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ABSTRACT

The transition to low-carbon energy systems would be the main solution for global climate
change, which deals with the long-term alteration of weather and temperature pattern.
Sustainable energy, such as solar power set to play a larger role in the transition to renewable
energy, accounting for a considerable amount of global energy production. Photovoltaic (PV)
absorbs solar energy in the form of photons to knock electrons from semiconductor materials
in a way that they can generate a flow of electricity. Conventional PV cells are dominated by
silicon semiconductors, however, the absorption potential of crystalline silicon is limited to
absorbing wavelengths higher than or equal to 1100nm due to its indirect bandgap. Among
other PV technologies, perovskite solar cells (PSCs) have drawn a great deal of attention in the
last decade, owing to several factors including their outstanding power conversion efficiency
(PCE) within a short period of time, which has reached up to 25.7 % in single-junction devices
as of today. Despite their rapid success, interfaces remain the weakest part of the complete
device, holding their further improvement towards commercialization. This thesis focuses on
a comprehensive understanding of the photo-induced charge transfer dynamics and the
reliability enhancement of the PSCs based on interfacial modification through low-dimensional

semiconductor materials.

In the first part of this thesis, the performance enhancement of PSCs is uncovered by the
insertion of a 2D-MoS; interfacial layer. The phenomena of alkali metal intercalation of bulk
MoS; is realized to achieve a predominantly existing 1T-phase in layered MoS;, which
escalates the device performance significantly when compared with 2H predominant MoS;
synthesized via liquid phase exfoliation. It is found that the layered-MoS; interfacial layer
reduces the energy required for detrapping the trapped charges, which results in prompt
extraction of photo-induced charges at the interface of the perovskite/PTAA. Higher energy
gap at the interface due to the shallow HOMO state of pristine PTAA w.r.t the valence band
minimum of the perovskite was overcome by placing the 2D-MoS; interlayer, suppressing the
charge recombination, resulting in boosted Vo from 0.88 to 1.05 V, together with a higher FF
of 79.9%. Tha fabricated-PSCs with 1T-rich TMD-based interface layer leads to superior PV
performance, we further identified the saturation of photo-induced current density at a
relatively low effective voltage in the devices upon the 1T-rich WS layer. Low-temperature
admittance spectroscopy is established to investigate the state-of-trap densities in the devices.

The used protocol based on the 2D-WS; interlayer in a dopant-free PSC demonstrates a
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stabilized PCE of over 19%. Third, we demonstrate the reduction of interface recombination
and enhancement of charge transfer dynamics at the NiOx nanocrystal/perovskite interface by
application of an additional semiconductor layer, which can be either purely organic or
inorganic in low-temperature inverted PSC. The molecularly engineered dithieno thiophene-
based thin layer of organic semiconductor is deposited on NiOx nanocrystal thin-film to reduce
the surface defects and roughness, commonly associated with the layer of NiOx, which indeed
reduce interfacial recombination losses enabling enhancement in PV performances. The
developed strategy is further extended with the implementation of an inorganic interface layer
based on a 2D-C3N4 polymeric network. This interlayer enables greater Voc and FF that deliver
the PCE up to 19.3% with a minimal hysteresis by reducing non-radiative losses and faulty
charge build-up at the NiOy/perovskite interface. The MA™ cations in the perovskite have
greater coordination via H-bonding with the unbound nitrogen electron pairs in the C3N4, which
stabilizes the FA™ and MA™ cations at the interface as a passivation layer for the perovskite,
overcoming the possible deprotonation of MA* occurs with Ni*®* in NiOx. More significantly,

the interlayer increases the device’s stability.

A thorough grasp of the perovskite/electron transport layer interface is also essential to progress
and increase the device’s efficiency and stability. In this context, it is necessary to prevent any
potential parasitic losses within the device. Due to the decreased non-radiative recombination
at the perovskite/electron transport layer interface, we found that 2D-TiS had a greater effect
on PV performance when paired with PCsoBM under ideal addition, resulting in Voc as high as
1.057 V and eventually the PCE up to 17.95%. When 2D-TiS; is added to PCBM, the current
density reaches saturation at a relatively low Vesr, demonstrating that the device has a higher
capacity to extract electrons while retaining a high fill factor of 78%. The results presented in
this thesis offer unique insight into the interfacial modification using low-dimensional

materials to achieve simultaneous high-efficiency and stability in PSCs.
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LABURPENA

Karbono gutxiko energia-sistemetarako trantsizioa izango litzateke klima-aldaketa globalaren
irtenbide nagusia, eguraldiaren eta tenperaturaren epe luzeko aldaketaz arduratzen dena.
Energia jasangarriak, hala nola eguzki-energiak, zeregin handiagoa izan zuen energia
berriztagarrirako trantsizioan, eta horrek mundu mailako energia-ekoizpen handia ekarri zuen.
Fotovoltaikoak (PV) eguzki-energia xurgatzen du fotoi moduan material erdieroaleetako
elektroiak kolpatzeko, elektrizitate fluxu bat sortzeko moduan. PV zelula konbentzionaletan
siliziozko erdieroaleak dira nagusi; hala ere, silizio kristalinoaren xurgatze-potentziala 1100nm
edo gehiagoko uhin-luzerak xurgatzera mugatzen da, zeharkako banda-arrakala dela eta.
Euskal Autonomia Erkidegoko beste teknologia batzuen artean, eguzki-zelula perovskitoek
(PSC) arreta handia piztu dute azken hamarkadan, hainbat faktoreren ondorioz, besteak beste,
potentzia-bihurketaren eraginkortasuna (PCE) epe laburrean, gaur egun % 25,7ra iritsi baita
gailu bakarretan. Arrakasta handia izan duten arren, interfazeak gailuaren zatirik ahulena dira
oraindik ere, eta merkantilizazioari eusten diote. Tesi hau fotokonduktoreak eragindako kargak
transferitzeko dinamikaren eta PSCen fidagarritasunaren ulermenean oinarritzen da, dimentsio

txikiko material erdieroaleen bidezko aurpegi-aldaketetan oinarrituta.

Tesi honen lehen zatian, PSCren errendimendua azaleratzen da aurpegi-arteko 2D-MoS;
geruza bat txertatuz. MoS. solteko alkali metalen interkalizazioaren fenomenoak MoS:
geruzan existitzen den 1T-fase bat lortzeko egiten dira, gailuaren errendimendua nabarmen
handitzen duena 2H nagusi den MoS: rekin alderatuz fase likidoen esfoliazioaren bidez
sintetizatua. Ikusten denez, MoS: aurpegi-arteko geruzak murriztu egiten du harrapatutako
kargak askatzeko behar den energia, eta horrek azkar erauzten ditu fotoiak eragindako kargak
perovskita/PTAA interfazean. Interfazean energia-arrakala handiagoa HOMO pristine PTAA
w.r.t egoeraren ondorioz perovskitaren balentzia-bandaren minimoa gainditu zen 2D-MoS;
intergeruza ezarriz, kargaren birkonbinazioa ezabatuz, Vo 0,88 eta 1,05 V artean bultzatuz, eta
FF % 79,9 altuago batekin batera. Tha fabrikatzaileak -PSCk 1T-rich TMDn oinarritutako
interfaze geruzarekin PV errendimendu gorenera garamatza, gehiago identifikatu genuen
fotoiak eragindako korrontearen dentsitatearen saturazioa 1T-rich WS> geruzaren gailuetan
tentsio eraginkor baxu samar batean. Tenperatura baxuko espektroskopia ezartzen da gailuen
azken tranpako dentsitateak ikertzeko. Dopinik gabeko PSC batean 2D-WS; intergeruzan
oinarritutako protokoloak % 19tik gorako PCE egonkorra erakusten du. Hirugarrenik, NiOx

nanokristala/perovskita interfazean karga transferitzeko dinamikaren interfazearen
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errekonbinazioa eta hobekuntza erakusten dugu geruza erdieroale gehigarri bat aplikatuz,
tenperatura baxuko PSC alderantzikatuan organikoa edo inorganikoa izan daitekeena. Ingeniari
molekularra den dithieno thiofenoa erdieroale organikoko laer mehea NiOx nanokristal
mehearen gainean jartzen da azaleko akatsak eta zimurtasuna murrizteko, NiOx en geruzarekin
lotu ohi dena. Izan ere, PVren emanaldietan hobekuntza ahalbidetzen duten aurpegi-arteko
birkonbinazio-galerak murrizten dituzte. 2D-C3N4 sare polimeriko batean oinarritutako
interfaze ez-organiko baten inplementazioarekin garatutako estrategia are gehiago hedatzen da.
Intergeruza honek Vo eta FF handiagoak ahalbidetzen ditu, PCEa % 19,3ra arte ematen dutenak
histeresi minimo batekin, galera ez erradiatiboak murriztuz eta karga akastunak metatuz
NiOy/perovskita interfazean. Perovskitazko MA™ kateek koordinazio handiagoa dute C3Na-ko
lotu gabeko nitrogeno elektroien pareekin H bidez lotuz, eta horrek FA™ eta MA" kateak
egonkortzen ditu interfazean perovskitarentzako pasibatze geruza gisa, MA" en balizko

>3+

deprotonazioa gaindituz Ni rekin NiOxen. Nabarmenago, intergeruzak gailuaren

egonkortasuna areagotzen du.

Perovskita/elektroi-geruza garraiatzeko interfazea sakon hartzea ere funtsezkoa da aurrera
egiteko eta gailuaren eraginkortasuna eta egonkortasuna handitzeko. Testuinguru honetan,
gailuan gerta daitezkeen galera parasitoak saihestu behar dira. Perovskita/elektroi garraio
geruzaren interfazean birkonbinazio ez-erradiatiboa gutxitu zenez, egiaztatu genuen 2D-TiS2k
eragin handiagoa izan zuela PVren errendimenduan PCeBM gehigarri idealaren pean
parekatzen zenean, Vo 1.057 V-raino iritsiz eta, azkenik, PCEa % 17,95eraino. 2D-TiS;
PCeoBMari gehitzen zaionean, egungo dentsitatea asetasunera iristen da Veff baxu samar
batean, eta horrek erakusten du gailuak ahalmen handiagoa duela elektroiak ateratzeko, % 78ko
betegarri handia mantentzen duen bitartean. Tesi honetan aurkeztutako emaitzek aurpegien
arteko eraldaketa modu paregabean ezagutzeko aukera ematen dute, material dimentsiogabeak

erabiliz, aldi berean eraginkortasun eta egonkortasun handia lortzeko PSCn.



RESUMEN

La transicion a sistemas energeéticos sin o con bajas emisiones de carbono seria el principal
remedio para el cambio climético global, que se refiere a la alteracién a largo plazo del patrén
de clima y temperatura. Los beneficios de los sistemas energéticos modernos y la tecnologia
deberian ser mas fiables, mas eficientes y asequibles para todas las partes. Como alternativa a
la energia sostenible, la energia solar estd llamada a desempefiar un papel mas importante en
la transicion hacia las energias renovables, representando una cantidad considerable de la
produccidn energética mundial. A nivel basico, las células fotovoltaicas (photovoltaic, PV) o
solares funcionan permitiendo que la energia solar en forma de fotones libere los electrones de
los atomos en el material semiconductor de manera que puedan generar un flujo de electricidad.
En las células fotovoltaicas convencionales predominan los semiconductores de silicio, pero el
potencial de absorcion del silicio cristalino esta limitado a la absorcion de longitudes de onda
superiores o iguales a 1100 nm debido a su banda prohibida indirecta. Entre otras tecnologias
fotovoltaicas, las células solares hibridas organico-inorganicas de perovskita han atraido una
gran atencion en la ultima década, debido a varios factores, entre ellos su extraordinaria
eficiencia de conversién de energia (power conversion efficiency, PCE) en un corto periodo de
tiempo, que en la actualidad, ha llegado a alcanzar hasta el 25,7% en dispositivos de unién

simple.

La palabra "perovskita" se refiere a la forma mineral CaTiOs, que fue descubierta por el
mineralogista aleman Gustav Rose en los Montes Urales y bautizada en honor del conde ruso
Lev A. Perovski. En la actualidad, el término perovskita se refiere a una amplia gama de
materiales con estructura cristalina ABXs como el CaTiOs y generalmente estd compuesto por
un catién monovalente organico o inorganico (A) como el metil-amonio (MA*, CH3aNH3"),
etilamonio (EA*, CH3CH2NH3"), formamidinio (FA*, CH3(NH)."), Cs*, y Rb", un cation
metalico divalente (B) como Pb?* y Sn?*. X, por su parte, representa un anién monovalente
como CI, Br, I, SCN’, y PFe". Se observa que, para la estructura cibica de simetria ideal, los
cationes del sitio A suelen ser mas grandes que los cationes del sitio B, y el cation del sitio B
centrado en el cuerpo esta coordinado de forma octaédrica por el anidn del sitio X centrado en
la cara para formar una red tridimensional (3D) BXs que comparte las esquinas. Una nueva
subclase de la familia de las perovskitas, a menudo denominada perovskitas hibridas organico-
inorganicas (HOIP), ha atraido una enorme atencién en la Gltima década debido a su enorme

diversidad estructural y composicional, con una abundante variedad de componentes organicos



y sal metalica, méas alla de sus sistemas puramente organicos o inorganicos, ofreciendo

potenciales aplicaciones tecnoldgicas.

Dependiendo de la incidencia de la luz, se pueden identificar dos tipos de configuracion en las
PSC de unién simple: la n-i-p, donde se puede separar aln mas en heterounion planar o
mesoporosa, y la p-i-n (invertidas). Aqui, n y p se refieren a los materiales transportadores de
carga (CTM) de electrones y huecos, respectivamente, e i se refiere a la capa de absorcion de
perovskita intercalada entre la capa transportadora de electrones (n, ETL) y la capa
transportadora de huecos (p, HTL). La definicion anterior también se basa en el tipo de
contactos de la capa de transporte de carga (CTL) con el sustrato conductor transparente. En
las PSC n-i-p planas, la ETL se deposita sobre la capa de 6xido conductor transparente (TCO)
que funcionara como catodo y sera de 6xido de estafio dopado con fltor (FTO) o de éxido de
indio y estafio (ITO). Por otro lado, la configuracion p-i-n tiene el HTL en el lado de entrada
de la luz, depositado sobre el TCO, que se identifica como el &nodo. A diferencia de las PSCs
n-i-p de estructura planar, las PSCs n-i-p mesoporosas comprenden un ETL compacto (c-ETL)
formado sobre el sustrato TCO y luego se construye un ETL mesoporoso adicional (mp-ETL)
sobre el c-ETL como ETL y andamio estructural. La fabricacién del dispositivo se completa

con la construccidn de una capa metélica (oro, plata o aluminio) como electrodo superior.

A pesar de su gran éxito, las interfaces siguen siendo la parte méas débil del dispositivo completo
debido a las capas con cuatro interfaces diferentes, es decir, HTL/perovskita, ETL/perovskita,
HTL/anodo y ETL/catodo, lo que frena su futura mejora hacia la comercializacion. Esta tesis
se centra en la comprension exhaustiva de la dinamica de transferencia de carga fotoinducida
y la mejora de la fiabilidad de las células solares de perovskita basada en la modificacion

interfacial mediante materiales de baja dimension.

En la primera parte de la tesis, se desvela la mejora del rendimiento de las células solares de
perovskita de triple catién (PSC) mediante la insercién de 2D-MoS; como capa interfacial. El
2D-MoS: es un dicalcogenuro de metales de transicion (TMD) del grupo VI, cuya formula
generalizada es MX>, donde el atomo de metal de transicion (M) estd covalentemente
intercalado por dos planos de atomos de calcogenuro (X). A diferencia de los TMDs a granel,
los TMDs en capas pueden presentar una fase prismatica trigonal (2H) o una fase octaédrica
que se representa convencionalmente como 1T. En el caso del MX,; monocapa, la fase
prismatica trigonal se indica como 1H. La 2H o 1H pertenece al grupo de puntos Dzn con

simetria hexagonal que corresponde a la coordinacion prismatica trigonal de los atomos de
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metales de transicidn, donde los &tomos de calcogenuro estan alineados verticalmente a lo largo
del eje z con la secuencia de apilamiento AbA BaB (b y a indican los &tomos de metal mientras
que A y B indican los 4&tomos de calcogenuro). En cambio, la fase octaédrica 1T tiene una
simetria tetragonal Dzq con coordinacion octaédrica en los atomos del metal de transicién. En
este estudio, exfoliamos el MoS; a granel en capas 2D-MoS: utilizando intercalacion de litio
asistida por fase liquida, lo que dio lugar a una transformacion de fase del MoS; desde la fase
2H, termodindmicamente estable, a la fase 1T, metaestable. La mencionada transicion de fase
estructural se atribuye a la transferencia efectiva de electrones desde el orbital de valencia s de
los atomos del metal alcalino (Li) al orbital d del centro del metal de transicion, lo que da lugar
a un aumento del numero de electrones en el orbital d del metal de transicion con la densidad
de estados en el nivel de Fermi. Encontramos que el 2D-MoS; preparado se encuentra
predominantemente en la fase metédlica 1T, alcanzando un 78,3%, lo que se investigo
cuantitativamente a partir de la espectroscopia de fotoelectrones de rayos X. El 2D-MoS; rico
en fase 1T exfoliado aumenta el rendimiento del dispositivo de forma significativa en
comparacion con el MoS; predominante en 2H sintetizado mediante exfoliacion en fase liquida.
Se ha comprobado que la capa interfacial de MoS; reduce la energia necesaria para eliminar
las cargas atrapadas, lo que da lugar a una rapida extraccion de las cargas fotoinducidas y a la
mitigacion de la posible recombinacion interfacial. La implementacién de una fina capa de 2D-
MoS: reduce la brecha de nivel de energia entre la capa de perovskita y la capa de transporte
de huecos (HTL), aumentando el voltaje de circuito abierto (Voc) de 0,88 a 1,05 V, junto con
un elevado factor de llenado (FF) del 79,9%.

Habiendo demostrado que el procesamiento de PSCs con una capa de interfaz basada en TMD
ricaen 1T conduce a un rendimiento fotovoltaico superior, identificamos ademas la saturacién
de la densidad de fotocorriente (Jsat) @ un voltaje efectivo relativamente bajo (Vetr) en los
dispositivos sobre la capa WS; rica en 1T en la interfaz entre la perovskita de triple cation
Cso,1(FA0,9MA0,1)0,9Pb(lo,9Bro 1)z y el pristina PTAA. El dispositivo de destino basado en la
capa de interfaz presentaba una pronta recoleccion de carga foto-generada y disociacion de
excitaciones, dando lugar a una dinamica de foto-carga factible en el dispositivo. Se establecid
una espectroscopia de admitancia a baja temperatura para investigar el estado de las densidades
de trampa en los dispositivos, donde la reduccion de la densidad de trampa en el dispositivo
fue de aproximadamente un 25%. El protocolo presentado, basado en la introduccion de 2D-

WS entre el PTAA no dopado y el absorbente de perovskita, permitio la demostracion de PSCs
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n-i-p con una eficiencia estabilizada de mas del 19%, allanando el camino hacia la mejora de

la fiabilidad en PSCs para su viabilidad comercial.

Las PSCs invertidas con una arquitectura positiva-intrinseca-negativa (a menudo denominada
p-i-n) son atractivas para su futura comercializacion, debido a varios factores, entre ellos, su
fabricacion de bajo coste, la diversificacion de materiales, el funcionamiento fiable con
histéresis insignificante y las menores pérdidas de absorcion parasitaria respecto a la
configuracion normal n-i-p, lo que las hace compatibles con las células solares en tindem. Sin
embargo, la eficiencia de conversion de potencia de la arquitectura p-i-n sigue estando por
detras de su homdloga estructural n-i-p, que contiene la misma capa activa. En el capitulo 3,
demostramos la reduccion de la recombinacion de la interfaz y la mejora de la dindmica de
transferencia de carga en la interfaz NiOx nanocristal/perovskita mediante la aplicacion de una
capa organica semiconductora adicional en la PSC p-i-n. Se utilizd la capa fina de
semiconductor organico a base de ditieno-tiofeno de ingenieria molecular como capa de
interfaz depositada sobre NiOx. La capa orgénica reduce eficazmente los defectos superficiales
y la rugosidad cominmente asociada a la capa de NiOx, lo que efectivamente reduce las
pérdidas por recombinacion interfacial en el dispositivo. El efecto de transferencia de carga
intermolecular de la capa semiconductora organica introducida mejora la movilidad de los
huecos y la conductividad del NiOx, su existencia reduce la brecha de energia entre las bandas
de valencia de la perovskita y el NiOx, potenciando una extraccion de carga suave y rapida en
la interfaz NiOx/perovskita. Posteriormente, se observo una mejora en el Voc y en el FF, lo que

permitio obtener el dispositivo objetivo con un PCE reforzado de méas del 18%.

La estrategia desarrollada en la primera mitad del capitulo 3 se amplié ain mas en el capitulo
4 con la implementacion de una capa de interfaz inorganica basada en semiconductores de
nitruro de carbono 2D en PSC p-i-n. La acumulacion de carga defectuosa y la recombinacion
de carga interfacial se minimizan, aumentando el Vo y el FF hasta 1,06 V y 78%,
respectivamente, lo que finalmente alcanzo6 un PCE del 19,33%. A pesar de la excelente
estabilidad intrinseca observada en el NiOx inorganico, una posible reaccion redox en el
NiOx/perovskita inicia y promueve la degradacion de la capa activa y posteriormente la
inestabilidad de los dispositivos. La naturaleza dual de aceptacion de protones y electrones del
Ni*3* en el NiOx podria ser la responsable de la oxidacion del yoduro y la desprotonacion de
las aminas catiénicas (MA®) al entrar en contacto con la perovskita, dando lugar a la
deformacion de la red de la perovskita y produciendo barreras de extraccion de huecos basadas

en el Pbl>.xBrx en la interfaz. Para averiguar la influencia de la capa de interfaz basada en
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nitruro de carbono de baja dimension para superar la posible degradacién de la perovskita y las
vias de defectos de NiOx, se investigo la estabilidad operativa a largo plazo de las PSC sin
encapsular con y sin la capa de interfaz mediante el seguimiento del punto de maxima potencia
en condiciones de HR ambiental del 45-65%. EI dispositivo de control perdio rapidamente el
20% de su PCE inicial tras 85h de funcionamiento continuo, mientras que el dispositivo

objetivo mostro el 80% de su PCE inicial durante casi 300h de funcionamiento continuo.

Ademas, se evaluo el efecto de 2D-TiS», un material TMD de tipo n, sobre el rendimiento de
las PSC. Entre las dos capas de transporte de carga (CTL), la capa de transporte de electrones
(ETL) desempefia un papel crucial en la mejora del rendimiento fotovoltaico y la estabilidad
ampliada en las PSCs p-i-n. Un derivado del fullereno, cominmente conocido como PCBM,
que es [6,6]-fenil-C61-isometil butirato, se considera la ETL mas utilizada en la configuracion
p-i-n desde su primera aplicacion en PSCs en 2013 por Chen y otros colaboradores. Sin
embargo, la calidad de la pelicula de PCBM depende en gran medida de la morfologia de la
superficie de la pelicula de perovskita subyacente, en la que las peliculas de perovskita asperas
de la superficie pueden dar lugar a una capa de PCBM discontinua, lo que conduce a una
corriente de fuga de recombinacion no radiactiva interfacial. EI 2D-TiS; se utilizé como capa
de interfaz entre el PCBM vy la perovskita 0 mezclado con el PCBM y aplicado como ETL en
los dispositivos. Se comprobé que el efecto de la 2D-TiS: en el rendimiento fotovoltaico es
mayor cuando se mezcla con PCBM en lugar de utilizarse como capa de interfaz. Tras la
adicion optima de un 15 % en peso de 2D-TiSz en la ETL basada en PCBM, conseguimos
preparar dispositivos con recombinacion no radiactiva suprimida, lo que condujo a una Voc tan
altacomo 1,057 V, un FF del 77,56 % y, finalmente, un PCE de hasta el 17,95 %. El dispositivo
con PCBM + 15 wt% de 2D-TiS, muestra un Jsat @ un Vesr relativamente bajo de 0,235 V
comparado con el del dispositivo de control (0,398 V), lo que sugiere una mayor capacidad de
extraccion de carga tras la adicion de 2D-TiS2 en PCBM, proporcionando otra evidencia para
la alta FF observada en el dispositivo basado en 2D-TiS, + PCBM. El dispositivo basado en
PCBM de pristina muestra un tiempo de vida de los electrones de 13,91 mientras que el
dispositivo con 2D-TiSz incorporado presenta un tiempo de vida de los electrones mas largo
de 37,27 ps, lo que indica una recombinacién de carga mitigada en la interfaz perovskita/ETL
tras la incorporacion de 2D-TiS2 en PCBM. Este trabajo pone en marcha un esquema facial y
eficiente para ampliar los PCEs con una estabilidad operativa extendida.

Los resultados presentados en esta tesis ofrecen una vision Unica de la modificacidn interfacial

utilizando materiales de baja dimension para lograr simultaneamente alta eficiencia y
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estabilidad a largo plazo en las PSC. Se utilizan diferentes técnicas optoelectronicas fiables

para entender la dindmica de la foto-carga en las interfaces.
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Figure 4. 10 —fdC/df vs. frequency variation at low temperature for the devices without (a) and
with (b) 2D-WS: interface layer. Arrhenius plot of the PSCs without (c) and with (d) the 2D-
WS2 INTEITACIAL TAYET. ... bbb 92

Figure 4. 11 (a) Mott-Schottky analysis at 10 kHz and (b) trap density of states deduced from
temperature-dependent C—f spectroscopy for the PSCs without and with 2D-WS.. ............... 93

Figure 4. 12 (a) Normalized Jsc for 100 h of continuous MPP tracking for un-encapsulated
PSCs under an ambient atmosphere. Initial 2000 s MPP tracking of (b) J and (c) PCE.......... 94

Figure 5. 1 (a) UV-vis absorption spectra, (b) Transition electron microscopy (TEM) of drop-
casted NiOx NC aqueous solution, and (c) X-ray diffraction (XRD) pattern of the NiOx film.

Figure 5. 2 Surface SEM images of (a) NiOx NC film, (b) DTT-EHDI. deposited on NiOx NC
film. Contact angle of perovskite on (a) NiOx, and (b) DTT-EHDI2/NiOx NC films. Surface
SEM images of CSFAMA grown on (e) NiOx film and (f) DTT-EHDI2/NiOx NC film. To note
here, images (a) and (b) are in 90 K magnification, while (e) and (f) are in 60 K magnification.

Figure 5. 3 Topography, 3D height, and phase images of the perovskite deposited on NiOx (a,
b, and ¢) and on DTT-EHDI/NiOx (d, e, and f), respectively.........ccccovereiiiiniininicieenn, 110

Figure 5. 4 XRD patterns of CSFAMA perovskite deposited on NiOx film and DTT-
EHDI2/NiOx film. (d) UV-Vis spectra of NiOx/CsFAMA with and without DTT-EHDI;
interface layer (c) I-V curves for conductivity measurements in the configuration of
FTO/NiOx/Au and FTO/NiOx/DTT-EHDI, in the dark. (d) J-V curves for hole-mobility
measurements with the hole-only device with the configurations of FTO/PTAA/NiOyx/Au and
FTO/PTAA/NIOx/DTT-EHDI2/AU IN the dark. .......cccooeieiiiiiiiieccee e, 111

Figure 5. 5 (a) Chemical structure of DTT-EHDI, (2,6-bis(5,10,15-tris(2-ethylhexyl)-10,15-

dihydro-5H-diindolo[3,2-a:3",2"-c]carbazol-3-yl)dithieno[3,2-b:2",3"-d]thiophene). (b)
Energy band alignment at the NiOx/CsFAMA interface. (c) p-i-n device structure and (d) cross-
sectional SEM image of the fabricated PSC. ... 112

Figure 5. 6 (a) J-V curve of the champion device without and with DTT-EHDI. interface layer
in reverse scan under simulated AM 1.5G illumination. (b) The corresponding IPCE and
integrated current density. (c) J-V hysteresis curve of forward and reverse scans of the
champion PSCs. (d) Stabilized initial 400 s MPP tracking of Jsc under ambient conditions.113

Figure 5. 7 (a) Electrochemical impedance spectra of PSCs measured at an applied voltage of
950 mV in the dark (raw and fitted data). The potential bias-dependent (b) charge transport
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Figure 6. 1 (a) Chemical structure of tri-s-triazine-based graphitic-CaN4. XRD pattern (b),
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Figure 6. 3 SEM image of (a) FTO, (b) NiOx/FTO, (c) g-CsN4/NiOx/FTO, and (d) L-
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Figure 6. 9 Statistical distribution of PV parameters extracted from J-V curves of the PSCs
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Figure 6. 10 (a) Dark J-V curves and (b) photo-generated current density vs. effective voltage
of PSCs. (c) Electrochemical impedance spectra of PSCs measured at an applied voltage of
900 mV under dark conditions (raw and fitted data). Inset: the equivalent circuit diagram used
for EIS data fitting. (d) Bode spectra of PSCs measured at an applied voltage of 900 mV under
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Figure 6. 11 Space-charge-limited current (SCLC) vs voltage of hole only devices with the
structure of (a) FTO/NiOx/perovskite/PTAA/Au, (b) FTO/NiOx/g-CsNa/perovskite/PTAA/AU,
and () FTO/NiOx/L-C3Na/peroVSKIte/PTAA/AUL. ........ccoviiiieiieeeieiese e 142

Figure 6. 12 (a) The normalized current density of continuous MPP tracking for un-
encapsulated PSCs under atmospheric conditions (RH 45-65 %, 300 K). (b) XRD of fresh
perovskite on NiOx and thermal/light stressed perovskite films deposited on NiOx, g-
C3N4/NiOx, and L-C3N4/NiOx. (¢) Zoom in view of XRD patterns of around 26=10.5°-15° and
(d) Zoom in view of XRD patterns of (202) peak around 26=28.5°. # and * represent the 0-
phase of FAPDI3 and the cubic Pbla, resSpectively..........cooovviiiiiiniiiicsen 143

Figure 6. 13 UV-Vis spectra of fresh perovskite on NiOx (A) and thermal/light stressed
perovskite films deposited on NiOx (B), g-CaN4/NiOx (C), and L-C3N4/NiOx (D). Images of
each perovskite film are shown on the right SIde. ..., 144

Figure 7. 1 (a) UV-Vis absorption spectrum of exfoliated 2D-TiS; in isopropanol, insert shows
the suspension of 2D-TiSz in isopropanol. (b) XRD patterns of bulk and exfoliated TiS,. TEM
(c) and AFM (d) images of exfoliated 2D-TiSg, insert of (d) shows the thickness profile along

Figure 7. 2 XPS narrow spectrum of Ti 2p (a) and S 2p (D). ....eovevveiiieieeeceeceee e, 159

Figure 7. 3 SEM images of (a) CsSFAMA perovskite, (b) PCBM on CsSFAMA perovskite, and
(c) PCBM + 15 wt% 2D-TiS2 on CsSFAMA perovskite. AFM topography and 3D height images
of CsFAMA perovskite (d and €), PCgM on CsFAMA perovskite (f and g), and PCBM + 15
wit% 2D-TiS2 on CsSFAMA perovskite (h and 1), respectively..........c.ccooveiiiiieniiieiienn, 160

Figure 7. 4 (a) Device configuration for the conductivity: FTO/PCBM(with or without 15 wt%
2D-TiS)/Ag. (b) Device configuration for the mobility and space-charge-limited current
(SCLC): FTO/SnO2/PCBM(with or without 15 wt% 2D-TiS2)/Ag. (c¢) I-V curves for
conductivity measurements in the dark. (d) J-V curves for electron-mobility measurements with
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Chapter 1

INTRODUCTION

In this chapter, the fundamentals of photovoltaic (PV), perovskite solar cells, and low-
dimensional materials for interface engineering are discussed. Starting from the comprehensive
and characteristic features of PV cells, the thermodynamic limitation and losses in solar cells
are introduced. Next, perovskites, the evolution of hybrid organic-inorganic perovskite (HOIP)
as an absorber in solar cells, basic considerations of photo-induced charge transfer dynamics,
and recombination mechanisms are debated. Finally, the development strategies of PSC in
particular interface engineering are briefly explored before introducing the low-dimensional

materials with which the results in the following chapters are obtained.

1.1 Overview

The global energy demand continues to evolve owing to the rapid growth and modernization
of the world economy and technology. Unprecedented consumption sets the non-renewable
fossil energy, such as oil, gas, and coal diminish from the Earth within the next few decades.
Coal was regarded as a dominant energy source in the energy system until the first half of the
20" century and then oil became from the 1970s.! Aside from the scarcity, the major problem
with fossil fuel is atmospheric heat-trapping carbon dioxide emission, which has a direct impact
on the earth’s environment, causing global warming, ozonosphere destruction, acid rain, and
pollution of water resources.? In an era of accelerating change in sociological, political, and
technological, the imperative to achieve sustainable growth with minimal effect on climate is
strengthening the momentum of the global energy transformation from traditional non-
renewable to renewable green energy sources.®> The growing importance of sustainable
development, rapid decline in renewable energy costs, and improving energy efficiency
together with well-organized strategies, guiding energy transformation, moving towards a

clean energy future.!4

As a renewable energy source, in a single hour, the sun provides a total of around 173,000 TW
power, which is more than the world’s energy needs for an entire year.> Today, solar energy is
increasingly becoming an economical, green, and sustainable energy choice as prices continue
to fall. In practice, solar energy conversion has three categories; photo-thermal, photocatalytic,
and photovoltaic. Photo-thermal devices convert solar energy into heat, which is then used as
an energy source or further transformed into electricity. Photocatalytic cells work based on

artificial photosynthesis where solar energy is used to catalyze chemical reactions and produce
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fuels. Photovoltaic (PV) technology directly produces electrical power through the
photovoltaic effect. Since the first invention of the crystalline silicon solar cell at Bell Labs by
Calvin Fuller and Daryl Chapin together with Gerald Pearson in 1954, PV cells have become
a hotspot for the large-scale production of solar electricity. In 2019, solar PV accounted for
3.1% of global electricity production (IEA analysis, 2022), which is projected to lead the power
generation, reaching 10% by 2050.% The only limitation of solar power is our ability to transfer
it into electricity efficiently and sustainably, consequently, there is an urgent demand for PV
technologies.

