dpticos que ocurren en el material mediante
medidas de fotoluminiscencia y transmitancia, con ayuda de un
microscopio confocal desarrollado en nuestro grupo de investigacion.
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Asimismo, se pretende corroborar que ciertas geometrias de cristales
de perovskita pueden comportarse como cavidad Fabry-Pérot y guia
de onda.

4. Desarrollar un método tedrico que nos permita estudiar de manera
fundamental las propiedades dpticas del material. Mediante el uso del
modelo tedrico propuesto, obtener pardmetros fundamentales como
el indice de refraccidn (real e imaginario). Ademas, evaluar el efecto
de otros pardmetros externos del sistema que pueden afectar en la
visibilidad de los fendmenos dpticos que ocurren en el material.

Por ultimo y como objetivos especificos para la implementacion de la
perovskita en aplicaciones del ambito de la energia y sensores:

5. Emplear las perovskitas hibridas como catalizadores para la
produccién de combustibles solares. Se persigue evaluar la influencia
de la composicién de la perovskita en la actividad catalitica de la
misma, y dilucidar cual es la composicidon que presenta una mayor
actividad. Asimismo, se pretende asegurar, mediante diferentes
técnicas de caracterizacion, la estabilidad del material en las
condiciones de reaccidn propuestas.

6. Preparacion de sensores resistivos integrando grafeno vy
nanocristales de perovskita de diferente composicidén. Se pretende
evaluar las propiedades de deteccion de gases de los diferentes
sensores y evaluar la influencia de la composicién de la perovskita en
el mecanimos de sensado. Ademas, obtener respuestas reproducibles
para la deteccion de compuestos organicos volatiles.

7. Mediante el desarrollo de una metodologia sencilla, introducir
dentro de la estructura de la perovskita moléculas organometalicas
(SubPc). El objetivo principal consiste en ampliar el espectro de
fotorrespuesta del nuevo nanomaterial hacia la regién del visible. Para
ello se demostrara por diferentes técnicas de caracterizaciéon la
presencia de SubPc en la estructura y finalmente, el nuevo material, se
implementara en dispositivos fotovoltaicos.

La consecucién de los objetivos indicados, permitird el avance
tanto en un conocimiento mas fundamental del material como en la
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adaptacion del material para su implementaciéon en aplicaciones de
diversa indole. Conociendo de una manera mas precisa parametros y
fenédmenos dpticos nos ayudara a entender su comportamiento con la
luz. Asimismo, si se consiguen implementar en las aplicaciones citadas,
se reafirmard como material prometedor y facilmente adaptable a
diferentes campos de aplicacion.
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Abstract

Synthesis and studies of single crystals of hybrid perovskite are
important for achieving a better understanding of the optoelectronic
phenomena occurring in this material and for improving ongoing
applications. Here we report on the growth of micrometer size single
crystals of methylammonium lead bromide (MAPbBrs) using the spin
coating deposition method on a quartz substrate. We studied the
influence of the rotation speed and the use of three different additives
such as N-cyclohexyl-2-pyrrolidone, dimethyl Sulfoxide and 4-tert-
butylpyridine in the crystal size and shape. The introduction of an
additive in the precursor solution has revealed to be very useful for
obtaining crystals with well defined geometries and for decreasing the
amount of defects. This way, high quality single crystals that sustain
optical resonating modes were obtained and characterized by
transmittance and photoluminescence measurements.

1. INTRODUCTION

In the last years, hybrid perovskites? have attracted a great
interest because of their potential application in the field of
photovoltaics, where in a reduced period of time they reached
efficiencies over 22%3, a value that exceeds other emerging
technologies such as quantum dot, dye sensitised solar cells or organic
solar cells*®. These materials have some advantages such as ease
processing or low fabrication cost. Their synthesis can be attained
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through various routes like those based on solution! and vapor-
assisted® methods. However, they have also some limitations like a
poor stability or the toxicity of the components. In this context, the
delicate control over the crystal formation has been shown to play a
key role in the physical properties and therefore in the reproducibility
and efficiency? of perovskite based solar cells. Here, we study the
formation and the properties of hybrid lead bromide perovskite single
crystals. There are several methods for the synthesis of single crystals,
such as inverse temperature crystallization (ITC), antisolvent-assisted
crystallization techniques (AVC)?, top-seeded solution growth method
(TSSG)*° among others. In this work, we have used the spin coating
method!!!3 because it is fast, versatile, reproducible, inexpensive and
finally it requires moderate amounts of reactant. Although the size of
the obtained crystals is in the micrometre range, they are large enough
to study their physical and chemical properties and they could be used
to develop photovoltaic devices with appropriate grain size. In
contrast, most of the studies in this respect have been done in large
single crystals with millimetre size which require a long time of
preparation and several processing steps® 4.

Although there are many parameters of the spin coating method
influencing the formation of perovskites such as rotation speed,
annealing, concentration of precursors, solvents, atmosphere®,
among others, here we focus on the influence of the speed rotation
and the admixture of three different additives to the basic precursor
compounds. Recent studies have shown that the use of highly miscible
low vapour pressure additives is very effective for improving
perovskite crystallization>*>, because they decrease the rate of
evaporation of the precursor solution solvent. Based on former results
concerning the preparation of the active layers of perovskite in
photovoltaic devices, we selected Dimethylformaide (DMF) as the
main solvent, and three different additives for the synthesis of single
crystals. In general, all of the additives have in common both, the
ability to be coordinated with the precursors and a high boiling point.
The first one is N-cyclohexyl-2-pyrrolidone (CHP)?, which at low
concentration induces an homogenous crystal nucleation and growth,
this favouring large reproducibility. It has a particularly high boiling

84



Propiedades dpticas

point (284 2C) and low vapour pressure. Other investigated additive is
4-tert-butylpyridine (TBP). Shi et al. added this compound in the
precursor solution resulting in a better crystallinity and a more
homogeneous orientation of the crystals. This is probably due to the
coordination of such compound with the Pb*? atoms, and to its role as
dispersing agent, that avoids the formation of aggregates?®. Finally, we
considered dimethyl sulfoxide (DMSO) as an interesting additive
because it can coordinate easily to the PbBr; precursor?’.

Optical properties are closely related to the performance of
photovoltaic devices. Therefore, we have undertaken as a
characterization strategy of the crystals the study of their optical
properties, particularly photoluminescence and transmittance, at the
single crystal level, using for that purpose a home-made set-up’, that
allows us to test their behaviour as optical cavities.

2. RESULTS AND DISCUSSION
2.1. Influence of the rotation speed and additive

The synthesis procedure based on the spin coating process, under
the specified conditions detailed in the experimental section, produces
well isolated single crystals. Figure 1 shows the variation of the
average size of the obtained crystals (black dots) with the speed of the
spin coater under different conditions: (a) without additive (NA) and
with the different additives: CHP (b), DMSO (c) and TPB (d). The error
bars correspond to the standard deviation for each value, obtained by
statistical means (see experimental section). The as-synthesized
crystals are poly-disperse in size, in some cases with a dispersion value
of about 50% no matter rotation speed and precursor solution.
However, in general the average size of the crystals decreases as the
rotation speed increases, following a law (gray curves) like (oc
1/speed¥) with different values of the exponent y, which are indicated
in the Figure caption. Such law is typical for the thickness of a
deposited layer by spin coating, but with y=1/2. We think that the
distinct values of y obtained for the crystal size stem from the fact that
the growth of the crystals includes different stages where the removal
of the excess of solvent as a consequence of the centrifugal force is
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followed by an evaporation process that increases the viscosity and
the precursors concentration. Nevertheless the experiments indicate
that the quicker the solvent evaporation, the larger the number of
crystal nucleation points, that ends up in a reduced average crystal
size.
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Figure 1. Average crystal size (dots) as a function of the spin coater rotation speed for
a precursor solution without additive (A), and with (B) CHP, (C) DMSO and (D) TBP as
additive. The error bars correspond to the standard deviation provided by statistical
methods. The gray lines correspond to fits of experimental data to functions like (oc
1/speedY), and the fitted values of y are 1.3, 1.2, 1.2 and 0.9 for (A), (B), (C) and (D)
respectively.

We didn’t find any clear relation between the size of the crystals
and the physical properties of the additives (Table 1, experimental
section). Nevertheless, those solutions containing DMSO as additive
produced the largest crystals, specially at low rotation speeds, while
solutions with TBP as additive yielded the smallest ones. It can be
explained by considering the different ability of coordination with Pb*2
and the solubility of the precursors. Shi et al.'® indicated that the
nitrogen atom on TBP favours the coordination with Pb*? with respect
oxygen atom on DMF, thus hindering the formation of large-sized
bulks and aggregates and favouring therefore the formation of small
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crystals. All the above is relevant for the preparation of high efficient
photovoltaic solar cells, considering that there is an optimum crystal
size depending of the device configuration, and in general large
crystals are desired due to lower J-V hysteresis and less charge
trapping and recombination at the grain boundaries®*°.

Figure 2 (a), (b), (c) and (d) show scanning electron microscopy
(SEM) images of MAPbBrs crystals grown on quartz substrates by spin
coating at 1000 rpm, corresponding to samples NA, CHP, DMSO and
TBP respectively. All of the samples contain well isolated single crystals
that are pyramid shaped in general. However, crystals having other
shapes, namely rods and plates, grow as well, at the same time. Plate-
shaped structures are particularly interesting for testing the properties
of the crystals as photonic microcavities, as we will see below. We
found that in general, the use of an additive in the precursor solution
produces crystals with better defined geometries and with less defects
[Figure 2 (b), (c) and (d)] in comparison with those obtained without
any additive [Figure 2 (a)]. This effect is even more pronounced for the
CHP additive and it should be taken into account for the study of the
optical properties, which can be strongly influenced by the geometry
and the structural defects of the crystals.

X-ray diffraction (XRD) measurements (Figure 3) show that all the
synthesized samples have in fact a crystalline nature with a
characteristic cubic structure finger print (Pm-3m)%. In contrast to
samples NA and TPB, samples DMSO and CHP show the appearance of
(110) and (210) peaks suggesting that the crystals are highly
oriented®?! with the planes parallel to the substrate. This feature
occurs for all of the rotation speeds. It is very interesting, since it is
well demonstrated that more oriented domains of perovskites in
photovoltaic devices increases their photocurrent and therefore their
final performance?.
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Figure 2. Scanning electron microscopy (SEM) images of MAPbBr; crystals grown on
quartz substrates by spin coating at 1000 rpm, corresponding to samples NA (a), CHP
(b), DMSO (c) and TBP (d).
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Figure 3. XRD of a layer of crystals of (a) NA, (b) CHP, (c) DMSO and (d) TBP samples.
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Photoluminescence properties of the synthesized crystals were
found to be influenced by the type of additive used in the precursor
solution, rather than by the rotation speed. Figure 4 (a), (b), (c), and
(d) shows optical microscopy images at x40 magnification of samples
NA, CHP, DMSO and TBP respectively for a rotation speed of 1000 rpm,
and Figure 4 (e), (f), (g) and (h) show their corresponding
photoluminescence images. Optical microscopy images of all of the
samples for all of the studied rotation speeds can be seen in the
supporting information (Figures S1 to S4).

Figure 4. (a), (b), (c) and (d) Optical microscopy images at x40 magnification of samples
NA, CHP, DMSO and TBP respectively, for a rotation of speed of 1000 rpm. (e), (f), (g)
and (h) show the corresponding photoluminescence images. The scale bars
correspond to 200 pm.

Samples CHP and TBP vyield a bright green photoluminescence
signal, while samples NA and DMSO give in general less intense signals.
We attributed this effect to the amount of surface states produced
during the crystallization process, which act as non-radiative
recombination centers. This is an important result to be considered in
future developments because such centers are strongly influenced by
environmental conditions of moisture and light?3. Figure 5A shows the
optical absorbance and Figure 5B shows the normalized
photoluminescence spectra of the sample areas of Figure 4. They are
similar to those of previous reports of hybrid lead bromide
perovskites?*2®, but slight differences in the position of the peak
maximum and the asymmetry have arisen. While samples NA and TBP
yielded a quite symmetric peak, with the maximum position at 535 nm,
the peak maximum for samples CHP and DMSO was red-shifted to 540
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nm, and they showed some asymmetric features, that consist of
shoulders placed at about 552 nm and in the range from 555 nm to
600 nm approximately. Although a complete elucidation of these
effects has not been achieved yet, we think they are related to the
aging of the surface or structural inhomogeneities in the crystals?*26-

and to light re-absorption mechanisms?¢2°,

A) B)
0.03 4 R 535 nm 540 nm
—NA 5 10 e
- CHP o
=} —— DMSO ~ —NA
© —TBP 2 084 CHP
8 0.021 B —— DMSO
8 S 061 —T8BP
= e 4
5 001 8 0.4
Ke) =
< T 0.2
:
0.00 ; ‘ Z 0.04 ‘ ‘ ‘ ‘
400 500 600 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 5. A) UV-Vis absorption spectra and B) Photoluminescence spectra of the
sample areas of Figure 4, corresponding to samples NA, CHP, DMSO and TBP.

2.2. Synthesis of rod-shaped crystals

Rod-shaped single crystals were found in small amounts in sample
CHP, specially at low rotation speeds. We studied the influence of the
concentration of this particular additive in the precursor solution on
the crystal formation. Figure 6 shows representative optical
microscopy images of the obtained crystals for different CHP
concentrations, from 5 to 60 % vol/vol in DMF. Moreover, Figure 7B
shows the variation of the average size of the crystals and the ratio of
rod/cuboid shaped crystals with respect to the CHP concentration. At
low concentrations, squared like plates are dominant. However, for
increasing values of the CHP content the formation of wire like
structures is favoured, and the size of the plates is reduced. This was
attributed to the fact that CHP contains a significant apolar region
because of the cyclohexyl ring, thus inducing a preferential direction
of growth probably due to screw dislocation defects.®® A similar trend
has been discussed for the preparation of other 1D structures.3'3? On
another hand, no significant variation in the crystals growth has been
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observed in the case of DMSO and TBP additives when their
concentration was increased.

Wi =

Figure 6. Optical Microscopy images of crystals synthesized by using increasing
concentrations of CHP additive: (a) 5, (b) 15, (c) 25, (d) 50 and (e) 60 % vol/vol in DMF.
The scale bars correspond to 200 pum.

The influence of the rotation speed in the formation of rod-shaped
crystals was studied for the 5 % CHP vol/vol concentration in DMF
precursor solution. As mentioned above, the growth of rod-shaped
crystals is in general favoured by low rotation speeds. This indicates
that slow evaporation rates of the solvent are required for them to be
able to grow. Such a formation process has been observed by using
slow evaporation rates in the drop casting method (see video in
supplementary material). Moreover, we have found a threshold
rotation speed value, at about 1000 rpm, which defines two main
regions where crystals grow differently (Figure 7 A o B). Most of the
crystals, say 80%, grow either in rod or cuboid like shapes depending
on the rotation speed region, low or high respectively, where they
were synthesized. An explanation of this threshold value constitutes
currently an object of research.
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Figure 7. A) Curve of average crystal size vs. spin coater rotation speed obtained by
using 5 % of CPH additive vol/vol concentration in DMF for the precursor solution. The
two shaded areas indicate two regimes where crystals grow differently: in rod or in
cuboid like shapes. B) Curves of average crystal size (black line) and rod/cuboids ratio
(gray line) as a function of the CHP additive concentration. The error bars correspond
to the standard deviation provided by statistical methods.

2.3. Optical properties of single crystals

A good proof for testing the quality of a crystal is its ability to
sustain optical resonant modes because such modes can be strongly
influenced by crystal defects. In general, the better the quality of a
crystal, the more pronounced are its optical resonances. However,
they depend as well on other factors like the coupling of light, the
absorption of the material itself, and more importantly the geometry
of the crystal, particularly the size of the crystal in comparison with the
wavelength of light, and how its faces are orientated each other.
Resonant conditions should allow a kind of feedback cycle of light
inside the crystal, which is produced by multiple reflections at the
crystal faces, and finally leads to an interference phenomenon. This
way, a pyramid like shaped crystal is not expected to sustain any
resonance because of its intricate geometry. However, the parallel
faces of a plate shaped crystal are optimum for producing Fabry-Perot
type resonances?’. Figure 8(a) shows the photoluminescence (black
curve) and the optical transmittance (red curve) spectra of a plate
shaped crystal, that was synthesized at 800 rpm by using CHP as
additive. Figure 8(b) shows an image of the measured crystal obtained
by optical microscopy. It has well defined parallel faces with
dimensions of 20.64 x 21.62 pm? in area and 1.5 um in depth, as
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deduced from a modeling process®. As expected, interference ripples
appear in the transmittance spectrum in that range from where the
absorption of the material somehow diminishes, say about 550 nm to
longer wavelengths, thus confirming that the crystal itself can work as
an optical microcavity, and it has a good structural quality. The
photoluminescence spectrum shows ripples as well, coinciding with
those of the transmittance spectrum, but they are less pronounced
because of differences between the envelope curves®. Figure 8(c)
shows for comparison the transmittance and the photoluminescence
spectra of a pyramid shaped crystal (Figure 8(d)), where no resonances
could be detected. In any case, it is interesting for future
developments to take into account these resonant effects at the single
crystal level, that in our opinion could help improving the efficiency of
perovskite based solar cells.
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Figure 8. Photoluminescence (black curve) and transmittance (red curve) spectra of a
plate shaped crystal (a) and a pyramid shaped crystal (c). Optical microscopy images
of the crystals appear in (b) and (d) respectively. The scale bars correspond to 50 um.

CONCLUSIONS

We have described the synthesis and characterization of single
crystals of MAPDbBr; prepared by a spin coating method at different
rotation speeds. In addition, we studied the influence of three
different additives previously used in high-performance inorganic—
organic hybrid perovskite solar cells. We observed that the use of
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additives, particularly CHP, produces crystals with a better defined
geometry and with less defects, in comparison with crystals obtained
without any additive, and at the same time, CHP and DMSO additives
have a tendency to produce more oriented crystals. Also, we showed
that increasing the concentration of CHP additive produces the
formation of rods of MAPbBrs. Finally, we demonstrated that single
crystals of MAPbBr; prepared by this methodology can behave as
resonating cavities.

3. EXPERIMENTAL SECTION
3.1 Materials

The precursors: lead bromide (PbBr,), methylammonium bromide
(MABr), the main solvent: dimethylformamide (DMF), and the three
additives: N-cyclohexyl-2-pyrrolidone (CHP), 4-tert-butylpyridine
(TBP), and dimethyl sulfoxide (DMSO) come from Sigma-Aldrich. They
were used as received. Table 1 summarizes the physical properties of
the solvent and additives.

Table 1. Properties of the solvent and additives used in the present study.

Boiling Vapor pressure | Viscosity
Compound Structure Point (°C) (mmHg, 25°C) (cPoise)
L
Dimethylformamide | , ¢
M) = 155 2.9 0.92
CHg
N lohexyl-2 0
-cyclohexyl-2- i
syrrolidons (CEP) iN/O 284-304 0.05 11.6
Dimethyl Sulfoxid Q
e o soy ! 189 0.42 0.7
(DMSO) HyC™ “CHs
4-tert-Butylpyridine @k
(TBP) N 197 4.53 1.5
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3.2. Synthesis of MAPbBr; perovskite single crystals

Precursor solutions were prepared by dissolving stoichiometric
mixture of 1M MABr and 1M PbBr; in DMF**, namely 120 mg MABr
and 370 mg of PbBr, in 2 mL of DMF. In the case of solutions containing
an additive (CHP, TBP or DMSO), 20 uL thereof was added into 380 pL
of the precursor solution, resulting in a concentration of about 5% vol.
In addition, for CHP the concentration was increased to obtain
solutions with 15, 25, 50 and 60 % vol.

MAPbBr3; crystals were grown by a spin coating process on quartz
substrates of area * 1 cm?. In order to increase the hydrophilicity of
the surface, the substrates had been previously treated with
hydrochloridric acid, and cleaned with acetone and isopropanol,
followed by exhaustive rinsing with distilled water. The spin coating
process was performed at room temperature and in a controlled not-
oxidizing atmosphere at different spin speed rates, in the range from
600 to 5000 rpm. In all the synthesis experiments, a volume of 20 pL
of precursor solution was dropped in the middle of the substrate
before the rotation process had started. Then the spinner was turned
on, producing a homogeneous distribution of the precursor solution
through the substrate, thus favouring the efficient removal of the
solvent, and giving rise to the formation of crystals. We kept the
rotation process on for 2 minutes, and after that the substrates
containing the as-grown crystals were annealed for 2 minutes more at
90°C so as to remove completely any rest of solvent.

3.3. Optical microscopy and photoluminescence of polycrystalline
samples

General views of the as-grown crystals were obtained at different
magnifications by an optical microscope, Leica DM4000. It includes a
module for fluorescence characterization, which consists of a mercury
lamp and a bandpass filter LEICA (340-380 nm) as illumination source,
and an optic spectrometer AVANTES AvaSpec-2048 fiber, which
provides a resolution better than 0.5 nm. Photoluminescence of
sample areas containing many crystals were obtained by using this
setup.
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3.4. X-ray diffraction experiments

X-ray polycrystalline film diffraction patterns of the samples were
collected by a Bruker D8 Advance A25 X-ray diffractometer, operating
at 45 kV and 80 mA Cu-K, radiation (A = 1.5406 A equipped with a
LYNXEYE XE 1-D detector. It records the diffraction signal of an area of
3 x 3 mm. No signals from the quartz substrate were detected.

3.5. Optical characterization of single crystals

Optical properties, specifically photoluminescence and
transmittance, of single crystals were obtained by means of a home-
made setup (see Figure 9). Basically it includes two branches, one for
excitation and the other one for collection purposes, both focused by
20x Mitutoyo objectives at the same spot, with a typical size of about
1 micrometer. In the experiments reported here, both branches were
oriented so that the collected light was in forward direction respect
the incident or exciting light. The collection branch includes an iris
where the spot is focused. It allows selecting the signal from a sample
area of size in the micrometer and even sub-micrometer range. After
the iris, a motorized mirror drives the signal either to a CCD camera,
by means of which, the exact part of crystal being examined can be
visualized, or to a spectrometer (iHR320-HORIBA), which is equipped
with a liquid nitrogen refrigerated Si-CCD, and it is used for measuring
the spectrum of the collected light.

White light of an halogen lamp was used for transmittance
experiments, while excitation light of 405 nm of wavelength, provided
by a solid state laser, was used for photoluminescence experiments. In
all the cases, we worked with a moderate intensity of about 0.1 mW
for avoiding fast crystal degradation.

Two types of crystal geometries were measured: pyramid and
plate shaped samples. In both cases the crystal was oriented so that
the largest face of the crystal was perpendicular to the incident or
collected light.
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SPECTROMETER,

LASER

Figure 9. Schematic representation of the setup used for measuring the OT and PL
spectrums, where the different acronyms are Lense (L), Beam splitter (BS),
Spectrometer and Camera (CAM).

3.6. Crystal size measurement procedure

An optical microscope (Leica DM4000) was used to obtain a
general overview of the crystals size and shape. Three samples were
synthesized and studied for each speed/additive condition. Once the
uniformity of each sample had been guaranteed by analyzing different
sample areas, 60 - 80 crystals therein were measured by using the
Imagel) software. We considered for each single crystal that area,
which is parallel to the substrate, and measured the length of one of
its sides. In those cases where the area had a rectangular shape, like
for instance in rods, we measured the longer dimension. Histograms
for each synthesis conditions were obtained by considering all the
measurements of the three corresponding samples, that showed a
good reproducibility, without significant differences in any case. The
crystal size parameter was divided into five ranges in the histograms
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and the obtained mode and standard deviation values are plotted in
Figure 1. Also, they are detailed in table S1 of the supporting
information.
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Figure S1. Optical microscopy images (x40 magnification) of MAPbBr; at different
rotation speeds (rpm) for NA samples. The scale reference correspond to 200 um.

Figure S2. Optical microscopy images (x40 magnification) of MAPbBr; samples
obtained through spin coating at different rpom with CHP additive. The scale reference
correspond to 200 um.
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Figure S3. Optical microscopy images (x40 magnification) of MAPbBr; samples
obtained through spin coating at different rpm with DMSO as additive. The scale
reference correspond to 200 pm.

600rpm d;: 0
CE

Figure S4. Optical microscopy images (x40 magnification) of MAPbBr; samples
obtained through spin coating at different rom with TBP as additive. The scale
reference correspond to 200 um.

Table S1. Size and standard deviation in um for each sample prepared as a function of
the rotation speed and additive.

