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ABSTRACT 
 

Semiconductor thin films have been outstanding in revolutionizing the optoelectronic 

industry over the past years. Recently, a particular class of semiconductor materials called 

perovskites has been found to have exciting light-matter interaction that can be beneficial 

for highly performing optoelectronic devices. These organic lead halide materials have 

pushed the photovoltaic power conversion efficiency from 3 % to 25.7 % in just fourteen 

years and have demonstrated excellent photodetection properties with detectivities 

reaching ~1013 Jones. Besides, they are finding applications in LEDs, photocatalysis and 

lasers. However, the perovskite materials have demonstrated various instability issues to 

ambient conditions and most importantly, the presence of lead (Pb) makes them toxic 

materials. In this aspect, lead-free materials that are derived from perovskite structures are 

of great interest. 

Cesium bismuth iodide (Cs3Bi2I9) is a non-toxic and stable perovskite derivative with a 

band gap of ~2 eV. It presents an absorption coefficient in the order of 104-105 cm-1 and 

has an exciton binding energy of 270-300 meV. This high molecular mass material 

demonstrates excellent photoresponse with high resistivity, which makes them ideal for 

hard radiation detectors. Besides, photodetectors with exceptionally good detection 

properties are reported based on Cs3Bi2I9 single crystals and nanocrystal thin films. Until 

now, Cs3Bi2I9  thin film deposition depended only on the spin-coating of DMF/DMSO 

based precursor solution followed by annealing. Interestingly, a scalable deposition 

technique called ultrasonic spray deposition in ambient conditions is used in our study for 

the in situ deposition of Cs3Bi2I9 thin films.  

Our investigations are mainly focused on the scaling up of Cs3Bi2I9 thin film deposition 

using less toxic solvents, like ethanol and acetone, and deeply understanding their 

semiconducting properties through various characterization techniques. Using the MedeA 

software, VASP-based density functional theory calculations are used in hand with the 

experiments to explain the observed properties better. The ultrasonic spray deposition is 

used to deposit BiI3, Cs3Bi2I9, Bi2S3 and Cs3Bi2I9:Bi2S3 thin films. Further, various 

characterization techniques such as XRD, Raman spectroscopy, SEM, XPS, EDX, UV-
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Vis-NIR spectroscopy, I-V and photocurrent measurements are used to understand their 

structure, morphology, chemical states, composition, optical, electrical and optoelectronic 

properties. The BiI3 thin films are deposited using an ethanol-based low-concentration 

solution and the influence of substrate temperature on its properties is analyzed. Later, CsI 

is sprayed over this BiI3 layer to obtain phase pure Cs3Bi2I9 thin films. Here, the CsI 

concentration and deposition numbers varied from 0.003 to 0.021 M and 5-15 times, 

respectively. The thin film displayed photodetection characteristics and formed 

heterojunction with n-ZnO in a glass/FTO/n-ZnO/p-Cs3Bi2I9/C-Ag structure. The 

glass/FTO/n-CdS/p-Cs3Bi2I9/C-Ag structure demonstrated a photovoltaic performance 

with Voc of 300 mV and Jsc of 0.003 mAcm-2. 

Further, Cs3Bi2I9 thin films are fabricated in a single step using a DMF-based precursor 

solution. The control of substrate temperature on the growth mechanism of Cs3Bi2I9 during 

the deposition is explored. Interestingly, the Cs3Bi2I9 thin films exhibited self-powered 

detection with a detectivity of 5.93×108 Jones and a responsivity of 0.0051 mAW-1 under 

a 405 nm laser source. Furthermore, Bi2S3 nanorods incorporated Cs3Bi2I9 composite thin 

films are developed by solution engineering the acetone-based Cs3Bi2I9 precursor solution 

with thioacetamide. Our findings show a real-time growth of Bi2S3 nanorods vertically in 

the Cs3Bi2I9 grain boundaries. These composite films exhibit broad spectral photodetection 

(405-1064 nm). The glass/FTO/n-CdS/Cs3Bi2I9:Bi2S3/C-Ag photodetector yielded an 

improved detectivity of 8.18×109 Jones and a responsivity of 0.59 mAW-1.  

For the first time in the literature, we use the scalable ultrasonic spray deposition to grow 

Cs3Bi2I9 thin films and fabricate their self-powered photodetectors. The detailed synthesis 

procedures, characterization, analysis, and fabrication of devices and their properties are 

discussed in the following chapters. The scientific data provided will help in a deep 

understanding of the properties of the Cs3Bi2I9 thin films and their engineering to motivate 

further research and improve the device performance. Most importantly, the novel 

methodologies can be adopted by various other perovskite systems to overcome their 

current limitations. 
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RESUMEN 
 

Las películas delgadas de semiconductores se han destacado por revolucionar la industria 

optoelectrónica en los últimos años. Recientemente, se descubrió que una clase particular 

de materiales semiconductores llamados perovskitas tienen una interesante interacción luz-

materia, que puede ser beneficiosa para dispositivos optoelectrónicos de alto rendimiento. 

Estos materiales orgánicos de haluro de plomo han aumentado la eficiencia de conversión 

de energía fotovoltaica del 3 % al 25,7 % en solo catorce años y han demostrado excelentes 

propiedades de fotodetección, con detectividades que alcanzan los ~1013 Jones. Además, 

están encontrando aplicaciones en LEDs, fotocatálisis y láseres. Sin embargo, los 

materiales de perovskita han demostrado diversos problemas de inestabilidad en 

condiciones ambientales y, lo que es más importante, la presencia de plomo (Pb) los hace 

muy tóxicos. En este aspecto, los materiales sin plomo que se derivan de estructuras de 

perovskita son de gran interés. 

El yoduro de bismuto y cesio (Cs3Bi2I9) es un derivado de perovskita no tóxico y estable 

con una banda prohibida de ~2 eV. Presenta un coeficiente de absorción del orden de 104 

– 105 cm-1 y tiene una energía de enlace de excitón de 270-300 meV. Este material de alta 

masa molecular demuestra una excelente fotorrespuesta con alta resistividad, lo que los 

hace ideales para detectores de radiación dura. Además, se reportan fotodetectores con 

propiedades de detección excepcionalmente buenas, basados en monocristales de Cs3Bi2I9 

y películas delgadas de nanocristales. Hasta ahora, el depósito de películas delgadas de 

Cs3Bi2I9 dependía únicamente del recubrimiento por rotación de la solución precursora 

basada en DMF/DMSO seguida del tratamiento térmico. De manera interesante, en nuestro 

estudio se utiliza una técnica de deposición escalable llamada: deposición por 

pulverización ultrasónica en condiciones ambientales, para la deposición in situ de 

películas delgadas de Cs3Bi2I9. 

Nuestras investigaciones se centran principalmente en el escalamiento del depósito de las 

películas delgadas de Cs3Bi2I9 utilizando disolventes menos tóxicos, como etanol y 

acetona, además de la comprensión profunda de sus propiedades semiconductoras a través 

de diversas técnicas de caracterización. Usando el software MedeA, los cálculos de la teoría 
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funcional de la densidad basados en VASP se usan junto con los experimentos para explicar 

mejor las propiedades observadas. La deposición por pulverización ultrasónica se utiliza 

para depositar películas delgadas de BiI3, Cs3Bi2I9, Bi2S3 y Cs3Bi2I9:Bi2S3. Además, se 

utilizan diversas técnicas de caracterización como XRD, espectroscopia Raman, SEM, 

XPS, EDX, espectroscopia UV-Vis-NIR, mediciones I-V y fotocorriente para comprender 

su estructura, morfología, estados químicos, composición, propiedades ópticas, eléctricas 

y optoelectrónicas. Las películas delgadas de BiI3 se depositan utilizando una solución de 

baja concentración a base de etanol y se analiza la influencia de la temperatura del sustrato 

en sus propiedades. Posteriormente, se rocía CsI sobre esta capa de BiI3 para obtener 

películas delgadas de Cs3Bi2I9 de fase pura. Aquí, la concentración de CsI y el número de 

depósitos variaron de 0,003 a 0,021 M y de 5 a 15, respectivamente. La película delgada 

mostró características de fotodetección y se formó una heterounión con n-ZnO en una 

estructura de tipo: vidrio/FTO/n-ZnO/p-Cs3Bi2I9/C-Ag, la cual demostró un desempeño 

fotovoltaico con Voc de 300 mV y Jsc de 0.003 mAcm-2. 

Además, las películas delgadas de Cs3Bi2I9 se fabrican en un solo paso utilizando una 

solución precursora basada en DMF. Se explora el control de la temperatura del sustrato 

sobre el mecanismo de crecimiento de Cs3Bi2I9 durante la deposición. Curiosamente, las 

películas delgadas Cs3Bi2I9 exhibieron una detección autoalimentada con una detectividad 

de 5,93 × 108 Jones y una capacidad de respuesta de 0,0051 mAW-1 bajo una fuente láser 

de 405 nm. Además, las películas delgadas compuestas de Cs3Bi2I9 incorporadas en 

nanobarras de Bi2S3 se desarrollan mediante la ingeniería de la solución precursora de 

Cs3Bi2I9 a base de acetona con tioacetamida. Nuestros hallazgos muestran un crecimiento 

en tiempo real de nanorods verticales de Bi2S3 en los límites de grano con el Cs3Bi2I9. Estas 

películas compuestas muestran una fotodetección de amplio espectro (405-1064 nm). El 

fotodetector de vidrio/FTO/n-CdS/Cs3Bi2I9:Bi2S3/C-Ag produjo una detección mejorada 

de 8,18 × 109 Jones y una capacidad de respuesta de 0,59 mAW-1. 

Por primera vez en la literatura, utilizamos la deposición por pulverización ultrasónica 

escalable para hacer crecer películas delgadas de Cs3Bi2I9 y fabricar sus fotodetectores 

autoalimentados. Los procedimientos de síntesis detallados, caracterización, análisis, y 

fabricación de dispositivos, así como sus propiedades, se discuten en los siguientes 
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capítulos. Los datos científicos proporcionados ayudarán a una comprensión profunda de 

las propiedades de las películas delgadas Cs3Bi2I9 y su ingeniería para motivar más 

investigaciones y mejorar el rendimiento del dispositivo. Lo que es más importante, las 

metodologías novedosas pueden ser adoptadas por diversos sistemas de perovskita para 

superar sus limitaciones actuales. 
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CHAPTER 1 

1. PEROVSKITE-INSPIRED LEAD-FREE 

SEMICONDUCTORS 
 

 

 

1.1. Introduction 

Semiconducting materials have led to unprecedented developments in the electronic 

industry and expedited advanced technologies in ways we could have never imagined. 

Global energy crisis and technology demands are pushing the research to engineer them 

for designing advanced and novel materials with superior properties for efficient and cost-

effective devices. In particular, the light-matter interactions in these materials have paved 

the way for vast optoelectronic applications. They are used in embedded systems, 

thermoelectric, lighting and LED (light emitting diodes) displays, photovoltaics, 

photocatalysis, supercapacitors, electrodes, sensors, and batteries.  

This chapter introduces the most celebrated class of semiconductors namely hybrid organic 

lead halide perovskites and their applications. Further, it discusses the necessity for 

considering perovskite’s toxicity due to the presence of lead and instability issues. Finally, 

the importance of the proposed investigations of this thesis based on non-toxic and stable 

perovskite-inspired cesium bismuth iodide is explained. 

Perovskite materials have made revolutionary developments in photovoltaics, LEDs, 

photodetectors, lasers, and other optoelectronic devices. However, the long-term 

instability and lead toxicity in hybrid halide perovskites demand deeper 

atomic/electronic investigations and engineering in hand with advanced strategies to 

improve the device performance. 



CHAPTER 1                                       PEROVSKITE-INSPIRED LEAD-FREE SEMICONDUCTORS 

 

 
2 

 

1.2. Lead-halide perovskites 

The intriguing light-matter interactions and energy conversion in perovskite materials 

leading to exciting device performance have gained major attention from material scientists 

in recent times [1–5]. In addition to the excellent optoelectronic properties, the feasibility 

to synthesize high-quality halide perovskites by solution process at low temperatures from 

earth-abundant materials indicate facile commercialization to deliver cost-effective 

devices. Besides, the low-temperature synthesis allows these photo-absorbers to be 

engineered for lightweight, flexible and semi-transparent devices [6]. The perovskites are 

continuously outperforming most of the current semiconductors in photovoltaic 

technology. Moreover, they demonstrate excellent photoluminescence quantum 

efficiencies, narrow emissions and tunable colors, thus can be exceptional as light-emitting 

materials [7–11]. Until now, perovskites have found a vast pool of applications and 

improved the performance of semiconductor lasers [12,13], photodetectors [14], and 

thermoelectric systems [15]. 

1.2.1. Structure 

The perovskite materials have a general chemical structure of AMH3 as seen in Figure 1.1a, 

where A = CH3NH3
+ (MA+)/HCNH3

+ (FA+)/ Cs+/Rb+ ; M = Pb2+/Sn2+/Ge2+/Sb3+/Bi3+ and 

H = Cl-/Br-/ I-. In the cubic structure, the H anions are octahedrally coordinated to the M 

cation in the center, while the A cations occupy the corners. A repetition of such octahedra 

generates the molecular perovskite structure, as seen in Figure 1.1b. 

 

Figure 1.1. The general cubic structure of AMH3 perovskite. 
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The highly performing organic–inorganic hybrid perovskites generally have 

methylammonium (CH3NH3
+) or formamidinium (HCNH3

+) cation at the A site, Pb2+ at 

the M site and I- halogen-anion at the H site due to the excellent photophysical properties 

with a band gap in the range of 1.5-1.7 eV [16]. The crystal structure of methylammonium 

lead iodide (CH3NH3PbI3) is presented in Figure 1.2. 

 

Figure 1.2. (a) The structure of CH3NH3PbI3. (b) A view from the top. 

1.2.2. Electronic properties 

The exciting optoelectronic performance of the hybrid lead halide perovskites originates 

from the suitable optical band gap, high absorption coefficient, bipolar and high charge 

carrier mobility, excellent carrier transport, low defect density, long carrier diffusion 

lengths, form factor and photon recycling ability [17,18]. A band gap in the range of 1.4–

1.6 eV with high absorption coefficients in the order of ~105 cm-1 makes them excellent 

photoabsorbers [19]. It has a long charge carrier diffusion length of 100-1000 nm in 

polycrystalline films, while it is even up to 100 μm in single crystals. Promising open 

circuit voltages up to 1.18 V and short circuit current up to 23.8 mA/cm2 have been 

achieved in solar cells [20,21]. High light extinction coefficients were displayed by the 

material in device structures [22]. CH3NH3PbI3 has very low excitonic and electron-

phonon coupling effects (~50 meV), a sharp absorption edge with a low Urbach energy 

(~15 meV) and a high-frequency dielectric constant of 5.8 [23]. They have large mobility 
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lifetime products in the order of ~10-2 cm2V-1 as a result of small electron effective mass 

and low trap density [24]. 

1.2.3. Major Application 

Photodetectors and X-ray detectors 

Perovskites have been used as photodetectors of outstanding responsivity, detectivity and 

rise-decay times. Especially, they have demonstrated self-powered photodetection (Table 

1-1) which is crucial in developing durable sensors for imaging, structural monitoring as 

well as biomedical and optical communication systems. 

Table 1-1. Device performance of lead-based perovskite photodetectors. 

 

Device structure 

 

R 

(AW-1) 

 

EQE 

(%) 

D* 

(Jones) 

×1010 

 

On/off 

ratio 

 

τr/τd 

 

Ref. 

Self-powered photodetectors       

ITO/PEDOT:PSS/CsPbI2Br/C60/BCP/Ag  

(655 nm) 
 12 % 2.43   [25] 

ITO/SnO2/5%Cs/15%Cs/Spiro/Au  0.258 56.91 244  28 80/99 μs [26] 

FTO/TiO2/Cs0.05MA0.16FA0.79Pb(I0.9Br0.1)3/Spiro/Au 

(585 nm LED, 37 mWcm−2) 

0.52  ~ 80 880 7.3×105 19/21 μs [27] 

ITO/CsPbBr3:ZnO/Ag (405 nm, 10 mW) 0.0115   12.86 409/17.9 

ms 

[28] 

ITO/TiO2/MAPbI3/P3HT/Ag (550 nm, 2.75 μWcm-2) 0.16   4.89 1.2/0.2 s [29] 

ITO/SnO2/CsPbBr3(MC)/Spiro/Au (473 nm, 100 

mW) 

0.172  480 1.3×105 140/120 

μs 

[30] 

FTO/CdS/MAPbI3/Spiro/Ag 0.48  2100  5.4/2.2 

ms 

[31] 

FTO/C60/MAPbI3/GaN/In 0.198  796 5 × 103 45/63 ms [32] 

 

Moreover, they are exciting for the detection of hard radiations like X-rays and Gamma 

rays (Table 1-2) since the organic lead halide single crystals demonstrate excellent 

mobilities (μ) and carrier lifetimes (τ). In addition, the large atomic number of the 

constituent elements leads to higher attenuation coefficients (α, = Z4/E3, where E is the 
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photon energy) for X-ray absorption. This gives it a higher hand to the perovskites as 

compared to commercialized silicon single-crystal detectors and α-Se X-ray detectors 

[24,33]. 

Table 1-2. Radiation detection parameters of various perovskites. 

 

Device structure 

μτ product 

(cm2V-1) 

Lowest Dose rate 

(μGyair s–1) 

Sensitivity 

(μCGy−1
 air cm–2) 

 

Ref. 

Ag or Au/BCP/C60/MAPbBr3/Au 1.2 × 10-2 0.5 80 [33] 

Ag/(NH4)3Bi2I9/Ag (parallel)  0.21 8.2 × 103 [34] 

Ag/(NH4)3Bi2I9/Ag (vertical)  0.055 803 

Si/MAPbBr3/C60/BCP/Au   2.1 × 104 [24] 

 

Perovskite Solar Cells (PSCs) 

The excellent absorption and transport properties of the perovskites make them the most 

celebrated material in solar cell research (Table 1-3). The single-junction perovskite solar 

cell has reached 25.8 % power conversion efficiency (PCE) from 3.8 % in 2009 [1,2,35]. 

Here, the Cl-bonded SnO2 layer (ETL) with the Cl-containing perovskite layer could 

overcome the interfacial defects to achieve the highest 25.8 % efficiency [35]. 

Table 1-3. Some of the high-performance hybrid organic lead halide perovskite solar cells. 

Device structure VOC 

(V) 

JSC 

(mA/cm2) 

FF PCE 

(%) 

Ref. 

ITO/PTAA/SC-MAPbI3/C60/Bathocuproine (BCP)/Cu 1.076 23.46 83.5 21.09 [36] 

ITO/PTAA/SC-MAPbI3/C60/Bathocuproine (BCP)/Cu 1.144 23.68 81 21.93 [37] 

Glass/ITO/PEDOT:EVA/perovskite/PCBM/BCP/Ag 1.18 22.91 82 22.16 [20] 

FTO/c-TiO2/Li-doped m-TiO2: perovskite composite 

/FA0.97MA0.03PbI2.91Br0.09/2,5-thophenedicarboxylic acid/ 

Spiro-OMeTAD/Au 

1.17 25.2 79.1 23.4 [38] 

FTO/TiO2(Si)/MAPbI3/Spiro-OMeTAD/Au 1.036 23.8 85.7 21.1 [21] 

FTO/SnO2/PCBM/MAPbI3/Spiro-OMeTAD/Au  1.12 23.3 77.7 20.28 [39] 

FTO/SnO2/FASnCl3/FAPbI3/Spiro-OMeTAD/Au 1.189 25.71 84.43 25.83 [35] 

 

Perovskite technology has already outperformed the existing technologies based on CIGS 

(23.4 %) or CdTe (22.1 %) and even silicon heterostructures (26.7 %) leveling with the 
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single junction GaAs (29.1 %) thin film crystal photovoltaic devices [3,5,6,26]. Recently, 

perovskite-silicon tandem solar cells, shown in Figure 1.3, (planar as well as textured 

devices) have broken the PCE barrier of 30 % [41]. Furthermore, the emerging 

chalcogenide perovskite (Ba(Zr,Ti)S3)/c-Si tandem solar cell may help us to push the 

efficiency over 38 %, as predicted by the theoretical calculations [42]. 

 

Figure 1.3. (a) Si/Per tandem cells with more than 30 % efficiency. Credit: D. Türkay/C. Wolff / EPFL/F. 

Sahli/Q. Jeangros/CSEM (2022). (b) Flexible all-perovskite tandem solar cell with 23.8 % efficiency [6]. 
Image: Federal Laboratories for Materials Science and Technology. 

Perovskite Light Emitting Diodes (PeLEDs) 

Owing to their high defect tolerance, tunable band gap in the visible spectrum, narrow 

emission bandwidth and high photoluminescence quantum yield, photoluminescent and 

electroluminescent perovskite materials are finding their way to the market through display 

industries [43]. Perovskites with low organic components are hardly prone to “pixel-

burnout” which is a major issue observed in modern organic light-emitting diodes (OLED). 

External quantum efficiencies of up to 22 %, comparable to OLEDs, have been achieved 

with photoluminescent perovskites [44]. The five times higher absorption of perovskites as 

compared to InP prevents blue light leakage which impacts the performance in ‘in-pixel’ 

structures enabling cheap thinner devices. Moreover, the overlap between absorption and 

emission spectra in perovskites provides space for photon recycling that can contribute to 

30-70% of the electroluminescence [44]. 
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Lasers 

The high fluorescence yield and wavelength tunability in addition to long carrier lifetime 

(101-2 ns) and diffusion length (~10-6 m) make the perovskites an ideal candidate for lasing 

application. Moreover, perovskite thin films, nanowires and nanoplates have demonstrated 

excellent waveguiding characteristics. In most cases, the requirement of high threshold 

carrier density limits the application of these materials to be incorporated into devices with 

electrically driven lasing and also Auger recombination losses. However, recent 

developments have led to low lasing thresholds, wide tunability, high-quality factors and 

quantum yields [45]. 

Other applications 

The conductivity changes in perovskites due to the ionic-electronic coupling can be used 

for creating memristive synapses for energy-efficient neuromorphic computation [46]. 

1.2.4. Challenges and solutions 

Chemical Instability 

Though great improvement has been made, the organic-inorganic hybrid perovskites 

degrade upon prolonged exposure to external stresses, like light, moisture, heat, and 

electric field which are practically quite imperative in the commercialization [19]. To be 

viable for commercialization, optoelectronic devices need to pass harsh environments such 

as humidity freeze, damp heat and thermal cycling tests preferably in accordance with the 

IEC61215:2016 standard test method [47].  

The chemical instability originates from the volatile organic cation in the case of organic 

lead halides [19]. On the other hand, the rattling behavior of Cs cations which barely bonds 

with I and high octahedral distortion may lead to instabilities in the inorganic lead halides 

[48]. Besides, the instability of halogen anions also deteriorates the device performance. 

The long light exposures cause halide segregation forming gradient band gap regions that 

can behave as trap states [49].  The migration of halides to the transport layer interface or 

metal electrodes to form resistive contacts due to the very weak hydrogen bonding of 

octahedral PbI2 with monovalent organic cation [19,50–52]. In addition, the electric field 
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induced hysteresis arising from ion migration, non-radiative recombination at the 

interfaces and ferroelectric polarization in PSCs can result in the unstable and deteriorating 

performance of devices [53]. 

Various strategies to overcome instabilities were adopted by researchers such as 

encapsulation for a pressure-tight environment [54] and partial replacement of organic 

cations with inorganic cations to stabilize the metal halide octahedra [55]. The light-

induced halide segregation can be controlled by increasing the grain size, lowering carrier 

diffusion lengths, partial substitution of Sn at Pb and Cl at I/Br sites or A cation alloying 

as well as the application of external pressure or Br alloying up to a certain limit can also 

stabilize the structure [56]. Introduction of metal cations (K+, Sr2+, Mn2+, etc.), different 

deposition techniques, solvent engineering and thermal treatments were employed to 

improve the crystal growth with low trap densities. 

The hysteresis can be mitigated by growing large grains and mesoporous TiO2 in a normal 

mesoscopic structure. While interface engineering of the perovskite layer near the 

HTL/ETL has been an effective way, bulk defect engineering also shows great promise in 

solving these issues. Charge accumulation is higher in the perovskite-TiO2/Spiro-

OMeTAD interface as compared to PEDOT:PSS or PCBM. Besides, some reports suggest 

that the presence of TiO2 may be a reason for the hysteresis in PSCs [57]. 

Table 1-4. The photovoltaic performance of all-inorganic lead halide perovskite solar cells. 

 

Device structure 

Absorber band 

gap (eV) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

 

Ref. 

FTO/c-TiO2/CHI-CsPbI3(β)/Spiro-

OMeTAD/Ag 
 1.11 20.03 82 18.4 [58] 

FTO/Cs:ZnO/γ-CsPb0.99-

Cd0.01I2.5Br0.5/P3HT/Au 
1.7 1.258 19.98 78.58 19.75 [59] 

Scalability 

Finding suitable deposition techniques for large-scale production of the solution-derivable 

perovskite devices while maintaining the quality of the devices and their cost is crucial in 

their commercialization. The largest module with appreciable efficiency reported was an 

all-perovskite tandem solar mini-module, fabricated by blade coating and vacuum 
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deposition, with a 12.25 cm2 aperture area which showed a power conversion efficiency of 

19.1 %, shown in Figure 1.4. It uses a 1.78 eV FA0.8 Cs0.2(I0.6Br0.4)3 as top subcell and a 

narrower 1.26 eV Csx(FA0.83MA0.17)(1−x)Sn0.5Pb0.5I3 as the bottom subcell [60]. 

 

Figure 1.4. The 12.25 cm2 perovskite solar module with 19.1 % efficiency [60]. Nature Energy (Nat 

Energy) ISSN 2058-7546 (Open access). 

Lead toxicity 

 

Figure 1.5. The blood lead levels among children (<14 years) in different countries [61] | Open 

access. 

Even though performing exceptionally well in optoelectronic devices, the presence of lead 

(Pb) in the hybrid perovskites rises serious concerns about its toxicity [19,50]. The World 

Health Organization, the European Environment Agency and the United States 

Environmental Protection Agency all refer to Pb and Cd as potentially toxic elements and 

demand avoiding their presence even in small doses. Particularly, the presence of Pb, which 

has been referred to as “one of the most toxic elements in existence” [62], in the 

environment presents impending health hazards to the ecosystem. Lead in many widely 
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used commodities has already lead-poisoned millions of people, among whom largely 

affected are the children and middle class (Figure 1.5) and can be accounted only from the 

anthropogenic contamination [61]. 

Therefore, intensive investigations on engineering perovskite materials are necessary to 

improve the stability, safety, sustainability, scalability, and storage, but most importantly, 

the toxicity of LEAD (Pb) must be addressed [63]. 

1.3. Lead-free perovskites 

The most suitable candidates for replacing Pb in the perovskite structure are the 

homovalent Sn and Ge in the same group as well as heterovalent Bi and Sb. 

1.3.1. Sn and Ge-based perovskites 

Tin (Sn) is the most investigated replacement for Pb in perovskites due to its comparable 

electrical and optical properties as observed in the studies of FASnI3, CsSnI3 and Cs2SnI6 

[64,65]. However, the major problem is the instability of Sn2+ state which gets oxidized 

easily to a stable Sn4+ state when exposed to air and moisture. This leads to the creation of 

more Sn- vacancies and thereby adding to the self p-doping [66,67]. In addition, the 

absence of a sharp absorption at the band gap due to the lower DOS that may be polarized 

can lead to low photogenerated charge density in the band gap region [68].  

On the other hand, Ge-based perovskites have low absorption coefficients, large carrier 

effective masses, dielectric constants as well as photoconductivity [69]. Although CsGeI3  

have a stable rhombohedral structure, their limited performance in PSCs with only 0.11% 

PCE, in addition to the high cost have limited their potential for applications [70]. 

1.3.2. Sb-based perovskites 

Similar to the Sn-based perovskites, the absence of a sharp absorption in the Sb-based 

perovskites greatly limits its power conversion efficiency [68]. Recently, a Dion-Jacobson 

perovskite CsSbCl4 has been proposed as a potential replacement for organic lead halide 

perovskites based on the first-principles calculations and screening. The material is 

expected to have an optimum 1.4 eV band gap with an absorption coefficient of ~105 cm-1 
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and carrier mobility of ~102-104 cm2V-1s-1. Besides, the absorber proposes to yield a 

20.07% efficiency in TiO2/CsSbCl4/spiro-OMeTAD structure [71]. 

1.3.3. Developing Bi-based perovskites 

Non-toxic bismuth (Bi3+) cation has an ionic radius of 0.103 nm much closer to the 0.119 

nm of Pb2+. Moreover, it has an electronic configuration of [Xe]4f145d106s26p0 which is 

isoelectronic with Pb2+. The vacant 6p orbitals account for the conduction band (CB) and 

filled 6s orbitals to the valence band (VB) along with the I- 5p orbitals. The antibonding 

VB character of the material can lead to shallow defect states and longer carrier lifetime. 

In addition, strong absorption can be expected owing to the high p orbital density of states 

in the conduction band minimum (CBM) [72]. 

Table 1-5. The performance of (CH3NH3)3Bi2I9 solar cells. 

 

PV structure 

Absorber 

Eg (eV) 

VOC 

(V) 

JSC 

(mA/cm2) 

 

FF 

PCE 

(%) 

 

Ref. 

FTO/c-TiO2/m-TiO2/(CH3NH3)3Bi2I9/HTM/Ag 2.1 0.68 0.52 0.33 0.12 [73] 

(ITO/PEDOT/(CH3NH3)3Bi2I9/PCBM/Ca/Al 2.94 0.66 0.22 0.49 0.1 [74] 

FTO/TiO2/(CH3NH3)3Bi2I9/Spiro-OMeTAD/Au 2.26 0.721 0.491 0.318 0.11 [75] 

FTO/TiO2-BL/TiO2-mpl+MBI+P3HT/Au 2.11 0.354 1.157 0.464 0.19 [76] 

FTO/c-TiO2/m-TiO2/(CH3NH3)3Bi2I9/Spiro-

OMeTAD/MoO3/Ag 
 0.67 1.00 0.624 0.42 [77] 

FTO/bl-TiO2/m-TiO2/(CH3NH3)3Bi2I9/Spiro-

OMeTAD/Au 
2.11 0.653 1.10 0.496 0.356 [78] 

FTO/cp-TiO2/mp-TiO2/(CH3NH3)3Bi2I9/C 2.17 0.895 0.255 24 0.054 [79] 

FTO/TiO2/(CH3NH3)3Bi2I9/Spiro-OMeTAD/Ag  0.686 0.372 0.32 0.082 [80] 

FTO/c-TiO2/m-TiO2/(CH3NH3)3Bi2I9/Spiro-

OMeTAD/Ag 

 0.51 0.94 0.61 0.31 [81] 

FTO/d-TiO2/m-TiO2/(CH3NH3)3Bi2I9/Spiro-

OMeTAD/Au 

 0.81 2.95 0.69 1.64 [82] 

ITO/FPDI/(CH3NH3)3Bi2I9/ Spiro-

OMeTAD/MoO3/Ag 

 0.61 0.37 0.277 0.063 [83] 

FTO/c-TiO2/m-TiO2/(CH3NH3)3Bi2I9 /P3HT/  1.01 4.02 0.78 3.17 [84] 

 

However, substituting Pb2+ with Bi3+ leads to perovskite materials of A3Bi2H9 composition 

different from AMH3 due to their different valence states [85]. Earlier, Bi was proposed to 

replace Pb in organic perovskites to obtain CH3NH3BiI3. Besides, Bi-based multiferroic 

perovskites (like BiFeO3) have been of great interest lately due to their spontaneous electric 
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polarization that can drive photoexcited carriers and photovoltage greater than band gaps 

with PCE up to 8% [86,87]. The improved PSCs of solar cells based on methylammonium 

bismuth iodide thin films formed by treating vapor deposited BiI3 thin films in the MAI 

vapor showed promises of Bi as a potential replacement [84]. 

1.4. The perovskite-derived Cesium bismuth iodide 

The all-inorganic cesium bismuth iodide (Cs3Bi2I9) has received extensive attention due 

to its stable and non-toxic nature along with good light absorption and photosensitivity. 

1.4.1. Structure 

 

Figure 1.6. The hexagonal P63/mmc and monoclinic C12/c1 structures of Cs3Bi2I9. 