1.2 Photovoltaic Effect

The PV effect is the principle of producing electricity from solar radiation, which was first
reported by French scientist Alexandre Edmund Becquerel as early as 1839 from a silver-
coated platinum electrode immersed in the electrolyte.” Later in 1873, the PV effect was
observed in solid selenium bars followed by William G. Adams and Richard E. Day in 1876,
the system was further developed, demonstrating the first PV effect in a solid-state system.®°

Since then, many studies have attempted to generate electricity based on this phenomenon.

Figure 1 illustrates the principle of the PV working, which is fabricated from p-type and n-type
semiconductor materials and forms a p-n junction. When p and n-type semiconductor layers
are brought into contact, an electric field is created between two semiconductors, and due to
potential difference electrons and holes travel across the junction to the corresponding
opposite-type semiconductor through charge diffusion, creating a depletion zone at the p-n
junction where there is no more chance of any charge carrier migration. Thus, a balance
between the charge diffusion and the built-in electric field at the junction generates a stable
thermal equilibrium (Figure 1.1a). In this equilibrium, a flat Fermi level (Er) is developed
through the bending of conduction (Ec) and valence band (Ev) of n-type and p-type
semiconductors, respectively (Figure 1.1b). When the semiconductor absorbs photons, the
electrons move to the conduction band leaving holes in the valence band. The generated
electron-hole pairs which are far from the depletion region recombine rapidly due to the electric
field, losing their energy by heat. Others excited within and close to the depletion region can
be separated and migrate, leading to a photocurrent across the junction. Figure 1.1c shows the
illuminated p-n junction under open-circuit conditions, where the electron and hole Fermi

levels are separated in the p and n region, creating a measurable potential difference (Voc,
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Figure 1. 1 (a) Schematic illustration of the creation of neutral region/depletion of mobile ions

region at a p-n junction by majority carrier diffusion from p-type to n-type and n-type to p-

type. The energy level of a p-n junction under (b) thermodynamic equilibrium [g-electron

charge, v,;-built-in potential], (c) illumination/open circuit, and (d) illumination/short circuit

conditions.

open-circuit voltage) across the junction.'® Under the short-circuit condition, photogenerated

current (Isc, short-circuit current) flows freely (Figure 1.1d). A detailed elaboration of the Voc

and Js¢ (short-circuit current density) will be discussed in the next section.
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1.3 Photovoltaic Fundamentals

1.3.1 Characteristics and Parameters of PV Cells

The ideal PV cell can be modelled by a light-induced current, lpyv as a current source in parallel
with a diode, connected to an external load, as illustrated in Figure 1.2a. However, in real
conditions, PV cells tend to imperfections in the p-n junction such as unwanted recombination,
finite refractive indices or electrical transport limitations, and imperfect absorption, resulting
in parallel resistance (Rg},) across the junction with a series resistance (Rg) between the p-n

junction, which reduces the actual power output (Figure 1.2b).10:11

(a)

T
<
—_—
a
—
w)
<
Q +——0
)
=
_U"-
<
——
Q.-

Figure 1. 2 The equivalent circuit of (a) an ideal and (b) a real PV cell (redrawn??).

When the PV cell is irradiated, the current Ipy is generated, which follows the relation Ipy =
Ajighdpy, Where Aj;gne and Jpy represent the active irradiated area and the generated current
density of the PV cell, respectively. According to the p-n junction theory, the voltage across
the junction V; and the generated current density /(1) through the junction are connected to

diffusion and generation-recombination reverse current density as,!?

JWVa) = Jo [exp (nf;(/t],T) - 1] +Jer [exp (n:;;],T) - 1]’ (1.2)
Jor = S (1.3)

2T

where, n,and n, are so-called diode factors (1< n; <2; n, >2), J5 IS reverse saturation current
density, L, and D, are the electron diffusion coefficient and diffusion length, L, and D, are
the hole diffusion coefficient and diffusion length, N and N, are n-side and p-side carrier

concentrations. W and 1/t represent the depletion region width and capture probability in the
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combination center, respectively. The expression above (1.1) can be generalized by introducing

the ideality factor n;4;

JW) = Jo|exp (=) - 1]. (1.4)

NnigKpT

If I is the output current, V is the output voltage, and R is the series resistance, the forward
bias voltage across the p-n junction is V + IR. A part of the photo-generated current travels
through the diode (I4) while a part of the generated current flows through the parallel resistance

(shunt resistance) Rgy,. Therefore, the output current can be expressed by,
I = IPV - Id - ISh' (15)

By considering Eq. (1.1) and Eq. (1.5);

I = AjightPpy — Iy [exp (e Z:If:;) - 1] — Igr [exp (e Z:If;;) — 1] - V;:I. (1.6)

The typical I — V characteristic curve of the PV cell is shown in Figure 1.3a. The open-circuit
voltage (V,.) can be derived with the open-circuit conditions, where V =V, I = 0, and with
the assumption that Ry, >> Rq,

Voo = M2 In (222 4 1) = 2T in (122 (L.7)

where the approximation is justified because of Jpy >> J,.

The diffusion current is predominant in the device and the carrier recombination in the
depletion region becomes negligible (or zero) when n = 1. The phenomena will be vice versa
with n = 2. However, the PV cell exhibits both recombination and diffusion current under real
conditions, thus, 1< n < 2. The short-circuit current density (Js.) is used to describe the
maximum current delivered by a PV cell, which strongly depends on the optical properties of

the cell and the spectrum of the incident light. In ideal conditions with low Rg, J,. is equal to

Jpv-

The concept of Fill-factor (FF) has been introduced for characteristics evaluation, as it

quantifies the fraction of maximum usable power versus internally generated power,*!
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FF = Ymeelvpp (1.8)

VOCISC
The subscript MPP in expression (1.8) denotes the maximum power point of the solar cell
(Figure 1.3a), which is the point on the I-V profile of the cell at which the solar cell generates
the maximum power output. The FF can be further represented in terms of V., with the

assumptions of known n, zero R, and infinite Rgy,,*3

Ugc—In(ugc+0.72)
Ugct1

FF =

(1.9)

Uoe = Voc== (1-10)

1 UV Visible IR

—>

AM 1.5

1 AM 0

Current
Power
Spectral irradiance (W/m2nm)

| N
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Wavelength (nm)

Voltage Virr Voe

Figure 1. 3 (a) Characteristic I-V curve of a solar cell extracted from a typical perovskite solar
cell (discuss later in this chapter). (b) AM 0 and AM 1.5 spectral distribution of solar radiation

power (redrawnt).

The power conversion efficiency (1) can be calculated as the ratio between the maximal

generated power and the incident power (Pin) on the cell area,

_ Pmax _ VmppImpp _ VocIscFF 1.11
n=—-=—p=— (1.11)
n n n

Since the spectral distribution and incident power control all the above parameters, reliable
measurements of the J-V characteristics are given under standard test conditions (STCs), this
means, that the total incident power on the solar cell should be measured is equal to 1000 W/m?.
Further, the spectrum should resemble the AM 1.5G (Figure 1.3b), which is defined in the
International Standard IEC 60904/3 under the solar spectral distribution tilted at 42 degrees to
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the horizontal.** In this regard, the temperature of the solar cell should be maintained constant
at 25°C.

1.3.2 The External Quantum Efficiency

The incident-photon-to-current-efficiency (IPCE), alternatively called external quantum
efficiency (EQE) is the proportion of the created electron-hole pairs in the absorber collected
by photons incident on the solar cell. The EQE is wavelength dependent, thus, it is measured
by illuminating the solar cell with monochromatic light or light at individual wavelengths, and
measuring the photocurrent through the solar cell. The EQE at a particular wavelength (1) can
be given as,*°
1
EQE, = B 1.12

QE; P (1.12)

where Iy 5 is the photocurrent at a given wavelength, g is the elementary charge, and ¥y, 5 is

the spectral photon flow incident on the solar cell at a particular given wavelength.
1.3.3 Energy Losses and Limitations of Energy Conversion

(a) (b)
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Figure 1. 4 (a) Intrinsic energy losses as a function of Eg under one sun illumination. (b)

Fraction of incident power into intrinsic energy losses (redrawn?®).

Limitation mechanisms of solar energy conversion in a typical solar cell under standard test
conditions can be divided into two distinct categories; i.e extrinsic losses and intrinsic losses.
Series resistance, shunt resistance or parasitic recombination, and contact shadowing are

known to be extrinsic losses, which can subsequently limit the device’s efficiency; however,
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they can be theoretically overcome.*>!® In contrast, unavoidable intrinsic losses that remain in
the device are five types, which result in either a reduction in voltage or a reduction in current,
thus, limiting the overall efficiency of solar cells (Figure 1.4a). Below Eg loss indicates
unabsorbed photons with energy below the bandgap due to the mismatch between the broad
solar spectrum and mono-energetic absorption. The conversion efficiency can be further
reduced through emission loss according to Kirchoff’s law where absorbers must also be
emitters. Below Eg loss and emission loss are recognized as current drop mechanisms as they
limit the number of available free charge carriers. Excited carriers with an excess amount of
energy due to high-energy photons relax their excess energy down to the band edge, which is

lost as heat, leading to the thermalization loss in the device.r

Some energy must be given up to transform thermal energy into electrical work; this energy
loss is known as the Carnot loss.*”® There is an additional energy loss known as Boltzmann
loss that occurs owing to the inequality of absorption and emission angles, resulting in an
entropy generation via photon modes expansion. Thermalisation, Boltzmann, and Carnot losses
are responsible for voltage drop in the solar cells. In principle, the current-voltage characteristic
of the solar cell is derived by considering all the intrinsic current and voltage drop processes.®
A numerically driven maximum power out for a given bandgap is compared alongside the

analytical solution that is shown in Figure 1.4b.

1.3.4 Shockley-Queisser Limit

The free charge carrier generation is strongly dependent on the band gap and band structure of
the semiconductor, only photons with energy higher than bandgap (hc/A > E;) can generate
carrier pairs. A part (% — E,) of absorbed energy is deprived due to thermalization. Hans-

Joachim Queisser calculated and named in the honor of William Shockley a bandgap-
dependent theoretical limitation of efficiency, referred to as the Shockley-Queisser limit (SQ-

limit) based on the assumptions: the entire irradiation power f;o. %%(A)dl is absorbed by

hc
the PV cell, the irradiation power f/1 ‘/Eg E,®0(A)dA is converted into free-charge pair

generation, only radiative recombination in an ideal PV cell with ideal junction characteristics
and no parasitic resistances.'®1% According to the SQ criteria, the maximum theoretical limit

for the conversion efficiency n,, can be represented as,

10
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hc
I /,Eg Eg®o(1)dA
L/ T— (1.13)

— (o hc
- A
f}”min}L o(Dd

The maximum SQ limit for any solar cell is limited to 33.7% with a 1.36 eV band gap of an

absorbing material under AM 1.5G solar radiation.1%°

1.4 Perovskite

Corner sharing network
of BX; octahedral

Figure 1. 5 The lattice representation of perovskite crystal structure ABXs, showing corner
sharing network of BXs octahedral and larger A cation occupied in cubo-octahedral site, where

A, B, and X represent monovalent cation, divalent cation, and monovalent anion, respectively.

The word “perovskite” refers to the mineral form CaTiOz, which was discovered by the German
mineralogist Gustav Rose in the Ural Mountains and named in honor of the Russian Count,
Lev A. Perovski.?® The term perovskite now refers to a wide range of materials with an ABX3
crystal structure similar to CaTiOs and is generally composed of an organic or inorganic
monovalent cation (A) such as methyl-ammonium (MA*, CH3NHz"), ethylammonium (EA",
CH3CH2NHs"), formamidinium (FA*, CH3(NH.)."), Cs*, and Rb*, a divalent metal cation (B)
such as Pb?* and Sn?*. X represents a monovalent anion such as CI-, Br, I, SCN-, and PFe". It
is noted that for the ideal symmetry cubic structure, the A-site cations are usually larger than
the B-site cations, and the body-centered B-site cation is octahedrally coordinated by the face-
centered X-site anion to form a corner-sharing BXs three-dimensional (3D) network as shown
in Figure 1.5.212

11
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The Goldschmidt tolerance factor (t) is an indicator of evaluation of the crystal structure and
the compositional space spanned by A, B, and X constituents, which is defined by the equation;

Rp+Ry
t —

"~ V2(Rp+Rx) (1'14)

where, R4, Rg, and Ry represent the ionic radii of A, B, and X, respectively.?

Empirically, any molecular cation could be possible as long as it has sufficient space to fit
within the cavity. The 3D perovskite network is distorted when the cation size is too large.?* A
significant number of tolerance factors could be found in the range of 0.8 <t < 1 for ideal cubic
perovskite structures. The tilting of the BXe octahedral units and the displacements of the A
and B sites primarily control the structural distortion.?1:%

1.5 Hybrid Organic-Inorganic Perovskites and Their Properties

A new subclass of the perovskite family, often referred to as hybrid organic-inorganic
perovskites (HOIP) has attracted enormous attention in the last decade owing to their enormous
structural and compositional diversity with an abundant variety of organic components and
metal salt beyond their purely organic or inorganic systems, offering potential technological
applications. In principle, HOIP can be categorized into three subclasses from a structural
perspective: i.e. ABXs perovskite, A2BB"Xs double perovskites where the B cations are
replaced by two or more cations heterovalently, and AsBX antiperovskite.?® However,
A2BB"Xg double perovskites and AsBX antiperovskites are not discussed herein. In 1978, the
first known halide HOIPs with the cubic structure of MAPbX3 were structurally investigated
by Weber.?” Generally, many intrinsic properties of perovskites including ferroelectricity,
multiferrocity, and magnetism are varied depending on the phase transition.?® Under the
temperature perturbation, HOIPs undergo a successive phase transition, many of them first
order with three distinct symmetries, evolving from cubic to tetragonal, and then to
orthorhombic on cooling.?®3° The rotation of the A-site organic amine cation in HOIP is limited
and only possible around the C-N axis when it is in the lowest temperature phase.?*3! Apart
from the electrostatic force, the interaction of the perovskite framework with FA and MA
cations through N—H---I hydrogen bonding ultimately influences the octahedral tilting, phase-

transition mechanism, and disorder of the perovskite.?*3?

12



Chapter 1

Based on the preliminary consideration of HOIP as PV absorber material originates from the
superior semiconducting properties associated with them. These include a suitable direct
bandgap with experimentally observed bandgaps ranging from ~1.2-2.8 eV.3 Owing to the
strong contribution of the halide p orbitals to the optical transition, the halides in HOIP
predominantly regulate their bandgap, which can also be tuned by differing the B-site metal.
A-site organic cations, on the other hand, have a minor contribution in determining the bandgap
of HOIP due to the negligible influence of the 2p orbitals of C and N together with the 1s
orbitals of H on the density of state near the Fermi level. However, the steric effect of the A-
site cation could influence the bandgap by distorting B-X bond length and bond angle through

hydrogen bonding and van der Waals interaction.3334

HOIPs are recognized as promising light absorbers, comprising strong absorption, which
significantly reduces the thickness of the absorber layer to hundreds of nanometres to achieve
better efficiency. These materials also demonstrate low active defect density, which is
potentially related to the low-temperature solution processing of the materials. The long
diffusion length (up to 23 and 650 um in films and crystals, respectively), the long carrier
lifetimes (up to 30 us for polycrystalline films and 2.7 ms for single crystals), in combination
with high radiative efficiencies in HOIPs necessitate consideration of efficient photo charge
transfer dynamics in thin films under illumination.® The exciton binding energy (Eg) to
dissociate electron-hole pairs in HOIPs is as low as <25 meV, facilitating free charge forming

rather than bound excitons.3®

1.6 Hybrid Organic-Inorganic Perovskite Solar cells

The application of hybrid perovskites in PVs was started back in 2006 with the incorporation
of MAPDI3 as a visible-light sensitizer, by Miyasaka and co-workers, which gave them light-
to-electricity conversion efficiency of ~2.2%. Later in 2009, the same group was able to reach
the PCE up to ~3.8% by replacing | with Br.2>%" Despite the low initial PCE by that time, rapid
progress has been made following the development of solid-state perovskite devices. Owing to
the advancement in device architecture and materials processing, PSCs have shown great

consideration, with their certified PCEs reaching 25.7% in just over 12 years of research.®
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1.6.1 Device Architecture of PSCs
(a) n-i-p mesoporous (b) n-i-p planar (c) p-i-n planar

I Metal cathode I

Perovskite Perovskite

Perovskite

Mesoporous ETL/scaffold

"COIGIass- CO/Glass CO/Glass
- - |
Sunlight Sunlight Sunlight

Figure 1. 6 The schematic diagram of the different architectures of perovskite solar cells; (a)

n-i-p mesoporous, (b) n-i-p planar, and (c) p-i-n planar (inverted) configuration.

Depending on the light incidence, two types of configuration can be identified in single-
junction PSCs, which comprise either n-i-p, where it can be separated further into planar or
mesoporous heterojunction and p-i-n (inverted) architectures as illustrated in Figure 1.6. Here,
n and p refer to electron and hole carrier charge transporting materials (CTMSs), respectively,
and i refers to the perovskite absorption layer sandwiched between electron transporting layer
(n, ETL) and hole transporting layer (p, HTL). The aforementioned definition is also based on
the type of charge transport layer (CTL) contacts with the transparent conductive substrate.
In planar n-i-p PSC, the ETL is deposited on the transparent-conductive oxide (TCO) layer that
will function as the cathode and will be either fluorine-doped tin oxide (FTO) or indium tin
oxide (ITO). On the other hand, p-i-n configuration has the HTL at the light incoming side,
deposited on TCO, which is identified as the anode. In contrast to the planar n—i—p type PSCs,
the mesoporous n-i-p type PSCs comprise a compact ETL (c-ETL) formed on TCO substrate
and then an additional mesoporous ETL (mp-ETL) is constructed on the c-ETL as both the
ETL and structural scaffold. The device fabrication is finished with the deposition of a metal

contact layer (gold, silver, and aluminium) as the top electrode.3%#°
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1.6.2 Deposition Techniques of HOIP Layer

Depositing techniques influence and control the morphology, crystallinity, and thickness of the
perovskite layer. The quality of the perovskite layer is known to be one of the main factors for
high-performance PSCs with longer lifetimes, thus, choosing the appropriate depositing
techniques is paramount for achieving an appropriate perovskite film. The fabrication
techniques for the fabrication of HOIP thin films can be classified into three main categories:
solution-based, hybrid, and vacuum-based.** However, the experiments in this thesis were
constructed with the solution-based spin-coating method, only that technique is described in

detail in the following section.

*
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Figure 1. 7 Schematic illustrations of solution-based perovskite thin film deposition
techniques. (a) Solvent engineering free one-step method, (b) solvent engineering-assisted one-

step method, and (c) two-step methods.
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1.6.2.1 Solution-Based One-Step Coating:

The very first fabrication technology for solution-processed PSCs to be developed was the one-
step deposition. In this process, the perovskite precursor solution containing the mixture of AX
(eg: MAI, FAI, MAI/FAI, Csl) and BX> (eg: Pblz, PbBrz, Pbl2/PbBr) in a solvent such as
dimethylformamide (DMF) and dimethyl sulfoxide (DMSOQ) is loaded on the target substrate
and spin-coated the thin film. The film is subsequently transferred onto a pre-heated hot plate
and annealed for the desired time to obtain a crystallized perovskite film (Figure 1.7a).
However, at the early stage of this research field, simple spin coating of the perovskite
precursor solution introduces several drawbacks including inhomogeneity and pinholes on the
perovskite film, which result in low performances of the PSCs.*>*3 Later, the aforementioned
shortcomings were overcome with solvent engineering, which is first introduced by Xiao and
co-workers in 2014, by which a smooth, uniform and pinhole-free perovskite film can be
achieved.* The technique involves dropping the antisolvent during the spinning of perovskite
precursor on the spin coater before the end of the process (Figure 1.7b). Anti-solvent refers to

a solvent, which should not dissolve the perovskite.

1.6.2.2 Solution-Based Two-Step Coating:

The sequential two-step coating protocol was first proposed by Mitzi’s group to control the
film morphology and overcome the choice of solvent involved with the one-step method in
1988.% Later, Gratzel and co-workers introduced the method in the PSCs field as an alternative
technique that has the ability to fabricate high-quality perovskite films.*® Generally, BX; film
is first deposited by spin coating on the target substrate, followed by a heat treatment for an
appropriate time. Once the BXz films reach room temperature, an isopropanol solution of AX
is spun on it followed by annealing at the desired temperature for the relevant time (Figure
1.7¢). Some protocols involve vacuum evaporation for BX> film formation and dipping of BXz
films in AX solution to form ABXa.

1.6.3 Charge Transport Layers in PSCs
1.6.3.1 Electron Transport Layer (ETL):

The ETL in PSC plays an essential role in collecting and transferring electrons from perovskite
while blocking holes, which can be achieved by maintaining a large energy barrier for hole

transfer through offsets in the valence band. High-temperature sintered titanium oxide (TiOz2)
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has been widely used as an ETL in PSCs owing to their high bandgap and chemical resistance.
Typically, a combination of spray pyrolysis or spin-coated TiO2 (as a blocking layer) and spin-
coated TiO- (as a mesoporous layer) is used as ETL. However, defects at the TiO2/perovskite
interface, which act as recombination centers for photo charge carriers, high temperature, and
time-consuming fabrication of the TiO. layer, motivate the PSCs community to research
alternative ETLs.*” Recently a tin oxide (SnO) is upcoming rapidly due to its moderate
synthesis temperature, lower charge accumulation, and fast charge extraction at the interface
thanks to its deep conduction band and high electron mobility.*® Several reports have also been
studied using a combined layer of TiO2 and SnO- as ETL. Besides, doped metal oxides, such
as Cl-doped TiO,, Li-doped TiO, and Y-doped TiO2 demonstrated a proper energy level
alignment with perovskite, which result in high FF or Vo in PSCs.*9! Alternatively, complex
bilayer ETLs, incorporating organic materials and metal oxides such as TiO2/PCBM ([6,6]-
Phenyl-C61-butyric acid methyl ester), SnO2/PCBM, SnO2/Ceo (Buckminsterfullerene) have
also been constructed, showing enhanced energy alignment and better conductivity, and

subsequently upgraded performances in PSCs.%>>*

The aforementioned SnO> and TiO2-based ETLs can only be possible in the n-i-p configuration
as the perovskite layer does not survive under the conditions applied during the fabrication of
these layers such as high temperature and solvents used. In this regard, either PCBM, Ceo, Or a
mixture of both is applicable as an ETL atop the perovskite active layer in p-i-n configuration.

1.6.3.2 Hole Transport Layer HTL:

The hole transporting materials (HTM) that can be used must possess a few qualities, but are
not limited to intrinsically high hole mobility, energy level alignment with the perovskite layer,
and long-term photochemical and thermal stability. Spiro-OMeTAD [2,2',7,7'-tetrakis(N,N-di-
p-methoxyphenylamine)-9,9’-spirobifluorene] remains the most popular HTM for high-
performance PSCs.>® However, they must be doped with p-type dopants, typically, bis
(trifluoromethane) sulfonimide lithium salt (Li-TFSI) and 4-tert-butylpyridine (tBP) to achieve
sufficient hole mobility and conductivity. Polymeric HTMs such as PTAA [poly(triaryl
amine)], P3HT [poly(3-hexylthiophene-2,5-diyl)] have also been developed and utilized either
in their pristine form or with p-type additives depending on the configuration of the PSC.>
PTAA and P3HT in their pristine form are widely used in inverted PSCs, whereas doped

conditions are commonly utilized in n-i-p PSCs. However, the hygroscopic nature of these
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additives negatively affects the long-term stability through moisture-induced degradation of

the active perovskite layer.

PEDOT:PSS [poly (3,4-ethylenedioxythiophene): polystyrene sulfonate] is also a conventional
HTM developed in inverted PSCs due to its low cost and low-temperature processability, yet
the hygroscopic and acidic nature associated with it degrades and corrodes the perovskite and
TCO layer, resulting in lower device stability.>®*° Inorganic HTLs including NiOy, Cus,
CuCrO2, MoOy, CuOx, Cul, Ta-WOyx, and CuSCN have been successfully integrated into PSCs
with long-term operational stability.®® With the advantage of bandgap tenability, several two-
dimensional (2D) materials including but not limited to transition metal dichalcogenides
(TMDs) and Mxene were employed as HTM by several reports, however, the poor continuous
film-forming ability of such materials limit their use as individual HTL in high-performance
PSCs.61-66

1.7 Charge Transfer Dynamics in PSCs

A typical photovoltaic process in PSCs can be described in four fundamental steps:

i.  Photon absorption and exciton formation
ii.  Charge separation
iii.  Charge transportation
iv.  Charge extraction

Upon illumination, photons are absorbed by the perovskite layer and excitons are formed.
When the electrostatic binding energy associated with the opposite charge pairs break, the
excitons are dissociated into free charge carriers, i.e. electrons and holes.?*%” Once the free
charge formation starts, charge separation occurs by injecting electrons and holes to their
corresponding CTL, which has been demonstrated to happen on a similar timescale.%® Then,
electrons are transferred from the perovskite/ETL interface to the interface of ETL/electrode
by ETL, while holes at perovskite/HTL to the HTL/electrode by HTL. Finally, the charge
carriers are extracted by the respective electrodes, which are connected to an external circuit

for completing an electrical circuit and generating electricity.
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Figure 1. 8 Charge transfer process in (a) n-i-p and (b) p-i-n, PSCs. (c) The desirable and
undesirable charge transfer kinetics in a typical PSC. TCO: transparent conductive oxide, ETL:
electron transport layer, HTL: hole transport layer, CB: conduction band, VB: Valance band.
HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular orbital

(redrawn®?).

The charge carrier kinetics of n-i-p and p-i-n-based PSCs are shown in Figure 1.8a and b,
respectively. However, in real operating conditions, due to the imperfection nature of
perovskite and the complexity of the device architecture, undesirable charge carrier Kinetics
within the device through various pathways also take place, which adversely influence the

overall device performance. The possible charge kinetics are illustrated in Figure 1.8c. The
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desirable processes include:® (1) the generation of electrons and holes in the perovskite via
photo-excitation; (2) electrons are injected into the ETL, and (3) holes are injected into the
HTL. At the same time, a series of behaviours that are detrimental to the cell’s performance
can be recognized as: (4) bulk recombination of photo-generated species; (5) back charge
transfer at the interfaces of ETL/perovskite, and (6) back charge transfer at the interface of
HTM/perovskite; and (7) charge recombination between the ETL and the HTL.

1.8 Carrier Recombination Mechanism in PSCs.

Following light absorption, meta-stable hot carriers thermalize, where they exchange energy
with one another and cool down to the conduction band minimum and release thermal energy.5°
Eventually, meta-stable electrons stabilize back down to a lower energy position in the valence
band and recombine with holes while losing energy in the form of either heat or light, which is
known as recombination. The main carrier recombination processes can broadly be categorized

as follow, %"t

i. Radiative recombination: This is often called band-to-band recombination, where electrons
and holes recombine directly, thus resulting in the emission of photons (Figure 1.9a).

ii. Defect-assisted recombination: A type of non-radiative recombination, which is also known
as Shockley-Red-Hall (SRH) recombination, where electron-hole recombination occurs via a
trap level or deep-level defects in the band gap and the energy released by recombination gets

dissipated to phonons (Figure 1.9b).

Iii. Auger recombination: This is also a non-radiative recombination mechanism, involving
three carriers. Rather than emitting energy from electron-hole recombination as a photon, the
energy is captured by a third carrier that can be either electron (electron-electron-hole process,
Figure 1.9¢) or hole (hole-hole-electron process, Figure 1.9d) to a higher energy state within
the CB or VB and subsequently thermalizes back down to the CB edge or VB edge depending
on the process type. This mechanism can be either direct or indirect (Figure 1.9e).

The evolution of photo-generated carrier density (n) with time (t) is related to the whole

recombination process as;’*"2

% = _Kln - Kznz - K3n3 (115)
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Figure 1. 9 The photo-induced charge-carrier recombination dynamics: (a) radiative
recombination, (b) defect-assisted or Shockley-Red-Hall (SRH) recombination, (c) Auger-
direct recombination (e-e-h), (d) Auger-direct (h-h-e) recombination, and (e) Auger-indirect
recombination. The origins of interface- induced recombination losses at perovskite/HTM
interface (similar recombination processes could be possible at perovskite/ETM interface): (f)
deep level defects-assisted, (g) incompatible energy level alignment at the interface together
with defects in the perovskite, (h) back transfer-induced, and (i) defect-assisted in the HTL

(redrawn’®).

where K1, Kz, and Kz are coefficients corresponding to defect-assisted, radiative, and Auger
recombination methods, respectively. The radiative recombination process of free charge
carriers is minor in PSCs, whereas non-radiative recombination processes are predominantly
contributed to the overall recombination in PSCs, limiting the PCEs.”®"* The energy depths
and the density of defects govern the defect-assisted recombination in polycrystalline
perovskite films. On the other hand, Auger recombination dominantly occurs for perovskite
with high carrier concentrations above 107 cm™ and can be secondary with carrier

concentrations in the range of ~10**-10% under AM 1.5G illumination.’*"
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iv. Surface, grain boundary, and interface-induced recombination

Owing to the polycrystalline nature, crystal imperfections are likely to be concentrated at film
surfaces and grain boundaries (GBs). Further, in devices, dangling bonds exit on the surfaces
of semiconducting materials, which can be identified as recombination sites, attracting photo-
induced electrons or holes.”® The surface states, interface states, and high-angle GBs in
polycrystalline semiconductors in PSCs behave as infinite sinks or sources for carrier
recombination and generation, and the recombination mechanism can be identified similarly to
defect-assisted recombination. However, due to the different chemical nature of the
recombination sites, the rate of surface recombination is dependent on the surface density and
capture cross-section. Moreover, interface-induced recombination (Figure 1.9f-i) caused by ill-
assorted energy level alignment, charge carrier back transfer, and surface imperfections is
another source of non-radiative recombination losses, which severely influence the PSC

performances.’®

1.9 Causes of HOIP Solar Cell Degradation

Despite its many advantages including excellent PCEs, the operational stability of HOIP solar
cells remains of foremost concern. A better understanding of the exact causes of the device
instability is paramount to improve the operational stability of the device while bringing this
technology closer to industrial standards. In principle, factors that cause the perovskite crystal
to undergo degradation and thus the collapse of the overall device can broadly be split into two

categories - extrinsic and intrinsic factors.””

1.9.1 Extrinsic Factors

i. Moisture: A major source of hybrid perovskite degradation through the decomposition of
chemical constituents of the material. H2O is considered a Lewis base, which forms weak
hydrogen bonds with hygroscopic organic cations, leading to the formation of a reversible
hydrated perovskite phase.”® However, enough moisture penetration is responsible for metal
salt solubility and irreversible degradation of HOIP film in the device. The rapid degradation
of perovskite can occur when humidity is combined with high temperature, UV light, or the
application of an electric field. The possible decomposition pathway of HOIP under moisture
can be explained as follows where MAPDI; is considered due to simplicity of explanation.’

H,0

n[(CHsNH3)Pbl3] —————— [(CH3NHZ)y-1(CH3NH;),Pbls][H;0] Eq.l
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[(CH;NH),,—1(CHsNH,)nPbI;][H,0] — (n — 1)[(CHsNHF)PbI;] + HI +
CH3;NH, + H,0 + Pbl, Eq.2

ii. Light: Light-induced degradation of PSCs is most significant when combined with other
factors such as moisture and oxygen. Under light and oxygen, photo-generated electrons in the
HOIP form superoxide, which can deprotonate cations, leading to the degradation of
perovskite. Additionally, ultraviolet light can negatively influence the stability of common
ETL, TiO,, and forming trap states, which dramatically reduces the performance of PSCs.”""
Under illumination, photo-induced holes can oxidize iodide atoms, which creates iodide
vacancies in the perovskite lattice, thus increasing of ionic mobility in the excited state of
perovskite. The transformation of iodide to iodine causes a reduction of ionic/atomic size and
formation of interstitial vacancies in the lattice, and subsequently leads to the irreversible

decomposition of perovskite, resulting in reducing the durability of PSCs.

iii. Temperature: During the thermal-induced degradation process, the organic cation MA*and
halide anion I~ synchronously release from HOIP and form Pblz, which leads to a
decomposition of the perovskite layer. It has been reported that inorganic cations such as Cs”,
and organic cations such as FA*, and Br" show more stability under heat, thus, choosing a
complex multi-ion mixed perovskite system provides high thermal stability to PSCs.8° Further,
ion diffusion in the perovskite occurs under thermal activation, which is a key issue for the
viability of PSCs. A high temperature in combination with humidity, oxygen, and UV light

causes rapid degradation of HOIP, and ultimately the instability of the device.