Rotation speed (rpm)

600 800 1000 1200 | 1500 3000 | 4000 | 5000

DMF 40.2+11.7 | 22.7+9.0 [12.7+7.4 |11.7+65 | 71453 [7.7+4.0 |42+35 |2.0+08

CHP 29.9+11.0 | 22.42¢6.7 |158+58 | 7.9+4.1 |7.9+43 [34+19 [27+16 |25+14

DMSO |59.8+23.2383+13.230.0+9.9 [18.2+6.6 | 15.1+48 | 75446 | 7.1+3.4 | 6.5£3.3

TBP 21.8+89 | 1.0+55 |[84+36 |75+34 |61+34 |47£23|29+15]29+17
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Abstract

The precise knowledge of the optical properties, specifically the
refractive index, of organic/inorganic perovskites is essential for
pushing forward the performance of the current photovoltaic devices
that are being developed from these materials. Here we show a robust
method for determining the real and the imaginary part of the
refractive index of MAPbBr; thin films and micrometer size single
crystals with planar geometry. The simultaneous fit of both, the optical
transmittance and the photoluminescence spectra to theoretical
models defines unambiguously the refractive index and the crystal
thickness. Because the method relies on the optical resonance
phenomenon occurring in these microstructures, it can be used to
further develop optical microcavities from perovskites or from other
optical materials.

1. INTRODUCTION

Organic/Inorganic perovskites have emerged as a new material for
cutting edge applications in photon harvesting™ and light emission®
21 In a very short period of time we have witnessed extraordinary
achievements in the perovskite-rush race for high efficiency solar
cells>*°, in spite of the fact that this material suffers of important
drawbacks as a poor chemical, thermal and even optical stability,
which hampers the development of market devices?2. In this rich but
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difficult scenario, one of the key factors for achieving notable
improvements is to have an accurate knowledge of the refractive index
of the materials, especially at wavelengths near the optical
absorption/emission region. In order to determine the wavelength
dispersion of the real and imaginary part of this parameter, many
researchers make use of different optical techniques like ellipsometry,
which is appropriate for macroscopic samples. However, different
approaches are required for characterizing micrometer size structures
or small crystal domains of an optical material. Such micro or
nanostructures (thin films, planar prisms and microwires) show strong
interference effects because they behave as optical Fabry-Pérot type
resonators. The resonant response of this kind of cavities has been
extensively studied and modelled through their transmittance/
reflectance spectra. In fact, it represents the most general case of an
optical resonator?®?, Also, the interference phenomenon is expected
to appear in the photoluminescence spectra?®, but few theoretical
modelling studies have arisen in this regard®>*. Here we show a
method for determining the optical parameters of a micrometer size
structure by fitting simultaneously its optical transmittance (OT) and
its photoluminescence (PL) spectra. It allows a faithful determination
of the real (n,) and the imaginary (n;) components of the refractive
index value at a wavelength bandwidth around the optical absorption
edge. This results as an in-situ source of information employing
common characterization techniques at the microscale, and thus
enriching the derived results. In this way this could avoid the use of
additional equipment such as commercial ellipsometers and prism
couplers. Although we have applied it to the case of perovskite-based
microstructures, it can be used for extracting the optical parameters
of other materials. For obtaining high fit robustness, the ingredients
are: the presence of PL emission and modal structure in the spectra. In
order to explain the underlying idea of the method we have used an
asymmetrical planar cavity that reproduces faithfully our experimental
conditions. In the next section we explain the theoretical model to fit
both OT and PL spectra, starting from a simple configuration where
only light with k-vector perpendicular to the cavity surface is
considered. Then we include the effect of the numerical aperture of
the collecting microscope objectives, and analyse the influence of the
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cavity thickness. Finally, in the results section, several fitted optical
parameters, specially the refractive index values for a perovskite
cavity, are shown and compared with other values appearing in the
literature, that were obtained by different approaches.

2. MODELLING DETAILS

2.1. Optical transmittance and photoluminescence of a Fabry-Pérot
cavity at normal incidence/collection

The type of Fabry-Pérot cavity studied here is composed by the
active material (AM) constituted by a high refractive index thin film,
such as a perovskite single crystal, deposited on a glass substrate. It is
an asymmetric cavity because it includes two different dielectric
interfaces (SiO>/AM and AM/air). Figure 1(a) and 1(b) illustrate this
configuration and show the schemes utilized for modelling OT and PL
measurements respectively. As a first approach, we have assumed that
the light wave vector is perpendicular to the front surface of the
sample. The fingerprint of such a cavity is a train of peaks produced by
the optical resonant modes that appear in the OT (black curve in Figure
1(c)) as well as in the PL spectra (black curve in Figure 1(d)). This optical
phenomenon is derived from the light confinement in the AM film
through recursive internal reflections at the interfaces (Figure S1).
However, in spite of their similar physical origin, the resonant modes
in OT and PL spectra show notable differences in their envelope
shapes, because they include distinct ingredients that should be taken
into account, particularly in the PL spectra as we will see below. In the
case of OT, the relation between the incident (Ein) and the transmitted
(Eout) electromagnetic fields follows the well-known relation23 (see
Section S2):

iBL
Eout _ t12t23(\/ae) (1)
Ein 1- 7’23(a7’21)eiB2L

where the tj, rij, are the transmittance and the internal reflection
coefficients of the dielectric interfaces, with [i, j] accounting for the
incident and propagating material respectively, i.e. 1 the substrate, 2
the hybrid perovskite and 3 the air, (see Figure 1(a) and (b)), a is an
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exponential term related to propagation losses (a = e2°'"), k is the
2 . .
free space wavenumber (ko = % ), B is the propagation parameter (B =

konr), Ao is the free-space wavelength, L is the sample thickness, and n;
and n; are the real and imaginary part of the refractive index
respectively (see Section S1). From the Equation 1, we can derive the
optical transmision parameter T.

Eou|” atf 3

- (2)

T=
a2rfirh-2arysry, cos(2BL) +1

This relation shows local maxima when the cosine term s
maximized, that is when 2BL = 2rim (m =1, 2, 3,....,). Each of them
corresponds to a resonance condition with a m-number mode order.
Therefore, they define a sequence of peaks in the spectrum. Figure
1(c) highlights two of those peaks (dotted curves) for modes m = 38
and m = 42, which have been decomposed from the total spectrum.
They have a Lorentzian shape with a Full Width at Half Maximum (AAn)
that is modulated by the losses, related to the propagation (a) and the
transmission through the interfaces (see Sl). The Figure indicates three
spectral regions with (a = 0.44), without (a = 1) and with intermediate
propagation losses, which have been highlighted with red, blue and
white background colours respectively. As expected (see Section S4),
the AAy of the resonance occurring at the low losses region (m = 38) is
substantially smaller than that of the resonance at the high losses
region (m =42). The upper (T.) [blue curve] and lower (T.) [green curve]
bounds, and also the visibility factor (V) of the peaks can be written as:

at?,t?
Ty= — 12023 3)
(1 + arysryy)
and
T, — T_ 4ary,r:
V= (T, ) _ 23721 . (4)
T, (1 + ary3ryy)

Both numerator and denominator of T. (see Equation 3) lead to a
decrease in transmittance for increasing losses. Also from Equation 3,
it is important emphasizing the possibility to reach full transmittance
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(T+=1) values for a propagation lossless (a = 1) symmetrical (ra1 = r3;
12 = t3) cavity (see Section S2.1). These penalties from achieving full
transmittance have been indicated in the Figure 1(c) by vertical arrows
in the losses and in the lossless regions. Finally, an average curve T.,
(dashed red line) could be defined as,

2 .2
ati,tys

Toy = (5)

_ 2,2 ..2
1— a*rir;

which describes the integral average of Equation 2 corresponding to
the case of rough interfaces, this destroying the Fabry-Pérot
resonances.

In the case of the PL spectrum, we show an example of the
emission profile taking into account the attenuation through the AM
layer of both, the laser pump source and the emitted signal (see
Section S4). For understanding this process, Figure 1(b1) shows a
simple scheme of the forward emission that corresponds to the most
important PL contribution. We can consider the sample is divided into
thin slices or sections along the pumping/collection direction. As an
example, the Figure shows two slices (Emitter 1 and Emitter 2), which
are characterized by being placed at different distances from the
AM/air interface, where the collection of light takes place. The
emission spectrum of a section consists of a wide bandwidth signal
around the absorption edge. However, the blue-side of the emitted
light is strongly absorbed when it propagates through the sample
because of differences in the absorption with respect to the more
transparent red-side of the spectrum. This results in an asymmetrical
and red-shifted shaped signal. The position of each emitter determines
the light |, path length inside the sample, and thus the final red-shift,
of its PL contribution. This way, the light from Emitter 1/Emitter 2 will
be highly/faintly blue-absorbed, provoking a large/small red-shift
respectively of the normalized PL spectra.
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Figure 1. Schematic representation of the OT (a) and PL (b) experiments. (b1) Effect of
the pump and PL propagation losses over the forward PL response. Here, the
contributions to the emission of two slices of the active material, excited by P1 and P2
pump intensities, are highlighted. (c) Calculated transmittance (black curve) of an
asymmetrical thin film cavity (ri = 0.2, r3 = 0.6, n, = 2.4). Three spectral regions
corresponding to three different scenarios, one with moderate propagation losses (a
= 0.44, red colour background), another one without losses (a = 1, blue colour
background) and a transition region between them with intermediate losses (white
colour background) have been considered. The transmittance T is limited by T. (blue
line) and T_(green line). These two limits comprise an average transmission T,y (dashed
red line). The transmittance offset or penalty from a full transmittance has been
indicated by vertical arrows and it is limited by both, the propagation losses and the
cavity asymmetry. Two representative Lorentzian peak decompositions are plotted
(dotted lines) for the propagation loss (m = 42) as well as the lossless (m = 38) scenarios
(see SI). (d) Similar plot as (c) but for the PL emission. The parameters are the same
with the exception of those of the losses region that are more realistic (n; = 0.18,
therefore a=0). Only a Lorenzian peak in the transition region has been decomposed
(m = 37). This peak is highly perturbed by the Ip) envelopes.
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This absorption process occurs as well for the pumping light, which
is monochromatic with 405nm of wavelength in our case. Its intensity
decreases as the distance from the entering interface
(substrate/perovskite) increases (blue curve). Therefore, Emitter 1 and
Emitter 2 are excited by intensities P1 and P2 respectively. In any case,

IEIPt223t122(p) (6)
alrirh — 2arysry; cos(2BL) + 1

Ipp, =

le is a term originated from the light emission according to the
generalized Planck law:

_ ZkofniESthh
E™ 0 (Bpnn) _ (7)

e TKp !

and lp is related to the pump and the emitted signal propagation losses
through the perovskite material.

a <r2 1— o~ 2H(Ko )i oy +Kome) 4= 2L (Ko oy (p)+’<0"i)> (8)

Ko (p) i (p) + Komi Ko (p) i (p)~ KoM

In these Equations, ko), t12(p) @and nip) account for the free space
wavenumber, the transmission coefficient and the complex part of the
refractive index for the pump signal respectively, x is related to the
photogeneration efficiency, Npn corresponds to the number of
pumping photons, Egh is the emitted photons energy, mis the chemical
potential, ks is the Boltzman constant and T is the sample
temperature®?®(see Section S4). In a similar manner as the OT in
Equation 2, the PL formula has the same oscillatory term (a2r?1r?,3 -
2r3(ary1)cos(2BL)+1). Therefore both, the PL and the OT spectra keep
the same interference ingredients but with different envelopes. We
can also define for the PL spectra three different spectral regions [see
Figure 1(d)], one with losses (a=0, red colour background) where in
principle the resonant modes widen and finally disappear, followed by
a transition zone (white colour background) where resonances are
visible (see for instance the Lorentzian peak (dotted line) associated to
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a mode with order m=37) and finally a lossless region (a = 1, blue
colour background) where the PL and their peaks disappear. We can
also derive similar expressions for the upper lp.. (blue curve) and lower
Ip.- (green curve) bounds of the emission as well as for the average PL
signal lp,av (dashed red curve), this time restricted to the wavelength
region of the light emission.

_ Iglp t33t1s ) (9)
i (1 F aryzryy)?
/ _ Iplpt3sts, ®) (10)
PL,av (1 _ a27'2217”223)2

2.2. Effect of the collection cone

Collection lenses allow magnifying optical signal by collecting light
coming from different k-vector angles. The higher the numerical
aperture (N.A.) of a lens, the larger the range of collected k-vector
angles. In this way, the enlargement of the collecting angle leads to an
increment in the number of wave components of the Fabry-Pérot
resonances (see Sections S2-54), and it can blur the visibility of the
peaks, as shown in Figure 2. In general, the resonances appear much
more pronounced in the OT spectrum than in the corresponding PL
spectrum because of their different envelope curves, flat and with a
pronounced slope respectively, around the wavelength region where
absorption losses vanish. Therefore, the increase of the N.A. of the
collection lens produces a more drastic effect in the PL spectra, where
the train of peaks may even disappear for some cases. Figures 2(a)-(d)
represent different scenarios for different collection cones, for a 3.96
pum thick perovskite layer that corresponds to the characterized
sample in the Section 3. Since changing a particular collection angle
from the normal direction is equivalent to increase the sample
thickness, here the effect of the N.A. was calculated by averaging
Equation 2 and 6 for OT and PL spectra respectively for several values
of an effective thickness (L/cos(6;)), where 6, varies from 0 to the limit
refractive angle inside the perovskite layer. This limit angle can be
easily calculated from the N.A. and the Snell law at each wavelength
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value. In the case of the r and t parameters, their values are marginally
affected by ©; because the refracted angle is much lower than the
collection angle. A N.A. £ 0.26 influences marginally the peak contrast
for thin cavities as we will see in the next section. Thus a regime of
normal incidence/collection could be assumed in those cases.
However, in general the effect of the collecting objectives should be
considered in the model for N.A. 2 0.4. As it will be explained in the
following paragraphs, the conjunction of the numerical aperture with
the sample thickness plays a pivoting role in the observation of cavity
peaks.

1 f (b)
0.5 N.A. N.A.
0 0.26
0

Transmittance and Normlaized PL

520 540 560 580 600 520 540 560 580 600
Wavelength (nn) Wavelength (nn)

Figure 2. Transmittance (blue line) and Normalized PL (red line) spectra for different
objectives: N.A. 0 (a), N.A. 0.26 (b), N.A. 0.4 (c), N.A. 0.5 (d) for a perovskite layer of
3.96 mm thick. The refractive index and extinction dispersion have been extracted
from the fit of experimental data (see Figure 4).

2.3. Influence of the film thickness

The thickness of a Fabry-Pérot cavity influences strongly the peak
visibility. Figure 3 shows contour-plot stacks of the OT (a) and the PL
(b) response of a MAPbBr; perovskite thin film type cavity as a function
of wavelength and thickness. We used the refractive index for this
material (both real and imaginary values) obtained by the fitting
process detailed in the following section, and we assumed a N.A.=0.26
for the collection objective. Each oblique line accounts for a resonant
mode m. This could be easily understood by examining the resonant
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" . . . . . ma
condition, which is a simple line Equation: L = ?:, whose slope

depends on the mode order and the refractive index. The lack of a
constant term in this first order polynomial form indicates that the m-
lines start from a hypothetical wavelength origin. In the case of the OT,
these m-lines extend over the large transparent region (red area in
Figure 3(a)). However, they appear only within the bandwidth of the
PL signal [Figure 3(b)]. It is worth underlining several properties of
these contour-plots: (i) a horizontal cross section for a given thickness
corresponds to the spectrum of a cavity with such a thickness value
[Figures (al1-a4) for OT, and Figures (b1-b4) for PL]. (ii) each spectrum
intercepts several m-lines depending on the layer thickness, the
thicker the layer or the shorter the wavelength, the higher the density
of such interceptions. This explain the behaviour of the free spectral
range (FSR), which corresponds to the distance between successive
Fabry-Pérot peaks (see Section S5), (iii) a larger refractive index value
nr means a smaller m-line slope that results in an increase of the
density of m-lines in any spectrum. The fact of assuming a finite N.A.
in the calculations can be appreciated by considering the visibility and
contrast of the interference peaks in Figure 3 (al)-(a4). While these
parameters are independent of the sample thickness at normal
incidence in the region where absorption vanishes (see Equation 4),
they are now reduced when layer thickness L and A increases. The
latter dependence is subtle, but it appears clearer in Figure 3 (a4). In
fact, the thicker the sample the closer the m-lines (the smaller the
FSR), and consequently the more pronounced are the effects of the
numerical aperture because each angular component of the collection
cone is described by an effective increase of the sample thickness
(L/cos(6r)). On the other hand, the increase of the slope of the m-lines
at shorter wavelengths yields more similar angular components, thus
reducing their influence in the N.A.

116



Propiedades dpticas

(a) T 1 (b) M) 1
i i (b4) Thickness
0  Transmittance 1 Angled response 0. Nomslized PL 4 s 20.5 um
Thickness j
20pm  (ad) 0
T
Thickness
05 4 pm
T Thickness 3 g
2 4pm  (a3)| = ]
@ 2 &
] o = 4
& Angled @
g 3 response E (b2) Thickness
£ £ = 0% 2.5 um
@ Thickness g 3
§ ------ 2.5um 5 —
(a2) 0
1
(b1) Thickness
05 1 pm
-~ Thickness X
“Thiniayer 1um f
| | (a1) 0
550 600 650 700 550 600 650 700 520 540 560 580 600 520 540 560 580 600
Wavelength (nn) Wavelength (nn) Wavelength (nn) Wavelength (nn)

Figure 3. Calculated (a) Transmittance and (b) Normalized PL spectra of a MAPbBr;
thin film as a function of the layer thickness for a collection objective of N.A.= 0.26
where (al)-(a4) and (b1)-(b4) represent respectively 1, 2.5, 4 and 20.5 pum sample
thickness. The refractive index and extinction dispersion have been extracted from the
fit of experimental data (see Figure 4).

Finally is worth emphasising that sample thickness also changes
both the peak position as well as the asymmetry of the PL background
profile (see Figures 3(bl)-(b4)) because the optical path length
determines the attenuation of the blue-side of the emitted signal.

3. RESULTS AND DISCUSSION

OT and PL spectra of perovskite optical-microcavities single
crystals (Figure 4(a)) could be successfully fitted to those models that
have been detailed in previous sections. Figure 4 (b) and (c) show
experimental (black) and fitted (red) curves corresponding to OT and
PL spectra respectively of a 3.96 um thick MAPbBr; crystal deposited
on a glass substrate. The thickness value was obtained from the fitting
process itself. Besides Equation 2 and 6, other important ingredients
of the fitting procedure are i) the use of polynomials, Sellmeier and
Sigmoid curves for parametrizing the refractive index, ii) the N.A. of
the collecting objective, 0.4 in our case, and iii) the fact that the fitting
process is performed simultaneously for both OT and PL spectra. This
helps disregarding spurious solutions and strengthens the reliability in
the fitted parameters. Figures 4(d) and 4(e) show the fitted values
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(dark brown curves) of the real and imaginary part respectively of the
refractive index. They resemble other values reported in the literature,
particularly those of J.-S. Park et al.?’ (blue curves) that were obtained
by the ellipsometry technique. Here, the differences could be
attributed not only to the distinct measurement method but also to
different sample fabrication processes®. It is interesting to investigate
the performance of the perovskite crystal as optical cavity through the
Finesse (F) and the Quality Factor (Q) of its optical resonant modes,
identified by their mode-order, m, (highlighted on top of each
resonance peak in Figure 4(b) and (c)). These parameters are
proportional to the amplification of light inside the crystal and to the
peak isolation in the case of F, and cavity lifetime in the case of Q%32
(see Section S5). Therefore, high F and Q values are desired for large
light-matter interactions. In the present case of the perovskite crystal,
the maximum values for F (= 0.95) and Q (= 80.1) appear for modes m
=32 and m = 33 (see Figure 4(f) and 4(g) respectively), that are near
the absorbance edge, where the refractive index is high and the losses
are moderate (see Section S6). The development of future cutting
edge applications in this area would require the improvement of these
important parameters. This could be achieved for example by shaping
the perovskite material in more effective geometries such as circular,
spherical or photonic crystal (see Section S7). A high improvement of
the cavity could help to boost, deepen into or discover new excellent
or exotic properties of this material?®>3°, We think this constitutes a
very interesting research branch for the future.
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Figure 4. (a) Optical microscopy image of the measured MAPbBr3; crystal microcavity
(square structure at the center of the image). (b) and (c) Experimental data and fitted
curves for the OT and the PL spectra respectively. Resonant modes are indicated on
top of their resonance peak by their mode-order, m. (d) Real and (e) imaginary part of
the fitted refractive index and that of ref 27 for comparison. (e) Finesse and (f) Quality
Factor for all of the identified modes. The lines are to guide the eye.
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4. EXPERIMENTAL SECTION

Micrometer size single crystals of MAPbBr; were synthesized from
a precursor solution composed by methylammonium bromide (MABr)
1M and lead bromide (PbBr;) 1M in N, N-dimethylformamide (DMF),
and N-cyclohexyl-2-pyrrolidone (CHP) as additive. The MAPbBr;
crystals were grown onto quartz substrates by spin-coating the
precursor solution at 800 rpm at room temperature. The samples were
annealed at 90°C during 2 minutes to remove the solvents and
complete the crystallization process®’. Then, the crystals were
characterized by X-ray diffraction (XRD) and ultraviolet-visible
spectrophotometry (UV-Vis)*? (see Section S8). The optical setup for
measuring the OT and PL spectra®! consists of a microscope-based
characterization system where the input signal is generated from
either, a tungsten lamp (for transmission characterization) or a solid
state 404 nm laser (for PL characterization) passing through a 20x 0.4
N.A. objective illuminating the sample with 0.1mW of optical power.
The sample is placed in a 3-axis positioning stage for selecting the
target planar microcrystal cavity. The output signal is collected with
another objective with the same features, and then the light is focused
in a pinhole for selecting a target area inside the sample. This permits
to avoid any perturbation from the borders and to study faithfully the
transmission spectrum by subtracting the AM transmitted intensity
from a background signal, acquired from a void area. Finally, the light
matches a spectrometer and the signal is detected by a nitrogen-
cooled CCD array. The experimental data fitting has been performed
by employing the mathematical commercial package Matlab.

CONCLUSIONS

We have shown a simple procedure to extract accurately both the
real and the imaginary part of the refractive index in a wide
wavelength region around the electronic band gap, and the thickness
of a MAPbBr; single-crystal placed on a silica substrate. The method
consists in a dual fit of the Transmittance and the Photoluminescence
spectra to analytical models. Both spectra show Fabry-Pérot
oscillations corresponding to resonant modes with different
envelopes. We have analysed how the parameters of the models and
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other external factors such as the numerical aperture of the collecting
lenses influence the final shape of the resonances. At the same time,
the models constitute a guide for finding the conditions for a thin film
type microstructure to have an optical cavity response. The extracted
information from an isolated single crystal could be useful for
understanding or improving the macroscopic behaviour of
polycrystalline materials, where crucial information, such as the
described resonant phenomena, could be hidden behind the collective
contribution to the material response.
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S1. Phase and propagation losses. Complex Refractive Index

The phase and losses of a wave could be expressed in a compact
way employing the complex refractive index (nc) as follows:

eiKoxnC — e—Koxn,-eKoxni (Sl)
where el gnd et*¥ 3ccount for the phase and losses respectively,
N = N, +in; is the complex refractive index, n,/n; are the real/imaginary
part of the refractive index, ko= 2m/)A is the free space wavenumber
and Aq the free space wavelength. In a typical light-propagation device
formed by a high refractive index value dielectric thin film material in
air or deposited on a low refractive index substrate, the field is mostly
confined in the high-refractive index material, and guided by total
internal reflection. Neither the phase nor the losses could be
expressed directly by the refractive index of the core, because part of
the light is propagated via the evanescent field in the surrounding
media. The phase is related to an effective refractive index ne,
defining the propagation constant B = 2mnes/ Ao and the losses are
usually expressed in cm™ (or decibels dB cm™), designed usually by a.
The solutions are discrete, and are characterized by different nes, B,
and intensity profiles, which depend on the material and the geometry
of the optical device. Each of these solutions or modes defines both,
the light propagation as well as the resonant conditions.

124


mailto:ferraman@fis.upv.es

Propiedades dpticas

In our first approximation, for simplicity, we consider a normal
incident light propagating isotropically as a plane wave (with an
infinite cross-section), so the form of the complex refractive index
(Equation S1) of the bulk material could be used.

