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Abstract 
This thesis aims to fabricate doped halide perovskite materials (HPM) by using targeted 

elements, which have provided a dimension beyond structural and compositional modification 

to achieve desired properties.  The doping of alkali metal ions (Li+, Na+, K+, Rb+, and Cs+) in 

three-dimensional HPM is reviewed to lay a particular focus on advances in synthesis, doping-

induced changes in optical and electrical properties, and their optoelectronic applications. In 

addition, advancements in wearable perovskite devices (e.g., solar cells, photodetectors, and 

light-emitting diodes) concerning their device structures, working mechanisms, and fabrication 

techniques have been discussed. In our first study, we study the doping of Cs and Rb cations 

into MAPbBr3 PeNCs to optimize their morphology, crystal structure, and optical properties. 

It is found that rubidium cations doping can greatly enhance the photoluminescence intensity 

of the MAPBBr3 PeNCs, whereas cesium cations can improve structural stability owing to the 

increased valance bond intensity. Secondly, we demonstrated the self-passivation method for 

the surface defects by introducing potassium (K) or rubidium (Rb) during the colloidal 

fabrication of PeNCs, leading to much-improved crystallinity, photoluminescence, and 

improved radiative efficiency.  Thirdly, poly (L-lactic acid) (PLLA) nanofibrous membranes 

embedded with FAPbBr3 perovskite nanocrystals by electrospinning the perovskite and PLLA 

precursor solution were examined. The resultant PLLA-FAPbBr3 nanofibrous membranes 

exhibited stability and remained in the water for about 45 days while maintaining their PL peak 

intensity at 50% of the initial value. Finally, a brief study about flexible photoelectric devices 

based on halide perovskite NCs was conducted. The future development of perovskite devices 

based on existing innovative display and lighting technologies was also stated.  
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Chapter 1 Introduction 

1.1 Background  
Optoelectronics is a major area of interest for a wide range of scientific and industrial 

applications. It has emerged as a quickly growing technology field that consists of applying 

electronic devices to detect, source, and control light. These devices can be a part of many 

applications such as automatic access control systems, military services, telecommunication, 

medical equipment, and more. The range of devices that fall under optoelectronics is broad, 

including light-emitting diodes (LEDs), information displays, sensing systems, photodiodes, 

solar cells, and optical communication systems [1].  

Halide perovskite materials (HPM) have emerged as a class of excellent semiconductors, which 

have shown remarkable performance in solution-processed optoelectronic and photonic device 

applications. These materials generally show a type of crystal structure with the chemical 

formula ABX3, in which A and B are alkali and metal cations, respectively, and X is an anion. 

The solid-state physics perspectives of HPM have been studied in detail regarding their 

optoelectronic properties, charge carrier dynamics and defect-related charge recombination. 

Photovoltaic applications have been mainly focused on 3D HPM that perform isotropic carrier 

transport advantageous for power generation. Unlike conventional materials, HPM are ionic 

crystals and allows the easy tuning of bandgap and optical characteristics by varying the halide 

anions. Strong bandgap absorption at the edge wavelength and broad flat absorption covering 

visible light wavelength make the HPM a strong candidate for sunlight absorption [2]. 

Perovskite solar cells (PSCs) have demonstrated incredible progress in recent years with a rapid 

increase in power conversion efficiency (PCE) from about 3% in 2006 to over 25% today. Solar 
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energy is important in decarbonising the world’s energy supply and is expected to generate 

50% of global electricity demand by 2050. Therefore, perovskites as the light-harvesting layer 

has considered one of the most attractive options for solar cells because of their flexibility, 

lightweight, and cheap scale-up process [3]–[5]. In addition, perovskite materials have 

promising optoelectronic properties (Figure 1:1) suitable for light-emitting applications. Over 

the past few years, the development of perovskite light-emitting diodes (PeLEDs) has increased 

rapidly with external quantum efficiency over 30% [6].  

 

Figure 1:1: Current research directions of colloidal halide perovskite nanocrystals.  

Reproduced from [7], copyright 2021, American Chemical Society.  
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Halide perovskite nanocrystals (NCs) have emerged as efficient light emitters with near-unity 

PLQY. The early studies on solution-processed perovskite nanocrystals (PeNCs) were reported 

in 2012-2014. These fine PeNCs exhibit much improved emissivity as demonstrated by a 

PLQY of 20% for MAPbBr3 NCs. In January 2015, Protesescu et al. achieved a breakthrough 

in monodisperse CsPbBr3 NC synthesis exhibiting PLQY values up to 100% and a quantum-

size effect similar to traditional QDs. In March 2015, Zhang et al. reported the ligand-assisted 

reprecipitation (LARP) technique for the room-temperature fabrication of MA-based NCs with 

colour-tunable wavelength and PLQY up to 70%. Over the years, numerous reports have been 

published focusing on ligands, temperature, surface chemistry, and precursors. A wide variety 

of morphologies including nanocubes, nanowires, nanosheets, nanoplatelets, and quantum dots 

have been synthesized [2].  

The unique properties of PeNCs make them promise for various applications: 

1. Optoelectronics: PeNCs show great potential in the development of light-emitting 

diodes (LEDs), displays, and lasers. Their tunable emission wavelength allows for the 

fabrication of efficient optoelectronic devices [8].  

2. Photovoltaics: PeNCs can be used in photovoltaic devices to convert sunlight into 

power and offer the potential for low-cost solar energy solutions [9].  

3. Sensing and imaging: Perovskite-based 3D imaging sensors are known to have an 

extremely high angular resolution with a unique angle to colour conversion principle, 

allowing to detect light field from x-ray to visible wavelength [10] .  

4. Catalysis: Perovskite-assisted photocatalysis is a convenient approach to modulating 

chemical transformations with light. The ease of synthesis and ability to tune their 

bandgap makes them potential candidates for catalysis applications [11].  
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1.2 Research Objectives 
The main objectives of this research can be summarized as follows:  

1. To fabricate the perovskite nanocrystals (FAPbBr3 NCs, MAPbBr3 NCs) and rational 

control of NCs surface defects via alkali metal ions and polymeric materials. 

2. To study the incorporation of Cs and Rb cations into MAPbBr3 PeNCs to optimize their 

morphology, crystal structure, and optical properties. The RbBr and CsBr are used to 

partially replace the MA cations. Band-gap engineering of mixed-cation PeNCs has 

been demonstrated during the fabrication process, by replacing the MA cations with 

alkali metal ions (Cs and Rb), with different concentrations.   

3. To study the effects of introducing potassium cations (K+) and rubidium cations (Rb+) 

during the ligand-assisted reprecipitation (LARP) process for the fabrication of 

formamidinium lead bromide (FAPbBr3) nanocrystals. The introduced alkali metal 

cations (K+/Rb+) act as new passivating agents, which not only occupy the places of 

dangling organic ligands but also reduce the density of surface defects of PeNCs. 

4. To fabricate the FAPbBr3 NCs-PLLA nanofibers with high surface area by using 

electrospinning, which is low-cost, versatile, and allows the control of NFs 

composition. The in-situ room temperature fabrication method has been developed for 

the synthesis of FAPbBr3 NCs-PLLA nanofibres with FAPbBr3 NCs as an emitter and 

PLLA as the matrix. It is a straightforward and low-cost method to prepare the 

composite film of FAPbBr3 NCs-PLLA for strong stability in air and water. 

5. To study the FAPbBr3 NCs and knitted polyester fabric as a flexible substrate. Confocal 

laser scanning is used to study the fundamental understanding of the optical properties 

of the directly formed NCs in highly flexible knitted structures.  
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6. To comprehensively characterize the perovskite NCs either encapsulated by PLLA 

nanofibres or treated by alkali metal ions by using advanced characterization techniques 

including TEM, XRD, and XPS, ultraviolet-visible (UV-Vis), and photoluminescence 

(PL) spectra. 

1.3 Scope of the thesis 

This research study has been reported for impressive progress in the development of halide 

perovskite nanocrystals. Different strategies have been reported to reduce surface defects and 

trap densities.  

Chapter 2 gives a comprehensive review of the halide perovskite materials (HPM) and their 

doping strategies to enhance their performance without affecting their structure and inherent 

properties. Chapter 3 describe the Cs and Rb cations doping into MAPbBr3 PeNCs to optimize 

their morphology, crystal structure, and optical properties. Chapter 4 describes the effects of 

introducing potassium cations (K+) and rubidium cations (Rb+) during the ligand-assisted 

reprecipitation (LARP) process for the fabrication of formamidinium lead bromide (FAPbBr3) 

nanocrystals. The introduced alkali metal cations (K+/Rb+) act as new passivating agents, which 

not only occupy the places of dangling organic ligands but also reduce the density of surface 

defects of PeNCs.  This study, therefore, set out to suppress the nonradiative recombination of 

the FAPbBr3 NCs, and, consequently, K+/Rb+ based FAPbBr3 NCs showed long-term colloidal 

stability of more than 1 month that indicates the strong bond between the NCs and new metal 

ligands. Chapter 5 presents the fabrication of the poly (L-lactic acid) (PLLA) nanofibrous 

membrane embedded with FAPbBr3 perovskite nanocrystals by electrospinning the perovskite 

and PLLA precursor solution. This is a simple and low-cost technique for the direct 

confinement of nano-sized functional materials in continuous polymer nanofibres. PLLA as a 
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polymer matrix provided a high surface framework to fully encapsulate the perovskite NCs. 