1.9.2 Intrinsic Factors

i. lon migration: It is typical to have defects like vacancies in the perovskite lattice during film
formation, which later can encourage ion migration through the perovskite lattice. lon
migration within the perovskite layer can be identified as a source of hysteresis and fluctuation
of performance in PSCs. Under applied bias conditions, ions drift within the perovskite layer
and accumulate at the interfaces in PSCs, which acts as a barrier to current flow and degrades
the performance of PSCs.882 Further, a conductivity reduction of HTL such as Spiro-
OMeTAD can occur when it reacts with migrating iodine ions that quickly hampers the
performance of PSCs. lon migration is also a source of local electric field formation at the

perovskite interface, which results in the deprotonation of the organic cations and subsequently
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deteriorates the PSC. Moreover, ion migration initiates and promotes halide segregation under

illumination in HOIP, which is detrimental to the PV performance in PSCs.8283

1.10 Development Strategies of PSCs

PV performance, stability, cost, and scalability are four pivotal foundations for the
development of PSCs and their successful laboratory-to-industry translation. Each component
of the device plays an important and unique role in improving the overall device PV
performance and long-term operational stability. Recent progress has been mainly attributed to
the development of key strategies that effectively reduce the defects of the perovskite layer,
enhances the photo-induced charge-transfer kinetics throughout the layers and interfaces, and
minimize possible mechanisms of device degradation, thereby enhancing device efficiency.
The development strategies for PSCs from the lab into the market to commercialization can be
broadly categorized into three fronts:2 i. compositional engineering enables high-quality
perovskite crystal synthesis with a desirable bandgap and optimized opto-electronic properties
that are in line for satisfactory PV device fabrication. This strategy further engages with an
addition of additives into perovskites to control the crystallization, defect passivation, bandgap
tuning, lattice strain relaxation, and stability enhancement in perovskites. ii. Device
engineering: innovating and engineering device configurations play a significant role in
addressing the limitation of PV performances and stability issues in PSCs. Over the last decade,
different device architectures have been immerged, which are not only engaging with designing
new materials for CTLs and electrodes but also consisting of simple thin-film deposition
techniques and encapsulation techniques.®® It is important to maintain the key advantages of
low cost, large area processability, and simple fabrication in any device engineering as the PSC
structure continues its evolution to higher efficiency and extended stability. iii. Interface

engineering: this part is discussed in the following section.

1.10.1 Interface Engineering of PSCs

PSCs are composed of several layers with four different interfaces, namely perovskite/HTL,
ETL/perovskite, HTL/anode, and cathode/ETL, which ultimately play a crucial role in ruling
device performance and stability. Interface charge collection and transfer, charge/ion
accumulation at the interfaces, interfacial defects and vacancies, interface band alignment,
interaction and compatibility between layers, and energy barriers not only have a strong impact

on device performances but also have a great influence on the device stability.3 In this regard,
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interface engineering has recently gained a pivotal role in the PSCs field that effectively
manages the photo-induced charge transfer dynamics at the interfaces, thereby enhancing
device efficiency.®% It is an effective approach to tune the interlayers and interfaces to
overcome the interfacial losses in PSCs. Stabilizing perovskites from degradation is another

important benefit of interface engineering, which could largely enhance device stability.

For clarity, the interface is known to be a junction between two adjacent layers, which can be
either homo or hetero dependent on whether similar or different materials are elaborated. On
the other hand, the interfacial layer is regarded as a layer of material that forms an interface
with, e.g. the perovskite film. Apart from CTLs, the interfacial layers may include thin
interlayers, which modify and tune the interface properties.®® Inappropriate energy band
alignment introduces a charge extraction barrier at interfaces, which leads to undesired charge
accumulation, charge recombination, and reduction of charge collection efficiency, and
subsequently a voltage and FF drop at the interface. Energy level alignment with the adjacent
layers is the primary concern of interface engineering, which closely links with carrier
dynamics, hysteresis, Voc, and FF of PSCs. Different techniques are available in interface
engineering including but not limited to placing a new interface layer, introducing bilayer
CTLs, and incorporating additives to CTLs. In any method, the interface layer must be
conductive enough and thin as much as possible to reduce the interfacial resistance loss and
form Ohmic contact with adjacent layers but thick enough to avoid defects.®” Beyond
interfacial band alignment, the interface layer should show intrinsic thermal and chemical
stability, control the morphology of perovskite film if it is formed on the interface layer, and
minimize the interfacial defects. Recently, low dimensional materials have been studied in the
field, which can be incorporated as inter or buffer layers by modifying the intrinsic properties
of involved layers at the interface, and eventually annihilating the energy barrier while
improving photo-induced charge transfer kinetics at perovskite/CTLs interfaces.® Since the
experiment works in this thesis are based on low-dimensional materials including 2D (two-
dimensional) TMDs (transition metal dichalcogenides) as interface layer, in the following

section, we discuss these materials.
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1.11 Low Dimensional Materials.

1.11.1 Graphene and Reduced-Graphene Oxide

Figure 1. 10 Structure of graphene: (a) honeycomb lattice structure of carbon atoms, (b) the
unit, where A and B represent carbon atoms from different sub-lattices, a1 and a are unit cell
vectors, () sp? hybridization with ¢ and n bonding, and (d) electronic band structure with Dirac

corn (redrawn®),

Graphene is a 2D carbon allotrope successfully exfoliated from graphite through
micromechanical cleavage by Geim and Novoselov in 2004, which has opened a new field in
the scientific community, so-called 2D materials. Graphite, a 3D crystal consists of atomically
thin graphene sheets, presenting weak out-of-plane van der Waals interactions and strong in-
plane covalent bonding.?® A single layer of carbon atoms positioned in a hexagonal honeycomb
design (Figure 1.10a) constructs a freestanding mono sheet of graphene, showing distinctive
and extraordinary optoelectronic properties that cannot be found in their bulk form. Each
carbon atom in graphene is bonded to another three carbon atoms through covalent ¢ bonds
with a short interatomic length of ~ 1.42 A, which are generated by sp? hybridization of two
carbon atoms on the graphene layer (Figure 1.10b and c), thus resulting in outstanding
mechanical strength with 1 TPa Young’s modulus and 130.5 GPa intrinsic tensile strength.%*

The conduction band and valence band meet at the Dirac point in monolayer graphene due to
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the half-filled = band (Figure 1.10d), making it a zero bandgap semiconductor or semimetal
that permits electrons freely move with high mobility (120,000 cm?/Vs at 240 K) that is higher
than any other material.%? Although graphene shows outstanding optoelectronic features, its
practical application in PV devices should be properly adjusted, as its overall properties are

highly sensitive to the number of layers and quality of the crystal lattice.®®
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Figure 1. 11 (a) Structure of graphene oxide (GO), (b) Scanning electron microscopy image

(SEM), and (b) transition electron microscopy image of reduced graphene oxide (rGO) flakes.

Chemically driven graphene derivatives such as graphene oxide (GO) and reduced graphene
oxide (rGO), synthesized by modification of graphite oxide have shown promising results in
PV applications, which further overcome the limitation of direct usage of graphene in solution-
processed PSCs. Apart from a widely used solution-based intercalation, derivatives of free-
standing GO can also be synthesized via covalent or non-covalent chemical functionalization,
where each synthetic protocol creates a different GO with different properties.®® The
oxygenated functionalities attached to the interior aromatic domains in GO (Figure 1.10a) can
be removed by direct reduction of GO using a reduction agent (e.g. hydrazine) or heat
treatment, resulting in rGO with a restored m-network. The resulting rGO (Figure 1.11b and c)
is physically and structurally more similar to graphene, however, the reduction efficiency

controls the degree of m-network restoration with different properties.®*

1.10.2 Two-Dimensional Transition-Metal Dichalcogenides (2D TMDs)

2D layered transition-metal dichalcogenides (TMDs) consist of over 40 compounds, which are
identified as sulfides, selenides, and tellurides with lamellar structures similar to that of
graphene have been the subject of research in a growing number of fields including energy
conversion, energy storage, catalysis, optics, biomedical, super-capacitors, and
electromagnetic interference shielding applications.®*°" Monolayer 2D-TMDs, whose

generalized formula is MXz, is a plane of transition metal atoms (M) covalently sandwiched
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by two planes of chalcogen atoms (X). Particularly, group 4B-7B transition metals
predominantly form layered structures whereas group 8B-10B TMDs are generally found in
non-layered structures (Figure 1.12).*> The layered TMDs are stable against reactions with
external species owing to their dangling bond-free structure and the termination of lone-pair
electrons of the chalcogen atoms from the surfaces of the layers. The oxidation states of the
transition metal and chalcogen atoms are +4 and -2, respectively in TMDs, in which the d

orbital electrons vary between 0 to 6 depending on the group of transition metal.%

Group — 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
| Period

1 1 2
H He
MX;
2 3 4 ____5____ 6 7 8 9 10
Li Be B &N o} F Ne
3 11 12 13 14 15 16 17 18
Na Mg Al Si P 5 cl Ar
4 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
5 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb || Mo T Ru Rh || Pd Ag || Cd In sn || Sb Te | Xe
6 55 56 La 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs || Ba Lu Hf Ta w Re || Os Ir Pt Au || Hg Tl Pb Bi Po (| At Rn
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Figure 1. 12 The transition metals and three chalcogen elements that form TMDs. Those

predominantly forming in layered structures are highlighted in transition metal groups.

Unlike graphite, bulk TMDs consist variety of polymorphs with different stacking orders, most
common polymorphs are identified as 1T, 2H, and 3R where the digits stand the number of
MXz units in the unit cell while letters indicate for trigonal, hexagonal, and rhombohedral,
respectively (Figure 1.13a).%° In contrast to bulk TMDs, layered TMDs can exhibit a trigonal
prismatic phase (2H) or an octahedral phase that is conventionally represented as 1T. In the
case of monolayer M Xz, the trigonal prismatic phase is indicated as 1H. 2H or 1H belongs to
the Dan point group with hexagonal symmetry (Figure 1.14a) corresponding to trigonal
prismatic coordination of the transition metal atoms, where the chalcogen atoms are vertically
aligned along the z-axis with AbA BaB stacking sequence (b and a indicate metal atoms while
A and B indicate chalcogen atoms).®>® In contrast, the 1T octahedral phase has a D3q tetragonal
symmetry (Figure 1.14b) with octahedral coordination in the transition metal atoms. In this

geometry, the AbC stacking sequence can be recognized as one of the chalcogen atom layers
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is shifted compared to the others as shown in Figure 1.14b (A and C indicate chalcogen atoms

while b represents transition metal atom).%®

(a)
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,.—1—> b 2H-Trigonal prismatic

© Transition metal atom

© Chalcogen atom

(b)

Energy (eV)
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Figure 1. 13 (a) 1T (octahedral), 2H (trigonal prismatic), and 3R (trigonal prismatic) unit cell
structures of MoS2. (b) Band alignment of the monolayer TMDs (redrawn®).

Disordered octahedral coordination is also possible in metal atoms, thus resulting in a
disordered 1T phase commonly expressed as 1T" (trigonal-antiprismatic). In 2D-TMDs, one of
the two possible coordination modes is thermodynamically stable while the other can often be
metastable, which is primarily dependent on the d-electron count of the transition metal.%>1%
For instance, under ambient conditions, 2D-TMDs that belong to group-4B that have d°
transition metal centers such as TiS; and ZrS; are thermodynamically stable in the octahedral
1T phase. Both 1T and 2H phases are seen in 2D-TMDs formed from group 5B elements,
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which have d* transition metal centers. In the case of 2D-TMDs formed from group-6B where
the transition metal centers are d? such as MoS; and WS, usually show trigonal prismatic 2H

phase.10!
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Figure 1. 14 Atomic model structures of 2D-TMDs, (a) 2H-trigonal prismatic phase, and (b)
1T-octahedral phase.

The ability to induce different phases in 2D-TMDs is predominantly controlled by the synthesis
protocol. Among several synthesis techniques, alkali metal-based intercalation is well known
for efficient mass production together with phase transition of 2D layered TMDs.%6102103 The
lithium intercalation of thermodynamically stable 2H-MoS; results in phase transformation to
metastable 1T-MoS,. The aforementioned structural phase transition is attributed to the
effective electron transfer from the valence s orbital of the alkali metal atoms to the d orbital
of the transition metal center, resulting in increased electron counts on the transition metal d
orbital with the density of states at the Fermi level.*>1% In the case of lithium intercalation of
TaS», the reverse scenario of 1T to 2H structural phase transition could be observed. However,
alkali metal intercalation-assisted phase transition is partial and, thus results in a hybrid 2H-1T

mixture.’% It should be highlighted that the 2H (or 1H) phase is generally semiconducting
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whereas 1T is metallic (and 1T  is semimetal). Trigonal prismatic coordinated d orbital of
transition metal in 2H-TMDs split into three groups; fully occupied d,2; d,2_,2,,, and
unoccupied d,;,,,, rendering 2H phase semiconducting. Particularly, the octahedrally
coordinated d orbital of transition metal in 1T-TMDs split into two groups; partially occupied
dyxy,yzxz» @nd unoccupied d 2 ,2_,,2, making the 1T phase metallic with high conductivity when
compared with their 2H counterpart, and beneficial for many applications based on charge

transfer processes.®

1.10.3 NiOx Nano Crystals

NiOx is identified as a nonstoichiometric cubic rock-salt with the structure of octahedral Ni2*
and O sites.1% NiOy is a wide bandgap p-type semiconductor with a VBM of ~-5.21 eV. p-
type semiconducting features in NiOx originated from two positive charge compensation that
favored Ni?* vacancies.!®” The solution process method is a cost-effective technique to
synthesize highly soluble well-crystallized NiOx nanocrystals, which can directly be employed
to make a thin film of NiOy at low temperatures. Apart from using NiOx as HTL in many planar
PSCs with promising PV performances, the inclusion of NiOy as interlayers has also been
demonstrated to enhance the charge transfer kinetics at the interfaces, thus resulting in

improved efficiency.
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Outline of the Thesis

This thesis targets to contribute to the field by addressing two objectives: i. understanding of
interfacial photo-induced charge transfer dynamics, given its strong impact on the performance
of hybrid organic-inorganic perovskite solar cells, and the role of low dimensional materials in
interfacial engineering to enhance the device performances, and ii. escalating the device
operational stability. The focus hereby lies in discovering the charge kinetics at the interfaces
upon introduction of low dimensional materials, which ultimately influence the device overall

performance and stability.

After laying out the basic concepts of PV and the introduction of low dimensional materials as
an interfacial modification for the PSCs in Chapter 1 followed by the experimental procedures
in Chapter 2, the rest chapters have been gathered according to the experimental results in the

following manner.

Chapter 3 describes the impact of the layered 2D-MoS; as an interfacial layer for the reliability
enhancement of PSCs. This tendentious topic comprehensively addresses the preparation of 1T
and 2H-phase predominant 2D-MoS>, minimization of energetic mismatch between triple-
cation-perovskite and dopant-free PTAA (as HTM) based on 2D-MoS;, which preliminary
controls the charge build-up and possible non-radiative recombination at the interfaces and thus
enhanced Voc. We noted that the 2D-MoS; interfacial layer reduces the energy required for de-
trapping the trapped-charges, by providing prompt extraction of photo-generated charges while
mitigating the interfacial charge recombination, thus enabling us to demonstrate 18.54% PCE

from dopant-free PSC along with enhanced long-term operational stability.

Chapter 4 establishes the enhancement of PV performances and stability of PSCs upon 1T-
rich WSy, through preliminary stimulating the photo-induced charge transfer dynamics and
suppressing the trap density at the interface of perovskite/HTM. The placement of the 2D-WS,-
based interface layer between the undoped-PTAA and the perovskite absorber reduces the trap
density in the device by 25% with a saturation of photocurrent at a relatively low Vet (0.3V),
and thus the presented protocol enables to demonstrate over 19% stabilized PCE while paving

the way toward reliability enhancement in PSCs approaching commercial viability.

Chapter 5 elaborates on the versatility of NiOx nanocrystals in PSCs, particularly in low-

temperature processable inverted architecture. We demonstrate an effective interface reform at
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NiOx/perovskite by introducing an organic semiconductor (DTT-EHDI>), which is composed
of dithienothiophene (DTT) as the core and a planar triazatruxene incorporating an alkyl chain
as the side group. Since the DTT-EHDIZ2 is less wettable, it controls the nucleation sites in the
perovskite and more room for larger grains to form during crystallization, which reduces the
possibility of trap states and recombination pathways in the device. The origin of the boosted
PCE was identified as the enhanced Vocand FF by reducing the energy gap between the valence

bands of the perovskite and NiOx via the organic semiconductor layer.

Although inorganic NiOx is quite stable by nature, a possible redox reaction at NiOx/perovskite
develops and promotes the degeneration of the active layer, which causes the devices to become
unstable. In Chapter 6, a metal-free C3N4 2D-polymeric material that has a highly stable tri-s
-triazine architecture with a conjugated electronic structure was introduced at the interface of
NiOx/perovskite to enhance the stability of the perovskite. The novel interlayer enables greater
enhancement in PV performances, delivering the PCE up to 19.3% with a negligible hysteresis

by reducing non-radiative losses and faulty charge buildup at the NiOx/perovskite interface.

In Chapter 7, the superior features of 2D-TiS, were studied in inverted PSCs. The 2D-TiS;
had a higher effect on PV performance when paired with PCsBM under ideal addition,
resulting in an uplifted PCE of up to 17.95%. A higher capacity to extract electrons from the
device is indicated by the inclusion of 2D-TiSz, which results in a saturation of current density
at a relatively low effective voltage while retaining a high fill factor. Beyond PCE, the
operational-stability of the device was prolonged, opening the door to resolving the frequent

instability noted in inverted PSCs.

The main achievements of the thesis together with the overall outlook are concluded in
Chapter 8.
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METHODS

The present section contains the experimental setup of synthesizing low-dimensional materials,
experimental methodology for device fabrications, thin film characterization, and device

characterizations.
2.1 Low-Dimensional Materials Synthesis

2.1.1 Graphene Oxide (GO)

GO was prepared using a modification of Hummers’ method. At first 0.225 g of graphite
powder was mixed with 30 mL of H2SO4/H3PO4 (27:3 VIV %) under vigorous stirring. The
obtained dark green solution was placed in an ice bath and 1.35 g of KMnO4 was added slowly
while stirring (Figure 2.1 b). Once mixed, the temperature was elevated to 35 °C and the stirring
was continued overnight, turning the color of the solution from dark green to dark brown. 30
mL of deionized (DI) water was added, followed by the controlled addition of 2 mL of 30%
H20>. The obtained yellowish warm solution (Figure 2.1 c) was centrifuged to remove the
excess acid followed by washing with DI water through ultracentrifugation several times until
the pH reached 6. The resultant sediment was redispersed in DI water using mild sonication to

obtain exfoliated GO or was dried overnight in an oven to obtain GO powder..

2.1.2 Reduced Graphene Oxide (rGO)

The reduction of GO was performed using L-ascorbic acid (C¢HsOs). 250 mg of L-ascorbic
acid was added to a GO dispersion (50 mg of GO in 250 mL of DI water) followed by vigorous
stirring at 60 °C for 1h. The black sediment was collected and centrifuged at 5000 rpm for 15
min. The supernatant was discarded and the sediment was washed another three times with DI
water. The resultant sediment was vacuum dried at 80 °C in an oven overnight to obtain rGO.

Alternatively, the reduction of GO powder was done under vacuum annealing at 200 °C.

2.1.3 2D-Transition Metal Dichalcogenides (2D-TMDs)

2.1.3.1 Liquid Phase Exfoliation: 100 mg of bulk TMD was dissolved in 30 mL of
isopropanol/ethanol (70:30 V/V %) or NMP (N-Methyl-2-pyrrolidone) and the resultant
solution was ultrasonicated for 8 h at 15 °C controlled by a chiller. The resultant solution was

centrifuged for 30 min at 3000 rpm, to separate unexfoliated flakes from exfoliated flakes and
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the supernatant was collected. The centrifugation was repeated for the supernatant obtained in
each step 3 times. The final supernatant was centrifuged at 8000 rpm for 30 min and the residual

was collected. The residual was dispersed in isopropanol to obtain the desired concentration.

2.1.3.2 Alkali Metal Intercalation: The intercalation of bulk TMDs was performed using a butyl
lithium/hexane (BuLi) solution. For instance, 5 mL of BuLi was added to 200 mg bulk MoS>
followed by magnetically stirring for 24 h and then ultra-sonication for 2 h. The resultant
solution was left to stabilize and the upper solution was discarded. Excess BuLi was washed
out by dilution with hexane. The residual was dispersed in 10 mL of isopropanol (IPA) and
was ultrasonicated for 2 h. The resultant solution was centrifuged at 8000 rpm for 15 min to
remove excess lithium ions Dby discarding the supernatant. The aforementioned
ultrasonication/centrifugation process was repeated two times and the obtained residual was
dispersed in isopropanol. The solution was further centrifuged at 2000 rpm for 20 min and 80%
of the upper supernatant was collected. The concentration of the final solution was adjusted to

about 0.3 mg/ml by evaporation at room temperature.

2.1.4 NiOx Nanocrystals (NCs)

25 mmol Ni(NO3)2-6H20 was dissolved in 50 mL of deionized (DI) water to obtain a dark
green solution. The basic pH was maintained with a dropwise addition of NaOH (10 mol L™?)
while being stirred for 30 min. The obtained colloidal precipitation was thoroughly washed
with DI water several times via ultracentrifugation followed by drying at 90 °C overnight under
vacuum conditions. The obtained green powder was calcined for 2 h at 275 °C to obtain a dark-
black powder. 15 mg mL™ NiOx nanocrystal ink was prepared by dispersing the as-synthesized
NiOx NCs in DI water. The obtained solution was ultrasonicated at 45 °C for 1 h and filtered

using a 0.22 um nylon filter.

2.2 Perovskite Precursor Synthesis

The different perovskite films were achieved through a two-step spinning program using the
following precursor solutions. In the case of MAPDIs film, the program was set with 1000 and
4000 rpm for 10 and 30 s, respectively. In all other cases, the program was maintained at 1000
and 6000 rpm for 10 and 30 s, respectively. 112 puL of CB (chlorobenzene, 99%) was dripped
on the rotating substrates in the last 10 s before ending the program followed by annealing at
100 °C for 1 h.
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2.2.1 MAPDI3

Equimolar amounts (1.2 M) of MAI and Pbl> were dissolved in 1 mL of anhydrous DMSO
(dimethyl sulfoxide 99.8%) solvent at 60 °C for overnight to obtain a MAPDI3 precursor.

2.2.2 (FAPDI3)0.s5(MAPDBI3)0.15

FAI (1 M), Pbl> (1.2 M), MABr (0.2 M), and PbBr2 (0.2 M) were dissolved in 1 mL anhydrous
DMF (N, N-dimethylformamide, 99.8%):DMSO 4:1 (v/v) at 60 °C for overnight.

2.2.3 Cso.1(FA09MAw.1)0.9Pb(l0.9Bro.1)s

A triple-cation perovskite precursor (CsFAMA) was prepared by missing Csl (0.1 M), FAI
(1.05 M), Pblz (1.24 M), MABr (0.12 M), and PbBr, (0.12 M) in an anhydrous solvent mixture
of DMF and DMSO with a 4:1 (v/v) at 60 °C for overnight.

2.2.4 Rbo.os[(FA0.83MA0.17)]o.9sPb(l0.83Bro.17)3

The quadruple-cation perovskite (RbCsFAMA) precursor was prepared using FAI (1 M), Pbl»
(1.1 M), MABr (0.2 M), and PbBr2 (0.22 M) in 1 mL of an anhydrous solvent mixture of DMF
and DMSO with 4:1 (v/v) at 60 °C for overnight. 42 pL of 1.5M Csl in DMF/DMSO (4:1 v/v)
and 42 pL of 1.5M Rbl in DMF:DMSO (4:1 v/v) were added to the above solution and stirred
for 1 h.

2.3 Device Fabrication

Device fabrication was started with the cleaning process of substrates. TCO-coated glass
substrates (laser-etched FTO-TEC15, FTO-NSG10, or ITO) were sequentially cleaned by
sonication using Hellmanex 11 (2 vol%) solution, deionized water, ethanol, acetone, and
isopropanol for 20 min each followed by air drying using compressed airflow. The substrates

were further treated with UV—ozone for 30 min before use.

2.3.1 n-i-p planar PSCs

TiO, compact layer was deposited on pre-cleaned substrates by spray pyrolysis at 500 °C using
ImL of titanium diisopropoxide bis(acetylacetonate) precursor solution (75 % in 2-propanol)
in 19 mL of pure ethanol employing oxygen as carrier gas followed by continuous annealing
at 500 °C for another 30 min to acquire anatase phase. Once the films acquired room

temperature, they were treated with UV-ozone for another 30 min. SnO2 quantum dot (QD)
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solution was spin-coated on the TiO2 compact layer at 500 rpm for 5 s and 5000 rpm for 35 s
followed by annealing at 200 °C for 1 h under atmospheric conditions. UV-o0zone treatment
was conducted for the ETL deposited substrates at room temperature for 30 min [3:1 mass ratio
of SnCl2.2H,0 and CH4N>S were dissolved in 30 ml of deionized water under vigorous stirring
for 48 h at room temperature to obtain a clear yellow color solution. The obtained SnO, QD
solution was filtered 3 times using 0.45 um PTFE filters before use]. The samples were
transferred to the Argon-filled glovebox under moisture and oxygen-controlled conditions
(H20 level: <1 ppm and O level: <10 ppm). The perovskite precursor solution was spin-coated
on the as-prepared ETL in a two-step spin-coating program as described in the 2.2 section. The
films were annealed at 100 °C for 1 h for perovskite crystallization. The HTL was spin-coated
using, i.e. i. pristine PTAA (10 mg in toluene) at 3000 rpm for 35 s or ii. Spiro-OMeTAD
[70mM, dissolving the desired amount of material in ImL CB together with 38.4 uL of 4-tert-
butylpyridine and 21.1 pL of bis(trifluoromethylsulfonyl)imide lithium salt (520 mg in 1 mL
acetonitrile)] at 4000 rpm for 20 s. The devices were completed by evaporating Au (80 nm, <1

AJs) in an evaporator with vacuum conditions below 2x10 Torr.

In Chapter 3, the interface modification was adapted with 2D-MoS; in between triple-cation
(CsFAMA) perovskite and pristine PTAA (a detailed description is available in Chapter 3). In
Chapter 4, the interface modification was adapted with 2D-WS; in between CsFAMA
perovskite and pristine PTAA (a detailed description is available in Chapter 4).

2.3.2 n-i-p mesoporous PSCs

TiO2 compact layer was deposited as described in section 2.3.1. Once the substrates were
cooled down to room temperature, they were treated with UV-ozone. TiO, mesoporous layer
(2:8 w/v in ethanol) was spin-coated at 4000 rpm (2000 rpm/s acceleration) for 30 s, followed
by progressive heating steps until 500 °C for 30 min. After cooling down the samples were
treated with UV-ozone for 30 min. The samples were transferred to the Argon-filled glovebox
under moisture and oxygen-controlled conditions (H20 level: <1 ppm and O> level: <10 ppm).
The perovskite precursor solution was spin-coated on the mesoporous TiO- in a two-step spin-
coating program as described in the 2.2 section. HTL was deposited on the perovskite film at
room temperature as mentioned in section 2.3.2. In the case of doped PTAA, 10 mg of PTAA
in ImL toluene together with 4 pL of 4-tert-butylpyridine and 10 pL of
bis(trifluoromethylsulfonyl)imide lithium salt (170 mg in 1 mL acetonitrile) was dissolved. A
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similar condition could be applicable to the P3HT-based HTL. 80 nm of Au layer was thermally

evaporated under a pressure of 2 x10® Torr.

2.3.3 p-i-n planar PSCs

The HTL was deposited on the pre-cleaned substrates via spin coating. In the case of PTAA
and P3HT, 2 mg was used in 1 mL toluene in its pristine form. Regarding PEDOT:PSS, the
spin coating was done at 5000 rpm for 30 s followed by annealing at 140 °C for 30 min. If the
HTM is NiOx, NiOx nanocrystal solution (15-20 mg in 1mL DI water) was deposited atop FTO
substrates by spin coating at 4000 rpm for 35 s with 2000 rpm/s acceleration, followed by
annealing at 150 °C for 30 min. The perovskite film was grown according to sections 2.2, 2.3.1,
and 2.3.2. The electron transport layer was fabricated by spin-coating a 15 mg/ml PCBM in
CB at room temperature atop the perovskite film at 2000 rpm (500 rpm/s) for 20 s followed by
annealing for 5 min at 60 °C. A thin layer of BCP (bathocuproine, 0.5mg/ml in IPA) was
deposited atop PCBM by spin-coating at 5000 rpm for 40 s. The solar cell fabrication was
finished by evaporating Ag (100 nm, <1 A/s) under low vacuum conditions (10 Torr).

In Chapter 5, interface layers were introduced in the interface between NiOx and CSFAMA,
which has been described in Chapter 5. Interface modification was conducted using PCBM
blended with 2D-TiS> in an inverted PSC in Chapter 6 and the complete device fabrication

process is available in the corresponding chapters.

2.4 Device Characterization

Current density-voltage (J-V) curves were performed using air-mass (AM) simulated 1.5G
sunlight at 100 mWcm= (Newport, AAA Oriel solar simulator calibrated using silicon
reference cell). The generated photocurrent was recorded using Keithley 2400 source meter
with a scan rate of 100 mV/s (pre-sweep delay: 10s). Active area of the device was adjusted to
0.09 cm? using a laser-cut black metal mask over the active area of the device. A 150 W xenon
lamp attached to a Bentham PVVE300 motorized 1/4m monochromator was used to record the
incident photon-to-current efficiency (IPCE) measurements (the system was calibrated with
the standard silicon reference spectrum before the measurements). Temperature-dependent
capacitance-frequency measurements were performed with LCR meter model No. E4980A
along with a Linkam (LTS420) sample heating control system filled with nitrogen in a closed
environment. BioLogic SP-300 impedance analyzer conducted the electrochemical impedance

spectroscopy and the data were fitted with EC-Lab software. Impedance spectroscopy was
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performed using Biologic SP300 potentiostat in the frequency range of 2 MHz-1 Hz under the
perturbation of a 20 mV ac (white LED to provide illumination conditions) in a faradaic
chamber. Temperature-dependent  capacitance—frequency (admittance spectroscopy)
measurements were performed with an LCR meter model No. E4980A along with a Linkam
(LTS420) sample heating control system attached to liquid nitrogen in a closed environment
together with the temperature-controllable LabVIEW (NI) program. The J-V characteristics
under dark conditions were performed using a Keithley 2400 source meter adjusted to a 100

mV/s scan rate.

Materials and thin film characterization techniques could be found in the relevant chapters

accordingly.
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MITIGATION OF TRAP DENSITY AND INTERFACIAL
LOSSES BY INTRODUCING A TWO-DIMENSIONAL
MOLYBDENUM DISULFIDE INTERFACE LAYER IN
PEROVSKITE SOLAR CELLS
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Reduced trap density and mitigating the interfacial losses by placing 2D dichalcogenide
material at perovskite/HTM interface in a dopant free perovskite solar cells
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3.1 Abstract

Solution-processed photovoltaics employing perovskite as a light harvester is the next-
generation future energy source owing to its low manufacturing cost and potential to achieve
high power conversion efficiency. Significant emphasis has been laid on performance-related
investigations, however, the long-term instability under operational conditions and device
reproducibility obstruct its potential commercial endeavor. By inserting a thin layer of two-
dimensional (2D) MoS,, which is predominantly in 1T phase, energy level alignment between
the pristine poly(triarylamine)-based hole transport layer, and perovskite is realized, thus
resulting in suppressed interfacial charge accumulation, fast charge extraction, and
subsequently improved photovoltaic performances. A power conversion efficiency of 18.54%
with significantly upgraded open-circuit voltage (Voc) and fill factor (FF) was achieved. The
stability measurement shows that the resulting 2D-MoS; supported dopant-free hole transport
layer exhibit notable moisture stability under ambient conditions. Our study put forward the
profound experimental understanding of 1T-phase predominant 2D-MoS; as an agent for
engineering the interface, enlightening the power conversion efficiency and a lifetime of the

perovskite solar cells.

3.2 Introduction

In thin film photovoltaics (PV), halide perovskite solar cells (PSCs) have shown astonishing
development with an unprecedented rise in power conversion efficiency (PCE) from 3.8% to
25.2% within a decade, signaling as cost-effective renewable PV technology.'? Despite the
tremendous progress in the PCE of PSCs, the issue of intrinsic device stability, mainly induced
by light irradiation, ionic migration, moisture corrosion, and oxygen infiltration under
prolonged operational conditions hinders their potential commercialization.® Further,
hysteresis in the current density-voltage (J-V) curve in devices due to charge traps of the active
layer needs to be rationally addressed for the unification of device performance.>* The open
circuit voltage (Voc) of the devices can easily diminish with a lack of charge-density build-up
and pulling down the quasi-Fermi level splitting due to non-radiative carrier recombination
centers that arise from electronic trap states through crystallographic defects and higher-
dimensional defects such as grain boundaries.>® Furthermore, these defect sites facilitate
nucleating sites for degradation, which annihilate the operation lifetime of the solar cells.>’
Even though numerous endeavors have been directed towards the development of materials to

passivate specific defects, most of the additives militate against PCE enhancement.®® On the
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other hand, photo-generated carriers should be extracted efficiently to avoid the generation of
new defects as the active layer i.e. perovskite associated with the low defect formation energy.®
The extrinsic environmental condition, i.e., light intensity, electric field, and temperature
during device operation can promote the natal local defects towards the degradation of the
active layer, thus it is paramount to extract the untrapped and detrapped carriers promptly to
militate charge accumulation and recombination.®®° The apparent J-V hysteresis and poor
stability originate not only from the defective active layer and disordered charge transport, but
also from perovskite/charge transport layer (CTL) interfaces, and charge extracting
materials.**1? The interface between the hole transport material (HTM) and the perovskite
remains the vulnerable part of the device for stability as trapped charges at the interface
between perovskite and the charge extraction layer are responsible for the irreversible
degradation caused by moisture.>!2 In particular, commonly used organic HTMs, for example,
poly(3,4-ethylenedioxythiophene), 2, 2’ ,7,7" -tetrakis(N,N-di-4-methoxyphenylamine)-9,9" -
spirobifluorene (Spiro-OMeTAD), or poly(triarylamine) (PTAA), shows insufficient charge
carrier mobility in their pristine form. Doping is a prerequisite and hygroscopic materials are
mostly used as a dopant to obtain excellent PV properties.>**!* The usage of such dopants
further accelerates the degradation of the HTM layer and subsequently the perovskite
layer.3*31* To overcome such challenges, strategies have been pointed to improve the stability
of the PSCs including rational designing of the transport layer, interface modifications, and
eliminating the moisture infiltration into the active layer by the coating of polymers,
hydrophobic materials and carbon-based materials, most of these approaches is a trade-off with

device PV performance.