S2. Transmittance

Consider a plane-parallel sample, deposited on a glass surface
(Figure 1). Therefore, the optical system is defined by three materials
(1:substrate, 2:sample and 3:air) and two interfaces or
semitransparent dielectric mirrors (interfaces 1 and 2). In a
transmittance experiment, the sample is illuminated from one side,
ideally by a planar wave defined by an electric field amplitude Ei, and
a free space wavelength Aq. The light enters into the sample by crossing
the first dielectric interface (see Figure S1). As a result, the wave is
affected by a transmission coefficient (ti2). Next, it propagates into the
material of interest, experimenting a wavelength change (Am = Ao/ny),
a phase change and an attenuation (e*%). Finally a portion of light
escapes through the second dielectric interface (tz3) arriving to the
detector, or is reflected (r3). The reflected light recursively returns to
the first interface, is reflected again (r,1) and propagates through the
sample for the second time (e%*°'"), loosing intensity on each round
trip. In fact, part of this lost light is transmitted (ts) towards the
detector. In summary, the light behaviour could be expressed as:

(S2)

Eput = Eqptiztazeole + E; 0t tyzetfolne + E. 02t tyseiKolfe + 4+ B, OVt t, eiKolme 4 ...

where 6 represents a round trip (8 = rar:3e?*™). Regrouping

Equation S2 in a convenient way, © forms a geometrical series (1+ © +
0% +..+06"+..=1/(1- ©)). As a result, Equation S2 could be expressed
in a compact way:

Ein(t12t23eiK°LnC) (S3)
Eout = 1 _ 9

125



Capitulo 3

Assuming the transmission and reflection coefficients as real,
expanding the propagation of the round trip into its real (a =e2*'"') and
imaginary parts (b = e?®%, where B = kon,), and considering the addition
of the exponential with its conjugate (b*+b = 2cos(2BL)), the
Transmittance (T) takes the form of:

2 atiyty; (S4)
" a?rirk — 2ary 13 cos(2BL) + 1

Eout
E in

T =

where tiy, t23, r21 and ra3 coefficients could be calculated by employing
the Fresnel Equations?.
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Figure S1. Scheme of light propagation in transmittance and PL
$2.1 Large transmittance and enhancement factor

The possibility of reaching full transmittance with a lossless (a = 1)
and symmetrical cavity is mentioned in section 2.1. Here, we extend
these concepts: Leta“A’Zs quantify the cavity asymmetry as the ratio
between reflections y = r3/r,1 (notice that y = 1 means a symmetrical
cavity). Assuming lossless interfaces, t%= 1-r%;, fori,j = 1, 2, 3, Equation
3 and 4 turn into:

_7”221(1 $y)2 (S5)
a+ yr221)2

Ti,lossless =
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and

4riyy (S6)
(7"2213’ +1)2

Viossiess =

Equation S5 and S6 allow calculating the maximum transmittance T.
and visibility V, as a function of the cavity asymmetry, y, for a lossless
cavity. They confirm that full transmittance (T. = 1) is achieved for y =
1, i.e. when the cavity is symmetric. As a result, the asymmetry and the
absorption act as transmission penalties. In order to diminish T-and to
maximize V, the lossless and symmetry conditions should be
completed with a large reflectance. Those optical devices, that
accomplish these conditions, are usually known as high- or ultrahigh-
quality factor resonators (see Section S7)*. The possibility of obtaining
a high output signal (T.) is originated by an amplified intracavity
propagating wave, that travels from the source to the output interface
(l1s3 = lowt/t?23). The interference of this forward signal with its
backward reflection (I351 = l152r?:3) results in a standing wave featured
by m-number of peaks with an enhanced intensity (linsidze = l153 + l351 +
2Vl1531351)%. The relation between intracavity and excitation intensity
defines the peak enhancement factor (PEF),

_ (r3 + DTy (S7)

As a consequence, light-mater interactions are expected to be
magnified inside the cavity, thus boosting photochemical processes
such as energy harvesting®, and photocatalysis®. While T, is symmetric
for an asymmetric cavity, in the sense that it does not depend on which
face (substrate/active-material active-material/air) is chosen for
inserting or extracting the light, PEF is asymmetric, therefore it
changes depending on the orientation of the sample. Noteworthy, the
magnified output intensity produced by the amplified intracavity light
fulfills energy conservation rules since the reflection spectra presents
dips on one face whenever transmission peaks appear in the other face
(see Section S3).
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S3. Reflectance

The reflectance could be calculated in a similar way as the
transmittance. Here, a determinative element is present: the
reflection from the 1% interface (r1» see Figure S1) that is collected by
the detector. This wave will interfere with the backward transmitted
light (t21) from the series light round-trips inside the sample. The first
round-trip is composed by a single reflection, and the following
contributions are equal to those of transmission (6 = ryir,3e? o)

Eout = Ein(ﬁz + Tagtyaty @2 KolMe 4oty oty B2 Kol e oot 1at oty ON @2 KolNe 4 ) (S8)

Ty3tipty e Fole To3(titay — ToqTag)e?Holme 4 1)
Eout = Ein <T + 71, | = Epp 1_0 (S9)

Considering lossless interfaces, the time-reversal symmetry allow

us, without loss of generality, to state tiyt1-ra1r2s= -12. So the Equation
S9 assumes the compact form:

g, =g, Nz Tmetoe (510)
out mn 1 _ 9
and the optical reflectance (R) takes the expression
R = Egue|  (a%133)% — 2arp3715 c0s(2BL) + 15 (511)
" En | a?rdrd — 2aryry3 cos(2BL) + 1
under resonant condition (2bL = 2p),
E,uel” Ty, — ATy3 \2
R, = out| _ ( 12 23 ) (512)
Ein 1—aryirs

While the Transmittance shows a train of peaks, the reflexion
spectrum shows dips. In this case, for obtaining an on-resonance null
signal (the deepest dip), the numerator must be zero (ri2 = arzs). This
is the so-called critical coupling. In this case, it can only happen when
rs > ri;, otherwise the optical system remains in an undercoupled
regime, where the light injection underpass the lost light inside the
resonator. For a symmetrical system, where ri; = ry3, the only
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possibility to obtain critical coupling is the ideal case when the material
losses are neglected (a = 1). In summary, for obtaining the deepest
reflectance dip, the glass substrate should be the exposed area to the
illumination, and the uncovered surface to the detector side because
the reflectance coefficient of the perovskite/air interface is higher
than that of the perovskite/glass interface. The reflectance
characterization is more complex than the optical transmission
because of the spurious reflection of optical components as well as the
coupling conditions. This is the reason why we have employed the
transmittance signal in this study.

S4. PL model

The Transmission and reflection spectra of the optical system help
to understand the PL model. Although the PL emission occurs inside
the cavity along all directions, since our approach is one dimensional,
here we assume PL emission only in the forward and backward
directions (see Figure S1). Each section of infinitesimal thickness of the
sample (placed at x-distance from the first interface) is excited by the
pump signal that has lost some intensity in its way from the interface
to the section. This loss is related to the exponential term (a(x = €*
kOlpile)) - Here, the addition of (p) to the subindex implies the pump
signal. Therefore, in this expression, ki) corresponds to the wave
number in vacuum of the excitation light and njj) corresponds to the
complex part of the refractive index for such wave number. dlp. of
Equation S13 expresses the PL intensity emitted by the section and it
can be quantified according to the generalized Planck law>®.

ZKOEniEﬁpth

Crp=) | (513)
e TKp

IdpL =

where Eph is the energy of the emitted photons, p is the Fermi level, kg
is the Boltzmann constant, T the temperature, dx is the thickness of
the differential section, Nph is the number of pumping photons, § =
n/(c?h?) includes the photogeneration efficiency 7, h being the Plank
constant, and c the light speed, so that & Nph allows us normalizing the
PL intensity. The light emitted by a given section at the output
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interface can be calculated by treating it as a transmittance problem
(Figure S1), where the emitted light (dlp) weighted by the loss term of
the pumping signal (axp) would represent the incident light intensity
(=|Ein?|) for that section. This yields Equation S14 and S15 for the
forward and backward emissions respectively, which are similar to
Equation S4, except for terms of losses: (a.x = e2*"(X)) and (a., = eZ
koni(l)) \where the distance from the entering interface, x, has been
taken into account, and the term tiyp that corresponds to the
transmittance coefficient of the pumping signal, tiy(p) could actually be
included in the normalization term & Nph.

2 .2
Ax(pyAlLpt3atizp)aL-x
PL — forward,dl ., ¢ = (514)
f oS T q2p2 £2 — 2rysary, cos(2BL) + 1
ax(p)dILPtzzltlzz(p)aL+x
PL — fbackward,dl,1,_p = (S15)

arirh — 21y ary; cos(2BL) + 1

The PL signal emitted by the sample (Equation 6), results from the
integration of the incoherent addition of S14 and S15 over L.

S5. Spectral dependencies

From a Taylor expansion of the cosine term around the resonant
condition of an m-order mode and neglecting the high order terms:

cos(2BL) = 1 —2L%(B — f)? (s16)

proceeding in a similar way with b

_ dp
B =B+ (517)
where
dp dn, B

(S18)

- Ko7

Defining the group index ng that takes into the account the
dispersion,
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dn

ng =ny —A— /{ (S19)

then
—K

% - _/‘1’"9 (520)

and
212 A% K¢n?
cos(2pL) =~ 1 — TM (S21)

Substituting the last Equation S20 into the Transmission (Equation
2) and regrouping terms, we obtain the Lorenzian form,

T, (A2%/2)?

A= 1) + (BIn/2) 522)

Tpeak ~1-

with a spectral broadness called Full Width at Half Maximum (AAy)

/12(1 — aryiry3)

2nlng,/ar, 1y

As expected, resonant peak features in both, the Transmittance
and the PL spectra get narrower by large values of the reflection
coefficients rj and low attenuation losses (large a value). Other
important parameter is the distance between peaks, the so-called Free
Spectral Range (FSR). In this case we consider the relation of the
propagation constant between two adjacent modes.

Alhzl—

(S23)

2m
.Bm—l ~ .Bm - i (S24)

Using Equation S17 and S20 for the Taylor series of B between Bm.
1and Bm (assuming AA << A), we can access AA, that permits to express
the FSR as:

/12

FSR = AAFRS =~ (525)

2Lng
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The parameter Finesse (F) of a resonance, is defined as the relation
between the FSR and the peak broadening AAx:

AApsg _ Ty ararss (526)

AAh 1 - aT21T23
on another hand, it is also customary defining the quality factor Q as:

A - 2nlng.fary 1,3 (527)

Adp T A aryiT23)

F =

Q:

Noteworthy, resonators with high values of both F and Q factors
feature low losses and high reflectance parameters, (r21, r2s and a
tends to one). Therefore, optical features of these resonators show
isolated and well separated narrow peaks in their spectra.

S6. Additional results of the fitting process

Figure S2 (a) displays fundamental optical parameters showing an
increase/decrease of the ratio rij/t (i, j = 1, 2, 3) in the proximity of the
absorbance edge (where a tends to zero) due to the increase of the
refractive index contrast. This can explain why those resonances with
maximum values of Q and F appear around this region with relative
high light confinement and moderate absorption (Figure S2 (b)). This
Figure shows that PEF is asymmetric and as expected is maximized
when the light enters from the most transparent interface.
Noteworthy F is proportional to PEF.

$7. Analogies between resonators

The same results of this study could be obtained by applying the
more compact but probably less phenomenological coupled mode
theory. Such a procedure is useful when the sample presents a
multilayer structure’ with more than two interfaces. It is worth to
mention that the Fabry-Pérot cavity that we have analysed above is
equivalent to a Whispery Gallery Mode (WGM) resonator coupled to
two waveguides, where transmittance and reflectance correspond to
drop and through ports response respectively. The amplitude
coefficients (t and r) are related to the coupling/transmittance
coefficients (with interchanged roles, represented usually by r or k,
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and t respectively), the thickness of the Fabry-Pérot cavity is equal to
the round-trip length (2L = 2ntR for circular WGM resonators) and the
refractive and group indexes are defined by effective values that
depend on the cross section geometry and the excited propagation
mode (see S1). Moreover, forcing rys = 1 and t23 = 0 (taddsdrop= 1 and
Kresonator>drop = 0 in @ WGM cavity) the Equations become more compact
and describe a simpler pass-trough WGM configuration with an only
one buswaveguide. In this way, all the Equations and concepts could
be directly extrapolated to a WGM resonator with one exception: the
enhancement factor is lower in a WGM resonator because of the
absence of a counter-propagating wave. However, the presence of
surface roughness could excite the counter propagating mode and
thus the formation of a stationary wave®, with an increased
enhancement factor, similar to that of the Fabry-Pérot resonator

g 1 | 32!11 30 29
@ 33 -T, t12- a
= - =t

<-& . 237 '23 (a)

P u

=0 W o 0
550 600 650 700 550 600 650 700

Wavelength (nn) Wavelength (nn)

Figure S2. (a) Fundamental parameters that characterize the dielectric semi-
transparent mirrors (rai, rzs, tiz, t23) and the term related to the absorption. (b)
Resonator parameters under normal incidence/emission, derived from the
fundamental optical parameters. The substrate is placed in the 2" interface. The
terms of the subindex (in) and (out) of PEFi,out represent the incidence and output
material respectively. The dots mark the resonant positions. The series of numbers
represent the m-mode order.

S$8. Material Characterization

Figure S3 shows the performed material characterization
consisting in X-ray diffraction (XRD) and ultraviolet-visible
spectrophotometry (UV-Vis) that corresponds to the formation of
crystalline MAPbBr3 Perovskite®.
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S9. Additional data

Figure S4 displays an additional spectra of OT(a) and PL(b) of a 8.65
pum-thick crystal. Comparing these curves to those of the sample of
Fig4 (a,b), the spectral density of the ripples is clearly increased, or the
FSR is diminished as expected(see 2.3). The real part (c) of the
refractive index follows the same tendency of the imaginary part (c)
for both samples. The small deviation could be due to slight
differences in sample preparation, degradation as well as background
and sample acquisition. In any case, the difference in the real part of
the refractive index obtained from both measurements is at most
around 1%, at the double fit spectral region, which is considerably
smaller than the values dispersion obtained when comparing
measurements from different laboratories®®.

5000 10
(001)
(a) (b)
4000 8
3 (002) a
g ©
83000 =8
2 (110) 8
c (210) S 4
3 2000 e
é o i:
1000 ’/._J s <
0
5 10 15 20 25 30 35 40 45 200 300 400 500 600 700
26 (degrees) Wavelength (nm)

Figure S3. (a) X-ray diffraction (XRD) and (b) ultraviolet-visible spectrophotometry
(UV-Vis) of the synthetized material.
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Figure S4. (a) Experimental data and (b) fitted curves for the OT and the PL spectra
respectively of an additional sample. (c) Real and (d) imaginary part comparation of!
and those extracted from the Fit of Fig 4 and pannels (a-b).

$10. Photocarrier and Thermo-optical effects

As it is mentioned in the methods, two different light sources are
employed, a blue light for acquiring the PL signal and a white source
for characterizing the transmittance. As a result, one is set inside the
absortion spectral region and the other covers mostly the transparent
one respectively. One can think that the excited photocarriers,
radiative recombination and sample temperature are different for the
PL and OT experiments. This could lead to a differences in the
refractive index because of excited-carrier dispersion and thermo-
optical effects. Although the employed power regimes could be
considered so low for observing such effects the sample acts as a
resonant cavity (with an enhancement lightmatter interaction) and the
material could show a giant thermooptical coefficient (as another
hybrid perovskite, MAPbCI3!%13). Therefore it is not possible to fully
discard refractive index deviations between PL and OT experiments. In
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order to characterize this possible discrepancy, an additional
parameter has been added to the fitting process. In particular, this new
term registers the spectral deviation between curves. This results in
around 0.03 nm that is below the monochromator resolution. As a
result, possible refractive index discrepancies between OT and PL
characterization could be considered as neglegible.
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Abstract

High refractive index nanowires are very attractive because of
their waveguiding properties and their multiple applications. In this
sense, metal halide Perovskites, an emerging and appealing
optoelectronic material, have also been tailored in nanowires
structure. Here we present an easy, low-cost and versatile method
that has allowed to achieve nanowires of controlled and uniform
width. The method has been applied here to all-inorganic and hybrid
lead bromide Perovskite (CsPbBrs; and CHsNHsPbBrs respectively)
materials. The procedure is based on the spin coating of precursors
solutions, at room temperature, on PDMS replica of the periodic
grooves and lands of commercially available Compact Disc (CD) or
Digital Versatil Disc (DVD) polycarbonate plates. The method can be
applied for the synthesis of others material nanowires before being
transferred onto other substrates. The obtained CsPbBr; and
CHsNHsPbBrs nanowires exhibit high photoluminescence and guiding
light properties along the material.

1. INTRODUCTION

Nanowire-like nanostructured semiconductors have raised a great
interest since they were discovered, two decades ago, as they exhibit
unique electrical, and optical properties, making them suitable for
applications in optoelectronics, photonic devices or energy
generation®?, Particularly, high refractive index nanowires can be used
for confining and guiding light at the nano and micro-scale. That is the
reason why they have become elements of paramount importance in
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photonics, where a technological revolution is expected to happen,
similarly to microelectronics in the past century. So far, different base
materials have been used to develop nanowires, namely II-VI (ZnO), llI-
V (GaAs, InP, InSb, GaN, etc)?, IV (Si, Ge)*>® semiconductors, and more
recently metal Halide Perovskites could be shaped in nanowire
structures.®” That was a very important achievement because metal
halide Perovskites (AMX;) have emerged as an appealing
optoelectronic material®, with a high photoluminescence efficiency®?®3,
high optical absorption!4, low charge carrier recombination coupled
with high hole and electron mobilityl5 that make them very suitable
for many optoelectronic applications16 such as solar cells devices'’-?,
light emitting diodes!®?®22 and optically pumped lasers®2?123-25,
Moreover, they can be easily synthetized by low-temperature solution
processing and the band gap can be tuned through halide substitution
or halide mixtures® and also by the divalent metal cation
replacement.?” However, in any case, and particularly for Perovskites
materials, the shape of the nanowires somehow follows crystalline
directions of growth, thus producing nanowires of a given dimension
with triangular, or square like shaped cross sections, far from the
cylindrical shape of conventional optical fibers. These geometrical
parameters play a key role because they determine how light
propagates through the nanowire: the losses, and the interaction of
light with the nanowire itself and with the surrounding material.
Therefore, in spite of the remarkable results obtained so far through
chemical vapor deposition?®37 or via solution phase synthesis?* 351 it
is very important to explore new routes that allow tuning the shape
and dimensions of 1D Perovskite structures. In this way, recently
MAPbX; nanowires arrays have been grown using PDMS rectangular
groove templates obtained from replication of silicon masters
previously prepared by photolithography®2. Herein, we propose, a
simple and low-cost method to obtain metal halide Perovskite
nanowires based on the confinement of precursor solutions in
submicrometer size grooves imprinted on the polycarbonate (PC)
sheet of commercial recordable DVD or CD plates. Such method of
preparation not only allows to obtain nanowires with homogeneous
width and shape but also to choose between several width dimensions
depending of the employed template. Indeed, as described below,
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DVD and CD structures can provide plates of different grooves size and
distribution.

2. RESULTS AND DISCUSSION

Recordable DVDs are made of two PC plates patterned with a
spiral distribution of grooves and lands, the top one presenting the
complementary geometry of the bottom one (See Fig. S1 ESIt). Due to
the incompatibility of PC with most of the employed solvents for the
synthesis of Perovskites, here, this kind of support cannot be used
directly as template. Therefore, patterned Polydimethylsiloxane
(PDMS) substrates were prepared via molding procedure of the lands
and grooves array of DVD or CD polycarbonate masters. Fig. 1 shows
an illustrative general scheme of the preparation and the features of
the PDMS templates. The procedure to achieve the corrugated PC
substrates is described in the experimental section. The PDMS replica
were prepared by pouring the pre-polymer liquid (Sylgard 184 Silicone
Elastomer Kit) over the PC plates, and then letting it cure at 60°C. After
mechanically peeling it off from the master, the negative PDMS mold
of CD or DVD was obtained (Fig. S2, ESIt). In order to enhance the
wettability of the PDMS substrate surface, O; plasma treatment was
used before the next step. Then, precursor solutions of metal halide
Perovskite were drop-casted and spin-coated on the patterned PDMS
substrates previously hydrophilized. With an adequate spin speed and
time, upon solvent evaporation, nanowires are formed into the
grooves of the template. Fig. 2 summarizes the different stages of the
procedure. Hence, it can be seen that is a quite low cost and a versatile
method that could be used for the preparation of nanowires of any
other material from precursors solutions. We have applied this
method for synthesizing both hybrid and all-inorganic lead halide
perovskite nanowires. The first one, with the general structure
MAPbX; (MA= Methylammonium, X= Cl, Br, I) has been largely studied
and their efficiency proved.’®*® Although some halide derivative
seems to show higher stability, a drawback of organic-inorganic halide
Perovskites is both, their sensitivity to moisture and 0,°**° as well as
their thermal instability>®>’. Theses disadvantages could be mitigated
by the employ of all-inorganic lead halide Perovskites. In this sense,
Cesium based lead halide Perovskites seem to combine performance
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and stability®®®° and moreover they tend to show a high defect

tolerance.®! Here, CsPbBrs Perovskite nanowires were synthesized
starting from a stoichiometric mixture of dissolution of precursors,
CsBr and PbBr;, in Dimethyl Sulfoxide (DMSO).

DVD-like PDMS 500 nm 240 nm
PDMS
e — FDMS ey — [
——> ... CDIDVD master._ |
CD/DVD polycarbonate ~ Casting Removal of
substrate PDMS replica , e,
from CD/DVD —
master
3 ‘ 1 .\v\ sur CD-like PDMS oo
urface
Hydrophilized PDMS -— FDMS template
Hydrophilization
0, plasma treatment yerop 100 o
on PDMS surface

Figure 1. Schematic illustration of the preparation and features of the PDMS template.

MAPDBr; or CsPbBr, lq
i e 4
precursors solution S -

Total solvent
T removal in an
oven at 50°C

Spin
e
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/

Patterned Hydrophilic PDMS MAPDBTr; or CsPbBr;
nanowires

Figure 2. Preparation procedure of MAPbBr; and CsPbBr; nanowires into the grooves
of hydrophilized PDMS templates obtained by replication of CD o DVD profiles.

Concerning Methylammonium Lead tribromide (MAPbBr3)
nanowires, dissolutions of CHsNH.Br and PbBr, in DMF were
employed. A drop of the precursors solution was deposited onto a
patterned PDMS stamp (1 cm?), previously hydrophilized by O, plasma
treatment. Then the stamp was spin-coated until solvent evaporation
and formation of an orange/yellowish material occurred. Finally, the
samples were kept at 50°C overnight for a complete removal of any
rest of solvent. For the sake of clarity, only results concerning CsPbBr;
material will be shown here (for MAPbBrs; nanowires see supporting
information). As it can be seen in the optical and electronic microscopy
images in Fig. 3, the growth of CsPbBr; nanowires takes place into the
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well-aligned periodic grooves of the PDMS substrates, which
correspond to DVD and CD replica patterns.

Precursors solutions fill the grooves of the templates resulting in
shape-controlled nanowires upon solvent evaporation. Therefore, the
widths are uniform, with values, in the examples shown in fig. 3, of 500
nm and 930 nm for DVD-like and CD-like PDMS templates respectively.
Nanowires of several dozen microns of length could be achieved. The
cross section area of the obtained nanowires is uniform and it is
determined by the size and shape of the patterned grooves in the
PDMS template. Fig. 3d and Fig. 3e show Field-Emission Scanning
Electronic Microscopy (FESEM) images of a transversal cut of a CsPbBr3;
nanowires sample realized by FIB (focused ion beam) milling after
sputtered Au or/and Pt coatings to reduce samples charging and beam
damage. It can be seen that the material has been conformed to the
groove of the template by the spin process to form polycrystalline
CsPbBr; nanowires. A similar behavior is observed for MAPbBr3
material in Fig. S3 (ESIT). Therefore, nanowires features could be tuned
by changing the template (and the master) characteristics as well as
the precursor solution employed.

The X-ray diffraction (XRD) pattern of the CsPbBrs; nanowires (Fig.
3c) shows 2 strong diffraction peaks with maximum at 2 theta angles
of 15.46° and 31°, that match respectively to the (110) and (220) lattice
planes of an orthorhombic Perovskite structure obtained at room
temperature.®®
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Figure 3. Polycrystalline CsPbBrs nanowires characteristics. Optical images of CsPbBr;
Perovskite nanowires obtained on (a) DVD and (b) CD replica PDMS substrates. (c) XRD
pattern of CsPbBr3; nanowires and of a CsPbBr; film structure. (d) FESEM image of a
lateral view of a sample of CsPbBr; nanowires (obtained on PDMS replica of DVD
structure) cut by FIB milling perpendicularly to the surface and coated with sputtered
gold. (e) FESEM image of the cross section of a CsPbBrs nanowire grown on PDMS
replica of CD structure (Sputtered Pt coating was used to cover the sample before the
FIB milling).

In order to confirm the feasibility of the synthesized material to
yield photoluminescence (PL) and see if the emitted signal could be
guided along the 1D structures, we performed confocal PL
spectroscopy on single nanowires and varied the distance between the
collection and the excitation points. Specifically, the collection point
was fixed at one end of the nanowire so as to acquire the scattered
light at that position, while the excitation point was shifted along it.
Collection and excitation could be accomplished by using 20 x 0.4 NA
objectives in both cases, mounted in forward configuration (Fig. S4
(ESIT)). They allow focusing and collecting light in areas of about 1 or
2 micrometers in diameter. As excitation source we used light of a 405
nm laser, with varying powers around 0.1 mW.