The structural studies on Cs3Bi2I9 go back to 1968 and 1978 [88,89]. At low temperatures, 

Cs3Bi2I9 has a monoclinic structure (space group: C12/c1 (15)) which transforms to room 

temperature hexagonal phase (space group: P63/mmc(194)) at the transition temperature of 

218 K [90]. The hexagonal Cs3Bi2I9 has face sharing (Bi2I9)
3- clusters surrounded by Cs+ 

cations occupying the voids between the bioctahedral layers (D6h point group) with lattice 

parameters of a=b=8.41 Å, c=21.20 Å, α=β=90° and γ=120° [17,73,85,91,92]. The face-

sharing metal halide octahedra are layered along the c-axis with weak van der Waals 

interaction between the neighboring (Bi2I9)
3- units explaining the sometimes flake-like 

appearance [93]. Unlike the corner-sharing MI6 octahedra to form the 3D structure in Pb-

based perovskite, the face-sharing anions lead to a zero-dimensional (0D) molecular salt 

crystal structure in Cs3Bi2I9 as illustrated in Figure 1.6 [94]. The large optical and electrical 
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anisotropy arises due to the density differences in the arrangement of these discrete dimers 

[91]. 

1.4.2. Optical and electrical properties 

This defect halide compound is a p-type semiconductor in the family of ternary A3Bi2I9-

type perovskites [14]. The valence band maximum consists of filled Bi 6s orbital 

hybridized with iodine 5 p orbitals, whereas, the vacant Bi 6p orbitals constitute the 

conduction band minimum. The high density of states of the p orbitals in the conduction 

band minimum can favor strong absorption properties in the material [72]. Moreover, the 

directional transport properties studied by DFT suggest low electron effective masses in 

the ab plane for Cs3Bi2I9 and MA3Bi2I9 (me
* = 1 and 3.66, respectively) as compared to the 

high values along the c-axis (me
* = 3.46 and 119, respectively) [95]. The Calculated direct 

and indirect band gaps are in the range of 2.17 and 2 eV for Cs3Bi2I9 [95]. 

Optical studies indicate band gaps in the range of 1.9 - 2.2 eV [92,96–98] and absorption 

coefficients around ~104-105 cm-1 at 450 nm, compared to the 1.55 eV and ~2×105 cm-1 of 

MAPbI3, respectively [73,99]. Strong excitonic behavior is common for such low 

dimensional perovskites arising due to the quantum confinement effect of 0D-[Bi2I9]
3- bi-

octahedra. The exciton peak energies observed were in the range of 2.30-2.85 eV and has 

a high exciton binding energy of ~270 meV (30.8 nm grains)/ 300 meV [100] compared to 

the 25-50 meV of lead halide perovskites [73,99]. Experimental ionization energy between 

5.6-6.2 eV is also reported for Cs3Bi2I9 [98]. The charge transport properties have shown 

that they have time constants in the range of 1.3-1.5 ns and a recombination lifetime of 

180-240 ps [72]. The photoluminescence and Raman spectra measurements suggest strong 

electron-phonon coupling and high polarizability in these compounds [92]. High 

resistivities and photoresponse signify that this compound can be used for hard radiation 

detection applications [92]. Theoretical analysis shows that the Cs3Bi2I9 with P3̅m1 

symmetry has a lower band gap (1.74 eV) as compared to the P63/mmc symmetry (2.25 

eV) [97]. The ionization energy or the valence band maximum with respect to the vacuum 

is determined to be 5.6 – 6.2 eV [98]. 
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1.4.3. State of the art 

Technologically important materials in their thin film form demonstrate fascinating 

properties especially optical and electrical properties as compared to the bulk. This has 

initiated the development of thin film technology for advanced optoelectronic and 

microelectronic device fabrication that yields cheaper, more efficient, durable, and portable 

devices. There are various chemical and physical methods commonly used in the 

fabrication of thin films. Some of the widely used techniques are chemical bath deposition, 

dip coating, thermal evaporation, magnetron sputtering, slot-die coating, blade coating, 

spin-coating, electrodeposition, plasma deposition, chemical vapor deposition – Plasma 

enhanced (PECVD) and metal-organic (MOCVD), atomic layer deposition and spray 

deposition [101]. 

Mostly, Cs3Bi2I9 thin films were fabricated by spin coating method [73,102–108] based on 

DMF [107], DMF+DMSO [73,103,105,106] or GBL+DMSO [104] precursor solutions. 

The method uses highly concentrated solutions prepared over long stirring durations 

[103,106,107]  and sometimes in N2-filled gloveboxes [105]. The deposited films were 

annealed on a separate hot plate at 80-200 ℃ for the evaporation of solvent and 

crystallization [73,102,103,105,107]. At times, anti-solvents like chlorobenzene were used 

before annealing for effective and rapid solvent removal at low temperatures (100 ℃) 

[106]. In addition, dissolution-recrystallization of spin-coated films using a solvent mixture 

of DMF and methanol was also effective in the fabrication of Cs3Bi2I9 thin films composed 

of ultrathin nanosheets [107,108]. Besides, Cs3Bi2I9 nanocrystals were synthesized using a 

modulated colloidal synthetic method and their dispersions were spin-coated for devices 

[109]. 

Furthermore, a chemical vapor deposition (CVD) furnace filled with hydrogen and argon 

was used to deposit Cs3Bi2I9 films on mica substrates by heating the chamber containing 

CsI and BiI3 mixture to 600 ℃ [94]. 
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1.4.4. Applications 

Photodetectors 

Cs3Bi2I9 has shown excellent photodetection properties in a broad electromagnetic 

spectrum. Especially, their single crystals have demonstrated significant improvement in 

the detection properties in the broad spectrum. The photodetector constructed from 

Cs3Bi2I9 nanoplates could suppress dark current below 50 pA yielding a high responsivity 

of 33.1 mAW-1, even higher than the hybrid lead halide perovskites [103]. The low trap 

density and high carrier mobility of Cs3Bi2I9 single crystal thin film photodetectors 

demonstrated an ON/OFF ratio as high as 11000 which was stable for 1000 h (50% RH) 

[14]. Besides, the excellent transport properties of 2D materials such as graphene and MoS2 

were utilized in improving the Cs3Bi2I9 devices yielding specific detectivities in the order 

of 1011 and 1013 Jones, respectively [110]. 

The photodetector based on Cs3Bi2I9 micro-crystal thin film displayed excellent 

photosensitivity in a broad spectrum of 450-950 nm with a dark current as low as 0.46 pA. 

The photo-switching characteristics of the device were stable and reproducible up to 2000 

cycles and the thin film was even stable for three months in moist conditions (75 % RH) 

[104]. The composition engineering in Cs3Bi2I9 using Br anions obtained the Cs3Bi2I6Br3 

thin film which exhibited photodetection in the 300-600 nm spectral range. The 

photodetector performed with an average dark current of 145 pA and photocurrent of 4.7 

μA at zero bias [105]. The interfacial tunneling effect induced by a thin Al2O3 layer helped 

in suppressing the dark current resulting in a  20-fold increase in the ON/OFF ratio of 

Cs3Bi2I9 thin film photodetectors. These PDs could maintain 90% of their performance 

after 30 days with a perspective of application in diffuse reflection mode imaging systems 

[106]. Most interestingly, the Cs3Bi2I9 nanocrystals-based PD exhibited very good 

detectivities in a very broad spectrum of 254-1064 nm. This device constructed on a p-Si 

substrate and a graphene top layer achieved the highest detectivity of 1.75×1013 Jones. 

These nanocrystals were also used to fabricate flexible photodetectors with appreciable 

detection properties [109]. Furthermore, a semi-transparent Cs3Bi2I9 photodetector in self-

powered operation was demonstrated using the interesting electrical and optical properties 

of Au/ITO electrodes [111].  
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Radiation detectors (X-rays, Gamma-ray and nuclear radiations) 

All inorganic Cs3Bi2I9 is a high resistivity material with a large band gap and photoresponse 

with an average atomic number of 57.7 which makes them suitable for radiation detection 

[91]. More importantly, the absence of organic parts makes them durable [91]. The Cs3Bi2I9 

has excellent sensitivity to hard radiations such as X-rays and gamma rays due to the high 

atomic mass of the constituent elements, high density, wide band gap and structural 

anisotropy [34,112]. The centimeter-sized SCs have low trap densities and suppressed ion 

migration which helped design X-ray detectors with a sensitivity of 1652.3 μC Gyair
-1 cm-

2 that detect doses as low as 130 nGyair
-1s-1. These detectors were stable for 13 h of 

continuous operation and stable responses could be observed even at 100℃ [113].  

On the other hand, the organic (CH3NH3)3Bi2I9 single crystals demonstrated excellent 

response to X-ray with a sensitivity of 1947 μC Gyair
-1 cm-2. The response time of 23.3 ms 

and the low detection limit of 83 nGyair s
-1 suggest the potential for high-resolution X-ray 

imaging systems [114]. The 2D layered (NH4)3Bi2I9 single crystal based detectors showed 

a detection limit as low as 55 nGyair
-1s-1 and it was stable for up to 60 days [34]. The 99% 

X-ray attenuation of these SCs (for 0.9 mm of (NH4)3Bi2I9) is far better than Si or 

MAPbBr3-based devices and is very close to CdTe [34]. The mobility-lifetime (μτ) product 

and mobility in parallel direction were 1.1×10-2 cm2V-1 and 213 cm2V-1s-1, whereas, it was 

1.1×10-2 cm2V-1 and 11 cm2V-1s-1 in the perpendicular direction [34]. The parallel direction 

device displayed sensitivity as high as 0.8×104 μC Gyair
-1cm-2 which is three orders higher 

than conventional α-Se detectors [34,115]. However, the lowest detection limit was 

observed in the case of a perpendicular device (803 μC Gyair
-1cm-2) due to the high SNR 

value of 6.5 mm-1 [34]. Further, they have activation energies of 0.72 eV (parallel) and 0.91 

eV (perpendicular) suggesting effective suppression of ionic migration as compared to the 

3D perovskites [34]. 

The Cs3Bi2I9 SC Am@5.49 MeV α-particle detectors performed with an energy resolution 

of 32 % whereas the X-ray detectors had a sensitivity of 111.9 μC Gyair
-1cm-2  [91]. The 

electron mobility and mobility lifetime product calculated were 6.10 cm2V-1s-1 and 

2.03×10-5 cm2V-1 [91]. In another report, the 241Am α-particles (5.5 MeV) interaction with 

mailto:Am@5.49%20MeV
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high-quality crystals of Cs3Bi2I9 and Rb3Bi2I9 showed a good response. The (μτ)e product 

and μe of Cs3Bi2I9 were 5.4 × 10-5 cm2V-1 and 4.3 cm2V-1s-1, whereas its (μτ)h product and 

μh were 1.8× 10-5 cm2V-1
 and 1.7 cm2V-1s-1 [112]. 

Photovoltaics 

Perovskite-derived compounds containing bismuth have a comparatively large band gap 

with good absorption which makes it ideal for tandem solar cells as the top cell [116]. Even 

though much effort was taken to fabricate binary bismuth iodide (BiI3) based solar cells 

(Table 1-6), the highest efficiency achieved so far is only 1.33 % [117]. The solar cell used 

high-quality BiI3 thin films of 1 μm grain size obtained by the iodization of BiSI thin films. 

The device was stable for over 100 days with an 8.1 % decline in PCE [117].  

Table 1-6. The photovoltaic performance of BiI3-based solar cells. 

 

PV structure 

Absorber 

Eg (eV) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

 

Ref. 

glass/FTO/d-TiO2/BiI3/PIDT-

DFBT/Au 
1.8 0.42 1.70 45 0.32 [118] 

Glass/FTO/TiO2/BiI3/V2O5/Au 1.83  5.0 29.9 1.0 [119] 

FTO/c-TiO2/m-TiO2/BiI3/P3HT/Ag  0.17 1.39 30 0.07 [93] 

FTO/c-TiO2/m-TiO2/BiI3/P3HT/  0.28 2.71 45 0.34 [84] 

ITO/SnO2/BiSI/BiI3/organic HTM/Au 1.7 0.33 12.6 29 1.21 [120] 

ITO/V2O5/BiI3/ZnO/Ag 1.83 0.601 5.57 39.8 1.33 [117] 

 

While considering bismuth-based organic and inorganic iodides, the Cs3Bi2I9 performed 

with a 1.09 %  as compared to 0.12 % and 0.003 % for MA3Bi2I9 and MA3Bi2I9Clx [73]. 

Even though the toxicity and stability issues can be solved by developing all-inorganic 

cesium bismuth iodide, their poor performance (Table 1-7) in photovoltaic devices needs 

tremendous attention.  

The highest efficiency reported for the photovoltaic cell purely based on a Cs3Bi2I9 

absorber is 3.2 %. For this, the morphology of the Cs3Bi2I9 thin film was modified to obtain 

ultrathin nanosheets through a recrystallization process by adding DMF drops and with a 

top CuI hole transporting layer [107]. Besides, a mixed-phase absorber layer of Cs3Bi2I9 
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and Ag3Bi2I9 performed better in a solar cell yielding a PCE of 3.59 % [121]. A Cs3Bi2I9 

planar-type solar cell demonstrated 8 % PCE with more than 500 h of stability at 65℃ (RH 

~ 60-70 %) under continuous 1 sun illumination. The excellent crystallinity of these 

DMF+HI derived films may have contributed to the improved efficiency and thermal 

stability [122]. Furthermore, the numerical calculations achieved 13.82 % efficiency for 

1400 nm Cs3Bi2I9-based solar cells with TiO2 as ETL and NiO as the HTL [123]. 

Table 1-7. All-inorganic cesium bismuth iodide based perovskite solar cells. 

PV structure Absorber 

Eg (eV) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF PCE 

(%) 

Ref. 

FTO/c-TiO2/m-TiO2/Cs3Bi2I9/HTM/Ag 2.2 0.85 2.15 0.60 1.09 [73] 

FTO/c-TiO2/m-TiO2/CsBi3I10/P3HT/Ag 1.77 0.31 3.40 0.38 0.40  

[93] 
FTO/c-TiO2/m-TiO2/Cs3Bi2I9/P3HT/Ag  0.26 0.18 0.37 0.02  

FTO/b-TiO2/m-TiO2/ZrO2/ CsBi3I10/C 1.76 0.46 4.75 0.69 1.51 [124] 

FTO/c-TiO2/m-TiO2/ CsBi3I10/TQ1/Ag 1.77 0.54 1.7 0.59 0.55 [125] 

FTO/m-TiO2/Cs3Bi2I9/Spiro-OMeTAD/Au  0.49 0.67 0.636 0.21 [99] 

FTO/c-TiO2/Cs3Bi2I9/CuI/Au  0.86 5.78 0.64 3.20 [107] 

FTO/c-TiO2/Cs3Bi2I9/ Spiro-OMeTAD /Au  0.79 4.45 50 1.77 [107] 

FTO/c-TiO2/Cs3Bi2I9/ PTAA /Au  0.83 4.82 57 2.30 [107] 

FTO/TiO2/Cs3Bi2I9/PTAA/Au 2.1    8.0 [122] 

FTO/c-TiO2/m-TiO2/CsBi3I10/Spiro-

OMeTAD/Ag 

1.78 0.55 4.45 0.42 1.03 [126] 

ITO/NiOX/ Cs3Bi2I9/PCBM/Ag 2.08 0.74 3.42 0.51 1.26 [96] 

AZO/c-TiO2/Cs3Bi2I9/CuSCN/graphite 2.1 0.37 1.43 0.32 0.17 [102] 

FTO/c-TiO2/Cs3Bi2I9-Ag3Bi2I9/PDBD-T/Au  0.60 7.65 78 3.59 [121] 

FTO/c-TiO2/m-TiO2/ Cs3Bi2I9 -KI/C  1.01 3.60 77 2.81 [127] 

 

On the other hand, an extended photoconversion spectrum was observed in the case of 

CsBi3I10 phase (CsI:BiI3 = 1:3) thin films which yielded 0.40 % PCE outperforming the 

Cs3Bi2I9 or BiI3 thin films [93]. The improvements in surface morphology and high 

absorption coefficients of CsBi3I10 as compared to Cs3Bi2I9 had resulted in better charge 

transport and reduced the recombination losses thus yielding better Jsc and FF values to 

obtain the highest 1.51% PCE [124]. Further, the solvent annealed (160℃) CsBi3I10 thin 

films have demonstrated a hysteris-free reproduceable PCE of 1.01% with good stability. 
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The relatively lower charge carrier density and the poor conductivity of mobile charge 

carriers due to the depletion width are proposed for the poor performance of the device 

[126]. 

Light emitting diodes 

The Cs3Bi2I9 quantum dots have also demonstrated appreciable photoluminescence 

quantum yield of up to 2.3 % [128]. However, other halides such as Cs3Bi2Cl9 and 

Cs3Bi2Br9 yielded better PLQYs as compared to iodides. The nanocrystals of Cs3Bi2Br9 

displayed a photoluminescence quantum yield of 0.2% which was improved to 4.5% by 

using oleic acid as a surfactant to passivate the trap states [129]. Employing 

octylammonium bromide and oleic acid as ligands, 22% PLQY was achieved with 

Cs3Bi2Br9 quantum dots that were also stable at 180℃. In addition, the Cs3Bi2Cl9 QDs 

prepared in the same method had a PLQY of 62% [128]. 

Photocatalysis 

Cs3Bi2I9 has also demonstrated photocatalytic activity in efficiently reducing Rhodamine 

B (RhB) by 93% after 180 minutes of visible light irradiation [130]. The charge separation 

and carrier transport were improved by depositing Cs3Bi2I9 over a graphitic carbon nitride 

(g-C3N4) layer to form a composite through the nitrogen-iodine bonds. The band alignment 

between the layers and material interaction enhanced the visible light photocatalytic 

degradation of organic compounds like Rhodamine B, methylene blue and methyl orange 

[131]. Besides, Cs3Bi2I9/Bi2WO6 heterostructures showed strong redox ability in the CO2-

to-CO reduction with a CO yield of 66 μmol g-1 along with water oxidation, while the 

pristine Cs3Bi2I9 yielded 15.2 μmol g-1
 CO after photocatalysis (9 h irradiation) [132]. The 

structures maintained cyclic photocatalytic stability for up to 3 cycles and the material 

retained its initial crystallinity after photocatalytic reduction [132]. 

Valleytronics 

Valleytronics is an energy-efficient information technology that operates at a low electric 

field with no net charge thus not causing ion migration in perovskites due to the electric 
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field. Interestingly, the 2D derivatives of Cs3Bi2I9 with odd layers have shown stable valley 

polarization that can be leveraged in solid-state information devices [94]. 

Electrode applications 

Moreover, Cs3Bi2I9 has been used as an active electrode material in supercapacitors and 

achieved a specific capacitance of 280 Fg-1 and an areal capacitance of 2.4 Fcm-2. The 

device retained 88% of its capacitance values even after 5000 galvanostatic charge-

discharge cycles promising long-term stability [133]. Light-absorbing properties of 

Cs3Bi2I9 were leveraged in bifunctional devices as well. Cs3Bi2I9 nanosheets were used as 

photoelectrodes for rechargeable lead-free perovskite Li-ion batteries. In its first discharge, 

these photo-batteries achieved ~0.43 % of photo-conversion efficiency and under 

illumination, the capacity improved from 410 to 975 mAhg-1 [128,134]. 

Resistive switching Random Access Memory devices 

The iodide vacancy-mediated migration in CsBi3I10  thin films under an electric field can 

offer trapping and detrapping which is utilized in the ReRAM application of the material 

[52]. The ReRAM devices demonstrated significantly high on/off ratios (103), high 

endurance (150 cycles) and reliable retention (104 s) with excellent stability over 60 days 

in ambient conditions (25℃, 60% RH) [52]. Flexible memristors were fabricated from 

ultrathin Cs3Bi2I9 nanosheets with an excellent Ron/Roff ratio of ~103 and data retention for 

more than 104 s at a low voltage of 0.3 V [108]. 

1.4.5. Limitations of 0-D Cs3Bi2I9 in optoelectronic devices 

Even though Cs3Bi2I9 has a band gap of around 2 eV and reasonable absorption 

coefficients, the non-radiative defects and poor photocurrent density limit their 

performance in photodetectors and solar cells [99]. The high Urbach energy explains the 

structural disorder and short-range crystallinity in Cs3Bi2I9 which lead to the smearing of 

local energy bands and high spin-orbit coupling [135]. Besides, the broad 

photoluminescence spectra suggest that small polarons induced from the strong electron-

phonon interactions lead to self-trapped excitons in these materials [92]. The carrier 

interactions with phonons in bismuth-based compounds lead to carrier localization which 
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severely reduces the carrier mobilities (~0.024 cm2/Vs) and significantly limits the extent 

of absorption [136,137]. On the other hand, localized carriers can act as radiative 

recombination centers for luminescence and as phosphors in white light-emitting diodes 

[138]. Cs3Bi2I9 has high exciton binding energy and deep energy defects prohibiting charge 

separation [132]. In addition, the large energy level mismatch with common charge 

transport materials, as seen in Figure 1.7, leads to inefficient interface charge extraction 

[98,136,137].  

 

Figure 1.7. Band level diagram of some A3Bi2I9 compounds with common charge transport layers. 

The limited device efficiencies observed are ascribed to the rapid photocarrier 

recombinations due to the high density of defect states in the material as well as in the 

interfaces. In addition, the rough morphology with pin holes seen in the Cs3Bi2I9 thin films 

might be adding to the deterioration of PSCs. Therefore, advanced techniques are required 

to fabricate dense homogeneous films. Besides, Cs3Bi2I9-based solar cells exhibited J-V 

hysteresis after prolonged storage due to the migration of ions from charge transport layers, 

especially organic HTLs [73]. 

1.4.6. Strategies to improve the performance 

Various strategies to hurdle these limitations were explored by researchers. The passivation 

of intrinsic defects or structural disorder by adding 20% excess of BiI3 in the precursor 
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solution had improved photocurrent density in Cs3Bi2I9 mesoscopic solar cells [99]. 

Applying a mild external pressure to Cs3Bi2I9 led to the contraction of Bi-I bonds and 

reduced Bi-I-Bi angles to overlap atomic orbitals thus increasing the exciton binding 

energy. This enhanced the emission properties with the reduction in band gap from 2.05 

eV (1 atm) to an optimum 1.12 eV at 12.1 GPa. Further compression metalized Cs3Bi2I9 

with a 33Ω measured at 28 GPa [139]. 

Doping or dual cation 

Density functional theory (DFT) calculations suggest a dual cation approach using trivalent 

metals can be employed for engineering the band gap in Cs3Bi2I9. Among many cations, 

the Cs3BiGaI9 (direct Eg: 1.60 eV) and Cs3BiInI9 (1.90 eV) have shown great promise with 

the highest absorption coefficients and comparable transport properties. More reduced 

band gaps by ~0.5 eV were observed using P3̅m1 symmetry [97]. Various cations like Rb, 

K, Cs have been examined at the A cation site in the enneahalogenidometallate phase 

A3Bi2X9 to reveal that the band gaps are insensitive to the A cations. In comparison to the 

lead halides, they have lower VBM levels and require proper HTMs to match the band 

positions to obtain high Voc values. Moreover, the band dispersion is not profound as seen 

in related perovskites. The high DOS along with strong p-character is effective for strong 

light absorption [98]. Partial substitution of Bi3+ with Ru3+  created defects in Cs3Bi2I9 and 

enhanced the electron-phonon coupling to result in narrowed band gap and upshifted band 

structure [100].  

Double Perovskites (Cs2PBiX6) 

Double perovskite structures by considering the two unit cells of ABX3 perovskite to form 

A2PBX6 (A = Cs, P = Ag/Cu/In/Ga, B = Bi/Sb, X =I/Cl/Br) structure by substituting 

heterovalent atoms in the B site is an effective way to preserve the 3-D nature of the 

perovskite structure. The Cs2AgBiBr6 perovskite PD achieves detectivity up to 1.87 × 1011 

Jones with a switching ratio of 1.66 × 104, while the flexible device yields 8.04 × 1011 Jones 

[140]. The device fabricated from Cs2AgBiBr6 single crystals has detected X-rays of a dose 

rate as low as 59.7 nGyair
-1s-1 with a sensitivity of 105 μC Gyair

-1 cm-2 [141]. 
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The performance of double perovskites in solar cell research is given in Table 1-8. 

Cs2AgBiBr6 thin films by ultrasonic spray technique yielded PCE the same as that of the 

spin coating route in solar cells with low hysteresis. The better coverage and uniformity of 

spray-coated thin films and low electron trap density in the intermediate energy levels 

enhanced the Voc from 0.82 (spin) to 1.09 V (spray) [116]. Besides, the electrochemical 

impedance spectroscopy (EIS) suggested that the interfacial recombination rate 

(Cs2AgBiBr6/Spiro-OMeTAD) was higher for the spin-coated films which can increase the 

diffusion current that usually lead to low Voc [116]. Furthermore, the selective contact 

resistance was low for spin-coated devices pointing to better charge collection as compared 

to spray-coated devices [116]. 

Table 1-8. Photovoltaic performance of Cs2AgBiBr6 double perovskites. 

PV structure Absorber 

Eg (eV) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF PCE 

(%) 

Ref. 

FTO/c-TiO2/m-TiO2/Cs2AgBiBr6/Spiro-

OMeTAD/Au 
2.2 0.98 3.93 0.63 2.43 [142] 

ITO/SnO2/Cs2AgBiBr6/P3HT/Au 2.05 1.04 1.78 0.78 1.44 [143] 

ITO/SnO2/Cs2AgBiBr6/Au  0.95 1.50 0.60 0.86  

FTO/TiO2/Cs2AgBiBr6/Spiro-OMeTAD/Ag 1.98 0.87 1.24 0.65 0.70 [144] 

FTO/c-TiO2/m-TiO2/Cs2AgBiBr6/Spiro-

OMeTAD/Au 
1.9 1.09 3.1 0.70 2.3 [116] 

       

FTO/c-TiO2/m-TiO2/Cs2AgBiBr6/Spiro-

OMeTAD/Ag 
2.09 1.02 3.22 0.6932 2.28 [145] 

FTO/c-TiO2/m-TiO2(D149)/Cs2AgBiBr6/Spiro-

OMeTAD/Ag 

 0.73 8.24 0.7032 4.23 [146] 

 

The highest efficiency of 3.11 % was achieved in Cs2AgBiBr6 solar cells by engineering 

the m-TiO2 ETL with methyl trans-32-carboxy-pyropheophorbide-a (C-Chl). Its carboxyl 

group ensured efficient adsorption on m-TiO2 while the conjugated double bonds enhanced 

the extinction coefficient pushing the absorption spectrum to 750 nm [145]. The C-Chl-

based solar cells showed reduced defects and enhanced charge collection suppressing the 

charge recombination. However, they only maintained 90 % of their initial PCE at 25℃ 

after 720 h as compared to the C-Chl-free solar cells that retained 93 % of their initial PCE 

[145]. Later, sensitizing the TiO2 layer with indoline dyes pushed the PCE to 4.11 % for a 
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Cs2AgBiBr6 heterojunction solar cell employing D149 dye. Further on annealing at 200 ℃, 

this was improved to 4.23 % [146]. 

Layered Double perovskites (Cs4PBiX8) 

The wide indirect band gap, large carrier effective masses and parity forbidden transitions 

may again limit the performance of the double perovskites. However, double perovskites 

with a low-dimensional layered structure (Figure 1.8) are a way to tune their electrical and 

optical properties [147]. Unlike the indirect gap of Cs2CuBiBr6, monolayer Cs4CuBiI8 

displayed a direct band gap of 1.54 eV (PBE) which is associated with this reduced 

dimensionality. The material has a hole effective mass of 0.27 m0 along the Γ-X direction 

[147]. 

 

Figure 1.8. The 2-D layered double perovskite structure. 

Dual anion engineering by chalcogenides (Cs-Bi-S/Se/Te-X2) 

On top of the suitable band gap and high absorption properties, a continuous 3-D network 

is another requirement to match the conventional perovskite materials [49]. While 

substituting Pb with Bi in CsPbI3 the 3-D network may be conserved if suitable anion 

substitutions are also made simultaneously. 

Bismuth-based chalcogenide compounds have a highly anisotropic nature with intriguing 

semiconducting properties that can be modified to find applications in thermoelectrics 
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[148–150], photovoltaics [151], γ- ray detection, topological quantum science, second 

harmonic generation, superconductivity, optical data storage and charge density wave 

formation [152]. A large number of ternary and quaternary compounds based on bismuth 

chalcogenides have been realized and studied which belong to A-B-Bi-C systems where A 

= K/Rb/Cs/Sr/Ba/Eu, B = Sn/Pb/Ag/Cd and C = S/Se/Te [148,151,152]. In such 

compounds, the corner or edge-sharing BiC6 octahedra opens possibilities for structure 

designs with mixed cation sites to form tunneled or layered structures depending on the 

composition [152]. The studies on single crystals of 2D quaternary chalcogenides like 

ACdxBi4-xC6 (A=Cs/Rb/K and C=S/Se) and Cs-Ag-Bi-C suggest that they can provide 

distinct directions for ion exchange chemistry that may lead to the realization of novel and 

metastable compounds because of the labile cations in their layers [151,152]. Very 

recently, a 30 nm PV device of AgBiS2 nanocrystals fabricated using cation disorder 

engineering achieved 9.17 % efficiency [153]. 

Table 1-9. The chalcogenide incorporated perovskites. 

PV structure Eg 

(eV) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF PCE (%) Ref. 

FTO/c-TiO2/m-TiO2/PbSe:MAPbI3/Spiro-

OMeTAD/Ag 
1.54 0.94 16.7 0.66 10.44 [19] 

FTO/c-TiO2/m-

TiO2/MASbSI2/PCPDTBT/PEDOT:PSS/Au 
2.03 0.65 8.12 0.585 3.08 [154] 

FTO/c-TiO2/m-TiO2/Ag3BiI5.92S0.04/PTAA/Au  0.57 14.7 0.659 5.56  [137] 

FTO/c-TiO2/m-TiO2/MA3Bi2I9-xSx/Spiro-

OMeTAD/Au 
1.67 0.52 0.58 0.476 0.152 [155] 

 

Thus, band gap tuning with chalcogenides may enhance the optoelectronic properties of 

the conventional metal halide perovskites while preserving the 3D structure of high-

performing MAPbI3 and some of such attempts are given in Table 1-9 [156,157]. The 

higher electronegative anions such as Br-, Cl- will not be able to form high covalency 

chemical bonds with Pb2+ like I. However, the divalent anions in the structure can improve 

the electrostatic interaction with the A cations that are held in the metal halide framework 

leading to enhanced chemical stability in the ambient conditions along with suppressed ion 

migration [19]. Interestingly, the electronegativity of the anions can significantly affect the 

covalent nature of the metal halide framework as well as the carrier lifetimes. The carrier 
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lifetime can be lower in the presence of higher electronegative anions, such as S2- and Se-

2, in the structure [19]. 

While considering a split anion approach in the computational calculations, the 

chalcogenide incorporation resulted in a narrow band gap in I-III-VI-VII2 materials. From 

the HSE+SOC calculations, they obtained a band gap of 1.38 eV for CH3NH3BiSI2, which 

demonstrated stronger absorbance than CH3NH3PbI3 below 3 eV. This reduced band gap 

compared to CH3NH3PbI3 is a result of the hybridization of S 3p with I 5p states in the 

VBM and Bi 6p in the CBM [156]. Besides, sulfur incorporation into CsSnI3 can lead to 

the CsSnS2Cl structure with an Sn4+ state. This distorted perovskite structure with I4/mcm 

symmetry has a calculated indirect band gap of 0.98 eV. Unlike other indirect solar 

absorbers, the CsSnS2Cl shows a sharp increase in absorption at the band gap which might 

be due to the relatively large density of states at the VBM. Besides, the compound has a 

direct band gap of 1.11 eV at the Γ-point whereas for Si it is 3.34 eV  [156]. 

In the reported studies, the sulfur-doped MBI thin films by a solvothermal method followed 

by post-annealing (80-150 ℃) could reduce the band gap from 2.04 eV to 1.45 eV [157]. 

Further, the Se incorporation into the MAPbI3 by using 10 wt.% PbSe had enhanced its 

conductivity while the stability was improved by 140 times. The Se-doped films were 

treated at 100 % RH and 40 ℃ for 72 hours of accelerated aging and found to be stable as 

compared to the completely degraded pristine MAPbI3 films [19]. The S-incorporated 

MASbSI2 thin film based solar cells demonstrated a PCE of 3.08 %. with 15-day stability 

in PV structure retaining 90 % of its PCE in 60% (25℃) humidity[154]. Besides, uniform 

and dense MA3Bi2I9-2xSx thin films showed a band gap of 1.67 eV with low trap state 

density (1.9×1016 cm-3) which demonstrated a PCE of 0.152 % in solar cell structures [155]. 