Two-dimensional (2D) transition metal dichalcogenides (TMDs), especially MoS», owing to
its unique optoelectronic properties including fast transport of the charges in the vertical
direction and chemical inertness with high electron mobility and fewer traps make it a potential
candidate to replace conventional CTLs.'® Kim et al. first introduced chemical vapour
deposition grown MoS: in inverted PSCs followed by Huang et al. report on solution-processed
MoS; to substitute PEDOT:PSS and measured 14% PCE.® Further, Li et al. noted that the
percentage of metallic octahedral 1T phase decreases with the post-heating due to phase
transformation from 1T to 2H, and the reduction of the 1T phase in 2D-MoS; influences the
PV performances to a large extent. The authors reported enhanced PCE with 1T-rich 2D-MoS>
as compared to the 1T-poor 2D-MoS; as HTL in p-i-n type PSCs from 7.64 to 13.62%.°
Recently, Singh et al. demonstrated 2D-MoS; as ETL in PSCs and reported 13% PCE,
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indicating the bottleneck of employing 2D-MoS: as individual CTL is not competitive in terms
of PCE due to interfacial energy loss via deep ionization levels associated with the 2D-TMDs,
despite the excellent stability.!”!8 Interface engineering utilizing 2D materials has
demonstrated promising results in the terms of stability and PCE enhancement. Kakavelakis
and co-workers employed solution-based MoS: as a hole extraction interlayer with PTAA in
inverted PSCs with improved stability and PCE.*3 However, the elucidation of the functioning
and operating mechanisms of the 2D-MoS2 as an interfacial layer in PSCs are limited and
obscure. In the present work, we demonstrate the use of intercalated Li+ based solution-
processable 2D-MoS; flakes as hole extraction interlayer in n—i—p type PSCs using triple-cation
perovskite  [Cso.1(FA0sMA01)ooPb(losBroi)s] and dopant-free PTAA to improve
optoelectronic properties and operation stability. The fabricated device gave an improved PCE
of 18.54% and a lifetime as compared to the controlled device without MoS: interlayer (15.05%
PCE). The improvement is ascribed to the efficient hole extraction with the stabilization of the

perovskite/HTM interface, band alignment, and mitigating the degradation in the active layer.
3.3 Results and Discussion

3.3.1 2D-MoS2 Characterization

The stable 2D-MoS; sheets consist of a mixture of two distinct phases; prismatic 2H and
octahedral 1T in isopropanol (IPA) were achieved from bulk MoS; by Li* intercalation assisted
liquid-phase exfoliation (LPE). This enables to exfoliate TMDs into a few layers or in some
cases, a monolayer. The buried van der Waals forces in between MoS; are attributed to the
hydrodynamic shear-force associated with the ultrasonication steps in the LPE process. Figure
3.1a depicts the UV—Vis absorption spectra of the spin-coated 2D-MoS; on a quartz substrate.
The two shoulder peaks, located at c.a 675 and 625 nm show direct excitonic transitions
between the split valance band and the minima of the conduction band at the K-point of the
Brillouin zone of layered MoS; structure due to the formation of 1T-phase.>**1%2% Similar
absorption features were noted from the 2D-MoS; solution in isopropanol (Figure A3.1a,
Appendix A). The photoluminescence (PL) peaks at about 680 and 630 nm correspond to the
upper (A, 1.82 eV) and lower (B, 1.96 eV) direct-gap optical transitions respectively (inset of
Figure 3.1a).2272% The thickness of the MoS; flakes was calculated by atomic force microscopy
(AFM) imaging (Figure 3.1b). The inset represents the thickness profile and the thickness of

the flakes was 5 nm. Transmission electron microscopy (TEM) experiments were carried out
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to further investigate the as-prepared 2D-MoS;, which confirmed the existence of a 2D layered
structure of the exfoliated MoS> having an average flake size of 300 nm (Figure A3.1b). The
large scan area of the AFM topography image further suggests the thickness of 2D-MoS>
(Figure A3.2).
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Figure 3. 1 (a) UV-Vis absorbance and photoluminescence spectra of spin coated 2D-MoS;
on quartz substrate. (b) AFM topography of drop casted MoS: thin film on Si substrate, inset
shows the thickness profile. XPS narrow spectrum of (c) Mo3d and (d) S2p of spin coated
MoS: thin film.

We found that the as-prepared 2D-MoS; is predominantly in the metallic 1T phase, achieving
78.3%, which was quantitatively investigated from the X-ray photoelectron spectroscopy
(XPS) measurements (Figure 3.1c and d). Two identical deconvoluted peaks that appeared at
231.85 and 228.15 eV are assigned to the Mo3ds;2 and Mo3ds,2 of 1T phase respectively. The
Mo3ds2 and Mo3ds. two peaks relevant to the 1T phase show 1.05 and 0.95 eV differences
towards the lower binding energy concerning its 2H phase respectively. The absence of peaks
at 236 and 233 eV suggests the synthesized 2D-MoS; is free of Mo oxidized phases derived
through Li* assisted liquid phase exfoliation process.?* The associated 1T phase corresponding

to the binding energy of S2p1» and S2ps/» reached 163.41 and 161.41 eV respectively (Figure
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3.1d). To evaluate the PV performance upon different phases of 2D-MoS; on the PV, 2H-
predominant 2D-MoS; was synthesized through liquid exfoliation with the absence of alkali
metal intercalation.?® The contribution of the 2H phase in synthesized 2D-MoS; via the
aforementioned method was 81.69% and we noted 232.08 and 229.28 eV binding energies
corresponding to Mo3dz. and Mo3ds, of the 2H phase respectively (Figure A3.3). A
thermodynamically unstable 1T-MoS, where Mo atoms arranged in an octahedral manner,
consisting of better conduction properties than its counterpart (2H-MoS>) can undergo phase
transformation back to the initial 2H phase under moderate temperature, thus, we managed to
avoid the post-heating process of the MoS; layer during device fabrication 16182627 |j et al.
investigated the charge carrier extraction using PL spectroscopy, 1T rich MoS; shows excellent
charge carrier extraction from perovskite due to high conductivity associated with 1T phase as
compared to the 2H phase, and resulted in improved PV properties.®

3.3.25n02 QDs ETL

For the electron selective layer, stable water-soluble colloidal SnO2-QDs (quantum dots, Figure
A3.4a) were synthesized and used as n-type selective contact atop of compact thin blocking
layer to improve the hole-blocking properties associated with Sn02.28%° The scanning electron
microscopy (SEM) images of SnO2-QD layer on compact TiO. (Figure 3.2a and b) reveals the
formation of uniform, continuous and pinholes free SnO> layer. The smooth layer facilitates
effective electron transportation and builds a favorable interface for high-quality perovskite

deposition. Figure 3.2c depicts the perovskite film grown on SnO2-QDs exhibiting an average

grain size of 315 nm.

Figure 3. 2 SEM images of (a) FTO substrate, (b) SnO2-QD layer on ¢c-TiO2/FTO and (c) the
triple cation perovskite grown on SnO2-QD/c-TiO2/FTO.
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3.3.3 Device and Photovoltaic Characterization

(b) hEnergy (eV) 16
MosS, + P S—— . D . g =
Perovskites . T &
c-TiO, + SnO, Frwe, 1) A
f el = =l
hi ‘\c ‘ g{ } i ’ | S 54 o
O 3 541
1 | g 55 /'
o .
550 1o g .
I
T
7189

Figure 3. 3 (a) Architecture used for the device fabrication [FTO/c-TiO2/SnO;
QD/Cso.1(FA0.9MA0.1)0.9Pb(lo.9Bro.1)s/ MoS2/PTAA/AU], (b) cross-sectional SEM image of the

device with 2D-MoS; as interfacial layer and (c) energy level diagram of the fabricated PSCs.

The synthesized layered 2D-MoS; was placed as an interfacial layer in a device architecture of
FTO/c-TiO2/SnO2 QD/Cso.1(FA0.9MAo.1)0.9Pb(lo.9Bro.1)s/ MoS2/PTAA/Au (Figure 3.3a) and a
typical cross-sectional SEM image is illustrated in Figure 3.3b. For ease of terminology
hereafter, the triple cation perovskite will be termed CsSFAMA. SnO,-based electron selective
layer together with c-TiO2 provides enhanced hole-blocking ability than only SnO». This was
used to avoid any direct contact with the bottom charge collector and eliminate possible
recombination paths, which in turn will improve the PCE. The energy level alignment of the
materials used for the PSC fabrication, with the 2D-MoSy, is represented in Figure 3.3c, where
the valence energy level (Ev) of 2D-MoS, minimizes the energetic mismatch between the
CsFAMA and pristine PTAA. Figure 3.4a depicts the J-V characteristics under AM 1.5G
illumination (100 mW/cm?) of control and MoS; based devices, and the PV parameters are
represented in Table 1. The control devices yielded an average PCE of 15.05% with a short-
circuit current density (Jsc) of 22.70 mAcm™2, an open-circuit voltage (Voc) of 887.7 mV and a
fill factor (FF) of 74.64%. Notably, the devices fabricated by placing MoS; as an interfacial
layer showed significant improvement and gave an average PCE >18%, mainly due to the
increased of ~164 mV in Voc and ~ 5% in FF. The increment in Vo was obtained by stabilizing
the HOMO level to minimize the mismatch between the absorber and HTM layer to just 0.31
eV and increase carrier concentration, which increases the FF. The device incorporated with
2D-MoS: interface layer gave 18.54% PCE, which is a significant increment of 23.2% as
compared to the control device, which measured 15.05% PCE under similar conditions. To
note the accuracy of the obtained Jsc from J-V measurements, we performed the incident
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photon-to-current efficiency (IPCE) measurements (Figure 3.4b). The integrated current
density (Jin) values from the IPCE spectra are 22.27 and 21.72 mAcm for the control and

modified device respectively, and the values are in well agreement with Jsc obtained from J-V

measurements.
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Figure 3. 4 (a) J-V curves of the CSFAMA devices (control and modified with 1T-predominanit
2D-MoS2) under simulated AM 1.5G illumination, (b) corresponding IPCE and integrated
current density of devices. J-V hysteresis curve of forward and reverse scans of (c) control and

(F) of modified device with1T-predominanit 2D-MoS; interfacial layer.

The enhanced Vo of the modified device can be explained by the valence band maximum
(VBM) of 2D-MoS: (-5.4 eV), which reduced the wide energy barrier and mismatching
between the valence band energy level (Ev = -5.65 eV) of CSFAMA and the HOMO level of
pristine PTAA (-5.1 eV), facilitating smooth hole extraction from perovskite to the HTL .12
In particular, the two-dimensional nature of MoS: opens the wide optical bandgap compared
to its bulk form from 1.2-1.8 eV, raising the conduction band of MoS; atop of the conduction
band minimum (CBM) of CsSFAMA, subsequently providing electron-blocking properties at
perovskite/HTL interface (Figure A3.4b).2430-32 As depicted in Table 1, the control device
showed higher series resistance (Rs) of 3.21 Q cm™, whereas the MoS; interlayer based device
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gave notably reduced Rs of 2.85 Q cm™, and subsequently improved FF was obtained. Apart
from R, shunt resistance (Rsh) also affects the FF.>® The presence of 2D-MoS; with effective
electron blocking properties is responsible for the high Rsn associated with the modified device
(7.09 kQ cm™ for RS) compared to the control device (3.85 kQ cm™ for RS). The excellent
hole extraction behavior in conjugation with electron-blocking properties of 2D-MoS;
synergistically suppresses the interfacial recombination losses, providing effective surface
passivation to the active layer. Arguably, we can conclude that introducing 2D-MoS; as an
interfacial layer in between perovskite/HTL, the PV parameters have been noteworthy

improved.

Table 3. 1 PV parameters of the fabricated PSCs with and without 1T-predominant 2D-MoS;
interfacial layer.

Device Direction Vo (MV) Jsc FF (%) PCE Rs ( Rsh (
(mAcm?) (%) cm?) cm?)
Control RS 887.7 22.70 74.64 15.04 3.21 3.85
FS 882.9 22.59 71.75 14.31 3.91 0.99

Statistics 886.1 + 2249+0.18 73.28 1465+

15.5 +0.8 0.16
1T- RS 1052.5 22.02 79.96 1854 2.85 7.09
predominant FS 1048.9 22.10 7821  18.13 3.11 5.63

2D-Mos; Statistics 10404+ 22.07+0.11 7913 1817+

18.9 +0.9 0.18

“Rs and Rsh of PSCs were estimated by the slope of the J-V curves near Voc and Jsc, respectively.

The hysteresis behavior was measured by scanning J-V curves in reverse and forward direction
(Figure 3.4c and d), where the hysteresis index (HI) is acquired to quantify the degree of

hysteresis using the following equation;*3*

] ) —JFs(o.
H] = RS ©8V00)"IF5(08Voc) (3.2
JRS (0.8Vo()

where Jrs(0.8Voc) and Jrs(0.8Voc) represent the Jsc at 80% of Vo of the reverse and forward
scan respectively. The calculated HI of the device with 1T-predominant 2D-MoS; interfacial

layer shows alleviated photocurrent hysteresis (0.001) compared to the control device (0.05).
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The PSCs with 2H-predominant 2D-MoS; as an interfacial layer also gave improved PV
performance than of control device (without any interfacial layer), the device yielded a PCE of
17.34% with a (Jsc) of 22.22 mAcm™?, Vo of 1018.9 mV and FF of 76.61% under AM 1.5G
illumination (100 mWcm2). The J-V hysteresis curve and corresponding IPCE are presented
in Figures 3.5a and b, respectively. However, we noted limited improvement in device
performance as compared to the PSCs with 1T-predominant 2D-MoS; (Table A3.1). We
ascribed this to the higher conductivity value (107 times higher) associated with 1T-MoS; as
compared to 2H-MoS>, which influences PV performances when used as an interfacial layer in
PSCs.16:3
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Figure 3. 5 (a) J-V hysteresis curve and (b) corresponding IPCE and integrated current for the

device with 2H-predominant 2D-MoS: as an interfacial layer.

3.3.4 Device Stability

2D-MoS; based PSCs gave superior PV properties, to ascertain the interfacial engineering
might compromise the operational stability of devices, we conducted maximum power point
tracking (MPPT) of the un-encapsulated devices under constant 1 sun illumination and 45—
50% humidity at room temperature (Figure 3.6a). The control device drastically lost 20% of its
initial photocurrent value after 22 h of continuous testing, while the modified device with 2D-
MoS, maintained 80% of its initial photocurrent for around 45 h of continuous operation.
Further, the modified device showed 75% of its initial photocurrent after 100 h continuous
operation conditions. The stabilized power output of the devices under constant 1 sun
illumination at ambient atmosphere for the initial 2000s was shown in Figure 3.6b. We probed

the long-term stability of PSCs in storage conditions where the un-encapsulated PSCs were
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stored in a dry box with relative humidity maintained at 45-50% at room temperature (Figure
3.6¢). The modified devices maintained 96% of their initial PCE for 2952 h while the control
devices showed 89% of their initial PCE during this time.
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Figure 3. 6 (a) Continuous MPP tracking of the control and modified devices under constant 1
sun illumination at ambient atmosphere, (b) the stabilized power output of the devices under
constant 1 sun illumination at ambient atmosphere, (c) normalized PCE with the storage time

of control and modified devices.

The plausible reason for this was improved surface properties obtained by the placement of
MoS,, which will act as a barrier for moisture diffusion inside the perovskite layer. Surface
topography images revealed that the RMS roughness of films was reduced from 15.39 to 12.33
nm by the placement of 2D-MoS; (Figure A3.5). Arguably, this induced surface smoothness
on the perovskite layer facilitates uniform distribution of the PTAA atop it, and we noted, the
RMS roughness of the PTAA layer was reduced from 4.14 to 1.61 nm with the placement of
the interfacial layer. The humid environment negatively influences the stability of the
perovskite active layers and form perovskite hydrates easily, this initiates the decomposition
and device degradation.*® The hindering of moisture penetration to the active layer mitigates
the degradation process and will subsequently extend the lifetime of the devices. The

hydrophobic nature associated with 2D-MoS; put forward a strong affinity for water repulsion
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and moisture protection to the active layer.***° The water contact angle value is higher for the
samples with PTAA deposited on perovskite with the presence of MoS; as interfacial layers,
as compared to the reference device (Figure A3.6a-c). Pointing towards the attained
hydrophobicity associated with the modified devices that can mitigate the water penetration

into the active perovskite layer.

3.3.5 Admittance Spectroscopy and Mitigation of Trap Density

Both electronic and ionic type charge carriers in perovskite play determining role in the overall
performance, however under an electric field ionic defects can drift and accumulate at the
interface due to poor extraction and mobility of charge transporting carriers, resulting in
capacitance build-up in the device.®*2 To identify the factors accountable for the increment in
PCE of fabricated PSCs, we studied the charge accumulation behavior of the devices with and
without the 2D-MoS: interfacial layer through capacitance-frequency measurement at variable
temperatures under dark conditions. Figure 3.7a and b enumerate the variation of capacitance
(C) as a function of frequency (f) of devices at different temperatures. Three identical features
were observed according to the three distinct regions of frequency: low (LF, 20 Hz - 1 kHz),
intermediate (IF, 1-100 kHz), and high (HF, 100 kHz - 2 MHz) in both graphs. At the IF region,
a constant capacitance is identified and assigned to dielectric relaxation in the active layer,
which is mainly determined by the geometrical capacitance per unit area (Cg). This varies with
the dielectric constant (¢), the geometrical layer thickness (L) of the perovskite layer, and
vacuum permittivity (e0), [Cq = ee0/L].>>®® The constant value of capacitance at IF with an
increase in temperature of both devices suggests, the stable geometrical capacitance associated
with the perovskite layer. Toward low frequencies, thermally-activated capacitance
improvement was deducted which was ascribed to the charge accumulation at the interface and
interfacial properties rather than bulk.>*%¢ However, the control device showed much higher
capacitance than the device with 2D-MoS:; interface layer in the LF region, suggesting that the
charge carrier build-up at the interface is higher for the control device. Owing to the presence
of 2D-MoS, the trapped-carriers located at the interface gain sufficient thermal energy to
depart from the interface and migrate towards the bulk perovskite, consequently, the drop of
the thermal-activated capacitance increment at the LF of the modified device occurs.>*°657
Arguably, the presence of 2D-MoS; as an interfacial layer avoid charge accumulation at the

perovskite/HTL interface and capacitance build-up in the PSCs under DC bias voltage. The
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capacitance drop at the HF region correlates to the effect of the series resistance caused by the

conductive contact layer.>®
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Figure 3. 7 Capacitance-frequency-temperature spectra obtained from (a) control device and
(b) with 2D-MoS: interface layer. (c) Temperature-dependence low-frequency capacitance of
control and modified devices and (d) Arrhenius plot of In(feeax/T?) versus 1/T for control and

modified devices, extracted from —fdC/df versus f spectra.

Figure 3.7c depicts the capacitance measured at around 80 Hz as a function of the temperature,
slight increment in thermally activated capacitance in both devices can be deducted, while
comparatively higher capacitance values were identified for the control device at variable
temperature range due to high charge accumulation at the perovskite/PTAA interface through
poor carrier extraction and migration. Further, the unbalance charge extraction and transport
associated with the pristine PTAA allows the capacitance build-up at perovskite/HTL
interface.>” To elucidate the role of the interfacial layer on the distribution of trap density in
the CsSFAMA layer, we determined the frequency of peak (fpeak) emission rate of electrons from

a trap state located below Et to Ec (conduction band edge) and activation energy for the
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devices. The fpeak Was extracted from the derivative of capacitance spectra in the form of —
fdC/df as a function of f (Figure A3.7a and b). The activation energy Ea was calculated from

the Arrhenius plot (Figure 3.7d), In foea/ T2 vs. 1/T and the following equation;>->°

In=p2_ ta
T2 T2 KpT

(3.2)

where en is the emission rate of electrons from a trap state, vo is attempt-to-escape frequency
(ATEF), Ea is the activation energy, Kg is the Boltzmann constant, and T is the temperature.
The trap energy for control and MoS; based devices are 227 and 199 meV respectively,
indicating that charge transportation is hindered in the control device.>®°%! The intercepts of
the Arrhenius plot yield corresponding ATEF (vo) of 7.58 x 109 Hz for the control device which
is much higher than of the modified device showing vo of 2.22 x 109 Hz and Table 3.2

summarizes the extracted parameter.
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Figure 3. 8 (a) Mott-Schottky analysis at 10 kHz and (b) trap density (Nt) of control and

modified devices measured at 300 K.

The trap density distribution (N7), built-in-potential (v,;), and depletion layer width (W) at
perovskite/HTL interface were determined by using Mott-Schottky analysis along with thermal
admittance spectroscopy (TAS). Figure 3.8a depicts the Mott-Schottky plot of devices at 10
kHz, the plot yields a straight region from which v,; was extracted from the intercept on the
bias axis and the doping density of immobile ions (N) at the depletion region was determined

from the slope. The aforementioned parameters are related to the capacitance (C) as follows;%>
64

= — Vpi ——— (3.3)

1 2 [ KgT
q
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where ¢ is the relative dielectric constant of perovskite (taken as the value of 32 from a previous
report), «o is the permittivity of free space and A is the active interfacial area.®® Here Kg, T, and
q represent Boltzmann’s constant, the absolute temperature, and elementary charge,
respectively. The built-in-potential for the modified device with 2D-MoS; interfacial layer was

found to be increased to 1137.6 mV from 895.5 mV for the control device without the interface

2E€9Vp;

layer. Consequently, the depletion width (W = q—N) of the active layer was increased from

131.69 nm for the control device to 134.43 nm for the device with 2D-MoS:; interface layer.
The enhanced depletion region assists in the proper charge separation and annihilates the
recombination, and thus contributes to the increases in the PCE. The energetic profile of trap

density of state (tpos) was calculated from the following equations;®:%’

i d
Ni(Br) = — i |f 5 (3.4)
Ef = KgTln [”7] (3.5)

Table 3.2. Electrical parameters calculated for control and modified devices from thermal

admittance spectroscopy and Mott-Schottky plot at 300 K.

Parameters Control With 2D-MoS;
Activation energy Ea (meV) 227 199
ATEF vo (Hz) 7.58 x 109 2.22 x 109
Built-in-potential Vi (V) 0.8955 1.1376
Depletion layer thickness (hm) 131.69 134.43
Trap density at Peak, tpos (€Vecm3)™ 1.50 x 1017 9.8 x 1016
energy at peak (E.) toos (eV) 0.261 0.226

The trap density (Nt) profile as shown in Figure 3.8b indicates that the incorporation of 2D-
MoS; as an interfacial layer significantly reduced the overall trap density of state in the
perovskite. The distribution of trap density of state (tbos) in the control device exhibit a peak
value of 1.5 x 101" cm™ eV! situated at 0.26 eV which shifts to the lower energy at 0.226 eV
with reduce the value of 9.8 x 101 cm™ eV in case of MoS; based device. The remarkable
decrease of the tpos was consistent with the decreased photocurrent hysteresis, indicating the
effective passivation of charge traps in CSFAMA by 2D-MoS;. The suppressed trap density in
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the band gap of the perovskite in combination with 2D-MoS:; efficiently extracts the photo-
generated carriers to mitigate the interfacial charge recombination. We speculate this reduced
trap density as a result of a possible electron blocking effect from 2D-MoS,, suggesting the
reduced or eventually eliminating the PV hysteresis in the devices.

3.4 Conclusions

To summarize, we have presented the role of 2D-MoS; as an interfacial layer in perovskite
solar cells, in improving the opto-electrical properties by minimizing energetic mismatch and
suppressing trap density in the perovskite layers. In a triple cation (CSFAMA) based perovskite
environment, we noted 2D-MoS; interfacial layer reduces the energy required for detrapping
the trapped-charges, by providing prompt extraction of photo-generated charges while
mitigating the interfacial charge recombination. Our strategy based on interface engineering
enables us to demonstrate dopant-free n-i-p structured devices with 18.54% power conversion
efficiency along with enhanced long-term operational stability. The present work put forward
the placement of 2D-interlayer in conjugation with dopant free hole transport layer to amplify
the device photovoltaic performance and stability, which is paramount for the success of

perovskite solar cells.
3.5 Experimental Section

3.5.1 Materials

Molybdenum (iv) sulfide (MoS2, 99% metal basis, -325 mesh powder), tin (ii) chloride
dehydrate (SnCl2:2H20, 98%), and thiourea (CH4N.S, 99%) were procured from Alfa Aesar
while butyl lithium (1.6 M, hexane) from Sigma-Aldrich. The chemicals for perovskite were
purchased from Dyesol except Pbl2 and Cslz, which were obtained from Tokyo Chemical
Industry (TCI) and were employed as such. PTAA (M, = 5000-15000 by GPC) was procured
from Xi’an Polymer Light Technology Corp.

3.5.2 Device fabrication

Device fabrication was conducted as described in Chapter 2 section 2.3.1. Interfacial layer was
introduced between CsSFAMA and pristine PTAA film. Once the perovskite layer cooled down

to room temperature, 0.3 mg/ml MoS: in isopropanol solution was spin coated at 2000 rpm for
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30 s (process was repeated 3-4 times). For control devices, PTAA was directly deposited on

the perovskite active layer.

3.5.3 Materials characterization

X-ray photoelectron spectroscopy (XPS) experiments were carried out on a SPECS system
(Berlin, Germany) equipped with Phoibos 150 1D-DLD analyzer with monochromated Al K,
radiation (1486.7 eV). The wide scan was performed with the step energy of 1 eV (dwell time:
0.1 s, pass energy: 80 eV), and detailed analysis of the elements was performed using 0.08 eV
step energy (dwell time: 0.1 s, pass energy: 30 eV) with an electron exit angle of 90°. The
spectra was adjusted using CasaXPS 2.3.16 software, which models Gauss-Lorentzian
contributions. Atomic Force Microscopy (AFM) images were acquired with CSI Nano
observer AFM and data were analyzed using Gwyddion software. (The dispersion of 2D-MoS;
was diluted 1:10 in IPA for AFM, 25 ul of the dilution was drop-cast onto SiO, wafer and dried
at room temperature). The absorption spectra and PL steady-state measurements were acquired
with the help of UV-vis—IR spectrophotometer (Varian Cary 50 UV/Vis Spectrophotometer)
and a fluorescence spectrophotometer (PerkinElmer Instrument LS55) respectively. Cross and

top-view microstructure were acquired by a Hitachi S—4800 scanning electron microscope.

Additional data is available in Appendix A
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PHOTO-INDUCED CHARGE TRANSFER DYNAMICS IN
DOPANT-FREE PEROVSKITE SOLAR CELLS UPON 1T-
RICH WS INTERFACIAL LAYER
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4.1 Abstract

Excellent charge extractability and device performance are promoted by controlling the charge
build-up and recombination at interfaces, which has become one of the effective techniques in
this area. Motivated by the previous findings from Chapter 3, here, we introduce a few-atom
thick 1T-rich 2D-WS> as an interfacial layer on an active perovskite film to minimize the
energy barrier and charge accumulation at the interface to intensify the extraction of detrapped
charges and charge transfer dynamics in PSCs. By combining the interfacial layer in a dopant-
free device architecture, we achieved a stabilized efficiency of over 19% with a significantly
enhanced open-circuit voltage and fill factor. We discovered a 25% drop in trap density upon
1T-rich WS; interface layer where photocurrent saturation was seen at a rather low effective
voltage (0.3 V). Our work put forward the deep experimental understanding of 2D materials as

an interfacial agent toward their stabilized performances.

4.2 Introduction

Despite the astonishing compositional engineering that has been studied by many groups,
challenges remain for achieving long-term stability that is further complicated by ionic
migration, light irradiation, and moisture corrosion of the PSCs.? Beyond the active material,
the energy band alignment of the perovskite layer at the interfaces with the charge selective
layers is a prerequisite in governing the device performance and stability.3* Perovskites are
sandwiched between charge selective layers with possibly associated energy and chemical
incompatibilities with the contacting layers making the interfaces a crucial zone with a high
potential to instigate the device failure.">® Arguably, photo-generated charge separation and
transfer to the corresponding interfaces from the light-absorbing layer could occur with the
absence of energy losses without recombination at the interfaces. Moreover, the ideal
electron/hole selective layers should allow their corresponding charges only, while having no
recombination and transport losses at the interfaces.>’® However, due to imbalanced charge
separation and transfer, inferior interface band alignment, and defects associated with the
interfaces under real conditions can deteriorate the PV performances of PSCs.” %! At the
device level, stress due to extrinsic environmental conditions such as varying temperatures,
electric fields, atmospheres, and light intensities intensively propagate the degradation
mechanism.213 Furthermore, unbalanced charge injection, trapped charges, and capacitive
current promote the charge accumulation at the interfaces between the perovskite and charge

selective layers, and ultimately the trapped charged driven degradation may take place in
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addition to the photo-generated hysteresis.’*'® Several approaches have been devoted toward
long-term PV performance including the introduction of the interface energy alignment layer,
tuning the work function of the perovskite layer, doping mechanism into charge transport
layers, and self-assembled derivatives to overcome photo-generated carrier traps, improving
the quality of the interfacial coupling, and defect passivation.>* However, the hygroscopic
nature associated with doping or interfacial materials can further accelerate the degradation of

the perovskite layer.1”-1°

The accession of the interfacial layer gave promising results in terms of PV performance and
stability as discussed in the previous chapter.2%-2* Among different 2D materials, 2D transition
metal dichalcogenides (TMDs) are recognized as a promising class of semiconductors for PV
applications including PSCs owing to their outstanding chemical, physical and electronic
properties which can be further tuned by their synthesis route.?*2 The scalable synthesis of
2D-TMD materials with high purity and specific functionalities remains a key to advanced PV
applications. Among the different synthetic protocols, Li* intercalated liquid-phase exfoliation
of layered materials is a promising approach that offers high yield, simplistic method, up-
scalability, and cost-effectiveness. Reports dealing with 2D-TMDs such as MoS; and WS in
PSCs as an HTM or ETL showed moderate PCE values.?52"2 However, the PCE associated
with 2D-TMDs as an individual HTM or ETM is not comparable towards commercialization,
stipulating the limitation of 2D-TMDs as individual charge transport layers. In contrast, the
utilization of 2D-TMDs as an interfacial layer between the active and charge transport layers
led to significantly improved PV performance with an extended lifetime.2182°3! The non-
covalent interactions and the dangling bond-free nature of 2D-TMDs could aid in further
stabilizing the active layer from hygroscopic additives in charge transport materials.?** Li*
intercalation of VI group transition metal-based TMDs promote metastable 1T phase, which
has high conductivity when compared with their counterpart 2H phase. We have shown in
Chapter 1 that Li" intercalated VI group MoS; with predominantly 1T phase as an interfacial
layer in dopant-free n—i—p PSCs, achieving an upgraded PCE. For further understanding,
herein, we report our findings on the successful implementation of Li* intercalated liquid-phase
exfoliated 2D-WS; as an interfacial layer on a triple cation Cso1(FA0sMAo1)ooPb(lo.9Bro1)s
perovskite, leading to a significantly enhanced PCE and an extended lifetime. A prompt photo-
generated charge collection and exciton dissociation is a paramount feature in PV solar cells,
which has been investigated in PSCs upon the 2D-WS; interface layer. We show that the

incorporation of the interface layer effect in enlarging the maximum exciton generation rate
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and saturation of photocurrent at a relatively low effective voltage, resulting in feasible photo-
charge dynamics in the device. Subsequently, boosted PCE from 15.7% to 19.02% owing to
the upgraded open-circuit voltage (Voc) and fill factor (FF).

4.3 Results and Discussion

4.3.1 2D-WS; Characterization

We derived a few layers of 1T predominant WS> nanosheets in isopropanol (IPA) from bulk
WS, powder using rapid Li* intercalation in combination with ultra-sonication and a series of
ultracentrifugation steps. During the Li* intercalation process into WSy, the lithiation
intermediate (LixWS2) was thoroughly reacted with H»O to separate the van der Waals bonded
layers and form few- or single-layer WS; sheets. The microstructure of the synthesized 2D-
WS; nanosheets was analyzed under a transmission electron microscope (TEM) and an atomic
force microscope (AFM). Figure 4.1a illustrates a representative TEM image of 2D-WS; with
a lateral size of ca. 120 nm. The topographic AFM image (Figure 4.2b) together with the inset
thickness profile suggests the thickness of the 2D-WS; in the 5-6 nm range, affirming the
existence of few-layer nanosheets. Figure 4.3c shows the statistical distribution with the

maximum population peaks at 5.15 nm.

0 nm 2 3 4 5 6 7 8 9 10
Thickness (nm)

Figure 4. 1 Characterization of the synthesized 2D-WS;. (a) TEM image of WS; flakes, (b)
AFM image of selected WS flakes. Inset represents the thickness profile of the selected flakes,
(c) Statistical distribution of WS, flake thickness.

The X-ray diffraction (XRD) pattern of 2D-WS; shows a high intense single diffraction peak
at 20 of 14.521, corresponding to the (002) crystal plane of hexagonal WS, and the absence of
additional peaks related to the bulk WS>, confirming the highly oriented phase crystallinity of
the synthesized 2D-WS, nanosheets (Figure 4.2a).%> The UV-Vis absorption of 2D-WS;
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nanosheets dispersed in IPA solution (Figure 4.2b) leads to the weak shoulder peaks located at
637 and 528 nm corresponding to the A and B excitonic transitions, confirming the formation
of 1T rich 2D-WS; nanosheets.3® The optical bandgap estimated from the Tauc plot is about
1.76 eV (inset of Figure 4.2b).
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Figure 4. 2 (a) XRD patterns of bulk and 2D-WS,. (b) Optical absorption spectrum; inset
shows the calculated optical band gap of WS flakes from the Tauc plot. High-resolution XPS
spectra of WA4f (c) and S2p (d).