Fig. 4a, 4b, 4c, and 4d show optical microscopy images, recorded
by the camera of the set up of Fig. S4 (ESIt), of two neighboring
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isolated CsPbBr; nanowires supported on a PDMS replica of a DVD
profile substrate (Fig. 3a). For the sake of simplifying the experimental
procedure, we chose for the Photoluminescence (PL) measurements
the shortest one, which is about 12 um in length (see the color optical
image at the top right of the fig. 4). The images correspond to different
collection-excitation distances (de.c), which have been indicated under
each picture. The white spots on the nanowire correspond to PL signals
produced by the excitation laser. The intensities between the images
are not comparable due to both camera autofocus and laser intensity
adjustment. The bottom end of the nanowire corresponds to the
collection point. Therefore, at dec = 0 um (Fig. 4 a), only one spot
appears at that point. The other images, corresponding to de.c values
different from zero (Fig. 4 b, c, d) show two spots, one coming from
the direct excitation of laser upwards and another one, which is less
intense, at the collection point. We associated the last signal to that
light which is emitted at the excitation point where the laser is focused
and travels towards the end of the nanowire, where it is scattered in
all directions. Of course, light should travel to the other end of the
nanowire as well, but it could not be always recorded by the camera,
particularly for long distances from the excitation point. Fig. 4 shows
as well the PL spectral evolution (blue, green, black and cyan curves)
as a function of the collection-excitation distance (de-c).

In general, the intensity of light at the collection point decreases
as dec increases as previously reported in others studies36264,
Therefore, we adjusted the integration time of the detector and the
power of the excitation laser so as to achieve a reliable detection and
to obtain a qualitative optical behavior of the material. For this reason
and for the sake of comparison, we have normalized all the spectra. At
dec=0 (curve ‘@’, blue line), a Gaussian like peak with some asymmetry
appears with its maximum centered at about 513 nm. As the excitation
beam moves away from the collection point, this shape changes
substantially. The spectra broaden and new features appear at longer
wavelengths. We decomposed each spectrum into two peaks and
associated them to two distinct effects by means of a fitting procedure
(red dashed curves). Firstly, spectrum ‘a’ represents the direct-
emission of a small portion of the material. The fit of this peak was
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achieved by using the model described in ref. 65, and assuming a
thickness of 106 nm that corresponds to the nanowire height. This
permits to obtain the bulk extinction coefficient of the synthetized
material. We call this peak as PO. Secondly, the other spectra (b, c, d)
include the incoherent addition of PO with some attenuation
coefficient and another peak, P1 from now on, centered at longer
wavelengths. We hypothesize that P1 arises from the guiding
phenomenon of light from the excitation to the collection spot. This
peak is red-shifted in comparison to PO because the absorption
coefficient is higher for shorter wavelengths within the PL emission of
the material. P1 was fitted to the model mentioned above taking into
account the dec value for each case. The obtained extinction
coefficient from this fit takes, however, a lower effective value than
that of the bulk one, regardless of de.c and wavelength. We attributed
this effect to the guiding mode field profile that probably forces the
light to travel partially outside the nanowire core. It can be seen in
figure 4 how the fitted spectrum “c” for example can be decomposed
into two spectra, PO and P1.

Finally, we would like to discuss about the presence of PO at de.c’s
different from zero. Pazos-Outén et al.e* argued in a similar experiment
that this kind of effect comes from a photon absorption-reemission
phenomenon. However, we think that because the acquired signal is
very weak, other effects such as a spurious acquisition of unguided PL
from unwanted reflections or spurious excitation by the tail of the
laser spot should not be disregarded. In any case, PO almost disappears
for de.c > 12 um. Wider CsPbBrs nanowires (Fig. 3b and 3e), obtained
by using the CD replica as template (Fig. 1, below right) yielded similar
results to those of their narrower counterparts (Fig. S5, ESIT).
However, the peak PO, that corresponds to the PL at de.c =0 is centered
in this case at about a slightly longer wavelength, A=525 nm, in spite of
being the same material.
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Figure 4. a, b, ¢, and d: optical images recorded by the camera of the set up described
in Fig. S4 (ESIT) of two neighboring isolated CsPbBr3 Perovskite nanowires obtained
into a groove of a DVD based PDMS substrate. The chosen nanowire for PL
experiments is indicated by a black arrow in the optical microscopy image at the top
right of the figure (scale bar: 10 um). The white spots on the images (a, b, c, d)
correspond to PL signals produced by the excitation laser for several distances, de.c,
specified under each image, between excitation and collection (bottom end of the
nanowire) points. The intensities between the images are not comparable because
they were recorded with different sensitivity conditions of the camera. Down Left of
the figure: The solid color curves correspond to the PL spectra measured for each de.c
case (same color and label as camera image frames), and the dashed red curves
correspond to fits according a theoretical model described in ref. 65. As an example,
the plot at the right side shows that the fitted spectrum “c” results from the overlap
of two peaks, PO and P1 (blue and red dashed curves), corresponding respectively to
the direct emission of the nanowire and the guided light emission from excitation to
collection area.

In fact, the origin of this red shift of the PO peak comes from a
higher thickness of the obtained nanowires and it is in accordance with
previous published results.34 Indeed, from the fit of the spectrum, the
thickness of the CsPbBrs; nanowires obtained on PDMS replica of CD
substrate is found to be 110 nm. In the same way, photoluminescence
of CsPbBr; and MAPDbBr; film samples is also red shifted in comparison
with the nanowires of about 100 nm of thickness. (see Fig. S6, ESIt).
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Similar optical studies have been realized on MAPbBr; Perovskite
nanowires and can be seen in supporting information file. (Fig. S7
(ESIT)).

Preliminarily test to transfer nanowires onto other substrates have
been performed. Fig. S8 (ESIt) shows an optical image of MAPbBr;
nanowires on ITO glass substrate.

3. EXPERIMENTAL SECTION

DVD and CD polycarbonate substrates. Recordable DVDs are
composed of two plates of polycarbonate that were mechanically
separated. The bottom one PC sheet is patterned with a spiral periodic
distribution of grooves (see Fig S1 of the ESIT) coated with a
photosensible dye (where the data can be recorded by a laser beam)
and a metallic film. The later one was peeled off by means of an
adhesive tape. Then a mixture of water:ethanol (1:1, v/v) was
employed to remove the dye coating as described in a previously
work66 The top plate of the DVD presents the complementary profile
of the bottom one, providing therefore a Polycarbonate template with
wider grooves with less separation between them.

The CD structure is only composed of one plate of polycarbonate
patterned with grooves periodically separated (Fig. S2, ESIT) also
coated with a dye and a reflective layer that were removed through
similar method than the one used for DVD and described above.

PDMS replica molding. Sylgard 184 elastomer kit prepolymer was
mixed with the curing agent (10:1 ratio) and degassed under vacuum
until removing all air bubbles. The PDMS mixture was then poured on
top of the CD or DVD polycarbonate substrates placed in a glass Petri
dish. After a curing process of 2h at 60°C, PDMS layer was mechanically
peeled off from the PC plate.

CsPbBr; and MAPbBr; precursors solutions preparation. CsBr,
MABr, PbBr,, the solvents Dimethylformamide (DMF) and
Dimethylsulfoxide (DMSO) were obtained from Sigma-Aldrich. CsPbBr;
precursors solution was prepared by dissolving a stoichiometric
mixture of 0.45M CsBr and 0.45M PbBr; in DMSO prepared at 50°C.
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For MAPDbBr3 precursors solution, 1M MABr and 1M PbBr; in DMF was
employed and mixed in a 1:1 ratio.®’

CsPbBr; and MAPbBr; precursors solutions preparation. CsBr,
MABr, PbBr,, the solvents Dimethylformamide (DMF) and
Dimethylsulfoxide (DMSO) were obtained from Sigma-Aldrich.
CsPbBr3 precursors solution was prepared by dissolving a
stoichiometric mixture of 0.45M CsBr and 0.45M PbBr; in DMSO
prepared at 50°C. For MAPbBr; precursors solution, 1M MABr and 1M
PbBr, in DMF was employed and mixed in a 1:1 ratio.®’

Spin-coating experiments. They were realized on an Ossila spin
coater system. Speeds of 2000 rpm (rotation per minute) and of 3000
rpm were used for MAPbBr; and CsPbBr; respectively.

Optical and Electronic microscopy. Optical images were taken by
a Nikon Eclipse LV100 microscope. Field emission scanning electron
microscopy (FESEM) images were obtained on a Carl Zeiss Ultra 55
instrument and the Focused lon Beam (FIB) milling experiments were
performed on a Carl Zeiss AURIGA compact FIB-FESEM workstation.

X-ray Diffraction. X-ray diffraction patterns were recorded on a
Bruker D8 Advance A25 X-ray diffractometer operating at 45kV and 80
mA Cu Ka radiation (A= 1.5406A) equipped with a LYNXEYE XE 1-D
detector

Photoluminescence measurements. The optical set-up scheme is
represented in the Fig. S4 of the supporting information file (ESIT). A
more detailed description of the components of the home built set-up
can be found in the reference 68.

CONCLUSIONS

In conclusion, here we have shown a simple solution-based and
low cost method of fabrication of nanowires with controlled and
uniform size at room temperature. The process includes PDMS replica
of DVD and CD profiles as substrates and it produces an array of
aligned nanowires with a define width. We have applied this method
to obtain all-inorganic lead halide CsPbBrs; and hybrid MAPbBr;
Perovskite nanowires starting from precursors solutions. However,
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such procedure can be employed to achieve other material nanowires
that can also be transferred to other suitable substrates.

The optical studies of all inorganic and hybrid lead Perovskite
nanowires show the typical PL signal for these materials. Moreover, it
can be excited at any point of the nanowire and guided along it
towards its ends. Transport of light has been observed along the
material for more than 12 um. Experimental results are supported by
theoretical simulation.
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S1. Field emission scanning electron microscope (FESEM) images of
DVD polycarbonate substrates and PDMS replica.
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Figue S1. Images taken with a Field emission scanning electron microscope of (a) and
(b): a polycarbonate bottom plate of a DVD; (C) and (d) PDMS replica of a
polycarbonate bottom plate of a DVD.

S2. Field emission scanning electron microscope (FESEM) images of CD
polycarbonate substrates and PDMS replica.
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Figure S2. SEM images of (a) and (b): a polycarbonate bottom plate of a CD; (C) and
(d) PDMS replica of a polycarbonate plate of a CD.
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S3. MAPbBr3; nanowires characterization.

In the case of MAPbBrs; nanowires, XRD measurements also reveal
a crystalline structure with the characteristic peaks of a cubic structure
1S. However, MAPbBr; nanowires seems to crystalize preferentially in
the (001) direction compared to a film structured material (Fig. S3 (c)).
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Figure S3. Polycrystalline MAPbBr; nanowires characteristics. (a) and (b) optical and
FESEM images respectively of MAPbBr3; nanowires obtained on PDMS replica of DVD
structure. Inset: image of perpendicular cut by FIB milling (scale bar: 100 nm) (c) XRD
patterns of MAPbBr; nanowires and of MAPbBrs film structure. (d) FESEM image of
MAPDbBr; synthesized on PDMS template replica of a CD substrate. (e) FESEM image of
a transversal cut of a MAPbBr3; nanowire (grown on CD-like PDMS template) by FIB
milling (Sputtered Pt coating was used to cover the sample before the milling).
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S4. Experimental optical set-up.

Beam Collection Excitation
Splitter objective objective

Spectrometer

Beam

Expander Iris
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Perovskite shift
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€ ——
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Figure S4. Home made experimental optical setup employed for the study of
photoluminescence properties and the light transport phenomenon in single
Perovskite nanowires. While the collection objective is focused at one end of the
nanowire, the position of the excitation objective is shifted along it.

S5. CsPbBr; nanowires grown on PDMS CD-like substrate.
Photoluminescence evolution along the nanowires as function of
distance between excitation and collection point.
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Figure S5. Same as Fig. 4 but for CsPbBr; Perovskite nanowires prepared over a PDMS
substrate with CD replica features. Top left: color optical microscope image of 2
isolated CsPbBr3; nanowires. The black arrow indicates the chosen nanowire for PL
experiments. Images a, b, ¢, and d show the nanowire with the spot of the excitation
light (white spot) for each de.c distance.
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Below left: Photoluminescence spectrum for each de.c distance (blue: 0 um; light
green: 5.8 um; black: 7 um; cyan: 10.5 um; green: 14.5 um). The Blue line indicates
the position of the peak of the primary emission of the PL. Black arrow on the PL
spectra shows the shift of the maximum peak of PL that can be seen more easily on
the zoom out of the figure (below right) The red fringe indicate the PL maximum.

S6. Photoluminescence spectra of CsPbBr; and MAPbBr3 films
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£
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Figure S6. Photoluminescence spectra recorded on a CsPbBrs (green line) and
MAPDbBTr; (black line) film. The maximum peaks are centered respectively at 530 nm

and 546 nm for CsPbBr3 and MAPbBrs.

S7. Optical properties of MAPbBr; nanowires
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Figure S7. Photoluminescence evolution as increasing collection-excitation distance
(labels 1 to 8) for MAPbBr; nanowire obtained into the groove of a PDMS replica of
DVD substrate. The white spots represent the PL induced by a 405 nm laser excitation.

S$8. Optical images of transferred MAPbBr; nanowires onto ITO
substrate

Figure S8. MAPbBr; nanowires grown on DVD-like PDMS template transferred onto
ITO substrate via gel-pack film. Scale bar: 10um
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Abstract

Films or powders of hybrid methylammonium copper halide
perovskite exhibit photocatalytic activity for overall water splitting in
the vapor phase in the absence of any sacrificial agent, resulting in the
generation of H, and O,, reaching a maximum production rate of 6
umol H, x g cat™*h™* efficiency. The photocatalytic activity depends on
the composition, degreasing all inorganic Cs,CuCl,Br; perovskite and
other CI/Br proportions in the methylammonium hybrids. XRD
indicates that MA,CuCl;Br; is stable under irradiation conditions in
agreement with the linear H, production with the irradiation time.
Similar to copper analogue, hybrid methylammonium lead halide
perovskites also promote the overall photocatalytic water splitting,
but with four times less efficiency than the Cu analogues. The present
results show that, although moisture is strongly detrimental to the
photovoltaic applications of hybrid perovskites, it is still possible to use
these materials as photocatalysts for processes requiring moisture due
to the lack of relevance in the photocatalytic processes of interparticle
charge migration.
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1. INTRODUCTION

Hybrid organic inorganic perovskites are attracting currently
considerable attention due to their performance in photovoltaic
devices, where efficiencies above 23%! have been achieved in a very
short time compared to the slower progress that has characterized the
efficiency increase evolution in dye sensitised solar cells>®. Hybrid
perovskites offer a large flexibility for tuning their optoelectronic and
other properties including absorption spectrum, bandgap, and band
level energy by controlling their composition, average particle size,
and film preparation process®*2. The high coefficient of visible light
absorption characteristic of hybrid perovskites, together with their
efficient charge separation and charge carrier mobility, are among the
main features responsible for the performance of this type of
materials in photovoltaic cells'*!*,

These fundamental photochemical processes are also common in
many other applications beyond solar cells®®. Specifically in
photocatalysis, the energy of the photons is frequently converted into
a charge separation state that is able to promote the oxidation and
reduction of substrates by holes and electrons, respectively®®.

In spite the fact that inorganic perovskites, such as those
containing Ti and Ta, are among the most efficient photocatalysts for
hydrogen generation from water by solar light and the large current
interest in hybrid perovskites, there have been no reports of the use
of hybrid perovskites as photocatalyst for overall water splitting®2L.
The main reason for this lack of studies of the use of hybrid perovskites
as photocatalysts for hydrogen generation is the well-known lack of
stability of hybrid perovskites in the presence of water, light and even
moisture?24. Although the negative influence of the humidity in the
performance of photovoltaic devices based on hybrid lead perovskites
is a well-known fact, there is still an incomplete understanding of the
reasons. One of the proposals is that moisture hydrates the external
surface of hybrid perovskite grains in the film, decreasing its electrical
conductivity by disfavouring interparticle electron migration®. In
other studies, it has been proposed that water reacts reversibly with
MAPbI; films through the initial formation of aqueous complexes that
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finally degrade the generation of Pbl,2°. Major studies have claim that
the degradation promoted by hydration lead to the release of CH3NH;
and HI as gases?’. In any case, according to the proposed degradation
mechanism, one water molecule could be sufficient to completely
degrade the MAPbI; film. Nevertheless, the degradation mechanism
of hybrid lead halide is still under debate and further studies to
understand the possible role of highly conductive Pbl; hydrate are still
attracting considerable attention?®,

In any case, even if the presence of moisture is strongly
detrimental for photovoltaic devices, there could be still a possibility
for efficient photocatalytic water splitting using hybrid metal halide if
the photocatalytic reaction is sufficiently fast under the experimental
conditions. In photocatalysis photogenerated electrons and holes do
no need to migrate from particle to particle up to the external
electrode because the reaction takes place just on the surface of each
semiconductor particle where moisture should be reactive?*?3%, The
main differences between the operation of a photovoltaic device and
a photocatalytic reaction that will make feasible water splitting are
summarized in Scheme 1. There are examples in the literature in which
photocurrents are not observed, while the material exhibits
photocatalytic activity3l. Therefore, there is still a chance for observing
highly efficient photocatalysis even though moisture plays a strong
detrimental effect in photovoltaic devices®2.

Photovoltaic device Photocatalytic reaction

* Adsorbed water increases ohmic resistance + Water adsorption is a prerequisite
* Interparticle electron migration should be * No interparticle electron migration is necessary
disfavoured by adsorbed water + Individual particles can perform the reaction

Scheme 1. Cartoon illustrating the main differences between the operation
mechanisms of a photovoltaic device and a photocatalytic system. These differences
can serve to rationalize why the detrimental effect of H,0 in solar cells could not
preclude the occurrence of an efficient photocatalytic reaction.
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Based on this consideration and aimed at providing information on
the photocatalytic activity of hybrid perovskites, in the present study
we report the photocatalytic activity for overall water splitting of lead-
free copper-based hybrid methylammonium halide perovskite. The
selection of this hybrid copper perovskite was made to avoid the use
of toxic metals such as lead that in the present case is replaced by an
Earth abundant first-row transition metal and also trying to study a
material whose photochemical properties are less influenced by
humidity, particularly when chloride is present in its composition33%,
The synthesis, structure, and energy levels of a series of MA;CuCIxBra.
hybrid perovskites (MA: methylammonium) have been recently
reported, including film preparation and photovoltaic activity of the
material®®. In the present study, we have selected MA,CuCl,Br, and
MA,CuClosBrss to determine their ability for photocatalytic overall
water splitting upon simulated sunlight irradiation in the gas phase of
films of these materials®®. A comparison with the photoresponse of
hybrid lead perovskite is also provided.

2. MATERIALS AND METHODS
2.1. Synthesis of MA,CuCl,Br,.« Perovskite Powders

Preparation of the hybrid perovskites was performed by
crystallization of a mixture of MACI and MABr in slight excess with
respect to a mixture of CuCl, and CuBr,, as previously reported in the
literature®®. Powders of these copper perovskites were prepared by
crystallization from ethanol solutions, employing 1.34 g of CuBr;
(copper bromide, 99% Sigma-Aldrich, Darmstadt, HE, Germany), and
0.972 g of MACI (methylammonium chloride, 99% Sigma-Aldrich,
Darmstadt, HE, Germany) for MA,CuCl,Br.

For the other mixed halide copper perovskites, the precursors
were mixed in 100 mL of EtOH, using 1.2 equiv. of organic precursor
with respect to a mixture of copper salts as previous reported in the
literature®®. Then, the solutions were stirred for 2 h at 60°C. Crystal
growth was carried out by keeping overnight the ethanolic solutions in
a freezer. The crystals were recovered by filtration, dried overnight at
60° C in a vacuum oven, and finally stored in glovebox.
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2.2. Films Fabrication

DMF solutions of MA,CuCl,Br; (2 M) were prepared by dissolving
powders of this perovskite at room temperature. After that, thin films
of catalyst were made depositing 25 pL of the DMF solution in a 2 x
2 cm? quartz square by drop casting and annealing on a hot plate at 70
°C for 1 h. After film preparation, the specimens were kept in a
glovebox.

2.3. Materials Characterization

XRD patterns of the powders and thin films were recorded on a
Philips (Amsterdam, Netherlands) X'PERT diffractometer that was
equipped with a proportional detector and a secondary graphite
monochromator. The data were collected step wise over the range 26
=2-20°, at steps of 0.02°, an accumulation time of 20 s/step, using the
Cu Ka radiation (A = 1.54178 A).

UV-Vis optical spectroscopy of the perovskite films was carried
out using a Cary 5G spectrophotometer (Santa Clara, CA, USA) and
CaS04 as reference.

Field-emission scanning electron microscopy (FESEM) images
were recorded with a Zeiss Ultra 55 field FESEM apparatus (Atlanta,
GA, USA).

2.4. Transient Absorption Spectroscopy (TAS)

Transient absorption experiments were recorded using a home-
built system as reported before®’. The samples were excited with a
Nd:YAD laser at 532 nm and 1 Hz repetition rate; <20 ns pulse duration.
The resulting photoinduced changes in optical density were monitored
by employing a 150 W Tungsten lamp, with 20 nm bandwidth
monochromators before and after sampling, a home-built
photodiode-based detection system, and a MDO-3034 Tecktronic
oscilloscope.

2.5. Photocatalytic Measurements

The photoreactor to evaluate the photocatalytic activity of hybrid
perovskites consists in a homemade stain steel body with a top quartz
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window with a truncated conical shape. The total capacity of the
photoreactor is 120 mL. The temperature and pressure inside the
photoreactor were measured by an internal thermocouple and a
manometer, respectively.

Supplementary Figure S1 shows a photograph of the photoreactor
used, indicating location of the thermocouple and the distribution of
the catalyst and the reagents inside the reactor. The photoreactor was
located 20 cm below the solar simulator collimated beam and the
maximum temperature of gas mixture was 40°C. Argon was introduced
into the reactor to avoid the presence of oxygen and 1 mL of water
was used as reagent. The water drops was placed in a separated
container of 10 mL to keep constant the ambient humidity. The
amount of photocatalyst was 10 mg. The evolution of hydrogen and
oxygen was determined by direct connection of the photoreactor to
an Agilent 490 Micro GC (Santa Clara, CA, USA) (Molsieve 5A column
with Ar as carrier gas). The light source was a 150 W lamp. Simulated
sunlight irradiations were carried out using a solar simulator (Sun 2000
ABET technologies 1000 W/m?) (Milford, CT, USA) equipped with an
AM 1.5G filter. Irradiation were performed in triplicate using samples
prepared independently, the maximum error of the measurement was
15%. Analysis of the possible presence of H,0, was carried out by
washing the photocatalyst and photoreactor with Milli-Q water and
proceeding with colorimetric test of H,0,. No evidence of the
formation of any H,0, was obtained (see Figure S2).

3. RESULTS AND DISCUSSION
3.1. Photocatalyst Characterization

The resulting powders were characterized by XRD (Figure 1) where
the diffraction peaks expected for the hybrid MA,CuX, perovskites
were recorded, agreeing with the data of the original article in which
the synthesis of these copper perovskites was reported?®.

Optical spectroscopy shows the CI" or Br to Cu electronic
transitions at Amax 300 and 400 nm reaching up to 600 nm
(MA,CuCl;Bry) or 680 nm (MA,CuClosBrss) in accordance with the
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literature®®. Intraband d-d electronic transitions on Cu®* ions were also
observed in the 700-1000 nm region as reported (Figure 2).

-

Intensity (a.u.)

Figure 1. X-ray patterns of as-synthesized hybrid copper perovskites powders: a)
MAZCuClzBrz and b) MAZCuCIO_r,Brg_r,.
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Figure 2. Diffuse reflectance UV-Vis absorption spectra (plotted on the Kubelka-Munk
function of the reflectance, F(R) of hybrid copper perovskite powders: a) MA,CuCl,Br;,
b) MAzcuclo_sBl’&s and C) CSzCUC'zBI’z.

The morphology of the hybrid copper perovskites and the particle
size can be determined by FESEM images. Figure 3 shows that the
hybrid copper perovskites are constituted by very large particles
between 40 and 100 um formed by stacking of platelets of 50-100 nm
thickness and much larger lateral area.
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Figure 3. FESEM images of MA,CuCl,Br,. Powder sample 4000x (a) and film sample
8000x (b).