Chapter 6 presents the properties of the directly formed NCs in highly flexible knitted 

structures. Finally, Chapter 7 summarizes the findings of this research, the outlook some 

potential applications, and some suggestions for future research. 
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1.4 Thesis outline 
The outline of the current thesis is described as a brief flow chart in Figure 1:2. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:2: Flow chart of the thesis outline. 
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Chapter 2 Literature Review 

2.1  Halide perovskite materials (HPM)  

Halide perovskite materials (HPM) have emerged as a class of excellent semiconductors in 

high-performance optoelectronic applications. In 1839, the term “perovskite” was first coined 

by Gustav Rose for the CaTiO3 mineral, who named it after nobleman Count Lev Alekseyevich 

von Perovski. These materials demonstrate unique optical and electrical properties such as 

tunable bandgap, high photoluminescence quantum yields (PLQYs), high light absorption 

coefficient, and efficient charge carrier mobility, hence could exhibit a promising future for 

next-generation electronic devices  [12], [13]. The potential to combine all the listed properties 

in one material with low-cost solution processability has emerged HPM as a focus of current 

research. In recent years, perovskite materials have been used as a functional layer in light-

emitting diodes (LEDs) with external quantum efficiency (EQE) up to 28.2% [14], highly 

sensitive photodetectors with low noise in photon detections, lasers with an ultralow lasing 

threshold of 220nJ/cm2, and perovskite solar cells (PSCs) achieving certified power conversion 

efficiency (PCE) over 25% [15]–[17]. The remarkable performance of perovskite materials has 

been made possible by the general perovskite structure ABX3, where A is a monovalent cation 

(that can be either organic (e.g., CH3NH3
+ (methylammonium/MA+), CH (NH2)2

+ 

(formamidinium/FA+)) or inorganic e.g., Cs+ (cesium)), B is a divalent cation mostly Pb2+ 

(lead), Sn2+ (tin) and trivalent cation Bi3+ (bismuth) or their co-alloying with Ge2+ (germanium) 

and Mn2+ (manganese), and X is a halide anion (Cl-, Br-, I- or their mixtures) [18]–[20].  

The crystal structure of ABX3 (Figure 2:1) type perovskite consists of a network of corner-

shared lead halide octahedra [BX6]
-4 with a 12-fold coordinated large size A-site cation 



32 
 

fulfilling the voids to balance the charge.  These materials can form multiple structural 

polymorphs from cubic to hexagonal complex phases depending on the connectivity to the 

[BX6]
-4 octahedra [21]–[23].  HPM with such unique structures possesses excellent 

photoelectric properties, low exciton binding energy, and solar light absorbance [24].  

 

Figure 2:1: A typical perovskite crystal structure. Reproduced from [25]. 

Doping engineering, a method to introduce impurity atoms into the target crystal lattice can 

optimize the perovskite materials performance without affecting their structure and inherent 

properties [26], [27]. Taking into account the inherent HPM-related issues such as their long-

term stability, defect states, and performance has attracted the doping strategy [28]–[30]. To 

fill these gaps, researchers [9], [31]–[33] have been working on the incorporation of various 

ions into the HPM to study their effects. Only a small concentration of dopants can modify the 

required characteristics of halide perovskites to the required level without introducing deep 

energy levels. In addition, doping elements usually do not give rise to the quenched emission 

due to the surface defect states as reported in conventional II-VI, III-V, and IV-VI inorganic 
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semiconductors [34], [35].  Therefore, the strategy to dope heteroatoms into the perovskite 

structure increases the ability to optimize the structural parameters and efficiency. Doping of 

A-site cation has been mostly reported to tune the bandgap, and the ability to make the host 

perovskite more stable [36]. Moreover, B-site doping is used to reduce the toxicity of lead ions 

and extend the charge carrier lifetime of solar power conversion and light absorption process 

[37], [38]. Furthermore, the mixing of X-site halide anions not only serves the purpose of 

desired shift in the absorption band but also optimizes the electroluminescence (EL) spectrum 

of perovskites [39]. Hence, compared with pristine halide perovskites, doped HPM can improve 

the performances of solar cells, lasers, LEDs, photodetectors, and field-effect transistors [40].  

2.2 Goldschmidt tolerance factor (T) for 3D 

structures 
To predict the structural stability and lattice distortion of ABX3-type perovskite materials, the 

Goldschmidt tolerance factor (T) has been widely used in applied studies. Also, for a stable 

doped perovskite structure, the ionic radii of all constituent elements should match well. The T 

is determined by the ratios of effective ionic radii of the cation A (RA), the cation B (RB), and 

the X (RX) anion using the following expression: 

T = RA + RX/√2(RB + RX ) 

The perfect symmetry of perovskite compounds adopts a cubic close-packed crystal structure 

with T = 1, with the boundary conditions for stable cubic perovskite structures being 0.9 ≤ T ≤ 

1. When the value of constituent ionic radii deviates from the ideal case (T ≠ 1) (Figure 2:2), 

crystal distortion and structural strain occur. As this deviation arises, the crystal adopts a lower 

symmetry leading to tetragonal or orthorhombic structures [41], [42]. When the ionic radii of 

the A-site cation are smaller than the ideal value, then T becomes smaller than 1, and as a result, 
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BX6 octahedra will be distorted to fill space.  However, non-perovskite structures are formed 

as the size of the A-site cation becomes too large (T > 1) to form a nonperovskite phase. Table 

2.1 shows the different perovskites and their stable crystal structures at ambient conditions.  

Table 2.1: Perovskites and their crystal structures 

Perovskite 

type 

Temperature 

(K) 

Crystal structure Room Temp 

crystal phase 

Ref. 

MAPbBr3 >236.9 Cubic (α phase) Cubic [43] 

155.1-236.9 Tetragonal   ( β phase)    

149.5-155.1 Tetragonal    

<144.5 Orthorhombic ( γ phase)    

MAPbCl3 >178.8 Cubic Cubic [43] 

172.9-178.8 Tetragonal    

<172.9 Orthorhombic    

MAPbl3 >327.4 Cubic   [43] 

162.2-327.4 Tetragonal Tetragonal  

<162.2 Orthorhombic    

CsPbBr3 403 Cubic   [44] 

361  tetragonal    

  Orthorhombic    

CsPbI3 298.15/room Tem Orthorhombic Orthorhombic [45] 

  black α / cubic phase    

CsPbCl3  320 tetragonal phase    [46] 

 316 orthorhombic   

 310 monoclinic phase   

FAPbI3 298.15/room Tem Hexagonal δ/yellow 

phase/non photoactive 

Hexagonal (non-

perovskite) 

[47] 

390 Trigonal, cubic symmetry/ 

α /black /photoactive phase  

   

FAPbBr3 >275 Cubic Cubic [48] 

175 Tetragonal    

100 Orthorhombic    

The definition of the Goldschmidt tolerance factor has been used to determine whether a 

combination of ions can form a stable perovskite structure for organic-inorganic halide 

perovskite materials. Though, there are too many exceptions that cannot completely fit into the 
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concept of the Goldschmidt tolerance factor. Consequently, another numerical parameter is 

introduced to anticipate the substituted perovskite crystal structures.  

 

Figure 2:2: Perovskite crystal structure and Goldschmidt tolerance factor. Reproduced from 

[49], copyright 2022, John Wiley and Sons.  

2.3 Octahedral factor (µ) 
To describe the threshold of perovskite compounds stability, an additional octahedral factor (µ) 

that is defined as the ratio of the ionic radii of the B-site cation RB and the halide X anion RX 

in the general formula  ABX3 [50]–[52]. 

µ = RB/Rx 

This numerical expression shows the structural stability of the BX6 octahedron. When it is in 

the range of 0.44 ≤ µ ≤ 0.9, it generally forms a stable perovskite structure. Along with the 

Goldschmidt tolerance factor (T), the octahedral factor is intended to choose ions and 
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combinations to consider the number of theoretically possible configurations for stable halide 

perovskites as shown in Figure 2:3.  

 

Figure 2:3: Octahedral versus tolerance factor for different metal halide perovskite 

structures. Reproduced from [53].  

2.4 Synthesis of metal halide perovskite (MHP) 

nanocrystals 

 Ligand-assisted reprecipitation (LARP) method 

Ligand-assisted reprecipitation (Figure 2:4a) is one of the most well-known techniques for the 

synthesis of halide perovskite nanocrystals. It is a powerful approach to fabricate perovskite 

NCs (Figure 2:4b,c) via mixing of precursor salts of CsX, MX2, etc. where M = Pb, Sn or Bi, 

etc., and X=Cl, Br, or I dissolved into the solvent (such as dimethylformamide or nonpolar 

solvents such as hexane or toluene) with the presence of the ligands. The mixing of two solvents 
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starts the nucleation and accelerates the growth of MHP NCs. The simple and versatile LARP 

method is conducted under air and, hence, can be realized for the large-scale production of 

MHP NCs [54].  

 

Figure 2:4: (a) Schematic illustration of the LARP method. (b) Precursor materials and shape 

of perovskite NCs. (c) The solution contains a dispersion of CH3NH3PbBr3 NCs. Reproduced 

from [55], copyright 2015, American Chemical Society.  

In 2012, G.C. Papavassiliou's research group first-ever synthesized the CH3NH3PbBr3 

NCs from the LARP technique [56]. After that, the LARP method has been extended by 

many researchers have for the synthesis of FAPbX3 perovskite NCs (size 20-44 nm), inorganic 

halide perovskite NCs using CsX precursor (size 2-6nm) [57], alkali metal-doped halide 

perovskite (such as Cs1-xMAxPbX3, Cs1-xFAxPbX3, etc.) NCs (size 6-10nm) [58], and lead-

free MA3Bi2Br9 nanosized perovskites [59].  

 Hot injection (HI) method 

The hot injection (HI) method (Figure 2:5) is performed at high temperatures and in the 

absence of air for the synthesis of halide perovskite NCs. The quick injection of the precursor 

(such as A-cation) into the hot solution that contains the solvent with suitable ligands and the 
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remaining precursor (i.e., MX3), resulting in the formation of small NCs with narrow size 

distribution. It was found that the size and shape of MHP NCs can be controlled by (1) 

precursor solution injection temperature (2) ligands to precursor ratio (3) reaction time and (4) 

precursor concentration [6].  

 

Figure 2:5: Schematic of hot injection method to fabricate perovskite nanostructures. 

Reproduced from  [60].  