The positions of core-level peaks corresponding to W4f7, and W4fs, originated from X-ray
photoelectron spectroscopy (XPS) is an effective way to specify the phase and chemical state
of the elements composing the 2D-WS; nanosheets. We ascribed the emerged doublet (Figure
4.2c) at 31.49 and 33.48 eV to the W4f7, and WA4fs;; core levels of the metallic 1T-phase,
respectively, attributing the presence of the predominant contribution of the 1T phase with
82.25%in the as-prepared 2D-WS,. However, the less intense additional peaks at 32.31 and
34.33 eV were also observed, showing the simultaneous existence of the partial

semiconducting 2H phase in WS, nanosheets.®® A similar phase contribution can be deduced
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from the high-resolution XPS spectra of S2p (Figure 4.2d), in which two identical peaks
relevant to S2ps;2 and S2p1y. for the 1T phase emerged at 161.24 and 162.37 eV, respectively.

4.3.2 Thin-Film Characterization
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Figure 4. 3 AFM topography images of (a) CsSFAMA film and (b) 2D-WS,/CsFAMA film. (c)
XRD patterns of CSFAMA and 2D-WS,/CsFAMA films. (d) UV-Vis absorption spectrum of
perovskite and 2D-WSz/perovskite.

We examined the microstructure of the CsFAMA perovskite layer grown on the SnO2 QD
layer using SEM and AFM analyses (Figure A4.1, Appendix B, Figure 4.3a and b). Notably
from AFM analysis, we deduce that the perovskite roughness decreases from 21.48 nm to 16.16
nm after the deposition of 2D-WS; nanosheets on the perovskite. However, full coverage of
the 2D-WS; layer on the perovskite can only be achieved through multiple depositions of the
solution of 2D-WS; as previously reported, and in this report, we deposited 2D-WS; nanosheets
three times. The XRD analysis (Figure 4.3c) indicating the presence of 2D-WS; does not
influence the crystallinity of the perovskite. No visible changes were noted in the UV-visible
spectra of the perovskite with/without the 2D WS; interface layer (Figure 4.3d). The interaction
between 2D-WS; nanosheets and the perovskite layer at the interface was further investigated
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using XPS characterization. As shown in Figure 4.4a the Pb4fs, and Pb4f7, peaks of the bare
perovskite layers are located at 142.98 and 138.1 eV, respectively, and these peaks show an
apparent binding energy shift of 0.11 eV towards the higher binding region with the presence
of 2D-WS; layers. A similar binding energy shift can be deduced in 13d peaks when the
perovskite layer is placed with 2D-WS; in which the shift is around 0.15 eV (Figure 4.4b),
corroborating a possible strong interaction of S-Pb, S-I, and the modified chemical

environment of the [Pbls]* octahedral 2%343%
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c c
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Figure 4. 4 High-resolution XPS spectra of (e) Pb4f and (f) 13d for perovskite and
perovskite/2D-WS; layers.

4.3.3 Device and Photovoltaic Characterization

PSCs were fabricated based on the planar n—-i—p configuration with stacked layers of FTO/bl-
TiO2/SN02-QDs/ Cso.1(FA0sMA0.1)0.sPb(lo.sBro1)s /2D-WSo/PTAA/Au (Figure 4.5a and b) to
evaluate the PV performances by the placement of 2D-WS; as an interfacial layer. The energy
levels of the materials used in the device architecture including the as-prepared 2D-WS>
(Figure 4.5¢) suggest the compatibility of the valence band energy of the interface layer at the
HTM/perovskite interface which overcomes the energy barrier for effective free hole

extraction.1:36-39

The photocurrent-density-voltage (J-V) characteristics of PSCs with and without the interface
layer are illustrated (Figure 4.6a), and the corresponding PV parameters are summarized in
Table 4.1 (Table A4.1 and Table A4.2, Appendix B). A significant increase was measured from
the PSCs incorporating 2D-WS; as an interlayer, with a value of 19.02% PCE along with an

open-circuit voltage (Voc) of 1051 mV, a short-circuit current density (Jsc) of 23.59 mA cm?,
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and a fill factor (FF) of 76.68%. Under similar conditions, the control devices showed a PCE
of 15.74% with Ve, Jsc, and FF being 976.7 mV, 23.39 mA cm, and 68.88%), respectively.
Notably, the PSCs with an interface layer show an average improvement of PCE by 23.5%

© A Energy (eV) 3%
Gold=ssema—s S ,
2D-WS, / PTAA 373
‘ -4.09 4.05 g
Perovskite s
; 46 §
C-TiO, +Sn0, QDs o s a
7 <
& o z -5.41
6 51 2
FTO/Glass S 5.21
& 565
7.3
-7.89

Figure 4. 5 (a) Device structure of planar perovskite solar cells incorporating the 2D-WS;
interface layer, (b) cross-sectional SEM image of the PSC with 2D-WS; interface layer, and

(c) energy band alignment of the corresponding layers.

from the control PSC owing to an improvement in the Vo and FF. The integrated Jsc values
extracted from the external quantum efficiency (EQE) measurement are 22.97 and 22.28 mA
cm for the PSC with and without the interface layer, in agreement with the Jsc obtained from
J-V curves (Figure 4.6b). The corresponding integrated currents of the two PSCs show a slight
reduction compared to the Jsc obtained from the J-V curve possibly due to the difference in the

light source used, which is much lower in intensity than of the solar simulator system.?*

Notably, we noted a significant reduction in the device hysteresis (HI index from 0.05 to 0.02)
after introducing the interface layer (Figure 4.6¢c). We attribute the enhanced Vo to the
reduction of the high energy barrier between the valence band energy level of the perovskite
(Ev=5.65eV) and the HOMO level of PTAA (-5.1 eV) by placing the interface layer, and this
facilitates a facial photo-generated charge transfer between the perovskite and PTAA layer.>18
Moreover, the PSC fabricated with the 2D-WS; interfacial layer shows a decreased interfacial
series resistance (Rs) and a higher shunt resistance (Rsn), which suppress the interfacial charge

losses through decreased charge recombination, to enlarge the FF.
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Figure 4. 6 (a) J-V curves of the champion PSCs with and without the interface layer, and (b)
the corresponding EQE and integrated current. (c) J-V hysteresis curve of forward and reverse

scans of the champion PSCs.

Table 4. 1 PV parameters of the champion devices with or without the 2D-WS; interfacial

layer.
Device Direction Vo (MV) Jsc FF (%) PCE Rs (Q) Rsh
(mAcm?) (%) (kQ)
Without WS, RS 976.7 23.39 68.88 15.74 46.75 19.52
FS 967.6 23.29 66.47 14.98 52.33 14.38
Statistics 970.90+ 2266+0.86 70.01 1538z
9.89 +241 0.36
With WS; RS 1051.6 23.59 76.68 19.02 36.54 61.12
FS 1041.6 23.24 76.93 18.62 38.77 45.27
Statistics  1043.12+ 23.31+0.39 76.86 18.69%
10.15 +0.68 0.31
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4.3.4 Photo-Induced Charge Transfer Dynamics
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Figure 4. 7 (a) Electrochemical impedance spectra of PSCs recorded with an applied voltage
of 0.95 V and under dark conditions. (b) The equivalent circuit used for the fitting of the
impedance spectra. The potential bias-dependent (b) charge transport resistance and (c)

interfacial charge recombination resistance.

The influence of the 2D-WS; interface layer on charge dynamics in the PSCs was analyzed
using electrochemical impedance spectroscopy (EIS) under dark conditions. The Nyquist plot
is shown with the equivalent circuit model (Figure 4.7a, and Table 4.2) that comprises single
series resistance (Rs), charge transfer resistance (Rctr), and charge recombination resistance
(Rrec) at the interface between the perovskite/HTL (Figure 4.7b), and two constant phase
elements related to carrier diffusion in the perovskite and selective layers (CPE1 and CPE2).
We noted that at a given potential bias, the Rerr in the PSC with a 2D-WS; interfacial layer is
much lower than that of the control device, inferring that the interfacial layer plays a critical
role in promoting the charge transfer dynamics at the perovskite/HTM interface (Figure 4.7¢).
The relative trend of Rey IS in agreement with that of the Rs obtained from the J-V curves. This

reduced Rs correlated with the lower Reir further confers the enhanced FF of the device with the
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2D-WS; interfacial layer®. Furthermore, at a similar potential bias, the PSC with the interfacial
layer features a higher Rrec than the control device, which reflects the higher resistance for
charge annihilating at the interface (Figure 4.6d). The carrier recombination behavior was
further assessed using the semi-logarithmic J-V curve recorded in the dark (Figure 4.8a). By

fitting the exponential region of the curve with the Shockley equation, we obtain*!4?

Jaarc = Jo |exp (=) — 1] (4.1)

NnigKpT
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Figure 4. 8 (a) The dark J-V curve of the PSCs and (b) photo-generated current density, Jon Vs.

effective voltage (Ver).

in which Jaark is the dark current density, Jo is the saturation current density, V is the applied
voltage, q is the electron charge, Kg is the Boltzmann constant, T is the temperature, and niq is
the ideality factor. We estimated the Jo and nig for the control PSC to be 4.834 x 10® mAcm™
and 2.69, respectively, and those for the device with the 2D-WS; interface layer are 2.109 x
107" mAcm™ and 2.47, respectively. Such low Jo and niq values associated with the use of the
2D-WS; interface layer indicate a low leakage current density and significantly hindered carrier
recombination, enhancing the charge transfer dynamics in the PSC. This escalates the FF, Vo,
and subsequently the PCE of the PSC with the use of an interfacial layer.?>* The dark current
results are consistent with the Ryec obtained from the EIS measurements. To identify the charge
collection and exciton dissociation in the presence of the 2D-WS; interlayer, we measured
(Figure 4.8b) the photocurrent density (Jpn) as a function of effective voltage (Vesr). The Jpn is
defined as the difference between the current density under illumination (Jv) and in the dark
(Jo); (Iph = JL - Jp). The term Ve follows the formula of Ve = Vo-V, where Vo is the

compensation voltage defined as Jon = 0, and V is the applied voltage.***° Remarkably, the
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device with the 2D-WS; interface layer displays a saturation of photocurrent at a relatively low
Vet (0.3 V) compared to that of the control PSC (0.58 V), suggesting an effective charge
extraction behavior in the PSC with a 2D-WS; interfacial layer. Ideally, the efficiency of charge
dissociation and collection depends on the maximum exciton generation rate (Gmax), which
follows the relationship of J,; = eLG,q,, Where Jsat, €, and L are the saturated Jph, elementary
charge, and the thickness of the perovskite layer, respectively.*® As tabulated in Table 4.3), we
calculated the Gmax to be 3.68 x 10?* s for the 2D-WS; interface-layer-based PSC, which is
slightly higher than 3.65 x 10% s for the control PSC. This enhanced Gmax suggests that the
introduction of a 2D-WS; layer at the PTAA/perovskite interface promotes the interfacial

charge transfer dynamics in the PSCs.

Table 4. 2 Data extracted from the electrochemical impedance spectroscopy at an applied

voltage of 0.95 V in dark conditions.

Device parameter Without 2D-WS; With 2D-WS;
Rs (Q) 15.58 12.33
Rerr (Q) 169.1 42.39
Rrec (Q) 210.6 682.5
CPE1 (F) 94.9 x 10° 15.15 x 10
CPE2 (F) 0.1389 x 10 64.88 x 10°

Table 4. 3 Photoelectrical parameters of the devices.

Device parameter Without 2D-WS; With 2D-WS;
Ideality factor, niq 2.69 2.47
Saturation current density, Jo 4.834 x 10°® 2.109 x 1077
(mAcm™2)
Effective voltage, Vet (V) 0.3 0.58
Saturation photocurrent 23.39 23.60
density, Jsat (MA)
Maximum excitation 3.65 x 10% 3.68 x 10%

generation rate, Gmax (S?)
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4.3.5 Low-Temperature Admittance Spectroscopy

Arguably, the photo-generated charge carriers can easily drift under an operational electric field
and accumulate at the interfaces due to the poor band alignment and/or poor mobility of the
charge transport layers or poor charge extraction, which promotes the charge build-up at the
interface and consequently deficit the Voc.*5%® Additionally, the trap density plays the foremost
role in governing the overall performance of the PSC in which the trapped charges at the
interface show restriction to their mobility. The increase in trap density can further diminish
the trapped charge carriers through nonradiative recombination, thereby limiting the PCE.*’ To
gain further insight into the charge accumulation behavior at the perovskite/HTL interface with
and without the 2D-WS; interface layer, we performed the temperature-dependent capacitance-
frequency (c-f) measurement.
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Figure 4. 9 Temperature-dependent capacitance—frequency (c-f) measurements of the PSCs
without (a) and with (b) the 2D-WS; interfacial layer. (c) Temperature-dependent low-

frequency capacitance variation of the devices with and without 2D-WSo.

Figure 4.9a and b show the c-f data for PSCs as a function of temperature from 133.15-293.15
K under short circuit dark conditions. We noted that below 213.15 K, the geometrical
capacitance, as determined from the constant capacitance plateau at the intermediate frequency
region, freezes out in both devices. Deeper traps participate in the capacitance as the frequency
decreases resulting in a capacitance build-up at the low-frequency region.”® In the low-
frequency region, the control device shows limited capacitance build-up from low temperatures
until 233.15 K, and later, thermally activated capacitance shows a significant increment that
can be ascribed to the charge accumulation and build-up at the interfaces.**° In particular, the
PSC with the additional interfacial layer displays a nearly constant capacitance until 253.15 K

from low temperatures throughout the low-frequency region, and then it increases slightly,
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beyond this temperature. However, the capacitance build-up is high in the PSCs without the
interfacial layer as compared to the PSC with the 2D-WS; layer, confirming that the 2D-WS;
layer can hinder the charge accumulation at the perovskite/PTAA interface. Figure 4.9c further
illustrates the temperature-dependent capacitance variation in the PSC at low frequency (102
Hz). We investigated the trap profile associated with the PSCs by identifying the characteristic
trap emission parameter, known as an attempt-to-escape frequency (vo), which represents the
dynamics of trap emission and defines the maximum rate of detrapping the trapped charges.
Figure 4.10a and b illustrate the variation of —fdC/df as a function of frequency and the peak
emission rates (fpeak) Were extracted. The foeak increases gradually with temperature from 133.15
K until room temperature and then plateau on a further increment of temperature (Figure 4.8 ¢
and d). According to the Arrhenius relationship, the emission rate (en) of the trapped charge in
a defect shows the following correlation with the associated trap activation energy Er, >
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Figure 4. 10 —fdC/df vs. frequency variation at low temperature for the devices without (a) and
with (b) 2D-WS; interface layer. Arrhenius plot of the PSCs without (c) and with (d) the 2D-

WS; interfacial layer.
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where en is the measurement frequency at peak ( fpeak), Ks is the Boltzmann constant, and T is
the temperature. The calculated trap energy for the PSC with and without 2D-WS; is 115.63
and 64.38 meV respectively from the trap energy plot (Figure 4.10c and d). The corresponding
Vo of the control PSC is 2.04 x 107 Hz, which is much higher than that of the PSC with the
interface layer (1.38 x 10° Hz).

We identified the trap-state distributions and energies affected by the 2D-WS: interface layer,
by the trap state profile using thermal admittance spectra along with the Mott-Schottky spectra
(Figure 4.11a). At room temperature, the built-in-potential (v,;) and the depletion layer
thickness (W) obtained for the control PSC are 991.80 mV and 140.17 nm, respectively.
Expectedly, the PSC with the 2D-WS; interface layer shows improved results achieving a vy,;
of 1073.85 mV and a w of 236.10 nm. The increased v,; and W values escalate the charge
separation and transfer at the perovskite/PTAA interface. In the trap density profiles shown in
Figure 4.11b, at room temperature (303.15 K), for control PSCs, a peak trap density of 3.45 x
10Y7 cm3eV?! at 0.134 eV appears, while the PSC with 2D-WS; displays a smaller peak
intensity of 2.58 x 107 cm3eV! at a shallow energy level of 0.77 eV. Furthermore, the control
PSC shows an intense trap density across the higher energy region from 0.3-0.36 eV. Based on
these results, we can conclude that the 2D-WS; interface layer can passivate charge traps at the
perovskite interface. This highlights the critical role of the interface layer in controlling the
interface charge separation and recombination in the device, leading to a significant

improvement in Voc and PCE.
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Figure 4. 11 (a) Mott—Schottky analysis at 10 kHz and (b) trap density of states deduced from
temperature-dependent C—f spectroscopy for the PSCs without and with 2D-WSo.
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4.3.6 Long-Term Device Stability
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Figure 4. 12 (a) Normalized Jsc for 100 h of continuous MPP tracking for un-encapsulated
PSCs under an ambient atmosphere. Initial 2000 s MPP tracking of (b) J and (c) PCE.

The beneficial role played by the incorporation of the 2D-WS; layer in charge transfer
dynamics while promoting PV performances led us to study its impact on the long-term
operational stability; MPP tracking® of un-encapsulated PSCs was conducted under 1 sun
illumination at room temperature with 50-60% humidity (Figure 4.12). The control PSCs
reached 80% of their initial photocurrent after 8 h of continuous illumination and the
photocurrent reduces continuously under ambient conditions, while, under similar conditions,
the PSCs with the 2D-WS; interface layer retained 80% of their initial photocurrent for 100 h.
Moreover, the PSC with a 2D-WS; interfacial layer showed more stabilized Jsc and Vo (Figure
4.10 b and c). 2D-WS> deposited on the perovskite layer yielded a higher contact angle of 87 +
1° compared to that of the bare perovskite (81 + 1°) suggesting the hydrophobic nature
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associated with the 2D-WS; that can mitigate the water penetration into the active perovskite
layer in the PSC (Figure A4.2, Appendix B).

4.4 Conclusions

In summary, we demonstrated the role of 1T-rich 2D-WS> nanosheets, particularly synthesized
via Li* intercalated liquid-phase exfoliation, in enhancing the optoelectronic properties via
stimulating the photo-induced charge transfer dynamics and suppressing the surface trap
density. We found that the trap density reduction in the target device was about 25% with a
saturation of photocurrent at a relatively low Vet (0.3 V) due to the 2D-WS; interfacial layer.
The presented protocol based on the introduction of 2D-WS; between the un-doped PTAA and
the perovskite absorber enabled the demonstration of n—i—p PSCs with a stabilized efficiency

of over 19%, paving the way toward reliability enhancement in PSCs for commercial viability.
4.5 Supporting Information

4.5.1 Materials

Lead iodide (99.9%) was purchased from Tokyo Chemical Industry (TCI) and employed as
such. Methylammonium iodide (MAI) and formamidinium iodide (FAI) were purchased from
Dyesol. Solvents including DMF, DMSO, ethyl acetate, ethanol, and chlorobenzene were

purchased from Acros Chemicals and used as such.

4.5.2 Device fabrication

Device fabrication was conducted as described in Chapter 2 section 2.3.1. Interfacial layer was
introduced between CsFAMA and pristine PTAA film. Once the perovskite layer cooled down
to room temperature, 0.3 mg/ml WS; in isopropanol solution was spin-coated at 2000 rpm for
30 s (the process was repeated 3-4 times). For control devices, PTAA was directly deposited

on the perovskite active layer.

4.5.3 Trap density measurements.

Temperature-dependent capacitance—frequency measurements were performed with an LCR
meter, model no. E4980A, along with a Linkam (LTS420) sample heating control system filled
with nitrogen in a closed environment. The energetic profile of trap density of state (tpbos) was

calculated with the following equations:>?
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_ _vnide o
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where vy; is the built-in-potential, w is the depletion layer thickness, C is the capacitance
measured at an angular frequency o, T is the temperature, Kg is the Boltzmann constant, q is
the elementary charge, ¢ is the relative dielectric constant of the perovskite (c is 13 from a

previous report)*, g, is the permittivity of free space, and A is the active interfacial area.

4.5.4 Materials and thin-film characterization

X-Ray photoelectron spectroscopy (XPS) experiments were carried out on a SPECS system
(Berlin, Germany) equipped with a Phoibos 150 1D-DLD analyzer with monochromated Al
K, radiation (1486.7 eV). The wide scan was performed with step energy of 1 eV (dwell time:
0.1 s, pass energy: 80 eV), and a detailed analysis of the elements was performed using 0.08
eV step energy (dwell time: 0.1 s, pass energy: 30 eV) with an electron exit angle of 901. The
spectra were adjusted using CasaXPS 2.3.16 software, which models Gauss—Lorentzian
contributions. X-ray diffractograms were recorded using a D8 Advance diffractometer from
Bruker (Bragg—Brentano geometry, with an X-ray tube Cu K, | = 1.5406 A). For obtaining
surface topologies and phase images, atomic force microscopy (CSI Nano observer AFM) was
used and the data were analyzed using Gwyddion software. We recorded the absorption spectra
with the help of a UV-vis-IR spectrophotometer (Varian Cary 50 UV/Vis Spectrophotometer).
The cross-sectional and top-views of the microstructure were acquired with the help of a
Hitachi S-4800 scanning electron microscope.

Additional data is available in Appendix B
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5.1 Abstract

Inverted perovskite solar cells are among the most exciting photovoltaic systems as they
combine low fabrication cost, time, ease of fabrication, and high spectral tenability upon
perovskite grain growth. Many promising fabrication techniques are widely available for
devices fabricating, but the drawback of the perovskite solar cell is the lack of device stability.
Engineering the interface at hole transport layers and perovskite not only eliminates the
defective charge build-up at the interface, accelerating the charge transfer process of the device
but also enhances the stability by avoiding the possible degradation mechanisms of perovskite
originating from the hole transport layer. Herein, we demonstrate the application of an interface
modulation of NiOx nanocrystal assisted low-temperature processed inverted perovskite solar
cells using an organic semiconductor (DTT-EHDI>), which is composed of dithienothiophene
(DTT) as the core and a planar triazatruxene incorporating an alkyl chain as the side group.
Our strategy, therefore, provides an effective direction of the cost-effective thiophene
derivative as an interfacial agent together with an inorganic nanocrystal layer to escalate the

optoelectronic performances in photovoltaics.

5.2 Introduction

Most of the highly efficient PSCs are categorized in the regular architecture (n—i—p), in which
the high-temperature sintered mesoporous TiOz is a prerequisite.! On the other hand; planar
inverted (p-i-n) configuration can be adapted to low-temperature fabrication techniques with
potentially high manufacturing processability, giving rise to intense research interest for the
flexible PSCs and large area modules. However, the PCE of inverted PSCs still lags behind

that of their structural counterpart (n-i-p) devices.?>

The hole transport layer (HTL) is rationally selected by taking into consideration the charge
mobility, energy-level alignment, and compatibility with the perovskite absorber.*® The
bottom layers have a significant impact on the development and crystallinity of the perovskite
film with a minimum defective structure and surface, which is grown on the HTL in the case
of p—i-n devices. Further, incompatibility between HTL and perovskite promotes the hysteresis
and the degradation of electrical performances in PSCs, and such issues can be addressed by
the interface engineering of PSCs.%® The frequently used HTLs in planar p—i-n PSCs are
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate){PEDOT:PSS} and poly[bis(4-
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phenyl)(2,4,6-trimethylphenyl)amine] {PTAA}.1%112 However, the hygroscopic nature and
highly acidic property associated with PEDOT:PSS accelerate the degradation of the perovskite
layer and compromise the long-term PSCs stability.**'* Further, perovskite shows appalling
film coverage on severe nonwetting HTL such as pristine PTAA, which renders PSCs with

poor short-circuit current density (Jsc) and fill factor (FF).%°

PSCs using NiOx nanocrystals (NCs) as HTL exhibited excellent stability under prolonged
operational conditions.'® Even though, the intrinsic NiOx is a wide-bandgap (>3.5 eV) p-type
semiconductor with high hole mobility, it suffers from weak built-in-field strength and large
energy level offset at the interface of NiOx/perovskite due to limited hole concentration and the
wide gap between Fermi level and its valence band maximum (VBM).21"18 The large energy
level offset at the interface can result in the hole accumulation at the HTL/perovskite interface,
thus with the possibility of photo-induced charge recombination at the interface.*® To minimize
this, considerable efforts have been laid to improve the energy band alignment, which in turn
can enhance photo-induced charge transfer dynamics at the NiOy/perovskite interface through
the incorporation of an interfacial layer.

In this chapter, we systematically investigate the performance enhancement of p-i-n PSCs
based on simple yet effective interface modulation on NiOx NC film sing an organic molecules
labeled as DTT-EHDI,, with dithieno[3,2-b:2",3"-d]thiophene (DTT) as the core and 5,10,15-
tris(2-ethylhexyl)-10,15-dihydro-5H-diindolo[3,2-a:3",2"-c]carbazole (EHDI) as substituents.
Thiophene-based derivatives as HTM have been extensively utilized since the electron-rich
sulfur atoms in thiophene render a strong electron donor character, that facilitates efficient
charge transport.?-?? In addition, the high polarizability of sulfur atoms and lower stabilization
energy in thiophene rings allows the stabilization of the conjugated chain and reduces the
energy level, and subsequently enhance the charge transport properties, accelerating the
extraction of holes from the surface of the perovskite.?®?! Planar nitrogen-containing
triazatruxene (TAT) came out as a promising donor core unit or side group for organic
molecules owing to the tunable electro-optical properties.?>? TAT is a synthetically versatile
constituent with three indole units fused to a benzene ring in a m-conjugated structure that
provides a route to high hole mobility as a consequence of electron-donating properties and
strong m—m intermolecular interaction.?> Moreover, the three indole cores in the TAT building
block can be easily modified to increase stability and solubility.?®> However, hitherto, the

behavior of thiophene and TAT-based molecules has not been thoroughly studied as an
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interfacial layer in inverted PSCs. We found that a thin layer of DTT-EHDI, tuned the
wettability of the NiOx NC film, which tends to lessen the number of nucleation sites in the
perovskite. The n-bridge between the thiophene core and the donor groups renders high
performance in PSCs indicating 18.15% PCE and exhibiting a significant performance
increment to that of the reference PSCs (16.66%).

5.3 Results and Discussion

5.3.1 Materials and Thin-Film Characterization
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Figure 5. 1 (a) UV-vis absorption spectra, (b) Transition electron microscopy (TEM) of drop-
casted NiOx NC aqueous solution, and (c) X-ray diffraction (XRD) pattern of the NiOx film.

The X-ray diffraction (XRD) pattern of as-synthesized NiOx NCs exhibit a cubic crystal
structure with the characteristic diffraction peaks at 37.18°, 43.28°, and 62.42° corresponding
to the (111), (200), and (220) planes (Figure 5.1a).*%?° Figure 5.1b shows the good uniformity
of NiOx NCs with similar particle sizes from transition electron microscopy (TEM). The
estimated optical bandgap derived from the UV-vis of the NiOx film was 3.45 eV (Figure 5.1c).
Owing to the high absorption and higher thermal stability, triple-cation perovskite (FA, MA,
and Cs) was used as a light harvester to fabricate PSCs.*® The microstructures of the NiOx NC
film and DTT-EHDI., deposited on FTO were investigated by scanning electron microscopy
(SEM), as illustrated in Figures 5.2a and b, respectively. The contact angles of the perovskite
precursor on NiOx and DTT-EHDI2/NiOx were measured to be 33 + 1° and 58 + 1° (Figure 5.2c
and d), suggesting the role of the DTT-EHDI: layer in the surface property. Notably, we
observed that the grain size of perovskite grown on DTT-EHDI2/NiOy is slightly larger and
uniform than that on the NiOy film (Figure 5.3e and f). The enhanced grain growth could be
attributed to the lower wettability of DTT-EHDI, compared with NiOx that tends to shrink the
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number of nucleation sites in the perovskite and provides extra space for larger grain growth
during annealing, resulting in diminishing the trap states and possible recombination

pathways.30:31

Figure 5. 2 Surface SEM images of (a) NiOx NC film, (b) DTT-EHDI> deposited on NiOx NC
film. Contact angle of perovskite on (a) NiOx, and (b) DTT-EHDI2/NiOx NC films. Surface
SEM images of CSFAMA grown on (e) NiOx film and (f) DTT-EHDI./NiOx NC film. To note

here, images (a) and (b) are in 90 K magnification, while (e) and (f) are in 60 K magnification.

We probed the surface with scanning probe microscopy (SPM) to evaluate the surface
microstructure and roughness of NiOx and DTT-EHDI2/NiOx. We noted that root-mean square
(RMS) roughness of the NiOx and DTT-EHDI2/NiOx films are 35.77 and 24.59 nm,
respectively (Figure A5.1, Appendix C), crediting surface smoothness upon DTT-EHDI;
deposition, where the interfacial properties impact the charge transport properties of the device.
The surface topography and phase images (Figure 5.3) of the perovskite deposited on different
surfaces, where the perovskite displays uniform and significantly reduced RMS roughness
(31.77 nm) on DTT-EHDI2/NiOy, as compared with that of the perovskite on NiOx (40.44 nm).
The DTT-EHDI; assisted in perovskite crystallization, which is favorable for effective charge
extraction. Diffractograms were recorded to decipher the crystal structure of the perovskite
(Figure 5.3a), in which the predominant peak appears at 14.1° in both situations corresponding
to the (101) crystal plane of CSFAMA,; this indicates the suitable crystallinity of the perovskite.
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In the UV-vis absorption spectra (Figure 5.3b), the absorption edge of the films largely remains

unchanged upon interface engineering with DTT-EHDI>.
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Figure 5. 3 Topography, 3D height, and phase images of the perovskite deposited on NiOx (a,
b, and ¢) and on DTT-EHDI/NiOx (d, e, and f), respectively.

The influence of the thin film of DTT-EHDI. on the charge transport properties of NiOx as
HTLs was probed by measuring their thin-film 1-V profile, in FTO/NiOyAu and
FTO/NiOx/DTT-EHDI2/Au configurations in the dark (Figure 5.4c). The conductivity of
NiOx/DTT-EHDI, was 37.59 x 10° S cm™, similar to NiOx (28.24 x 10° S cm™). The hole
mobility of NiOx with and without DTT-EHDI; interfacial layer was 2.78 x 10° and 6.91x 10°
>em? V1 st respectively, derived from semilogarithmic J%°-V curves of the hole-only devices
in the dark (Figure 5.4d) via the classical Mott—Gurney space—charge-limited-current (SCLC)

law;
] = 9egouVis,, /8L (5.1)

Here, €0, €, and L represent the dielectric constant of free space, the relative dielectric constant,
and the thickness of the charge transport layer, respectively.®? The dielectric constant for NiOx
was taken as 4.8.3 We estimated the hole mobility of DTT-EHDI, and noted it to be 1.12 x 10°
6 cm? V1 s (Figure A5.2, Appendix C).
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Figure 5. 4 XRD patterns of CsSFAMA perovskite deposited on NiOy film and DTT-
EHDI2/NiOx film. (d) UV-Vis spectra of NiOx/CsFAMA with and without DTT-EHDI;
interface layer (c) 1-V curves for conductivity measurements in the configuration of
FTO/NiOx/Au and FTO/NiOx/DTT-EHDI, in the dark. (d) J-V curves for hole-mobility
measurements with the hole-only device with the configurations of FTO/PTAA/NiIOx/Au and
FTO/PTAA/NiIOx/DTT-EHDI /Au in the dark.

5.3.2 Device and Photovoltaic Characterization

The chemical structure of the DTT-EHDI> is shown in Figure 5.5a. The calculated HOMO
level for DTT-EHDI, (-5.34 eV) is suitable with the wvalence band of
Cs0.1(FA0.9MA0.1)0.9Pb(lo.9Bro.1)3, which is assumed as -5.80 eV, as reported by Wu et al. for
triple-cation perovskites.3* The LUMO level was found to be -2.81 eV, which is beneficial to
overcome the undesirable electron transfer from perovskite to the HTL. The energy bandgap
between the HOMO and LUMO of DTT-EHDI, was measured to be 2.53 eV. The valence
band maximum of NiOx NC film is -5.21 eV, which is about 0.13 eV higher compared with the

HOMO level of DTT-EHDI, indicating a narrow energy barrier for hole transfer between
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(a) p DTT-EHDI, \; (b)
O

Perovskite

Figure 5. 5 (a) Chemical structure of DTT-EHDI> (2,6-bis(5,10,15-tris(2-ethylhexyl)-10,15-
dihydro-5H-diindolo[3,2-a:3",2"-c]carbazol-3-yl)dithieno[3,2-b:2",3"-d]thiophene). (b)
Energy band alignment at the NiOx/CsFAMA interface. (c) p-i-n device structure and (d) cross-
sectional SEM image of the fabricated PSC.

perovskite/NiOx (Figure 5.5b), and will form a beneficial spike structure.'® We assessed the
organic interface layer in planar PSCs with a device architecture, FTO/NiOy/interface
layer/Cso.1(FA0sMA0.1)0.9Pb(lo.sBro1)s/PCeoBM/BCP/Ag (Figure 5.5¢). The cross-sectional SEM
image of PSCs with the interfacial layer (Figure 5.5d) reveals an interconnected and
sandwiched structure of NiOx (~70 nm) and the interface layer (~20 nm), together with a ~400
nm-thick perovskite layer. The typical current-voltage (J-V) curves of the PSCs with and
without the interfacial layer are shown (Figure 5.6a) and the corresponding PV parameters are
represented in Table 5.1. It can be deduced from the reverse scan J-V curves that the interface
layer on NiOx enabled the Vo, Jsc, and FF of the PSCs to increase from 1000.13 mV, 22.79
mAcm, and 72.96% to 1034.09 mV, 23.18 mA cm, and 75.71%, respectively. Subsequently,
the interface modulated PSCs yielded an overall PCE of 18.15% with an average PCE of
17.93%, while the control PSCs showed a maximum PCE of 16.66%. Furthermore, the incident
photon-to-current efficiency (IPCE) spectrum and the achieved integrated current densities (
Jint) 0f 21.42 and 21.79 mA cm2 for devices with and without the interface layer, respectively,
exhibit a consistent trend with the characteristic J-V curve (Figure 5.6b). We evaluated the
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hysteresis index (HI) following the equation HI = [Jz5(0.8V,. — Jrs(0.8V,.)]/Jrs(0.8V,,),
where Jrs(0.8Voc) and Jrs(0.8Voc) represent the Jsc at 80% of Vo from reverse and forward J-V
scans, respectively (Figure 5.6¢).3® The molecularly engineered interface-based PSCs exhibit
negligible hysteresis effect with 0.02, which is considerably lower than that of the control PSCs
(0.05), suggesting the upgraded photoinduced charge transfer dynamic induced by the
interfacial layer. Moreover, the PSC with the interface layer showed stabilized Jsc (Figure 5.6d)
at maximum power point (MPP) tracking under ambient conditions (~40-60% RH at 28° C).
The statistical PV parameters of PSCs w/o and with DTT-EHDI: interface layer were
summarized in Figure A5.3 (Appendix C).
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Figure 5. 6 (a) J-V curve of the champion device without and with DTT-EHDI; interface layer
in reverse scan under simulated AM 1.5G illumination. (b) The corresponding IPCE and
integrated current density. (c) J-V hysteresis curve of forward and reverse scans of the
champion PSCs. (d) Stabilized initial 400 s MPP tracking of Jsc under ambient conditions.