On the other hand, AgaBibIa+3b-2xSx thin films were obtained by the incorporation of S into 

all inorganic perovskite AgaBibIa+3b by spin-coating. The band gap was observed to be 

narrowing to 1.76 eV from 1.87 eV due to the upshift of the valence band edge. The solar 

cells achieved a maximum PCE of 5.56 % (0.16 cm2) and 4.6% (1.02 cm2) for 4 at.% S-

doped Ag3BiI5.92S0.04 absorber layer with band gap ~1.78 eV [137]. 
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Heterostructures 

Heterostructures with 2D materials of excellent transport properties can improve the 

optoelectronic performance of the Cs3Bi2I9, for example, the dark current was suppressed 

in MoS2/Cs3Bi2I9 and graphene/Cs3Bi2I9 photodetectors as compared to Cs3Bi2I9 

photodetectors [110]. Besides, the Cs3Bi2I9 nanocrystals grown on ultrathin bismuth 

tungsten oxide nanosheets (Cs3Bi2I9/Bi2WO6) demonstrated enhanced contact and strong 

electron coupling which promoted interface charge transfer resulting in a fourfold increase 

in the photocatalytic activity for the CO2 to CO conversion compared with pristine Cs3Bi2I9 

nanocrystals [132]. 

1.5. Ultrasonic Spray Deposition 

It is especially important to find low-cost scalable production routes for optoelectronic 

devices while considering commercialization. The perovskite thin films can be deposited 

by solution-based cost-effective deposition techniques like slot-die coating, blade coating, 

inkjet printing, meniscus coating, screen printing, electrodeposition and spray pyrolysis 

[26]. Among them, the simple and high-throughput spray pyrolysis technique can be used 

for effective area-selective deposition with efficient material utilization. Spray coating or 

spray pyrolysis is a processing technique that uses a fine mist of the precursor solution 

containing the desired elements to deposit higher-density thin films on the surface of a 

heated substrate [158]. 

1.5.1. Mechanism of thin film formation 

Generally, the mechanism of thin film formation during spray deposition can be explained 

through the following  stages: 

(i) Ultrasonic nebulization process: 

The high frequency ultrasound generated by the ultrasonic nebulizer is passed through the 

precursor solution, impinging on a liquid-gas interface, which forms an aerosol of micron-

sized liquid droplets. The distribution of droplets, the droplet diameters and velocity of 

aerosols, are controlled by the ultrasonic nebulization process. The ultrasonic nebulization 

process is best described by the capillary wave mechanism (capillary waves are waves 
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propagating through the interface between two fluids) and the aerosol formation is a 

consequence of momentum transfer as described in Figure 1.9 [159]. It was Faraday who 

discovered the existence of capillary waves on the surface of a fluid when it is supported 

by a vibrating solid. Therefore, they are often referred to as faraday waves [160]. The liquid 

droplets are generated when the amplitude of these surface capillary waves is large enough 

to break the crests off as depicted in Figure 1.9. Further, Kelvin formulated the relation 

between capillary wavelength (𝜆), fluid depth (ℎ), surface tension (𝜎), fluid density (𝜌), 

and frequency (𝑓) of the standing waves as given in equation (1.1) [159], 

λ [tanh (
2πh

λ
)]

−1/3

= (
2πσ

ρ𝑓2
)

1/3

                                        (1. 1) 

For a deep liquid layer, we can consider tanh(2πℎ/λ) = 1, since ℎ/𝜆 ≫ 1. Here, the 

frequency 𝑓 of the standing waves is half the excitation frequency (𝐹), (𝑓 = 𝐹/2), just like 

in many other oscillators.  

The capillary wave mechanism proposes the dependence of droplet size on capillary 

wavelength which in turn is dependent on the frequency of standing waves. It was R. W. 

Wood and A. L. Loomis described the droplet formation using ultrasound in 1927 [161], 

and Lang experimentally established the relationship between average droplet size (𝐷𝑎𝑣𝑔) 

and ultrasonic frequency through the relation in (1.2)  [162], 

𝐷𝑎𝑣𝑔 = 𝜅𝜆 = 𝜅  (
8𝜋𝜎

𝜌𝐹2
)

1/3

                                         (1. 2) 

𝜎 = liquid surface tension (Nm-1) 

𝜌 = solution density (Kgm-3) 

𝑓 =  𝐹/2 = ultrasonic frequency (MHz) 

The value of 𝜅 was determined experimentally for droplets produced by ultrasound of 10-

800 kHz by Lang, whereas it was corrected to 0.96 by Yasuda et al. for MHz ranges [163]. 
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Figure 1.9. (a) Standing capillary waves of wavelength λ. When the amplitude rises above a 

specific threshold, equal-sized ligaments form, which causes monodisperse droplets of size d~λ to 

break apart. (b) A perturbed system resulting in large variations in the wavelengths and amplitudes 

of capillary waves. The average ligament roughness and size distribution leading to a wider range 

of droplet sizes. (c) Superposition of Faraday waves with larger waves of wavelength similar to 

that of chip material’s wavelength which initiate breakup of the smaller superposed capillary waves  

| Permission by open access [159]. 

(ii) Droplet transport and solvent evaporation: 

The ultrasonically generated droplets of reaction precursors thus become individual 

chemical microreactors as they are carried by gas flow onto a heated substrate where 

reactions occur. It is desirable for most of  the droplets to reach the substrate surface and 

spread to form the film. During this flight of droplets in the aerosols, they may undergo 

coalescing, spreading, or receding [164]. It is more likely that they interact with the other 

droplets, the carrier gas and the spraying atmosphere by exchanging heat and energy. These 

processes involved in droplet transport relates to the distance between nozzle and substrate, 

droplet size, spray rate and precursor concentration. For the spray deposition with large 

nozzle to substrate distance and large number of smaller droplets will accelerate these 

interactions due to the large surface area of the droplets. 

In addition, the droplets undergo evaporation in flight that creates a concentration gradient 

which can lead to surface precipitation when the concentration exceeds solubility limit. As 

a consequence, porous crust and hollow particles are formed that result in increased film 

roughness. Moreover, If the precursor concentration is high or the carrier gas flow-rate is 

low, then solid particles can be formed in a heated atmosphere. However, if the aerosol 

contains large number of smaller droplets, then the carrier gas will constitute more solvent 
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vapor and the solute diffusion length will be short. This can lower the evaporation rate and 

the precipitation will be delayed [165]. 

(iii) Droplet spreading and diffusion of reactants on the substrate surface: 

As the droplets reach the heated substrate surface, a number of processes take place 

simultaneously. The spreading of the droplets, diffusion and reaction of the constituent 

elements, evaporation of the solvent, nucleation and crystallization all together lead to the 

final thin film of the desired compound. 

(iv) Escape of any volatile product: 

Evaporation of volatile solvent can be followed by chemical reactions either of the 

remaining solid or, in the presence of high boiling co-solvents or molten salts, in 

submicron-sized liquid droplets. Such reactions can occur in the interior of the droplet or 

on the droplet surface [159]. 

(v) Nucleation and crystallization: 

When the solvent starts to evaporate from the preheated substrate surface, nucleation of the 

compound initiates and further to crystallization. Here, the solvent evaporation rate and 

crystallization rate have a drastic effect on the properties of the thin films and therefore 

must be balanced by optimization depending on the application under focus. 

The various stages of thin film formation are influenced by the different spray parameters 

such as type of solvent, substrate temperature, spray rate, the concentration of the precursor 

solution, number of depositions, etc. The quality, in terms of uniformity and adherence, 

and thickness of the thin films can be controlled by optimizing these important parameters. 

Further, fine-tuning of these parameters can be used to change the structure, morphology 

and optoelectronic properties of thin films. 

1.5.2. Spray deposition for perovskite thin films 

Researchers have employed ultrasonic spray deposition for fabricating perovskite layers in 

various optoelectronic devices such as photodetectors, solar cells and LEDs. using solvents 

like DMF, DMF:DMSO [26] and DMF:GBL [166]. The spray technique enables a fast 

crystallization of the perovskite film without disturbing the underlying layers which widens 
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the window for various device architectures such as graded multilayer perovskite 

photodetectors (PPDs) [26], perovskite light-emitting diodes (PeLEDs) [167], tandem solar 

cells [168] and even devices on nonplanar surfaces [169]. The underlying mechanism of 

perovskite layer growth during the spray deposition technique is as follows. At the initial 

stage of spray deposition, the fast solvent evaporation and crystallization lead to smaller 

perovskite grains which are soaked and recrystallized by the subsequent depositions to 

grow into larger crystallites. If the inward flow of solution (fin) is smaller than the outward 

flow of solvent vapor (fout) then the solution undergoes fast crystallization without 

dissolving the previous deposition whereas when fin is large, then the solvent is not entirely 

evaporated and results in dewetting [166]. 

Particularly, ultrasonic spray deposition has been employed for depositing the active 

CH3NH3PbI(3−x)Clx layer in planar heterojunction perovskite solar cells [166,170–172]. 

Most interestingly, fully sprayed ITO/SnO2/CH3NH3PbI(3−x)Clx/spiro-OMeTAD/Au solar 

cells demonstrated power conversion efficiency as high as 19.6 % [170]. The 3.9 μm thick 

CsPbI2Br layer deposited via spray method for a narrow band photodetectors yielded a 

specific detectivity of 2.43 ×1010 Jones at 655 nm [25]. The graded triple cation perovskite-

based self-powered PDs developed by spray coating demonstrated excellent detectivity of 

2.44×1012 cmHz1/2W-1 and responsivity of 0.2588 AW-1 for broadband detection [26]. 

Recently, stacked (PEA)2(MA)n-1PbnIn+1Br2n (n=∞/n=50) a 3D/quasi-2D perovskite double 

layer deposited via a sequential spray deposition demonstrated better stability and 

efficiency as compared to the single junction 3D perovskite [168]. 

1.6. Prospects of bismuth halides: perovskites and beyond 

The search for lead-free stable perovskite materials has led to semiconductors beyond 

perovskite structure with prospects for other optoelectronic applications. Among them, the 

realization of a wide band gap (2.06 eV) Cu2AgBiI6 with high absorption coefficients (~105 

cm-1) is particularly interesting [173,174]. It has an exciton binding energy of 25 meV, a 

charge carrier mobility of 1.7 cm2V-1s-1 and a photoluminescence lifetime of 33 ns [174]. 
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1.7. Goal of the research 

The current research focusses on the development of non-toxic and stable Cs-Bi-halide 

perovskite thin films by a scalable and simple ultrasonic spray pyrolysis technique and 

engineer their optoelectronics by incorporating sulfur or noble metals to solve the current 

limitations faced by the material in their applications.
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HYPOTHESIS 
 

Perovskite-inspired and lead-free cesium bismuth iodide (Cs3Bi2I9) thin films with tunable 

properties are formed by ultrasonic spray deposition technique for optoelectronic 

applications.
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OBJECTIVES 
 

 

General Objective: 

To explore the potential of cesium bismuth iodide thin films fabricated by ultrasonic spray 

deposition technique for optoelectronic applications. 

 

Specific Objectives. 

▪ Setting up an automated ultrasonic spray deposition system for large-area 

deposition of thin films in atmospheric conditions. 

▪ Begin density functional theory calculations on various Bi-based perovskite 

systems. 

▪ Determination of equipment conditions to form uniform films by 

fabricating BiI3 thin films. 

▪ Optimization of spray parameters such as substrate temperature, spray rate 

and spray duration for uniform  Cs3Bi2I9 thin films with pure phase. 

▪ Explore the deposition technique by using non-toxic solvents.  

▪ Incorporation of sulfur into the Cs3Bi2I9 films and exploring its 

optoelectronic properties. 

▪ Fabrication of device structures based on the interesting properties 

demonstrated by the films.
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JUSTIFICATION 
 

The search for better stable and non-toxic perovskite materials through computation and 

experiments had created a pool of novel materials that require further detailed 

investigations to understand their optoelectronics and compare them with their unstable 

and toxic counterparts. Among them, Bi-based compounds are of particular interest, 

especially, Cs-Bi-halide systems, due to their excellent stability and non-toxic nature. The 

p-type all inorganic lead-free perovskite (ALP), Cs3Bi2I9 has a hexagonal structure 

composed of Bi2I9
3- formed by the face-sharing octahedra. This leads to a 0-D structure in 

contrast to the 3-D structure of well-performing Pb-based perovskites. Besides, various 

experimental and theoretical studies so far have demonstrated an indirect band gap in the 

range of 1.9-2.3 eV. They have a high exciton binding energy of 270 meV and have 

absorption coefficients in the order of 105 cm-1. 

Most investigations focus on Cs3Bi2I9 single crystals or spin-coated thin films, which 

constricts the production approaches for these materials and reduces their scalability. Since 

Cs3Bi2I9 is a stable compound, it can be fabricated at high substrate temperatures under 

atmospheric conditions, and the ultrasonic spray deposition is a great tool for scaling up 

production and examining the impact of different deposition pathways to get beyond the 

material's current limits. 
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CHAPTER 2 

2. EXPERIMENTAL METHODS 
 

 

 

2.1. Introduction 

Computational calculations are a great tool in this new era of materials science which can 

give in-depth information on properties of interest to make choices from a vast pool of 

possible materials and experiments to start with, saving a lot of time and energy. Besides, 

the data from these calculations can be used to understand and explain various 

optoelectronic phenomena demonstrated by the materials. The optoelectronic performance 

of semiconductor thin films in devices is directly related to their basic structural, 

morphological, compositional, optical, and electronic properties. Various characterization 

techniques and the corresponding equipment used to investigate these properties are briefly 

described in this chapter along with the computational parameters and the process flow in 

the calculations. 

2.2. Computational methods 

2.2.1. Density functional Theory (DFT) 

Density functional theory calculations are based on the idea that the total energy of an 

atomistic system, such as a solid, surface or molecule, depends fundamentally on the 

ground state electron density of the system. The remarkable theorem formulated by 

This chapter describes the processes and methods followed for computational 

calculations, thin film deposition, post- deposition treatments, device fabrication and 

characterization. 
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Hohenberg & Kohn and Kohn & Sham explains the total energy (𝐸) as a function of its 

electron density defined at each point 𝒓, (𝜌 = 𝜌(𝒓)) [175,176]. 

𝐸 = 𝐸(𝜌) = 𝐸[𝜌(𝑟), {𝑅𝛼}]                                           (2. 1) 

Where the {𝑅𝛼} is the set of atomic positions in the system (𝛼) under consideration. 

On the other hand, Slater’s ideas of electron gas to simplify the widely used Hartree-Fock 

exchange led to ad hoc 𝑋𝛼 methods contributing to the development of electronic structure 

calculations. Later other simplifications in the scattered-wave method with ab initio 

character were also combined into the 𝑋𝛼 methods.  

The present-day hybrid functional calculations have an ab initio character which include 

wavefunctions based Hartree-Fock concept and DFT. Evidently, solving the Kohn-Sham 

expression can predict the equilibrium state of a system, the nature of surfaces and 

adsorption phenomena which are fascinating in materials research. 

Vienna Ab initio Simulation Package or VASP is a computer program that uses 

approximations to solve many-body Schrödinger equation within the density functional 

theory (DFT) or Hartree-Fock (HF) approximation as well as hybrid calculations including 

HF approximations and DFT. Here, the plane wave basis sets are used to represent ground 

state electronic charge density and local potentials. The interactions of electrons with ions 

are defined by pseudopotentials or the projector-augmented-wave method. Further, for 

ground electronic state determination iterative matrix diagonalization techniques such as 

residual minimization methods are employed. Materials design is a software platform for 

VASP calculations that provide a better user interface with default parameters and 

potentials. 

2.2.2. DFT calculations using MedeA-VASP 

The process flow of VASP calculations for structure optimization and electronic structure 

calculations are given in Figure 2.1. Initially, the hexagonal Cs3Bi2I9 structure was relaxed 

by optimization using the density functional theory via VASP electronic structure method 

available with the MedeA software package [177–179]. Here, we considered the Purdew-

Burke-Ernzerhof for solids (PBEsol) exchange correlation functional in the generalized 
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gradient approximation (GGA) for representing the electron-nuclei and electron-electron 

interactions [180]. The projector augmented wave (PAW) potentials for GGA available 

with MedeA was used while keeping a planewave cutoff of 500 eV to relax all the structural 

parameters [181]. 

 

Figure 2.1. The process flow of VASP calculations. 

Following a convergence test, the k-mesh for SCF in Brillouin zone was set to 7×7×3 using 

the Monkhorst-Pack method with origin forced at the Γ-point. This corresponds to a finer 

k-spacing of 0.125×0.125×0.099 Å-1 for accurate calculation of total energies, forces and 

stress tensors etc. The convergence for ionic relaxation was 0.01 eV/Å, which is the upper 

limit for residual forces between the atoms. Parallelly, the electronic iterations convergence 

was set to 1×10-6 eV using normal (blocked Davidson) algorithm and real space projection 

operators. For the integration of electronic density of states, the tetrahedron with Blöchl 

corrections to the energy scheme was employed which uses a tetrahedra decomposition of 

the Brillouin zone and an approximated linear interpolation for the integration.  

Later, the optimized structure was used for the calculation of  band structure and electronic 

density of states for which the planewave cutoff was 300 eV and k-mesh was 7×7×7. 
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2.3. Experimental 

2.3.1. Ultrasonic Spray Deposition (USD) 

The spray pyrolysis technique is a simple and scalable thin film deposition method with 

efficient material utilization and high throughput [158]. This technique involves spraying 

a fine mist of precursor solution containing the desired elements onto a heated substrate to 

deposit high-density thin films as illustrated in Figure 2.2. Due to their resemblance to 

spray painting in the automobile industry, the technique is commercially scalable and 

continuous. A wide range of solvents can be utilized in this solution-based technique given 

they can dissolve the desired chemicals. Besides, a variety of substrates including non-

planar substrates can be employed for thin film deposition. Precursor solutions of low 

concentration and control over the spraying area helps in low and efficient material 

utilization. The technique has excellent control over stoichiometry which makes it highly 

useful in doping and fabricating composite thin films. In addition, the influence of various 

spray parameters on the thin film properties can be explored for specific applications. 

Furthermore, they are an efficient tool in fabricating graded thin films and tandem devices 

[182,183]. 

 

Figure 2.2. The schematic representation of an automated ultrasonic spray pyrolysis system. 
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The precursor solution is converted to mist or aerosols by different types of 

atomizers/nebulizers such as pneumatic, ultrasonic, or electrostatic. The pneumatic 

nebulizer uses a stream of compressed air to break down the solution into fine droplets 

whereas the ultrasonic nebulizer atomizes the precursor solution with short wavelengths 

produced by ultrasonic frequencies. The electrostatic nebulizer works with strong electric 

fields to create spray droplets. 

The spray pyrolysis technique was developed by R R Chamberlin and J E Hill in 1964 for 

depositing conductive films [184,185]. Different types of spray techniques are ultrasonic 

spray technique, Electric field assisted spray, Hand spray coating, Air assisted spray 

coating and megasonic spray. Among them, the ultrasonic method has high energy 

efficiency and is reasonably economic. The controlled inherent low velocity of aerosols 

facilitates uniform deposition of thin films especially, without disturbing the underlying 

layer in the case of heterostructures or tandem devices. Besides, a large number of smaller 

droplets prevents the formation of hollow particles during transport [165]. 

 

Figure 2.3. The schematic diagram of ultrasonic nozzle for generating spray. 

The ultrasonic spray deposition utilizes an ultrasonic nebulizer or nozzle to generate a fine 

mist of uniform micron-sized droplets as seen in Figure 2.3. A thin, flexible polymer film 

(e.g., polyethylene, polypropylene, or polytetrafluoroethylene) is used at the base of the 

reactor reservoir to separate the precursor solutions from the ultrasonic transducer. This 

configuration allows ultrasound to be effectively transmitted through the polymer 

membrane into the precursor solution allowing nebulization to occur while sequestering 
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the solution under an inert or reactive gas. The nebulization vessel is fitted with a gas 

stream to carry the aerosol to the substrate surface. 

2.3.2. Ultrasonic spray deposition equipment 

The equipment CY-USP130-A used in this work was purchased from Zhengzhou CY 

Scientific Instrument Co., Ltd., China which is shown in Figure 2.4 [186]. The equipment 

uses a 130 W ultrasonic sprayer of 40 kHz which is attached to a nozzle stroke that can 

move in both x- and y- axis up to 190 mm. The speed of the movement can be regulated 

between 10-180 mm/s. The substrate heater plate has 150×150 mm area that can be heated 

up to 500 ℃ with the help of AI-PID temperature controller. A peristatic pump can control 

the flow rate of the solution in between 0.006 – 41 ml/min into the ultrasonic head from a 

dispensing tank with a capacity of 50/250 ml. Most importantly, all other parameters can 

be automated by an available program in the attached PC.  

  

Figure 2.4. The ultrasonic spray pyrolysis equipment (CY-USP130-A) for the deposition of thin 

films. 
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2.4. Sample preparation and post deposition treatments 

2.4.1. Synthesis of bismuth iodide powder  

1 M bismuth nitrate (𝐵𝑖(𝑁𝑂3)3, 394.99 gmol-1) and 3 M potassium iodide (𝐾𝐼, 166.0028 

gmol-1) are prepared in 50 ml deionized water. The two solutions were then mixed and 

stirred well to yield BiI3 precipitate based on the following reaction, 

3 𝐾𝐼 (𝑎𝑞) + 𝐵𝑖(𝑁𝑂3)3 (𝑎𝑞) = 𝐵𝑖𝐼3 (𝑠) + 3 𝐾𝑁𝑂3 (𝑎𝑞)                     (2. 2) 

 

Figure 2.5. The laboratory synthesized bismuth iodide (BiI3) powder. 

The precipitate is filtered out and washed several times with deionized water. Then, it is 

dried in a hot air oven for 1 h at 120 ℃. Finally, it is grinded well to obtain the BiI3 powder 

as seen in Figure 2.5 [187]. 

2.4.2. Bismuth iodide thin film 

 

Figure 2.6. The ultrasonic spray deposition of BiI3 thin films. 

The BiI3 thin films were obtained after several parameter optimizations of the ultrasonic 

spray deposition technique, as illustrated in Figure 2.6. Initially, the glass substrates were 
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heated on a substrate heater and then a 0.01 M BiI3 solution (147 mg in 25 ml) in ethanol 

was sprayed at a spray rate of 0.6 ml/min for 20 mins (20 depositions). The current supply 

to the ultrasonic nozzle was set to 0.05 A. The compressed air at 0.1 MPa was used to shape 

and carry the spray generated by the nozzle to the heated substrate surface. The spray head 

covers an area of 150 ×100 mm2 with its movements along the x-axis and y-axis at a speed 

of 50 mm/s and 20 mm/s, respectively. The parameters for the BiI3 thin film deposition by 

ultrasonic spray deposition are summarized in Table 2-1. 

Table 2-1. The optimized spray parameters for BiI3 thin film deposition. 

Substrate temperature 150 ℃ Number of depositions 20 

Spray rate 0.6 ml/min Duration of deposition 20 minutes 

Nozzle current 0.05 A Air pressure 0.1 MPa 

Solvent Ethanol Precursor concentration 0.01 M 

 

Further, the influence of substrate temperature on the properties of spray-deposited BiI3 

thin films was investigated. Thin film samples fabricated at various substrate temperatures 

are labeled as given in Table 2-2 and the corresponding results are discussed later in section 

4.4. 

Table 2-2. The labels of BiI3 thin films deposited at various substrate temperatures. 

Substrate temperature 75 ℃ 100 ℃ 125 ℃ 150 ℃ 175 ℃ 200 ℃ 

Sample label BI75 BI100 BI125 BI150 BI175 BI200 

 

2.4.3. Single-step deposition of Cs3Bi2I9 thin films using DMF 

In a single-step spray deposition of Cs3Bi2I9 thin films, as shown in Figure 2.7, dimethyl 

formamide (DMF) was used as the solvent. DMF has a high boiling point of 153 ℃ and is 

considered a universal solvent that can effectively dissolve iodide salts. While using DMF, 

our approach was to obtain uniform Cs3Bi2I9 film in a short time by using higher molarity 

precursor solutions. 
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Initial experiments 

 

Figure 2.7. Single-step spray deposition and in situ crystallization of Cs3Bi2I9 thin films. 

 

To understand the influence of various deposition parameters on the film growth and 

properties, we varied substrate temperature, concentration, spray rate and the number of 

depositions. Initially, the substrate temperature was varied from 175 to 250 ℃ in steps of 

25 ℃. All other parameters were kept the same as described in section 2.4.2. Here, the CsI 

concentration was 0.015 M (97.4 mg in 25 ml) maintaining the stoichiometric ratio of BiI3 

to CsI in the solution as 2:3.  

Table 2-3. The parameters optimized in the initial experiments and the corresponding sample 

names. 

Optimized spray 

parameters 

Substrate 

temperature 

Precursor 

concentration 

(BiI3/CsI) in Molar 

Spray 

rate 

(ml/min) 

Number of 

depositions 

Parameter values and 

corresponding sample 

name 

175, 200, 

225, 250 ℃ 

0.01/0.015 (M) 

0.005/0.0075 (M/2) 

0.0025/0.00375 (M/4) 

0.00125/0.00187 

(M/8) 

0.1 

(SR0.1) 

0.3 

(SR0.3) 

0.9 

(SR0.9) 

40 (d40) 

50 (d50) 

60 (d60) 

 

Further, keeping substrate temperature at 200 ℃, the molarity of BiI3 was lowered from 

0.01 M to 0.00125 M. Afterwards, the spray rate was varied as 0.1 ml/min (SR0.1), 0.3 

ml/min (SR0.3), and 0.9 ml/min (SR0.9). In this experiment, the concentration of BiI3/CsI 
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was maintained at 0.005/0.0075 M. Later, the number of depositions was increased to 40, 

50 and 60 depositions for better coverage. Here, the other parameters, such as substrate 

temperature, concentration and spray rate, were kept at 200 ℃, 0.005 M/0.0075 M and 0.3 

ml/min, respectively, based on the previous depositions. The various thin film samples 

prepared for the optimization of different spray parameters and the labels used for the 

discussion are given in Table 2-3. 

Concentrated precursor solution for Cs3Bi2I9 deposition 

Here, a concentrated precursor solution was prepared by dissolving 0.368 g of bismuth 

iodide (0.1 M, BiI3, section 2.4.1) and 0.244 g of cesium iodide (0.15 M, CsI, Aldrich, 99.9 

%) in 6.25 ml DMF by stirring for 1 h at 60 ℃. 4 ml of this solution after filtering was 

sprayed onto heated glass substrates at 0.3 ml/min in 10 depositions. The substrate 

temperature was varied as 150, 200, 225, 250, 275, 300, 325, 350 and 400 ℃ and the other 

parameters are summarized in Table 2-4. The influence of temperature on the Cs3Bi2I9 film 

properties is discussed in section 5.3. 

Table 2-4. The spray parameters for the deposition of Cs3Bi2I9 thin films using DMF solvent. 

Substrate temperature Varied Number of depositions 10 

Spray rate 0.3 ml/min Duration of deposition 10 minutes 

Nozzle current 0.05 A Air pressure 0.1 MPa 

Solvent DMF Precursor concentration (CsI/BiI3) 0.15/0.1 M 

 

2.4.4. Two-step deposition of Cs3Bi2I9 thin films using ethanol 

The ethanol is used as a solvent in the deposition of BiI3 thin films and its conversion to 

Cs3Bi2I9 thin films by a reactive spray deposition using a CsI solution. Ethanol has a boiling 

point of 78 ℃ and can have limited solubility for iodide salts. Therefore, low-concentration 

solutions of BiI3 and CsI are used in this method. 

BiI3 layer deposition 

The BiI3 layer was deposited using the spray parameters mentioned in section 2.4.2 and 

Table 2-1. The number of depositions were varied according to various experiments. 
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Figure 2.8. Two-step spray deposition of Cs3Bi2I9 thin films. 

CsI layer deposition 

The 0.015 M CsI precursor solution was prepared by dissolving cesium iodide (CsI, 

Aldrich, 99.9 %) in a solvent mixture of 1 ml deionized water and 24 ml ethanol. The spray 

parameters for the CsI layer were kept the same as that of BiI3 film deposition, as given in 

Table 2-1. 

2.4.5. Cs3Bi2I9 thin films using acetone 

The precursor solution was prepared by dissolving 0.147 g (0.005 M) BiI3 and 0.033 g 

(0.0025 M) CsI in acetone. The solution was stirred for 2 hours for better dissolution of the 

salts. For the deposition of thin films, the precursor solution was sprayed using an 

ultrasonic nozzle (0.07 A) and compressed air at 1 ml/min onto the cleaned glass substrates 

kept at 200 ℃ for 120 times over an area of 150×100 mm2. 

Table 2-5. The spray parameters for Cs3Bi2I9 thin film deposition using acetone solvent. 

Substrate temperature 200 ℃ Number of depositions 120 

Spray rate 1 ml/min Duration of deposition 120 minutes 

Nozzle current 0.07 A Air pressure 0.1 MPa 

Solvent Acetone Precursor concentration (CsI/BiI3) 2.5/5 mM 
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2.4.6. Bismuth sulfide thin film 

The precursor solution was prepared by dissolving 0.0788 g of bismuth chloride (BiCl3, 

Aldrich) and 0.150 g of thioacetamide (CH3CSNH2, Aldrich) in 50 ml acetone. The 

solution is ultrasonically sprayed at a spray rate of 1 ml/min onto the glass substrate 

maintained at 200 ℃. The spray deposition was continued ten times over the same area to 

obtain uniform films. All other parameters were the same as in other depositions described 

in Table 2-5. The study on the various properties of Bi2S3 thin films is discussed in detail 

in section 7.2. 

2.4.7. Cs3Bi2I9:Bi2S3 composite thin films 

 

Figure 2.9. The ultrasonic spray deposition of Cs3Bi2I9:Bi2S3 thin films. 

The precursor solution was prepared by dissolving 0.13 g of cesium iodide and 0.59 g of 

BiI3 into 200 ml acetone and stirring for 1 hour. Further, thioacetamide (CH3CSNH2, 

Aldrich) was added to this solution to study the effects of sulfur incorporation. The 

thioacetamide concentration in the precursor solution varied from 0.005, 0.01, 0.03 and 

0.05 M. The deposition was carried out at 200 ℃ at a spray rate of 1 ml/min. The spray 

deposition was repeated 120 times over the same area to get sufficient thickness for the 

thin films as illustrated in Figure 2.9. The thin film samples with different thioacetamide 
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concentrations are labeled as given in Table 2-6 and the results are discussed in section 

7.3.  

Table 2-6. Sample names with thioacetamide concentration. 

Thioacetamide concentration 0 0.005 M 0.01 M 0.03 M 0.05 M 

Sample name pCBI TA05 TA1 TA3 TA5 

2.4.8. Post-deposition thermal treatments 

Rapid Thermal Processing 

Rapid thermal processing of the BiI3 films at high temperatures (300, 400 and 500 ℃ for 

20 s) were performed using the RTP system (Ecopia RTP-1300) displayed in Figure 2.10a 

in a vacuum of 8 - 12 mTorr. 

Conventional low vacuum annealing 

A VBF-1200X, MTI corporation furnace, shown in Figure 2.10b, which can maintain a 

low vacuum in the order of ~10-2 torr was used for the thermal treatments. 

 

Figure 2.10. (a) The rapid thermal processing system and (b) the conventional low vacuum 

annealing oven. 

2.5. Characterization techniques and analysis methods 

2.5.1. X-ray diffraction (XRD) 

X-ray diffraction analysis is a crystallographic technique used to determine the crystallinity 

and the atomic/molecular structure of materials. The specific atomic arrangements in 
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crystalline materials will diffract an incoming monochromatic X-ray in different directions 

which is assessed to picture the electron densities and thereby mean positions of the atoms 

in the crystal. 

 

Figure 2.11. PANalytical EMPYREAN diffractometer for X-ray diffraction studies. 

Here, we employed a PANalytical EMPYREAN diffractometer, shown in Figure 2.11, 

equipped with Cu Kα radiation (λ=1.5406 Å) for the X-ray diffraction measurements. The 

measurements were carried out in atmospheric conditions mostly in the 2θ range of 5 – 

60°. The current and voltage at which the X-ray source worked was 40 V and 40 mA 

respectively. 