Protesecu et al. were the first to fabricate CsPbX3 NCs (size 8 nm) with a high degree of band 

gap engineering in the temperature range of 140°C to 200°C [61]. They were fabricated as 

single crystalline nanocubes with edge lengths of 4-15 nm by using the precursor of Cs-oleate 

and Pb-halide in octadecene. The colloidal synthesis of mixed-halide perovskite NCs such as 

PbI2/PbBr2 or PbCl2/PbBr2 could also be produced by the HI method.  
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2.5 Methods beyond LARP and hot injection 

 Sonication 

 

Figure 2:6: Production of Cs-based perovskite NCs using single-step sonication technique and 

photographs of CsPBX3 NCs dispersions with different halide compositions. Reproduced from 

[62], copyright 2016, Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim.  

Sonication is the large-scale tip-ultrasonication technique for the production of CsPbX3 NCs 

and nanoplatelets (NPLs). Tong et al. [62] reported this method as shown in Figure 2:6 for the 

synthesis of nanowires, cutting nanowires for nanorods and NPLs. Huang et al. [63] adapted 

this approach (Figure 2:7) for the synthesis of CH3NH3PbX3 nanocrystals by using oleic acid 

and oleic amine as coordinating solvents. One advantage of the tip-ultrasonication is that it 

avoids the use of polar solvents and reduces the reaction time by using one-step ultrasonic 

treatment of precursor solution for the fabrication of monodisperse red, green (PLQY  70%),  

and blue emitting NCs.  
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Figure 2:7: The top-down synthetic method to synthesize CH3NH3PbX3 PeNCs. Two 

precursors usually PbBr2 and MABr are mixed under ultrasonication with capping ligands to 

form bulk MAPbBr3 which is then broken into NCs under continuous ultrasonication. 

Reproduced from  [63], copyright 2017, Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim.  

 Solvothermal  
 

 

Figure 2:8: Schematic illustration of Mn-doped CsPbCl3 NCs. Reproduced from [64], 

copyright 2018, The Royal Society of Chemistry.  
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Min et al. presented a solvothermal approach to preparing the all-inorganic CsPbX3 perovskite 

NCs with tunable and high PLQY up to 80%, controllable morphology, and composition. In 

addition, ultrathin mixed-halide CsPbX3 nanowires with a diameter of  2.6 nm can be 

synthesized with high morphological yield [65]. Li et al. successfully fabricated the Mn-doped 

CsPbCl3 NCs by solvothermal reaction (Figure 2:8) and the as-prepared NCs were 

demonstrated to be used as colour converters for LEDs [64].  

2.6 Defects in metal halide perovskite nanocrystals  
Metal halide perovskite nanocrystals with large specific surface areas increase the likelihood 

of surface defects compared to that bulk single crystals or polycrystalline thin films. Defects 

have been considered an important part of semiconductor crystals, controlling their electric, 

optical, and structural properties, and hence affect a wide range of optoelectronic applications. 

Although defects give rise to many advantages, the traps they introduce in the bandgap are 

detrimental to the optoelectronic performance of the HPM. Therefore, it is essential to 

comprehend and control the defect population to recognize the potential of perovskite NCs [66] 

[67].  

In generally classified semiconductors such as Si, GaAs, CdTe, CdSe, InP, and metal 

chalcogenides, a small number of defects can severely affect their inherit PLQY, carrier 

mobility, and stability. However, there is a specific class of semiconductors like lead halide 

perovskites that are defect tolerant, so it is possible to achieve low non-radiative recombination 

despite a high population of defects in the bandgap [68].  

Like in semiconductors, two main types of defects in HPM are atomic scale and structural 

defects. Atomic scale defects are vacancies, interstitial defects, and anti-site defects (Figure 

2:9a). Structural defects are generally classified into dislocation and grain boundary defects. 
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Furthermore, defect complexes like Schottky and Frenkel defects can occur. The common point 

defects (A and X-site vacancies) in perovskites are usually shallow-level defects and are not 

detrimental to the device's efficiency. Point defects with deep traps such as interstitial or anti-

site are almost absent in the HMP since they have high formation energy. Hence, the main 

defects which we consider during the fabrication process are uncoordinated lead ions and 

surface-charged defects [68].  

 

Figure 2:9: (a) Different types of defects in metal halide perovskites. (b) Schematic illustration 

of the perovskite nanocrystal surface capped by ligands and an enlarged view of the nanocrystal 
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surface with defects and different types of ligands such as alkylammonium ions, carboxylic 

acid, and zwitterions. Reproduced from [68], copyright 2021, Wiley-VCH GmbH.  

In the form of colloidal NCs, these materials are terminated by long-chain alkyl ligands (Figure 

2:9b) that contain ionic substituents like amine cation (R-NH3
+) and carboxylate anion (R-

COO-) to achieve colloidal stability in nonpolar solvents. However, these ligands bind to the 

surface of NCs by weak electrostatic forces and only provide high coverage when present in 

excess in solution. In addition, the proton transfer between cationic amine and anionic 

carboxylate generates deprotonated NH2 and protonated COOH groups that cause rapid 

desorption of ligands from the surface of NCs during the purification by washing, aging, and 

dilution. Hence, the main consequences of such weak binding interaction between NCs and 

ligands lead to the formation of surface defects and reduction in PLQY [69], [70].  Taken 

together, perovskite NCs and bulk thin films exhibit similar types of defects. In addition, NCs 

showed surface vacancies due to the desorption of surface ligands 

 Ball milling 

The wet ball milling technique (Figure 2:10a-c) of bulk APbBr3 (A=Cs, FA) was demonstrated 

with high yield and excellent optoelectronic properties of the same composition fabricated by 

the hot injection method. The method shown in Figure 2:10d, e uses two rotational movements: 

one of the milling balls, and the other is the supporting disk. The combined effort enabled the 

movement of the balls within the bowl, causing the grinding of the materials. Figure 2:10f-h 

photograph showed the colloids of CsPbBr3 NCs after the ball milling and dilution in toluene 

[71].  
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Figure 2:10: Photographs of the (a) planetary ball mill (b) zirconia bowl filled with zirconia 

balls (c) bulk CsPbBr3 used as starting materials (d) working mechanism of the planetary ball 

mill (e) schematic of processes occurring during the mechanochemical production of PeNCs 

(f) just after the ball milling (g) NCs dispersion in toluene (h) TEM image of the resulting 

PeNCs. Reproduced from [71], copyright 2018, American Chemical Society.  
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High-energy ball milling is a type of mechanical grinding of materials. This method can be 

used in wet (with solvents) and dry (without solvents) conditions. Laboratory-scale ball milling 

is a batch process, whereas large-scale ball milling can be operated in a continuous mode, hence 

offering a high production of required materials. The mechanism of ball-milling involves the 

friction of grinding medium, such as balls of the same sizes, and the ground material. 

Mechanical energy is provided to the system by the rotary movement of the bowl, as in the case 

of planetary ball mills. This technique has been popular since 1970 for the synthesis of oxide-

based dispersions such as Al2O3, Y2O3, and ThO2.  

2.7 Strategies for defects passivation and stability of 

perovskite nanocrystals 

One of the limitations of the commercialization of halide perovskite NCs is stability. To solve 

this issue, we must have a deep understanding of the origin of the degradation mechanism of 

NCs. Different methods such as compositional engineering, surface ligand modifications, and 

surface passivation methods have been proposed for defect passivation and to make the NCs 

more stable.  

 Compositional engineering  

A-site doping  

To date, cesium (Cs) is the only alkali metal that can substitute A-site cation in ABX3 type 

perovskites due to its large ionic radii (1.67Å) [72], [73]. Mixing of Cs ions with other A-site 

cations (MA+, FA+) is considered a milestone to address the problem of structural instability, 

thermal and moisture sensitivity of halide perovskite devices [74]–[76]. HPM  NCs can be 

characterized as minimizing the exciton dissociation and increasing the radiative recombination 

because of the quantum confinement effect [77]–[79]. However, their structural stability and 
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physicochemical-related issues may drop the efficiency of perovskite devices within a few 

operating hours [80], [81]. For instance, to address these issues, mixed cation FA (1-x)CsxPbBr3 

and MA1-xCsxPbBr3 perovskite nanocrystals (NCs) have been prepared and tested with 

enhanced performance of LEDs [82], [83].  

Moreover, rubidium (Rb) has been considered an emerging alkali metal that can be used as a 

functional dopant in HPM, which has a significant impact on the structural parameters of single 

or mixed cation perovskites [84]. Different nanostructures of RbxCs1-xPbBr3 namely nanocubes 

and nanoplates with tunable emission (450-500 nm) were reported to fabricate stable blue-

emitting LEDs [85]. 

B-site doping  

There is a growing body of literature that recognises the importance of B-site doping for 

CsPbX3 nanocrystals. It has been regarded as the most effective technique that could not only 

tune their optical properties but also improve their stability and provide them with novel 

functionalities. Several studies have reported the importance of Mn2+ doping into the CsPbX3 

NCs. Manganese-doped highly crystalline Mn-CsPb (Cl/Br)3 NCs were fabricated with two 

emission peaks, including the host emission peak at about 450 nm and the Mn2+ dopant 

emission at around 600 nm. By varying the amount of perovskite precursor amounts, the 

relative PL emission of dual-wavelength can be changed to a wide colour gamut, showing their 

potential application in light-emitting devices [45].  

Yao et al. studied the effects of Mn doping into CsPbCl3 and CsPbCl3-xBrx perovskite NCs 

precipitated in glass through melt-quenching and thermal treatment for light emitting 

application. The amount of Mn2+ and subsequent thermal treatment affected the growth of 

perovskite NCs and band edge emission, enabling tunable PL ranging from UV-blue spectral 
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region [86]. Chen and co-workers also reported an Mn2+-doped strategy to enhance the 

environmental stability and PL characteristics of QDs. About 60% of the initial PL brightness 

was preserved after exposure to ambient air for 120 days [87].  

Until now, CsPbBr3 QDs are incorporated with the number of metal ions. Most scientific 

investigations are focused on the effect of phase structure or optoelectronic properties 

depending on the doping techniques.  