As previously commented in the introduction, formation of aqua-
complex seems to be the first step in the water promoted degradation
of hybrid lead perovskite resulting in the deterioration of its
photovoltaics response* 2. To addresses the possible formation of an
aqua complex in the case of MA,CuCl;Br; the XPS spectra of the solid
in the absence of humidity and after exposure to H,O in a pre-chamber
of the instrument, immediately prior to record the spectra were
compared. XPS is a surface technique that proves the external source
of the film in contact with H,O and changes in the XPS Cu2ps;; peak
should report on the possible H,0 coordination to Cu?* or hydrolysis at
the methylammonium group by changes in the binding energy and
width of the peak. As shown in Supplementary Figures S3 and S4 a
perfect coincidence of the Cu2ps;; and N1s peaks were recorded for
the fresh and H,O exposed MA,CuCl,Br, samples, indicating that
formation of an aqua complex in where H,0 coordinates to Cu®*
replacing any of the halides coordinating to Cu?* or hydrolysis of
methyl ammonium does not occur in the presence of H,0, in spite of
detection of O1s peak in the case of H,0 exposed sample (see Figure
S5). These XPS measurements suggest that H,O physisorbed on the
surface of MA,CuCl,Br; without affecting the coordination sphere of
the Cu®* ions. These coincidence upon prolonged (three weeks
irradiation) also rules out that oxygen involved in the photocatalytic
water splitting is consumed in the decomposition of the photocatalyst.
Further details on the stability of MA,CuCl,Br, upon prolonged
exposure to moisture under photocatalytic conditions are provide
bellow.
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3.2. Photocatalytic Measurements

Photocatalytic experiments were carried out by illuminating with
a solar simulator (1000 W/m?) powders or films of the hybrid
perovskites at temperatures below 40°C in a sealed photoreactor
saturated with H,O vapor at atmospheric pressure that corresponds to
a relative humidity of 100% (dewpoint). Supplementary Figure S1
shows a photograph of the setup used in these experiments. Since
MA,CuCl,Br, dissolve in water, it is not possible perform the
photocatalytic water splitting by suspending MA,CuCl;Br; in water. In
contrast, it was found that exposure of MA,CuCl,Br; to H,O vapour was
sufficient to observe the photocatalytic reaction. In addition having
the solid catalyst deposited on a surface can allow it to continuous flow
photocatalytic experiments recirculating the gas phase. Hydrogen and
oxygen evolution was quantified by a microGC connected in line with
the photoreactor using a thermoconductivity detector and argon as
carrier gas. Under these conditions, evolution of hydrogen and oxygen
as a function of irradiation time was observed. Figure 4 shows a time
evolution plot for a representative experiment. The apparent
induction period for hydrogen evolution observed in Figure 4 is likely
be due to some absorption phenomena, detection limit, and filling of
the reactor volume.
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o

Figure 4. Temporal hydrogen (a) and oxygen (b) evolution upon simulated sunlight
irradiation (1000 mWcm™) of MA,CuCl,Br, films exposed to a H,O-satured
atmosphere at 1 atm and 40 °C.
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Control experiments in the absence of water vapor allowed
detecting only negligible amounts of hydrogen (less 1% of the
hydrogen measured when water vapors were present). Also oxygen
was undetectable under this condition in the absence of water
saturation. This control experiment indicates that water is needed to
observe the generation of hydrogen and oxygen. The temporal
evolution of hydrogen follows a linear relationship with time,
supporting the stability of the material as photocatalyst under the
irradiation conditions. A maximum amount of hydrogen of 340 umol x
g cat™ was achieved at 50 h irradiation time. Although the temporal
evolution of oxygen did not follow strictly the expected stoichiometry
for overall water splitting because initial and final irradiation times
were somewhat higher and lower, respectively, than expected, oxygen
amounts were quantified, and the generation of oxygen was clearly
measured. This lack of linearity of oxygen production and its apparent
constant concentration beyond 24 h can probably reflect a
consumption of some amount of photogenerated oxygen inside the
photoreactor. To asses or rule out the possibility of O, consummation
by formation of H,0,, analysis of the photocatalyst and photoreactor
aim at detection of peroxides with Ti = 0% was carried out. No
evidence of the presence of peroxides was obtained. Analysis of the
XPS Cu2ps,; peak of the MA,CuCl,Br; film after extensive irradiation in
the presence of moisture (3 weeks) this not allow to detect significant
variations in the binding energy and position of the peak respect to the
fresh sample (Supplementary Figure S3). XPS data on the surface
copper conclusively indicate that the photocatalyst is stable under the
reaction conditions.

Overall water splitting typically requires co-catalyst in order to
achieve measurable efficiencies. We speculated that in the present
case overall water splitting activity could be favour by some CuO
impurity acting as co-catalyst. Aim at clarify this issue we prepared an
additional film in which CuO nanoparticles were deposited at 1%
loading on MA,CuCl;Br, by impregnation by DMF. However, no
enhancement of the photocatalytic activity for this Cu modified film
was observed with respect to the MA,CuCl,Br; film lacking CuO
nanoparticles.
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The influence of the composition on the photocatalytic activity for
overall water splitting under simulated sun light irradiation was
addressed by performing analogous measurements using
MA,CuClosBrss as photocatalyst. As commented earlier, hybrid
perovskite based exclusively in bromide is known to be more
deliquescent than the mixed Cl/Br material. Therefore, the presence
of CI"should increase the stability of the photoresponse of the material
in the presence of moisture. The measurements indicate that
MA,CuClosBrss also exhibit photocatalytic activity for overall water
splitting in the absence of the sacrificial agents, but with an efficiency
about one half that of the MA,CuCl,Br, (Supplementary Figure S6).
Furthermore, prolonged irradiation time indicates some photocatalyst
deactivation for MA,CuClosBrss as shown by the decrease hydrogen
and oxygen production rate over the time.

For overall water splitting to occur, electrons in the conduction
band (CB) and holes in the valence band (VB) must have adequate
energy. Scheme S1 shows the reported potentials of VB maximum and
CB minimum for MA,CuCl,Br,. It is noted that according of these
reported values not oxygen generation should be possible for
MA,CuClyBr,, since it would require a potential about 5.4 eV3&%,
However several possibilities can be considered to rationalize why
oxygen evolves in the simulated sun light irradiation of MA;CuCl;Br; in
contact with H,O vapor. Thus, it has been reported that the Fermi level
(EF) and work function (WF) of a given material can shift as much as
0.6 eV depending on the structure and surface morphology of the
particles, exposure to the ambient and even the history of sample
preparation?’®, For this reason, we proceeded to measure
experimentally the VB energy maximum by XPS of our MA,CuCl,Br;
sample freshly and immediately after exposure to moisture in the XPS
prechamber. The results are presented in figure S7. The VB energy
maximum was determined by extrapolation of the lineal slope of the
peak intensity versus energy. As it can be seen in this figure, minor
variations towards higher energy of 0.1 eV were determined upon
moisture exposure from the initial 5.6 eV for the fresh sample.
However, the necessary vacuum requirement of XPS could make that
real value of VB maximum in the photocatalytic experiment could be
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even higher due to the higher H,O pressure. There are precedents in
the literature showing a shift in the VB energy depending on the
presence of water. Whatever the reason, generation of oxygen from
H,0 in the absence of sacrificial electron donors opens new avenues
for the development of visible light responsive photocatalyst based on
hybrid perovskites.

It is known that in overall water splitting, oxygen generation is the
rate determining step since it requires four holes for the formation of
each O, molecule®. Accordingly, a general practice to determine the
maximum hydrogen production rate is to perform photocatalytic
experiments also in the presence of sacrificial electron donors, amines
being among the preferred electron donors*2. In these experiments,
an excess of sacrificial agents is generally added in proportions as high
as 30% with respect to water®. Unfortunately, triethylamine in excess
produces the complete decomposition of MA,CuCl;Br; and this type of
experiments of photocatalytic hydrogen generation could not be done
under optimal conditions requiring an excess of amine as sacrificial
agent. Nevertheless, measurements of hydrogen evolution using
MA,CuCl,Br; as photocatalyst were done adding a minimal amount of
methylamine. It was observed that the rate of hydrogen generation at
4 h irradiation time increases by a factor of about two, from 3.85 to
8.85 umol Hy/g cat. when some amine is present. This influence of the
presence of methylamine lends further support to the general
assumption that also in the case of MA,CuCl;Br; the photocatalytic
activity for hydrogen generation is limited by the slower O, evolution.

As commented before, photocatalytic experiments were
performed using thin films of hybrid copper perovskite on quartz
substrate prepared by casting the solid photocatalyst suspended in
DMF 2M followed by slow evaporation of the solvent at 70 °C. An
alternative procedure consists in performing the photocatalytic
experiments with dry powders of the hybrid copper perovskite. Also,
under these conditions, the exposure of the powders in thin bed (10
mg) to UV-Vis light in the presence of water vapour allows for the
detection of the evolution of significant amounts of hydrogen and
oxygen (see Figure 4). However, in this case, due to the use of an
excess mass of the solid material with respect to the experiments in
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where thin films were used, much lower specific evolution rates were
measured. However, these experiments with dry powders
complement the previous XPS data on MA,CuCl,Br; films, confirming
the photochemical stability of the hybrid copper perovskite under
photocatalytic conditions upon exposure for extended irradiation
times. The use of powder MA,CuCl,Br, samples allows monitoring the
XRD pattern as a function of the irradiation time. Minor changes in the
XRD patterns of copper perovskite consisting in a broadening of the
peak width (FWHP from 0.26 to 0.42 of the 006 peak) and a decrease
of the 002 peak intensity (from 3 to 1 1002/1006) were observed. The
results are presented in Figure 5. These changes were reversible in
some degree and the same sample recover partially the intensity of
the 002 peak and the peaks became narrower upon standing the
material under the photocatalytic conditions without any treatment.
This reversibility of XRD pattern changes in the presence of moisture
have been reported for MAPbI; films and single crystals upon exposure
to moisture and purpose to be due to hydration of the hybrid lead
perovskite. Further experimental evidence support the stability of
MA,CuCl;Br, under prolonged photocatalytic experiments was
obtained by XPS (Supplementary Figure S3). Comparison of the high
resolution XPS Cu2ps,; peak of the fresh and hydrated material with
that after three weeks of continuous irradiation does not show any
difference and the peaks were coincident. All these data support the
stability of the material under the conditions where hydrogen and
oxygen are formed. The conclusions based in XRD was mainly
confirmed by XPS data of the sample after been used as photocatalyst
by analysing the Cu2ps;. peak. However, deconvolution of the
experimental XPS Cu2ps/; peak on the sample used of photocatalyst
suggest, although the peak is almost unchanged, the presence of a
minor component (about 20%) of a contribution of an additional
component (binding energy 530 eV) that could correspond to the
formation of a minor proportion of CuO on the outer moisture surface
of the photocatalyst.
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Figure 5. XRD patterns of MA,CuCl,Br, perovskite powders upon irradiation with a
solar simulator (1000 W/m?2): a) fresh sample, b) after 24 h, c) 48 h and d) three weeks
reaction. The relatively minor changes in the relative peak intensity and FWH peak are
due to unavailable variation in the packing of the solid and surface levelling when filing
the cell holder.

Besides hybrid copper perovskites and considering the large
diversity of hybrid perovskites that have been prepared for evaluation
in photovoltaic cells*, we also screened the photocatalytic activity of
some related hybrid perovskites. Specifically, to determine the role of
the organic MA* ion a full inorganic copper perovskite in where the
MA* was replaced by Cs* was also prepared and tested as
photocatalyst for overall H;0 splitting. It is well known in the state of
the art that the composition of perovskites exerts a large influence in
the optoelectronic properties as well as in the efficiency of light-to-
current conversion®. With these precedents in mind, it was expected
that the replacement of MA* by Cs* should result in a change in the
photocatalytic activity. The activity measured for Cs,CuCl;Br; in the
overall water splitting is provided in Table 1.
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Table 1. Hz production data at 24 h of reaction for different types of perovskites*.

Photocatalyst pumol Hy/gcat AQY? (%) TON°¢
MA,CuCl,Br, 141.21 0.7153(0.73)°  5.06 (12.05)°
MA,CuClg sBrs s 94.23 0.4773 4.00
Cs,CuCl,Br; 9.03 0.0457 0.51
MAPbBrl, 5.16 0.0261 0.30
MAPDCII, 2.89 0.0146 0.15
MAPbDI; 2.69 0.0136 0.17
MAPDCI3 2.54 0.0129 0.09
MAPbBr; 2.11 0.0107 0.10

*Reaction conditions: photocatalyst 10 mg powder and irradiation with a solar
simulator (1000 Wm™). aApparent Quantum Efficiency (AQY) calculated from the
equation: AQY = 2-number of produced hydrogen molecules/number of incident
photons. bApparent Quantum Efficiency for oxygen production. TON: turnover
number calculated at 24 h. “TON calculated at 52 h.

As shown in Table 1, although Cs,CuCl,Br, also exhibits
photocatalytic activity for overall water splitting in the absence of any
sacrificial agent, the activity determined for this material was
significantly smaller than that achieved using MA,CuCl,Br, that was
the best photocatalyst of the series (see Table 1). This lower activity of
Cs* perovskite with respect to that of MA* hybrid perovskite has also
been observed with regard to the photovoltaic efficiency in solar cell
devices and has been attributed to the combination of several factors,
the most important being the increase in the band gap of the Cs*
material and possible structural changes. As it can be seen in the Figure
2 also in the present case Cs,CuCl,Br; exhibits larger bandgap than the
analogous MA* hybrid perovskite, meaning that less photons in the
visible range are absorbed in Cs,CuCl;Br, compared to MA,CuCl,Br;
and this should result in lower photocatalytic activity. Concerning the
spectral photoresponses, it can be assumed that they will follow a
similar trend to the photocurrent performed for similar perovskites on
photovoltaic devices, where the main photoresponse is observed for
wavelengths shorter than 650 nm?3®,

Besides copper perovskites, it was of interest to determine the
possible photocatalytic efficiency of hybrid lead halide perovskites,
since these materials are the ones that exhibit the highest light-to-
current conversion efficiency in photovoltaic devices®®. Although the
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photocatalytic activity varied depending on the halide, being
particularly active the one having Br and |, their efficiency was lower
than those of copper perovskites.

To put the data shown in Table 1 in a broader context it should be
noted that the STH data refer to overall water splitting in the absence
of any noble metal co-catalyst. Values for other overall water splitting
co-catalyst under comparable conditions (solar light, absence of
sacrificial, absence of co-catalyst) give similar or lower STH values*#’,
It should also be noted that, considering the flexibility in the synthesis
of hybrid metal halide perovskites, other related perovskites could
even exhibit higher efficiency.

As mentioned in the introduction, hybrid lead perovskites are
influenced by the presence of moisture, but we have previously
commented that this negative influence with respect to the
photovoltaic efficiency due to the increase of the resistance of the
interparticle migration of charge carriers should not be necessarily
much detrimental for the photocatalytic activity. Interparticle charge
migration is not an elementary process occurring in photocatalysis.
Also the experimental conditions employed in the overall H,0 splitting
only expose hybrid perovskites to water vapor and not to liquid water.
Photocatalytic experiments using hybrid lead perovskite established
also for this material as film on glass substrates their ability to generate
hydrogen and oxygen upon irradiation with simulated solar light. The
efficiency of the photocatalytic process also depends on the
composition of the lead perovskite and among the materials tested,
the most efficient one was MAPbBrl, that was somewhat more
efficient than the other MA* lead perovskites tested, all of them
exhibiting very similar performance. It is proposed that the higher
activity of Br/I can derive from the band gap alignment in this material
with respect to the potentials required for hydrogen generation and
oxygen evolution and from its relatively narrow band gap (1.8 eV) that
allows absorption of more photons in the visible range®*%4¢, Other
compositions of perovskites either have the absorption onset shifted
towards the UV region or have too narrow bandgap to promote
efficient overall water splitting. In any case, it seems that the efficiency
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of lead halide perovskite is about four times lower than that presented
in Figure 4 for hybrid copper perovskite.

3.3. Transient Absorption Spectra of MA,CuCl,Br;

In order to gain some evidence in support of the photogeneration
of electrons and holes upon light absorption in MA,CuCl;Br;, a
transient absorption study using 532 nm as excitation wavelength was
carried out. The transient absorption spectra recorded for
MA,CuCl;Br; at 100 and 1000 us after laser excitation is presented in
Figure 6. As it can be seen there, at short time delays after the laser
pulse, the transient absorption consisted in two absorptions bands at
Amax about 640 and 850 nm. At longer time delays the transient
absorption at shorter wavelengths (A < 600 nm) increases and the
presence 640 nm band became less defined. This growth in the shorter
wavelength region of the spectrum is clearly observed monitoring the
transient signal at this region (inset of Figure 6). As it can be seen, the
temporal profile of the signal at 580 nm grows in the first 500 ps and
then becomes stationary during the longest time-window available in
our nanosecond laser systems (2000 us). It is proposed that this
growth kinetics in the first 500 ps corresponds to kinetics of
delocalization of electrons and holes within the MA,CuCl,Br..

To learn about the nature of these two absorption bands at 640
and 850 nm and the corresponding transient species, quenching
experiments by methanol (electron donor quencher) and oxygen
(electron acceptor quencher) were carried out. It was observed that
methanol quenches the signal at 640 nm while it does not affect to the
850 nm band. This behaviour indicates that the two bands should
correspond to two different species, the one at 640 nm corresponding
to species with character of positive holes quenchable by methanol as
electron donor, while this character of positive holes is not exhibited
by the 850 nm band. Oxygen quenching leads to the complete
disappearance of the transient signal in the submillisecond time scale
at any wavelength. Since the 650 nm band was attributed based on
methanol quenching to species with positive character, that in
principle should not be quenchable by oxygen, it is more likely that
besides oxygen as electron acceptor, it acts also as electron spin
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guencher, deactivating in the present case precursors of the charge
separated state with triplet character. Figure 7 shows representative
transient signals to summarize the results of the methanol and oxygen

guenching of the MA,CuCl,Br; photogenerated transients.

500 1000 1500 2000
Time (1)

660 760 B(I)O 9(IJO 1000
Wavelength (nm)

Figure 6. Transient spectra recorded at 100 (a) and 1000 ps (b) after 532 nm laser
excitation of a N, purged film of MA,CuCl,Br,. The inset shows the signal profiles

monitored at 580 nm (a) and 850 nm (b).
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Figure 7. Transient spectra recorded at 100 ps after 532 nm laser excitation of a N3
purged film of MA,CuCl,Br; (a) and after exposure to methanol (b) or oxygen (c).

After having addressed MA,CuCl,Br; stability to moisture and
proved that the transients detected in the ps time regime react with
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H,0, quenching studies of MA,CuCl,Br; film transients upon excitation
at 532 nm by H,0O-saturated N, were carried out. Figure 8 presents the
main changes in the signal temporal profile monitored at 640 and 850
nm due to the presence of water vapour. It should be noted that both
wavelengths undergo a clear quenching of the signal due to the
presence of H;0, in contrast with the previously commented results
for methanol that is exclusively a hole quencher. These temporal
profiles provide a sound evidence of the reactivity of the charge
separation state generated on MA,CuCl;Br, with H,O. However, it
should be noted that the presence of H,0O at longer exposure times
may cause a deterioration of the MA,CuCl;Br; film response, and for
this reason, H,O quenching experiments were performed exclusively
with fresh samples.
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Figure 8. A) Signal decay monitored at 640 nm before (a) and after water vapor
exposure (b). B) Signal decay monitored at 850 nm before (a) and after water vapor
exposure (b).

The previous results, and particularly the quenching of the 640 and
850 nm bands by H,0 suggest that these transient signals correspond
to a charge separation state and that water can quench both sites with
hole and electron character, this being compatible with the
observation of overall water splitting. Since Cortecchia et al. have
assigned the 532 nm absorption to the electronic transition from
Cl,Br_pm electrons to Cu_dx?_y?, it is proposed that holes are localized
at Cl,Br_pm orbitals and they should be responsible for the 640 nm
band. Electrons in the conduction band, on the other hand, will have a
predominant location in Cu orbitals compatible with the long

187



Capitulo 4

wavelength of the 850 nm band in the region typically assigned to Cu
electronic transitions. Scheme 2 illustrates our proposal.

y Band at 850 nm
quenchable by H,0
H,

A

4 Cu_d? 2 T +

1 caer A l +
S ¥ Y0,

Band at 650 nm
quenchable by
CH,0H and H,0

Energy
z
I
©

quenchable by O,

i: photoexcitation at 532 nm
ii spin flipping
iii: water oxidation/reduction

Scheme 2. Mechanistic proposal to rationalize the transient absorption spectroscopy
study in the photoexcitation of MA,CuCl,Br,.

CONCLUSIONS

In the present work, we have reported that hybrid perovskites
have photocatalytic properties for overall water splitting in the
absence of sacrificial agents under simulated solar light irradiation.
Among the series, the studied copper methylammonium halide
perovskites have been found to be the most efficient ones, reaching a
specific hydrogen generation for MA,CuCl,Br; of 6 umol of hydrogen
per gram of catalyst/h under optimal conditions in where thin films of
this hybrid copper perovskite are exposed to water vapour at
temperature about 40 °C .The material appears to be stable under
photocatalytic conditions according to XRD measurements that do not
revealed changes in the crystallinity of powdered materials and also
based on the linear temporal evolution of the hydrogen production.
This photocatalytic activity seems to be general also for other hybrid
perovskites, particularly those based on lead, although their efficiency
is lower than that determined for MA,CuCl;Br,. Considering the large
variety of hybrid perovskites that are currently being prepared for
their screening in photovoltaic devices, the present study opens the
way for their evaluation also as photocatalysts, taking advantage of
the narrow band gap and tunability of the optoelectronic properties
that these hybrid perovskites can offer. The main limitation appears to
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be stability under moisture, but this limitation can be overcome by
performing photocatalytic experiments in the gas phase.

Supplementary  Materials: The  following are available online at
www.mdpi.com/xxx/s1, Figure S1: Photocatalytic system, Figure S2: Colorimetric
titration by titanyl on MA,CuCl,Br,, Figures S3, S4 and S5: XPS analysis of MA,CuCl,Br,,
Figure S6: H, generation of hybrid lead halide perovskites, Scheme S1: Energy Level
positions, Figure S7: VB determination of MA,CuCl,Br,, Figure S8: Temporal evolution
of H, generation for MA,CuCl,Br, perovskite, Figure S9: Temporal evolution of H;
generation for MA,CuCl,Br; and MA,CuClosBrs s perovskites, Figure S10: Evolution of
the optical absorption spectrum of the MA,CuCl,Br; upon laser irradiation.
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SUPPORTING INFORMATION: Vapor-Phase Photocatalytic Overall
Water Splitting Using Hybrid Methylammonium Copper and Lead
Perovskites

Teresa Garcia®, Rocio Garcia-Aboal®, Josep Albero?, Pedro Atienzar®*
and Hermenegildo Garcia®*

2Instituto Universitario de Tecnologia Quimica CSIC-UPV, Universidad Politecnica de
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Figure S1. A) Home-made reactor employed for the photocatalytic activity
measurements of the hybrid perovskites. Note that liquid water, providing the vapour
for the photocatalytic reaction is in a separate container close to the hybrid metal
halide photocatalyst. B) Representation of the photocatalytic system during the
reaction process.
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Figure S2. Colorimetric titration by titanyl on MA,CuCl,Br, to determine the H,0;
formation.*2
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Figure S3. XPS analysis of MA,CuCl,Br, measured on a fresh sample, exposed to 1 hour
water atmosphere (quickly measured) and after 3 weeks reaction.
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Figure S4. XPS analysis on MA,CuCl,Br, of N1s binding energy measured in a fresh
sample (top), and after moisture exposure (bottomt).
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Figure S5. XPS analysis on MA,CuCl,Br; of O1s binding energy measured after moisture
exposure.
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Figure S6. H, generation upon UV-Vis irradiation of hybrid lead halide perovskites: a)
MAPbBrl;, b) MAPDCIl,, c) MAPbls, d) MAPbCI; and e) MAPbBr3 as function of time.

Reaction conditions: 10 mg of photocatalyst as thick bed and irradiation with a solar
simulator (1000 W/m?).
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Scheme S1. Energy Level position based on the UPS measurements of the reference

copper perovskite. ®Based on data reported in reference 36, “based in our XPS
measurements.
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Figure S7. VB determination by XPS analysis of fresh MA,CuCl,Br, (a) and after
moisture exposure (b).
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Figure S8. Temporal evolution of H, generation upon sunlight irradiation of H,O vapors
in the presence of hybrid copper halide perovskite MA,CuCl,Br,.
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Abstract

We report the effects of both, anion and cation in lead halide
perovskite-graphene hybrids applied to gas sensing. Ultra-fast sensors
able to work at room temperature are developed and studied to
elucidate the role in the gas sensing mechanisms of different ions in
perovskite nanocrystals decorating graphene.

1. INTRODUCTION

During the last decades, air pollution has been increasing its
noxious effects to our environment and human health. To tackle these
problems and help protect the environment and the population well-
being, ubiquitous and continuous monitoring of air pollutants is
needed. However, the development of a widespread air quality sensor
network would only be possible if reliable, low-cost and low-power
consumption sensing devices became available. Such new sensing
networks would complement the currently employed instrumental
techniques, like gas chromatography and mass spectroscopy, which
despite their accuracy and low detection limits, are bulky and
expensivel. Among the different technological alternatives,
chemiresistive sensors can be a suitable option thanks to their facile
fabrication and use. Most resistive gas sensors developed and
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commercialised to date employ metal-oxides (MOx) because they
show interesting properties such as fair stability and high sensitivity2.
However, MOx show important limitations that jeopardize their
usefulness for being integrated in autonomous gas sensing networks.
While the main drawback is their lack of selectivity, the fact they
require high operating temperatures, and thus, high-power
consumption is also an important barrier for their adoption®.