The average crystallite size (𝐷) can be determined from the diffraction data using the 

Scherrer equation (2.3) [188], 

𝐷 =
𝐾𝜆

𝛽𝐶𝑜𝑠𝜃
                                                                   (2. 3) 

Where 𝐾 is the crystallite-shape factor (~0.9 for spherical), 𝜆 is the wavelength of Cu Kα 

radiation (1.5406 Å), 𝛽 is the full width at half maximum of diffraction peaks in radians 

and 𝜃 is the Bragg angle.  
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Accurate calculations of crystallite size and stress were made from the Williamson-Hall 

(W-H) plot using the equation (2.4) [189], 

𝛽𝐶𝑜𝑠𝜃 = 4𝜀 𝑆𝑖𝑛𝜃 +
𝐾𝜆

𝐿
                                                          (2. 4) 

The texture coefficient indicates the preferential orientation of crystallite growth in the thin 

film which can be calculated using equation (2.5), 

𝑇𝐶ℎ𝑘𝑙 =
𝐼(ℎ𝑘𝑙)/𝐼0(ℎ𝑘𝑙)

∑ 𝐼𝑖(ℎ𝑘𝑙)/𝐼0(ℎ𝑘𝑙)𝑁
𝑛=0

                                                       (2. 5) 

Where 𝐼(ℎ𝑘𝑙) is the intensity of the peak, 𝐼0(ℎ𝑘𝑙) is the intensity of the corresponding peak 

in the JCPDS file and N is the number of peaks. 

The lattice parameters for the hexagonal structure can be estimated using the equation (2.6) 

[190]. 

4

3
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
) +

𝑙2

𝑐2
=

1

𝑑ℎ𝑘𝑙
2                                             (2. 6) 

Where 𝑑ℎ𝑘𝑙 is the interplanar distance of the (ℎ𝑘𝑙) planes. 

2.5.2. Raman spectroscopy 

 

Figure 2.12. The Thermo scientific DXR Raman microscope. 

The Raman spectroscopy relies on the inelastic interactions of photons with molecular 

bonds which helps in determining the chemical structure, molecular interactions, and 

crystallinity of the materials. Primarily, it probes the various vibrational modes in a 
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material though other low frequency modes such as rotational and non-bonding interactions 

may also be noted.  

The Raman spectra of the samples were measured using Thermo Scientific DXR Raman 

microscope in Figure 2.12 with a 532 nm excitation laser as the monochromatic light 

source. The equipment has a spatial resolution of 540 nm and a confocal depth resolution 

as fine as 1.7 μm. A single exposure captures the spectrum in the range 50-3500 cm-1. 

Figure 2.13 shows the typical Raman spectrum of glass substrate and c-Si wafer which is 

used in our studies to compare and distinguish the Raman peaks of our materials of interest. 

 

Figure 2.13. Raman spectrum of (a) glass substrate and (b) c-Si wafer. 

2.5.3. Scanning electron microscopy (SEM) 

 

Figure 2.14. The HITACHI SU8020 scanning electron microscope. 
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Scanning electron microscopy uses high energy electrons to scan the surface of materials 

to probe their morphology. Here, we employed a SEM-Hitachi SU8020 (Figure 2.14) for 

analyzing the surface morphology of the spray deposited thin films such as their uniformity 

or coverage as well as the size and shape of the grains. The cross-sectional SEM images 

provided the nature of vertical growth and thickness of the films. 

The acceleration voltage used was between 1 - 3 kV with current 1- 10 μA in the secondary 

electron (SE) mode. 

2.5.4. X-ray photoelectron spectroscopy (XPS) 

The photoelectrons emitted by various elements after absorbing X-rays of sufficient energy 

hold information about the binding energy of core-level electrons in the element which 

reveals information about the chemical environment and bond structure of the element 

[191]. In the current investigations, a Thermo Scientific K-alpha, shown in Figure 2.15, 

was used to obtain X-ray photoelectron spectra of various elements of our interest. 

 

Figure 2.15. The Thermo Scientific K-alpha equipment for X-ray photoelectron spectroscopy. 

Thermo Scientific K-alpha can precisely determine the kinetic energy of emitted 

photoelectrons and correlate it to the binding energy of elements. The thin films were 
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irradiated with soft Al Kα (=1486.6 eV) X-rays along with a flood gun for charge 

compensation. Even so, further to the elemental peak positions were calibrated by fixing 

the adventitious carbon peak at 284.6 eV. The spectra were collected after a soft surface 

etching of ~1.19 nms-1 using 2 keV Ar+ ions. The high-resolution peaks were deconvoluted 

using the Gaussian-Lorentzian sum function while the background was determined by a 

Shirley type function. 

2.5.5. UV-Vis-NIR spectroscopy (UV-Vis-NIR) 

The absorption, transmittance, and reflectance spectra of the films were measured using a 

Jasco V770 UV-Visible/NIR spectrophotometer displayed in Figure 2.16, with single 

monochromator design. The UV-Visible range uses a PMT detector while the spectra in 

NIR region is collected using a Peltier-cooled PbS detector. The equipment can be used to 

collect absorption and transmittance spectrum in the wavelength range of 200-2500 nm. 

 

Figure 2.16. The Jasco V770 UV-Visible/NIR spectrophotometer. 

The optical bandgap can be calculated using the Tauc relation (2.7) given by, 

𝐵(ℎ𝜗 − 𝐸𝑔)𝑛 = 𝛼ℎ𝜗                                                         (2. 7)  

Where 𝐸𝑔  is the optical band gap, ℎ is the planks constant, 𝜗 is the photon frequency, 𝐵 is 

called the band tailing parameter and 𝛼 is the absorption coefficient. 𝑛 can have values 

corresponding to direct allowed (𝑛 = 1/2), indirect allowed (𝑛 = 2), direct forbidden 

(𝑛 = 1/3) and indirect forbidden (𝑛 = 3) transitions. 
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The absorption coefficient 𝛼 is estimated from the formula (2.8), 

𝛼 =
1

𝑡
× 2.303𝐴                                                               (2. 8)  

Where 𝐴 is the absorbance and 𝑡 is the thickness of the thin film. 

2.5.6. Electrical measurements 

The current-voltage (I-V) characteristics of the thin films and heterojunctions were 

measured using a Keithley 6487 Picoammeter controlled by a MATLAB program. 

Current-time (I-T) measurements under dark and light illumination were done using a 50 

W tungsten halogen lamp (Smartlight, 120 V, 60 Hz) or an AM 1.5 illumination (Oriel 

solar simulator, 100 mWcm-2) along with the Keithley 6487 Picoammeter. Furthermore, 

405 nm (50 mW) , 532 nm (0 - 100 mW), 785 nm (0 – 100 mW), 840 nm (100 mW), 980 

nm (100 mW) and 1064 nm lasers were employed as incident light sources to investigate 

the photodetection properties of various thin films. 

 

The ideal diode equation can be used to estimate the ideality factor (n) of p-n junction diode 

which is given by, 

𝑛 = (
𝑞

𝑘𝑇
) ×  

𝑑𝑉

𝑑𝑙𝑛𝐼
                                                     (2. 9) 

Where k is the Boltzmann constant (8.617×10-5 eVK-1), T is the temperature (300 K) and 

dV/dlnI is the inverse slope of ln I vs. V curve [192]. 

Figure of merits of the photodetectors 

The on/off ratio or sensitivity (𝑺) is the ratio of photogenerated current (𝐼𝑝ℎ) to the dark 

current (𝐼𝑑) in a material and can be calculated by [106],  

𝑆 =
𝐼𝑝ℎ

𝐼𝑑
=

𝐼𝑙 − 𝐼𝑑

𝐼𝑑
                                                     (2. 10) 

Where 𝐼𝑙 is the light current, 𝐼𝑝ℎ is the photocurrent (𝐼𝑙 − 𝐼𝑑). 

The amount of photocurrent generated under an illumination is termed as the Responsivity 

(𝑅) of a photodetector, which can be determined using the relation [193], 
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𝑅 =
𝐼𝑝ℎ

𝐴. 𝑃𝜆
                                                         (2. 11) 

Where, Pλ is the illumination power density and 𝐴 is the effective area of photodetector. 

Detectivity is the extent to which a photodetector can detect the weak signals and therefore 

is the figure of merit of the photodetector. Detectivity (𝐷) of the photodetector can be 

calculated from the equation [193], 

𝐷 =  
𝑅√𝐴

√2𝑒𝐼𝑑

                                                    (2. 12) 

Where 𝑒 is the electronic charge. Therefore, larger the detectivity of a photodetector, higher 

its detection capability. 

Response time: The rise time (𝜏𝑟𝑖𝑠𝑒) is the time required for the photocurrent to reach the 

90 % of its maximum value from 10 % upon illumination. The decay time (𝜏𝑑𝑒𝑐𝑎𝑦) is the 

time in which the photocurrent decay to 10 % from 90 % of its maximum value after the 

illumination is removed [194].
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CHAPTER 3 

3. COMPUTATIONAL DATA ANALYSIS 
 

 

 

3.1. Introduction 

It is important to have a deeper understanding of the fundamental electronic properties and 

optical transitions of materials for engineering them into specific device applications in 

optoelectronics. The density functional theory (DFT) is a quantum-mechanical atomistic 

simulation method aimed at exploring the wide range of properties related to various 

atomic systems such as molecules, crystals, interfaces and devices. As one of the most 

popular first-principles or ab-initio methods, DFT can even predict the properties of 

unknown systems to design actual experiments. 

3.2. Computational calculations 

3.2.1. Bismuth iodide (BiI3): R-3H 

The BiI3 unit cell containing 6 formula units obtained after the geometry optimization by 

VASP is shown in Figure 3.1. It has an R-3H symmetry with 6 Bi atoms at the 6c Wyckoff 

positions and 18 I atoms filling the 18f Wyckoff positions. The layers of highly ionic Bi-I 

bonds in the bulk BiI3 structure are stacked in ABC order with weak van der Waals 

interactions between them. 

This chapter explains the computational calculations of bismuth iodide, Cesium 

bismuth iodide and bismuth sulfide structure using the VASP code available with the 

MedeA software. The structure is optimized, and the optimized structure is then used 

for the band structure and density of states calculations. 
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Figure 3.1. The optimized structure of BiI3 hexagonal unit cell. 

Following (BiI3)2 structure optimizations, the energy was reduced by -0.019026 eV. The 

unit cell (BiI3)6 has a final energy of -68.011136 eV and a density of 5.819 gcm-3. Further 

parameters related to the optimized cell are given in Table 3-1. 

Table 3-1. The unit cell parameters realized from the structure optimization of BiI3. 

 

Parameter 
 

Original (Å) 
 

Change (Å) 
 

Final (Å) 
 

Change (%) 

a 7.516 0.007913 7.523913 0.1 

b 7.516 0.007913 7.523913 0.1 

c 20.718 -0.122948 20.595052 -0.6 

α 90 0 90 0 

β 90 0 90 0 

γ 120 0 120 0 

Volume 1013.565929 -3.892215 1009.673714 -0.4 

 

Figure 3.2 (i) & (ii) elucidates the electronic band structure for high symmetry directions 

in the Brillouin zone for the BiI3 revealing the spin-orbit coupling (SOC) effects. It is seen 

from the calculations that the spin-orbit coupling substantially lowers the conduction band 

minimum, a characteristic of heavy atoms like Bi and I. Without SOC effects, the 
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calculations have resulted in a large indirect bandgap of 2.387 eV with valence band 

maximum near (0.20, 0.20, 0.20) at -0.053 eV and conduction band minimum near (0.40, 

0.40, 0.40) at 2.334 eV with respect to the Fermi level. On the other hand, the presence of 

SOC effects for optical band gap calculation revealed a shorter indirect transition of 1.439 

eV between the VBM (0.33,0.33,0.33) and CBM (0,0,0) near the Γ- point, in the ZΓ- 

direction. 

 

Figure 3.2. The electronic band structure of BiI3 along the high symmetry directions in the first 

Brillouin zone (i) without SOC and (ii) with SOC. Related partial density of states (a) without SOC 

and (b) with SOC as well as their (c) total density of states. 

Low band dispersion in VB raises the possibility of additional, slightly higher energy direct 

transitions in addition to the observed indirect transition. The flat VBM and strong band 

dispersion in CB point to a low effective mass of electrons relative to holes in BiI3 

[118,195,196]. According to the calculations, the electrons may be more responsible for 

the material's transport properties [197]. 

Respectively, the partial and total density of states from the single point calculations are 

displayed in f 

Figure 3.2(a), (b) and (c). A thorough analysis reveals that the conduction band minimum 

(CBM) is primarily made up of Bi p states (hybridized with I p states), and the valence 

band maximum (VBM) is composed of I p states (hybridized with Bi s states). As a result, 
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light-induced excitation from the valence band to the conduction band occurs mainly from 

the occupied I p with a little Bi s contribution into the vacant Bi p + I p states [198]. Strong 

absorption may result from the conduction band minimum's high density of p orbital states. 

[72] Significantly, two additional broad peaks have emerged in the CB due to the spin-

orbit splitting, the first one at ~2.18 eV above EF with a width of ~0.70 eV and the latter at 

~1.83 eV with ~0.60 eV width, predominantly composed of Bi p states in hybridization 

with I p. We can see from our DFT calculations that the strong spin-orbit coupling due to 

the heavy elements, Bi and I, is the cause of the low bandgap observed in BiI3. 

3.2.2. Cesium bismuth halides: Cs3Bi2X9 (X=I/Br/Cl): P63/mmc 

 

Figure 3.3. The  unit cell of Cs3Bi2X9 (P63/mmc) containing 2 formula units after structure 

optimization by MedeA-VASP. 

The PBEsol exchange-correlation functional with a plane wave cutoff energy of 500 eV 

was used for the structure optimization. The convergence values for forces and energy were 

set at 0.01 1/Å and 10-6 eV, respectively. The 7×7×3 k-mesh was used in the structure 

optimizations. Figure 3.3 shows the VASP-optimized structures of cesium bismuth halides 

and the optimized parameters are listed in Table 3-2. 
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Table 3-2. Structural parameters of hexagonal Cs3Bi2I9, Cs3Bi2Br9 and Cs3Bi2Cl9 obtained through 

VASP calculations in MedeA. 

 

Unit cell parameters 

 

Cs3Bi2I9 

 

Cs3Bi2Br9 

 

Cs3Bi2Cl9 

a (=b) (Å) 8.325 7.796 7.452 

c (Å) 21.288 19.987 19.294 

α (= β) 90⁰ 90⁰ 90⁰ 

γ 120⁰ 120⁰ 120⁰ 

Volume (Å
3

) 
1277.77 1052.22 927.99 

Density (gcm-3) 5.091 4.847 4.065 

Energy (eV) -40.62 -45.575 -50.09 

 

3.2.3. Double perovskites Cs2AgBiX6 (X=I/Br/Cl) : Fm-3m 

 

Figure 3.4. Unit cell of the double perovskite Cs2AgBiX6 (X=I/Br/Cl). 

Two unit cells of 3-D cubic CsPbI3 can be modified to form Ag and Bi substituted 

Cs2AgBiX6 double perovskites with 3-D cubic structure (Fm-3m, space group: 225) as 

displayed in Figure 3.4. The VASP calculations for structure optimization were performed 

with the GGA-PBEsol exchange-correlation functional and plane wave cutoff energy of 
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500 eV to ensure that the residual forces converged below 0.01 eV/Å. Electronic iterations 

convergence was 10-6 eV and k-mesh was 7×7×7. The Wyckoff positions of Cs, Ag, Bi 

and I are 8c, 4a, 4b and 24e, respectively. 

Table 3-3. Structural details and the band gap obtained from the structure optimization of 

Cs2AgBiX6 (X=I/Br/Cl) double perovskites. 

 

Unit cell parameters 

 

Cs2AgBiI6 

 

Cs2AgBiBr6 

 

Cs2AgBiCl6 

a (=b=c) (Å) 11.9287 11.1827 10.680 

α (= β =γ) 90 90 90 

Volume (Å
3

) 
1697.416 1398.44 1218.212 

Density (gcm-3) 5.260 5.045 4.337 

Energy (eV) -28.549 -31.841 -34.913 

Band Gap (eV) 

indirect 

0.756 1.223 1.713 

 

The structural parameters of the optimized structure and an initial band gap prediction 

based on the calculations are given in Table 3-3. 

3.2.4. Chalcohalides CsBiSX2 (X=I/Br/Cl): P4/mmm 

The large band gap and 0-D structure of hexagonal Cs3Bi2I9 may be limiting their 

application in solar cells as an absorber material. To preserve the 3-D network of metal 

halide frameworks while replacing Pb with Bi, an anion-splitting approach is proposed. If 

S2- is used to replace one I- ion in the structure, a 3-D CsBiSI2 may be formed. For that, we 

modified a cubic CsPbI3 structure by replacing Pb with Bi and I at the 1b positions to obtain 

the CsBiSI2 structure as in Figure 3.5. The parameters calculated after the structural 

optimization are presented in Table 3-4 which shows the effect of halide atoms on the 

various structural parameters. 
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Figure 3.5. (a) & (b) Unit cell and (c) 2×2×2 super cell of tetragonal CsBiSX2 (X=I/Br/Cl). 

 

Table 3-4. Structural details and the band gap obtained from the structure optimization of CsBiSX2 

(X=I/Br/Cl). 

 

Unit cell parameters 

 

CsBiSI2 

 

CsBiSBr2 

 

CsBiSCl2 

a (=b) (Å) 6.2125 5.798 5.5108 

c 5.2738 5.283 5.2989 

α (= β =γ) 90 90 90 

Volume (Å
3

) 
203.55 177.64 160.929 

Density (gcm-3) 5.121 4.989 4.590 

Energy (eV) -16.637 -17.873 -18.973 

Band Gap (eV) metal metal metal 

 

3.2.5. Cesium bismuth iodide Cs3Bi2I9: P63/mmc 

Electronic band structure and density of states 

The VASP structure optimization yields the relaxed Cs3Bi2I9 structure which is shown in 

Figure 3.7a. The (Bi2I9)
3- bioctahedra exist in the hexagonal unit cell of  Cs3Bi2I9 (space 
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group: P63/mmc) as distinct anionic units stabilized by the Cs cations, giving rise to its 0D 

structure. The optimization resulted in the lattice parameters a=b=8.325 Å and c=21.288 Å 

as well as α=β= 90⁰ and γ=120⁰. The calculated cell volume and density are respectively 

1277.77 Å3 and 5.091 gcm-3. 

 

Figure 3.6. The first Brillouin zone of hexagonal structure with high symmetry points and principal 

directions. 

 

In the hexagonal unit cell with two Cs3Bi2I9 formula units, the Cs atoms are located in the 

4f and 2b Wyckoff positions. Bi occupies 4f and I inhabit 12k as well as 6h Wyckoff 

positions resulting in two different bonds of 2.954 Å and 3.196 Å.  The high symmetry 

points and directions in the first Brillouin zone of Cs3Bi2I9 are illustrated in Figure 3.6. As 

shown in Figure 3.7b, the band structure calculations revealed a band gap of 1.99 eV, which 

is consistent with the reported experimental and computational data for the Cs3Bi2I9 

hexagonal structure [92,96–98]. The fundamental absorption results from the indirect 

transition, which is explained by the valence band maximum close to the K-point and the 

conduction band minimum at the Γ -point in the Brillouin zone. Additionally, the lowest 

observed direct transition with momentum conservation is 2.16 eV along the Γ-point. 
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Figure 3.7. (a) The hexagonal unit cell of Cs3Bi2I9 following MedeA-VASP structure optimization. 

(b) Band dispersion in the first Brillouin zone along the high symmetry directions. (c) The 

respective partial and total density of states. 

 

Previously, the DFT calculation with GGA-PBE functional without including SOC 

produced an indirect band gap that was overestimated up to 2.24 eV [113]. Using the hybrid 

functional HSE06 with SOC effects, Lehner et al. and Hong et al. respectively calculated 

indirect band gaps of 2.32 and 2.12 eV [98,199]. Figure 3.7c displays the calculated 

density of states of the structure. In this case, the individual contributions that I made at 

two different Wyckoff positions were added up to define the curves. The partial density of 

states reveal the contributions of I p and Bi s orbitals to the valence band maximum as well 

as Bi p and I p orbitals to the conduction band minimum [200]. 

3.3. Conclusions 

The structure optimization and electronic band structure calculations suggest that the 

manipulation of B cation and halogen-anion can tune the band gap of the Cs-Bi-X 

perovskites. The band structure reveals the possibility of closer energy direct transitions 

between the VB and CB in Cs3Bi2I9, while the density of states shows the influence of 

absorption properties on the Bi and halide orbitals to the band edges. This gives us more 

insights into engineering these materials to tune them for specific property enhancements. 

It is observed that the lattice lengths have increased with larger anions and shifts the band 
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gap to lower energies. The S substitution may be possible in Cs-Bi-I compounds to 

maintain the 3-D structure of high-performing Pb-based perovskites. The S 3p states can 

contribute to the valence band maximum to reduce the band gap as compared to the large 

band gap of Cs3Bi2I9. However, their thermodynamic stability is a major factor in realizing 

the compound which requires much more investigation and understanding. The 

computational data on BiI3 and Cs3Bi2I9 aided in understanding the important properties 

observed in the spray-deposited thin films.  Initially, the setting up of the new ultrasonic 

spray deposition equipment is carried out by optimizing the deposition of BiI3 thin films to 

yield films with better coverage and uniformity. 
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CHAPTER 4 

4. ULTRASONIC SPRAY DEPOSITION OF BISMUTH 

IODIDE THIN FILMS 
 

 

 

4.1. Introduction 

This chapter describes the properties of BiI3 thin films from laboratory-synthesized BiI3 

powder by the ultrasonic spray deposition to help us in optimizing the equipment settings 

and understanding its relationship to the quality of metal halide films which usually 

crystallize at low temperatures. Later, we investigate the effects of substrate temperature 

on the properties of BiI3 films which is one of the most influential parameters in spray 

deposition. The structure, morphology, composition, absorption and photoresponse of 

these binary thin films are studied in detail. The film possessed dendritic-like morphology 

with an indirect bandgap of 1.42 eV. Moreover, it displays a very good response to the 

illumination from white light and LEDs with a sensitivity of up to 4890 %. 

4.2. Bismuth iodide powder 

4.2.1.  Structure 

X-ray diffraction (XRD) 

Figure 4.1 displays the X-ray diffraction (XRD) pattern for the synthesized BiI3 powder. 

The diffraction peaks closely match the BiI3 data in JCPDS file 48-1795. Nonetheless, two 

weakly intense peaks at 29.64 and 31.64° correspond to the (102) and (110) planes of the 

Bismuth iodide thin films are fabricated by ultrasonic spray deposition using ethanol 

solvent. Besides, a study on the influence of substrate temperature on the properties 

of BiI3 thin films is presented. 
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tetragonal BiOI phase (10-0445). Here, the rhombohedral structure of the polycrystalline 

BiI3 has the space group R-3, which usually represents the R-centered hexagonal unit cell. 

The intense and sharp (113) peak located at 26.97° indicates the preferred orientation of 

crystallite growth in synthesized powder. Other significant peaks noted at 12.79, 35.25 and 

41.57°, are from (003), (111) and (300) planes respectively. 

 

Figure 4.1. The XRD pattern of BiI3 powder synthesized in laboratory. The heart shape represents 

the peaks of BiOI phase in the powder. 

 

4.2.2.  Chemical states 

X-ray photoelectron spectroscopy (XPS) 

The BiI3 powder was dissolved in acetone and then drop-cast on a glass slide for XPS 

measurements. The surface survey spectrum in Figure 4.2 distinguishes the presence of Bi, 

I, O and C and verifies the absence of K, nitrates, or any other type of impurities. 
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Figure 4.2. Survey spectrum obtained from the surface of BiI3 powder drop-cast on a glass 

substrate. 

Figure 4.3 displays the high-resolution core-level spectra of Bi and I in BiI3 powder. 

Bismuth 4f scan shows two peaks at 159.06 and 164.37 eV with a spin-orbit splitting of 

5.31 eV which correspond to 4f7/2 and 4f5/2 levels in agreement with Bi3+ state in BiI3 [201]. 

The I 3d5/2 and I 3d3/2 at the binding energies of 619.36 eV and 630.85 eV with energy 

splitting of 11.49 eV are associated with the I2- state in BiI3 [201]. The O 1s peak is 

deconvoluted to identify peaks located at 530.28, 531.86 and 533.03 eV. The peak at 

533.03 eV is due to the glass substrate whereas the peak at 531.86 eV may signify the 

presence of C-O, C-O-O or O-H on the surface. Further, the peak at 530.28 eV corresponds 

to the Bi-O in bismuth oxyiodide [201,202]. Thus, the XRD and XPS results together 

conclude the BiI3 phase in the powder synthesized in the laboratory along with little oxide 

impurities. 
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Figure 4.3. The high-resolution core-level spectra of (a) Bi 4f and (b) I 3d (c) C 1s and (d) O 1s. 

 

4.3. Ultrasonic spray deposition of BiI3 thin film 

 

 

Figure 4.4. BiI3 thin film as-deposited by ultrasonic spray deposition on glass substrates. 
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Initially, ethanol was used as a solvent for BiI3 precursor solution as it has a low boiling 

point of 78 ℃ and an extremely low concentration solution was sufficient for the thin film 

deposition in ultrasonic spray. The spray-deposited BiI3 thin films are displayed in Figure 

4.4. However, ethanol can’t be used to prepare precursor solutions of higher concentrations 

due to limitations of the dissolution of CsI and BiI3. 

4.3.1. Structure  

X-ray diffraction (XRD) 

 

Figure 4.5. XRD pattern of the spray-deposited BiI3 thin film. (inset) Williamson-Hall plot. 

With the proper indexing, Figure 4.5 shows the X-ray diffraction patterns of BiI3 thin film. 

The peaks in the diffraction patterns closely match with the JCPDS card 48-1795 of R-3 

rhombohedral BiI3 in the trigonal crystal system. The preferential orientation in the 

polycrystalline thin film, in contrast to the bulk BiI3, is in the (003) direction. The other 

significant peaks noted correspond to (006), (113), (009), (300) and (0012) planes along 

with weak peaks from (116), (303), (119), (306), (223) and (309) planes [203,204]. Despite 
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the presence of BiOI impurity peaks in the precursor powder of the synthesized BiI3, phase-

pure BiI3 thin film is revealed by the diffraction patterns. The BiOI phase present in the 

BiI3 precursor powder has been effectively suppressed by the rapid nucleation followed by 

recrystallization of BiI3 at a relatively high temperature (150 °C) during the deposition 

process. 

The average crystallite size (D) was determined using the Scherrer equation (2.3) [188]. 

Additionally, accurate calculations of crystallite size and stress were made from the 

Williamson-Hall (W-H) plot using the equation (2.4) [189]. The broad (113) peak leads to 

a small R-square value (0.522) of the linear fit in the W-H plot, as seen in the inset of 

Figure 4.5, from which the crystallite size was calculated to be 110 nm as opposed to the 

46 nm obtained from the Scherrer equation. This noticeable difference in average crystallite 

size values points to the presence of structural strain in BiI3 thin films. The size of these 

crystallites, as determined by the W-H plot, may be comparable to the size of the large 

particles seen in the SEM images.  

The texture coefficient indicates the preferential orientation of crystallite growth in the thin 

film which can be calculated using equation (2.5). The structural characteristics of the 

spray-coated BiI3 thin film are given in Table 4-1. The Scherrer equation and W-H plot 

yielded crystallite sizes of 46 and 110 nm, respectively. 

Table 4-1. The structural properties from the X-ray diffraction analysis. 

Diffracted 

planes 

2θ 

(⁰) 

FWHM 

(⁰) 

Texture 

coefficient 

(TChkl) 

Crystallite 

size (nm) 

Average 

crystallite 

size (nm) 

Crystallite 

size (W-H 

plot) (nm) 

Lattice 

strain 

(× 10-3) 

 

(003) 12.87 0.1094 0.34 73.06 

 

 

 

46 

 

 

 

110 

 

 

 

1.53 

 

(006) 25.78 0.1393 0.33 58.51 

 

(113) 27.07 0.3315 0.01 24.64 

 

(009) 39.05 0.2037 0.18 41.38 

 

(300) 41.70 0.1831 0.03 46.42 

 

(0012) 52.88 0.2761 0.12 32.14 

 

(003) 12.87 0.1094 0.34 73.06 
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4.3.2.  Morphology 

Scanning electron microscopy (SEM) 

 

Figure 4.6. (a-e) Morphology of spray-deposited bismuth iodide thin films at different 

magnifications. (f) A measurement of the particle size distribution for 100 particles.. 

 

The scanning electron micrographs of the spray-deposited BiI3 thin film at various 

magnifications are shown in Figure 4.6. An extensive branching network formed by the 

agglomeration of large particles with a dendrite-like appearance is visible in the images. 

As far as we know, BiI3 thin films rarely exhibit these kinds of interesting morphologies. 

The in-situ crystallization at 150 ℃ and agglomeration of crystallites during the deposition 

might have resulted in such morphology. 

4.3.3.  Chemical states 

X-ray photoelectron spectroscopy (XPS) 

Figure 4.7 shows the survey spectra of the BiI3 thin film with Al Kα radiation at room 

temperature in the full binding energy scale, highlighting the significant photoemission 

peaks identified from the sample surface corresponding to Bi, I, C, and O.  
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Figure 4.7. The XPS survey spectrum of ultrasonic spray deposited BiI3 thin film. 

 

High-resolution core-level scans were carried out in the designated energy ranges to 

examine the pertinent peaks of Bi 4f, I 3d, C 1s, and O 1s. The resulting spectra were then 

deconvoluted while taking into account the intensity ratios, FWHM, and spin-orbit 

splitting. The C 1s peak at 284.6 eV was used for the binding energy correction and the O 

1s peak at 532.19 eV is from the adsorbed oxygen spiecies. The high-resolution Bi 4f scan 

in Figure 4.8a shows doublet peaks associated with 4f7/2 and 4f5/2 with a spin-orbit splitting 

of 5.3 eV. Further, the deconvolution of the spectrum reveals three doublet peaks c 

orresponding to different chemical states of Bi. The peaks at 164 and 158.66 eV indicate 

the 3+ state of Bi species in BiI3, whereas the peaks at 162.3 and 157 eV are due to the 

elemental Bi (Bi0) induced during the Ar-ion etching [201,205]. Besides, it is reported that 

long exposure to X-ray radiation can lead to more Bi0 species in the sample [206]. Further, 

the peaks at 157.97 and 163.29 eV may be a consequence of ambient exposure forming 

bismuth oxide. However, the XRD pattern did not show the presence of oxide. 
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Figure 4.8. High-resolution core-level spectra of (a) Bi 4f, (b) I 3d, (c) C 1s and (d) O 1s states in 

BiI3 thin film. 

 

The peaks in Figure 4.8b corresponding to I 3d5/2 and 3d3/2 were detected with a spin-orbit 

separation of 11.49 eV. The peaks at 618.92 and 630.39 eV can be attributed to I- in BiI3 

thin film [205]. The peaks at 631.79 and 620.39 eV can be ascribed to I in I2 [201].  

4.3.4. Optical properties 

UV-Vis-NIR Spectroscopy 

The UV-Vis-NIR absorbance spectrum of BiI3 thin film is shown in Figure 4.9 which 

exhibits an absorption edge near ~822 nm. The absorption spectrum indicates the strong 

absorbing characteristics of the spray-deposited BiI3 thin film. 
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Figure 4.9. The absorption spectrum of BiI3 thin film. (Inset) Tauc plot showing the calculated 

indirect bandgap. 

 

The thickness of the thin film was measured to be around ~1 μm using a stylus profilometer. 

The absorption coefficient (𝛼) was estimated from the formula (2.8) and the optical 

bandgap (𝐸𝑔) was calculated from the Tauc relation in equation (2.7) . 

An indirect allowed transition of 1.42 eV is revealed by the Tauc plot (inset of Figure 4.9), 

which is interestingly similar to the 1.44 eV predicted by the DFT calculations. This low 

indirect bandgap is due to the spin-orbit magnetic effects from heavy Bi and I elements in 

BiI3 and it is very close to the optimum bandgap (1.40 eV) for maximum power conversion 

efficiency [207]. 

4.3.5. Photoresponse 

The BiI3 thin films have an extremely quick response time to light and are photoconductive. 