 Surface ligand modifications  

Figure 2:11a shows the formation of surface defects in perovskite NCs either by ageing or 

washing, and their passivation with ligand molecules or metal salts. Ligand detachment from 

perovskite NCs surface tends to form both A-site and X-site defects for charge neutralization.  

Covalent bond classification (CBC) is an established theory to classify molecules by identifying 

the number and types of ligands. Jonathan De Roo’s categorised the CBC system into L, X, 

and Z types, depending on the number of electrons (2, 1, 0 respectively) they donate when the 

neutral ligand binds to the surface of perovskite NCs. Due to the ionic nature of perovskite NCs 

surface, L-type ligands (anionic and cationic) have been mostly used for the passivation of A-

site and X-site defects [88].  One of the earliest studies on defect passivation by surface ligand 

modification technique was mentioned by Pan and his research group. CsPbBr3 perovskite NCs 

were protected by the use of didodecyldimethylammonium sulphide and this passivation leads 

to the formation of the surface enriched with sulphide [89]. However, the research does not 

take into account the mechanism behind the successful passivation of perovskite NCs. In early 

2016, a comprehensive study was published about the chemistry of perovskite NCs and their 

highly dynamic nature of ligand binding. This research work also proved that the presence of 

excess amines improves the stability of perovskite NCs and PLQY. Following these early 
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studies, a considerable amount of literature has been published on the passivation and stability 

of perovskite NCs by modification of surface ligands Figure 2:11b [90]–[93].  

 

Figure 2:11: Surface chemistry and defect passivation of halide perovskite nanocrystals. (a) 

Schematic of the formation of surface defects on pristine NCs surface with well-capped ligands. 

(b) Types of ligands used to passivate NCs. Reproduced from [68], copyright 2021, Wiley-

VCH GmbH.  
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The selection of surface ligand is generally based on the simultaneous refilling of the A-site 

and halide defects with an ammonium cation and the same halide respectively. This is due to 

the healing of the perovskite NCs surface requiring restoration of the damaged sites by filling 

the halide vacancies and forming a complete ligand shell. Alkylammonium halides have been 

a good selection for completing this criterion towards effective passivation and improved 

stability of perovskite NCs [94]–[96].  

Another type of ligand family recognised by the growing body of literature is zwitterionic 

ligands, in which two functional groups with positive and negative charges simultaneously bind 

to the A-site and X-site, respectively. Hence, this ligand family binds to the perovskite NCs 

surface more strongly due to the chelating effect, and the perovskite NCs show long-term 

stability and PLQY [89], [97]–[99].  

 Coating strategies 

The dynamic nature and low crystal lattice energy of perovskite NCs lead to reduced stability 

in nearly all polar solvents and hence disintegrate under such conditions. This problem was 

difficult to mitigate until a strategy of full encapsulation of perovskite NCs with inert shell 

material.  

So far, extensive research has been reported about SiO2 coating methods in traditional 

nanocrystals, such as lanthanide-doped nanocrystals and magnetic nanocomposites. SiO2 is an 

inorganic oxide with chemical stability and optical transparency in the whole visible spectrum. 

The coating of perovskite NCs surface with SiO2 has been reported to not change the optical 

properties but, make them stable against organic solvents. The silica coating method for 

CsPbX3 QDs is a typical process using Stöberor or reverse emulsion method [100].  
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Fei et al. performed a series of experiments to prepare monodisperse CsPbBr3@SiO2 NCs by 

one pot route in non-polar solvents as shown in Figure 2:12. The precursor solution of PbBr2, 

oleic acid, and oleylamine is prepared at 120°C. The Cs-oleic acid solution is rapidly injected 

into the precursor solution at 170°C. Then, the flask was cooled down by an ice-water bath, 

and CsPbBr3 NCs were obtained. Trioctylphosphine oxide (TOPO) was added to avoid large 

SiO2 matrices and act as a surface ligand. Finally, tetraethoxysilane (TEOS) was added to the 

system to coat CsPbBr3 NCs by forming a SiO2 shell after exposing them to ambient air at room 

temperature [101].   

 

Figure 2:12: Schematic illustration of the synthesis of SiO2-coated CsPbBr3 NCs by one-pot 

technique. Reproduced from [101], copyright 2020, Elsevier.  

In addition to the silica coating technique, some reports mentioned that anchoring CsPbBr3 NCs 

onto a template can effectively improve their stability. For instance, the proposed structure 

consists of CsPbX3/ZnS heterostructure. The presence of ZnS showed chemical stability in 

which the CsPbX3 NCs remained long-term stable in ambient air. Furthermore, presynthesized 
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porous materials were also used as a feasible strategy for the stability of CsPbX3 NCs.  These 

porous materials include CaF2 hierarchical nanospheres and metal-organic frameworks (MOFs) 

with tunable pore size regarded as a great potential for encapsulation of perovskite NCs [102] 

[103]. Alkali metal salts including KX (X=Cl, Br or I) and other inorganic oxides (e.g. AlOx) 

have been reported to preserve the optoelectronic properties as well as enhanced stability 

towards the air, high energy light irradiation, and thermal conditions [100].  In general, 

therefore, it seems that coating methods are promising alternative routes to make perovskite 

NCs more stable.  

2.8 Applications of MHP nanocrystals  
Metal halide perovskite nanocrystals have emerged as a major area of research for a wide range 

of scientific applications such as laser, field effect transistors (FFT), solar cells, LEDs, and 

photodetectors. Perovskite NCs have been studied by many researchers due to their excellent 

optoelectronic properties, for example, tunable bandgaps, narrow emission, high PLQY, and 

high defect tolerance. The promising advancement and recently reported achievements in the 

area of solar cells, light-emitting diodes, and photodetectors are briefly summarized in the 

following sections.  

 Solar cells 

Halide perovskite solar cells have long been studied by many researchers with rapid progress 

in power conversion efficiency to reach over 25% in the photovoltaic performance race. Since 

the development of halide perovskite-based solar cells in 2012, considerable research work on 

material optimization, structure design, process engineering, and device physics have been 

done to make them strong candidates for next-generation solar energy harvester. The low cost 
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of the materials and process combining with high efficiency are the key factors of this device 

over commercial silicon or other organic or inorganic solar cells [104].  

3D halide perovskite materials have exceptional electrical and optical properties, which have 

enabled their prevalent use as an active layer in optoelectronic, and in particular in photovoltaic 

devices. These materials have some of the most appealing properties including high absorption 

coefficient, direct photogeneration of free carriers, efficient charge transfer, and high mobilities 

diffusion length. In a typical solar cell design, the perovskite layer is sandwiched between an 

ETL such as mesoporous TiO2, and an organic HTL such as spiro-OMeTAD (2,2ʹ,7,7ʹ-

tetrakis(N, N-di-p-methoxyphenylamine)-9,9ʹ-spirobifluorene) in either n-i-p or p-i-n device 

architecture. Upon sunlight light exposure, the photogenerated charges are transported through 

the perovskite layer and then extracted at the interface with the electron transporting layer and 

hole transporting layer [22].   

 Light emitting diodes 

 

 

Figure 2:13: Perovskite LEDs structure and work mechanism. The perovskite emission layer 

is sandwiched between HTL and ETL. Reproduced from [8], copyright 2019, Elsevier.  
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In a typical device structure of perovskite LEDs, the perovskite active layer is placed between 

the p-type hole transporting layer and the n-type electron transporting layer as shown in Figure 

2:13. For light emission, charge carriers are injected into the perovskite thin layer where they 

are radiatively recombined. Perovskite LEDs can be classified as p-i-n or n-i-p structures based 

on the bottom interlayer on the substrate. In the p-i-n structure, the most common hydrophilic 

layers i.e., PEDOT: PSS or NiOx are always used to deposit and grow high-quality perovskite 

films. For the n-i-p structure, ZnO is commonly used as ETL because of high electron mobility 

and reduced electron injection hindrance between ZnO and the perovskite interface.  

 Photodetectors (PDs) 

There has been renowned interest in photodetectors because of their ability to translate optical 

signals into electrical signals, which are important for industrial and scientific applications such 

as biomedical sensing, imaging, military affairs, and optical communication. The key aspects 

for particular photodetectors are photoresponse speed, detection ability to lower brightness, and 

detection band in which photodetectors can effectively detect light. Furthermore, to evaluate 

the performance of photodetectors the key parameters are the response time or speed, spectral 

responsivity, noise current, external quantum efficiency (EQE), specific detectivity (D*), and 

linear dynamic range (LDR) [105].  

In recent years, the HPM has received considerable attention due to its high absorption 

coefficient, long carrier diffusion length, high dielectric constant, and low trap density. Also, 

the low-cost solution-processed synthesis techniques benefit commercialization, which makes 

them more competitive compared with the commonly used inorganic semiconductors such as 

Si and GaN [106].     
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Figure 2:14: Classification of photodetectors. Reproduced from [107], copyright 2017, The 

Royal Society of Chemistry.  

The photodetectors can be classified into three types: photodiodes, photoconductors, and 

phototransistors as shown in Figure 2:14 [107]. The photodetectors can also be categorised as 

vertical and lateral regarding the special layout. Photodiodes and phototransistors, only show 

vertical and lateral types. Photodetectors may also divide into spectrally broadband and 

narrowband depending on the spectral response window. Broadband photodetectors can detect 

a broad spectrum of light for example, X-rays, UV light, and visible light, however, narrowband 

can sense a limited range of wavelengths such as blue, green, and red. Perovskite nanocrystals 

have a narrow spectrum, so suitable for narrowband photodetectors.  
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2.9 Advances in doping with alkali metals in halide 

perovskite materials 
 

 Overview  

This section was published as a review paper “A review on advances in doping with alkali 

metals in halide perovskite materials” in SN Applied Sciences (2021). In this review, extensive 

literature was compared for the halide perovskite materials (HPM) and their doping strategies 

with alkali metal ions to enhance their optoelectronic efficiency without affecting their structure 

and inherent properties. In addition, future recommendation and conclusion about stability of 

HPM and other functional applications was provided.  