We further analyzed the series resistance (Rs) and shunt resistance (Rsh) by estimating the slope
of the J-V curves near Vo and Jsc, respectively (Table 1). The control PSC showed higher Rs of
42.99 Q and lower Rsh of 32.88 k), whereas the interlayer-based PSC gave notably reduced Rs
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of 36.05 Q and higher Rsh of 65.96 kQ values. We attribute the significantly enhanced FF for
the PSC with the interface layer to the relatively reduced Rsand higher Rsh.>® The presence of
a interface layer with effective electron-blocking properties and synergistically suppressed
interfacial recombination losses is responsible for the observed high Rsh.

Table 5. 1 PV parameters of the champion devices with and without the organic interfacial

layer.
Device Direction Vo (MV) Jsc FF (%) PCE *Rs () *Rsh
(mAcm2) (%) (k)
Without WS, RS 1001.38 22.80 72.96 16.66 42.99 32.88
FS 1008.96 22.52 70.34 1598 45.38 28.20
Statistics 99735+ 2258+0.29 7234 16.29%
9.8 +0.85 0.42
With WS; RS 1034.09 23.18 75.71 18.15 36.05 65.96
FS 1036.07 23.04 74.21 17.72 37.73 57.94
Statistics  1031.17+ 23.06+0.13 7536 17.92%
3.9 +0.47 0.13

“Rs and Rsh of PSCs were estimated by the slope of the J-V curves near Vqc and Jsc, respectively.

5.3.3 Recombination and Charge-Transfer Kinetics

We investigated the charge transfer kinetics and recombination mechanism in PSCs with and
without the interfacial layer using electrochemical impedance spectroscopy (EIS) techniques
under dark conditions. Figure 5.7a shows the Nyquist plot at 950mV applied bias voltage in
the dark which is fitted with the equivalent circuit model of Rs + Ret/CPE1 + Rrec/CPE2, where
Rs, Retr, and Rrec represent single-series resistance, charge transfer resistance, and charge
recombination resistance at the interface between perovskite/HTL, respectively.®3" Ry was
extracted from the high-frequency region, while Rrec was determined in the low-frequency
region (Table 5.2). Two constant phase elements related to carrier diffusion in perovskite and
selective layers were assigned as CPE1 and CPE2. The interface modulated PSC featured a
higher Rrec at the entire bias range (Figure 5.7b), leading to lower charge recombination and
mitigated charge annihilation at the interface. The introduction of the interface layer reduces

the energy barrier at the perovskite/HTM interface, which facilitates efficient charge extraction
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without charge build-up at the interface impacting Voc enhancement. Moreover, at a given
potential bias, the PSC incorporating the interface layer shows a much lower Rct than that of
the control PSC (Figure 5.7c). Generally, the EIS analysis is consistent with the Rs and Rsh
obtained from the J-V curve, inferring that the interfacial layer promotes the photoinduced

charge transfer kinetics at the perovskite/HTM interface.
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Figure 5. 7 (a) Electrochemical impedance spectra of PSCs measured at an applied voltage of
950 mV in the dark (raw and fitted data). The potential bias-dependent (b) charge transport
resistance, (c) interfacial charge recombination resistance extracted from Nyquist plots in the
dark.

Bode EIS spectra were conducted at 0.95 V in the dark (Figure 5.8a) to elucidate the impact of
the interface layer on charge lifetime (1), followed by T = 1/(27f,). Here, f, denotes the peak
frequency corresponding to the electrochemical reaction of the charge transfer process at the
perovskite/NiOx interface.® The PSC based on the interfacial layer showed a longer charge
lifetime (0.73 ps) compared with that in the PSC without the interfacial layer (0.57 ps). The
enhanced electron lifetime can be credited to the reduced charge recombination, resulting in
rapid charge carrier transport and enhanced electron density at NiOx/perovskite interface.
Further, 1 of the modified PSC is higher than that of the control PSC at various bias voltages
(Figure 5.8b). The J-V profile in the dark was conducted to further understand the leakage
current and carrier recombination behavior of the PSCs (Figure 5.8c). The leakage current
represented by the semilogarithmic curve at the negative bias potential of the interface layer-
based PSCs is much lower than that of the control PSC, signaling that the higher Jsc obtained
is through suppressing recombination. By fitting the linear part of the curve with the Shockley
equation as explained in Chapter 4, we extracted the ideality factor (nig) of the PSCs. The
estimated Jo and nig for the PSCs without the interface layer were 9.35 x 10° mA cm2 and 3.17,
respectively, whereas those for the PSCs with the interface layer were 5.07 x 107 mA ¢cm and
2.58, respectively. Such low Jo and nig values of the interface layer- incorporated PSCs indicate
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the efficient recombination suppression along with lower leakage current outside the depletion

region upon the interfacial layer, resulting in enhanced Vo, FF, and charge transfer dynamics

in the fabricated PSCs.

Table 5. 2 Extracted electrochemical parameters of the PSCs with and without the interface

layer at 950 mV bias voltage under dark conditions.

Device Retr (€2) Rrec (€2) fp (us) T (ps)
w/o interface layer 9.02 140.70 3.58 0.57
with interface layer 1.16 299.10 457 0.73
8
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Figure 5. 8 (a) Bode spectra of PSCs measured at an applied voltage of 950 mV in the dark,
(b)) applied bias-dependent charge lifetime in the dark, and (c) dark J-V curves for the PSCs
with and without the interfacial layer. (d) Photogenerated current density (Jpn) versus effective

voltage (Vetf).
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To provide mechanistic insights into the interface layer impact on the photoinduced charge
transfer dynamics in PSCs, we investigated the effective voltage (Vefr)-dependent photocurrent
density (Jpn) (Figure 5.8d). Jon and Vess follow the relationships of Jon = Ji - Jo and Vess = Vo-V,
respectively, where Ji is current density under illumination, Jp is current density in the dark,
Vo is the compensation voltage defined at Jon = 0, and V is the external bias voltage.*® Notably,
the PSC based on the interface layer displays a rapid saturation of photocurrent at a relatively
low Vet 0f 0.207 V when compared with that of the control device (0.376 V), which we attribute
to the effective charge separation and extraction behavior in the PSC on interfacial layer
placement. The maximum exciton generation rate (Gmax) is a crucial factor in PSCs, which
governs the charge dissociation and collection and thus the saturation current density (Jsat),
following the relation of Jsat = eLGmax (Where, e and L are elementary charges and the thickness
of the perovskite layer, respectively).®® Gmax of the interface layer-based PSC was calculated
to be 3.62 x 102 cm3st, which is slightly higher than that of the control device with 3.55 x
102 cm3s%, The enhancement in Gmax indicates the promoted photoinduced charge generation

and efficient charge transfer dynamics of the PSC on the interface layer placement.

5.4. Conclusions

We demonstrated a facile yet effective interface reform at NiOx/perovskite in inverted PSCs
by introducing an ultrathin layer of dopant-free organic small molecule, composed of planar
triazatruxene branches with thiophene core-based semiconductor, DTT-EHDI,. We noted that
the placement of a thin interfacial layer improves the hole extraction ability and conductivity
of NiOx through the intermolecular charge transfer effect. DTTEHDI; also helps in reducing
the energy barrier at the interface, diminishing the possible nonradiative recombination, while
promoting the photoinduced charge transfer dynamics. Interface engineering with the DTT-
EHDI> boosted the device Vo and FF, with an overall efficiency of up to 18.15%. Our findings
offer a promising molecular interface engineering approach to fabricate dopant-free-inverted
planar PSCs, which can potentially be exploited for other combinations of use of inorganic

semiconductors in PVs.
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5.5 Supporting Information

5.5.1 Materials

Chlorobenzene (CB, 99%), isopropanol (IPA, 99.9%), anhydrous dimethyl sulfoxide (DMSO,
99.8%), and N, N-dimethylformamide (DMF, 99.8%) were purchased from Acros Organics.
Starting materials for perovskite were purchased from Dyesol except for Pbl2 and Csl that
were procured from Tokyo Chemical Industry (TCI). PCeoBM (> 99.5%) and Bathocuproine
(BCP) were purchased from Solenne BV and TCI, respectively. Nickel (I1) nitrate hexahydrate
(Ni(NO3)2.6H20, 99.999%) and NaOH were obtained from Sigma-Aldrich. All the chemicals

were purchased commercially and used without further purification.

5.5.2 NiOx nanocrystals (NCs) synthesis

NiOx NCs were prepared based on reported procedures elsewhere!8, with modifications noted

in Chapter 2, section 2.1.4.

5.5.3 Device fabrication

Inverted solar cell: Device fabrication was conducted as described in Chapter 2, section 2.3.3.
After substrates cleaning, NiOx film was formed atop FTO substrates by spin coating at 4000
rpm for 35 s, followed by annealing at 150 °C for 30 min. The samples were transferred
immediately at 100 °C (to avoid moisture absorption to the samples) to the argon-filled
glovebox under controlled moisture and oxygen conditions. A thin layer of DTT-EHDI; (~20
nm) was achieved through spin coating DTT-EHDI; in chlorobenzene (3 mg mL™) at 2000
rpm for 20 s atop NiOx. The rest of the steps have been described in Chapter 2, section 2.3.3.

5.5.4. Device and thin-film characterization

Current density-voltage (J-V) curves were performed using an Oriel AAA solar simulator
(Newport) producing 1 sun AM1.5G (100mWcm?) simulating sunlight and were recorded by
applying an external potential bias to the devices. The generated photocurrent was recorded at
a scan rate of 100 mV s (pre-sweep delay: 10 s) with the help of a Keithley 2400 source meter
and 0.09 cm? black metal mask as the active area. IPCE measurements were carried out using
a 150W xenon lamp attached to a Bentham PVE300-motorized 1/4m monochromator as the

light source.
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X-ray diffractograms were acquired using a D8 Advance diffractometer from Bruker (Bragg—
Brentano geometry, with an X-ray tube Cu K, A = 1.5406 A). For surface topography and
phase, the images were recorded with the help of scanning probe microscopy (CSI Nano
observer) and an NSG10 cantilever (NTMDT) was used; data were processed through
Gwyddion software. Absorption spectra were registered with the help of a UV-vis-IR
spectrophotometer (Varian Cary 50 UV/Vis Spectrophotometer), and a Hitachi S-4800
scanning electron microscope was used to image the surface microstructure. BioLogic SP-300

impedance analyzer was used to record the electrochemical impedance response.

Additional data is available in Appendix C
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INTERFACE TWEAKING OF PEROVSKITE SOLAR CELLS
WITH CARBON NITRIDE-BASED 2D MATERIALS
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6.1 Abstract

Strong Coulomb interactions are present in two-dimensional van der Waals layered materials,
and these interactions lead to high exciton binding energies. Tuning the interface is the basis
of devices including optoelectrical, and their delineation is of paramount importance. 2D-
carbon nitrides, so-called CsNa display graphene-like atomic structure, and their use in
engineering the interface at hole transport layers and perovskite, can eliminate defective charge
build-up and suppress the charge carrier recombination in PSCs. The fabricated solar cells with
L-C3N4 or g-C3Ns interface layers gave an improved performance with boosted open-circuit
voltage and fill factor, delivering the PCE above 19%. Our interface layers avoid the direct
contact of NiOx with perovskite, overcoming the possible instability of the active layer via
iodide oxidation and deprotonation of cationic amines. The carbon nitride-based 2D materials

will serve as an effective interfacial layer for long-term reliability in photovoltaics.

6.2 Introduction

The third pillar for commercial relevance after efficiency and manufacturing cost is the
operational stability of any PV system. Interface engineering overcomes the degradation of
perovskite through moisture infiltration, boosting the long-term reliability of PSCs. Organic
materials are reported to passivate specific defects of perovskite bulk while improving the
quality of the interfacial coupling and eventually enhancing the PV performance.l? In most
cases, however, the used organic materials are hygroscopic and can accelerate the degradation
mechanism of the perovskite.>® A rational choice of interfacial materials can influence the
electrical, physical, and chemical compatibility of each layer. Moreover, the engineering of
interfaces is a straightforward but effective methodology to align the energy band-level at
interfaces, to influence the perovskite crystallization and microstructure, defect passivation,

and to control ion migration.’#1

Recently, two-dimensional (2D) materials are being explored as interlayers in PSCs, owing to
their ease of electronic structure tailoring through functionalization and synthesis route.!*-14
Metal-free carbon nitride (CN) are nontoxic, earth-abundant, polymeric 2D type crystalline
semiconductor materials, which display continuous porosity and high surface free energy along
with appealing optoelectronic properties.’> 1" Graphitic carbon nitride (g-CsN4) is regarded as
the most studied and highly stable architecture among the five phases of C3N4, composed of

tri-s-triazine (s-heptazine), rich in amino (-NH2) and nitrogen, establishing the n-conjugated
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electronic structure.’® It displays a moderate bandgap of 2.7 eV with conduction (Ecg) and
valence (Evge) band edge positions of -1.1 and +1.6 eV, respectively, attributing to the
continuous repetition of the heptazine motif.}” The chemical structure of 2D-carbon nitride can
be altered by the addition of extra nitrogen-rich moieties, resulting in an extended m-conjugated
system of heptazine motif, which leads to a robust and band edge tuned CN framework.” g-
C3N4 has been reported as an additive in perovskite to control the nucleation process thus
enhancing the grains and microstructure quality of the perovskite, and measured lower defect
density.181820 This strategy was further extended and g-CsN4 was also noted to enhance the
charge transfer dynamics and this mitigates the charge recombination via heterogeneously
concentrated carbon nitride additives around perovskite grain boundaries.’* The
functionalization of chemically modified CN materials in PSCs boosted the PV performances,
through the control of the undesirable charge dynamics at perovskite/CTL interfaces.'®?? The
use of NiOx as CTL creates a direct connection to perovskites and prompts iodide oxidation

and deprotonate cationic amines (MA™) which compromise the perovskite stability.

Here, we study the potential of g-CsNs (based on solid-state) and L-C3N4 (based on
solvothermal) as an interface layer with an inorganic hole selective layer (NiOy) in inverted
planar  triple-cation based PSCs. We investigated their interaction  with
[Cso0.1(FA0.sMA.1)09Pb(lo.9Bro.1)s] at the interface of the layers, and deduced coordination of
FA-amine and MA-ammonia groups provides a favorable interaction at the interface between
C3N4 and perovskite, promoting the stability of perovskite in the device. The enhanced photo-
induced charge transfer dynamics and attenuated charge recombination behavior upon 2D-
carbon nitrides led to improved PV performances in the PSCs. Subsequently, the low bandgap
L-C3sNs-modified interlayer-based PSCs gave 19.33%, whereas with high bandgap g-CsNa

delivered a PCE of 18.58%, surpassing the control PSCs performance and reliability.
6.3 Results and Discussion

6.3.1. g-C3N4 and L-C3N4 Characterization

The 2D graphitic-carbon nitride framework is composed of tri-s-triazine connected through
planar tertiary amines (Figure 6.1a). The powder X-ray diffraction (XRD) pattern shows two
distinct reflections at 20 values of 27.3° and 12.8° corresponding to the (002) and (100)
crystalline planes (Figure 6.2b) for g-CsNs4. The strongest (002) reflection with ~0.33 nm

interplanar d spacing is characteristic of the stacking of the conjugated aromatic system, while
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Figure 6. 1 (a) Chemical structure of tri-s-triazine-based graphitic-CsN4. XRD pattern (b),
FTIR spectra (c), and Raman spectra (d) for g-CaNs and L-C3Na.

the low intense reflection is related to the (100) plane (~0.69 nm d spacing) that is correlated
to in-planar structural tri-s-triazine morphology of g-C3sN4.'®? The g-CsNs is synthesized at
550 °C using solid-state synthesis method where the stacking of 2D-layers is expected to be
highly regular (thermodynamic control) than that of L-C3N4 which was synthesized at 140 °C
in solution (kinetic control). However, the reflection indexed to the in-plane structural packing
of heptazine units is absent in the case of L-C3Nj, attributing to the possible distortion in the
carbon nitride framework.® We registered the variation in the functional groups and the
physical state of the materials by Fourier transform infrared (FTIR) spectroscopy (Figure 6.1c).
A series of IR bands are observed corresponding to C-N stretching of tri-s-triazine aromatic
nucleus from 1700 to 1000 cm™ in both materials.?#?> The combinational symmetric and
asymmetric N-H stretches of terminal amino groups induce intense broadband at 2900-3500
cm™ in L-C3N4.2%?5 A significantly weak characteristic N-H band arises in g-C3N4 owing to
the residual —NH. present in the carbon nitride framework. The peak observed at around 800
cm is assigned to the bending vibration of triazine rings, and is prominent in the case of g-
C3N4.1%2% A subsidiary peak is noted around 2200 cm™, suggesting the presence of a negligible

amount of cyano groups (C=N), that is favorable for the continuous formation of CN
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Figure 6. 2 DR-UV-Vis spectra (a) Inset: obtained powders of CN materials, and [F(R)hv]? vs.
hv plot (b) for g-C3N4 and L-C3N4. High-resolution X-ray photoelectron spectroscopy (XPS)
of C1s of (c) g-C3N4 and (d) L-C3N4, N1s of (e) g-C3N4 and (f) L-CaNa.

network.?6-28 Raman spectra represent (Figure 6.1d) characteristic peaks at 530, 750, and 1025
cm* core positions related to the breathing mode of the in-plane heptazine rings available in
both g-C3sNs and L-C3N4.2° Further, there are two fingerprint bands at 1320 and 1596 cm
owing to the disordered D band and graphitic G band, respectively. The broad hump ~1000 —
1800 cm™ observed in both materials can be attributed to the bending of residual —NH. and
multilayer stacking of carbon nitride layers.?* We recorded the UV-Vis diffuse reflectance
spectra (DRS) and g-CsN4 shows two absorption peaks at around 280 and 375 nm relevant to
n-m transition in the conjugated polymeric network and n-z” transition between nonbonding
orbitals of nitrogen and aromatic ring, respectively (Figure 6.2a).2° Notably, L-C3N4 shows a
strong absorption shoulder with a red-shifted absorption edge at ~650 nm compared to g-C3N4
(absorption edge at ~575 nm). This resulted in an upshifted valance band together with -1
transition at low energy and thus the extended absorption in the visible range, exhibiting the
orange color of L-C3N4.X® From the UV-Vis DRS along with the Kubelka-Munk relationship
(Figure 6.2b), we deduced a reduced optical bandgap from 2.78 eV to 2.29 eV for the L-C3N4
compared to g-CsN4 which can be correlated to the J-type aggregation of inter-planar tri-s-

triazine rings.?® Moreover, we calculated the optical band gap of the exfoliated C3Ns in iso-
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propanol/ethanol solution using UV-Vis together with Tauc plot (Figure A6.1, Appendix D)
and the optical bandgap was calculated to be 3.3 and 2.5 eV for g-C3Ns and L-C3Na,

respectively.

We performed scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) studies of synthesized and exfoliated CsN4 materials (Figure A6.2, Appendix D). The
bulk g-CsNa reveals a highly porous, heterogeneously distributed, and agglomerated structure
(Figure A6.2a, Appendix D) while L-C3N4 shows anisotropic wires type morphology (Figure
A6.2b, Appendix D). In the TEM image, the liquid phase assisted (LPA) exfoliated 2D g-C3Na
shows the irregular layered structure (Figure A6.2c, Appendix D), consisting of light and dark
areas, attributing to the thin nanosheets and overlap or multilayer nanosheets, respectively.
Moreover, L-C3N4 maintains its random arrangement of anisotropic nanostructure even after
the exfoliation (Figure A6.2d, Appendix D). We analyzed the chemical state and composition
of the CN materials using X-ray photoelectron spectroscopy (XPS) (Figure 6.2c-f and Figure
A6.3, Appendix D). The high-resolution C1s XPS spectrum of g-C3N4 (Figure 6.2c) shows
three peak components, which can be assigned to sp? C in aromatic structure (N-C=N) at
286.18 eV, sp? aromatic C attached to NH2 group at 287.95 eV, and sp® C-C at 284.43 eV.?’
The sp® carbon peak stems from graphitic or/and cyano group carbon in the C3N4 network.?>2
Aforementioned three peaks originated at 287.33, 288.44, and 284.56 eV, respectively, in the
case of L-C3sNa. The core level N1s of the g-CsN4 show three peaks after deconvolution where
the predominant peak at ca. 397.07 eV is assigned to sp? N percent in triazine rings as C=N-C,
while the medium peak at 398.9 eV corresponding to bridging N atoms in N-(C)3.2? The
positive charge localization or charging effects of heterocycles can further lead to the
appearance of a minor peak at around 402.29 eV.1>%62” The above peaks at 397.04, 398.63, and
402.75 eV, respectively were observed in the case of L-C3Ni. Additionally, two peak
components were recognized in CI2p from L-C3Ny at a binding energy of 198.69 and 195.29
eV, attributing to CI2py2 and Cl2pay2, respectively (Figure A6.4, Appendix D)

6.3.2. Thin-Film Characterization

We deduced uniform layers of L-C3N4 over NiOx as compared to g-C3N4 on NiOx (Figure 6.3a-
d). SEM images of perovskite (i.e., triple cation perovskite will be termed as CSFAMA) layers
directly deposited on g-C3sN4 and L-C3Na4 show a slightly enhanced grain size to that on NiOx
film (Figure 6.3e-g). The corresponding histogram of the grain size distribution is shown in
Figure 6e"-g" with the average grain size (length) of 202.396, 208.013, and 209.088 nm for the
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Figure 6. 3 SEM image of (a) FTO, (b) NiOx/FTO, (c) g-CsN4/NiO/FTO, and (d) L-
C3N4/NIiOx/FTO films. SEM image and the corresponding histogram of grain size (length)
distribution of CsFAMA perovskite deposited on (e and e) NiOWFTO, (f and ) g-
C3N4/NIO/FTO, and (g and g") L-C3N4/NiO«/FTO, respectively.

perovskite grown on NiOyx, g-C3N4/NiOx, and L-C3N4/NiOx, respectively. Moreover, a solidly
compacted grain morphology was observed upon g-CsN4 and L-C3Ns. The powder XRD
(Figure 6.4a) patterns of the perovskite deposited on CN under layer display a notably increased
ratio of the (101) plane to (012), (021), (211), and (122) crystal planes without a shift in the
reflection, attributing faster growth and preferential orientation of (101) grains with the absence
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Figure 6. 4 (a) XRD patterns of CSFAMA deposited on NiOy, g-CaN4/NiOy, and L-C3Na/NiOx.
(b) UV-Vis spectra of CSFAMA perovskite deposited on different bottom layers.
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of influence from the down layer. The absorption of the CSFAMA layer is unchanged by the
CN under layer as depicted in UV-Vis absorption spectra (Figure 6.4b).

6.3.3 Interaction between C3N4 and CsFAMA Perovskite
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Figure 6. 5 High-resolution XPS of (a) Pb4f and (b) 13d, and (c) Cs3d detected from CsSFAMA,
CsFAMA/g-C3N4, and CSFAMA/L-C3Na. . High-resolution XPS of C1s (d, e, and f) and N1s
(9, h, and i) found from CsSFAMA, CsSFAMA/g-C3Na4, and CsSFAMA/L-C3Ng4, respectively [here
CsFAMA denotes Cso.1(FA0.9MA0.1)0.9Pb(lo.9Bro.1)s].

We further performed XPS measurements to unravel the potential interactions of the underlayer
CsNsmaterials with perovskite. For this, CSFAMA powder was collected after spin-coated onto
the g-C3Ns and L-C3N4 separately. Compared with control CSFAMA, g-C3Ns and L-C3N4
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incorporated CsSFAMA showed core-level peaks of Pb 4f and | 3d (Figure 6.5a and b) that were
shifted towards higher binding energies. This phenomenon indicates that the CN materials
impact the chemical environment of the [Pbls]* octahedron.?*%3! Additionally, the core-level
peaks of Cs 3d (Figure 6.5¢), C1s, and N1s are shown (Figure 6.5d-i) and the individual peak
positions were tabulated (Table A6.1, Appendix D). A visible peak was observed at around
800 cm* from the FTIR of the C3Ns-modified CSFAMA, which can be assigned to the bending

vibration of triazine rings, showing evidence of the existence of CsN4 materials (Figure 6.6).

L-C,N /CsFAMA

g-C,N,/CSFAMA

% Transmittance

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'1)

Figure 6. 6 FTIR spectrum of CSFAMA, CsFAMA/g-C3N4, and CsSFAMA/L-C3Na.

We undertook solid-state NMR studies to deduce possible changes in the atomistic
environment of the MA and FA cations at the interface of the CzNas-and perovskite. From NMR
studies by Kubicki et al., it is known that FA and MA cations of the mixed-perovskites exhibit
at ambient conditions fast in place reorientation dynamics with 10 ps and 100 ps correlation
time, respectively, with only minor variations depending on the FA/MA mixing ratio.®? These
fast molecular motions facilitate the acquisition of highly resolved 'H MAS spectra of
CsFAMA at moderate MAS spinning frequencies of 25 kHz (Figure 6.7a). Upon mixing the
perovskite with C3N4, broad background signals appear between 3 — 14 ppm together with
residual solvent signals around 1 ppm (Figure 6.7b). The broadened FA and MA signals can
be visibly deduced when the signals of pure bulk perovskite, i.e. signals of perovskite sites that
are not in direct contact with the C3N4 surface and therefore are unaffected by the blending and
are subtracted from the spectrum. The deducted spectrum (Figure 6.7c) shows residual FA

signals, indicating that the MA cations have stronger coordination with the C3Na.

In the NMR spectrum, the methyl signal of the coordinating MA ions stays at the same
chemical shift as in the bulk perovskite, whereas the amine and ammonia signals of FA and

MA shift to higher ppm values. This shift towards higher ppm values indicates an electronic

134



Chapter 6

deshielding of the H sites, which is often indicative of a hydrogen bonding. Here, positively
charged hydrogen sites may coordinate with unbound nitrogen electron pairs at the edges of
the triangular inner voids of the two-dimensional C3aN4. This coordination stops the almost
isotropic local dynamics of the cations at the interface of the perovskite and leads to broad *H
MAS signals with significantly shorter T relaxation time (~ 3s). In the 3C CP-MAS NMR
spectra of perovskite samples with and without C3N4 (Figure 6.7e, and 6.7d respectively)
acquired at ambient conditions, the FA-CH site is noted as the sharp signal at 155 ppm, similar
to low-temperature measurements.®> The MA-CHjs signals around 30 ppm, however, show a
significantly bigger splitting, and a substantial broadening is observed in our spectra compared
to the published low-temperature CP-MAS spectra which may originate from additional
processing steps. By subtracting the CP-MAS NMR spectrum of the pure perovskite (Figure
6.7d) from the spectrum of the perovskite-CsNa (Figure 6.7e) the 13C CP-MAS spectrum of the
C3Ng4 (Figure 6.7f) with two broad signals at 165 ppm and 157 ppm can be obtained.
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Figure 6. 7 Solid-state NMR results of CSFAMA perovskite samples with and without C3N4
addition: (a,b) *H MAS and (d,e) **C CP-MAS NMR spectrum of CSFAMA perovskite, pure
and blended with C3N4 material, respectively, and the resulting *H (c) and *3C (f) difference
spectra. (g) *H-13C CP-MAS correlation spectrum of the perovskite + C3N4 material acquired
with 5ms CP-contact and (h) the *H DQ correlation spectrum of the same material with 1 rotor
period BABA-xy16 DQ excitation at 25 kHz MAS.
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The two signals, which have equal intensity for CP-MAS acquisition with longer CP contact
times, are assigned to the two chemically inequivalent carbon sites in the C3Na structure. The
1H-13C CP-MAS correlation spectrum (Figure 6.7g) demonstrates that the 3C nuclei of the
C3aN4 are primarily polarized via immobilized hydrogen nuclei bound to a nitrogen atom.
Polarization transfer from strongly hydrogen-bonded protons around 12 ppm as well as from
MA-methyl or FA-CH protons to the C3N4, *C sites is not observed. The *H double-quantum
(DQ) correlation spectrum (Figure 6.7h), recorded with 40 ps DQ excitation time, confirms the
homogeneous distribution of MA cations in the material, e.g. the intermolecular correlation
between MA ammonia sites and FA amine sites compared to intramolecular ammonia
correlations (Figure 6.7h), light blue correlation.®® The correlation highlighted in dark blue,
however, indicates the spatial proximity between NH-protons strongly hydrogen-bonded to the
CsNg4 and their neighboring hydrogen sites within the FA-amine and MA-ammonia groups.
Simple MM2-MD simulations of the behavior of FA and MA molecules at the C3N4 surface
support this behavior and suggest significantly stronger coordination of the ammonia groups
due to competing pi-electron interaction in the case of FA. The deduced coordination of FA-
amine and MA-ammonia groups suggests an attractive interaction at the interface between
C3N4 and perovskite, which stems from the stabilization of the FA and MA cations at the

interface as a passivation layer for the perovskite.

6.3.4 Device and Photovoltaic Characterization

We fabricated the PSCs based on inverted architecture using g-CsN4 and L-C3Nj4 as interface
layers in-between NiOx and perovskite absorber layers (Figure 6.8a). We employed triple-
cation perovskite as the photoactive layer (thickness of ~ 420 nm, Figure 6.8b) deposited on
NiOx or interface layer (CsNs4) by an antisolvent-assisted spin-coating technique. The
concentration of the interfacial layer was optimized to 1.25 mg/ml (Figure A6.5, Table A6.2,
Appendix D). The thickness of the C3N4 layer was about 12 nm, which was measured using
atomic force microscopy (AFM) as shown in Figure A6.6 Appendix D). The current density-
voltage (J-V) curves of the PSCs were registered under standard solar illumination (AM 1.5G,
100 mwWem2) (Figure 6.8c) and summarized in Table 6.1. Devices gave 16.85, 17.67, and
18.21% performances from control, g-CsN4-based, and L-C3N4-based, respectively. We further
deposited PEAI at the perovskites/ ETM layer and the maximum PCE of 17.48% with an open-
circuit voltage (Voc) of 1020.93 mV, a short-circuit current density (Jsc) of 22.86 mAcm2, and
a fill-factor (FF) of 74.88% under reverse scan was measured for the control device. L-C3N4
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Figure 6. 8 (a) Device configuration and (b) corresponding cross-section SEM image of the
PSC incorporating L-C3Na interface layer. (c) J-V curve of the champion devices without and
with g-C3N4 or L-C3Ng4 interface layer measured in reverse scan under simulated AM 1.5G
illumination, (d) IPCE and integrated current density of the corresponding devices, (e) steady-

state power output of PSCs.

interface layer effectively yielded an improved PCE of 19.33% with a significant enhancement
in Voc (1064.37 mV) and FF (78.35). In particular, the PSCs with g-C3Ny interlayer also showed
us a visible development in PCE, and an optimized PSC provided 18.58% PCE with V. of
1051.50 mV, Jsc of 23.05 mA, and FF of 76.64%.