In the last years, graphene has attracted great research interest
for developing a new generation of low-power gas sensors. Ideally,
graphene possesses the highest surface area to volume ratio (in
atomically thin graphene all atoms are exposed to its chemical
environment), high carrier density and mobility (associated to low
noise)* and ability to show a chemiresistive behaviour at room
temperature®>. However, its pristine structure (sp?> carbon
configuration) exhibits chemical inertness, offering low gas sensitivity
and selectivity. For that reason, the functionalisation of graphene has
been envisaged. The most reported modification has been the
decoration of carbon nanomaterials with catalytic metal or metal
oxide nanoparticles®. This approach improves gas responsiveness and,
to some extent, helps tuning selectivity. However, this approach
involves raising the operating temperature of sensors above the
ambient for nanoparticles to play their electronic and chemical
sensitization roles. Conversely, other alternatives like plasma treating
of graphene (promotes defects and grafting of functional groups)
enable increasing responsiveness at room temperature but do not
ameliorate selectivity to a very high extent’. Sensitivity is largely
affected by how the graphene is prepared® (e.g. CVD growth,
exfoliation or others, ESIT)).

In the last few years, increasing research efforts have been
focused towards the development of gas sensors using perovskites.
Perovskites can be easily implemented in room-temperature
operating chemiresistive sensors via solution processing methods,
which make them very attractive for their low-cost and facile
synthesis. Additionally, perovskites show very interesting properties
from the gas sensing point of view, such as tuneable bandgap, large
adsorption coefficient and long carrier lifetimes®. Band gap tuning can

208



Sensor de gas

be accomplished by altering the perovskite structure ABXs; via
compositional substitution in the A, B, and/or X site. However,
perovskites present as important drawback their instability under
humid conditions®®, which has prevented their commercial application
so far. Recently, the dispersion of perovskite nanocrystals on graphene
has been shown very effective at protecting perovskites against the
effect of ambient moisture and thus, at preventing their long-term
degradation, thanks to the high hydrophobicity of graphene!l.
Therefore, the use of perovskite-loaded graphene holds promise for
achieving sensitive, selective, low-cost and low-power consumption
gas sensors.

Despite that a few reports are available on different perovskite
configurations for gas sensing, a study about the effects of changing
the perovskite composition on the resulting gas sensing properties is
still missing. What is more, there is a lack of results clearly showing if
changes in the cation (A) or the anion (X) in the ABXs; perovskite
structure have significant influence on gas sensing properties.

Therefore, in this paper we report the first comprehensive study
on the role played by different cations (A) and halide anions (X) on the
sensing properties towards volatile organic compounds (VOCs)
exhibited by lead halide perovskite nanocrystals loaded onto graphene
nanoflakes (Gf). Graphene flakes show a semi-metallic behaviour and
their properties can be tailored by functionalization. The Gf used here
are few-layer graphene flakes that show a small amount (less than
10%) of oxygen-containing groups, which confer enhanced hole
transport properties to this carbon nanomaterial via shifting the Fermi
level towards the valence band and increasing the work function (WF)
value?. In addition, low-oxygen Gf retain the high hydrophobic
characteristic of graphene, which has been shown to confer high
stability to the gas sensing properties of perovskite-graphene hybrids,
as mentioned above®'.

Thus, different perovskite nanocrystals (NCs) were synthesized
(Text S1, ESIt). In particular, several syntheses'*** were followed to
obtain NCs with three cations (methylammonium, MA (CHsNHs*);
formamidinium, FA ((NH,),CH*); caesium (Cs*)), and the effect of three
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halide anions (ClI, Br and I') was also studied. Nevertheless, the
perovskite with triiodide anion (MAPbl3) has been reported as a very
unstable NC, even at room temperature. The main reason for their fast
degradation is due to the change to Pbl, in the presence of ambient
moisture, resulting in a significant decrease in sensing performance?®.
For that reason, a mixture with bromide was prepared (MAPbBr;slos)
for better understanding about the role of iodine and easier
comparison with the MAPbBr; perovskite.

2. RESULTS AND DISCUSSION

For better comparing the performances of the different NCs and
for achieving suitable graphene decoration, the synthesis processes
were adapted to obtain perovskite NCs of 6 to 8 nanometres in size
(Fig. 1), for any of the configurations studied (Fig. S1 and Table S1,
ESIT). Additionally, XRD patterns (Fig. S2, ESIt) confirm the high
crystallinity obtained for the NCs synthesised. Finally, the different NCs
were used to obtain a quite homogeneous graphene decoration (Fig.
S3, ESIT).

(b)

Figure 1. Example of HRTEM image CsPbBrs (a) and MAPbCI; (b) NCs (more
details in Fig. S1, ESIt).

The resulting hybrid nanomaterials were deposited onto alumina
substrates with interdigitated electrodes that were connected to a gas
sensing mixture and delivery system (Text S2 and Fig. S4, ESIt).

The gas sensing devices were employed to detect aromatic VOCs
such as benzene and toluene. Monitoring aromatic VOCs is of interest
due to their dangerousness (e.g. benzene is carcinogenic), and their
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detection at trace levels in the environment is very relevant for the
petrochemical industry. Additionally, some VOCs constitute potential
biomarkers for the detection of diseases at an early stage. For
instance, the occurrence of some VOC concentration patterns in
exhaled breath have been associated to sub-clinical lung cancer?’.

Despite that room temperature operation usually involves weak
sensor baseline recovery due to the associated low desorption rate of
adsorbed gas molecules during the cleaning phases of cycled gas
exposures®®, here all measurements were run at room temperature.
There are two reasons for this. First, assessing sensor performance
under low-power consumption mode and second, to preserve
perovskite NCs against their degradation, thus greatly improving
sensor lifetime. Additionally, sensors were operated in a background
of air, under low flow rates and subject to short exposure and recovery
times in order to better match the operating conditions of a low cost
air quality monitor.

Graphene with different perovskite NCs structures were exposed
to continuous response and recovery cycles of 2, 4, 6 and 8 ppm of
benzene and toluene (Fig. S5, ESIT). Some examples of the electrical
responses registered upon the exposure to VOCs vapours are shown
in Figure 2 (see a zoom in Fig. S6, ESIt). Gas exposure was limited to 1
min and baseline recovery was limited to 5 min in dry air. Highly
reversible and reproducible responses were obtained (see also Table
S2), despite the saturation of sensor response was not reached. This
approach sacrifices response intensity but has the advantage of
enabling faster measurements. The saturated response and full
baseline recovery for a sensor are shown in Fig. S7 with a short
discussion on our measurement approach, ESIt. In fact, an additional
reproducibility analysis was performed (Fig. S8, ESIt) in order to
confirm these results. Moreover, ultrafast responses (few tens of
seconds) were achieved. It is well known that pristine graphene in a
chemiresistor configuration shows very weak and very slow response
to gas molecules’®. However, since the direct adsorption of gas
molecules onto graphene cannot be ruled out as responsible for the
response recorded in perovskite-loaded graphene, measurements
were also recorded with a bare graphene sensor. With the bare
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graphene sensor exposed to VOC cycles, it was impossible to
distinguish responses from the noise (Fig. S9, ESIt). Therefore, in
perovskite NC loaded graphene chemiresistors, the responses
obtained can be attributed to the effect of the different perovskite
NCs, which play the role of chemical receptors, while graphene plays
mainly the role of an efficient charge conductor, ensuring that the
charges generated upon the interaction between VOC molecules and
perovskite NCs reach the device electrodes.
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Figure 2. Examples of electrical responses to 2, 4, 6 and 8 ppm of benzene during 3
cycles by using MAPbBr3 (a) and MAPbCI; (b) perovskites.

Figure 3 shows the benzene calibration curves obtained for the
different cations (a) and halide anions (b) studied. Regarding the effect
of the cation, MA shows a clear enhancement in the responses (up to
3-fold) against FA and Cs and in sensitivity (slope of the calibration
curve). Meanwhile, the responses obtained by using different halide
anions reveal that Br- anions offer higher response and sensitivity than
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ClI" and I' anions. Equivalent behaviour was observed for toluene
vapours (Fig. S10, ESIt).

Aromatic molecules such as benzene and toluene can act as
electron donating groups because of their delocalised electrons. A
significant effect of the cations Cs, MA or FA in the graphene decorated
with perovskite NCs is clearly observed when they are exposed to
benzene and toluene. In fact, higher electrical responses to both gases
are registered when MA is present in the perovskite structure. These
superior electrical properties are derived from the energy level
positions (band structure) and concentration of trap defects. It is
interesting to compare the band structure for the three cation-
substituted perovskites with the expected WF of the Gf, according to
its oxygen content!? (Fig. 4a). In that sense, the MAPbBrs perovskite
shows the better energy-level alignment with the Gf material for hole
extraction, in comparison to the other two cation-substituted
perovskites (CsPbCls and FAPbCls). This probably explains the
enhanced electrical response recorded for MAPbBrs;. Nevertheless,
there are probably more reasons to explain this enhanced response.
For instance, the superficial trap density from the under-coordinated
Pb ions at the NC surface is one of the key processes in the interaction
with external molecules. Recently, it has been reported that aromatic
compounds can passivate the surface of NCs, thus modifying their
electrical/electronic properties?®. Therefore, it is postulated that
MAPbBr3; NCs have higher trap density than CsPbBrs; and FAPbBr; NCs.
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Figure 3. Calibration curves obtained for benzene detection using lead halide
perovskites with different cation (a) and anion (b).

In fact, this is supported by the reported photophysical properties
of perovskite nanocrystals with similar cation composition. Indeed,
CsPbBr; and FAPbBr; NCs show slightly higher photoluminescence
quantum yield than MAPbBr;%. Because it is well known that defects,
such as vacancies, act as carrier traps and, thereby, quench
photoluminescence?, it can be derived that MAPbBrs NCs contain
more defects. An increased number of defects rises the availability of
active sites for interacting with vapour molecules and increases the
electrical response.

The influence of the halide anion in the response to VOCs was also
studied. A series of lead halide perovskite NCs employing MA as cation
and having the compositions MAPbCl;, MAPbBr; and MAPbBr,;slos
were synthesised, loaded to Gf and tested. Once more, MAPbBr; led
to the best responses towards benzene and toluene vapours, in spite
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of the fact that the MAPbBr.slos perovskite shows a better energy-
level alighment with the Gf material for hole extraction (Fig. 4b).
Therefore, apart from having a suitable energy-level alignment for
hole extraction, or a higher number of superficial defects, another
reason could be intrinsically responsible for the better response
recorded for the perovskite that contains bromide in its structure. In
this regard, several studies have reported significant differences in
carrier mobility for electrons and holes as a function of the halide
anion used. For instance, while the iodine perovskite MAPbI; exhibits
an ambipolar behaviour with similar mobilities for electron and holes,
MAPbBr; exhibits a preferential unipolar behaviour with good p-type
conductivity?”?, As a result, the excess of positive charges generated
at the surface of the perovskite NCs upon their interaction with VOCs
is transferred more efficiently to Gf, due to the high hole mobility in
MAPbBr3; NCs. This translates into an enhanced gas sensing response
in comparison to the one of perovskites containing other halide
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Figure 4. Band structure diagram of the perovskite NCs with different cations (a2%??)
and anions (b?%23). MAPbBr;slos values have been estimated according to the

bibliography?324.

Therefore, based on the ionic—electronic properties of perovskite
NCs decorating Gf, it can be assumed that undercoordinated lead
atoms induce a net positive charge at the surface of the perovskite NCs
due to the halide vacancies. When aromatic compounds such as
benzene or toluene are in the environment acting as electron donating
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molecules, they passivate the halide vacancies in the perovskite and
reduce the total amount of positive charges in the nanomaterial,
increasing its resistivity. When exposed to clean air, an exchange of
charges at the interface occurs and this gives rise to an excess of free
charges in the nanomaterial, increasing its conductivity.

Despite the detailed explanation offered for the detection of gases
such as benzene and toluene, which have a dipole moment close to
zero. Additional phenomena could be involved in the detection of
other gases with different properties such as higher reactivity, binding
energy or amount of charge transfer, to cite some. Interestingly,
preliminary results for the detection of nitrogen dioxide (NO;) and
ammonia (NHs) by using the different lead halide perovskites studied
here reveal significant differences in sensitivity and selectivity. For
instance, graphene decorated with FAPbBr; NCs shows high response
towards NO,, which is an electron withdrawing gas (Fig. S11a, ESIT).
Meanwhile, no sensitivity was observed for NHs; (Fig. S11b, ESIT),
which corresponds to an electron donor. Moreover, graphene
decorated with MAPbCl; NCs shows higher response (2-fold) to NHs
than MAPbBTr; (Fig. S11c, ESIT). These results obtained with FA and CI
indicate that additional sensing mechanisms cannot be ruled out and
that more studies are needed to better understand these. However,
considering the lack of previous studies about the changes in gas
sensing properties derived from substituting cation and anion in lead
halide perovskites, these preliminary results constitute a great step
forward towards the development of selective gas sensors operating
at room temperature.

CONCLUSIONS

This paper shows for first time that the anion and cation in the
perovskite structure (ABXs3) have a significant effect on gas sensing
performance. In particular, gas sensors employing graphene
decorated with different perovskite configurations were successfully
employed to detect VOC vapours at ppm levels. The devices developed
achieve highly reproducible, reversible, sensitive and ultrafast
detection of VOCs at room temperature. The low noise levels in sensor
responses indicate that trace detection (at ppb levels) of VOCs would
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be possible. These results pave the way towards the development of
reliable, inexpensive, durable and low-power chemiresistive sensors
for an ubiquitous air monitoring. Furthermore, the approach proposed
has a high potential for greatly improving selectivity in a systematic
way, which has been a major challenge with gas sensors. Indeed, the
edition of a library of perovskite nanomaterials, via changing the
cation and/or anion in the ABX3 structure, realises the possibility of
tailoring gas response to a wide spectrum of specific targets.
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Text S1. Perovskite nanocrystal syntheses.

It is well-known that lead halide perovskites present the following
configuration: ABXs. Where B is the Pb*?, A corresponds to an organic
or inorganic cation, in our case we employed MA (CH3NHs*), FA
((NH2)2CH?*) and caesium (Cs*). Meanwhile, X3 represents the anion, in
our work we used ClI', Br and I. To obtain the different perovskite
nanocrystals, different synthesis routes were followed:

MAPbX; (where X = Br,, CI', I'): the synthesis of perovskite NCs
having MA cation was adapted from the method proposed by L.
Schmidt et al®. First, a common solution for the next step was
prepared, 85 mg of oleic acid (OA) were added to 2 mL of 1-octadene
(ODE). The solution was stirred and heated to 80°C. Afterwards, 33.5
mg of octylammonium bromide (OABr) were added.

Then, another specific solution was prepared for each perovskite
anion by using different precursors. In the case of MAPbBr;3
nanocrystals, 26.4 mg and 18.3 mg of methylammonium bromide
(MABr) and lead (Il) bromide (PbBr,) respectively, were dissolved in
200 pL of Dimethylformamide (DMF). Meanwhile, 3.37 mg and 13.9
mg of methylammonium chloride (MACI) and lead () chloride (PbCl,)
respectively, were dissolved in 200 pL of Dimethylsulfoxide (DMSO) to
form MAPbCIs. Lastly, to prepare the MAPbBr;slos nanocrystals, 2.7
mg, 3 mg and 185 mg of methylammonium iodine (MAI),
methylammonium bromide (MABr) and lead (Il) bromide (PbBr,)
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respectively, were added to 300 uL of DMF. The solutions were stirred
until complete dissolution.

Finally, each solution with the specific precursors was added to the
first reported solution. Then, the solutions were cooled to 60°C and 5
mL of acetone were added, inducing the immediate precipitation of
the different nanocrystals. In fact, a yellow, white and yellow-orange
precipitates were obtained for MAPbBr;, MAPbCl; and MAPbBr;slos
respectively. Then, the solutions were centrifugated at 6000 rpm for
10 minutes in order to extract the precipitates. Afterwards, the
precipitates were dispersed in Toluene.

CsPbBrs: for the synthesis of this type of nanocrystals was followed
the method proposed by L. Protesescu et al. To prepare the Cs-oleate,
a 3-neck flask was loaded with Cs>COs (814 mg), ODE (40 mL) and OA
(2.5 mL). Then, the solution was mixed under stirring and was heated
to 120°C for 1 hour. Afterwards, the temperature was increased up to
150°C under a nitrogen atmosphere to ensure the complete reaction
of Cs,COs with the oleic acid. Then, the solution was cooled to room
temperature, obtaining a precipitate of Cs-oleate.

Subsequently, another solution was prepared by mixing 69 mg of
PbBr; and 5 mL of ODE in a 3-neck flask. Continuously, the solution was
dried under vacuum at 120°C for 1 hour. Then, 0.5 mL of dried
oleylamine (OLA) and OA were injected meanwhile a nitrogen
atmosphere was created. After complete solubilization, the
temperature was raised to 140°C and Cs-oleate solution (0.4 mlL,
preheated to 100°C before injection) was quickly injected. Five
seconds later, the final solution was cooled down by using an ice-water
bath. Finally, 5 mL of Tert-butyl alcohol (tBuOH) was added to help the
complete NCs precipitation. After the centrifugation step reported in
the previous synthesis, the CsPbBr; NCs were redispersed in hexane.

FAPbBr;: NCs containing FA cation were prepared following the
method proposed by L. Protesescu et al®. First, FA-oleate precursor
was prepared, where a 3-neck flask was loaded with 521 mg of
formamidinium acetate (FA(CH3COO)) and 20 mL of OA in order to
prepare the FA-oleate. Then, similarly to the above synthesis, the
solution was heated to 120°C for 1 hour. Subsequently, the
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temperature was increased up to 130°C until the complete reaction.
Then, the FA-oleate was dried for 30 min at 50°C under vacuum and
finally cool to room temperature.

Then, other solution was prepared by mixing ODE (5 mL) and PbBr;
(69 mg) in a 3-neck flask. The solution was continuously dried under
vacuum for 1 hour at 120°C. Afterwards, 0.5 mL of OLA and 1 mL of OA
were injected at 120°C under nitrogen flow. After complete
solubilization of the PbBr; salt, the temperature was lowered to 100°C.
Then, 2.5 mL of FA-oleate solution was quickly injected and, 5 sec later,
the reaction mixture was cooled by using an ice-water bath. Finally, 10
mL of toluene and 5 mL of acetonitrile were added to help the
complete precipitation of NCs. Finally, the solution was centrifugated
and the FAPbBr; NCs were redispersed in hexane.

In order to clarify the different synthesis, a summary is added:

. Synthesis Solvent
Perovskite Precursors Solvent .
Reagents Stabilizer
85 mg OA
26.4 MAB 5 mL Acet
MAPbBr | rr:g PbBrr 2 mL ODE 2;]0 feD:/l"Fe Toluene
2 MEFBE2 1 33 5 mg 0ABr H
3.37 mg MACI 85MgOA | ¢ | Acetone
MAPBCl; =7 M8 2 mL ODE Toluene
13.9 mg PbCl, 200 pL DMSO
33.5 mg OABr
2.7 mg MAI 85 A
g mg O 5 mL Acetone
MAPDbBr; 5l 5 3 mg MABr 2 mL ODE Toluene
300 uL DMF
18.5 mg PbBr; 33.5 mg OABr
45 ml ODE
814 mg Cs,CO
CsPbBrs o mg szBr } 2.5mLOA 5 mL tBuOH Hexane
EFOE2 1 g5 mLOLA
521m 21 mL OA 10 mL Toluene
FAPbBr; & 5 mL ODE on Hexane
FA(CH5COO) 5 mL Acetonitrile
0.5 mLOLA

Text S2. Graphene decoration with perovskite NCs and gas sensing set-up.

Once the different perovskite NCs were synthesized, a graphene
solution in toluene or hexane (0.5 mg/mL) was prepared by using
graphene nanoflakes from Strem Chemicals, Inc. (US). Afterwards, the
solution was placed in an ultrasonic tip to apply a pulsed sonication (1s
on/2s off) at 280 W for 90 minutes. Then, once the graphene is
properly exfoliated, perovskite NCs were added (5% wt.) to the
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solution and the nanomaterials were mixed in an ultrasonic bath for 1
hour. Finally, the resulting graphene flakes decorated with perovskite
NCs were deposited onto alumina substrates that comprised screen-
printed platinum interdigitated electrodes by a spray pyrolysis
technique.

It is important to note that the preparation of graphene has an
essential role in gas sensing performance. In this paper, the lead halide
perovskite nanocrystals are supported on liquid-phase exfoliated (LPE)
graphene, an attractive preparation method given its low cost. It can
be foreseen that higher responses could have been reached using
more costly graphene, e.g. mechanically exfoliated graphene? or
chemical vapor deposited (CVD). However, this general improvement
in responsiveness would have not affected the relative performance
of the anions/cations in lead halide perovskites.

The sensors developed were placed in an airtight Teflon chamber
with a volume of 35 cm3, which is connected to calibrated gas cylinders
with pure dry air (Air Premier Purity: 99,995%) and the different gases
tested. Then, different dilutions of target gases were performed in
order to obtain different concentrations. The sensors were stabilized
under synthetic dry air for 5 minutes before the application of the
target gas concentration during 1 min of exposure. The total flow was
adjusted to 100 mL/min using a set of Bronkhorst High-Tech B.V.
(Ruurlo, The Netherlands) mass-flows controllers. And the resistance
changes were registered using an Agilent HP 34972A multimeter
connected to the test chamber. The responses were defined as
(AR/RO) expressed in percentage. Where AR is the resistance change
over one minute of gas exposure, meanwhile RO corresponds to the
baseline resistance.
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Figure S1. High-Resolution Transmission Electron Microscope (HRTEM) images of

MAPDbBTr3 (a), CsPbBrs (b), FAPbBrs3 (c), MAPbCl; (d) and MAPbBr,slos (€) perovskite
NCs.
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Table S1. Data extracted from the HRTEM images (Fig. S1).

Sensor de gas

Perovskite NCs | Average size (nm) | Interplanar distance (A)
MAPbBr; 72122 2.8
CsPbBr; 87+11 5.8
FAPbBr; 69+1.2 2.3
MAPDCI; 56+1.5 2.6
MAPbBYr;5lo.5 6.3+0.6 3.0

Figure S2. X-Ray Diffraction (XRD) patterns for the different perovskite structures.
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Figure S3. Field Emission Scanning Electron Microscope (FESEM) image showing the
sensor surface (a), and image recorded with Back-Scattered Electron (BSE) detector
(b). In this case, the bright spots correspond to the perovskite NCs, meanwhile, black
background corresponds to graphene.

Figure S4. Graphene decorated with perovskite NCs layer deposited onto alumina
substrate (a), and gas sensing chamber used (b).
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Figure S5. Responses obtained for benzene and toluene using graphene decorated
with different perovskite NCs. For the two vapours, 2, 4, 6 and 8 ppm were applied in

three consecutive cycles.
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Figure S6. Zoom of the graph shown in Figure 2a. In particular, the present graph
shows the resistance changes (black line) for graphene decorated with MAPbBr3 NCs

under the exposure to increasing concentrations of benzene (red dashed line).
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Table S2. Example of the average responses of graphene decorated with the different
perovskite NCs towards benzene exposure.

CeHs MAPbBr; FAPbBrs | MAPbBryslos | MAPbCIs CsPbBr;
(ppm)
2 |0.202+0.007 | 0.079 +0.004 | 0.096 + 0.004 | 0.080 + 0.005 | 0.0472 + 0.0001
4 |0.283+0.008 |0.117 +0.004 | 0.139 +0.006 | 0.119 + 0.006| 0.070 + 0.001
6 |0.345+0.012 | 0.147 +0.006 | 0.172 + 0.006 | 0.149 + 0.004 |0.0904 + 0.0005
8 | 0.402+0.014 | 0.167 +0.007 | 0.197 + 0.007 | 0.169 + 0.005| 0.104 +0.001

The measurement methodology used in this work results in highly
reproducible (less than 5% of error), reversible (absence of significant
baseline drift) and fast (1-minute exposure) responses at room
temperature. A similar strategy has been reported by many authors®"
7, in which the measurements outside the steady-state regime enable
achieving representative calibration curves with a low operating cost.

However, since the sensor behaviour during gas exposure until
stabilization of the response is important, Figure S7 shows the sensor
saturation and its baseline recovery. The response and recovery times
(t90) are about 30 min for a flow rate of 400 mL/min.
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Figure S7. Typical response and recovery curve for a lead halide perovskite loaded
graphene sensor operated at room temperature. Once the resistance baseline was

stable in dry air, 10 ppm of toluene were applied until reaching the saturation of
sensor response. Baseline recovery was achieved in pure air.
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Figure S8. Reproducibility analysis using the MAPbBr; perovskite. Resistance changes

(black line) under exposure to 10 ppm of benzene (red line) for long times (30 minutes)
were registered.
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Figure S9. Comparison between the sensor signals registered for bare graphene (red
line and right y-axis) and graphene decorated with MAPbBr3 NCs (black line and left y-
axis). The resistance changes correspond to one-minute exposures for 2, 4, 6 and 8
ppm of benzene during three consecutive, replicate cycles.
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Figure S10. Calibration curves obtained for toluene detection using lead halide
perovskites with different cation (a) and anion (b).
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Figure S11. (a) Examples of electrical response to NO, using FAPbBrs;. Three
consecutive, replicate cycles with four concentrations (250, 500, 750 and 1000 ppb)
were applied for 1-minute exposure. Synthetic dry air was used for a five-minute
cleaning between the different concentrations tested. (b) Gas exposure to different
concentrations of NH3 by using graphene decorated with FAPbBr3 NCs. No sensitivity
to ammonia was obtained because the resistance changes recorded remain almost
identical for the different analyte concentrations. (c) Comparison of the electrical
responses to NH; using MAPbCls (black line) and MAPbBTr; (red line). Three consecutive
cycles with four concentrations (25, 50, 75 and 100 ppm) were applied for one minute.
Again, five-minute cleaning in dry air periods were applied between ammonia
exposures.