The measurements were conducted under the illumination of a 50 W halogen bulb and 
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LEDs with 1 V bias. The photocurrent response, in Figure 4.10, show a dark current of 

6.1×10-13 A and an illumination current of 3.1×10-11 A. 

 

Figure 4.10. Photoresponse measurement under 50 W halogen lamp of BiI3 thin film. 

 

Figure 4.11. Photoresponse measurements under LEDs of BiI3 film at 1V bias. The color of the 

curves represent the LED wavelength. 

In addition, the response of the BiI3 thin film to blue, green, yellow and red LEDs (50 W) 

are evaluated and the results are depicted in Figure 4.11. The sensitivity (S) of the BiI3 thin 
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films under different illuminations is determined from the equation (2.10) and the obtained 

data is presented in Table 4-2 [208]. 

Table 4-2. The sensitivity of BiI3 thin film to different illuminations under a bias of 1 V. 

Sample Id (pA) Iph(pA) Sensitivity (%) 

Halogen lamp 1V 0.61 29.9 4890 

Blue LED 2.24 61.1 2730 

Green LED 2.24 55.0 2460 

Yellow LED 2.24 45.3 2020 

Red LED 2.24 36.0 1610 

4.4. Effect of substrate temperature on BiI3 thin films 

Further, BiI3 thin films were fabricated at various substrate temperatures and the as-

deposited films are displayed in Figure 4.12. 

 

Figure 4.12. Ultrasonically spray deposited BiI3 thin films at different substrate temperatures. 

4.4.1. Structure 

X-ray diffraction (XRD) 

The X-ray diffraction patterns of the BiI3 thin films deposited at different substrate 

temperatures from 75 to 200 ℃ are shown in Figure 4.13 which display the reflections of 

rhombohedral BiI3 (ICDD no: 48-1795) structure [209]. The prominent reflections from 

BI75 sample correspond to (113) and (300) planes at 26.93 and 41.52°, respectively. It can 

be observed that while (113) and (300) are the only prominent peaks for films deposited 

below 150 ℃, higher temperatures favor a preferential growth along the (003) direction 
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perpendicular to the substrate surface. Besides, other peaks corresponding to (101), (012), 

(006), (116), (009), (119), (303), (223), (0012) and (226) were observed at 14.21, 16.03, 

25.76, 35.24, 39.08, 46.18, 43.64, 50.22, 52.96 and 55.58°, respectively. However, above 

125 ℃, small peaks corresponding to the (102) and (110) planes of the BiOI phase (ICDD 

no: 10-0445) were noted at 29.64 and 31.64° [210]. Higher substrate temperatures (150 ℃) 

resulted in non-uniform and powdery films as seen in Figure 4.12 due to the rapid 

evaporation of ethanol solvent. 

 

Figure 4.13. XRD profiles of BiI3 thin films deposited at different substrate temperatures from 75 

to 200 ℃. 

Raman spectroscopy 

The Raman spectra as depicted in Figure 4.14 supports the BiI3 phase observed in the X-

ray diffraction studies. The peaks at 84 and 106 cm-1 are associated with the Eg and Ag 

modes in BiI3, respectively. The Raman peak around 159 cm-1 is explained to be the 2nd 

order Raman line which is only observed in the bulk material [211]. On the other hand, the 
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peaks near 84 and 149 cm-1 could be the A1g and Eg stretching modes of the Bi-I bond in 

BiOI [210,212]. 

 

Figure 4.14. The Raman spectra of spray deposited BiI3 thin films at different substrate 

temperatures. 

4.4.2. Morphology 

Scanning electron microscopy (SEM) 

Scanning electron microscopy was used to probe the morphology of spray-deposited BiI3 

thin films and the images are depicted in Figure 4.15. The images (a-d) show large particles 

grown uniformly over the substrate surface when the temperature was between 75 and 150 

℃. At higher temperatures, the faster solvent evaporation led to high agglomerations with 

poor coverage as can be seen in Figure 4.15e and f. This has resulted in non-uniform and 

powdery nature as seen from the physical appearance of the thin films in Figure 4.12. Most 

importantly, the thin films deposited at 125 and 150 ℃ display well-packed grains over the 

surface which can greatly improve the charge transport. 
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Figure 4.15. SEM images of (a) BI75 (b) BI100 (c) BI125 (d) BI150 (e) BI175 and (f) BI200 thin 

films. 

 

4.4.3. Optical properties 

UV-Vis-NIR Spectroscopy 

 

Figure 4.16. The absorption spectra of spray deposited BiI3 thin films at different substrate 

temperatures. 
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The absorption, in Figure 4.16 slightly redshifts as the substrate temperature increases from 

75 to 150 ℃. The absorption curves display a characteristic excitonic peak near 612 nm 

(2.02 eV) usually observed for BiI3.The absorption coefficient (α) of the films with an 

average thickness (t) of 1 μm was calculated from the absorbance (A) data using the 

formula (2.8). Further, the direct and indirect band gaps were calculated using the Tauc 

relation (2.7) .The plots in Figure 4.17a,b estimate direct band gaps as well as indirect 

band gaps of BiI3 thin films at different substrate temperatures. 

Table 4-3. The band gap values of BiI3 thin films deposited at different temperatures. 

Sample Direct band gap (eV) Indirect band gap (eV) 

BI75 1.77 1.46 

BI100 1.73 1.35 

BI125 1.72 1.30 

BI150 1.60 0.98 

 

It can be observed that the band gap value reduces with an increase in substrate 

temperature. This might be because of the improved charge transport through packed large 

grains and improved crystallinity at higher temperatures. 

 

Figure 4.17. The (a) direct and (b) indirect bandgaps calculated for the BiI3 thin films deposited at 

various substrate temperatures. 
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4.4.4. Photoresponse 

The photoresponse measurements in Figure 4.18 show that all the films are responsive to 

light when illuminated under a 50 W halogen lamp. The comparatively better photo-to-

dark current ratio, sensitivity (S=Iphoto/Idark), is observed for BI125 films. The BI125 thin 

film yielded a dark current (Idark) of 12.2 nA and a light current (Ilight) of 41.5 nA. 

 

Figure 4.18. The photoresponse measurements of the BiI3 thin films deposited at various substrate 

temperatures.  

4.4.5. Thermal stability 

 

Figure 4.19. The SEM images of the RTP treated BI125 thin films at (a) 300, (b) 400 and (c) 500 

℃ for 20 s. 

Rapid thermal processing of the BiI3 thin films deposited at 125 ℃ was carried out at 300, 

400 and 500 ℃ at a heating rate of 50 ℃/s for 20 s. The SEM images in Figure 4.19 show 
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an improvement in the morphology with RTP at 300 and 400 ℃ as compared to the as-

prepared samples. The grains are more closely packed and low pinholes were observed. 

However, at 500 ℃ the films underwent evaporation resulting in rougher surfaces with 

voids. 

The photoresponse of the films after RTP is shown in Figure 4.20. The BiI3 film thermally 

treated at 300 ℃ for 20 s demonstrates an enhanced photocurrent and low dark current. 

The dark current was effectively suppressed in these thin films to 9.45 × 10-13 A and the 

light current was 1.33× 10-10
 A, resulting in a sensitivity of 181 and an on/off ratio of 189. 

 

Figure 4.20. The photoresponse, at 1 V bias under 50 W halogen lamp, of the BiI3 thin films after 

RTP treatments. 

4.5. Conclusions 

To initialize ultrasonic spray instrument parameters to obtain uniform thin films, BiI3 

powder was prepared and was used as a precursor for depositing its thin films. The obtained 

phase pure films had a dendritic-like morphology which is a consequence of droplet 

spreading in spray deposition. The BiI3 thin films have an indirect band gap of around 1.42 
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eV which was well in agreement with the DFT results. Further, the films demonstrated 

excellent response to illumination from halogen lamp and LEDs at low bias voltages.  

These exciting properties displayed by the spray-deposited BiI3 thin film inspire further 

research and incorporation into optoelectronic devices. However, our interests were 

inclined towards exploring the material properties of Cs3Bi2I9 and the uniform BiI3 thin 

films realized here suggested the feasibility to obtain ternary films of Cs3Bi2I9 by ultrasonic 

spray deposition as explained in the following chapter.
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CHAPTER 5 

5. SINGLE-STEP FABRICATION OF CESIUM 

BISMUTH IODIDE FILMS 
 

 

 

5.1. Introduction 

This chapter broadly discusses the results observed in the initial optimization of Cs3Bi2I9 

thin films while using DMF as a solvent to prepare the precursor solution. Some of the 

crucial parameters of ultrasonic spray deposition, namely substrate temperature, precursor 

concentration, spray rate of solution and number (duration) of depositions, are varied and 

their influence on the thin film properties is analyzed. Further, using a concentrated 

precursor solution, careful and systematic examination of the structural, chemical, 

morphological, and optoelectronic characteristics of the Cs3Bi2I9 films with increasing 

substrate temperature (150 to 400 °C) is conducted. Finally, we evaluate the applicability 

of these spray-deposited Cs3Bi2I9 film in self-powered photodetection. 

5.2. Effect of deposition parameters 

5.2.1. Substrate temperature 

The substrate temperature is one of the crucial parameters in spray deposition. Heating the 

substrate will not only help evaporate the solvent but also reduce the surface tension of the 

precursor solution, which reduces the contact angle between the precursor droplets and the 

The influence of important spray parameters is explored for obtaining Cs3Bi2I9 thin 

films, using a precursor solution prepared with DMF. Further, a concentrated 

precursor solution is used to fabricate uniform thin films and a self-powered 

photodetector. 
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substrate surface, thus improving surface wetting and coverage. However, very high 

temperatures will evaporate the solvent rapidly before the droplets can spread and merge, 

resulting in non-uniform powdery surfaces. Besides, very low temperatures will delay the 

drying process causing shrinkage or dewetting that result in large area thickness deviations 

[213].  

A photograph of the uniform and adherent Cs3Bi2I9 thin films on glass substrates is 

displayed in Figure 5.1. At the lower temperatures, the coverage was comparatively poor, 

which may be attributed to the high surface tension of the DMF solvent resulting in a 

smaller contact angle with the substrate surface affecting the wetting and spreading. 

 

Figure 5.1. Ultrasonically spray deposited Cs3Bi2I9 thin films at different substrate temperatures. 

Structure 

X-ray diffraction (XRD) 

The X-ray diffraction patterns of the films deposited at different substrate temperatures are 

shown in Figure 5.2. All the peaks are well in match with the XRD diffraction database 

ICSD ref. code: 01-073-0707 corresponding to hexagonal structure (P63/mmc) of Cs3Bi2I9 

[14]. Noticeably, the thin film deposited at 175 ℃ is extremely oriented along {00l} 

direction marked by a very high-intensity peak at 25.2° corresponding to the (006) plane 

and the other peaks observed are (004), (0010) and (0012) at 16.8, 42.7 and 51.7°, 

respectively. The films showed a single crystalline nature at lower temperatures [14]. 
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Figure 5.2. XRD patterns of the Cs3Bi2I9 thin films deposited at different substrate temperatures. 

However, higher substrate temperatures increased the polycrystalline nature of the films, 

marked by the considerable growth along the other planes such as (100), (101), (110), 

(105), (202), (203), (204), (205), (208), (220) and (209) at 12.2, 12.9, 21.2, 24.3, 25.9, 27.6, 

29.8, 32.4, 42.2, 43 and 45.9°, respectively. 

Raman Spectroscopy 

The major Raman peaks are observed around 58, 103, 116 and 144 cm-1, as seen in Figure 

5.3, which are associated with the Cs3Bi2I9 phase [214]. Sharp peaks at all temperatures 

show excellent crystallinity of the thin films. 
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Figure 5.3. The Raman spectra of the Cs3Bi2I9 thin films spray deposited at substrate temperatures 

of 175, 200, 225 and 250 ℃.  

Morphology 

Scanning Electron Microscopy (SEM) 

The SEM images in Figure 5.4 show bigger Cs3Bi2I9 grains closely packed on the thin film 

surface. The particle size is reduced at higher temperatures complimenting the observations 

from X-ray diffraction studies. The prolonged drying time at the lower temperatures slowed 

the crystallization process leading to enhanced grain growth. On the other hand, the rapid 

crystallization and high evaporation rate of DMF solvent at 225 and 250 ℃ prevented the 

formation of large grains. 
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Figure 5.4. Scanning electron microscopy images (×20 k) of Cs3Bi2I9 thin films at different 

substrate temperatures (a) 175, (b) 200, (c) 225 and (d) 250 ℃. 

Chemical states 

X-ray Photoelectron Spectroscopy (XPS) 

Figure 5.5 shows the survey spectrum and core-level spectra of the Cs3Bi2I9 thin film 

deposited at 200 ℃. The survey spectrum displays the characteristic peaks of Cs, Bi, I, O 

and C at the respective binding energy values. The C peak is due to the adventitious carbon 

due to the atmosphere exposure of thin film surface. In the high-resolution spectra, the 

doublet peaks of Cs 3d, Bi 4f and I 3d correspond to their +1, +3 and -1 states, respectively, 

as observed in Cs3Bi2I9. The deconvoluted oxygen peaks can be attributed to the adsorbed 

atmospheric oxygen (532.48 eV) and bismuth oxide (530 eV) on the thin film surface.  
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Figure 5.5. XPS survey spectrum and high-resolution core-level spectra of Cs 3d, Bi 4f, I 3d and 

O 1s of Cs3Bi2I9 thin films deposited at 200 ℃ substrate temperature. 
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Optical properties 

UV-Vis-NIR spectroscopy 

The absorbance and transmittance, as well as the specular and diffused reflectance (DRS), 

are measured as shown in Figure 5.6 to analyze the optical properties of Cs3Bi2I9 thin 

films. 

 

Figure 5.6. (a) Absorbance, (b) transmittance and (c) specular and (d) diffuse reflectance spectra 

of Cs3Bi2I9 thin films deposited at different substrate temperatures. 

Photoresponse 

The transient photocurrent responses were measured under a 50 W halogen lamp at a 5 V 

bias. All the thin films are responsive to visible light illumination, as seen in Figure 5.7. 

Similar to previous reports, a low current in the 10 – 26 pA range is measured from the 
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thin film surface. The low photocurrent values significantly affect the sensitivity of the 

films. Besides, the thin films deposited at higher temperatures than 200 ℃ display a 

significant degradation in the presence of light and electric field. 

 

Figure 5.7. The photoresponse measurements of Cs3Bi2I9 thin films deposited at 200, 225 and 250 

℃. 

5.2.2. Concentration 

The concentration of the precursor solution was further lowered keeping the substrate 

temperature at 200 ℃ and the CsI/BiI3 ratio at 3/2. The obtained thin films are shown in 

Figure 5.8. 
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Figure 5.8. The thin films prepared from various BiI3/CsI precursor concentrations (a) 0.01/0.015 

(M) (b) 0.005/0.0075 (M/2) (c) 0.0025/0.00375 (M/4) (d) 0.00125/0.00187 (M/8) in Molar. 

Structure 

X-ray Diffraction (XRD) and Raman spectroscopy 

 

Figure 5.9. (a) XRD patterns and (b) Raman spectra of the spray deposited Cs3Bi2I9 thin films with 

different concentrations. 

The X-ray diffraction patterns in Figure 5.9a of the thin films are in match with the JCPDS 

card no. 01-073-0707 of hexagonal Cs3Bi2I9 structure. The patterns show that as the 

concentration is lowered to 0.0025 M, the crystallites grow highly oriented in the (006) 
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direction with low-intensity peaks in other directions. However, at further low 

concentration of 0.00125 M the intensity of (006) plane is reduced. The Raman spectra in 

Figure 5.9b show characteristic peaks of Cs3Bi2I9 at 59, 103, 117 and 145 cm-1. The Raman 

spectra also supports the XRD patterns with sharp peaks noted in the case of 0.0025M thin 

films. 

Morphology 

Scanning Electron Microscopy (SEM) 

The non-uniformity and agglomerated large particles are apparent in the morphological 

analysis using the SEM images in Figure 5.10. The film shows a highly powdery nature at 

lower concentrations with large voids. 

 

Figure 5.10. SEM images of the Cs3Bi2I9 thin films with reduced precursor concentration (a) M/2, 

(b) M/4 and (c) M/8. 

Chemical states 

X-ray Photoelectron Spectroscopy (XPS) 

The chemical states are identified with the high-resolution scans of Cs 3d, Bi 4f, I 3d and 

O 1s in the M/2 Cs3Bi2I9 thin. The Cs 3d peaks were observed at 738.38 and 724.38 eV 
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with a spin-orbit separation of 14 eV which is associated with the +1 state of Cs in Cs3Bi2I9. 

The Bi 4f peaks were observed at 164.15 and 158.84 eV which corresponds to the Bi3+ 

state. Additionally, the doublet at 162.19 and 156.88 eV are associated to the metallic 

bismuth which originates from the etching process during the analysis. Further, the I 3d 

spectrum shows peaks at 630.38 and 618.88 eV separated by 11.5 eV which is attributed 

to the -1 state of I in Cs3Bi2I9. The O 1s spectrum reveals a peak at 530.18 eV after 

deconvolution, in addition to the adsorbed oxygen peak at 532.18 eV, which is due to the 

bismuth oxide in the thin film. 

 

Figure 5.11. XPS core level spectra of M/2 Cs3Bi2I9 thin film. 

Optical properties 

UV-Vis-NIR spectroscopy 

The absorbance, transmittance and reflectance of the thin films are shown in Figure 5.12. 

The absorbance of the films does not show any sharp absorption, which may be due to the 
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powdery nature observed in SEM images. Moreover, the diffuse reflectance spectra reveal 

considerable scattering from the film surface. 

 

Figure 5.12. (a) Absorbance, (b) transmittance, (c) specular reflectance and (d) diffuse reflectance 

of Cs3Bi2I9 thin films with different concentrations.  

Photoresponse 

The photoresponse of the films to a 50 W halogen lamp at 5 V bias is depicted in Figure 

5.13. An increase in the dark current and the light current was observed in these thin films. 

The highest current was observed in the 0.00125M (BiI3) film with a light current of ~90 

pA and a dark current of ~70 pA. The sensitivity calculated are 0.30, 0.33 and 0.23 for 

0.005M, 0.0025M and 0.00125M thin films, respectively. 
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Figure 5.13. The photoresponse of the Cs3Bi2I9 thin films spray-deposited with low 

concentration of precursor solution. 

5.2.3. Spray rate 

The precursor solution concentration was kept at 5 mM for BiI3 and 7.5 mM for CsI which 

was sprayed at a substrate temperature of 200℃. In this study, thin films are deposited with 

different spray rates of 0.1 ml/min (SR0.1), 0.3 ml/min (SR0.3) and 0.9 ml/min (SR0.9) 

compared to the 0.6 ml/min used in the previous depositions and the as-deposited thin films 

are shown in Figure 5.14. 
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Figure 5.14. The Cs3Bi2I9  thin films deposited by changing the spray rate of the precursor solution 

as (a) 0.1 ml/min, (b) 0.3 ml/min and (c) 0.9 ml/min. 

Structure 

X-ray Diffraction (XRD) and Raman spectroscopy 

The XRD patterns in Figure 5.15a show that the films are preferentially oriented in the 

(006) direction. The SR0.3 thin film displays the highest (006) peak intensity which means 

the thin film at this spray rate has better growth along the (006) plane. Small peaks 

corresponding to other planes are also marked in the diffraction patterns.  

 

Figure 5.15. (a) XRD patterns and (b) Raman spectra of the Cs3Bi2I9 thin films deposited at 

different spray rates. 
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The Raman spectra in Figure 5.15b also display the characteristic peaks corresponding to 

the Cs3Bi2I9 phase. The peaks are observed at 60, 103, 117 and 145 cm-1. Any indication 

of other impurity phases is absent in these structural analyses. 

Morphology 

Scanning Electron Microscopy (SEM) 

The morphology of the thin films is not uniform and compact, which is evident in Figure 

5.16. This suggests the powdery nature of the films. In addition to the low-concentration 

precursor solutions, the low spray rate leads to poor growth due to the absence of enough 

nucleation centers. Figure 5.16d shows a low-angle backscattered electron image of thin 

films deposited with 0.9 ml/min at low magnification. This clearly shows that the 

inefficient droplet spreading on the substrate surface leads to clusters of particles on the 

surface. 

 

Figure 5.16. SEM images of Cs3Bi2I9 thin films after varying the spray rate (a) 0.1 ml/min, (b) 0.3 

m/min and (c) 0.9 ml/min. (d) LA-BSE image of 0.9 ml/min deposited Cs3Bi2I9 thin film. 
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Chemical states 

X-ray Photoelectron Spectroscopy (XPS) 

The XPS high-resolution scans of core-levels of Cs, Bi, I and O after an Ar ion etching of 

the SR0.3 (0.3 ml/min) thin film are shown in Figure 5.17. The peaks in the Cs 3d scan at 

724.38 and 738.38 eV are assigned to Cs 3d5/2 and 3d3/2, revealing the +1 state. In the Bi 

4f scan, two doublets at 158.84 and 164.15 as well as at 156.88 and 162.19 eV are noted 

which are ascribed to the 4f72 and 4f5/2 peaks of Bi3+ and Bi0 states in the thin films. Further, 

the I 3d scan shows two peaks at 618.78 and 630.28 eV which corresponds to the 3d5/2 and 

3d3/2 peaks suggesting the I- state. The peak at 532.28 eV in O 1s scan is due to the 

atmospheric oxygen adsorbed to the thin film surface whereas the low intensity peak at 

530.78 eV is from the oxygen bonded to Bi. 

 

Figure 5.17. XPS core-level spectra of SR0.3 Cs3Bi2I9 thin films deposited at a spray rate of 0.3 

ml/min. 
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Optical properties 

UV-Vis-NIR spectroscopy 

The absorption, transmittance and reflectance of thin films fabricated with different spray 

rates are shown in Figure 5.18. The reflectance spectra and absence of sharp absorption in 

the absorption curves of the thin films again suggest their powdery nature, as evident in the 

SEM images and physical appearance. 

 

Figure 5.18. The (a) absorbance, (b) transmittance and (c) reflectance spectra of Cs3Bi2I9 thin films 

with varying spray rates. 
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Photoresponse 

The photocurrent response of the thin films at 5 V bias under the illumination of a 50 W 

halogen lamp is shown in Figure 5.19. At a very low spray rate of 0.1 ml/min (SR0.1) and 

a high spray rate of 0.9 ml/min (SR0.9), the response is not steady and shows a continuous 

degradation in the dark and light currents. However, the thin film fabricated with 0.3 

ml/min (SR0.3) shows a better response in terms of stability and sensitivity. 

 

Figure 5.19. The photoresponse of the thin films with different spray rates of 0.1 ml/min (SR0.1), 

0.3 ml/min (SR0.3) and 0.9 ml/min (SR0.9). 

5.2.4. Number of depositions 

The concentration of the precursor solution was maintained at 5 mM and 7.5 mM for BiI3 

and CsI, respectively, and substrate temperature was 200 ℃. Based on the previous 

experiment, the spray rate was maintained at 0.3 ml/min and the number of spray 

depositions was increased from 20 to 40 (d40), 50 (d50) and 60 (d60) depositions to achieve 

better coverage and sufficient thickness. 
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Structure 

X-ray Diffraction (XRD) 

The X-ray diffraction patterns shown in Figure 5.20 suggest that the crystallinity of the 

thin films is not significantly affected by the number of depositions up to 60. Like the 

previous experiments, the thin films are (006) oriented with the (006) peak at 25.20°. Peaks 

assigned to various other planes such as (002), (100), (101), (004), (105), (202), (203), 

(204), (205), (0010), (209) and (0012) are also marked in the diffraction patterns. 

 

Figure 5.20. XRD patterns of the Cs3Bi2I9 thin films with different deposition numbers such as 40 

(d40), 50 (d50) and 60 (d60). 

 

Morphology 

Scanning Electron Microscopy (SEM) 



CHAPTER 5                     SINGLE-STEP FABRICATION OF CESIUM BISMUTH IODIDE FILMS 

 

 
104 

 

The morphology of these thin films probed by SEM images is displayed in Figure 5.21, 

which shows that the films are covered with smaller particles but with better uniformity 

and coverage with more depositions. However, the low concentration of the precursor 

solution might lead to fewer nucleation sites upon spreading over the substrate. Besides, 

the high boiling point of DMF leads to the dissolution of thin films in subsequent 

depositions. The low solution concentration and the inefficient solvent evaporation lead to 

agglomerations when viewed over larger areas, as seen in a low-angle backscattered image 

of the d60 sample in Figure 5.21d.  

 

Figure 5.21. SEM images of the Cs3Bi2I9 thin films with (a) 40 (b) 50 and (c) 60 depositions. (d) 

Low angle BSE image of the 60 times deposited Cs3Bi2I9 thin film. 

 

Chemical states 

X-ray Photoelectron Spectroscopy (XPS) 

The XPS high-resolution scans of core-levels of Cs, Bi, I and O after an Ar ion etching of 

the d60 thin film are depicted in Figure 5.22. The d60 thin film was deposited at 200 ℃ 
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for 60 minutes and therefore is more prone to oxidation. The peaks in the Cs 3d scan at 

724.58 and 738.58 eV are assigned to Cs 3d5/2 and 3d3/2, signifying the +1 state. In Bi 4f 

spectrum, the doublet at 158.94 and 164.25 are assigned to the 4f72 and 4f5/2 peaks of Bi3+ 

whereas the peaks at 156.93 and 162.23 eV correspond to Bi0 states in the thin films. The 

etching process to remove the film surface layer results in the generation of metallic 

bismuth. The I 3d scan shows two peaks at 619.03 and 630.53 eV, corresponding to the 

3d5/2 and 3d3/2 peaks suggesting the I- state. The deconvoluted O 1s spectrum displays two 

peaks at 532.46 and 530.68 eV which are attributed to the adsorbed atmospheric oxygen 

and oxygen from bismuth oxide, respectively. 

 

Figure 5.22. XPS high-resolution spectra of Cs3Bi2I9 thin film (d60) after a single etching. 

 



CHAPTER 5                     SINGLE-STEP FABRICATION OF CESIUM BISMUTH IODIDE FILMS 

 

 
106 

 

Optical properties 

UV-Vis-NIR spectroscopy 

The absorbance, transmittance and reflectance of the films are shown in Figure 5.23. 

Again, sharp absorption is absent in these films, which may suggest the powdery nature of 

the thin films. 

 

Figure 5.23. (a) Absorbance, (b) transmittance and (c) reflectance spectra of Cs3Bi2I9 thin films 

with different deposition numbers. 

Photoresponse 

Figure 5.24 depicts the photoresponse of the thin films at 5 V bias under the illumination 

of a 50 W halogen lamp. The response curves demonstrate an increase in current with 

higher deposition numbers or higher thickness. The current under illumination increased 
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from ~60 to ~180 pA as the deposition was increased from 40 to 60 times. However, an 

increase in the dark current was also noted from ~47 to 130 pA. 

 

Figure 5.24. The photoresponse measurements of Cs3Bi2I9 thin films with different number of 

depositions. 

5.3. Cs3Bi2I9 thin films from concentrated precursor solutions 

 

Figure 5.25. (a) The single-step ultrasonic spray deposition of Cs3Bi2I9 thin films on a heated 

substrate. (b) The as deposited Cs3Bi2I9 thin films at various substrate temperatures. 

The Cs3Bi2I9 thin films were deposited using a DMF-based precursor solution containing 

0.1 M BiI3 and 0.15 M CsI. Figure 5.25a shows the schematic representation of single-
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step spray deposition of Cs3Bi2I9 thin films and Figure 5.25b shows the spray-deposited 

films. 

The substrate temperature is varied from 150 to 400 ℃ to analyze the thin film formation 

and in situ crystallization of the Cs3Bi2I9 phase. Since the precursor solution is sprayed 

onto the heated substrates in ultrasonic spray deposition, the evaporation rate of the solvent 

is highly influential in the thin film formation. A balanced spray rate and solvent 

evaporation rate are required to avoid cracks, agglomerations and dewetting. 

5.3.1.  Structure 

X-ray diffraction (XRD) 

 

Figure 5.26. Diffraction patterns of the Cs3Bi2I9 films deposited at various substrate temperatures 

(a) 150-275 ℃ and (b) 300-400 ℃.  

Figure 5.26a & b show the X-ray diffraction (XRD) patterns of the Cs3Bi2I9 thin films in 

agreement with the hexagonal Cs3Bi2I9 phase (ICDD ref. no: 01-073-0707) with P63/mmc 

(194) symmetry (Figure 5.27a) [88]. Here, the major peaks noted are (101), (110), (006), 

(202), (203), (204), (205), (220) and (0012) at 2 values of 12.9°, 21.17°, 25.27°, 25.91°, 
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27.59°, 29.80°, 32.45°, 43.02° and 51.77°, respectively. In addition, low intensity peaks 

corresponding to (100), (004), (105), (114), (211), (210), (300), (207), (208) and (209) 

planes are also noted in all the diffractograms. 

The XRD analysis up to 325 °C did not reveal any secondary phases corresponding to 

impurities. The XRD indicates phase-pure Cs3Bi2I9 film growth on glass substrates by 

ultrasonic spray deposition in the temperature range of 150 – 325 ℃ with atmospheric 

conditions. 

 

Figure 5.27. (a) The 2×2×2 supercell of Cs3Bi2I9 structures build in MedeA software, Materials 

Design, Inc and it’s (b) (006) and (c) (202) planes. 

The film deposited at 150 ℃ shows (006) preferred orientation, while at 200 ℃ and 250 

℃, the relative intensity of the (006) peak is reduced to match the growth along (202) 

direction [102,107]. Again from 275 to 325 ℃, the preferred growth along the (006) plane 

perpendicular to the substrate surface is regained. The atomic structures of Cs3Bi2I9 along 

the (006) and (202) planes are demonstrated in Figure 5.27b, c. The growth of Cs3Bi2I9 

films during the spray deposition can be understood based on the influence of four factors 

in direct control of substrate temperature, namely, (i) rate of crystallization, (ii) dissolution-

recrystallization, (iii) solvent vapor annealing and (iv) thermal annealing between the 

depositions. Here, the low temperature delays solvent evaporation, slowing the 

crystallization of Cs3Bi2I9, which favors a (006) preferred growth as seen in an earlier 

report of one-step spin-coated films where they were post-treated at low temperatures for 

slow crystallization to achieve large grain growth [73,102]. Further, the subsequent spray 

cycles at a low solvent evaporation rate can cause a dissolution-recrystallization process 



CHAPTER 5                     SINGLE-STEP FABRICATION OF CESIUM BISMUTH IODIDE FILMS 

 

 
110 

 

that can favor the growth in other directions. For example, the spin-coated Cs3Bi2I9 films 

after a dissolution-recrystallization process were (101) oriented [107]. The effects of 

solvent vapor annealing must be considered as the spray deposition process occurs in a 

closed chamber. In a previous report, the solvent-annealing of similar 0D-(CH3NH3)3Bi2I9 

film led to the onset of peaks corresponding to (10l) and (20l) planes, whereas a simple 

thermal-annealing resulted in more growth only along (00l) planes [215]. Furthermore, 

thermally annealed Cs3Bi2I9 films up to 200 ℃ showed (006) oriented growth along with 

peaks corresponding to (20l) and (10l) peaks [96].  

 

Figure 5.28. XRD profile of the thin film deposited at 400 ℃ substrate temperature. 

Similar intensities are seen for the reflections corresponding to (006), (202), (203) and 

(204) planes in thin films fabricated at 200-250 ℃. In comparison to the film at 150 °C, 

the (006) oriented growth is significantly reduced at these moderate temperatures due to 

the increased crystallization rate. A combined effect of dissolution-recrystallization and 

solvent vapor annealing aids the growth of (101), (202), (203) and (204) planes observed 

in the XRD patterns. Higher deposition temperatures (275-325 ℃) expose the films to 

thermal annealing in between the depositions, in addition to the rapid crystallization, 

assisting the coalescence of crystallites and c-axis oriented growth [96,215]. However, the 

scattering intensities are reduced at 350 °C, indicating that the compound was evaporated 

during the deposition. Besides, minor peaks corresponding to CsI (00-006-0311) and Bi2O3 
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are observed in this XRD pattern suggesting the onset of Cs3Bi2I9 decomposition at 350 

℃. Further at 400 ℃, the ternary film is completely decomposed with more evaporation 

showing only peaks corresponding to Bi2O3 (01-074-1374), CsO3 (01-076-0327) and Bi7I2 

(00-042-1293) phases as marked in Figure 5.28. 