The voltage deficit was minimized and the significant reduction in Voc loss with the L-C3Nas-
based interfacial layer can be attributed to the constructively annihilated recombination losses
at NiOy/perovskite interface. Notably, a high fill factor is noted with C3N4 interfacial layer in
PSCs due to improved charge dynamics arising from the improved crystallization in the
perovskite active layer and better charge collection to NiOx as HTL at the interface developed
here with minimum parasitic losses from shunt (Rsh) and series (Rs) resistances (Table A6.3,
Appendix D).>%* The Rsh and Rs were detected from the slop of the J-V curves near Jsc and
Voc, respectively. High Rsh in combination with low Rs detected represents the suppressed
nonradiative charge recombination and interfacial charge losses in the PSCs with modified

interfaces.®11:3°,
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Table 6. 1 Summary of the PSC performances using with and without different C3Na

interlayers.
Devices Scan Voc (MV)  Jsc (MACM™2) FF (%) PCE (%)
NiOx Reverse 1020.93 22.86 74.88 17.48
Forward 1021.90 22.85 73.90 17.26
Average 1007.848.7  22.77+0.14  72.69+1.18  16.68+0.43
NiOx/g-C3sNa Reverse 1051.50 23.05 76.64 18.58
Forward 1053.12 23.03 75.78 18.38
Average  1032.36+15.8 22.98+0.07 74.76+0.96  17.74+0.48
NiOx/L-C3N4 Reverse 1064.37 23.18 78.35 19.33
Forward 1063.97 23.11 77.97 19.11
Average 1049.77+9.2  23.05+0.12  75.60+1.33  18.30+0.52
We calculated the hysteresis index using the equation; HI = [Jrs(0.8Voc)-

Jrs(0.8Voc)]/Irs(0.8Voc), where Jrs(0.8Voc) and Jrs(0.8Voc) denote the Jsc at 80% of Voc from
reverse and forward scan, respectively. Remarkably, both C3N4-based PSCs showed negligible
hysteresis index in the J-V scans of reverse and forward bias (Table A6.3 and Figure A6.7,
Appendix D). The integrated photocurrent densities collected from the external quantum
efficiency spectra (Figure 6.8d) were 21.44, 21.86, and 22.28 mAcm™2 for NiOyx, NiOx/g-C3Na,
and NiO/L-C3Ng4, respectively, are in agreement with those obtained from the J-V curves. The
enhancement of EQE observed in the region of 400-500 nm in the devices with L-C3N4 and g-
C3Ng4 could be attributed to the slight improvement of perovskite grains, leading to a better
absorption due to a greater absorption coefficient of the perovskite at shorter wavelength.*® The
steady-state power output (SPO, Figure 6.8e) stabilized at 19.08% of PCE (with 22.48 mAcm”
2 at 0.85V) upon L-C3N4 whereas for g-C3Na, those were at approximately 18.39% and 21.92
mAcm at 0.84V under ambient conditions (~40-60 % RH at 28 °C). Figure 6.9a-d shows the
statistical distribution of PV parameters of the devices (54 devices in total) from different
batches, which indicates the excellent reproducibility of the PSCs with C3Nas-based interface

engineering.
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Figure 6. 9 Statistical distribution of PV parameters extracted from J-V curves of the PSCs

form different batches.

6.3.5 Trap-Density Reduction & Charge Kinetics

To quantify the improvement in FF, we measured resistance losses and leakage current
behavior from the J-V profile under dark conditions (Figure 6.10a). The reverse saturation
currents of the L-C3N4 and g-C3N4-PSCs are reduced as compared to the control PSC. The

ideality factor n;; was quantized from the Shockley liner part of the semi-logarithmic dark J-

qV

nidKBT) - 1], where ], is the dark current density, J, is the

V profile based on; J, = J, [exp(

saturation current density, q is the electron charge, V is the applied bias, Ky is the Boltzmann
constant, and T is the temperature.*3 The shifting of the dark current (Jo) minimum point and
the exponential area in PSCs are significantly influenced by changes in the electric field,
scanning rate, and temperature.®3° Since the external factors such as scanning rate and the
temperature were constant during the experiment in each case, the slight shifting of the Jp

minimum point upon CsNj4 interface layers with respect to that of the control device could be
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attributed to the modification of an internal built-in electric field of the devices. The calculated
Jo and n;,4 for the PSC with L-C3N4 were 4.346x10® mAcm™2 and 2.29, respectively, whereas
for the PSC with g-CsNs were 4.918x107 mAcm? and 2.55, respectively, which are
significantly lower than that of the control device (2.564x10° mAcm, 3.36). Such low J, and
n;q observed in the PSCs with C3Nj4 interfacial layers indicate a low leakage current density
and notably inhibited photo-charge recombination, thus resulting in upgraded FF.3” The lowest
Jo and n;,4 detected from the L-C3sN4-based PSCs further describe the enhanced photo-induced
charge transfer dynamics in the PSCs, which is beneficial towards Voc improvement, and

subsequently boosts the PCE.
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Figure 6. 10 (a) Dark J-V curves and (b) photo-generated current density vs. effective voltage
of PSCs. (c) Electrochemical impedance spectra of PSCs measured at an applied voltage of
900 mV under dark conditions (raw and fitted data). Inset: the equivalent circuit diagram used
for EIS data fitting. (d) Bode spectra of PSCs measured at an applied voltage of 900 mV under

dark conditions.
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To decipher, the effect of the CaN4 network as an interfacial layer on the photo-induced charge
transfer dynamics in PSC, charge generation, and dissociation were particularly identified, by
following the effective voltage (Ver) dependent photocurrent density (Jpn) (Figure 6.10b).
Herein, Veit and Joh are defined by Vs = Vo — Vopp, and J,,, = J;, — Jp respectively, where Vo
is the compensation voltage obtained at ],,,= 0, Vapp is the applied bias voltage, Ji is the current
density under illumination, and Jp is the current density under dark conditions.®*** The
saturation of photocurrent (Jsat) for L-C3N4 and g-C3N4 based PSCs were detected at a relatively
low Vet 0of 0.287 and 0.368 V, respectively, when compared with that of the control device
(0.428 V), which we attribute to the constructive charge dissociation and separation in the PSCs
upon interface engineering with CsNa.** Furthermore, the efficiency of charge dissociation
from photogenerated excitons and free charge collection ultimately depends on the maximum
exciton generation rate (Gmax), following Jsa: = qLGmax, Where L is the perovskite layer
thickness.’® It has been calculated that the Gmax is slightly higher upon L-CsNa, reaching
3.447x10% S'em™ when compared with g-CsNs-based PSC (3.426x10% S*icm®) and control
PSC (3.398x102%! S'em®). The enrichment of the carrier charge generation and the exciton

generation rate further explain the slightly advanced EQE upon C3Nj4 interlayers.*2

Electrochemical impedance spectroscopy (EIS) under dark conditions was carried out to gain
insight into photo-induced charge carrier recombination behavior at HTL/perovskite interface
in PSCs with interfacial engineering. The resulting Nyquist plot at 0.9 V bias voltage was fitted
(Figure 6.10c) with the equivalent circuit model of Rs+Rrec/CPE (Insert Figure 6.10c), where
Rs is series resistance, Rrec is recombination resistance at the perovskite/NiOy interface, and
CPE is a carrier diffusion-based constant phase element. The obtained Rrec of the L-C3N4-based
PSC after fitting the Nyquist plot at 0.9V applied bias features a higher value followed by the
g-C3Ns-based and control PSC (Table A6.4, Appendix D). Owing to the inverse
proportionality, the interfacial charge recombination was remarkably subdued upon the L-C3Na4
interface layer, followed by the g-C3N4 interface layer, and thus significant improvements in
Voc in L-C3N4 and g-CsN4 PSCs, when compared with the control PSC.14® Furthermore, the
trend of Rrec is consistent with the trend of Rsn detected from the J-V profile. The influence of
different interfacial layers on the charge lifetime (z) of the PSCs was further identified by bode
EIS spectra under the dark condition at 0.9 V applied bias (Figure 6.10d) with the relationship
of t = 1/(2nf,), where f, denotes the peak frequency corresponding to the charge-transfer
process at the perovskite/NiOx interface.***® The charge lifetime of the PSCs with L-C3N4 and

g-C3Ns were 6.65 and 5.20 ps, respectively, which are significantly longer than that of the
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control device (2.49 us). The extended charge lifetime upon L-C3N4 and g-C3N4 can be
concluded to the annihilated charge build-up and mitigated charge recombination at the
interface, thus resulting in proper charge transfer dynamics towards the upgraded PV

performances in PSCs.*®
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Figure 6. 11 Space-charge-limited current (SCLC) vs voltage of hole only devices with the
structure of (a) FTO/NiOx/perovskite/PTAA/AU, (b) FTO/NiOx/g-CzNas/perovskite/PTAA/Au,

and (c) FTO/NiOx/L-C3Na/perovskite/PTAA/AU.

Reduced trap-assisted recombination was further identified by measuring the space-charge-
limited current-voltage (J-V) curves of the hole-only device with the structure of
FTO/NiOx/C3Na(with or without)/perovskite/PTAA/Au. As shown in Figure 6.11a-c, the limit
voltage of the trap-filled (VL) is determined to be 0.317, 0.250, and 0.209 V for the control,
g-C3Ns, and L-C3N4 based devices, respectively. The defect density; Niap [which is followed
by the equation Nirap = (2e€0VTrL)/(QL?), where, € is the relative permittivity, o is the vacuum
permittivity, g is the elementary charge, and L is the perovskite thickness]? was calculated to
be 5.77 x 10 and 6.89 x 10 cm™ upon g-C3sN4 and L-C3Ns, respectively, those are much

lower than that of the control device with 8.72 x 10 cm™.

6.3.6 Long-Term Device Stability

Despite the excellent intrinsic stability observed in inorganic NiOy, a possible redox reaction
at NiOx/perovskite initiates and promotes the degradation of the active layer and subsequently
the instability of the devices.*®*” Dual behavior (proton acceptor and Lewis electron acceptor)
of Ni=3* in NiOx is responsible for the oxidizing iodide and deprotonating cationic amines
(MA™) when in contact with perovskite, resulting in perovskite lattice deformation and
producing Pbl.xBrx based hole extraction barriers at the interface. To unravel the influence of
the L-C3sNj4 interface layer to overcome the possible degradation of perovskite and defect

pathways from NiOyx, long-term operational stability of the un-encapsulated PSCs with and
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Figure 6. 12 (a) The normalized current density of continuous MPP tracking for un-
encapsulated PSCs under atmospheric conditions (RH 45-65 %, 300 K). (b) XRD of fresh
perovskite on NiOx and thermal/light stressed perovskite films deposited on NiOyx, g-
C3N4/NiOx, and L-C3N4/NiOx. (¢) Zoom in view of XRD patterns of around 26=10.5°-15° and
(d) Zoom in view of XRD patterns of (202) peak around 26=28.5°. # and * represent the o-
phase of FAPbIs and the cubic Pbly, respectively.

without the L-C3N4 interface layer was investigated through maximum power point (MPP)
tracking under 45-65 % ambient RH conditions. The prolonged stability of the device (Figure
6.12a), by the placement of the L-C3Nj4 interface layer, was exhibited when compared with the
control device. The control device rapidly lost 20% of its initial PCE after 85h of continuous,
while the L-C3N4 incorporated device exhibited 80% of its initial PCE for almost 300h of
continuous operation. Further, we have studied the structural stability of the perovskite layer
deposited on different down layers under constant thermal and illumination conditions.
Samples were heated at 85 °C for about 110h under daylight and RH 55-75% conditions
followed by XRD measurements (Figure 6.12b-d). In the fresh samples, two major peaks at
14.10° and 28.33° corresponding to (101) and (202) crystal planes, respectively, which are

characteristics of perovskite were identified. After thermal/light exposure, a peak at 12.71°

143



Chapter 6

corresponding to the cubic Pbl> was detected as the predominant peak from the perovskite
directly deposited on NiOx with a 1.12:1 intensity ratio of Pbl2 and (101). Even though,
perovskites deposited on g-CsNa/NiOx and L-C3N4/NiOx films also feature a significantly
intense Pbl, peak after the thermal/light exposure, their intensity ratios with (101) plane are
0.86:1 and 0.83:1, respectively. A prominent peak observed from the perovskite/NiOx after the
thermal/light exposure at 11.24° is recognized as the 6-phase of FAPbIs, which is the major
part in the triple-cation perovskite studied in the current work.*®4° This peak is marginal upon
CsNjy interlayers in between the perovskite and NiOx, suggesting that the structural distortion
and degradation of the perovskite is noticeably lower with the presence of g-C3aNas and L-C3N4
interlayers. Moreover, the absorption features were studied for the aforementioned perovskite
films after the thermal/light exposure (Figure 6.13). After thermal/light stress, all of the
samples showed a drastically decreased absorption spectrum, but the degradation is particularly
pronounced in the perovskite/NiOx, which has begun bleaching its original dark color. This
suggests that the thermal/light stress has an aggressive impact on the stability of the perovskite
that is directly deposited on NiOx. The perovskite deposited on g-C3Na/NiOx and L-C3N4/NiOy,
on the other hand, exhibits only slight bleaching and retains the majority of its dark hue,
concluding that the underneath CsN4 layers influence on the stability of the perovskite. It is
important to note here that the aforementioned experiment was done for the un-encapsulated
perovskite films, thus the humidity has a major impact on the degradation of perovskite that is

assumed as equal in each film.

O
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Figure 6. 13 UV-Vis spectra of fresh perovskite on NiOx (A) and thermal/light stressed

perovskite films deposited on NiOx (B), g-CaN4/NiOx (C), and L-C3N4/NiOx (D). Images of

each perovskite film are shown on the right side.
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6.4 Conclusions

To summarize, we demonstrated interface engineering of inverted PSCs using carbon nitride-
based 2D materials, in particular g-C3zN4 and L-C3N4. Our work demonstrates the potential of
carbon nitride as an interfacial layer to diminish the non-radiative recombination and enhance
charge transfer dynamics at HTM/perovskite interface. Through CsNs-based engineered
interfaces we achieved an improvement in device performance and reliability as compared to
the control architecture, measuring a power conversion efficiency of 19.33%, with complete
suppression of the device hysteresis using inorganic HTMs. The solid-state NMR experiments
suggest a hydrogen bonding of MA™ cations with C3Na. We noted that the positively charged
hydrogen sites can coordinate with unbound nitrogen electron pairs at the edges of the
triangular inner voids of the two-dimensional CsN4. The deduced coordination of FA-amine
and MA-ammonia groups provides a favorable interaction at the interface between C3N4 and
perovskite. Furthermore, CsN4 may overcome the possible instability of the active layer via
iodide oxidation and deprotonating of cationic amines when perovskite is in contact directly
with NiOxy, leading to improved long-term operational stability of the devices. Our investigation
distinctly illustrates the advancement of 2D-based materials as an interface layer to uplift the

reliability of the PSCs, which will pave the way for the industrial endeavor.
6.5 Supporting Information

6.5.1 Materials

The chemicals for perovskite were purchased from Dyesol except for Pbl> and Csl> which were
procured from Tokyo Chemical Industry (TCI) and were employed without further
purification. [60]PCBM >99.5 % and Bathocuproine (BCP) were purchased from Solenne BV
and TCI, respectively. Nickel (11) nitrate hexahydrate (Ni(NO3)..6H20, 99.999 %) and NaOH
were obtained from Sigma-Aldrich. Chlorobenzene (CBZ, 99 %), isopropanol (IPA, 99.9 %),
ethanol (EtOH, 99 %), anhydrous dimethyl sulfoxide (DMSO, 99.8 %), and N, N-
dimethylformamide (DMF, 99.8 %) were purchased from Acros Organics.

6.5.2 Preparation of C3Ns-based solutions

To prepare CsNs-based solutions, 5 mg of each material was dissolved in 1 mL of
isopropanol/absolute ethanol (70/30, V/V) mixture by sonication for 8 h at 45 °C and rest for

30 min. The upper part of the solution was collected and ultra-centrifuged for 15 min at 2000
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rpm. The supernatant was carefully collected and precipitation was discarded. The final
concentrations (1, 1.25, and 1.5 mg/mL) were adjusted by adding the mixture of
isopropanol/absolute ethanol (70/30, V/V).

6.5.3 Device fabrication

Device fabrication was conducted as described in Chapter 2, section 2.3.3. After substrates cleaning,
NiOx films were formed atop FTO substrates by spin coating a 20 mg/mL aqueous solution of
NiOx NCs at 4000 rpm for 35 s with 2000 rpm/s acceleration, followed by annealing at 150 °C
for 30 min. The solutions of g-CsN4 and L-C3N4 with different concentrations were spin-coated
on the NiOx layer and annealed at 60 °C for 5 min to achieve the desired interfacial layer. To
avoid moisture absorption, samples were transferred immediately to the argon-filled glovebox
under controlled moisture and oxygen conditions (H2O level: <1 ppm and O level: <10 ppm)
and annealed for another 5 min at 60 °C. The triple-cation-perovskite film was fabricated as
described in Chapter 2, section 2.3.3. For PEAI treatment, the PEAI solution (20 mg/mL) in
IPA was spin-coated onto the perovskite surface at a spin rate of 3000 rpm (2000 rpm/s) for
20s without further processing. The electron transport layer was fabricated by spin-coating a
15 mg/ml PCBM in CBZ at room temperature atop the perovskite film at 1000 rpm (500 rpm/s)
for 20 s and then the films were annealed for 5 min at 60 °C. A thin layer of BCP (0.5mg/ml in
IPA) was deposited atop PCeoBM by spin-coating at 5000 rpm for 40 s. The solar cell
fabrication was finished by evaporating Ag (100 nm, <1 A/s) in a thermal evaporator under
low vacuum conditions (10 Torr). The control device was fabricated according to the above

procure without the interfacial layer.

6.5.4. Device characterization

Current density-voltage (J-V) curves were measured under air-mass (AM) simulated 1.5G
sunlight at 100 mWcm (Newport, AAA solar simulator, calibrated using silicon reference
cell) and were recorded by applying an external potential bias to the devices. The measurements
were done at room temperature under ambient conditions. The generated photocurrent was
recorded at a scan rate of 100 mV/s (pre-sweep delay: 10s) with the help of a Keithley 2400
source meter and laser cut 0.09 cm? black metal mask as the active area. IPCE measurements
were carried out using a 150 W xenon lamp attached to a Bentham PVE300 motorized 1/4 m

monochromator as the light source and the system was calibrated with the standard silicon
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reference spectrum before the measurements. BioLogic SP-300 impedance analyzer conducted

the electrochemical impedance spectroscopy and the data were fitted with EC-Lab software.

6.5.5 Materials and thin film characterization

The absorbance spectra of thin films were performed with a UV-vis spectrophotometer (Varian
Cary 50 UV/Vis Spectrophotometer). X-ray diffractograms were recorded using a D8 Advance
diffractometer from Bruker (Bragg-Brentano geometry, with an X-ray tube Cu Ko, A = 1.5406
A). A scan range of 3°-80° was selected with an acquisition time of 1° per min. A scanning
electron microscope (SEM Hitachi S-4800) was used to capture the cross-sectional and top-
view microstructure of the samples. X-ray photoelectron spectroscopy (XPS) experiments were
carried out on a SPECS system (Berlin, Germany) equipped with Phoibos 150 1D-DLD
analyzer with monochromated Al Ko radiation (1486.7 eV). The wide scan was performed with
the step energy of 1 eV (dwell time, 0.1 s; pass energy, 80 eV), and a high-resolution detailed
analysis of the elements was performed using 0.08 eV step energy (dwell time, 0.1 s; pass
energy, 30 eV) with an electron exit angle of 90°. The spectra were calibrated with C1s as
284.6 eV and analyzed using CasaXPS 2.3.16 software, which models Gauss—Lorentzian

contributions.

6.5.6 Sample preparation for solid-state NMR

The solutions of exfoliated g-C3Ns and L-C3Ns (1.25 mg/mL) in a mixture of
isopropanol/absolute ethanol (70/30, V/V) were spin-coated on pre-cleaned glass substrates
and annealed at 60 °C for 5 min. The triple-cation perovskite precursor in DMF/DMSO (4/1,
V/V) was spin-coated to fabricate the perovskite films by a single-step method involving the
CB-based antisolvent technique. After the complete crystallization of perovskite, the samples

were cooled down to room temperature, and powder was collected by scratching the films.

Additional data is available in Appendix D
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7.1 Abstract

The fabrication of effective, low-cost, stable solar cells is one of the scientific milestones of
the next couple of years. Among the 2D library of materials, layered 2D-TiS,; has shown
advances in regular perovskite solar cells (PSCs) as interface layers. This chapter highlights
the contributions of 2D-TiS, toward the construction of efficient and long-lifetime inverted
PSCs. It is shown that the non-radiation recombination is mediated by the optimal addition of
15 wt% 2D-TiS; into PCBM. The addition of 2D-TiS; results in the improvement of both
mobility and conductivity while reducing the trap density of the PCBM layer. The target device
based on 2D-TiS> exhibited an enhanced PCE of 17.95% when compared to the control device
owing to the notable build-up in Vo and fill factor. The unencapsulated devices retained 85 %
of their initial current density stressed under constant illumination for 60 h at 27 °C in an

ambient atmosphere.

7.2 Introduction

Inverted PSCs with a positive-intrinsic-negative (often referred to as the p-i-n) architecture are
attractive for future commercialization, owing to several factors, including, their low-cost
fabrication, diversified material choices, reliable operation with negligible hysteresis, and
fewer parasitic absorption losses over regular n-i-p configuration, which makes it compatible
for tandem solar cells.®> However, the power conversion efficiency of p-i-n architecture still
being behind their structural counterpart n-i-p, containing the same active layer. Among two
charge transport layers (CTLs); the electron transport layer (ETL) plays a crucial role in

improving the PV performances and extended stability in p-i-n PSCs.**®

A fullerene derivative, commonly known as PCBM that is [6,6]-phenyl-C61-isomethyl
butyrate is regarded as the highly utilized ETL in p-i-n configuration since their first application
in PSCs in 2013 by Chen and co-workers.” Their excellent solubility is an advantage for
solution-processed device fabrication; however, the existence of exohedral moieties in the Ceo
cage sacrifice the high electron affinity and original electron mobility found in pristine
fullerene leading to inferior efficiency of inverted PSCs.? Further, the quality of the PCBM
film is heavily reliant on the surface morphology of the underlying perovskite film, in which
surface rough perovskite films may result in a discontinued PCBM layer, leading to an
interfacial nonradiative recombination current leakage current.%!® Aggregation under

annealing conditions is another possible drawback of PCBM rendering homogeneous film
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formation.™* Typical remedies to overcome such a defaulted ETL on the perovskite such as
thermal evaporation of Ceo 0r Ceo/bathocuproine (BCP) as a capping layer before the PCBM
deposition, deposition of Ceo on PCBM, or blended Cso-PCBM mixture may not only introduce
additional cost but also extend the fabrication process.®1%1214 On the other hand, inexpensive
pristine Ceo or C70 show low solubility in organic solvents, which results in a high tendency of

crystallization during the spin-coating process.®

Following the remarable results achieved by the use of 2D materials in optoelectronics, tunable
work function and energy bandgap are the main advantages of layered 2D-TMDs to be
exploited in PVs.2>2% As observed in Chapter 1 and Chapter 2, the main impacts of TMDs on
PVs are the extended operational stability under various degradation protocols and the
enhancement of PV performances, which can be attributed to: i. the dangling bond-free nature,
making those materials more resistant to react with foreign species, ii. ballistic carrier charge
transportation, and iii. quantum confinement effect leading to enhanced photoluminescence.?!
Several studies have reported the utilization of 2D-TMDs as HTL or interlayer in between HTL
and perovskites since it is observed that most commonly exploited TMDs (MoS2, MoSe>, and
WSy performed better in the p-side in both n-i-p and p-i-n device. Limited reports exist
regarding the utilization of 2D-TiS2 as ETLs or interface layer at ETL/perovskite interface in
the regular n-i-p configuration.?#% So far, only Kymakis and co-workers have studied the
device performance and stability in the inverted configuration upon n-type TMDs incorporating

metallic 2D-TaS; as a buffer layer.?*

The challenges of incorporation of 2D-TMDs in PSCs to be tackled are numerous including
the optimization of the film formation and low-cost embodiments. This Chapter highlights the
contribution of Li* intercalated 2D-TiS, toward the construction of efficient and stable inverted
PSCs. The 2D-TiS2 was utilized as either an interface layer between PCBM and perovskite or
blended with PCBM and applied as an ETL in the devices. It was found that the effect of 2D-
TiS2 on PV performance is higher when it is mixed with PCBM rather than used as an interface
layer. Upon optimal addition of 15 wt% of 2D-TiS; into PCBM-based ETL, we succeeded in
preparing devices with suppressed non-radiative recombination, leading to Vo as high as 1.057
V, FF to 77.56 %, and ultimately the PCE up to 17.95%. Our findings demonstrate that at the
perovskite/PCBM interface, increased charge extraction and a longer electron lifespan are the

major factors controlling the improvement of PCE.
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7.3 Results and Discussion

7.3.1 Exfoliated 2D-TiS2 Characterization
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Figure 7. 2 (a) UV-Vis absorption spectrum of exfoliated 2D-TiS: in isopropanol, insert shows
the suspension of 2D-TiSz in isopropanol. (b) XRD patterns of bulk and exfoliated TiS,. TEM
(c) and AFM (d) images of exfoliated 2D-TiSg, insert of (d) shows the thickness profile along

the line.

Alkali metal-assisted liquid phase exfoliation of bulk TiS, was performed as described in
Chapter 2, resulting in a colloidal suspension of highly exfoliated few-layered 2D-TiS; in
isopropanol (Insert Figure 7.1a). Exciton peaks in the UV-Vis spectra of the exfoliated TiS;
are not prominent (Figure 7.1a), which is a common feature of group VI TMDs.??® These
exciton peaks are not visible in monolayers due to their semimetallic electronic structure; thus,
we can conclude that the as exfoliated TiS2 consists not only of monolayers but also a few
layers.?® The structural characterization of 2D-TiS; and the comparison with the bulk TiS; were
conducted by powder-X-ray diffraction (XRD) measurements (Figure 7.1b). The exfoliated
TiSz is responsible to produce only an intense peak corresponding to (001), attributing to the
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structural changes from bulk to layered 2D-TiS,.2"? The lateral size of the exfoliated flakes is
in the micron size (~300-500 nm) with ~4-5 nm thickness according to the transmission
electron microscopy (TEM, Figure 7.1c) and the atomic force microscopy (AFM, Figure 7.1d),
respectively. The narrow scan X-ray photoelectron spectroscopy (XPS) was used to analyze
the chemical states in the as-exfoliated TiS,, where the quadruple peaks (Ti2p) were detected
concerning Ti-O and Ti-S at 456.03, 458.46, 461.50, and 464.19 eV corresponding to Ti** 2pass,
Ti®* 2psp, Ti** 2p1e, and Ti%* 2pap, respectively (Figure 7.2a). Typical S 2p narrow XPS
spectrum was noted with SZ 2ps/» at 160.38 eV and S 2ps,2 at 161.53 eV. Additionally, a broad

peak was observed centered at 169.08 eV, attributing to the surface adsorbed sulfate.?"2%=0

7.3.2 Thin-Film Characterization
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Figure 7. 3 XPS narrow spectrum of Ti 2p (a) and S 2p (b).

The surface morphology of the PCBM and 2D-TiS> combined PCBM on triple-cation
perovskite film was examined by SEM and AFM (Figure 7.3). From the AFM topography
image, we noted that the TiS,+PCBM film displays a relatively uniform and smooth surface
when compared with the pristine PCBM on the perovskite film, with the RMS roughness of
8.94 and 10.02 nm, respectively.

To evaluate the enhancement of the conductivity and mobility upon the addition of 2D-TiS>
into PCBM, we fabricated electron-only devices with the structures of FTO/ PCBM (with or
without 2D-TiS;)/Ag and FTO/SnO2/ PCBM (with or without 2D-TiS2)/Ag, respectively as
shown in Figure 7.4a and b. The conductivity (o) of the pristine PCsoBM was extracted from
the 1-V profile (Figure 7.4c) along with the relation: ¢ = (J/V)d (where d is the thickness of
the film)3! and calculated to be 3.18 uS/cm. Contrary; the addition of as-exfoliated 2D-TiS;
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into PCBM showed us a noticeable improvement in conductivity (4.25 uS/cm. The addition of
2D-TiS; into PCBM was 15 wt%, which is optimized according to the best efficiency of PSCs.
The influence of 2D-TiS; for the electron mobility was further analyzed (Figure 7.4d) from
electron-only devices along with the classical Mott-Gurney space-charge-limited-current
(SCLC) relation;323

192 nm
73 nm
69 nm

o[ 69 nm

0nm

Figure 7. 4 SEM images of (a) CSFAMA perovskite, (b) PCBM on CsFAMA perovskite, and
(c) PCBM + 15 wt% 2D-TiS2 on CsSFAMA perovskite. AFM topography and 3D height images
of CsSFAMA perovskite (d and e), PCgM on CsFAMA perovskite (f and g), and PCBM + 15
wit% 2D-TiS, on CSFAMA perovskite (h and i), respectively.

Vipp
8L3

(6.1)

J =9¢egou

where, €, €0, W1, Vapp, and L represent the dielectric constant of air, the relative dielectric
constant, the thickness of the charge transport layer, charge carrier mobility, and applied
potential, respectively. The dielectric constant of the PCBM was taken as 3.1 The estimated
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electron mobility of each device was tabulated in Table 7.1, indicating that the incorporation
of 2D-TiS; into PCBM results in 4 times boosting in electron mobility in the ETL. Moreover,
the defect density (Npefects) Was evaluated (Table 7.1) from the logarithmic J-V plot (Figure

7.4e) and the relation followed by;3>:%

1%
NDefects = 2¢g¢ eTLI;L (62)
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Figure 7.5 (a) Device configuration for the conductivity: FTO/PCBM(with or without 15 wt%
2D-TiS)/Ag. (b) Device configuration for the mobility and space-charge-limited current
(SCLC): FTO/SnO2/PCBM(with or without 15 wt% 2D-TiS2)/Ag. (¢) I-V curves for
conductivity measurements in the dark. (d) J-V curves for electron-mobility measurements with
the electron-only device in the dark. (¢) SCLC for devices with electron-only device in the
dark.

where V1eLis the intersection point between the Ohmic and trap-filled limited (TFL) region.
Upon 15 wt% addition of 2D-TiS2 into PCBM results in notable suppression of the defect
density from 15.64 x 10> cm=to 6.5 x 10™ cm when compared with the pristine form of PCBM.
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Table 7. 1 Electrical parameters of the electron only devices.

Device o (uS/em)  p(em?Vs) Vil (V) Npefects (M)
PCBM 3.18 2.62 x 10 0.38 15.64 x 10%°
PCBM + 15 wt% 2D-TiSz 4.25 1.18 x 10° 0.16 6.5 x 10%°

7.3.3 Device and Photovoltaic Characterization

FTO/glass

Figure 7. 6 Schematic of the proposed device architecture. FTO: fluorine-doped tin
oxide/PTAA: poly(triaryl amine)/CsSFAMA: Cso.1(FA0.9MA0.1)0.9Pb(lo.9Bro.1)3s/PCBM: [6,6]-
phenyl-C61-isomethyl butyrate + 2D-TiS,/BCP: bathocuproine/Ag.

The device architecture used in this study was based on the p-i-n configuration
FTO/PTAA/perovskite: Cso1(FAosMAg.1)osPb(lo9Bro1)s/PCBM+2D-TiS2/BCP/Ag, where PTAA
[poly(triaryl) amine] is the hole transport layer (HTL), illustrated in Figure 7.5. The perovskite
layer was fabricated by an anti-solvent assisted, one-step deposition method as described in
Chapter 2. In the control device, PCBM as ETL was used in their pristine form with 20 mg in
1 mL chlorobenzene whereas for the modified devices different weight percentages (5%, 15%,
and 20% wi/w) of as exfoliated 2D-TiS> were added to 20 mg of PCeBM in 1 mL

chlorobenzene.
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Figure 7. 7 J-V curves of the champion devices under simulated AM1.5G light at reverse scan
with 100 mV/s scan rate (a) and the corresponding EQE and integrated current (b). (c) Reverse
and forward J-V curves of the champion devices. (d) Stabilized initial 600 s MPP tracking of

Jsc under ambient conditions.

We first evaluated the effect of 2D-TiS> addition into PCBM on the PV performances of the
devices. The current density-voltage (J-V) under AM1.5G illumination at 100 mV/s scan rate
(Figure 7.6a). The best improvement was observed with the 15 wt% addition of 2D-TiS; into
PCBM, in which the PCE increased from 15.89 % to 17.95 %. Noticeable increments of Voc
and FF were observed in 15 wt% addition on 2D-TiS, while Jsc was almost unchanged. Table
6.1 summarizes the photovoltaic parameters Voc, Jsc, FF, and PCE for the champion devices
with their statistics. The integrated current densities extracted from the external quantum
efficiency (EQE) spectra in Figure 7.6b are 20.35 and 20.64 mAcm for control and 15 wt%
added 2D-TiS; devices, respectively, showing an agreement with those obtained from J-V
curves. The modified device based on a 15 wt% addition of 2D-TiS; into ETL is less prone to
hysteresis with 0.008 HI (hysteresis index) when compared with the control device (0.059 of
HI). The HI was evaluated from the equation, HI = [Jrs(0.8V,. — Jrs(0.8V,)1/Jrs(0.8V,),
where Jrs(0.8Voc) and Jrs(0.8Voc) represent the Jsc at 80% of Vo from reverse and forward J-V

scans, respectively.®’
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The device performance was further verified with the steady-state power output (SPO) of the
PCBM and PCBB + 15 wt% 2D-TiS»-based devices for initial 600 s operation (Figure 7.6d) at
their corresponding MPP (maximum power point). The MPP was determined from the relation
following, Vypp = KV,., where K was taken as 0.8.3 The pristine PCBM-based control device
yielded a steady-state current density of 20.9 mAcm at 0.83 V while the optimal addition of
2D-TiS;-based device showed a steady-state current density of 21.3 mAcm™ at 0.85 V. The
photocurrent densities and PCEs extracted from both devices based on MPP were consistent
with their corresponding J-V curves. Contrary, in the case of 5 wt% and 20 wt% amounts of
2D-TiS addition into PCBM enhance only Voc while Jsc and FF were almost unchanged,

resulting in a little increment in PCE (Figure 7.7a and b).

Table 7. 2 PV parameters of the champion devices with and without 15 wt% 2D-TiS; addition.

Device Direction Voe (MV) Jsc FF (%) PCE *Rs (Q) *Rsh
(mAcm?) (%) (kQ)

PCBM RS 1030.52 21.87 70.52 15.89 51.64 11.07
FS 1030.07 21.74 68.11 15.25 55.08 5.85

Statistics 1029.89+ 21.88+0.02 69.17 1559+

1.6 +1.3 0.31
PCBM + 15 RS 1057.20 21.89 7756  17.95 34.05  49.14
wt% 2D-TiS; FS 1057.68 21.79 75.93  17.50 47.56 31.22

Statistics  1056.37+ 21.96+0.14 7693 1784+
3.3 +0.76 0.08

“Rs and Rsh of PSCs were estimated by the slope of the J-V curves near Vqc and Jsc, respectively.