(a) (b)
3444
4 - 100
] 3443 4 1 |
] & i 75
| g A\ g
] E3442- ‘ | /! 03
2 : ‘ o ©
_ g . . ! T
@ 3441 . ' [ o 25<
[+'4 ' 1 1 : !
' o " U
1 " o i '
,,,,,, [ —— Y |
, . . . : 3440 . ‘ . . , ,
0 1000 2000 3000 4000 5000 0 250 500 750 1000 1250 1500 1750
Time (s) Time (s)
(c)
0 1 0‘0 0 2 dﬂﬂ 360 0 40‘0 0 50‘00

Time (s)

232



Sensor de gas

References

1. L. C. Schmidt, A. Pertegas, S. Gonzalez-Carrero, O. Malinkiewicz, S. Agouram,
G. Minguez Espallargas, H. J. Bolink, R. E. Galian and J. Pérez-Prieto, J. Am.
Chem. Soc., 2014, 136, 850-853.

2. L. Protesescu, S. Yakunin, M. |. Bodnarchuk, F. Krieg, R. Caputo, C. H. Hendon,
R. X. Yang, A. Walsh and M. V. Kovalenko, Nano Lett., 2015, 15, 3692—-3696.

3. L. Protesescu, S. Yakunin, M. I. Bodnarchuk, F. Bertolotti, N. Masciocchi, A.
Guagliardi and M. V. Kovalenko, J. Am. Chem. Soc., 2016, 138, 14202—-14205.

4, F. Ricciardella, S. Vollebregt, T. Polichetti, M. Miscuglio, B. Alfano, M. L.
Miglietta, E. Massera, G. Di Francia and P. M. Sarro, Nanoscale, 2017, 9, 6085—
6093.

5. F. Auerbach, in International Conference on Solid-State Sensors and

Actuators, and Eurosensors IX, Proceedings, IEEE, 1995, 1, 791-794.

6. N. El Barbri, C. Duran, J. Brezmes, N. Cafiellas, J. Ramirez, B. Bouchikhi and E.
Llobet, Sensors, 2008, 8, 7369-7379.

7. V. Martini, S. Bernardini, M. Bendahan, K. Aguir, P. Perrier and I. Graur, in
Sensors and Actuators, B: Chemical, Elsevier, 2012, 170, 45-50.

233












CAPITULO 6

DISPOSITIVOS
FOTOVOLTAICOS






SECCION 6.1

EXPANDING THE PHOTORESPONSE OF
MULTIDIMENSIONAL HYBRID LEAD BROMIDE
PEROVSKITES INTO THE VISIBLE REGION BY
INCORPORATION OF SUBPHTALOCYANINE

Rocio Garcia-Aboal, Hermenegildo Garcia, Sonia Remiro-Buenamafiana and Pedro
Atienzar

Dalton Trans., 2021, 50, 6100

DOI: 10.1039/d0dt04132g






Dispositivos fotovoltaicos

EXPANDING THE PHOTORESPONSE OF MULTIDIMENSIONAL HYBRID
LEAD BROMIDE PEROVSKITES INTO THE VISIBLE REGION BY
INCORPORATION OF SUBPHTALOCYANINE

Rocio Garcia-Aboal?, Hermenegildo Garcia®, Sonia Remiro-
Buenamafiana*® and Pedro Atienzar*?

3Instituto Universitario de Tecnologia Quimica CSIC-UPV, Universidad Politecnica de
Valencia, Av. de los Naranjos s/n, 46022 Valencia, Spain

Abstract

This work explores a new methodology to adsorb a
subphthalocyanine molecule (SubPc) on a hybrid lead bromide
perovskite crystal structure with the aim of extending its
photoresponse into the visible region. This process consists in the
preparation of multidimensional 2D-3D perovskites. The use of large
organic cations allows the possibility to insert guest molecules in the
crystal structure of the perovskite. In this work, layered and 3D
materials are obtained modifying the ratio of the organic cations (A/R)
in the perovskite structure (RNHs),An1BnXsn.1. The present results
show that incorporation of metal-free subphthalocyanine in the
interlayer space provided by the 2D phase, is a valid procedure to
enhance the photoresponse of the perovskite solar cells.

1. INTRODUCTION

Hybrid halide perovskite materials have attracted a great deal of
attention in recent years, due to the fast photon to current efficiency
reached in a very short period, having competitive values compared
with silicon solar cells technology. In addition to photovoltaics, these
materials show other promising applications as light emitting diodes?,
lasing materials* or gas sensors’. These hybrid perovskites adopt the
chemical formula ABX3 in three-dimensional (3D) structure, where A
and B are cations of different sizes and X are halides. There are more
than one hundred different possible perovskites®, most of them still to
be discovered. Although rapid progress has been made, these
materials are still under intense study due to the various possibilities
to modify their structure and composition.
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Recently, 2D-3D multidimensional perovskites have emerged as
promising materials because they combine the high performance of
3D perovskites, and the long-term stability of 2D perovskites. 2D
perovskites contain hydrophobic bulky alkylammonium cations in their
crystal structure to terminate the lattice, this could effectively block
the interaction with the external moisture. Its generic formula is
(RNH3),An-1BnX3n+1, Where RNH;3 is a primary aliphatic or aromatic
alkylammonium cation, A is monovalent organic cation, B is a divalent
metal, X is the halide ion, and “n” is the number of 3D perovskite layers
separating the alkylammonium cation. The “n” value may vary from 1
to oo, corresponding respectively, to a 2D or 3D structure.

Complete 2D structures present several drawbacks such as higher
exciton binding energy and lower light absorption’. However, it has
been demonstrated that multidimensional 2D-3D perovskites show
enhanced carrier lifetime, mobility and diffusion length, and reduced
trap density®. Depending on the bulky alkylammonium cation and the
proportion with the organic cation, combined properties can be
achieved®. Relative to the 3D materials, 2D-3D multidimensional
perovskites are able to incorporate a wider range of large organic
cations, and they possess the flexibility to introduce other guest
molecules that confer new properties or functionalities. Although, this
strategy has been used in other 2D materials such as layered double
hydroxides or graphene-based materials,*® herein, for the first time we
report the incorporation of a subphthalocyanine into the interlayer
space of multidimensional 2D-3D perovskites. At present, there are
only scarce works dealing with the incorporation or doping of 2D-3D
perovskites with small organic molecules'**? different from the typical
cations and anions studied in the perovskite doping.!® The inclusion of
metal particles'* has been demonstrated as valid approach to enhance
the photoresponse of the active material. Therefore, the interlayer
space of the 2D component in the 2D-3D multidimensional perovskite
enables the capability of different types of guest molecules to be
intercalated, while the pure 3D configuration shows a more limited
possibility.

Boron subphthalocyanines (SubPcs) derivatives have received
considerable attention for their use in photovoltaics'>*. SubPc are
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aromatic chromophore molecules with cone-shaped structure, good
solution processability, intense optical absorption in the visible
spectral region, appropriate electron mobility, and tunable energy
levels?®?°. During the last decade, organic SubPcs have successfully
been applied in the field of photovoltaics as light harvesters due to
their excellent optical and semiconducting properties?:?,

Recently, SubPcs have also been used as hole transport materials
(HTM) for organometallic halide perovskite solar cells because of its
stability and long excitation diffusion length,'®% showing its potential
as alternative to the most commonly used spiro-OMeTAD??7, A
protective effect of the SubPc over the perovskite preventing from
degradation has also been reported?®, or as passivating agent of the
defects within the perovskite film.?¢ The present manuscript deals with
the incorporation of the phenoxy-iodo- boron subphthalocyanine
(PhO,I-SubPc) derivatives onto 2D-3D lead bromide perovskites,
increasing their visible light absorption, as well as improving their
stability against degradation.

At the moment, organometallic halide perovskite solar cells having
iodine in the structure, offer the maximum power conversion
efficiency (PCE)*3°, since these hybrid perovskites exhibit full
coverage of the visible wavelength range. However, the introduction
of iodine anion offers less stability against UV light and moisture
compared with perovskites based on bromide®!. Bromide perovskites
offer good stability, but its optical bandgap of 2.31 eV limit light
absorption in the yellow-red part of the visible spectrum. Herein, we
combine the photoresponse of the hybrid bromide perovskite with the
SubPc as light harvester, in order to maximize the absorption in the
visible spectrum and as protective layer.

Hence, the incorporation of SubPc in the interlayer space of 2D-3D
perovskites expands the photoresponse in the visible region. SubPc
incorporation was achieved by selectively controlling the composition
during the synthesis. This new strategy shows better photoresponse,
demonstrated in polycrystalline samples and single crystal. The
composition of SubPc and perovskite precursors was also evaluated in
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order to properly incorporate the SubPc between the layered 2D-3D
perovskite.

2. MATERIALS AND METHODS
2.1. Chemicals

All reagents were purchased from Sigma- Aldrich apart from ITO
quartz substrates that were supplied by Ossila.

2.2. Synthesis of Subphthalocyanines
2.2.1. Synthesis of chloro, iodo-subphthalocyanine (Cl,I-SubPc)

Synthesis of Cl,I-SubPc was carried out following a modified
version of the classical reported synthesis®?. 4-iodophthalonitrile
(0.9164 g, 3.61 mmol, 1.5 eq) was placed in a 2-necked round
bottomed flask, anhydrous p-xylene (13 mL) was added, and the
mixture was stirred under inert atmosphere until everything dissolved.
BCl; (2.4 mL, 1eq) was then added dropwise and the reaction mixture
was heated at reflux temperature (140 °C) for 4 h. The reaction mixture
was cooled down to room temperature and the solvent evaporated
under reduce pressure, the resultant crude was dried under vacuum.
The resultant solid was washed first with cold methanol and then with
cold hexane, followed by filtration. The title compound was isolated as
dark purple solid (0.9168 g, 94%). 1H-NMR (300 MHz, CDCls, 298 K): 6
(ppm) =9.25 (brs, 3H), 8.60—8.57 (m, 3H), 8.27 — 8.23 (m, 3H). UV-Vis
(CH2Cl,): A max (nm) = 572.

2.2.2. Synthesis of phenoxy, iodo-subphthalocyanine (OPh,I-SubPc)

Synthesis of OPh,I-SubPc was carried out following the reported
literature protocol®3. Cl,I-SubPc (0.8111 g, 1.003 mmol, 1 eq) and an
excess of phenol (0.4768 g, 5.015 mmol, 5 eq) were placed in a round
bottomed flask and dissolved in toluene (3 mL). The mixture was
refluxed under inert atmosphere until completion (24 h) and
subsequently cooled down to room temperature. The resultant solid
was then transferred to another flask and the solvent was evaporated
under reduced pressure. This crude product was washed with cold
hexane and cold methanol, and filtered to yield the pure title product
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as purple solid (0.7904 g, 91%). 1H-NMR (300 MHz, CDCls, 298 K): &
(ppm) =9.19 (br's, 3H), 8.54 (d, 3H, J = 8.4 Hz), 8.21 (d, 3H, J = 8.4 Hz),
6.76 (t, 2H, J = 7.5 Hz), 6.64 (t, 1H, J = 7.5 Hz), 5.35 (d, 2H, J = 7.5 Hz).
UV-Vis (CH,Cl3): A max (nm) = 569.

2.3. Synthesis of polycrystalline hybrid perovskite with 2D-3D
structure (n=10 and 50)

Following this stoichiometry, (R)2(A)n.1BnXsns1, perovskite
structures from layered to 3D materials have been prepared modifying
the ratio of organic cations A/R. This strategy is based on the use of
large alkyl ammonium cations that form low-dimensional perovskites.
Perovskite with n=10 is the focus of this paper, however, n=50 and 3D
structure perovskites were also prepared for comparison. Solutions
containing different concentrations of the precursors in DMF were
prepared n= 10, 0.1M phenylethyl ammonium bromide (PEABr), 0.45
M methyl ammonium bromide (MABr), 0.5 M lead bromide (PbBr,);
n=50, 0.02 M PEABr, 0.49 M MABr, 0.5 M PbBr;. In case of the 3D
structure, the classic perovskite synthesis was followed3*. Blank
perovskite samples lacking OPh,I-SubPc were also prepared in order to
verify the insertion of the OPh,I-SubPc into the structure.

The hybrid perovskite samples with and without OPh,I-SubPc were
prepared following the drop casting method. The experimental
protocol involves washing the quartz substrates with anionic
detergent (Alconox) and milliQ water in an ultrasonic bath. The
substrates were subsequently treated with a hydrochloric acid
solution (1 M) for 24 h to increase the surface hydrophilicity. Finally,
the quartz substrates were thoroughly rinsed with ethanol and dried.
Then, the above mentioned precursor solutions in the appropriate
concentrations were deposited onto the quartz surface (10 ulL) in a
ratio (1:1:1), and 1:1:1:1 when preparing the OPh,I-SubPc-containing
materials. Hence, 10 pL of a previously prepared solution of SubPc (5
wt. %) in DMF was added. The mixture was left to slowly crystallize
overnight at room temperature. Orange-pinkish crystals were
obtained.
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2.4. Synthesis of single crystal hybrid perovskite with 2D-3D structure
(n=10) via antisolvent method

Single crystal hybrid perovskites were slowly crystallized following
the antisolvent method, that consisted on dissolving the precursors
(0.1 M PEABTr, 0.45 M MABr, 0.5 M PbBr;) in a small amount of DMF (1
mL), and adding an aliquot of the previously prepared solution of
SubPc (20 pL). This mixture was placed in a quartz substrate on a Teflon
stage in a close vial, and THF was used as antisolvent (5 mL). The vessel
was fully closed and kept in the dark until small orange-pinkish crystals
were observed. The crystals were manually selected with Gel-Pack and
a micromanipulator to perform the corresponding characterization.

2.5 Preparation of hybrid perovskite solar cells

The following experimental protocol was followed for the
preparation of the hybrid perovskite-SubPc solar cells: 1) ITO cleaning
step: Quartz substrates containing ITO (thickness 1.1mm and specific
size 20 mm x 15 mm) were washed with ethanol; 2) Preparation of TiO»
dense layer: Firstly, the clean substrates were heated in a hotplate at
450 °C for 30 min. Then, titanium (IV) isopropoxide (0.762 mL), and
acetylacetone (0.5125 mL) were dissolved in absolute ethanol (9 mL).
The mixture was deposited by spray coating onto the quartz substrate
(1.5 mL) that contain the ITO layer. An inert gas was used as carrier.
Finally, the substrates were heated up to 450°C for 30 min and then
cooled down to room temperature to obtain a completely dense TiO;
film; 3) Preparation of mesoporous TiO, scaffold layer: A solution of a
TiO, paste (18NR-T) (35 L) diluted in absolute ethanol (0.020 g paste:
1mL ethanol) was deposited onto the substrates by spin-coating (2000
rom/ 45 s). The films were firstly dried on a hotplate at 50°C for 30 min,
then the substrates were annealed in an oven at 45 °C for 1 h, and
finally they were cooled down to room temperature; 4) Preparation of
SubPc@HP10 perovskite films: Following the stoichiometry to n=10
((RNH3)2(A)9B10X31) @ mixture of perovskite precursor solutions 0.1 M
PEABr, 0.45 M MABr, 0.5 M PbBr; and OPh,I-SubPc (10, 30, 50 wt.%)
were deposited onto the substrate. This step was performed in a glove
box under inert atmosphere; 5) Preparation of hole-transporting layer
Spiro-OMeTAD: The preparation of hole-transporting layer was also
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carried out in a glove box. First the lithium salt solution was prepared
dissolving lithium bis(trifluoromethylsulfonyl)imide (0.170 g) in
acetonitrile (1 mL). Then, 16.6 uL of this solution was mixed with
chlorobenzene (1 mL), 4-tert-butylpyridine (TBP) (7.69 uL) and Spiro
(0.200 g). The Spiro-OMeTAD solution (30 pl) was spin coated on the
surface of the perovskite-SubPc films (3000 rpm for 45 s). The solvent
was fully evaporated heating the sample in a hotplate at 110 °C for 1
hour; 6) Preparation of Au electrode: 40 nm layer of Au electrode was
deposited onto the previously prepared substrate by vacuum
evaporation coating.

2.6. Single crystal characterization

The optical and electrical properties, specifically
photoluminescence (PL) and photocurrent, of single crystals were
obtained by means of an in-house built setup¥?. Basically, it includes
two branches, one for excitation and the other one for signal
acquisition, both focused by 20x Mitutoyo objectives at the same spot,
with a typical size of about 1 um. In the experiments reported here,
both branches were oriented so that the collected light was in forward
direction with respect to the incident or exciting light. The signal
acquisition branch includes an iris, where the spot is focused. It allows
selecting the signal from a sample area of micrometer range and even
submicrometer range. After the iris, a motorized mirror drives the
signal either to a charge-coupled device (CCD) camera, by means of
which, the exact part of crystal being examined can be visualized, or to
a spectrometer (iHR320-HORIBA), which is equipped with a liquid
nitrogen refrigerated Si-CCD, and it is used for measuring the spectrum
of the collected light. For photoluminescence measurements, a 405
nm wavelength beam provided by a solid-state laser was used as
excitation source. In all of the cases, to minimize crystal degradation,
a moderate intensity of about 0.1 mW was used.

2.7. Characterization

XRD patterns of the powders and thin films were recorded on a
Philips X’PERT diffractometer that was equipped with a proportional
detector and a secondary graphite monochromator. The data were
collected stepwise over the range 26 = 2-20°, at steps of 0.02°, an
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accumulation time of 20 s/step, using the Cu Ka radiation (A = 1.54178
A).

UV-Vis optical spectroscopy of the perovskite films was carried
out using a Cary 5G spectrophotometer and CaSO, as reference.

Field-emission scanning electron microscopy (FESEM) images
were recorded with a Zeiss Ultra 55 field FESEM apparatus.

2.8. PL measurements

PL spectra of the films were carried out using an optical
microscope (Leica DM4000). It includes a module for fluorescence
characterization, which consists of a mercury lamp and a Leica
bandpass filter (340-380 nm) as illumination source, and an Avantes
AvaSpec-2048 Fiber Optic Spectrometer, which provides a resolution
better than 0.5 nm.

3. RESULTS AND DISCUSSION
3.1. Characterization

We first studied the incorporation of SubPc in pure 3D perovskite
with  MAPbBr; structure, however the incorporation of this
macrocyclic compound was unsuccessful. This can be explained
considering the rigid, close-packed structure of the cubic 3D
configuration where substitution of the organic cation causes strong
distortion of the octahedral framework due to the limited ionic radii of
the methyl-ammonium cation. Figure S2 and S3 displays the scanning
electron microscopy image (HRSEM) and the XRD spectrum. Large
amounts of SubPc aggregates over the crystalline perovskite were
observed (Figure S2), also the perovskite diffraction peaks did not
suffer any change (Figure S3), and the ICP analysis confirmed the
absence of SubPc in the 3D perovskite.

In comparison with close-packed 3D perovskite, 2D-3D perovskites
depict a layered structure incorporating large organic cations that can
facilitate insertion of SubPc molecules. As previously mentioned, n
value relates to the number of perovskite layers in the 2D-3D
configuration. In the preparation of the multidimensional perovskite,
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we selected high n values (n =10 and 50) for the incorporation of the
SubPc compound. These values correspond to a quasi-3D perovskite
and provide the advantage of combining the outstanding properties of
the 3D perovskites and the stability of the 2D structure.

As described in the preparation section, 2D-3D perovskites
containing SubPc molecules were obtained following the typical one-
step crystallization procedure employed for the preparation of
crystalline perovskite layers®. Figure 1a indicates the different steps
followed for the incorporation of SubPc in the perovskite structure.
Basically, a solution of the different precursors in DMF is deposited by
drop or spin coating on a clean substrate. Afterwards the sample is
washed with toluene in order to remove any possible excess of SubPc.
To obtain the reference sample, we also prepared 2D-3D perovskite
without SubPc. In addition, Figure 1b shows a graphical representation
of the SubPc molecules inserted in the interlayer space together with
the PEA cation used for the formation of the 2D phase (SubPc@HP 2D-
3D).

The samples were characterized by XRD, electronic microscopy
and UV-Vis absorption. In the case of XRD characterization, all the
prepared samples show the characteristic peaks at 20 14.77 and 29.95
assigned to the (100) and (200) crystal planes that correspond to the
cubic phase and indicating high crystallinity. In addition, the influence
of the SubPc loading with respect to the “n” value of the hybrid
perovskites was studied. Table 1 shows the influence of the SubPc
loading on the diffraction peak shift of hybrid perovskite samples at
two different n values, 10 and 50 (SubPc@HP10 and SubPc@HP50).
Typically, insertion of a guest in the layered space produces a change
in the spacing between the layers, which results in a shift of the low-
angle diffraction peak. Peak shifting was observed in both hybrid
perovskite samples (n = 10 and 50). Nevertheless for the lower n value
(n=10), the loading of SubPc was higher, and the shift of the diffraction
peak (100) was, accordingly, more significant. Thus, the shift in the XRD
(100) peak supports the incorporation of the SubPc in the interlayer
structure (see Figure 2). In addition, this diffraction peak (100) is also
dependent with the SubPc loading as it is show in Figure S4. This also
supports the incorporation of the SubPc in the interlayer space.
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The SubPc loading was measured by ICP, in all cases, a low dye
loading, lesser than 3 wt.% was determined. This low amount of SubPc
incorporated in the structure can be explained considering the limited
interlayer space of the 2D phase and the crystal strain.

Table 1. 100 peak shift for SubPc@HP with n= 10 and n=50.

Sample SubPc loading (wt.%)? Shift XRD peak position (100)
SubPc@HP10 0.65 0.08
SubPc@HP50 0.41 0.02

2Determined by ICP analysis measuring the boron content
a)
'y
» \» =
I “ Polycrystalline film of
Dispense SubPc@HP
Precursor solution Spin or drop cast Washing
b)

.:Such ,:PEA ®:VMA

®:r ‘:Br6

Figure 1. (a) Methodology used for the preparation of 2D-3D perovskite with SubPc.
(b) Pictorial representation of the 2D-3D perovskite with SubPc in the interlayer space.

The samples were also characterized by electron microscopy
(Figure 3); uniform crystal shapes were observed for both n= 10 or 50,
however, for low “n” values, a more layered structure is apparent.
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Moreover, in contrast with the full 3D structure where aggregates
appeared on the external surface of the crystallites (Figure S2), the
presence of SubPc was indistinguishable for the hybrid 2D-3D
perovskite crystals. Both, XRD and FESEM data indicated that the
incorporation of SubPc preserves the structure of perovskite and
confirm the uniform formation of multidimensional 2D-3D perovskite.
As long as similar results were observed for the n= 10 and 50, the
subsequent presented results are focus on the n= 10 as the SubPc
loading is somewhat higher (SubPc@HP10). Moreover, 3D molecular
model shows that the interlayer space formed by the PEA cation is
sufficient to incorporate the SubPc into the 2D perovskite phase (see
Fig. S51).

0.20
B 0151 é/’ g
c 2
3 oo S
o) B 2
£ 0.101 o
> 15 20 16
2
QQ 0.05
i (b)
40 60

20
Figure 2. XRD pattern of a thin film of hybrid 2D-3D perovskite with n= 10 onto ITO
substrate, a) without SubPc, and b) with 0.65 wt.% of SubPc. The inset shows an
expansion of the (100) peak.