The average crystallite size (D) is estimated from the XRD profiles using the Scherrer 

equation (2.3) [216]. The lattice parameters are determined following a simple Rietveld 

refinement and the texture coefficients corresponding to (006) and (202) planes are 

calculated using the equation (2.5). The analysis of texture coefficients reveals that while 

the growth along the (006)  plane is favored at high and low substrate temperatures; this 

preferential orientation is reduced at the intermediate temperatures (200 - 250 ℃) in spray 

deposition. The structural details are presented in Table 5-1. 

Table 5-1. Structural parameters of pure Cs3Bi2I9 films calculated from the XRD patterns. 

 

Substrate temperature (℃) 
 

 

Lattice 

parameters (Å) 

 

Texture 

coefficient 

 

Crystallite size 

(nm) 

a(=b) c TC006 TC202  

150 8.413 21.186 3.36 0.72 114 

200 8.412 21.187 1.75 0.92 80 

225 8.411 21.182 1.59 1.06 88 

250 8.413 21.188 1.38 1.04 98 

275 8.414 21.189 2.40 0.47 115 

300 8.414 21.187 3.63 0.34 115 

325 8.416 21.191 3.69 0.09 146 

 

Raman spectroscopy 

The Raman spectra of phase-pure thin films given in Figure 5.29 display major peaks near 

65, 93 and 148 cm-1 and shoulders around 104 and 120 cm-1. These peaks are associated 

with the various vibrational modes of Cs3Bi2I9 [96,102,217]. Higher energy peaks result 

from the stretching of the terminal (~148 cm-1) and bridging (~104 cm-1) Bi-I bonds in the 

isolated (Bi2I9)
3- anionic units, as seen in Figure 5.29, whereas the low-frequency spectra 

(~65 cm-1) is described by their interactions with Cs+ cations [92,94,217]. The peaks appear 
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slightly shifted to 63, 104 and 148 cm-1, along with shoulders at 93 and 120 cm-1 in the 

case of films deposited at 350 ℃. 

 

Figure 5.29. (a) The Raman spectra of Cs3Bi2I9 films deposited at different substrate temperatures. 

(b) The Cs3Bi2I9 structure with [Bi2I9]3- dimers. (c) The Raman spectrum of the Cs3Bi2I9 film 

deposited at 400 ℃. 

Further, the transparent films formed at 400 ℃ show broad Raman peaks at different 

wavenumbers 63, 456, 560 and 1100 cm-1, as seen in Figure 5.29b. These peaks are 

assigned to the α-Bi2O3, which has characteristic peaks around 62, 87, 129,  332, 456, 537, 

1042 and 1414 cm-1, which are concurrent with the XRD analysis [218]. The peaks between 

120 and 150 cm-1 are associated with the displacement of Bi and O atoms, whereas the 

peaks between 100 and 200 cm-1 are attributed to the Bi-O vibrations in the BiO6 octahedra. 

The higher energy peaks in the Raman spectrum of the bismuth oxide-rich film formed at 

400 °C are caused by the symmetric stretching and Bi-O stretching vibrations [218]. 
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5.3.2. Chemical composition and mapping 

Energy Dispersive X-ray (EDX) 

 

Figure 5.30. Distribution of Cs, Bi and I in the Cs3Bi2I9 film deposited at 250 ℃ substrate 

temperature. 

The elemental distribution images in Figure 5.30 obtained from the EDX analysis show 

that Cs, Bi and I are uniformly distributed throughout the spray-deposited films. 

Additionally, the elemental composition shown in Table 5-2 indicates that the films are 

iodine-rich and that the composition remains the same up to 300 ℃. However, at 350 °C 

substrate temperature, where the decomposition, evaporation, and oxidation of the 

compound are observed, a significant reduction in iodine content is noted. 

Table 5-2. The elemental composition from EDX analysis (area of 2 μm2) of spray-deposited films. 

 

Substrate temperature (℃) 

 

Cs/Bi (1.5) 

 

I/Bi (4.5) 

I/(Cs+Bi) 

(1.8) 

150 1.3 8.9 4.1 

200 1.2 8.8 3.9 

250 1.2 9.3 3.9 

300 1.3 9.4 4.2 

350 1.3 7.6 3.3 

 

Similar to the observations in the X-ray diffraction, Raman spectrum, and SEM image, the 

elemental composition also supports the presence of bismuth oxide (Bi2O3) and CsI in the 

350 °C films in addition to the Cs3Bi2I9 phase. Spray deposition at 400 °C causes the 

Cs3Bi2I9 solution to rapidly decompose at the substrate surface, with significant I and Cs 

evaporation resulting in Bi2O3 and CsO3, as well as a negligible amount of metal iodides. 
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5.3.3. Morphology 

Scanning Electron Microscopy (SEM) 

 

Figure 5.31. The scanning electron micrographs of spray deposited Cs3Bi2I9 films at different 

substrate temperatures. 

The SEM images in Figure 5.31 demonstrate that similar to organic lead halide perovskites, 

the spray-deposited Cs3Bi2I9 films have compact morphology and large grains [219,220]. 

In the films deposited at temperatures below 250 °C, the average particle size ranges from 

150 to 800 nm. In the films formed at 150 ℃, long particles were seen with lengths up to 

1.7 μm. However, from 250 °C onward, well-packed particles (300 - 900 nm) with a more 

circular shape are seen. This could be the result of more controlled crystallization with a 

faster solvent evaporation rate and dissolution-recrystallization in the ambient DMF 

solvent vapor [96]. This differs from our earlier report on two-step spray-deposited 

Cs3Bi2I9 films with flake-like morphologies [217]. However, spray-coated Cs containing 

lead halide perovskite [221] and thin films made of (CH3NH3)3Bi2I9 [82,83] were found to 

have such large and compact polygonal particle morphologies. Furthermore, the cross-
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sectional SEM images in Figure 5.32 show that ultrasonic spray deposition can easily grow 

grains as a single layer perpendicular to the substrate, even for a thickness of 1800 nm. 

This can significantly reduce grain boundaries in the direction of carrier transport across 

device junctions [82]. 

 

Figure 5.32. Cross sectional SEM images of spray cast Cs3Bi2I9 films at various substrate 

temperatures (a) 150 (b) 200 (c) 250 (d) 275 (e) 300 (f) 325 and (g) 350 ℃. 

 

At 350 °C, void regions and a change in morphology from large particles to very thin flakes 

with a width of 108 nm and a thickness of 12 nm are also noticeable, indicating the 

beginning of evaporation of the film. The thickness is reduced to as low as 900 nm due to 

the significant evaporation at 350 ℃. Further at 400 ℃, the morphology completely 

transforms into flakes (size ~227 nm, thickness ~ 30 nm). As seen from the XRD and 

Raman analysis, the formation of such flakes can be attributed to the formation of Bi2O3 

following the breakdown and oxidation of Cs3Bi2I9 [222]. 
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5.3.4. Chemical states 

X-ray photoelectron spectroscopy (XPS) 

 

Figure 5.33. Survey spectrum of spray deposited Cs3Bi2I9 films at different substrate temperatures. 

Spray-deposited Cs3Bi2I9 films are further examined using X-ray photoelectron 

spectroscopy (XPS). Characteristic signals from Cs, Bi, I, O and C are recognized from the 

survey scan patterns in Figure 5.33. The chemical states of the elements are identified from 

the core-level spectra, obtained by the high-resolution scan of the film surface, as displayed 

in Figure 5.34. At lower temperatures, Cs 3d5/2 and 3d3/2 peaks associated with the +1 state 

are noted at 724.58 and 738.58 eV with a spin-orbit splitting of 14 eV [130]. The Bi 4f7/2 

and 4f5/2 peaks are found at 158.76 and 164.07 eV with a separation of 5.31 eV, specifying 

the Bi3+ state in Cs3Bi2I9 [223]. The intense peaks observed at 618.98 and 630.48 eV at a 
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spin-orbit separation of 11.5 eV are ascribed to the 3d5/2 and 3d3/2 peaks of iodine (I-) 

[130,201,217,223].  

Interestingly, Cs3Bi2I9 films via this large-area deposition in normal atmospheric conditions 

are stable up to 300 ℃ substrate temperatures as other metallic species or their oxides were 

not observed in the XPS studies. Generally, the metallic species observed in metal halide 

perovskites are associated with iodine deficiency, dissociation of precursors or improper 

crystallization [224]. Therefore, the iodine-rich films may be suppressing the generation of 

any metallic bismuth in our spray deposition route. 

 

Figure 5.34. High-resolution core level scan of Cs, Bi, I and O in Cs3Bi2I9 films spray deposited at 

different substrate temperatures. 
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However, the cesium and iodine photoelectron peak intensities are substantially reduced in 

the films deposited at 350 and 400 ℃ substrate temperatures indicating degradation and 

evaporation. In these films, the Cs 3d peaks are shifted to 724.77 and 738.69 eV suggesting 

the formation of CsI [217]. Besides, the intensity of Bi 4f doublet peaks associated with 

the Bi3+ state is significantly increased and their positions are seen at 158.88 and 164.18 

eV, indicating changes in the local chemical environment in the ternary Cs3Bi2I9 [225,226]. 

In addition to the absorbed oxygen peak at 532.08 eV, another O 1s peak at 529.53 eV is 

observed from 325 ℃ which indicates the formation of Bi-O bonds as a result of the 

oxidation of Bi in the sprayed precursor solution while Cs and I evaporate [225–227]. The 

binding energy values of Bi 4f and O 1s peaks are in accordance with the literature on the 

Bi2O3 phase and are also consistent with our XRD and EDX analysis [225–227]. 

Usually, at higher temperatures, Cs3Bi2I9 degrade to BiI3 and CsI and later, the former 

evaporates leaving only CsI behind on the substrate. However, during the spray deposition 

at higher temperatures, the precursor solution is continuously sprayed onto the substrate 

surface and the evaporation and oxidation result in more bismuth oxide on the suface along 

with CsI [217]. 

5.3.5. Optical properties 

UV-Vis-NIR Spectroscopy 

Figure 5.35a shows the absorption spectra of Cs3Bi2I9 films exhibiting an absorption onset 

near 620 nm. The sharp absorption from 620 nm into the visible range can be observed in 

the films deposited at 250, 275 and 300 ℃. 

The optical absorption coefficient (α) is determined according to the relation (2.8) to be 

4.5×104 cm-1. The band gap is estimated from Figure 5.35b  following the Tauc relation 

(2.7)  for direct band gap to plot hν vs. (αhν)2 and extrapolating the linear part to the x-

axis where (αhν)2 = 0 [228]. The calculated direct band gap is around 2.1 eV. However, for 

200 and 225 ℃ films, the values are reduced to ~1.8 eV. The band gap around 2 eV with 

a reasonable absorption coefficient is suitable for tandem solar cells and UV-Vis 

photodetectors [99]. 
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Figure 5.35. The (a) absorption spectra of Cs3Bi2I9 films at different substrate temperature. (b) The 

direct band gaps of the films calculated form the absorption data. 

Here, Bi3+ also adopts a stable d10s2p0 electronic configuration just like Pb2+. This provides 

wide bandwidth for the valence band due to the overlapping bands [229]. As determined 

by our DFT calculation [217], the band gap observed in Cs3Bi2I9 is the energy difference 

between the covalent Bi 6s and I 5p in the valence band maximum (VBM) and Bi 6p at the 

conduction band minimum (CBM) [229]. In this case, the electronic structure of the 

compound is not significantly influenced by the Cs+ cations. Instead, they fill the spaces 

between the face-shared metal halide octahedra, giving the compound its layered structure. 

The face-sharing octahedra produce a higher charge density around the Bi atoms in 

Cs3Bi2I9 compared to the binary BiI3 (Eg~1.67 eV) with edge-shared octahedra. Besides, 

the position of I 5p occupied states in the VBM of Cs3Bi2I9 promote better hybridization 

with Bi 6s2 lone pair states resulting in the significant absorption of the compound 

[217,229]. 
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5.3.6. Thermal stability 

 

Figure 5.36. XRD patterns of RTP treated Cs3Bi2I9 (250 ℃) films for 1 min. 

To evaluate the structural and morphological changes as well as the stability of spray-

deposited Cs3Bi2I9 film, rapid thermal processing (RTP) was done at temperatures up to 

600 ℃ for 1 min in low vacuum conditions (8-12 mbar). The corresponding diffractograms 

in Figure 5.36 demonstrate that the films are stable up to 500 ℃ but decompose to BiI3 and 

CsI at 600 ℃. Compared to the 300 ℃ film, the intensity of the (006) peak reduces at 400 

℃ but again orients preferentially along the (006) plane at 500 ℃. Further, the 

morphological changes of Cs3Bi2I9 films caused by rapid thermal processing can be seen 

in Figure 5.37. 
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Figure 5.37. The SEM images of rapid thermal processed Cs3Bi2I9 (250 ℃) films at different 

temperatures for 1 min. 

According to the X-ray diffraction and SEM results, the films are stable up to 500 °C but 

rapidly degrade at 600 °C, forming large CsI particles up to 1 μm on the surface. The 

compact surface is composed of particles in the 300-500 nm range as measured from the 

SEM images of films treated at 300, 400 and 500 ℃. 

5.3.7. Photoresponse 

Photoresponse of the Cs3Bi2I9 films are measured using Ag contacts on the film surface at 

5 V bias using a 50 W halogen lamp illumination (Illuminance ~ 34029.66 lx). A stable 

photoresponse with a current in the nano ampere range is noted in Figure 5.38 for the films 

deposited at substrate temperatures of 200 to 275 ℃. The films obtained at 250 °C 

demonstrated stable sensitivity with a better photocurrent up to 1.4 nA despite low 

switching ratio in horizontal measurements. 
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Figure 5.38. Photoresponse under 50 W halogen lamb at 5 V bias measured from horizontal 

Ag/Cs3Bi2I9/Ag devices. 

5.3.8. Self-powered photodetector 

The absorption spectra of Cs3Bi2I9 films indicate that they are suitable for short visible 

range photodetection, particularly in the blue region. Therefore, Ag/FTO/Cs3Bi2I9/C-Ag 

photodetector was fabricated by depositing 250 ℃ Cs3Bi2I9 film on the FTO-coated glass 

substrate. Figure 5.39a  shows an exponential decay of the photocurrent from the initial 

cycle under an AM1.5 illumination. After 400 s, the photocurrent then stabilizes around 80 

nA. The photodetection performance of the structure in the absence of any bias voltage 

points Cs3Bi2I9 layers to self-powered device applications. Low dark current (~10-10 A) and 

relatively high photocurrent (~10-8 A) unveil the excellent self-powered photodetection 
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behavior of the FTO/Cs3Bi2I9 junction. The strong FTO/Cs3Bi2I9 Schottky junction, as seen 

in the inset of Figure 5.39a, forms the depletion region with a built-in electric field that 

separates and drives the photocarriers out of the semiconductor-electrode interface which 

is then collected as photocurrent. The spray-dposited device exhibits comparatively high 

photocurrent and, as a result, a high switching ratio. The self-powered positive 

photocurrent observed suggests that the holes are injected into the source terminal and 

electrons in the opposite direction. 

 

Figure 5.39. Self-powered photodetection in Ag/FTO/Cs3Bi2I9/C-Ag photodetector under (a) 

AM1.5 illumination (b), (c) 532 nm laser illumination at various powers and 405 nm laser at 50 

mW. (d)  Schematic of the Ag/FTO/Cs3Bi2I9/C-Ag photodetector structure. 

Further, the photodetector was illuminated using 532 nm (10 - 100 mW) and 405 nm (50 

mW) short-wavelength laser sources at 0 V bias and the responses are shown in Figure 

5.39. The sensitivity, responsivity and detectivity are calculated at various light powers at 

0 V to evaluate the heterojunction photodetector performance. The sensitivity (S) or signal-

to-noise ratio (SNR), which is the photosensing performance of the photodetector, is 

estimated from the dark current (Idark) and photocurrent (Iph =Ilight -Idark) using the equation 
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(2.10). The responsivity (R) of the photodetector with an effective illumination area (𝐴) 

of ~0.25 cm2 is obtained using the equation (2.11). Further, its  detectivity (D) is 

determined using the relation (2.12). 

 

Figure 5.40. (a) The responsivity and detectivity of the FTO/Cs3Bi2I9 photodetector. (b) The rise 

time and decay time calculated for the response to 405 nm illumination. (c) The linear dependence 

of photocurrent on light intensity and (d) the corresponding fitting of power law for 532 nm 

illumination. 

As elucidated in Figure 5.40c, the photocurrent (𝐼𝑝ℎ) rises almost linearly with the power 

density (P) from 1.5 to 4 nA under 532 nm laser illumination and the power law (𝐼𝑝ℎ =

𝐴. 𝑃𝛾) can best define the dependence, where A is a scaling constant and γ is an exponent 

to the light intensity [193,230]. A fitting to the power law, as shown in Figure 5.40d 

(dashed-line), obtain γ equal to 0.64 (between 0.5 and 1), which suggests the higher 

probability of electron-hole recombination and charge carrier scattering in the kinetics of 

photocurrent saturation [230]. The dark current detected is in the range of 48 - 94 pA. 

Although the absorption starts around 620 nm, the photodetector's limited performance to 
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532 nm illumination can be attributed to the strong excitonic behavior of Cs3Bi2I9 above 

470 nm, which is clear from earlier studies [106]. The high exciton binding energy traps 

the photogenerated carriers in the bioctahedral units instead of being collected at the 

contacts reducing the photocurrent [106]. Further, the photocurrent up on 405 nm laser 

illumination of 7.08 mWcm-2 at 0 V was 9 - 10 nA giving the highest sensitivity of 157. 

Correspondingly, a photoresponsivity of 0.0051 mA/W and a detectivity of 5.93×108 Jones 

were determined for this self-powered photodetector based on the Cs3Bi2I9 film. The self-

powered photodetector by spray deposition has detectivity values that are comparable to 

those of the spin-coated Cs3Bi2I9 polycrystalline thin-film photodetectors that were 

previously reported [14]. Figure 5.40b is used to calculate the response's rise time and 

decay time, which are determined to be 1.52 s and 2.29 s, respectively. 

The 263 folds higher defect density and ~104 folds lower carrier mobility of the 

polycrystalline thin films compared to the Cs3Bi2I9 SCs can be accounted for their limited 

performance [14]. The limitations imposed by the polycrystalline nature of Cs3Bi2I9 thin 

films can be overcome in several ways. It is possible to enhance the transport properties by 

using different substrates with better lattice matching, such as the Si (111) plane. 

Heterostructures with 2D materials, such as graphene or MoS2, that have excellent 

transport properties can also improve the photogenerated carrier collection, increasing the 

sensitivity of the device. In addition, using complexing agents to limit the reaction of the 

constituents of the precursor solution is a promising route to reduce the surface roughness 

and uniformity in sprayed perovskite thin films to improve the interfaces with contacts and 

electron transport layer. 

5.4. Conclusions 

The influence of various spray parameters on the properties of Cs3Bi2I9 thin films were 

analyzed to understand and optimize the conditions to fabricate uniform thin films with 

better optoelectronic properties. All these initial experiments and analyses on the 

deposition parameters suggest that higher nucleation centers are needed to grow Cs3Bi2I9 

thin films while taking care of solvent evaporation. However, there are limitations to the 

high spray rates we can use at moderate temperatures while using a high boiling point 
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solvent. High spray rates may also lead to large droplets resulting in agglomerated regions. 

Therefore, a suitable method is to considerably increase the precursor concentration while 

maintaining the low spray rate for efficient solvent evaporation. The optimum spray 

parameters for obtaining good quality Cs3Bi2I9 film are 200 ℃ substrate temperature, 0.3 

ml/min spray rate and 10 depositions of 0.1 M/0.15 M BiI3/CsI solution. 

We synthesized high-quality Cs3Bi2I9 films of distinctive morphology and texture for the 

first time via a single-step ultrasonic spray technique. Finally, incorporated the Cs3Bi2I9 

film into a self-powered photodetector with the configuration of Ag/FTO/Cs3Bi2I9/C-Ag. 

The structural, morphological, chemical and optoelectronic analysis reveals that (006) 

texture-tuned Cs3Bi2I9 films with large grains can be readily fabricated in atmospheric 

conditions using large-area ultrasonic spray deposition at substrate temperatures from 150 

to 300 ℃. Moreover, the photoresponsive films have direct band gaps around ~2.00 eV 

with absorption coefficients in the order of ~104 cm-1 in the short wavelength region of the 

visible spectrum. Interestingly, the Ag/FTO/Cs3Bi2I9/C-Ag photodetector demonstrated 

self-powered photodetection with sensitivity, responsivity and detectivity of 157, 0.0051 

mA/W and 5.93×108 Jones, respectively, under a laser of 405 nm at 7.08 mWcm-2
. Rapid 

thermal processing of the film revealed that the films were stable up to 500 °C, making 

them an excellent choice for practical electronic operations.  

To find a replacement for DMF in the ultrasonic spray deposition process of Cs3Bi2I9 thin 

films, we explore ethanol-based precursor solutions of BiI3 and CsI as discussed in the next 

chapter.
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CHAPTER 6 

6. TWO-STEP DEPOSITION OF CESIUM BISMUTH 

IODIDE THIN FILMS 
 

 

 

6.1. Introduction 

The research work in this chapter explains how sequential spray deposition of BiI3 and CsI 

in ethanol-based precursor solutions results in the in situ formation of cesium bismuth 

iodide thin films. In order to obtain pure Cs3Bi2I9 films, layer configuration and precursor 

molarity are varied to fabricate different thin film samples. They were investigated in detail 

using characterization techniques to probe their structure, morphology, optical and 

electronic properties as well as computational calculations. The optimized Cs3Bi2I9 film 

formed heterojunctions with electron transport layers such as ZnO and CdS, which are 

analyzed to investigate on their potential for photovoltaics or photodetection. 

6.2. Layer configuration and deposition numbers 

6.2.1. Structure and morphology 

Spray-deposited BiI3 and CsI precursor layers 

The XRD patterns of the precursor layers, BiI3 and CsI, under the same conditions for 

obtaining the ternary Cs3Bi2I9 films are shown in Figure 6.1 for comparison. BiI3 has a 

rhombohedral crystal structure (ICDD ref. no: 00-048-1795, space group: R-3) with lattice 

This chapter presents our investigations to replace the DMF solvent with less toxic 

ethanol to fabricate Cs3Bi2I9 thin film by ultrasonic spray deposition. Considering 

the limitations in solubility, we follow a two-step spray deposition. 
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parameters a = 7.519 Å and c = 20.721 Å. The major diffraction peaks are observed at 

12.79°, 14.23°, 26.96°, 35.24° and 41.55°, which are related to the (003), (101), (113), (116) 

and (300) planes, respectively. Besides, weak peaks corresponding to (012), (303), (119) 

and (223) planes are noted at 16.05°, 43.65°, 46.18° and 50.23°. On the other hand, the 

diffraction pattern of CsI shows an intense peak at 27.67° which is from the (110) plane, 

while minor peaks are observed at 31.41° and 48.78° from (200) and (211) planes, 

respectively. The pattern matches well with the cubic phase (ICDD ref. no: 00-006-0311, 

space group: Pm3m, a = 4.568 Å) of CsI. 

 

Figure 6.1. XRD patterns of BiI3 and CsI precursor layers deposited by ultrasonic spray. Digital 

images of the precursor layers. (2×2.5 cm) are shown in the inset. 
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Spraying BiI3 (0.01 M) solution on CsI (0.003 M) layer 

 

Figure 6.2. The XRD patterns of CsI/BiI3 layer configuration with varying BiI3 deposition 

numbers, (a) CB1 (b) CB2 (c) CB3 (d) CB4 (e) CB6 and (f) CB8. 

Initially, a 0.01 M BiI3 solution was reacted with a spray-deposited CsI layer (0.003 M) to 

investigate the crystallization of the ternary Cs3Bi2I9. Here, the XRD profiles of the thin 

films  obtained with the increasing number of BiI3 depositions are analyzed, as seen in 

Figure 6.2. The deposition number was increased from 1 to 8 until the BiI3 completely 

reacted with the underlying CsI. The films were labeled as CB1, CB2, CB3, CB4, CB6 and 

CB8. The XRD pattern of CB1 film indicates the emergence of a peak at 25.2° that 

corresponds to the (006) plane of Cs3Bi2I9. The new peak confirms the formation of the 

Cs3Bi2I9 phase as BiI3 solution is sprayed on top of the CsI layer kept at 125 ℃. The 

intensity of the (006) peak increases with more BiI3 sprays (CB4) until four depositions, 

while the intensity of the CsI peak at 27.65° falls, which suggests more reaction and better 
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crystallinity of Cs3Bi2I9. Further BiI3 depositions lead to the peak shift from 12.84° 

(reflection from (101) plane of Cs3Bi2I9) to 12.79° (reflection from (003) plane of BiI3) 

with an abrupt increase in intensity revealing left-over BiI3 in the CB6 and CB8 samples. 

The presence of excess BiI3 is also evident from the shift in peak position from 25.86°, 

(202) plane of Cs3Bi2I9, to 25.72°, (006) plane of BiI3. 

 

Figure 6.3. SEM images of CsI/BiI3 thin films with 1, 2, 3, 4, 6 and 8 sprays of BiI3 solution (0.01 

M) over CsI layer (10 sprays of 0.003 M CsI solution). 

 

The SEM images in Figure 6.3 demonstrate the formation of Cs3Bi2I9 nanosheets with BiI3 

deposition over CsI layer. However, with more depositions, the dissolution 

recrystallization of these nanosheets results in large and compact particles on the film 

surface. 

Spraying CsI (0.009 M) solution on BiI3 (0.01 M) layer 

Additionally, the phase formation by spraying CsI solution over the BiI3 layer was also 

analyzed. Here, a higher molarity (0.009 M) CsI solution was used to ensure a fast and 

efficient reaction with the underlying spray-deposited BiI3 layer. Again, the number of CsI 

depositions was varied as 5, 10 and 15, and the XRD patterns of the samples compared to 

the Cs3Bi2I9 phase (JCPDS card no: 01-73-0707) are shown in Figure 6.4. 
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Figure 6.4. The XRD patterns of BiI3/CsI thin films with different CsI deposition numbers. 

 

The film with ten CsI depositions has a pure phase, while the film with five CsI depositions 

shows the presence of unreacted BiI3. The films have a preferential orientation along the 

(006) direction. 

The structure analysis of the films formed with different number of CsI depositions onto 

BiI3 and vice-versa reveal the spontaneous reaction between CsI and BiI3 irrespective of 

the layer configuration. However, spraying CsI on top of sprayed BiI3 film showed fast 

crystallization to obtain pure Cs3Bi2I9 phase, since the (110) oriented CsI with d100 of 3.23 

Å was effectively intercalated to the (113) and (003) oriented layered BiI3 structure with 

d113 of 3.3 Å and d003 of 6.91 Å during the spray process. Therefore, we concluded that 

better quality Cs3Bi2I9 thin films can be obtained by 10 times spraying CsI solution over 

the BiI3 thin films. 
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Figure 6.5. SEM images of BiI3/CsI thin films with 5, 10 and 15 layers of CsI (0.009 M) deposited 

over BiI3 layer (0.01 M). 

Figure 6.5 displays the SEM images of the thin films fabricated by spraying CsI over BiI3 

layer. The larger number of CsI depositions results in bigger grains as compared to the 

small hexagonal grains observed at low deposition numbers. 

6.3. Influence of CsI precursor concentration on the thin film properties 

Furthermore, we varied the concentration of CsI precursor solution keeping the BiI3/CsI 

configuration with ten depositions for each layer fabrication. 

Table 6-1. Sample names with respect to the CsI precursor concentration. 

CsI precursor concentration 0.003 M 0.009 M 0.015 M 0.021 M 

Sample name M003 M009 M015 M021 

6.3.1. Structure 

X-ray diffraction (XRD) 

Figure 6.6 displays the diffraction patterns of the films formed by spraying CsI solutions 

of various molarities onto the sprayed BiI3 films. The diffraction patterns unveil the in situ 

formation of Cs3Bi2I9 phase during the spraying of CsI precursor solution over the BiI3 

layer.  

Strong reflections of the Cs3Bi2I9 phase are noted in the M009, M015 and M021 films and 

no other peaks corresponding to CsI or BiI3 are observed. For these films, the major 

diffraction peaks located at 12.1, 12.8, 21.1, 25.2, 25.8, 27.6, 29.7, 32.3 and 42.9° are 

ascribed to (100), (101), (110), (006), (202), (203), (204), (205) and (220) planes of 

hexagonal Cs3Bi2I9 phase closely in match with the ICDD ref. no. 01-73-0707 (a=b=8.412 

Å, c= 21.182 Å, space group: P63/mmc (194)) as depicted in Figure 6.6 [88,93,98]. The 
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growth of this 0D ternary phase is an outcome of the integration of Cs and I  atoms into the 

layered 2D crystal structure of BiI3. Even though the Cs atoms are not electronically 

bonded to the Bi or I atoms in the ternary crystal structure, the edge-sharing BiI6 octahedra 

in BiI3 restructure to face-sharing 0D (Bi2I9)
3- anionic units resulting in the new Cs3Bi2I9 

phase [72]. 

 

Figure 6.6. (a) The XRD profiles of BiI3/CsI thin films with different molarity of CsI solutions and 

(Inset) Photographs of 2.5×2.5 cm-sized thin films. 

 

Besides, the peak at 41.57° in M003 film, matching the (300) plane of the BiI3 phase, 

suggests the presence of unreacted BiI3 in the film along with the Cs3Bi2I9 phase [231]. On 

the other hand, this may also indicate the formation of a BiI3-rich CsBi3I10 phase with 

comparable growth directions as that of BiI3 [93,125,136,198]. The improved intensity of 

Cs3Bi2I9 peaks with CsI concentration signifies the effective diffusion and complete 

reaction with the BiI3 on glass substrates. Noticeably, the preferential orientation changes 
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from (006) in M009 to (203) in M021 with increasing CsI concentration which may 

indicate that the more CsI present during the reaction can result in polycrystalline films 

[103,113,135]. In a previous report, spin-coated Cs3Bi2I9 thin films heated at 125 ℃ for 30 

min showed intense peaks corresponding to (202), (203), (204) and (205) planes [198]. By 

a similar method at a relatively low temperature of 80 ℃, the growth was in the {00l} 

directions with (006) preferential orientation [102]. Moreover, single crystalline films with 

(006) orientation were formed at 70 ℃ and polycrystalline films at 150 ℃ in which 

prominent reflections from crystal planes such as (101), (202), (203), etc. were also 

observed [14].  

Table 6-2. Structural parameters of the spray-deposited Cs3Bi2I9 thin films. 

Sample Lattice parameters Crystallite size (nm) Microstrain 

(×10-3) a=b (Å) c (Å) 

M009 8.40 21.143 67.6 3.08 

M015 8.41 21.179 58.5 3.39 

M021 8.42 21.185 59 3.43 

 

The lattice parameters estimated using equation (2.6) for hexagonal structure are close to 

the standard values (a=b=8.4116 Å and c= 21.1820 Å) as given in Table 6-2 [190]. The 

Williamson-Hall (W-H) plot is used to determine the microstrain (ε) contribution to peak 

broadening (βε) and to calculate the crystallite size following the linear equation (2.4) 

[232], 

 

Figure 6.7. Williamson-Hall plots of the Cs3Bi2I9 thin films. 
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W-H plots in Figure 6.7 indicate the presence of microstrain in the structure and the 

calculated crystallite size values are 67.6, 58.5 and 59 nm, respectively, for M009, M015 

and M021 samples containing mainly Cs3Bi2I9 phase. 

Raman spectroscopy 

 

Figure 6.8. Raman spectra of the spray-deposited BiI3 and CsI precursor layers as well as Cs3Bi2I9 

thin films. 

Raman spectra of the spray-deposited BiI3/CsI films with different CsI precursor 

concentrations are displayed in Figure 6.8. The characteristic peaks observed near 60, 104, 

119 and 146 cm-1 correspond to the ternary Cs3Bi2I9 phase. Raman peaks with similar 

values were reported for Cs3Bi2I9 and CsBi3I10 phases [96,214]. No characteristic Raman 

peak of the CsI precursor layer is observed apart from the peak around 49 cm-1, which is 

due to the glass substrate. The BiI3 layer shows Raman peaks around 83, 109, 147 and 164 

cm-1, in which the broad and intense peak at 109 cm-1 is associated to the characteristic Ag 

mode of BiI3 [117]. 