Abstract 

Recent progress in doping of halide perovskite materials (HPM) by using targeted elements has 

provided a dimension beyond structural and compositional modification, for achieving desired 

properties and resulting device performance.  Herein doping of alkali metal ions (Li+, Na+, K+, 

Rb+, and Cs+) in three-dimensional HPM is reviewed to lay a particular focus on advances in 

synthesis, doping-induced changes in optical and electrical properties, and their optoelectronic 

applications. The introduction of alkali metals in HPM shows an effective route for improved 

morphology, suppressed ion migration, reduction in non-radiative recombination, passivation 

of bulk and interface defects, and increased thermal stability. In the end, we provide our 

perspective that the effect of alkali metal incorporation on the efficiency and stability of HPM 

should be further investigated via in-situ characterization methods and doped HPM should be 

considered for more functional applications. 

Keywords: Halide perovskites; Doping; Alkali metals; Morphology; Defects; Stability 
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Graphical Abstract: 

 

Introduction 

Recent research on doping halide perovskites with alkali metal ions such as Li+, Na+, K+, Rb+, 

and Cs+ has been acknowledged for polycrystalline and nanocrystalline thin films to maximize 

structural and optoelectronic properties i.e. to maximize luminance, facilitates charge injection, 

enhanced moisture resistance, and energy band alignment [108]–[110].   

 In this comprehensive review, we discussed advances in the doping of alkali metals for 3D 

ABX3 type HPM, which are divided into two sections based on their polycrystalline and 

nanocrystalline nature. In detail, this review summarizes the impact of alkali metal ions on 

charge carrier dynamics, crystallinity, bulk and interface defects, and their ability to influence 

optoelectronic device properties of HPM. Furthermore, a brief outlook on unresolved issues is 

also reviewed.  

 Influence of cesium ions doping in HPM 

To date, cesium (Cs) is the only alkali metal that can substitute A-site cation in ABX3 type 

perovskites due to its large ionic radii (1.67Å) [72], [73]. Mixing of Cs ions with other A-site 

cations (MA+, FA+) is considered a milestone to address the problem of structural instability, 

and thermal and moisture sensitivity of halide perovskite devices [74]–[76]. Among all HPM 
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light harvesters, methylammonium lead triiodide (MAPbI3) and formamidinium lead triiodide 

(FAPbI3) have been considered champion compounds in recent years due to their exceptional 

absorption coefficient, low exciton binding energy, and excellent photovoltaic properties. 

However, MAPbI3 shows a disturbing phase transition (tetragonal-cubic) at about 56°C, while 

the operating temperature of solar cells is approximately 85°C. Also, the bandgap of MAPbI3 

is 1.57eV, which hinders the absorption of solar light above 800nm and ultimately reduces the 

efficiency of PSCs. Although thermally stable FAPbI3 with an appropriate bandgap of 1.48eV 

shows potential in the presence of sunlight, however, its photoactive α-phase (black phase) 

transformation into undesired nonphotoactive δ-phase (yellow phase) at room temperature is a 

big issue [73], [111], [112]. Therefore, optimization of a photovoltaic device efficiency is 

challenging while using a single cation and it has been suggested to modify the perovskites by 

mixing Cs-MA, Cs-FA or Cs-FA-MA cations [113], [114].  

The incorporation of Cs ions into the FAPbI3 perovskite system improves the phase stability, 

particularly its transformation from black to yellow phase [115], [116]. A report was published 

for the stabilization of α phase of FAPbI3, where a computational study was performed to check 

the influence of FA+ cation substitution with monovalent cation MA+, Cs+, and Rb+. A series 

of simulations were performed for relative stabilization of α with respect to δ phase as a 

function of the chemical nature of the dopant, doping amount, and temperature. It was 

suggested that α perovskite phase of FAPbI3 can be best stabilized at ambient temperature by 

42-50% of mixed Cs/Rb doping and MA+ can be avoided as it is directed to make the α phase 

less stable. Furthermore, the substitution of these alkali ions into the target system blue shifts 

the onset of optical spectra by 0.1-0.2eV with respect to pristine FAPbI3. This study paves the 

way toward the replacement of organic cations with Cs and Rb ions which are efficient in 
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stabilizing its photoactive phase [110]. In a recent study, two-step spin coating for sequential 

doping of Cs and GA (guanidinium) cations was adopted to demonstrate the control on 

crystallization kinetics of FAPbI3 perovskite thin film with an average grain size of 300nm for 

solar cell application. The addition of Cs cations in the first step induces the formation of δ-

CsPbI3 which provides an alternative phase transition pathway for perovskite α-phase. 

However, slightly larger crystalline grains of about 600nm with several pinholes are formed 

due to nonuniform nucleation by sparse δ-CsPbI3 crystals. This problem is solved in the second 

step where doping of GA cations eliminates the pinholes and further enhanced grain boundaries 

of 1µm, hence solar cell device efficiencies above 23% were recorded [117]. Another study 

was reported about the addition of cesium chloride (CsCl) in mixed cation formulation of 

FA0.80Cs0.20PbI3 results in a high-quality photoactive layer, large grain size ( 1µm), longer 

carrier lifetime (108.4ns), with perovskite solar cell devices showed PCE of 19.85% [118].  

It is now well established from a variety of studies  [119]–[123] that the doping of Cs ions into 

MAPbX3 perovskites optimizes the optical and electrical parameters of the materials while 

retaining their fundamental properties. Guangcheng and Rui claimed that doping of Cs into the 

MAPbI3-xClx perovskite films enhances the grain morphology, lifts the valence and conduction 

band edges, passivates the trap states, and hence promotes the flow of charge carriers [124].  

Most importantly, the HPM among which the mixed cation (FAMA) perovskites showed many 

outstanding properties such as improved carrier diffusion length, and broad absorption 

spectrum giving rise to the solar power conversion efficiency of over 22% [125], [126]. 

According to recent studies, partial replacement of FA with smaller size cations (MA+, Cs+, 

and Rb+) can be the most suitable strategy to work with photoelectric characteristics of FAMA 

mixed cation perovskites. 
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Figure 2:15: (a) SEM images of perovskite films deposited on FTO substrates with 0, 0.4, 0.8, 

1.2, and 1.6 mol% CsAc alloying (left-right). (b) Time‐resolved PL of perovskite films wo/w 

CsAc alloying. (c) Stable output curves of current densities and efficiencies of the best‐

performing PSCs wo/w CsAc alloying. Adapted with permission from ref. [127], copyright 

2019, WILEY-VCH. (d) Time‐resolved PL (e) and photovoltaic performance of perovskite thin 

films doped with different proportions of Rb+ and Cs+ ions. Adapted with permission from 

ref.[128], copyright 2020, Elsevier 
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Table 2.2: Summary of alkali metal ions doped perovskite solar cell performance. 

Shihao et al. treated mixed cation FA0.85MA0.15PbI3 with cesium acetate (CsAc) and doped 

perovskite films exhibited a large grain size of about 1.39 µm (Figure 2:15a), longer carrier 

lifetime of 61.5 ns is benefited from the reduction in trap assisted recombination (Figure 

2:15b). The maximum PCE of 21.95% and 97% retention in initial PCE values after aging for 

55 days was recorded after alloying with Cs+ and Ac- (Figure 2:15c, Table 2.2) [127].  After 

that, Bowen claimed the highest reported PCE (22.81%) of PSCs based on four components 

RbxCsx (MA (1-2x)/2 FA (1-2x)/2) PbI3. The reason behind enhanced efficiency is the controlled 

Perovskite active layer  

Doped alkali 

metal 

VOC 

[V] 

Jsc 

[mA/cm2] 

FF 

[%] 

PCE 

[%] Ref. 

 CsMAFAPbI3−xBrx Rb 1.18 22.80 81.00 21.80 [129] 

 MAFAPbI3−xBrx Rb 1.125 23.24 71.90 18.80 [130] 

 (Cs,FA,MA)Pb(I0.85Br0.15)3 K 1.17 23.20 79.00 21.50 [131] 

FA0.83MA0.17Pb(I0.83Br0.17)3 K 1.15 23.50 75.00 20.40 [132] 

 MA0.17FA0.83Pb(I0.83Br0.17)3 Rb 1.16 22.80 78.00 21.00 [133] 

 CsPbI2Br Rb 1.24 14.02 69.00 12.00 [134] 

CsPbI2Br Rb 1.32 16.25 80.03 17.16 [135] 

FA0.83MA0.17Pb(I0.83Br0.17)3 

Rb 

Cs 

1.14 

1.16 

19.97 

20.56 

72.00 

74.00 

16.51 

17.75 [136] 

MAPbI3 

Na 

K 

1.10 

1.10 

21.16 

20.88 

78.00 

78.00 

18.16 

17.81 [137] 

FA0.85MA0.15Pb(I0.85Br0.15)3  K 1.16 22.99 76.00 20.32 [138] 

Cs0.05FA0.79MA0.16Pb(I0.6Br0.4)3 K 1.26 19.19 76.00 18.38 [139] 

CH3NH3PbI3 K 0.92 19.07 68.00 12.07 [140] 

MAPbI3–xClx Cs 0.99 21.10 79.30 16.60 [124] 

FAPbI3 Cs+MDA* 1.16 26.17 80.10 24.40 [141] 

FA0.85MA0.15PbI3 Cs 1.16 24.92 78.64 21.95 [127] 

MA0.5FA0.5PbI3 Cs+Rb 1.25 23.70 77.00 22.81 [128] 

*methylenediammonium 
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doping of Rb+ and Cs+ into the precursor solution which facilitates the transformation of δ 

phase into α phase, improves the photovoltaic performance (Figure 2:15e, Table 2.2), and 

reduced PL lifetimes from 115ns to 90 and 30ns for 10 and 20% doping concentration (Figure 

2:15d) [128]. The most recent research studies available on alkali doped HPM for photovoltaic 

applications are summarized in Table 2.2. 