The series resistance (Rs) and shunt resistance (Rsh) were estimated from the slope of the J-V
curves near Voc and Jsc, respectively (Table 1), showing a higher Rs of 51.63 Q and lower Rsh
of 11.07 kQ associated with the control device. However, the modified device with PCBM +
15 wt% 2D-TiS2 showed us a notably reduced Rs of 34.05 Q and higher Rsh 0f 49.13 kQ values
in the reverse scan. The trend of Rs and Rsh in the forward scan is also similar to that in the
reverse scan. The high Rsn is responsible to suppress the interfacial recombination and minimize
the photo charge build-up at the perovskite/ETL interface, thus resulting in improved FF as

observed in the modified device.3®
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Figure 7. 7 Reverse and forward J-V curves of (a) 5 wt% addition of 2D-TiS; into PCBM, (b)
20 wt% addition of 2D-TiS> into PPCBM.
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Figure 7. 8 Reverse and forward J-V curves of the device with the 2D-TiS; as an interface
layer in the device structure of FTO/PTAA/CsFAMA/2D-TiS,/PCBM/BCP/Ag (a) and the
corresponding EQE and integrated current density (b).

For further study, we fabricated a p-i-n PSC with the synthesized 2D-TiS; as an interface layer
at the perovskite/PCBM interface in the architecture follows: FTO/PTAA/CsSFAMA/2D-
TiS2/PCBM/Ag. The measured PCE for the interface-modified device was 16.27% with
1036.37 V of Vo, 21.89 mAcm of Js, and 71.69 of FF, showing a slight improvement in PCE
when compared with the control device. The J-V and accompanying IPCE along with the
integrated current density of the champion device with 2D-TiS; as an interface layer are shown
in Figures 7.8a and b, respectively. The improvement of PCE upon the introduction of 2D-TiS>
as an interface layer is mainly due to the increase of Vo, which can be attributed to the reduced
energy barrier between perovskite and ETL.4

Hereafter we only discuss the optimized addition of a 15 wt% 2D-TiS>-based PSCs.
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7.3.4 Exciton Generation and Photocharge Transfer Kinetics

& (a) —>—PCBM
g 102 —o—PCBM + 15 wt% 2D-TiSp
< it
E & 104
- S
= o
2 g £
£ 10 £
(] =
whd __’Q-
g 10
e —o—PCBM
3 1 —o—PCBM + 15 wt% PCBM
1044 : . . , , . . :
15 10 05 00 05 10 1.5 0.01 0.1 1
Voltage (V) V., (V)

Figure 7. 8 (a) The dark J-V curve of the PSCs with and without 15 wt% 2D-TiS; addition. (b)

photo-generated current density, Jph Vvs. effective voltage (Ves) curve.

It is paramount to evaluate the interfacial effect and the internal charge kinetics of the PCBM-
based ETL upon 2D-TiS; to understand the enhancement of FF and Vo in the devices. In PSCs,
the ideality factor (nig) of the dark current is commonly used as an indicator to describe the
trap-assisted recombination in the device, which is derived from the semi-logarithmic curve

(Figure 6.9a) under dark conditions using the following equation;*'4

KgT (dinjp\ 1
ng = <25 (52) (6.3)
where Jp, V, Kg, T, and q are dark current density, bias voltage, Boltzmann constant,
temperature, and charge of the electron, respectively. Further, the linear region of the semi-
logarithmic plot is described with the Shockley diode equation to evaluate the reverse
saturation current density (Jo) that is related to deprivation of photo-generated charge carriers

at the defects due to recombination:*2

IJo =Jo [exp( . ) - 1] (6.4)

nigKpT

Table 7.3 summarizes the calculated nig and Jo for the devices based on PCBM and PCBM +
15 wt% 2D-TiSz, in which the pristine PCBM-based device gave us 2.72 and 7.06 x 107 for nig
and Jo respectively. Smaller nig and Jo were detected (1.92 and 3.34 x 107, respectively) upon
the addition of 15 wt% 2D-TiS; into PCBM attributing to a decreased charge recombination at
the interface between perovskite/ETL, thus resulting in improvement of Voc and FF upon
addition of 2D-TiS,. The enhancement of FF can be further described by the effective voltage
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(Verr) dependent photocurrent density (Jpn) as shown in Figure 7.9b. Verr is defined by V. rr =
Vo — Vapp, Where V;, is the voltage at Jpn = 0 and 1, is the applied bias voltage. Jpn is given
by Jpn =J. —Jp, Where J, and J, are the current densities under illumination and dark
conditions, respectively.314® A linear increase of Jyn can be detected for the lower Vst region
from both devices. However, the device with the PCBM+15 wt% 2D-TiS; displays a saturation
of photocurrent density (Jsat) at a relatively low Vess of 0.235 V compared to that of the control
device (0.398 V), which suggest a greater charge extraction ability upon 2D-TiS; addition into
PCBM, providing another evidence for the high FF observed in the device based on 2D-

TiS,. 4445

Table 7. 3 Photo-charge kinetic parameters extracted from dark current and Jpn-Vefr curves.

Device Nid Jo (MAcm™?) Vet Jsat (MACM?)
PCBM 2.7 7.06 x 10”7 0.235 20.95
PCBM + 15 wt% 2D-TiS: 19 3.34 x 10° 0.398 21.31

To gain insight into photo-induced charge extraction and recombination phenomena upon 2D-
TiS; addition, the electrochemical impedance spectroscopy (EIS) was conducted at a range of
potential bias near the corresponding Voc under dark conditions. Figure 6.10a shows the EIS of
the two different devices at 0.95 V bias voltage in the dark. The curves are fitted with the
equivalent circuit inserted (Figure 7.10a): Rs + Rrec/Q1, where Rs and Rrec represent single-series
resistance and charge recombination resistance at the interface between perovskite/ETL,
respectively. A constant phase element related to carrier diffusion in the device was assigned
as Q1. The extracted parameters were tabulated in Table 7.4. It is noted from Figure 7.10b that
at a given potential bias, the 2D-TiS> incorporated PSC featured a higher Rrec than that of
pristine PCBM-based PSC, which can be rationalized in terms of aforesaid suppressed photo-
charge recombination at the interface of perovskite/ETL upon 2D-TiS2.3"# The relative trend
of Rrec is in good accordance with the Rsh detected from the J-V curve of the devices under 1

sun illumination.

The influence of 2D-TiS> on the electron lifetime was estimated from Bode EIS at 0.95V under
dark conditions from 1 Hz to 2 MHz with 20 mV perturbation ac signal (Figure 7.10c and d).
The peak frequency (fp) was extracted from the frequency-dependent —Z and the electron
charge lifetime (t) was derived from the relation t=1/(2xfp).*’ The pristine PCBM-based device

shows an electron lifetime of 13.91 while the 2D-TiS. incorporated device featured a longer

167



Chapter 7

electron lifetime of 37.27 s, indicating mitigated charge recombination at the perovskite/ETL

interface upon 2D-TiS; into PCBM.
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Figure 7. 9 (a) Electrochemical impedance spectra of PSCs recorded with an applied bias
voltage of 0.95 V under dark conditions in the frequency range of 1 Hz - 2 MHz with 20 mV
perturbation ac signal, and the raw data were fitted with the equivalent circuit inserted in the
figure. (b) The potential bias-dependent interfacial charge recombination resistance. The Bode
plot of the impedance spectrum of (c) pristine PCBM and (d) PCBM + 15 wt% 2D-TiS»-based

devices.

Figure 7.11 shows the frequency-dependent capacitance variation at 0.95 V bias voltage
extracted from the EIS at the corresponding bias under dark conditions. Throughout the
selected frequency range, the device based on 2D-TiS; promotes lower charge build-up when
compared with the pristine PCBM-based device, suggesting that the smooth and fast charge

extraction in the device upon 2D-TiS; addition.*
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Table 7. 4 Electrochemical parameters of the PSCs with and without 2D-TiS, at 950 mV
applied bias in the dark.

Device Rrec (Q) fo (us) T (us)
PCBM 423.5 87.41 13.91
PCBM + 15 wt% 2D-TiS; 1192 233.84 37.22
° ——PCBM
10°1 —o— PCBM + 15 wt% 2D-TiS,

095V

10" 102 10°  10*  10°  10°
Frequency (Hz)

Figure 7. 10 Frequency-dependent series capacitance extracted from the EIS at 0.95 V under

dark conditions.

7.3.5 Long-Term Device Stability
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Figure 7. 11 The normalized current density of continuous MPP tracking for un-encapsulated
PSCs under atmospheric conditions (RH 45-65 %, 300 K).
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The photostability of the PCBM- and PCBM+15 wt% 2D-TiS,-based unencapsulated devices
was investigated at MPP with continuous illumination under ambient conditions (RH 45-55 %
and 300 K). As shown in Figure 7.12, the PCBM+15 wt% 2D-TiSz-based device demonstrated
enhanced operational stability and preserved 75 % of its original photo current density for about
65 h. However, under the same conditions, the PCBM-based devices rapidly dropped to 75 %

of their original photo current density within 5 h.

7.4 Conclusions

In summary, we thoroughly investigated the performance and the ambient stability
enhancement of inverted perovskite solar cells using Li* intercalated liquid-phase exfoliated
layered 2D-TiS,. The optimal addition of 15 wt% 2D-TiS; into PCBM featured a notably
enhanced Vo and FF, ultimately resulting in amplified PCE up to 17.95%. We attributed this
to significantly improved electron charge mobility of the PCBM+2D-TiS; layer and suppressed
non-radiative recombination at the interface of perovskite/ETL. We also showed that the
saturation of photocurrent density was reached at a relatively lower effective voltage when
PCBM incorporated with 15 wt% 2D-TiS», which suggested that the modified device has
greater electron extraction ability as evident from a strengthened FF. The unencapsulated
device with 2D-TiS; into PCBM featured inflated operational stability up to 65 h with 75% of
their initial current density under constant illumination at ambient conditions. This work
suggests an effective scheme to reduce non-radiative recombination and prompt charge
extraction for high Voc and FF targeting magnified PCE devices with extended operational
stability.

7.5 Experimental Section

7.5.1 Materials

Titanium (V) sulfide, 99.8% (metals basis, TiS2) was purchased from Alfa Aesar while lead
iodide (99.9%) was purchased from Tokyo Chemical Industry (TCI) and used as such.
Methylammonium iodide (MAI) and formamidinium iodide (FAI) were purchased from
Dyesol. [60]PCBM > 99.5% and Bathocuproine (BCP) were purchased from Solenne BV and
TCI, respectively. All the solvents including DMF, DMSO, ethyl acetate, ethanol, and
chlorobenzene were purchased from Acros Chemicals and used as such. Butyl lithium (1.6 M,

hexane) was from Sigma-Aldrich.
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7.5.2 Thin-film characterization

D8 advance diffractometer from Bruker (Bragg-Brentano geometry, Cu Ka X-ray tube,
L= 1.5406 A) was used for thin film and power X-ray diffractograms. Topography and phase
AFM images were captured using a CSI Nano observer and data were processed through
Gwyddion software. Transmittance and absorption spectra were collected with the help of a
UV-vis—IR spectrophotometer (Varian Cary 50 UV/Vis Spectrophotometer). Jeol JEM-1400
transmission electron microscopy (TEM) was used to capture synthesized 2D-TiS; flakes.
Hitachi S-4800 scanning electron microscopy (SEM) was used for surface and cross-sectional
measurements. X-Ray photoelectron spectroscopy (XPS) experiments were carried out on a
SPECS system (Berlin, Germany) equipped with a Phoibos 150 1D-DLD analyzer with
monochromated Al Ka radiation (1486.7 eV). A step energy of 1 eV with a dwell time: 0.1 s
and pass energy: 80 eV was acquired for wide scan, and a detailed analysis of the elements was
performed using 0.08 eV step energy (dwell time: 0.1 s, pass energy: 30 eV) with an electron
exit angle of 90°. The spectra were adjusted using CasaXPS 2.3.16 software, which models

Gauss-Lorentzian contributions.

7.5.3 Device fabrication

Prior to device fabrication, substrates were cleaned as mentioned in Chapter 2. UV-Ozone
treated cleaned substrates were transferred to the argon-purged glove box. PTAA (1.5 mg mL"
Lin toluene) was spin-coated at 6000 rpm for 30 s followed by annealing at 100 °C for 10 min.
Once cooled down the layer was washed with DMSO by spin coating at 5000 rpm for 30 s to
improve the wettability of the PTAA layer just before the deposition of the perovskite layer.
Triple cation perovskite [Cso.1(FA09MAo.1)0.9Pb(l0.9Bro.1)3] was deposited according to Chapter
2. The [60]PCBM thin film as an electron transport layer was spin-coated (20 mg mL* in CB)
at 1200 rpm for 30 s over the perovskite active layer and annealed for 10 min at 80°C. For the
modified device, a solution of ETM was prepared by dissolving 15 wt% 2D-TiS, and
[60]PCBM (3 mg of 2D-TiS; with 20 mg of [60]PCBM) in CB. The mixture was spin-coated
at 1200 rpm for 30 s followed by annealing at 80°C for 10 min. A thin layer of BCP (0.5 mg mL"
Lin IPA) was deposited atop ETL by spin coating at 5000 rpm for 40 s followed by evaporating
Ag (100 nm, <1 A s%) in a thermal evaporator under low-vacuum conditions (10 Torr).
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7.5.4 Device characterization

The current density-voltage (J-V) studies were performed with Oriel 3A solar simulator
(Newport, AM1.5, 1sun) under irradiation of 100 mWcm™ and the generated photocurrent was
recorded using a Keithley 2400 source meter at a scan rate of 100 mV/s (pre sweep delay: 10s,
0.09cm? black metal mas as the active area). The EQE spectra were recorded using a Bentham
PVE300 motorized 1/4 m monochromator attached to a 150 W xenon lamp. EIS measurements
were carried out using BioLogic SP-300 Potentiostat using a perturbation of 20 mV, over the
frequency range from 2 MHz to 1 Hz, at room temperature. Dark current for the PSCs and
electron-only devices were measured with 100 mV/s scan rate at forward scan. Operational

stability was performed at 28 °C under ambient conditions without encapsulating the devices.
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Chapter 8

PERORATION & UPCOMINGS

On the road to remarkable success in PSCs, a series of challenges have been overcome during
the last decade, while some are yet to be addressed. Despite remarkable progress, PSCs have
not yet achieved their full potential owing to the unoptimized photo-charge kinetics. Further
enhancement of PV parameters is a prerequisite for achieving highly efficient PSCs in the
future. The commercial viability of PSCs is still challenged by their stability compared to the
commercially available matured silicon PVs. This thesis focuses on the reliability enhancement
of the efficiency and stability in PSCs using low-dimensional materials. At the heart of all
investigations lies the critical role of interfaces, responsible for charge-transfer dynamics, non-
radiative recombination losses, and ultimately the overall instability of the device. Low-
dimensional materials have been introduced to address these interfaces, targeting highly

efficient and stable devices above the state-of-the-art.

One of the most promising material classes that have been highly studied in advanced
electronic devices is two-dimensional (2D) transition metal dichalcogenides (TMDs). The
performance enhancement of PSCs is unveiled upon the insertion of 2D-MoS: as an interfacial
layer in Chapter 3. In this study, we exfoliated bulk MoS: into layered 2D-MoS; using liquid-
phase assisted alkali-metal (Li) intercalation, targeting effective electron transfer from the
valence s orbital of the alkali metal atoms to the d orbital of the transition metal center. This
electron transfer process induces increased electron counts on the transition metal d orbital with
the density of states at the Fermi level, resulting in a phase transformation of MoS; from the
thermodynamically stable 2H phase to highly conductive metastable 1T phase. Our synthesis
protocol enables us to obtain 1T-predominant 2D-MoS; with a few-layer thickness. Indeed the
shallow HOMO state of pristine PTAA (-5.1 eV) with respect to the VB minimum of the
perovskite (~-5.65 eV) will permit a higher density of holes at the perovskite/PTAA,
intensifying charge recombination, meaning that the larger the energy gap between the
perovskite and the HTL, the faster the recombination, thus result in lower Voc. Similarly, the
lower energy offset between the CB minimum of the perovskite and the deeper LUMO state of
HTL activates undesirable electron transfer from the perovskite to HTL, which further induces
non-radiative recombination. Better energy level matching was constructed by placing a thin

layer of 1T-predominant 2D-MoS; between the perovskite and pristine PTAA, which in turn
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reduced the unnecessary charge build-up and charge recombination at the interface of
perovskite/PTAA, amplifying the Vo from 0.88 V up to 1.05 V. PSCs with 2H-predominant 2D-
MoS:; as an interfacial layer also gave a moderate improvement in PCE owing to a limited enhancement
in Voc only up to 1.01 V. Typically, 1T phase is found to be higher conductive than the 2H phase, which
extends the charge extraction ability, benefiting the PV performances of the device. This conclusion
was supported by, Y. Li et. al., who evaluated the effect of two phases in 2D-MoS,-based HTL on the
PV performance, and obtained a much higher enhancement in Voc upon 1T-rich rather than 2H-rich 2D-
MoS,.!

Similarly, the concept was further evaluated with 1T-rich WS, in Chapter 4. The high
performance was observed upon 1T-rich 2D-TiS; as an interface layer, owing to the
enhancement of Voc and FF as similar as in 1T-rich MoS;, however, notable improvement of
Jsc was also observed, which was not found with 1T-rich MoSz. This can be then understood,
the charge extraction and transportation were intensified upon the 2D-WS; interface layer,
playing a crucial role in promoting the charge transfer kinetics via suppressing the charge
annihilating and overcoming the charge build-up at the interface of the perovskite/PTAA. The
query is, to which extend the interfacial energy alignment promotes the Jsc, which is still not
fully identified. Nevertheless, the device with the 2D-WS; interfacial layer shows a rapid
approach of saturation of photocurrent density at a relatively low effective voltage explains the
prompt-charge extraction to the HTL. On the other hand, surface traps hinder the free mobility
of charges, playing the foremost role in governing the overall performance of the PSC.
Temperature-dependent admittance spectroscopy is one of the most powerful techniques to
investigate the state of trap densities in the devices, where the trap density reduction in the
target device upon the 2D-WS; interface layer was found to be about 25%. The presented
protocol based on the alkali-metal intercalated 2D-TMD interlayer at the interface of the
perovskite/PTAA demonstrates a stabilized efficiency in n-i-p PSCs. However, between two
different 2D-TMDs studied in Chapter 3 and Chapter 4, 2D-WS; showed us much higher
enhancement in PV performance and stability than 2D-MoS;, reaching over 19% stabilized
PCE.

Among the cost of PSC's components, the expense of the HTM continues to be a major
deterrent to possible investments in the field. The expensive HTMs that are frequently utilized
in the standard n-i-p design could be potentially replaced by the affordable HTLs in the inverted
PSCs. Despite the intrinsic NiOx being a wide-bandgap (>3.5 eV) semiconductor with high

hole mobility, it suffers from weak built-in-field strength. The NiOx/perovskite interface may
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accumulate holes as a result of the significant energy level offset, which raises the possibility
of photo-induced charge recombination at the interface. The higher surface roughness with a
larger surface wettability commonly found in the NiOx layer is responsible to create tiny grains
with larger grain boundaries in the perovskite, further promoting the charge recombination in
the perovskite bulk. To overcome these problematic scenarios, in Chapter 5, a thin layer of
molecularly engineered dithieno thiophene-based organic semiconductor (DTT-EHDI,) was
inserted in between the NiOx nanocrystal layer and the perovskite layer. DTT-EHDI; has a
lesser wettability, which tends to reduce the number of nucleation sites in the perovskite and
creates more room for bigger grain development during crystallization, diminishing the trap
states and potential recombination pathways. The n-m intermolecular charge transfer effect of
the added organic semiconductor layer advances the hole mobility and conductivity of NiOy,
their existence reduces the energy gap between valence bands of the perovskite and NiOy,
enabling swift and easy charge extraction at the NiOy/perovskite interface. The development
strategy enables to access the quality of the perovskite and reduces the energy loss at the
interface, thus ultimately delivering the PCE up to 18.15%. At the core of all these
modifications are the fabrication protocols, which should eventually be strengthened even

further with other combinations of organic/inorganic compounds.

The operational stability of any PV system is the third pillar for commercial relevance after
efficiency and manufacturing cost. Apart from external pertinent variables, the perovskite layer
has been demonstrated to degrade under the chemical nature of the adjacent transport layers.
Particularly, the volatile nature of the organic cations in the perovskite is considered to be the
device weakest point. The ideal interlayer would be able to protect the perovskite layer by
blocking harmful conditions while enhancing device performance. Inorganic NiOx has good
inherent stability, but a potential redox reaction at NiOx/perovskite starts and encourages the
deterioration of the active layer, which leads to the instability of the devices. The direct contact
of NiOx with perovskite results in producing a hole extraction barrier of Pbl>.xBrx and
deprotonating MA" cations via dual proton and electron-accepting nature of Ni*3* in NiOx. In
Chapter 6, we introduce a metal-free C3Ns 2D-polymeric material at the NiOx/perovskite
interface, which is composed of a highly stable architecture of tri-s-triazine, rich in amino (-
NH2) and nitrogen, establishing the m-conjugated electronic structure. The novel interlayer
reduces the non-radiative losses and defective charge accumulation at the NiOx/perovskite
interface, thereby allowing higher Vo and FF that are delivering the PCE up to 19.3% with
negligible hysteresis. We discovered that the FA* and MA" cations are stabilized at the
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interface as a passivation layer for the perovskite owing to the better coordination of MA*
cations in the perovskite via H-bonding with the unbound nitrogen electron pairs in the C3Na.
The interlayer with the strong interaction along the perovskite layer stabilized 80% of the initial
device performances up to 300 h under continuous MPP-tracking in ambient conditions.
However, the higher wettability of the 2D-C3N4 due to its porous nature indicates the potential
for further improvement of this class of materials with better hydrophobicity to control the

perovskite nucleation and grain growth for additional enhancement of the performances.

The optoelectronic analyses outlined in Chapters 3, 4, 5, and 6, are based on the remediation at
the perovskite/HTL interface, similar focus should be given to the perovskite/ETL interface.
The LUMO distribution of PCsoBM is crucial since deeper lying states with respect to the CB
minimum of the perovskite will increase the density of electrons at the interface, speeding up
charge recombination. Further, a surface rough perovskite film can cause the PCsoBM layer to
disintegrate, promoting the interfacial non-radiative recombination and leakage current. In this
sense, it is a prerequisite to eliminating possible parasitic losses that occur in the device by
accelerating the conductivity and mobility of the charge-selective layers. Inspired and
encouraged by the strategies developed in Chapters 3 and 4, either 2D-TiS; was blended with
PCeoBM and used as an ETL in the devices, or it was applied as an interface layer at the
perovskite/PCsoBM interface. We discovered that 2D-TiS, had a greater impact on PV
performance when combined with PCeoBM under optimum addition owing to the suppressed
non-radiative recombination at the interface of the perovskite/ETL, leading to Voc as high as
1.057 V and ultimately the PCE up to 17.95%. The addition of 2D-TiS; into PCsBM displays
a saturation of current density (Jsat) at a relatively low Vesr, suggesting a greater electron
extraction ability in the device and maintaining a high fill factor of ~78%. This work suggests
a route for stability enhancement; however, trustworthy stability under different stresses is
paramount before attempting a scalability production. Hence, further studies aimed at
understanding and determining the behavior of 2D-TiS with other fullerene derivatives on the
performance enhancement and the stability of PSCs.

Within the range of low dimensional materials investigated in this thesis, we were able to shed
light on the fundamental understanding of the device physics based on the charge carrier
kinetics in PSCs under device operating conditions and irrespective of their configuration. With
the experimental strategies and device architectural alterations given here, there is potential to

further explore the fundamental device physics concerning low dimensional materials and
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perovskite materials for PV applications. The contribution of this work invested in third-
generation solar cells, is part of a larger field of research, bringing us one step closer to the

widespread application of sustainable energy conversion technology.

These semiconducting materials open new possibilities in advanced technological applications
including perovskite solar cells. It is crucial to scale up the device area from the conventional
lab size of mm? to at least cm? when trying to commercialize any solar technology. Although
various attempts have been made, the primary obstacle to the commercialization of PSCs
remains the drastically decreased efficiency upon scaling-up solar module area, which still lags
far behind the performance of the crystalline silicon cells with the same dimensionality. Even
though the work focused in this thesis is based on the modification of a single interface (either
perovskite/ETL or perovskite/HTL) in PSCs under laboratory scale using low dimensional
materials, it is important to study the fundamental device physics and mechanism relative to
the PCE loss under dual interface modification in large-scale devices. With the aim of adequate
regulation of the homogeneity of these low-dimensional semiconductors and regularity of the
crystallization process in large-area perovskite films, significant effort needs to be done.
Additionally, the diverse families of other two-dimensional (2D) materials such as MXene
enable experimenting with the structure and capabilities of perovskite/MXene interfaces via
rational engineering and modifications.?® Realizing rapid and scalable open-air coating of
perovskite film is another important yet challenging task for reducing the large-scale module
manufacturing cost in the production line. Several methods have been demonstrated to be
suitable for scalable film deposition in each layer of PSC; the PCE of large-area solar cells has
significantly increased with the use of various techniques and standardization, including
precursor engineering and interfacial engineering. Concerns about the environment arise from
the use of toxic lead in perovskite, ongoing researches target to find a replacement for toxic

lead without sacrificing the performances found in lead-based PSCs.

In contrast to replacing silicon solar cells, the perovskite-on-silicon tandem arrangement offers
a more rapid approach to bringing PSCs into the existing photovoltaic market. This also
provides an economic strategy to overcome the Shockley and Queisser (SQ) limit for single-

junction devices.

After all, the stability of PSCs, however, is where the main issue lies. It is quite challenging to
maintain stability throughout while still achieving higher efficiency. The device stability hopes

to meet the test criteria for commercialization in the near future with additional advancements
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in encapsulation technology and device optimization. Although there are several obstacles in
the way, PSCs are making extraordinary progress toward commercialization, and low-

dimensional semiconducting materials impact their progress.
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APPENDIX A

Additional data of Chapter 3: Mitigation of trap density and interfacial losses by introducing
a two-dimensional molybdenum disulfide interface layer in perovskite solar cells.
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Figure A3.1 (a) UV-Vis absorption spectrum of 2D-MoS; solution. Insert shows the stable
solution of 2D-MoS: in isopropanol (IPA) (b) Transmission electron microscopy (TEM) of
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Figure A3.2 AFM height image of 2D-MoS: on SiO2 substrate and thickness profiles.

188



Appendices

—— 2H Phase
1T Phase

Counts/s

(a)

235

230 225

Binding Energy (eV)

—— 2H Phase (b)
——1T Phase

Counts/s

168 164 160
Binding Energy (eV)

Figure A3.3 XPS narrow spectrum of (a) Mo3d and (b) S2p of spin-coated MoS> (synthesized
via liquid exfoliation with the absence of lithium intercalation) thin film. Black and red plots

respectively represent the 2H and 1T contributions.
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Figure A3.4 (a) UV-Vis absorption spectrum of aqueous SnO2 QDs solution. Insert shows the
stable solution of SnO. QDs. (b) Electron blocking at the CSFAMA and PTAA interface due
to presence of 2D-MoS; interface layer. (c) UV-Vis absorption spectra of CSFAMA,
CsFAMA/PTAA and CsFAMA/2D-MoS2/PTAA.

Table A3.1 Summary of the PV parameters for the PSCs (with 2H-predominant 2D-MoS).

Device Direction Voc (MV) Jsc (MACM?) FF (%) PCE (%) HI

RS

Champion
FS
Average RS

1018.7
1001.0

22.22 76.61 17.34
22.15 75.10 16.65

1025.4+12.534 22.21+0.0248 75.22+1.569 17.13+0.156
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Figure A3.5 AFM topography images of (a) CsSFAMA, (b) 2D-MoS2/CsFAMA, and phase
images of (c) CsSFAMA, (d) 2D-MoS2/CsFAMA film, (e) PTAA on CsFAMA film and (f)
PTAA on 2D-MoS,/CsFAMA.
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Figure A3.6 The contact angle measurements for (a) CsFAMA, (b) CSFAMA/PTAA, and (c)
CsFAMA/2D-MoS,/PTAA.
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APPENDIX B

Additional data of Chapter 4: Photo-induced charge transfer dynamics in dopant-free

perovskite solar cells upon 1T-rich WS, interfacial layer.

Figure A4.1 SEM images of (a) SnO.-QD layer on c-TiO2/FTO, and (b) the triple cation
perovskite was grown on SnO2-QD/c-TiO2/FTO.

Table A4.1 Photovoltaic statistics of the devices without 2D-WS; interface layer.

Device Voc (MV) Jsc (MACM?) FF (%) PCE (%)
1 1034.21 23.83 76.99 18.98
2 1049.61 22.98 77.85 18.78
3 1043.02 23.16 75.87 18.32
4 1029.25 23.50 77.79 18.82
5 1051.63 23.59 76.69 19.02
6 1051.07 22.89 77.60 18.67
7 1053.26 23.05 76.79 18.64
8 1029.81 24.09 76.49 18.98
9 1032.49 22.96 75.84 17.96
10 1056.85 23.07 76.68 18.70

Statistics 1043.12+10.15  23.31+£0.39 76.86 + 0.68 18.69 + 0.31
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Table A4.2 Photovoltaic statistics of the devices with 2D-WS; interface layer.

Device Voc (MV) Jsc (MACM2) FF (%) PCE (%)
1 963.42 23.53 68.20 15.46
2 979.52 21.84 73.04 15.63
3 976.73 23.40 68.88 15.74
4 960.96 22.90 70.69 15.56
5 967.65 21.47 71.94 14.94
6 971.38 22.59 71.72 15.74
7 953.88 23.66 64.97 14.66
8 087.65 21.27 72.00 15.13
9 976.93 23.25 68.60 15.58
Statistics 970.90 £ 9.89 22.66 + 0.86 70.01+2.41 15.38 £ 0.36

Figure A4.2 The water contact angle of (a) perovskite and with (b) 2D-WS./perovskite layer.
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APPENDIX C

Additional data of Chapter 5: NiOx nanocrystal assisted interface modulation for the

performance boosting of inverted perovskite solar cells.

(@)

180 nm (b)

120 deg

0 deg

(d)

120 deg

0 deg

Figure A5.1 AFM Topography, 3D height, and phase images of NiOx (a, b and ¢) and DTT-
EHDI2/NiOx (d, e, and f), respectively.

—o— DTT-EHD,

10 L) . T ¥: T M T v T T
00 05 1.0 15 20 25

Vapp (V)

Figure A5.2 J-V curves for hole-mobility measurement of DTT-EHDI> with the hole-only
device (FTO/PTAA/DTT-EHDI,/Au) under dark conditions.
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Figure A5.3 The statistical PV parameters of (a) Vo, (b) Jsc, (€) FF, and (d) PCE of PSCs w/o
and with DTT-EHDI interface layer.
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APPENDIX D

Additional data of Chapter 6: Interface tweaking of perovskite solar cells with carbon nitride-
based 2D materials

(a) —g-C3N,

(ahv)?
(ahv)?

Figure A6.1 (ahv)? Vs. hv plot for exfoliated (a) g-CsNa and (b) L-C3N4 in solution (iso-
propanol/ethanol).

2'pm

Figure A6.2 Scanning electron microscopy (SEM) of (a) g-C3sN4 and (b) L-C3Na. Transmission
electron microscopy (TEM) image of exfoliated (c) g-CsN4 and (d) L-C3Na.
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Figure A6.3 Survey XPS of (a) g-CsN4 and (b) L-C3Na.
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Figure A6.4 High-resolution XPS of Cl 2p in L-C3Na.
Table A6.1 Binding energy position of the elemental components.
Component Binding energy (eV)
CsFAMA CsFAMA/g-C3N4 CsFAMA/L-C3N4
Pb 4fsp, 142.44 143.17 142.82
Pb 4f7p 137.57 138.31 137.96
| 3d32 629.6 630.6 630.39
| 3ds2 618.12 619.12 618.9
Cs 3dan 737.72 738.79 738.43
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Cs 3dsr2 723.8 724.74 724.45

N 1s (C-NH) 400.96 402.04 400.23

N1s (C=NH,") 399.54 400.46 398.85

Cls (C=NH,") 287.36 288.33 288.3

Cls (C-NHy) 285.6 285.95 285.95
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Figure A6.5 J-V curve of the devices with different conventions of L-C3N4 interfacial layer.

Table A6.2 Concentration dependent J-V parameters (reverse scan) of the PSCs.

Device Voc (mV) Jsc (MAcm™2) FF (%) PCE (%)
Control 1003.81 22.83 73.55 16.85
with 1 mg/ml L-C3Na 1035.61 22.80 74.17 17.51
with 1.25 mg/ml L-C3N4 1046.46 23.09 75.35 18.21
with 1.5 mg/ml L-C3Ng4 1025.23 21.33 69.46 15.19
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Figure A6.6 AFM height image (a) and (b) 3D image of the partially spin-coated C3N4 layer

on silicon wafer. (c) The thickness profiles along with 1 and 2.

Table A6.3 Rs, Rsh, and HI extracted from J-V curves of PSCs.

Device Scan direction Rs () Rsh (k) HI
Control Reverse 47.24 52.36 0.022
Forward 52.31 35.47
with g-C3N4 Reverse 38.35 69.74 0.012
Forward 41.19 57.34
with L-C3N4 Reverse 32.49 82.05 0.005
Forward 37.41 78.19
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Figure A6.7 Reverse and forward scan J-V curves of PSCs under simulated AM 1.5G

illumination.

Table A6.4 Extracted electrochemical parameters of the PSCs at 900 mV applied bias under

dark conditions.

Device Rrec () T (us)
Control 131.3 2.49
with g-CaNg 4228 5.20
with L-C3N4 574.5 6.65
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