CHAPTER 6                  TWO-STEP DEPOSITION OF CESIUM BISMUTH IODIDE THIN FILMS 

 

 
136 

 

The high polarizability and strong exciton-phonon interactions inferred from the strong 

Raman scattering depend on the extent of defects and spatial interactions in the isolated 

Bi2I9
3- units of the Cs3Bi2I9 structure [92,214]. While their interactions with the bridging 

Cs+ make up the low-frequency spectrum, the principal modes originate from the strongly 

bound anionic units. The major vibrational modes of Bi2I9
3-

 originate from the terminal and 

bridging Bi-I stretching modes. The three bridging I atoms are bonded by two Bi atoms; 

therefore, the corresponding Bi-I stretching is weaker compared to the stretching modes of 

the Bi bonded to three terminal I atoms. Since the force constant of the terminal Bi-I bonds 

is higher, the peak associated with their stretching modes is observed at higher energies. 

Each type of these bonds exhibit one symmetric (A1ʹ) and two antisymmetric (Eʺ and Eʹ) 

stretches associated and thus, there are six Raman active Bi-I stretching modes in Cs3Bi2I9. 

Among these modes, symmetrical stretching results in more intensity peaks due to the 

relatively higher degeneracy than the antisymmetric modes [92]. Therefore, the peak 

observed near 146 cm-1 is attributed to the symmetric stretching of the terminal Bi-I bonds 

[A1ʹ(v1)] in the Bi2I9
3- bioctahedra, whereas the antisymmetric mode [Eʹ(v10)] emerges at 

119 cm-1. On the other hand, the symmetric stretch associated with bridge Bi-I A1ʹ(v2) 

appears near 104 cm-1 [92,94]. 

On the other hand, various bending modes and ionic interactions with Cs+ constitute the 

lower energy peaks seen in the Raman spectra [233]. The strong peaks in this range are due 

to the 0D molecular Bi2I9
3- ions which are unrestricted for twist and rotation as the Cs+ 

cations do not directionally bind them. Thus, these bending modes are as likely as the high 

energy stretching modes explaining the high intensity of the corresponding peak near 60 

cm-1 [92]. 
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6.3.2. Morphology 

Scanning Electron Microscopy (SEM) 

 

Figure 6.9. Scanning electron microscopy images of Cs3Bi2I9 films with various CsI precursor 

concentrations. 

The SEM images in Figure 6.9 display the morphology of Cs3Bi2I9 thin films with varying 

CsI precursor concentrations. The film shows that the surfaces are composed of compact 

grains or hexagonal-shaped nanosheets of ~280 nm average size [187]. However, for 

M021, when the CsI concentration was higher, more agglomerations are observed with 

smaller CsI particles. 

 

Figure 6.10. Cross sectional SEM image showing the thickness of the optimized M015 Cs3Bi2I9 

film.  

The thickness of the optimized M015 film was measured to be ~1 μm from the cross-

sectional SEM image in Figure 6.10. In general, the flake-like morphology may be mainly 

due to the layered nature of Bi2I9 bioctahedra [93]. Such nanosheet morphology was also 

observed in the case of spin-coated Cs3Bi2I9 thin films which performed well in solar cells 

[96,107]. Khadka et al used antisolvent and solvent annealing to modify the nanosheets to 

a more compact morphology [96], whereas Bai et al. used a dissolution and 
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recrystallization route to reduce the nanosheet thickness to obtain a  more uniform surface 

[107]. 

6.3.3. Chemical state and composition 

X-ray photoelectron spectroscopy (XPS) 

 

Figure 6.11. The survey spectra of precursor layers and the reacted films. 

Survey scans of the precursors and the ternary films after a soft Ar+ ion etch are compared 

in Figure 6.11. Further, the XPS high-resolution core-level scans, as illustrated in Figure 

6.12, are used to identify the elemental states and chemical composition of the ternary 

films. In the survey patterns, elements of Cs, Bi and I along with the O and C species are 

detected as noted. The additionally observed Sn 3d peaks are originated from the FTO 

substrate. 
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Figure 6.12a represents the high-resolution core-level spectra of Cs 3d, Bi 4f and I 3d in 

the Cs3Bi2I9 films in comparison with that of the pure CsI and BiI3 films. With reference 

to the binary precursors, the binding energies of all elements shift to lower values in the 

Cs3Bi2I9. The intensity of Cs increases with the higher molarity of CsI precursor solution 

but reduces again in M021. The peaks were deconvoluted using the Gaussian-Lorentzian 

sum function and the background was determined by a Shirley type function as shown in 

Figure 6.12b. 

 

Figure 6.12. (a) XPS high-resolution core-level spectra of Cs, Bi and I in the precursor layers (CsI 

and BiI3) as well as the reacted ternary films obtained with different CsI molarity (b) The 

deconvoluted spectra of M015 film after a soft Ar+ ion etching. 

Figure 6.13a, b depict the high-resolution XPS scans of the CsI and BiI3 precursor layers. 

In pure CsI, Cs 3d5/2 and 3d3/2 peaks are at 724.78 and 738.74 eV with a spin-orbit splitting 

of 13.94 eV corresponding to the Cs+ state. However, for the ternary M015 film in Figure 

6.12b, these peaks shift to lower binding energy (BE) of 724.59 and 738.54 eV, indicating 

a change in its chemical environment. The reduced BE is due to the presence of higher 

valence anionic units (Bi2I9)
3- which are not directly bonded to each other in 0D-Cs3Bi2I9.  
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Figure 6.13. High resolution core-level spectra of various elements in the sprayed (a) CsI and (b) 

BiI3 precursor layers obtained after a soft argon ion etch. 

The Bi 4f core-level spectrum of the BiI3 precursor layer in Figure 6.13b displays three 

doublet pairs. Among them, one at 159.08 and 164.38 eV with a separation of 5.3 eV  is of 

Bi 4f7/2 and 4f5/2 corresponding to the 3+ state in BiI3. The second doublet peaks noted at 

157.38 and 162.69 eV are ascribed to Bi0 state [72,157]. The origin of metallic bismuth is 

a result of the reduction of Bi3+ during the argon ion etching, similar to the Pb0 state in 

organic lead halide perovskites [201,234]. The small peaks at 158.18 and 163.48 eV are 

ascribed to the Bi 4f7/2 and 4f5/2 levels in BiOI phase in the BiI3 thin films. However, any 

noticeable peaks of such impurities are not present in the XRD patterns. In the M015 

Cs3Bi2I9 films (Figure 6.12b), the major peaks of Bi shift to lower binding energies by ~0.2 

eV compared to that of the precursor BiI3 layer. Similarly, metallic bismuth is also evident 

in all the ternary films primarily due to the Ar ion etching before the scans.  

The iodine 3d spectra in Figure 6.13 show peaks at 619.08 and 630.58 eV for pure CsI 

films and at 619.18 and 630.68 eV for the BiI3 layer correlating with that of I- states [201]. 
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In the Cs3Bi2I9 films, I peaks were moved to the lower binding energy by ~0.1 – 0.2 eV as 

compared to the binary precursor films as seen in Figure 6.12b. These lower binding energy 

shifts, as compared to the binary precursor films may be due to the molecular salt structure 

of Cs3Bi2I9, where the isolated (Bi2I9)
3- anionic units are not directly bound by the Cs+ 

cations. 

The intense peaks oberved at 530.28 eV and 530.18 eV in the O 1s spectra of CsI and BiI3 

layers, in Figure 6.13, are due to the presence of cesium oxide and bismuth oxide, 

respectively. The additional peak noted at 531 eV for BiI3 layer is associated to the BiOI 

phase. Besides, both the layers display a peak at 532.18 eV which corresponds to the 

adsorbed oxygen. 

 

Figure 6.14. The depth profile of M015 thin film deposited on FTO coated glass substrate shows 

the presence of all elements throughout the film thickness. 

The presence of Sn in the survey spectra suggests the detection of photoelectrons from the 

FTO substrates. A depth profile of the M015 film on FTO coated glass substrate is depicted 
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in Figure 6.14, which shows the presence of Cs, Bi and I throughout the depth of the film. 

This confirms the diffusion of Bi from the lower layer into the surface suggesting a 

complete reaction with CsI deposited as the top layer. Similarly, Cs was also detected in 

the lower levels of this depth profile. 

The core-level spectra of each element were used to estimate the composition of each film 

and is listed in Table 6-3. The films show a higher Cs/Bi ratio and low I/Bi ratio as 

compared to the 1.5 and 4.5, respectively, of the Cs3Bi2I9 composition. As expected, the 

Cs and I concentration increases with higher CsI molarities, however, it reduces again for 

M021 films. 

Table 6-3. Elemental composition of the precursor layers and the ternary thin films quantified from 

the XPS high-resolution core-level spectra. 

 

Sample 

Atomic percentage (%)  

Cs/Bi 

 

I/Bi Cs Bi I 

BiI3  27.3 72.7  2.7 

CsI 51.9  48.1   

M003 23.1 20.1 56.8 1.2 2.8 

M009 26.8 20.6 52.7 1.3 2.5 

M015 35.7 13.8 50.5 2.6 4.7 

M021 29.8 14.4 55.8 2.1 3.9 

 

6.3.4. Optical properties 

UV-Vis-NIR spectroscopy 

The absorption spectra of Cs3Bi2I9 films in Figure 6.15 feature an excitonic absorption peak 

at 500 nm (~2.48 eV) and the commencement of absorption is observed near 600 nm (~2.1 

eV) in the case of M009, M015 and M021 films. On the other hand, the BiI3-rich M003 

film shows an extended absorption with absorption edges near 960 nm (~1.3 eV) and 780 

nm (~1.6 eV), which may be due to the BiI3 and CsBi3I10 phases present in the sample 

[198]. The peak at 500 nm implies the strong excitonic characteristics of the Cs3Bi2I9 at 

room temperature, which is due to the zero-dimensional (Bi2I9)
3- anionic units [94,231]. 

The strong excitonic peak reported at 2.5 eV reveals the high excitonic binding energy that 
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can deteriorate the charge carrier mobility and photocarrier collection resulting in high 

recombination rates [14,106]. Furthermore, the exponential absorption tail noted in these 

samples may be due to the high defect density and intrinsic structural disorders causing 

sub-bandgap transitions in the polycrystalline films [14,231]. Such a distinct absorption 

tail is typical for polycrystalline Cs3Bi2I9 thin films (Eg ~ 2.12 eV), but their single 

crystalline thin films exhibited sharp absorption [14]. 

 

Figure 6.15. Absorption spectra of the spray-deposited BiI3/CsI thin films with different 

concentrations of CsI. Tauc plot for the direct band gap estimation of M015 film is shown in the 

inset. 

The absorption coefficient (𝛼) was calculated using equation (2.8) and the optical band 

gap (𝐸𝑔) was estimated using the Tauc equation (2.7) . The band gap analysis from the 

Tauc plot revealed that the M015 film has a direct band gap of ~1.99 eV, as illustrated in 

the inset of Figure 6.15. The 0D-Cs3Bi2I9 has an indirect band gap in the range of 1.9 - 2.2 

eV as per the previous reports [96–98,100]. Although the band gap of Cs3Bi2I9 in our DFT 

calculations showed fundamental transitions of an indirect nature, the value is in good 

agreement with the experimental band gap calculated from the absorption data. Besides, 
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the less dispersed band structure also raises the prospect of closer-energy direct transitions. 

Both direct and indirect band gaps were reported for  perovskite-derived Cs3Bi2I9. Single 

crystals of Cs3Bi2I9 were reported to have a direct band gap of 1.96 eV [113]. Lehner et al. 

reported an indirect band gap of 1.9 eV and 2.32 eV by experimental and DFT calculations, 

respectively [98]. Spin-coated Cs3Bi2I9 thin films heated at 100 ℃ demonstrated an indirect 

band gap of ~2.1 eV with an absorption coefficient of ~104 cm-1 [231]. DFT calculations 

by Hong et al. indicated a band gap of 2.12 eV that could be lowered by Ga or In doping. 

Moreover, the calculations including dual cations predicted a change in the nature of the 

band gap from indirect to direct [199]. 

6.3.5. Photoresponse 

As seen in Figure 6.16a, the M015 film demonstrated the best response among the pure 

Cs3Bi2I9 thin films when illuminated by a 50 W halogen lamp. No appreciable response is 

recorded in the case of other samples with more localized agglomerations and voids, as 

observed in their morphology. Besides, poor interface with electrical contacts due to the 

powdery M021 films hindered the charge collection. The films are highly resistive in the 

order of ~1010 – 1012 Ωcm, which may not be favorable for photovoltaic applications [103]. 

On the other hand, such resistive films are suitable for detecting hard radiations like gamma 

rays and X-rays [92]. Even though Cs3Bi2I9 has a band gap of around 2 eV and a reasonable 

absorption coefficient, the strong electron-phonon interactions cause small polarons that 

lead to self-trapped excitons [92]. Moreover, the material’s structural disorders and sub-

band-gap states impede the charge transport lowering the carrier mobility [135]. These 

localized structural defects may be the reason for the low photocurrent density observed in 

Cs3Bi2I9 [99]. 

The M015 film under 10 V bias was illuminated using a 532 nm laser source at 40 W and 

the response was measured as in Figure 6.16c. The sensitivity (𝑆) of the film to the 

illumination is calculated using equation (2.10) and the responsivity (𝑅) is determined by 

the relation  (2.11). The illumination light density Pλ is 28.2 Wcm-2 and the effective area 

(𝐴) is 0.25 cm2. Detectivity (D) of the film is calculated from the formula (2.12) [209]. 

The photosensitivity, responsivity and detectivity are calculated to be 58%, 7.29×10-8
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mAW-1 and 2.17×103 Jones, respectively for the photodetector. The low photocurrent and 

sensitivity are the result of the strong excitonic behavior in Cs3Bi2I9, which leads to the 

recombination of photogenerated carriers trapped by the (Bi2I9)
3- dimers. This inefficiency 

in the separation of photogenerated carriers is mainly a reason for such low photocurrent 

in the material. Apart from that, the high probability of electron-hole recombination at the 

interfaces results in a large dark current [106]. 

  

Figure 6.16. (a) The photoresponse of Cs3Bi2I9 (M015) thin film under 50 W halogen lamp. (b) 

Photoresponse measurements. (c) Photocurrent response of M015 film to the 532 nm laser (40 W) 

illumination under 10 V bias. (d) Rise and decay time determined for the response. 

Moreover, the decay-rise times were estimated as shown in Figure 6.16d and obtained a 

decay time (τd) of 0.39 s and a rise time (τr) of 0.76 s. This short decay time as compared 

to the rise time is due to the fast saturation of photogenerated carriers followed by the onset 

of recombination which results in the observed decrease in photocurrent during the 

illumination. The rapid recombination of the photogenerated carriers led to this faster decay 
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process in the Cs3Bi2I9 film when the illumination source was switched off [235]. Earlier, 

reports of {00l} oriented Cs3Bi2I9 nanoplates-based photodetector showed detectivity up 

to 1010 Jones and responsivity of  33.1 mAW-1 [103]. Likewise, a single crystalline Cs3Bi2I9 

thin film photodetector displayed an enhanced ON/OFF ratio as high as 11000. The 

responsivity and detectivity of these photodetectors were 1.9 – 7.2 mAW-1 and 2.7×1010 – 

1×1011 Jones [14]. Recently, Al2O3/Cs3Bi2I9 photodetectors showed the highest 

responsivity of 100 mAW-1 and an ON/OFF ratio of 3.85×103 [106]. 

6.3.6. Thermal stability 

 

Figure 6.17. The XRD patterns of the M015 Cs3Bi2I9 films (a) annealed for 1 h in vacuum at 200 

℃, 300 ℃, 350 ℃ and 400 ℃ as well as (b) Rapid thermal processed for 3 min at 400 ℃ and 500 

℃. (Inset) Photographs of annealed samples of size 2.5×2.5 cm. 

The spray-deposited Cs3Bi2I9 thin films are subjected to a low vacuum annealing and a 

rapid thermal process to analyze the thermal stability. The XRD patterns of the thermally 

treated thin films are shown in Figure 6.17. The Cs3Bi2I9 thin films showed phase stability 

up to 300 °C during a 1-hour low vacuum annealing process. However, higher temperatures 

caused its decomposition, as evidenced by the appearance of large CsI particles on the 
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substrate with the evaporation of BiI3. In contrast, the phase degraded after 400 °C in the 

3-min RTP treatment. At lower temperatures, the RTP improved the growth along (101), 

(006) and (202) directions, marked by the increased intensity of corresponding peaks. 

Figure 6.18 shows the surface morphology of the thermally treated M015 thin film. Large 

voids and spherical particles in SEM imply that Cs3Bi2I9 decomposition and BiI3 

evaporation start at 350 ℃ in typical low vacuum annealing and close to 500 ℃ in RTP. 

     

 Figure 6.18. The scanning electron microscopy images of the films annealed for 1 h at 200, 300, 

350 and 400 ℃ and rapid thermal processed for 3 min at 400 ℃ (RTP400) and 500 ℃ (RTP500). 

 

The thermal decomposition of the Cs3Bi2I9 after 400 ℃ is as follows [136], 

𝐶𝑠3𝐵𝑖2𝐼9(𝑠) → 3𝐶𝑠𝐼 (𝑠) + 2 𝐵𝑖𝐼3 (𝑔)                                                 

Cs3Bi2I9 polycrystalline thin films are formed by the in situ crystallization when the sprayed 

CsI precursor solution is diffused and reacted with the spray-deposited BiI3 thin film. These 

perovskite-derivative thin films show compact morphology decorated with hexagonal 

sheets like the spin-coated Cs3Bi2I9 films [96,107]. In contrast to earlier reports, the direct 

band gap in this instance results in high absorption coefficients for the material [96–98]. 

However, their optoelectronic applications suffer from the strong excitonic character and 

long absorption tail. The performance of Cs3Bi2I9 in solar cells is constrained by the low 



CHAPTER 6                  TWO-STEP DEPOSITION OF CESIUM BISMUTH IODIDE THIN FILMS 

 

 
148 

 

photocurrent density and ineffective carrier extraction caused by their wide band gap and 

morphological flaws. Various strategies have been proposed to overcome these limitations 

in optoelectronic devices. The large band gap of Cs3Bi2I9 can be tuned by doping trivalent 

cations like Ga or In [97] and Ru [100]. With the help of various techniques, such as double 

perovskite structures [23,50,147], dual anion engineering [156], dual cations, and 

passivation of defects by excess Bi3 [97,99], structural flaws and self-trapped excitons from 

strong electron–phonon interactions can be reduced. Additionally, to achieve high 

photocurrent density while suppressing the dark current, it is necessary to address the 

significant energy level mismatch, a lack of suitable hole transport layers, and ohmic 

contacts. 

6.3.7. Heterojunctions 

 

Figure 6.19. J-V characteristics of (a) glass/FTO/ZnO/Cs3Bi2I9/C-Ag and (b) 

glass/FTO/CdS/Cs3Bi2I9/C-Ag structures. 

The pure Cs3Bi2I9 thin film (M015) obtained by spraying 0.015 M CsI precursor solution 

over the BiI3 thin film as described in 2.4.3 is used for the fabrication of heterojunction 

devices. J-Vcharacteristics of glass/FTO/ZnO/Cs3Bi2I9/C-Ag and 

glass/FTO/CdS/Cs3Bi2I9/C-Ag  heterojunctions and their schematic illustrations are shown 
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in Figure 6.19. Figure 6.19a shows a good rectification behavior at the fully-sprayed 

ZnO/Cs3Bi2I9 junction. However, in this instance, under illumination, no photovoltaic 

performance was observed. The ZnO/Cs3Bi2I9 junction has a turn-on voltage of 

approximately 0.56 V and a maximum forward-to-reverse current ratio of 7.5 at 0.7 V. 

The J-V characteristics of glass/FTO/CdS/Cs3Bi2I9/C-Ag under dark and illumination 

conditions are depicted in Figure 6.19b.  The curves demonstrate the heterojunction’s 

photovoltaic performance yielding a 300 mV open-circuit voltage (Voc) and a 0.003 mAcm-

2 short-circuit current density (Jsc). 

The ideal diode equation (2.9) can be used to estimate the ideality factor (n) of this p-n 

junction [192]. The ideality factor estimated from the ln I vs. V curve in Figure 6.20 is 

1.75, which faintly varies from the ideal case (n=1) as defined by the diffusion model. 

 

Figure 6.20. ln I vs V curve for the glass/FTO/n-ZnO/p-Cs3Bi2I9/C/Ag structure. 

In addition to the lack of HTL, the significant energy level mismatch between Cs3Bi2I9 and 

ZnO may be the reason for the absence of a photovoltaic effect with no Voc. However, other 

factors such as interface irregularities during the spray deposition, morphology-related 

interfacial properties, non-radiative defects or structural disorders in Cs3Bi2I9, which 

decline the mobility of carriers, are accountable for this poor photovoltaic performance 

with ZnO and low current density with CdS [99,214]. Moreover, the performance of 



CHAPTER 6                  TWO-STEP DEPOSITION OF CESIUM BISMUTH IODIDE THIN FILMS 

 

 
150 

 

Cs3Bi2I9 as a photovoltaic device is also constrained by charge carrier localization and 

anisotropic charge transfer [99]. 

6.4. Conclusions 

By sequentially depositing BiI3 and CsI layers by ultrasonic spray deposition of ethanol-

based precursor solutions, the 0D perovskite-derivative Cs3Bi2I9 thin films are fabricated. 

Spraying 0.015 M CsI solution ten times was the best method for the complete in situ 

crystalization and conversion of BiI3 films (~800 nm) to Cs3Bi2I9  films. The technique 

may be used to scale up the deposition of perovskite thin films according to detailed 

investigations of structure, morphology, composition, and optical characteristics. A direct 

bandgap of ~1.99 eV was obtained, which implies their possible applications in 

photovoltaic devices with improvements in the transport and collection of photogenerated 

carriers. Furthermore, the photoresponse demonstrated by the optimized film (M015) 

indicates their possible applications in photodetectors. Most importantly, the J-V 

characteristics of n-ZnO/p-Cs3Bi2I9 and n-CdS/p-Cs3Bi2I9 heterojunctions endorse their 

application in solar cells. 

Further, we utilize the limited solubility of BiI3 and CsI in acetone for the deposition of 

Cs3Bi2I9 thin films. Then we incorporate Bi2S3 nanorods to achieve Cs3Bi2I9:Bi2S3 

composite thin films in the final discussion of this thesis. 
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CHAPTER 7 

7. BISMUTH SULFIDE NANORODS INCORPORATED 

CESIUM BISMUTH IODIDE THIN FILMS  
 

 

 

7.1. Introduction 

This chapter describes our investigations on the cesium bismuth iodide thin films deposited 

using acetone solvent. In addition, our attempts to incorporate sulfur into the structure by 

introducing thioacetamide into the precursor solution have considerably improved the film 

quality, especially, due to the in-situ growth of bismuth sulfide nanorods in the grain 

boundaries. We study these composite films in detail by analyzing its structural, 

morphological, elemental, optical and electrical characterizations. In addition, we also 

realize pure bismuth sulfide thin films by the same method to compare the properties. 

7.2. Ultrasonically sprayed bismuth sulfide thin film 

 

Figure 7.1. Spray-deposited Bi2S3 thin film. 

Acetone is used as a solvent for the ultrasonic spray deposition of Bi2S3 and Cs3Bi2I9 

thin films. Further, solution engineering of the Cs3Bi2I9 precursor solution with 

thioacetamide, Bi2S3 nanorods are grown in the bulk of the Cs3Bi2I9 thin films. The 

Cs3Bi2I9: Bi2S3 composite thin films demonstrate exciting self-powered detection in 

the broad spectral range. 
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The Bi2S3 thin film obtained by ultrasonic spray deposition is displayed in Figure 7.1. 

7.2.1. Structure 

X-ray diffraction (XRD) and Raman spectroscopy 

The X-ray diffraction pattern in Figure 7.2a of the spray-deposited thin film is in match 

with the standard reference pattern of Bi2S3 (bismuthinite) (ICDD: 00-043-1471) of 

orthorhombic crystal structure (space group: Pbnm, 62). The highly amorphous nature of 

the thin film can be noted from the low intensity peaks in the diffraction pattern. Further, 

assigning planes to the diffraction peaks suggests that the Bi2S3 thin film of nanorod 

morphology is (130) oriented with the corresponding peak at 25.06°. The other peaks from 

(200), (120), (220), (101), (211) and (240) crystalline planes are noted at 15.80°,  17.75°, 

22.48°, 23.80°, 28.74° and 35.71° [236–239]. 

 

Figure 7.2. The (a) XRD pattern and (b) Raman spectrum of Bi2S3 thin film deposited by ultrasonic 

spray. (inset) Unit cell of Bi2S3. 

Figure 7.2b displays the Raman spectrum of Bi2S3 thin film with characteristic peaks at 54, 

100 cm-1 and a broad peak from 150 to 200 cm-1. Moreover, intense and broad Raman 

peaks observed at 240 and 260 cm-1 are related to the Ag and B1g vibrations of Bi2S3 

[237,240]. 
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7.2.2. Morphology 

Scanning Electron Microscopy (SEM) 

 

Figure 7.3. The nanorod morphology of spray-deposited Bi2S3 thin film. 

The typical morphology of the Bi2S3 thin films fabricated by ultrasonic spray deposition is 

displayed in Figure 7.3. The thin films are composed of nearly vertical nanorods with an 

average diameter of 70 nm whereas the length varies from 700 nm to 1μm. The densely 

grown nanorods are uniform throughout the thin film surface without any aggregations or 

voids. The growth of Bi2S3 in the nanorod form is promoted due to the inherent chain-like 

structure of Bi-S [236]. 

7.2.3. Chemical state 

X-ray photoelectron spectroscopy (XPS) 

Figure 7.4 shows the survey spectrum of elemental states in Bi2S3 thin film fabricated by 

ultrasonic spray deposition. The spectrum obtained after a single Ar etching confirms the 

absence of any elements other than the anticipated Bi and S. 

The XPS high resolution core-level spectrum of Bi 4f in Bi2S3 thin film is shown in Figure 

7.5. The spectrum is deconvoluted to identify the S 2p peaks since the S 2p states are also 

oberved in the same binding energy range as that of Bi 4f. The intense peaks at 158.28 and 

163.58 eV are assigned to the Bi 4f7/2 and 4f5/2 peaks of the Bi3+ state in Bi2S3 [241]. 

Similarly, the peaks observed at 157.08 and 162.38 eV are due to the metallic bismuth (Bi0) 

species resulting from the etching process.  
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Figure 7.4. The XPS survey spectrum of Bi2S3 thin film. 

The shaded peaks at 161.08 and 162.18 eV in Figure 7.5 obtained after the deconvolution 

of the Bi 4f spectrum is ascribed to the S 2p3/2 and 2p1/2 peaks, respectively. These peaks 

correspond to the S2- state in Bi2S3 [236]. 

 

Figure 7.5. The Bi 4f high resolution scan after etching the surface of Bi2S3 thin film. 
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7.2.4. Optical properties 

UV-Vis-NIR Spectroscopy 

The absorption spectrum of the Bi2S3 thin film is displayed in Figure 7.6 which shows the 

onset of absorption near 850 nm. The inset shows the transmittance spectrum of the films. 

 

Figure 7.6. The absorption spectrum of the spray-deposited Bi2S3 thin films. 

7.2.5. Photoresponse 

 

Figure 7.7. Photoresponse of the Bi2S3 thin film under 50 W halogen lamp. 
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The photoresponse of the Bi2S3 thin film at 5 V bias under the illumination by a 50 W 

halogen lamp is shown in Figure 7.7. The curve shows current in the microampere range 

with a dark current of 1.14 μA and a light current of ~2.38 μA.  

7.3. Cs3Bi2I9:Bi2S3 composite films 

The pure and bismuth sulfide integrated thin films fabricated by ultrasonic spray deposition 

are displayed in Figure 7.8. Thioacetamide added to the Cs3Bi2I9 precursor solution was 

varied as 0.005, 0.01, 0.03 and 0.05 M for Bi2S3 nanorod growth. 

 

Figure 7.8. The pure Cs3Bi2I9 (pCBI) and Cs3Bi2I9:Bi2S3 (TA) composite films with different 

thioacetamide concentration.(thin film area 2.5 cm  2.5 cm). 

7.3.1. Structure 

X-ray diffraction (XRD) and Raman spectroscopy 

The powder X-ray diffraction patterns in Figure 7.9a of the thin films feature only peaks 

of hexagonal Cs3Bi2I9 (P63/mmc), similar to the pure Cs3Bi2I9 (pCBI) thin films matching 

with the ICDD file 01-073-0707. Noticeably, the polycrystalline nature increases in the 

TA3 and TA5 thin films as different from the (006) oriented growth in pCBI, TA05 and 

TA1 thin films deposited with lower thioacetamide (TA) concentration. The texture 

coefficients corresponding to the (006) and (101) planes have been calculated [242]. The 

TC006 increases from 2.68 for pCBI to 3.87 for TA1 and then decreases to 2.65 and 2.49 

for TA3 and TA5, respectively. At the same time, TC101 increases from 0.19 to 0.84 with 

thioacetamide concentration. The (006) oriented crystallization of Cs3Bi2I9 is favored with 

an increase in TA concentration up to 0.01 M. However, higher TA concentrations seem 

to limit this (006) growth resulting in polycrystalline thin films. On the other hand, a 

continuous improvement in the intensity of the (101) peak with TA concentration suggests 

that the presence of TA enhances the crystallization of Cs3Bi2I9 along the (101) direction. 
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Further, even with the highest TA concentration (TA5), any peak corresponding to the 

Bi2S3 is not observed. This may be due to the poor crystallinity of Bi2S3 thin films with 

very low intensity peaks as observed in the diffraction pattern displayed in Figure 7.2a and 

therefore is not obvious in the XRD patterns of the composite thin films in Figure 7.9a. 

 

Figure 7.9. (a) The X-ray diffraction patterns and (b) Raman spectra of the pure Cs3Bi2I9 and 

Cs3Bi2I9:Bi2S3 composite thin films. 

The peaks around 66, 103 and 146 cm-1 in the Raman spectra of the thin films in Figure 

7.9b are related to the Cs3Bi2I9 phase [217]. The low-frequency Raman line close to 66 cm-

1 is ascribed to the vibrations of [Bi2I9]
3- bioctahedral units with A1

+ symmetry. The [BiI6]
3- 

vibrations inside this bioctahedra result in the peak near 103 cm-1. The highest intensity 

peak in pCBI at 146 cm-1 is associated with the vibrational modes of Bi-I bonds [214]. 

However, the Raman spectra of the composite thin films display an additional peak at 263 

cm-1 compared to pCBI arising from the B1g vibrations in Bi2S3 which was seen in Figure 

7.2b [240]. The reduced intensity of Raman peak at 146 cm-1 in the composite thin films 
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as compared to pCBI may suggest interactions between the vibrational modes of Bi-I with 

Bi-S bonds of Bi2S3. Besides,the increase in the intensity of Raman peak at 66 and 93 cm-

1 in the composite thin films may be due to the contribution from Bi2S3 which have a 

characteristic peak around 54 cm-1 and 100 cm-1. 

7.3.2. Morphology 

Scanning Electron Microscopy (SEM) 

Figure 7.10 presents the morphology of pCBI and composite thin films, revealing the 

vertically aligned Bi2S3 nanorods in situ grown in the bulk of the Cs3Bi2I9 layer through 

the spray deposition. These nanorod structures in the composite thin films can be compared 

to the typical morphology of the spray-deposited Bi2S3 thin film, which is also depicted in 

Figure 7.10.  

 

Figure 7.10. The SEM images of pure Cs3Bi2I9, Cs3Bi2I9: Bi2S3 composite and Bi2S3 thin films by 

ultrasonic spray deposition. 

In the composite films, the growth of the Bi2S3 nanorods is noticed mainly in the grain 

boundaries of Cs3Bi2I9. These nanorods appear denser and larger with increased 

thioacetamide (TA) concentration in the precursor solution. In the TA5 composite film 

deposited with the highest TA concentration, long nanorods protruding from the surface of 

Cs3Bi2I9 can be observed.  
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Moreover, the low magnification images given in Figure 7.11 reveal aggregations on the 

pCBI thin film surface due to the ineffective droplet spreading and evaporation followed 

by a very rapid crystallization. On the other hand, the TA3 composite film morphology 

presents better uniformity and a smooth surface, proving that the presence of thioacetamide 

enhances the thin film formation. Here, thioacetamide may act as a complexing agent in 

the precursor solution, thereby introducing an additional pyrolysis step in the growth 

mechanism of Cs3Bi2I9 involving the parallel growth of Bi2S3 nanorods. 