 

Figure 2:16  (a) Photographs of different perovskite NCs in solution. (b) XRD patterns of FA(1-

x) CsxPbBr3 (x = 0–0.6). (c) Lattice fringe and peak position (15°) as a function of Cs content, 

x, in FA(1-x) CsxPbBr3. (d) Absorption spectra and (e) PL spectra of FA(1−x) CsxPbBr3 (x = 0–

0.6). (f) J–V (g) luminance–voltage, (h) EQE–current density, and (i) current efficiency–current 

density characteristics of perovskite LEDs, based on FA(1-x) CsxPbBr3 (x = 0. 0.1, 0.2, and 0.3).   

Adapted with permission from ref. [82] , copyright 2017, WILEY‐VCH 
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Nanocrystalline HPM can be characterized as minimizing the exciton dissociation and 

increasing the radiative recombination because of the quantum confinement effect [77]–[79]. 

However, their structural stability and physicochemical-related issues may drop the efficiency 

of perovskite devices within a few operating hours [80], [81]. To address these issues, mixed 

cation (Cs+/FA+) based FA (1-x) CsxPbBr3 perovskites nanocrystals (NCs) have been prepared to 

study the influence of Cs doping on the performance of LEDs. This study also offers some 

important insights into the different chemical composition ranges ( Figure 2:16a) with variable 

ratios of FA/Cs (x=0-0.6), crystal formation, and tuning of the optical bandgap. X-ray 

diffraction (XRD) analysis (Figure 2:16b) of all composition ranges of these NCs showed 

standard perovskites crystal phase. The peak shift from 15.01° to 15.39° was displayed, which 

shows the shrinkage of d-spacing due to smaller size Cs insertion into the crystal lattice (Figure 

2:16c). To further confirm the effect of Cs doping, high-resolution transmission electron 

microscopy (TEM) is conducted and observe the reduction in lattice spacing and confirm the 

presence of smaller-size Cs cations. All the perovskite NCs crystallize with the cubic shape and 

a negligible effect was observed on their sizes after Cs doping. As the content of Cs increases, 

a blue shift in the absorption band from 525nm to 503nm (Figure 2:16d), corresponds to a shift 

in bandgap towards high energy levels from 2.27 to 2.33 eV. Moreover, the PL peak (Figure 

2:16e) was finely tuned from 531nm to 519nm, with varying ratios of Cs cation doping. Finally, 

Figure 2:16f-i and Table 2.3 show the overview of current density to voltage (J-V) 

characteristics of LEDs based on FA (1-x) CsxPbBr3. The best efficiency is achieved when x=0.2 

with a maximum luminance of 55005 cdm-2, a current efficiency of 10.09 cd A-1, and an EQE 

of 2.80% [82].  
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The approach used in this study was also reported by Bin Xu et al., to support the stance of 

commercialization of perovskite LEDs [83]. The ligand-assisted reprecipitation (LARP) 

technique was used to prepare colloidal MA1-xCsxPbBr3 NCs with varying amounts (x=0-0.4) 

of Cs doping in the mixed cation. The precursor solution was prepared by dissolving MABr, 

CsBr, PbBr2, oleic acid, and oleylamine in dimethylformamide (DMF), and a controlled amount 

of this solution was added in an anti-solvent to form a green colloidal solution of perovskite 

NCs. 

 

Figure 2:17: (a) TEM image of the MA0.7Cs0.3PbBr3 NCs. (b) The absorption spectra, (c) PL 

spectra, (d) XRD patterns, (e) EQE vs. current density and  (f) luminance vs. voltage, of MA1-

xCsxPbBr3 (x = 0 to 0.4). Adapted with permission from ref. [83] , copyright 2017, The Royal 

Society of Chemistry 
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The as-synthesized perovskite NCs were single-crystalline of size between 8nm to 12nm 

(Figure 2:17a). To study the effect of Cs doping amount on the optical properties of mixed 

cation perovskite NCs, UV-Vis absorption, and photoluminescence (PL) spectra were recorded 

(Figure 2:17b-c). With the different amounts of Cs doping, the absorption band was blue 

shifted from 515nm to 505nm and PL spectra also changed from 539nm to 533nm.  The 

crystalline structure of all Cs doped samples was exhibited from XRD patterns (Figure 2:17d) 

and the increase in (110) peak intensity shows the preferred crystal growth after the addition of 

dopant. The synthesized MACsPbBr3 NCs were single crystalline with the sizes changing from 

8nm to 12nm and had a cubic shape with no significant change observed after the addition of 

Cs ions into the samples. The J-V characteristics of optimized Cs-doped perovskite LEDs 

showed an excellent value of luminance of 24500 cdm-2 and an EQE of 1.3% (Figure 2:17e-

f).  

 Role of incorporating rubidium ions in HPM 

Rubidium (Rb) has been considered an emerging alkali metal that can be used as a functional 

dopant in HPM, which has a significant impact on the structural parameters of single or mixed 

cation perovskites [84].  

The debate on whether Rb metal cations occupy the main A-site position in a perovskite crystal 

lattice or not is still controversial. However, few studies showed the presence of Rb+ ions at the 

A-site of the perovskite crystal lattice. Saliba et al. [129] first embedded the Rb+ into the mixed 

A-site cation (CsMAFA) formulations to achieve stabilized PCE of 21.6%. This study opens 

the avenue to study the influence of rubidium ions for multi-cation perovskites on solar cells, 

LEDs, and photo-detection applications. Daniel et al. [133] worked on the doping of rubidium 

iodide (RbI) for state-of-the-art triple cation composition Cs5(MA0.17 FA0.83)95Pb(I0.83 Br0.17)3 
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synthesized in the recently published study [142]. The addition of Rb+ ions to the mixed A-

cation perovskite showed an improved PCE of about 21% mainly due to high open-circuit 

voltage (1.16V) and fill factor (78%). Furthermore, different concentration of RbI (0.5-2%) for 

all in-organic perovskite (CsPbI2Br) was analyzed in the construction of high-efficiency, low-

cost, and improved air stability of hybrid PSCs [134]. Compared with un-doped CsPbI2Br 

perovskite films, excellent crystallinity, improved surface morphology, and enhanced 

absorbance were shown after the incorporation of RbI, as had been reported in previously 

published studies [136], [143].   
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Figure 2:18: (a) SEM images, (b) contact angle images and (c) charge-carrier lifetimes, (d) 

electron−hole sum mobilities from optical-pump terahertz-probe (OPTP) measurements, (e) 

charge-carrier diffusion lengths considering front face excitation as a function of the RbBu 

concentration. Adapted with permission from ref. [144], copyright 2020, American Chemical 

Society 

Recently, post-passivation of multi-cation perovskite Cs0.10FA0.90Pb (I0.83Br0.17)3 by rubidium 

butyrate (RbBu) was reported to explain the role of Rb+ and butyrate anion without affecting 

the perovskite crystallinity and surface morphology. After annealing of spin coated 

Cs0.10FA0.90Pb(I0.83Br0.17)3 perovskite thin film, different concentrations (1, 5, 10, 50, and 

100mM) of RbBu sprinkled on it to study the charge carriers lifetime, diffusion length, 

resistance against moisture, and photovoltaic performance. There is no obvious change in 

surface morphology from RbBu=0-10mM and grain sizes between 0.4-1.2µm were observed 

as shown in Figure 2:18a. After that, rod-like crystals were noticed for a higher concentration 

of RbBu (50-100mM) due to the presence of δ-RbPb(BrxI1−x)3. To understand the effect of 

butyrate on the hydrophobicity of multi-cation perovskite, the maximum contact angle for 

RbBu-10 was recorded (Figure 2:18b). As a general trend, the additives increase the charge 

carrier lifetime (τS), and RbBu (5mM) showed a maximum lifetime of τS= 210ns while drop-in 

charge-carrier mobility from µ=31.9 cm2/Vs to from µ=12.9 cm2/Vs exhibiting the role of 

different RbBu molar concentrations (Figure 2:18c,d). Diffusion length (LD) (Figure 2:18e) 

measurements of the passivated films enhanced up to 5µm for RbBu=5mM and charge carrier 

diffusion length decreases to 2µm for higher or non-passivated perovskite films [144].  

Another interesting aspect of rubidium ions has been studied to successfully solve the crystals 

phase instability and high-temperature thermal instability problems of FAPbI3 perovskite for 
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high-performance photodetection. A large amount of Rb+ ions (up to 30%) was added to reduce 

the pinholes and increase the crystallinity and absorption intensity of FAPbI3 thin films. As a 

result, the photodiode based on optimized Rb0.3FA0.7PbI3
 perovskite film exhibited high 

responsivity of 0.43 AW-1, an ultrafast response speed of about 300ns, and detectivity of more 

than 1012 Jones [145].  

Rubidium doping has been widely studied for tuning of absorption range, low PLQY, and 

thermal instability issues of all-inorganic halide perovskites (CsPbX3) nano geometries. Taking 

into account the importance of Rb+ ions, Amgar et al. embedded the certain content of Rb ions 

into CsPbX3 (X=Cl or Br) nanoparticles to tune the absorption range in the near-ultraviolet and 

visible range (325-500nm). Size distribution analysis of all samples presented a declining trend 

with an increase of Rb ions for CsPbX3 (X=Cl or Br) [146]. Another study to improve the 

emission of manganese (Mn) doped Mn: CsPbCl3 NCs was conducted, where increased 

emission, highest PLQY (up to 63.18%), and thermal stability with the addition of Rb+ ions 

were exhibited. The average size of Mn: CsPbCl3 NCs without Rb doping was 11.37nm which 

decreases to 7.7nm after doping [147].   