Figure 3. FESEM image of crystalline SubPc@HP10 sample (A), and local magnification
indicating the layered structure (B) with the arrow.
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3.2. Optical properties

The optical properties of the SubPc@HP10 material were
determined by measuring the absorption and the photoluminescence
spectra. Figure 4 shows the diffuse reflectance UV-Vis spectra of the
polycrystalline thin films without and with incorporated SubPc. The
appearance of a new absorption band in the region between 550 to
650 nm was attributed to the SubPc contribution (Figure 4, violet
pattern), that interestingly remain visible even at low SubPc
concentrations (loading less of 1%). This is due to the characteristic
high absorption coefficients of subphthalocyanines, i.e. Q band
ranging from 5-6x10* dm>®mol tcm™ 3¢ 37 To study the influence of
SubPc incorporation on the optical properties, the steady-state
emission in the polycrystalline samples and single crystals was also
measured (see Figure 5). In polycrystalline samples, a broad emission
band between 450 to 750 nm is observed, with a less-defined peak
maximum probably due to light scattering by the particles and the
influence of defects on the surface and interphases. Single crystal
characterization is a well know platform to study the intrinsic optical
properties of materials due to the absence of grain boundaries,
absence of non-crystalline domains and lesser influence of structural
defects. In this regard, PL measurement using our in-house built
confocal microscope (see experimental section) of a single crystal,
shows a well-defined emission with two main bands at 550 and 600
nm that can be assigned based on the emission maxima of the
perovskite and subphthalocyanine, respectively. The Q band of the
SubPc suffers a hypsochromic shift when it is located inside the
perovskite structure. This shift can be explained considering two main
factors, the polarity of the surrounding ionic environment and steric
stress of the SubPc molecules due to the crystal packing in the
interlayer space.
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Figure 4. Diffuse reflectance UV—Vis absorption spectra (plotted on the Kubelka-Munk
function of the reflectance), F(R) of: a) HP10 b) SubPc@HP10 and c) SubPc.
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Figure 5. Photoluminescence of (A) polycrystalline samples: HP10 (a),
SubPc@HP10 (b) and SubPc (c). B) PL of SubPc@HP10 single crystal.
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3.3. Electrical characterization

To gain further insight into the optoelectronic properties of the
new SubPc@HP material, we also measured the photocurrent spectra
on isolated single crystals. For this purpose, a selected single crystal
was firstly deposited onto a conductive ITO electrode, and a
micrometric tip was used as top contact. A detailed description is given
in the experimental section. The spectral response was measured at
room temperature under a nitrogen flux. A tuneable monochromatic
source was focused on a single crystal, recording the photogenerated
short circuit current at the microcrystal. The set-up is schematically
shown in Figure 6B and a detailed description is given in the
Methodology section. The photocurrent measured at different
wavelengths is depicted in Figure 6A, the response of the bromide
perovskite increases in the visible region with a new band exhibiting
current up to 650 nm. This enhancement in the photoresponse
indicates that SubPc molecules are participating in the charge
generation process upon illumination, and acts as light harvester for
long wavelength radiations.
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a)

Current density (mA/cm?)

450 500 550 600 650
Wavelength (nm)

b)
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XYZ PIEZOSTAGE
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SUPERCONTINUUM CHOPPER CONTROL

Figure 6. a) Measured photocurrent spectra for a single crystal of HP10 (green) and
SubPc@HP10 (violet). The inset shows an optical microscopy image of the single
crystal on conductive substrate, with the probing tip contacting the upper surface. b)
Schematic representation of the setup used for measuring the PL and photocurrent
spectra- 2,
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3.4. Photovoltaic devices

After characterization of the optical and electrical properties of
the SubPc@HP10 material, perovskite solar cells were prepared. A thin
dense layer of TiO, was used as hole blocking layer (HBL) deposited
over the transparent conducting electrode (ITO). Then, a thin porous
layer of nanocrystalline TiO, (Dyesol) was deposited by spin coating
onto the dense TiO; layer, and the layers were then sintered at 450 °C.
The porous layer was infiltrated by spin coating with a solution of
SubPc@HP10 and thermally annealed. Subsequently, hole transport
layer of Spiro-MeOTAD was deposited on top of the active material
(Scheme 1). Finally, a gold metallic layer was also deposited on top of
the Spiro-MeOTAD as cathode electrode (see experimental section for
more details).

/ Gold
— > Spiro
DD, DRRODODDD, PO OOV, HOd DO, PR
DR BLEDDDHLR: FRDPVDVIL: QXD TR 58
: KRS % I RIS, LA G, SO .

b SO LRI 050X SIS o°oo VP Porous TiO,
SuPc@HP\.‘ O 1 1 ) LN R a—
OO0 OOD DD SOD DD O OO PR
PRR, EXXPPVVVRL FRVDPVDVR OO VXY HE
> ST EETELIDCY CIICY AR Loy DT> VP
o°o°o"o°o°o FEO SR BEE FoH SO0

ITO substrate

> TiO,-HBL

Scheme 1. Device configuration for SubPc@HP solar cell.

The SubPc loading into the hybrid perovskite sample employed in
the preparation of the photovoltaic devices, was studied employing
three different SubPc loadings of 0.65, 1.8 and 2.9 wt.%. It was
determined that the maximum loading of SubPc inserted in the
crystalline structure of HP was 2.9 wt.% (n =10). It was also observed
that the use of higher concentrations of SubPc produces aggregation
of the macrocyclic compound in the form of crystals on the perovskite
surface, which has a negative effect on the performance of the
perovskite solar cells. This is in agreement with the previous
observation by Xu et al.38, where large amounts of SubPc can hinder
the electron transfer process.

The SubPc insertion in optimal amounts results in an improved
device performance of the perovskite solar cells, and a 20% efficiency
enhancement compared with the reference devices without SubPc
molecules (Figure 7). This enhancement has been only observed when
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concentrations of SubPc lower than 1 wt.% is used. This suggest, that
although the current maxima at short circuit conditions increases due
to the enhanced response in the visible region, the final Voc decreases,
and this can be explained considering an increase of the internal
resistance of the active HP layer after SubPc incorporation. In this
regard, it has also been observed that the Voc in inverted perovskite
solar cells using conducting polymers as hole selective contact, is
influenced by the alignment of the energy levels of the active
perovskite and the electron and hole transporting interfaces®.
Therefore this reduction in the Voc could be due to internal resistance
due to the shorter charge carriers migration paths in the hybrid
SubPcocHP material. A summary of the results obtained for the
photovoltaic devices is summarized in Table 2. Furthermore, we have
performed comparative stability measurements upon continuous
irradiation in air conditions, without any encapsulation, and after 10 h
the loss of efficiency is about 5% for the device that contains SubPc
and 10% without SubPc (see Figure S6). This suggest that SubPc
confers some protective effect and this agrees with the observation by
other authors. 1628

4 —
R oo
e (b) Gos
O 34 Qo4 -
2 E 0.2 \
E Lu 0.
> o) SUDPC loading (wt.%)
i)
c
(0]
a
g1
2 (c)
5 (d)
O O T T T
0.0 0.2 0.4 0.6 0.8

Voltage (Volt.)

Figure 7. Comparative J-V curves measured for a reference sample of HP10, (a) and
SubPc@HP10 prepared using three different concentrations (0.65 (b), 1.8 (c) and 2.9
% wt. (d)). The inset shows the influence of the SubPc loading on the efficiency of the
photovoltaic devices.

257



Capitulo 6

Table 2. Performance of SubPc@HP solar cells

(% w'?.i)vf“;ch) Voc (Volt.) Jsc (mA/cm?)  Fill factor (%) Efficiency (%)
0 0.684 2.23 46.7 0.7
0.65 0.581 3.03 53.7 0.9
1.8 0.490 2.03 40.4 0.4
2.9 0.369 1.56 39.3 0.2

3.5. Proposed mechanism

The operation mechanism of 2D-3D mixed perovskites still
remains unclear, this is due to the larger binding energy of
photogenerated excitons in the layered structure and the boundaries
for the diffusion of the free charge carrier along the structure. Some
studies have proposed an energy transfer mechanism from layered to
3D-like perovskite network,”® or that the local intrinsic electronic
structure of the edges of the perovskite layers provides a dissociation
process of the excitons into free carriers®'. Herein, the energy level
diagram shown in Scheme 2) is proposed, considering that for n=10
the energy of the CB/VB increases with respect to the 3D
configuration*2. A similar trend has been observed for quantum size
effects in colloidal quantum dots.

-1 ==
-2 -

shallow —3 =

states |

_7 -

3D 2D
—8 =g perovskite SubPc Perovskite

(n=10)

E (eV)

Scheme 2. Energy band alignment in 2D-3D mixed perovskites
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Based on the band diagram it can be expected that the 2D
component can favour the charge separation in the multidimensional
2D-3D crystal structure as previously described*®. Besides, as proved
by the photocurrent spectrum SubPc is a light harvester that due to
the appropriate band alignment, can act as electron and hole relay
between the 2D and 3D in the structures. This leads to a more
favourable electron transfer from the SubPc and 2D structure, to the
3D phase and hole transfer from the 3D phase to the 2D layered
structure (Scheme 2). The presence of different types of defects in 3D
perovskites has been demonstrated experimentally and
theoretically***. Common types of defects in perovskites act as
shallow traps that introduce intermediate energy levels in the
electronic structure due to vacancies and interstitial defects®.
Normally, shallow traps only reduce mobility and delay the extraction
process, resulting in diminution of the maximum current density
extracted from the device. Nevertheless, in our case, it appears that
the shallow levels facilitate the charge separation process from the
perovskites phases and the SubPc, resulting in an increase of the
current density of the SubPc@HP10. The smaller VOC can be
attributed to the increase in internal resistance of the material due to
the presence of SubPc.

CONCLUSIONS

A new approach to expand the photoresponse of hybrid lead
bromide perovskites by incorporation of SubPc molecules in the
interlayer space of the 2D structure is described. The new material has
been characterized and studied in polycrystalline samples, and
isolated single crystals, showing that a small SubPc loading enhance
the photoresponse of the hybrid bromide perovskites, acting as light
harvesting units. Measurements in perovskite solar cells confirm that
this approach is a promising direction to enhance the efficiency of this
family of materials. Although the overall efficiency still needs
improvement, the results of SubPc@HP perovskites open new
avenues for perovskite design, presenting many opportunities to
design functional materials based on this outstanding class of
chromophores.
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Figure S1. Left: Chemical structure of SubPc, X=Cl, OPh. Right: Absorption (blue) and
emission (red, Aex 550 nm) of an acetonitrile solution of SubPc.

Figure S2. FESEM image of crystalline 3D perovskite (MAPbBr3) with SubPc indicating
with a red shadow the formation of SubPc aggregates on the crystal surface.
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Figure S3. XRD spectra of 3D perovskite (MAPbBr3) with (a) and without SubPc (b), the
inset shows a magpnification of the peak at 26 = 15°, where no shift has been observed.
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Figure S4. 20 Shift of the (100) of thin films of SubPc@HP10 prepared using three
different concentrations.
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Figure S5. Pictorial representation of the HP10 interlayer space accommodating the
large PEABr cation and the SubPc macrocycle.
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Figure S6. Normalized solar cell efficiency as function of illumination time of (a)
SubPc@HP10 and HP10 (b) obtained by continuous illumination of 1000 Wm2 AM1.5
light in air ambient conditions.
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7. DISCUSION GENERAL
7.1. Propiedades Opticas en cristales micrométricos

El primer articulo de esta tesis describe un método para la
obtencidn de cristales micrométricos de perovskita hibrida. Para llevar
a cabo la sintesis, se ha usado el método de deposicion de
recubrimiento por giro, el cual permite estudiar la influencia de la
velocidad de rotaciéon en la geometria y tamano del cristal. Los
resultados experimentales revelan que el tamafio promedio de los
cristales disminuye a medida que aumenta la velocidad de rotacién. Se
estudio que tanto el tamafio de los cristales como el grosor de la capa
depositada vienen dados por la funcidon 1/velocidad"’. Asimismo, los
experimentos desarrollados indican que cuanto mas rapida es la
evaporacién del disolvente, mayor es el nimero de centros de
nucleacion, resultando en un tamano promedio menor.

Por otro lado, algunos trabajos demuestran que el uso de aditivos
puede mejorar la cristalizacién del material. No obstante, los aditivos
elegidos deben reunir ciertas caracteristicas, como un alto punto de
ebullicidn y una baja presiéon de vapor. Con ello se logra una
evaporacién del disolvente mas lenta. Asimismo, el uso de aditivos
generalmente permite obtener cristales con menor cantidad de
defectos y geometrias mas definidas. De forma que aunque en la gran
mayoria de casos crecen en forma piramidal, también pueden
apreciarse otras geometrias diferentes. Este efecto es mas
pronunciado con el CHP, ya que dependiendo de la concentracion y
velocidad pueden obtenerse también cristales con forma de varilla. En
cuanto al tamafio, no se encuentra ninguna relacién con las
propiedades fisicas del aditivo, ya que aumentando su concentraciéon
no se aprecia una variacion significativa.

Estudiar las propiedades épticas puede revelar la calidad de los
cristales sintetizados. Si el cristal se comporta como cavidad dptica y
presenta modos de resonancia se asocia una buena calidad del mismo.
Para ello se estudia la fotoluminiscencia y transmitancia de cristales
aislados utilizando un microscopio dptico confocal desarrollado en
nuestro grupo de investigacién (mas detalles del equipo en el capitulo
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3y 6). Por ejemplo, un cristal con geometria adecuada y buena calidad
se comportara como cavidad éptica presentado modos de resonancia.

Actualmente, existen pocos estudios tedricos sobre el fendmeno
de cavidad dptica en cristales micrométricos. En esta tesis se propone
un sencillo modelo tedrico para determinar los pardmetros épticos de
este tipo de estructuras. Con el modelo propuesto se puede
determinar el indice de refraccién del material, tanto la parte real
como imaginaria, de una manera muy precisa. En el modelo también
se consideran otros pardmetros que afectan a la visibilidad de los
modos de resonancia. Por ejemplo, el papel de la apertura numérica
del objetivo produce un efecto muy drdstico, especialmente en el
espectro de fotoluminiscencia, provocando incluso la desaparicion de
las ondas caracteristicas. Asimismo, el grosor de la muestra también
es un parametro relevante, puesto que a mayor espesor del cristal,
mas proximos estan los modos de resonancia, y por consiguiente, mas
pronunciado es el efecto de la apertura numeérica.

Ademads, se valida el modelo desarrollado utilizando una cavidad
asimétrica, formada por un cristal plano aislado sobre un sustrato de
cuarzo. La luz atraviesa dos interfaces, cuyos medios presentan una
diferencia en el indice de refraccién, favoreciendo asi un
comportamiento como cavidad éptica. De la misma manera, se evalla
el rendimiento de nuestro cristal como cavidad mediante los
pardmetros de Finura (F) y el factor de calidad (Q). Estos parametros
son equivalentes a la amplificaciéon de la luz y a la duracién del
fendmeno, respectivamente.

El mismo modelo tedrico ha sido empleado para evaluar y
comprobar el comportamiento de un nanocable de perovskita como
guia de onda. En este caso, se desea averiguar si la luz es capaz de
desplazarse a lo largo de la estructura 1D. Para ello se desarrolla y se
emplea un método sencillo y econdmico basado en el uso de plantillas,
con el que se pueden obtener nanocables con una forma y
dimensiones especificas, dependiendo de la plantilla empleada. Para
confirmar las propiedades de guia de onda, se mide Ia
fotoluminiscencia modulando la distancia de coleccidn con respecto al
punto de excitacion. Como resultado, los espectros que se obtienen se
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desplazan hacia longitudes de onda mas largas debido al
desplazamiento a lo largo de la estructura 1D.

7.2. Perovskita hibrida como fotocatalizador

La humedad presente en el ambiente es una de las principales
causas de degradacién y disminucién de las eficiencias en dispositivos
fotovoltaicos basados en perovskitas. A pesar de ello, se ha
demostrado que en presencia de humedad es posible que la
perovskita ofrezca cierta actividad fotocatalitica sin llegar a inducir su
degradacion. Por tanto, en uno de los trabajos derivados de esta tesis
se lleva a cabo la fotélisis de agua empleando perovskita hibrida como
catalizador en presencia de vapor. Estas condiciones se muestran
aptas para llevar a cabo la reaccidon y mantener integra la estructura
del material.

Concretamente, el trabajo se centra en la estabilidad y actividad
fotocatalitica de la perovskita hibrida de cobre con férmula
MA,CuCl;Br,, aunque también se evalia la actividad de otras
perovskitas similares y sus analogas de plomo. Como es esperable, las
diversas composiciones presentan cambios estructurales y
modificaciones de sus niveles energéticos, estudiandose cémo afectan
en los resultados obtenidos. Esto es de suma importancia si se tiene
en cuenta la gran variedad de perovskitas hibridas que se pueden
obtener modificando su composicidon y podrian presentar mayores
eficiencias.

La estabilidad del material tras llevar a cabo los diferentes
procedimientos experimentales se ha demostrado mediante diversas
técnicas de caracterizacidn. Por ejemplo, se han hecho analisis de XPS,
XRD y UV-Visible entre otros de la muestra, tanto antes como después
de la reaccion de fotocatalisis, resultando en una ausencia de
diferencias significativas. Por tanto, se puede deducir que el vapor de
agua interacciona con la superficie de la perovskita sin llegar a afectar
a la esfera de coordinaciéon del metal, y por lo tanto evitando su
degradacion.

La evolucidn de hidrégeno obtenida sigue una relacién lineal con
el tiempo. No obstante, aunque cabria esperar una relacién lineal con
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el oxigeno, esta condicion estequiométrica no llega a cumplirse. Para
demostrar que el origen del oxigeno producido no procede de otras
fuentes que no sean la oxidacidon del agua, se realizan diferentes
experimentos.

7.3. Perovskita hibrida como sensor de gas

A pesar de que en la bibliografia se reportan sensores de gases
basados en diferentes perovskitas hibridas, hasta la fecha no existe
ningun estudio comparativo donde se analice el efecto de la
composicion en sus propiedades de deteccién de gases. Por tanto, en
esta tesis se presenta el primer estudio del papel que desempefian
diferentes cationes y aniones en la deteccién de COVs.

Concretamente, los sensores desarrollados estan formados por
materiales hibridos compuestos de perovskita hibrida y grafeno. Con
la finalidad de dilucidar los efectos de la composicién en el mecanismo
de sensado, se sintetizaron nanocristales de perovskita con tres
aniones y tres cationes diferentes. Ademads, cabe destacar que el
grafeno utilizado contiene cierta cantidad de grupos oxigenados que
le permite mejorar las propiedades de transporte a lo largo del
material y mantener el caracter hidrofébico que confiere estabilidad a
los nanocristales de perovskita.

Los sensores se emplean para la deteccién a niveles traza de COV
(benceno y tolueno) debido a su alta toxicidad. Los sensores
desarrollados presentan un bajo consumo y capacidad para trabajar a
temperatura ambiente. Asimismo, para potenciar su aplicabilidad en
condiciones reales, se reproducen condiciones experimentales de
monitorizacidén ambiental. Las respuestas que se obtienen para ambos
gases son altamente reproducibles y reversibles para todas las
composiciones. No obstante, las mayores sensibilidades se registran
para la perovskita con catidn MA y anidn Br. Esto puede ser debido a
diversos factores, como una posicién de los niveles energéticos
favorables, la densidad de defectos superficiales o la movilidad de
portadores.
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7.4. Dispositivos fotovoltaicos

En un Ultimo articulo se plantea una nueva estrategia para
incorporar huéspedes en la estructura de la perovskita, lo cual le
confiere nuevas o mejores propiedades.

Las moléculas elegidas para ser introducidas como huésped son las
SubPC, moléculas orgdnicas cuya absorcién complementa a la
perfeccidon con la perovskita multidimensional desarrollada en esta
tesis. De forma que se logra expandir el espectro de fotorrespuesta del
nanomaterial. De hecho, aunque la cantidad de SubPc incorporada es
menor a un 3%, se consigue corroborar por diversas técnicas de
caracterizacion su correcta incorporacién en la estructura. Por
ejemplo, mediante analisis de los picos de XRD, antes y después de
incorporaciéon de la SubPc. En estos espectros se aprecia un ligero
desplazamiento en el pico de difraccién.

Asimismo, se ha implementado este nuevo material hibrido en
dispositivos fotovoltaicos. Aunque las eficiencias obtenidas son
relativamente bajas, se demuestra que la estrategia disefiada para la
inclusidn de la SubPc es una estrategia valida.
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8. CONCLUSIONES

Las perovskitas hibridas han atraido un gran interés gracias a sus
propiedades excepcionales, posicionandose como alternativa
econdmica para diferentes campos de aplicacidn. En esta tesis se
presentan diversos trabajos donde se demuestra que las perovskitas
pueden ser exitosamente implementadas en aplicaciones de diversa
indole. Cabe destacar, que el estudio de sus propiedades
fundamentales también resulta de vital importancia. Por lo que
asimismo se han estudiado con detalle los fendmenos dépticos que
ocurren en su interior.

En los primeros trabajos de esta tesis se desarrollan dos métodos
sencillos de sintesis para obtener cristales con una geometria definida.
Se debe hacer hincapié en la importancia de obtener cristales de
buena calidad para permitir el correcto estudio de sus propiedades
Opticas, y asi poder mejorar sus rendimientos en determinadas
aplicaciones. Para ello, se estudian y optimizan diferentes pardmetros
de las sintesis. A modo de ejemplo, se demuestra que mediante el
método de deposicidn por giro, ciertos parametros como velocidad de
rotacién y el uso de aditivos permiten controlar los defectos, tamafio
y geometria de los cristales.

Asimismo, en otro estudio relacionado se demuestra que es
posible el uso de plantillas para conseguir cristales con formas
especificas, permitiendo la creacidon de diversas composiciones de
perovskita con estas formas determinadas. Cabe destacar que este
método propuesto conlleva un bajo coste, ya que las plantillas
utilizadas son obtenidas mediante réplicas en PDMS de un DVD o CD
comercial.

Asimismo, el estudio de los fendmenos dpticos que ocurren en el
interior del material ha revelado que los cristales con geometria plana
presentan un comportamiento como cavidad tipo Fabry-Pérot.
Mientras que las nanofibras pueden comportarse como guia de onda,
permitiendo el transporte de la luz a lo largo de ella.

Para evaluar los resultados anteriores se propone un modelo
tedrico que permite obtener con precision diferentes parametros, y
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con ello poder estudiar los procesos 6pticos que ocurren en el material
tras su iluminacidn. No obstante, existen ciertos pardmetros externos
gue poseen una influencia significativa en la visibilidad de los
fendmenos dpticos, limitando la informacién obtenida. Por tanto, el
método desarrollado incluye como variables éstos parametros
externos. Ademas, con la obtencidon de esta informacion de manera
individual (cristales aislados), se puede lograr una mejor comprension
del comportamiento macroscdpico de material.

En cuanto a la aplicacion de perovskitas en aplicaciones de
fotocatalisis, es bien conocida la inestabilidad que presenta este tipo
de materiales en condiciones ambientales y de humedad. Por ello, se
ha llevado a cabo un estudio para demostrar que puede ser utilizada
para la obtencién de hidrégeno a partir de agua en determinadas
condiciones y en ausencia de agentes sacrificantes. Por lo tanto, con
este trabajo se abre la puerta a la utilizacion de las perovskitas hibridas
halogenadas como fotocatalizador.

En relacion al empleo de sensores de gases basados en perovskita,
existe una informacién limitada acerca de las interacciones de este
material con los gases. Asimismo, ningin estudio previo evalua el
sensado de gases mediante perovskitas con diferente composicién.
Por ello, esta tesis presenta por primera vez la comparacion y estudio
de la influencia de diferentes aniones y cationes en el mecanismo de
sensado. Para ello, se han desarrollado sensores de gases basados en
grafeno decorados con diferentes composiciones de perovskitas, con
los que ha sido posible detectar COVs a niveles de ppm. Se obtienen
respuestas variables segin la composicion de perovskita empleada,
pero en todos los casos son reproducibles, reversibles, sensibles y
ultrarapidas a temperatura ambiente. Estos resultados allanan el
camino hacia el desarrollo de sensores econdmicos, duraderos y de
bajo consumo energético para una potencial monitorizacién del aire.
Ademas, se abre la puerta a crear una base de datos de composiciones
de perovskita para adaptar la respuesta de los sensores a una gran
franja de gases, punto importante para mejorar una de las limitaciones
de los sensores quimicos de tipo resistivo, que es la selectividad.
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Por dUltimo, para aumentar las posibilidades y mejorar las
limitaciones que presentan las perovskitas en su aplicacion en el
campo fotovoltaico, se busca una estrategia con una perovskita
multidimensional 2D/3D mediante la insercion con moléculas
organicas (SubPc). Para ello se desarrolla una metodologia sencilla y
prometedora con la que introducir moléculas fotoactivas en la
estructura. De esta manera se consigue mantener las propiedades
eléctricas idéneas de una estructura 3D, reduciendo la degradacién del
material gracias a las condiciones estructurales de una perovskita 2D y
se expande la fotorrespuesta de nuestro material hibrido. Por lo que,
se abre una nueva via para disefiar materiales basados en perovskita.

En definitiva, de acuerdo con los resultados presentados, se puede
concluir que se han alcanzado los principales objetivos de la tesis. Se
ha mejorado el conocimiento sobre los fendmenos que ocurren
internamente, logrando desarrollar nuevas aplicaciones para este tipo
de material. Aunque todavia queda camino por recorrer antes de su
aplicacién comercial. Para ello, ciertos parametros aun deben de ser
mejorados y todavia es necesario un mayor conocimiento
fundamental de las propiedades de las perovskitas.

Por ejemplo, para que una perovskita especifica pueda actuar
como guia de onda en aplicaciones dpticas resulta de vital importancia
la ausencia de defectos. Pero, por el contrario, para el sensado de
gases resulta interesante la presencia de defectos en el cristal, puesto
que sirven como nucleos de interaccidn con los gases, mejorando su
respuesta en la deteccién. Asimismo, seglin el compuesto que se
quiera catalizar o el gas a detectar, una cierta composicion puede
ofrecer mejores resultados mientras pueden ofrecer resultados
limitados para otros analitos.
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