 

Figure 7.11. (Above) The low magnification SEM images of pure Cs3Bi2I9 (pCBI) and 

Cs3Bi2I9:Bi2S3 (TA3) thin films. (Below) The cross-sectional SEM image of pCBI and TA3 thin 

films on glass substrate. 

The cross-sectional images of pCBI and TA3 film in Figure 7.11 display enhanced droplet 

spreading during the composite thin film formation, explained by the noticeable 

aggregations in pure Cs3Bi2I9 thin film. The thickness of the pCBI and TA3 composite film 

was measured to be 760 nm and 1060 nm, respectively, from the cross-sectional images. 

The concurrent growth of Bi2S3 nanorods may offer more nucleation centers for the 

Cs3Bi2I9 crystallization resulting in highly uniform thin films of longer grains 

perpendicular to the substrate surface, as seen in Figure 7.12. 
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Figure 7.12. Low magnification cross-sectional image of TA3 composite thin film. 

7.3.3. Chemical states 

X-ray photoelectron spectroscopy (XPS) 

 

Figure 7.13. The XPS survey spectrum of pCBI and TA3 thin films. 

The XPS spectra obtained after a soft Ar ion etching were used to identify and compare the 

elemental distribution and chemical states of pure Cs3Bi2I9 and TA3 thin films. Though a 

flood gun is used in the measurements for charge compensation, the spectra were calibrated 

using the adventitious carbon (C 1s) peak at 284.6 eV [243]. The background of the high-
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resolution spectra was determined based on a Shirly-type function which was used for 

fitting the curves using the Gaussian-Lorentzian sum function. 

The survey spectra of pCBI and TA3 thin films in Figure 7.13 show the presence of Cs, 

Bi and I in both films. Any significant shift in binding energy or additional peaks 

corresponding to other elements is not observed in the survey spectra. The Bi 4f high-

resolution scan of pCBI thin film in Figure 7.14 shows Bi 4f7/2 and 4f5/2 peaks near 159.18 

and 164.48 eV, respectively, separated by 5.3 eV which are associated with the Bi3+ 

oxidized state in Cs3Bi2I9 whereas it is 159.10 and 164.40 eV in TA3 composite film [223]. 

Besides, the 4f doublet near 157.2 and 162.5 eV in both the thin films is attributed to the 

atomic bismuth state (Bi0) which generally originates from the etching process to remove 

the surface contaminants [134,217]. Additionally, the S 2p peak deconvoluted in the Bi 4f 

scan of TA3 composite thin film at 161.04 eV is attributed to the S2- state in Bi2S3 [236]. 

The S 2p peak can be compared with the high-resolution scan of Bi2S3 thin film in Figure 

7.5. 

 

Figure 7.14. High-resolution Cs 3d, I 3d and Bi 4f scans of pCBI and TA3 thin film. 
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Further, the Cs and I core-level high-resolution scans of pCBI and TA3 thin films can be 

found in Figure 7.14. The Cs 3d5/2 and 3d3/2 peaks are noted at 724.44 and 738.38 eV in 

the pCBI thin film whereas for the TA3 composite film the respective peaks are observed 

at 724.48 and 738.43 eV [134]. The I 3d core-level spectrum comprises of 3d5/2 and 3d3/2 

peaks located at 618.93 and 630.43 eV for pCBI thin film and at 618.98 and 630.48 eV for 

TA3 composite film [132,134]. The similar binding energy values of the elements in the 

two films suggest that the presence of nanorods does not change the chemical environment 

of the Cs3Bi2I9 phase. This confirms that the Bi2S3 and Cs3Bi2I9 are phase-separated and 

there are negligible interactions between them.  

Furthermore, the depth profile analysis of the TA3 thin film in Figure 7.15 reveals the 

elemental distribution from the surface to the TA3/glass substrate interface. 

 

Figure 7.15. The XPS depth profile of TA3 composite thin film on glass substrate. 
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7.3.4. Optical properties 

UV-Vis-NIR Spectroscopy 

The absorption spectra of composite thin films in Figure 7.16a show a small shoulder 

around 850 nm in addition to the onset of absorption around 620 nm, as evident in its inset. 

The main absorption in the spectrum below 600 nm is caused by the Cs3Bi2I9, which has a 

band gap of around 2.2 eV [127]. The direct band gaps calculated for pCBI, TA05, TA1, 

TA3 and TA5 thin films using the Tauc plots in Figure 7.16b are 2.15, 2.21, 2.24, 2.22 and 

2.18 eV, respectively. The shoulder in the absorption curves of composite thin films around 

900 nm results from the Bi2S3 thin film, which has a band gap close to 1.37 eV [240,244]. 

 

Figure 7.16. The (a) absorbance spectra and (b) calculated direct band gaps of the pCBI and 

composite thin films. 

Similar optical band gap values imply that in situ growth of Bi2S3 nanorods has little to no 

impact on the optical characteristics of the Cs3Bi2I9 phase. The growth mechanism or rate 

of crystallization of Cs3Bi2I9, however, may be impacted by variations in TA concentration, 

which could result in minute changes in absorption. 
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7.3.5. Photoresponse 

 

Figure 7.17. Photoresponse of the pCBI and TA3 composite thin films under 50 W halogen lamp 

at (a) 0 V and (b) 1V bias. 

The photoresponse of the pCBI and TA3 thin films under 1 V and 0 V bias conditions is 

shown in Figure 7.17. In comparison to pure Cs3Bi2I9 at 1 V bias, the TA3 thin film 

maintains a low dark current of 0.68 nA while delivering photocurrent up to 1.35 nA with 

a sensitivity of 198 %. Furthermore, the figure shows that in Cs3Bi2I9:Bi2S3 composite 

films, a negative photoresponse changed to a positive behavior under zero bias. 
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7.3.6. Thermal stability 

 

Figure 7.18. The XRD patterns of thermally treated TA3 thin films at various temperatures. 

 

The TA3 composite thin film was annealed for 30 minutes in a low vacuum furnace at 200, 

300, 350 and 400 ℃ to examine its thermal stability and morphological changes. The 

annealing temperature improves the (006) growth in the TA3 thin films, as seen in Figure 

7.18. The thin film, however, significantly decomposes at 400 °C, with only CsI peaks 

visible in the XRD patterns. 

However, the Raman spectra in Figure 7.19 demonstrate a rise in the intensity of the 265 

cm-1 peak associated with the Bi2S3 phase. This may indicate a relative increase in the Bi2S3 

nanorods compared to Cs3Bi2I9 in the composite thin film. SEM images in Figure 7.20 

support this observation in which the thin film treated at 400 ℃ shows Bi2S3 nanorods and 

CsI particles due to the decomposition of Cs3Bi2I9. 
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Figure 7.19. Raman spectra of thermally treated TA3 thin films at various temperatures. 

 

Figure 7.20. The SEM images of the TA3 composite films with different annealing temperatures. 
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7.3.7. Self-powered photodetector 

Compared to the control device using pure Cs3Bi2I9 thin film in heterojunction 

photodetectors, the spray-deposited Cs3Bi2I9:Bi2S3 composite layer showed excellent self-

powered detection properties. The transient current measurements under AM1.5 

illumination are used to evaluate the performance of the two devices. The 

FTO/CdS/Cs3Bi2I9/C-Ag photodetector, illustrated in the Figure 7.21a,  shows a 

continuous fall in the on/off ratio with a notable light-induced photocurrent degradation as 

seen in Figure 7.21b. The photocurrent reduced from 0.39 μA to 0.27 μA while the dark 

current increased from 6.7 nA to 11 nA in 10 min due to the light-induced effects, which 

is much more apparent in the degrading nature of the current during illumination.  

 

 

Figure 7.21. (a) Schematic of the FTO/CdS/pCBI/C-Ag device, (b)The response of the junction at 

0 V bias under AM 1.5 illumination and its (c) IV characteristics and (d) Response of the 

heterostructure to 405 nm (50 mW) laser illumination. 
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The I-V characteristics of the heterojunction, displayed in Figure 7.21c, also suggest the 

enhanced Schottky nature of the junction under illumination. This may suggest that there 

is faster recombination of the photogenerated carriers in Cs3Bi2I9 thin film, which may be 

a consequence of the aforementioned light-induced halide ion migrations leading to a 

higher density of trap states. Besides, the unstable response of the device to 405 nm 

illumination under zero bias is depicted in Figure 7.21d. 

 

Figure 7.22. (a) An illustration of  FTO/CdS/TA3/C-Ag device. (b)The response of the device 

under AM 1.5 illumination at 0 V bias. (c) The IV characteristics of the heterojunction device. (d) 

The repeatability and stability of the response under AM 1.5 illumination. 

Interestingly, our in situ grown Cs3Bi2I9:Bi2S3 composite thin film performs better in the 

photodetector structure illustrated in Figure 7.22a. Figure 7.22b demonstrates a more 

stabilized photocurrent about four times (~1.8 μA) as that of the pure Cs3Bi2I9-based device 

measured under the AM1.5 illumination. In the composite device, the conducting Bi2S3 

nanorods collect the photogenerated carriers before going through recombination in the 
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bulk of the Cs3Bi2I9 and transfer to the electrodes. More importantly, we observed an initial 

increase in photocurrent that is stabilized after 200 s without experiencing any light-

induced degradation. Figure 7.22d shows that this stable dark and photocurrent cycle is 

continued over 20 mins of continuous measurements. 

 

Figure 7.23. The response of FTO/CdS/TA3/C-Ag heterstructure to various laser illuminations of 

(a) 532 nm (b) 785 nm (c) 405, 840 and 980 nm as well as (d) 1064 nm laser. 

Further, the performance of the composite thin film was assessed using light sources of 

405, 532, 785, 840, 980 and 1064 nm wavelengths in self-driven mode. While all other 

illuminations were power-adjustable, the 840 and 980 illuminations were each of 100 mW 

power and the 405 nm illumination was of 50 mW power. Intriguingly, the photodetector 

demonstrated appreciable self-driven response under all illuminations, as seen in Figure 

7.23, indicating broad detection capabilities of the TA3 composite film. 

The photodetector produced maximum photocurrent up to ~0.25 μA under 405 and 532 nm 

illumination of 50 mW. Figure 7.24a & b shows the dependence of photocurrent (𝐼𝑝ℎ) on 
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illumination power density (𝑃), which was evaluated using the power law (𝐼𝑝ℎ  ∝  𝑃𝜃). The 

log (Iph) vs. log (P) plots using the power law are displayed in Figure 7.24c,d, which 

estimates the 𝜃 values of 0.95, 0.82 and 0.85 for 532, 785 and 1064 nm lasers, respectively 

[106]. The values of 𝜃 less than but closer to 1 indicate less recombination in the 

Cs3Bi2I9:Bi2S3 composite thin film [31]. 

 

Figure 7.24. The photocurrent vs power density curves for (a) 532 nm and 785 nm as well as (b) 

1064 nm illumination. Power law fitting for the (c) 532, 785 and (d) 1064 nm laser irradiations. 

The responsivity and detectivity were calculated using the equations  (2.11) and (2.12). 

Figure 7.25 compare the detectivity and responsivity of TA3 devices for all the 

illuminations from 405 – 1064 nm. The TA3 device demonstrated the best self-powered 

detection performance under the 532 nm (790 μWcm-2) source with a detectivity of 8.18 × 

109 Jones and responsivity of 0.59 mAW-1. The detectivity ranged from ~5.1 × 109 to 6.6 

× 107 Jones over the broad spectral range of 405 - 1064 nm. 
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Figure 7.25. The detection performance of FTO/CdS/TA3/C-Ag to various illuminations. (a) 

Detectivity to 532, 785 and 405 nm (b) Responsivity to 532, 785 and 405 nm laser illuminations 

(c) Responsivity and detectivity to 840, 980 and 1064 nm. 

Previously, spin-coated Cs3Bi2I9 in self-powered photodetectors demonstrated response in 

the 450-950 nm range with detectivities up to  ~1010 – 1012 Jones [104]. Here, the spray-

cast device with Cs3Bi2I9:Bi2S3 shows broader detection from the 405 – 1064 nm 

wavelength range. Most importantly, the photocurrent is improved to the micro-ampere 

range without any complicated structure compared to the detectors reported earlier 

[105,111]. Moreover, this novel method for growing nanostructures in the perovskite thin 

film in a single-step ultrasonic spray deposition holds significant potential to improve 

charge extraction and performance in various optoelectronic devices. 

7.4. Conclusions 

The ultrasonic spray deposition technique is efficient in the in-situ growth of Bi2S3 

nanorods in perovskite-inspired Cs3Bi2I9 thin films, which can be adopted for other 
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perovskite material/transport layer combinations with common metal cations and similar 

reaction dynamics. Here, the conducting Bi2S3 nanorods were successful in collecting the 

photogenerated carriers from the bulk of the Cs3Bi2I9, thus suppressing the carrier 

recombination process as well as light and electric field induced degradation of the 

photocurrent. The FTO/CdS/TA3/C-Ag device based on these composite film exhibits 

outstanding photostability and repeatability for extended operations. The photodetector 

showed broad detection characteristics in the 405 – 1064 nm range with the best detectivity 

of 8.18 × 109 Jones and responsivity of 0.59 mAW-1 under 532 nm laser illumination. This 

performance shows the potential of scalable ultrasonic spray deposition technique in 

designing optoelectronic devices based on lead-free perovskites and perovskite-inspired 

materials.
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CHAPTER 8 

8. CONCLUSIONS 
 

 

 

This thesis presents the ultrasonic spray deposition and systematic characterization of the 

lead-free Cs3Bi2I9 thin films fabricated. Through these investigations we draw a deep 

insight into the structure-property relations in all-inorganic lead-free perovskite Cs3Bi2I9, 

both theoretically and experimentally. Based on our hypothesis, we fabricated Cs3Bi2I9 thin 

films by ultrasonic spray deposition technique to provide scientific data on their potential 

for optoelectronic devices. In addition, we have investigated the possibilities of using 

environment-friendly solvents like ethanol and acetone instead of the generally used 

dimethyl formamide (DMF) or dimethyl sulfoxide (DMSO) solvents for the deposition of 

halide compounds.  

In sumary: 

VASP based Density Functional Theory 

• The density functional theory calculations explains the contributions of each 

element in the compound to the electronic properties of BiI3 and Cs3Bi2I9. 

• The electronic band structure calculations yield a band gap of 1.44 eV and 1.99 eV 

for BiI3 and Cs3Bi2I9, respectively. 

• The density of states calculations show the contribution of I p states in the CBM of 

both BiI3 and Cs3Bi2I9, which points to possible engineering routes in the halide 

ions that can alter the electronic properties. 

This chapter concisely describes the conclusions and contributions of the present 

work to the scientific knowledge. 
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• Most importantly, the calculations give us enough information to understand the 

experimental properties by correlating with the theoretical calculations for further 

investigation. 

Ultrasonic spray deposition (USD) of all-inorganic lead-free Cs3Bi2I9 

• Optimization of deposition parameters of a USD system for the formation of good 

quality thin films. 

• Single-step spray deposition of Cs3Bi2I9 thin films using dimethyl formamide 

(DMF) as a solvent. 

• A systematic study on the growth of Cs3Bi2I9 thin film by varying the substrate 

temperature from 150 to 400 ℃. 

• Analysis of the structure, morphology, chemical state and photophysical properties 

of the spray-deposited films. 

• Formation of phase-pure Cs3Bi2I9 thin films with optical band gap of around 2 eV. 

• Spray-deposited Cs3Bi2I9 thin films with compact morphology composed of large 

polygonal grains (300-900 nm) of vertical growth up to 1800 nm. 

• (Ag/Cs3Bi2I9/Ag) photoconductor using the Cs3Bi2I9 films deposited at 250 ℃ 

demonstrated illumination current up to 1.4 nA under a 50 W halogen lamp 

illumination. 

• Rapid thermal processing for 1 min indicates the thermal stability of the thin films 

up to 500 ℃. 

• Glass/FTO/Cs3Bi2I9/C-Ag photodiode with self-powered photodetection properties 

under the 405 nm (50 mW) illumination yielding a detectivity of 5.93×108
 Jones 

and a responsivity of 0.0051 mAW-1. 

• A two-step synthesis of Cs3Bi2I9 thin film based on ethanol, a more benign solvent 

by sequential spraying of CsI on BiI3 thin film. 

• A systematic analysis of the thin films formed by varying the CsI solution 

concentration (0.003-0.021 M) and the number of depositions (5, 10 and 15). 

• Phase-pure Cs3Bi2I9 films of ~1000 nm thickness by spraying a 0.015 M CsI 

solution (7 ml in 10 times deposition) over the spray-deposited BiI3 thin film. 
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• The Cs3Bi2I9 thin films composed of hexagonal-shaped nanosheets or flakes (~280 

nm), a distinct morphology in comparison with that of the films  formed by the 

single-step deposition, with similar band gap. 

• Fabrication of photovoltaic device  Glass/FTO/CdS/Cs3Bi2I9/C-Ag giving 300 mV 

open-circuit voltage (Voc) and a 0.003 mAcm-2 short-circuit current density (Jsc). 

• The glass/FTO/ZnO/Cs3Bi2I9/C-Ag heterojunction with a turn-on voltage of 

approximately 0.56 V and a maximum forward-to-reverse current ratio of 7.5 at 0.7 

V. The junction yielded an ideality factor of 1.75. 

• Bi2S3 thin films composed of vertically aligned nanorods by ultrasonic spray 

deposition. 

• in situ growth of Bi2S3 nanorods in the Cs3Bi2I9 films by solution engineering of 

Cs3Bi2I9 precursor with different concentrations of thioacetamide (0.005, 0.01, 0.03 

and 0.05 M). 

• The simultaneous growth of nanorods in the bulk affecting the crystallinity of 

Cs3Bi2I9 thin films to form polycrystalline nanocomposite thin films with enhanced 

columnar growth (~1060 nm). 

• The calculated optical band gap was around 2.2 eV. 

• A better illumination current of 2.40 nA from the composite thin films compared to 

the 1.02 nA of pure Cs3Bi2I9 thin film under a 50 W halogen lamp. 

• The composite thin films had thermal stability up to 350 ℃. 

• Good photostability of the composite films in contrary to  the degrading 

photocurrent of pure Cs3Bi2I9 thin film. 

• The photodetector of Glass/FTO/Cs3Bi2I9:Bi2S3/C-Ag structure yielding a 

detectivity of 8.18×109
 Jones and a responsivity of 0.59 mAW-1. 

Therefore, ultrasonic spray deposition is viable for better growth when considering 

deposition over a large area. This is particularly important because this is a possibility for 

using non-toxic solvents such as ethanol or acetone, which have solubility limitations but 

lower boiling points than the usually used DMF or DMSO. Besides, the precursor 
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preparation also allows solvent mixtures since low concentrations can be used here in 

ultrasonic spray deposition as different from the spin coating. 

Potential for device applications 

Table 8-1. The performance parameters of various Cs3Bi2I9 based photodetectors. 

Device structure Depositi

on 

method 

  

R (AW-1) 
D* 

(Jones) 

 

(×1010) 

On/off 

ratio 
τr/τd 

(ms) 

Ref. 

ITO/Cs3Bi2I9/ITO (450 

nm, 10 V) 
Spin coating nanocrystal

s 
33.1×10-3 ~1 ~40 10.2/37.2 [103] 

FTO/Cs3Bi2I9/Ag 

(white light: 450-950 nm, 
0V) 

Spin coating Micro 
crystals 

0.59×10-6 1.2 1.4×104 62.74 

/90.25 

 

[104] 

ITO/PEDOT:PSS/Cs3Bi2I

9-xBrx /C60/BCP/Ag (410 
nm, 0 V) 

Spin coating Thin film 15×10-3 46 4.1×104 40.7/27.1  

[105] 

ITO/Cs3Bi2I9/Au (white 

light, -2 V) 
Space limited 

method 
SC thin 

film 
7.2×10-3 10 1.1×104 247/230 

×10-3 
 

[14] 

ITO/Cs3Bi2I9/Au (white 

light, -2 V) 
Spin coating PC thin 

film 
7×10-3 0.72 23-24 582/ 

385.5×10-3 
[14] 

FTO/Al2O3/Cs3Bi2I9/Au 

(405 nm, 0V) 

Spin coating PC Thin 

film 
100 ×10-3 -- 3.85×103 

(1.7 mW) 
-- [106] 

graphene/Cs3Bi2I9 (325 

nm, -5 V) 

Space limited 

method 
Single 

crystal 
13.8×10-3 52.4 -- 13.2/15.5  

[110] 
MoS2/Cs3Bi2I9 (325 nm, -

5 V) 

1.42 1150 -- 11.6/14.9 

Ag/Si/Cs3Bi2I9/Au (450 

nm, 3 V) 

Space limited 

method 
Single 

crystalline 
film 

--  

39 

 

3×103 

 

0.0015/0.4

22 

 

[245] 

Au/Cs3Bi2I9/Au (343 nm, 

1 V) 
 Single 

crystal 
3.15×10-3 0.087   [246] 

ITO/SnO2/Cs3Bi2I9-

SC/PTAA/Au/ITO (405 
nm, 0 V) 

SACM Single 

crystal 
52.06×10-3 100 5.7×103 --  

[111] 

Au/Cs3Bi2I9/Au (405 nm) Spin coating nanocrystal

s 
14.67 ×10-3 14.2 -- -- [109] 

p-Si/Cs3Bi2I9/Graphene 
(650 nm, -2 V) 

Spin coating nanocrystal
s 

23.6 1750 -- 31/34×10-3  

 

The spray-cast Cs3Bi2I9 thin films were suitable for photodetection applications in the 400-

500 nm range. Especially the material has very good detectivity and responsivity to blue 

light; therefore, Cs3Bi2I9 can be a potential material for devices to detect the radiations 

harmful to human eyes. The performance of the reported photodetectors fabricated using 

other methods, in Table 8-1, can be compared with the spray-deposited devices fabricated 

in this work shown in Table 8-2. 
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The hole transport-free photovoltaic devices, which we are particularly interested in, did 

not demonstrate significant performance. However, their photovoltaic behavior suggests 

they may be more suitable for tandem solar cells, considering the band gap. 

 

Table 8-2. Heterojunction photodetectors made from spray-deposited Cs3Bi2I9 thin films in this 

work. 

Device structure R (AW-1) D* 

(Jones) 

On/off 

ratio 

τr/τd 

FTO/Cs3Bi2I9/C-Ag  

(405 nm, 50 mW, bias: 0 V) 

5.1×10-6 5.93×108 ~102 1.52/2.29 s 

FTO/CdS/Cs3Bi2I9:Bi2S3/C-Ag  

(532 nm, 10 mW, bias: 0 V) 

0.59×10-3 8.18×109 ~68 0.28/0.31 s 

 

In general, the investigations and findings in this study contribute to the deep understanding 

of perovskite-inspired Cs3Bi2I9 thin films, especially their structure and photophysical 

properties, as well as their optoelectronic performance.  Furthermore, this research will 

inspire to explore the potential of ultrasonic spray deposition in the fabrication of lead-free 

and stable perovskites with non-toxic solvents. Moreover, the real-time growth of 

nanostructures during the deposition of structurally stable lead-free halide thin films opens 

the door to exploring composite thin films to overcome the current limitations of lead-free 

perovskites. 
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ANNEX A: 
 

A. TIN ANTIMONY SULFIDE (Sn6Sb10S21) THIN FILMS BY 

HEATING CHEMICALLY DEPOSITED Sb2S3/SnS 

LAYERS: STUDIES ON THE STRUCTURE AND THEIR 

OPTOELECTRONIC PROPERTIES 

 

A.1. Abstract  

Tin antimony sulfide thin films (Sn6Sb10S21) are formed by post-heating Sb2S3/SnS layers 

obtained by chemical bath deposition. This work is primarily focused on the systematic 

study of structure, composition, morphology, optical and electrical properties of the thin 

films obtained by low-vacuum annealing in the temperature of 300 – 450 ℃ range for 30 

min as well as at 390 ℃ for 1, 2 and 3 h. When heated higher than 390 ℃, the crystallization 

of ternary Sn6Sb10S21phase is revealed by X-ray diffraction and Raman spectra analyses. 

X-ray photoelectron spectroscopy recognized the Sn2+, Sb3+ and S2- states in the ternary 

phase, while the depth profile presented a uniform distribution of elements through the film 

thickness. Further, the as-deposited and annealed thin films are probed by scanning 

electron microscopy displaying a compact nanosheet morphology. Significant absorption 

properties are demonstrated by the thin films with absorption coefficients in the order of 

105 cm-1 and the optical band gaps are estimated in the 1.26 – 1.45 eV range, suitable for 

photovoltaic devices. Moreover, the photoconductive thin film is incorporated into the 

photovoltaic structure, Glass/FTO/CdS/ASTS/C-Ag, yielding Voc, Jsc, and FF values of 

409 mV, 1.46 mAcm-2 and 25 %, respectively.  
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Figure A.1. (a) Schematic representation of the sequential deposition of Sb2S3, SnS and vacuum 

annealing to obtain Sn6Sb10S21 thin films. (b) The as deposited Sb2S3/SnS (ASTS) thin film and 

samples annealed at 390℃ for 1 h (ASTS1H), 2 h (ASTS2H) and 3 h (ASTS3H). 
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A.2. Structure 

X-ray diffraction (XRD) 

 

Figure A.2. X-ray diffractograms of (a) ASTS, (b) ASTS300, (c) ASTS350, (d) ASTS375, (e) 

ASTS390, (f) ASTS400 and (g) ASTS450. 
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Figure A.3. XRD patterns of ASTS thin films annealed at 390 ℃ for (a) 1 h (ASTS1H), (b) 2 h 

(ASTS2H) and (c) 3 h (ASTS3H) durations. 

Table A-1. The structural parameters of the ASTS thin films annealed at different temperatures for 

30 minutes and different durations at 390 ℃. 

Sample 2θ (⁰) FWHM (⁰) Average Crystallite size 

(nm) 

ASTS 31.53 0.4917 16 

ASTS300 31.59 0.4763 17 

ASTS350 31.56 0.5203 15 

ASTS375 31.77 0.5071 16 

ASTS390 31.79 0.5513 15 

ASTS400 31.77 0.5014 16 

ASTS450 31.85 0.4854 17 

    

ASTS1H 31.74 0.6793 12 

30.81 0.6751 

ASTS2H  31.80 0.4769 16 

30.93 

 

0.5063 

26.71 

 

0.5475 

31.81 0.4947 
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ASTS3H 30.94 

 

0.4670 17 

26.73 0.4693 

 

Raman Spectroscopy 

  

Figure A.4. Raman spectra of (a) as prepared ASTS samples as well as the samples annealed at 

various temperatures in vacuum. (b) ASTS thin films annealed at 390 ℃ for 1 h, 2 h and 3 h 

durations. 
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Table A-2. Raman shifts reported for Sn-Sb-S systems compared with the observed results. 

Sn-Sb-S system Raman shifts (cm-1) Ref. 

SnSb4S7 93, 164, 230 and 307 

306, 281, 241, 188 and 157 (powder) 

295.89, 220.87, 125.51, 165.45, 96.16, 77.88 and 67.69 

[1] 

[2] 

[3] 

SnSb2S4 92, 163, 229 and 307 

93, 160, 186 and 220 

305, 280, 235 and 194 (powder) 

313.01, 292.56, 246.88, 158.56, 119.68, 94.89 and 

74.69 

[1] 

[4] 

[2] 

[3] 

Sn2Sb2S5 91, 163, 227 and 307 

93, 160, 186 and 220 

308, 276, 228 and 176 (powder) 

306, 227.73, 182.19, 148.78, 112.62, 92.02 and 72.49 

[1] 

[4] 

[2] 

[3] 

Sn2Sb6S11 117, 155,188, 250, 303, 371 and 450 

323.76, 309.74, 277.82, 233.45, 135.50, 94.64 and 

74.18 

[5] 

[3] 

 Sn3Sb2S6 93, 160, 186 and 220 

306, 271, 227 and 186 (powder) 

296.20, 217.12, 183.31, 152.31, 113.04, 91.84 and 

72.35 

[4] 

[2] 

[3] 

Sn4Sb6S13 305, 277, 236 and 197 (powder) 

312.44, 246.10, 160.23, 121.99, 97.69, 80.51 and 70.44 

[2] 

[3] 

Sn6Sb10S21 95, 160, 180, 222 and 308 Our work 
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A.3. Chemical states 

X-ray Photoelectron Spectroscopy (XPS) 

 

Figure A.5. XPS survey spectrum of the ASTS and ASTS2H thin film sample obtained after a soft 

surface etching.
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Figure A.6. XPS core level spectra of (a) Sb 3d and (b) S 2p in Sb2S3 layer and (c) Sn 3d and (d) 

S 2p in SnS layer in the as-deposited ASTS thin films prepared via CBD. 
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Figure A.7. XPS high resolution spectra of (a) Sn 3d, (b) Sb 3d and (c) S2p states in ASTS2H. 
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Figure A.8. XPS depth profile analysis in the (a) Sn 3d, (b) Sb 3d, (c) S 2p and (d) Si 1s regions 

for ASTS2H thin film from surface to glass substrate. 
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A.4. Morphology 

Scanning Electron Microscopy (SEM) 

  

  

  

 

Figure A.9. SEM images of (a) ASTS (b) ASTS390 (c) ASTS400 (d) ASTS450 (e) ASTS1H (f) 

ASTS2H (g) ASTS3H thin films. 

 



ANNEX A 

 

 
203 

 

A.5. Optical properties 

UV-Vis-NIR spectroscopy 

 

Figure A.10. The spectra of (a) transmittance (b) reflectance (c) absorbance measured for the ASTS 

thin films annealed at different temperatures (d) Tauc plot for calculation of the band gaps of thin 

films. 
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Figure A.11. The spectra of (a) transmittance (b) reflectance (c) absorbance for ASTS thin films 

annealed at 390 ℃ for 1 h, 2 h and 3 h. (d) Tauc plot for the calculation of band gaps of the thin 

films. 

Table A-3. The optical band gap values from the literature for various Sn-Sb-S phases. 

 

Composition 

Optical band gap (eV) 

Direct Indirect 

SnSb2S4 1.23 [6], 2.75-1.65 [7], 1.29 [1], 2.04 [3], 1.63 

[4] 

1.87-1.46 [8], 2.1-1.65 [9], 1.75-2.76 [10], 1.3 

[11], 1.53-1.84 [12], 1.40-1.65 [13], , 2.4 [14] 

1.82 [3], 1.71-

1.31 [8] 

 

SnSb4S7 1.52 [1], 2.11 [3], 1.45-1.92 [15] 1.87 [3] 

Sn2Sb2S5 1.60 - 1.80 [16], 1.28 [1], 1.70 [3], 1.52–1.78, 

1.80-1.96 [17], 1.51 [4] 

1.42 [3] 

Sn2Sb6S11 2.09 [3] 1.86 [3] 
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Sn3Sb2S6 1.67 [3], 1.47 [4], 1.47-1.18 [18], 1.44 - 1.66 

[19] 

1.42 [3] 

Sn4Sb6S13 2.041.47 [4] 1.81 [3] 

Sn6Sb10S21 

ASTS390 

ASTS400 

ASTS450 

ASTS1H 

ASTS2H 

ASTS3H 

(Our result) 

1.33 

1.38 

1.45 

1.44 

1.26 

1.31 

 

 

A.6. Photoresponse 

 

Figure A.12. The photoconductivity curves of ASTS thin film samples annealed at (a) 390, 400 

and 450 ℃ for 30 minutes as well as (b) 390 ℃ for 1 h, 2 h and 3 h. 
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A.7. Photovoltaic device 

 

Figure A.13. The J-V characteristic curve of the photovoltaic device Glass/FTO/CdS/ASTS/C-Ag. 

 

A.8. Conclusions 

Sb2S3 and SnS were deposited subsequently over glass substrates by chemical bath 

deposition and the two layers were reacted through post-thermal treatments. The low-

vacuum annealed thin films were analyzed systematically revealing the novel Sn6Sb10S21 

phase at temperatures above 390 ℃. The thin films have interpenetrating vertically aligned 

nanosheets forming a compact and uniform surface morphology. The calculated band gap 

values were in the 1.3 – 1.5 eV range with the different annealing processes. These values 

are suitable for performing as a photoabsorber in photovoltaic devices. The solar cell 

glass/FTO/CdS/ Sn6Sb10S21/C-Ag yielded an open circuit voltage (VOC) of 409 mV and a 

current density (JSC) of 1.46 mAcm-2 with a fill factor (FF) of 25 %. 
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