Similarly, different nanostructures of RbxCs1-xPbBr3 (Figure 2:19a) namely nanocubes and 

nanoplates with tunable emission (450-500nm) were reported to fabricate blue-emitting LEDs 

(Figure 2:19b). The as prepared nanoplates were of varying thicknesses and smaller in size 

due to the presence of Rb ions. The addition of Rb ions into the pure bromine phase could 

provide a path to increase the bandgap without introducing phase segregation at high voltage 

as it tends to distort the PbX6 octahedra and reduces the overall orbital overlap. As a result, 

high PLQY (>60%), improved luminance, and EQE of 0.11% to 0.87% for deep-blue and sky-

blue (Figure 2:19c-e)  LEDs were displayed [85].  
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Figure 2:19 (a) TEM images of synthesized RbxCs1−xPbBr3 nanocubes (b) Photoluminescence 

(solid line) and absorption (dashed line) spectra of the synthesized solution. Inset is a picture 

of various solutions, illuminated by a UV-LED source (λ = 374 nm) displaying the tunable 

emission. (c) Current density (J) is displayed by squares and luminance (L) is displayed by 

circles. (d) External quantum efficiency as a function of applied bias. (e) Devices that exhibited 

the largest luminance at their peak EQEs. Adapted with permission from ref. 

[85],copyright 2019, WILEY‐VCH 

Fanyaun et al. studied the interplay of Rb+ ions to realize the severe challenges of PL and EL 

in multi-cation blue-emitting perovskite quantum dots (QDs). It was noted that perovskite QDs 

exhibited cube-shaped and smaller size (5.17nm vs 6.38nm) structures since Rb ions were 

incorporated into them. The addition of Rb+ realized to enlarge the bandgap due to octahedral 
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distortion and strong quantum confinement resulted in outstanding PLQY of 64.5% and 49.8% 

for greenish-blue (Rb0.33Cs0.67)0.42FA0.58 PbBr3 and deep-blue (Rb0.33Cs0.67)0.42FA0.58 

PbCl1.25Br1.75 perovskite QDs [148].  

 Incorporating other alkali metal ions (K+, Na+, and Li+) for enhanced 

performance of HPM 

After studying the beneficial aspects of rubidium, scientists were prompted to explore the other 

smaller alkali metal ions such as K+, Na+, and Li+. Previously published studies about 

polycrystalline perovskite thin films have been extensively reported on their high trap state 

density, enlarged grain boundaries, instability to heat, UV (ultraviolet), and humidity [149]–

[151].  

 

Figure 2:20: SEM images of (a) without, or with (b) NaI (c) KI doping (d) The X‐ray 

diffraction patterns (e) the enlarged comparison of (110) diffraction peak (f) the steady‐state 
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photoluminescence (PL) (g) the current density–voltage characteristics and (h) external 

quantum efficiency (EQE) spectra with Na+, K+ doped and the control sample without doping 

(i) The J–V curve of champion PSCs with 1.0 mol% Na+ doping measured at the AM 1.5G 

solar spectra of 100mWcm−2 at a reverse scan.  Adapted with permission from ref. [137], 

copyright 2017, WILEY‐VCH. 

Wangen et al. investigated the role of alkali metal ions (Na+, K+) to make the MAPbI3 

polycrystalline thin films with fewer trap states, reduced grain boundaries, and increased built-

in potential leading to enhanced PCE. It was observed from morphological analysis (Figure 

2:20a-c), the addition of Na+ and K+ ions help in high coverage and increases the grain size 

from 140 nm to 220nm and 230nm, respectively.  

XRD analysis depicts (Figure 2:20d-e) the typical tetragonal MAPbI3 phase of all samples and 

an enlarged (110) peak with a significantly narrow width showed that large grain sizes were 

obtained after the addition of Na+ and K+ ions. To check the trap states of the perovskite 

absorber layer, steady-state PL spectra were recorded (Figure 2:20f). An obvious increase in 

PL intensity was detected, that assigned to the reduced trap centres due to the coverage of grain 

boundaries by alkali metal ions. The J-V curves (Figure 2:20g-i) showed that both alkali Na+ 

and K+ have a positive effect on the overall performance of perovskite photovoltaic devices.   

Besides studying the influence of potassium on polycrystalline HPM, a considerable amount 

of literature has also been published on nanocrystalline HPM. It has been well reported as the 

passivating agent to form a potassium halide layer to overcome halide segregation in mixed-

halide perovskite thin films. Moreover, modification of grain boundaries and suppression of 

ions migration are the potential benefits of using potassium in HPM [131]. 
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Table 2.3: Summary of alkali metal-doped ions perovskite light-emitting diode 

 

Halide segregation is a major problem in mixed HPM which results in poor electro-luminance 

(EL) stability in LEDs. To overcome this problem, potassium bromide surface coated all 

inorganic CsPbI3‑xBrx NCs emitting at 640nm were synthesized via the hot-injection method. 

The resulting potassium passivated high-quality NCs showed above 90% PLQY and good 

dispersion stability for weeks. As a result, pure red-emitting LEDs at 637nm exhibited a highly 

stable brightness of 2671 cdm-2 and EQE of 3.55% [155].   

Perovskite emitting 

layer 

Doped alkali 

metal 

 

EL [nm] 
 

Luminance 

[cd/m2] 

EQE 

% 

 

CE 

[cd/A] 

[Ref] 

MAPbBr3  

(Polycrystalline) Rb 527 7694 - 

 

9.54 [152] 

FAPbBr3 

(Polycrystalline) Rb 532 66 353 7.17 

 

24.22 [153] 

CsFAPbBr3  (QDs) 

CsFAPbCl1.25 Br1.75 

 Rb 

502 

466 

750 

39 

3.60 

0.61 

8.50 

0.45   

[148] 

CsPbBr3 [NCs] Rb 

490 

464 

183 

63 

0.69 

0.11 

- 

[85] 

CsPbBr3 [NCs] K 522 5759 5.60 - [154] 

CsPbI3‑xBrx [NCs] K 637 2671 3.55 - [155] 

CsPb(Br/Cl)3[NCs] K 477 86.95 1.96  [156] 

FAPbBr3 [NCs] Cs 525 55 005 2.80 10.09 [82] 

MAPbBr3[NCs] Cs 523 24500 1.30 
4.10 

[83] 
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Figure 2:21: (a) XRD patterns of perovskite films with different x values and standard XRD 

patterns of CsPbBr3 and CsPbCl3. (b and c) TEM images of pristine and K+ based (4.0% in 

terms of nominal K+ ratio) NCs and size distribution analysis; the insets show the corresponding 

high-resolution TEM images. (d) Schematic illustration of potassium passivation. (e) Current 

density–voltage–luminance curves and (f) EQE-luminance curve for LED device based on x = 

4.0%. Adapted with permission from ref [156], copyright 2020, WILEY‐VCH 

Several reports [157]–[160] have shown that blue perovskite LEDs still lag behind the red and 

green ones due to difficulties in synthesizing stable materials, maintaining high quantum 

efficiency, and halide segregation to get required emission parameters.  
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Table 2.4: Radiative lifetime analysis for the alkali-doped halide perovskite materials 

Perovskite 
Doped alkali 

element 

Morphology of 

perovskite film  

Radiative lifetime 

(ns) 

Ref 

CsPbI3-xBrx K Nanocrystalline 8.73 [155] 

CsPbCl3 K Nanocrystalline 2.10 [161] 

CsPbBr3 K Nanocrystalline 2.21 [154] 

FA0.85MA0.15Pb(I0.85Br0.15)3 K Polycrystalline 32.7 [138] 

CsPb(Br/Cl)3 K Nanocrystalline 4.57 [156] 

FAPbBr3 Rb Polycrystalline 2.77 [153] 

CsPbBr3 

CsFAPbBr3 

CsFAPbCl3-xBrx 

 

Rb 

Nanocrystalline 4.7 

3.2 

3.5 

 

[148] 

CsPbBr3 Rb Nanocrystalline 5.47 [85] 

MAFAPbBr3  Rb Polycrystalline 4.68 [130] 

FAPbBr3  Cs Nanocrystalline 4.80 [82] 

The small amount of impurity ion doping has been considered an effective strategy to improve 

the optical properties of nanocrystalline HPM. Several studies have been published on doping 

of a variety of ions including lanthanides [162] and manganese [163] with great success. 

However, the introduction of new emissions due to additional ions causes the impurity in blue 

light. Smaller size alkali metal ions have the advantage to enhance the efficiency of blue-

emitting devices without disturbing the original emission spectra. Given the low performance 

of CsPbCl3 QDs, doping of potassium ions was introduced for controlling the emission 

properties of blue-violet light, and a blue shift in absorption edge was observed. Only a small 
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amount of potassium ions enhanced the PLQY of perovskite QDs at 408nm from 3.2 to 10.3% 

[161]. 

To further study the role of potassium incorporation into the CsPb(Br/Cl)3 NCs, Fei et al. 

demonstrated the use of K+  ions as metal-ligand to improve the nonradiative recombination 

and PLQY. It is clear from the XRD peaks (Figure 2:21a) that all samples showed the 

characteristic peaks of typical cubic crystal planes of CsPb(Br/Cl)3, with no additional 

diffraction peak confirming the presence of K+  ions as capping agent outside the crystal surface. 

The transmission electron microscopy (TEM) images (Figure 2:21b-c) exhibit the lattice plane 

of (200) and (211), which further confirms that the addition of K+ ions does not affect the crystal 

structure. The NCs exhibit a slight increase in size with the addition of K+ as shown in size 

distribution histograms (Figure 2:21b-c), where the average size for the untreated and K+ 

treated is 9.94nm and 10.92nm respectively. It was demonstrated that alkali metal doping 

methods can accelerate the speed of reaction, leading to an increase in the NCs size. 

Moreover, a schematic presentation (Figure 2:21d) of K+ ions bonding with halides verified the 

reduced number of insulating ligands around the NCs. In terms of device performance (Figure 

2:21e-f,  

Table 2.3), the champion blue perovskite LED with 4.0% of K+ ions showed the highest EQE 

of 1.96% and luminance of 86.95 cd m-2 [156].  

In contrast to this study, Minh et al. demonstrated that potassium doping of NCs can enhance 

the coverage of capping ligands around CsPbBr3 nanocrystal confirmed by N-H stretching at 

3356 cm-1. The reason for increased stretching is due to better oleylamine coverage which could 

be ascribed to the formation of the bromide-rich surface due to potassium ions. Furthermore, 
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Fourier transforms infrared (FTIR) peaks of 2.5% potassium doped sample showed nearly 

double intensity as compared to the sample without doping. Also, reduction in trap states and 

reduced surface energy of NCs were believed due to the more insulating ligands attached to the 

NCs surface [154]. 

 Conclusion and outlook 

In this review, we summarized comprehensive progress on doping of alkali metal ions (Li+, 

Na+, K+, Rb+, Cs+) in terms of their ability to markedly influence the electrical, optical, and 

doping-induced charge carrier dynamics in halide perovskite materials. Alkali metals have been 

successfully doped in polycrystalline halide perovskites, giving rise to structural stability, 

reduced defect states, enlarged grain boundaries, and improved film morphology. Moreover, 

alkali metal doped NCs have shown reduced crystal native defects, improved thermal and 

moisture stability, prolonged charge carrier lifetime, and high PLQY.  

Looking forward, to fully exploring the potential benefits of alkali metals in perovskites, 

considerably more research work will need to be done to determine the true position of alkali 

metals ions, the influence of doping on crystal orientation, and the principle behind the 

improved optoelectronic properties. Also, there is a wide research gap in co-doping the high-

band gap perovskite to enhance stability and cover a wide luminance range. Thus, we expect 

that advanced characterization techniques such as in-situ transmission electron microscopy 

should be implemented to study the influence of the incorporation of alkali metal ions. At 

present, alkali metal-doped perovskites are mostly reported for solar cells and LED 

construction. Keeping in mind the unique properties of alkali metals in perovskites, doped 

perovskites should consider in other applications such as photodetectors, X-ray detectors, and 

single-photon sources.  
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2.10  Recent Developments in Smart Textiles Based 

on Perovskite Materials 
 

 Overview  

This part is available as a review paper “A Review of Recent Developments in Smart Textiles 

Based on Perovskite Materials” in Textiles (2022). This study highlights the importance of 

using metal halide perovskites into the textile-based substrates. Also, future directions on 

integrating perovskites for flexible substrates were stated.  

Abstract 

Metal halide perovskites (MHPs) are thought to be among the most promising materials for 

smart electronic textiles because of their unique optical and electrical characteristics. Recently, 

wearable perovskite devices have been developed that combine the excellent properties of 

perovskite with those of textiles, such as flexibility, lightweight, and facile processability. In 

this review, advancements in wearable perovskite devices (e.g., solar cells, photodetectors, and 

light-emitting diodes) concerning their device architectures, working mechanisms, and 

fabrication techniques have been discussed. This study also highlights the technical benefits of 

integrating MHPs into wearable devices. Moreover, the application challenges faced by 

wearable perovskite optoelectronic devices-from single devices to roll-to-roll manufacturing, 

stability, and storage, and biosafety-are briefly discussed. Finally, future perspectives on using 

perovskites for other wearable optoelectronic devices are stated. 
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 Introduction 

Wearable and flexible optoelectronics have been the subject of many research studies due to 

promising applications in various emerging fields including health care systems, flexible 

displays, sensors, and human-activity monitoring. The dominant features of wearable 

optoelectronic devices are flexibility, lightweight, and large-area processability at low-

temperature flexible substrates [164], [165].  

Metal halide perovskites (MHP) have received considerable attention in textile-based flexible 

optoelectronic devices due to their high optical absorption coefficient, efficient charge carrier 

mobility, high photoluminescence quantum yield (PLQY), and low-cost solution fabrication 

techniques. MHP have been considered important materials by a growing body of research 

community due to their application in solar cells, light-emitting diodes (LEDs), photodetectors 

(PDs), lasers, and nonlinear optics [166].   

In 2009, after Kojima and co-workers demonstrated the first perovskite device, MHP have been 

a question of great interest in a wide range of optoelectronic devices [167]. Kumar et al. 

reported the first flexible solar cells with a power conversion efficiency (PCE) of 2.6% [168]. 
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Recent advances in flexible perovskite devices and an understanding of MHP have facilitated 

to boost in the PCE of solar cells by more than 20% [169]. Similarly, the first flexible LEDs 

were fabricated by Bade et al. in 2016. In this study, printed metal halide perovskite LEDs were 

reported where carbon nanotubes (CNT) and silver nanowires were used as anode and cathode 

respectively. A composite film made of MAPbBr3, and polyethylene oxide was used as an 

emissive layer in LEDs. The devices on CNT/polymer were able to handle a radius curvature 

of 5mm and had an external quantum efficiency (EQE) of 0.14% [170]. To improve the 

efficiency of flexible LEDs, the perovskite emissive layer has been constantly improved and 

EQE has been greater than 20% [171]. Moreover, the first MHP-based broadband photodetector 

was reported on a flexible ITO-coated substrate. The flexible perovskite photodetector was 

sensitive to a broadband wavelength from the ultraviolet to the entire visible with measured 

photo-responsivity of 3.49AW-1, and 0.0367AW-1 at 365nm and 780nm wavelength 

respectively [172].  

As solution-processable MHP offer opportunities for the fabrication of wearable, light-weight, 

portable, and bendable optoelectronic devices, perovskite-based wearable devices have become 

the focus of a wide range of electronic devices [173], [174]. Textile-based flexible perovskite 

devices have been developed by different methods such as vapour deposition [175], ink-jet 

printing [176], [177], and other roll-to-roll printing methods [178].  

Recently, considerable literature has grown up around the theme of wearable optoelectronics 

and their applications in intelligent devices such as flexible solar panels, and intelligent sensors. 

For textile-based wearable optoelectronics, mechanical flexibility is an important parameter. 

However, conventional perovskite-based optoelectronic devices are fabricated on rigid and 

brittle substrates, which hinders their use in wearable electronics. One of the greatest challenges 
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is the weight and special layout requirements for wearable optoelectronics. The optoelectronics 

devices synthesized on rigid substrates are not the proper selection for smart wearables. So far, 

flexible optoelectronic devices are fabricated on substrates such as polyethylene terephthalate 

(PET) or polyester, poly (ethylene 2,6-naphthalate) (PEN), and polyimide (PI).  

Indium tin oxide (ITO) is the most widely used electrode material due to its excellent optical 

transparency and low electrical resistance, whereas rigidness limits its use in flexible devices 

[179], [180]. Although many plastic-based flexible and bendable substrates such as PET have 

been reported to replace the rigid electrode [181]–[183], the researcher has concerns about their 

ability to be wearable, breathable, and conformable [184]. In addition, electron transport layers 

(ETL) and hole transport layers (HTL) are also important components of textile-based flexible 

perovskite devices. Their optical transparency and high charge conductivity are the main 

factors to evaluate the performance of wearable perovskite optoelectronic devices [185].  

The purpose of this paper is to review recent research and development into textile-based 

flexible perovskite devices. The specific objectives of this study are to explore the device 

architectures, working mechanisms, fabrication techniques, and recent advances in fibre and 

fabric-based perovskite optoelectronic devices. This study seeks to do a comprehensive 

comparison of available data which will help to address the research gaps in textile-based 

perovskite devices. Moreover, the challenges of wearable perovskite devices are proposed, and 

future directions are mentioned.  

 Perovskite Device structures and working mechanism. 

Solar cells 

The device configuration is a key aspect of analysing the overall efficiency of perovskite solar 

cells. Flexible PSCs have a similar configuration to rigid devices. PSCs are mostly categorized 
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as regular (n-i-p) and inverted (p-i-n) architectures depending on which carrier transport layer 

(ETL/HTL) is encountered by the solar light first [186]–[190]. These two architectures can be 

further classified into mesoscopic and planar. A mesoporous layer is integrated into the 

mesoscopic structure while all the planar layers are used in the planar structure. Perovskite 

solar cells without electron and hole transport layers are also reported by the researcher. In 

brief, six types of PSCs have been studied by many researchers: n-i-p structure (planar), p-i-n 

structure (planar), n-i-p structure (mesoscopic), p-i-n structure (mesoscopic) (Figure 2:22a-d), 

ETL, and HTL free structures. In a typical device structure, perovskites act as a photoactive 

layer and absorb the light to generate the free charges. Electrons and holes are transferred by 

ETL and HTL to the cathode or anode to avoid the chances of charge recombination [185], 

[191], [192].  

 

Figure 2:22: Schematic diagram showing the four typical layered structures of perovskite solar 

cells. (a) n-i-p mesoscopic (b) n-i-p planar (c) p-i-n planar (d) p-i-n mesoscopic. Reproduced 

from ref. [192], copy right 2018, Springer nature. 
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Light-emitting diodes (LEDs) 

Typical perovskite LEDs adopt one of the two configurations: conventional and inverted, which 

mostly refers to n-i-p or p-i-n structures respectively. For the conventional layout, LEDs are 

generally comprised of a glass substrate covered with a transparent conductive electrode such 

as ITO, to work as a cathode. This electrode injects an electron into the ETL and then into the 

perovskite emissive layer (EML). Similarly, the holes are injected from HTL to the perovskite 

layer for radiative recombination with electrons. For an inverted layout, the electrons and holes 

are injected in the opposite direction, where ITO worked as an anode to inject holes into the 

HTL and then into the perovskite emitter. At the same time, electrons are injected from the 

cathode to ETL to enter the EML where radiative recombination occurs [193].  

Ideally, the device structure is designed in a way that electrons and holes injected from 

electrodes recombine radiatively in perovskite EML, giving rise to the emission of photons 

[194], [195]. For the fabrication of textile-based perovskite LEDs, flexible substrates and the 

choice of electrodes are the key factors. These are important components that define the 

mechanical behavior, surface roughness, breathability, and wearability of textile-based 

perovskite LEDs [170].  

Photodetectors  

MHP have emerged as the most efficient and low-cost energy materials for diverse 

optoelectronic and photonic device applications. Recently, many exciting results on perovskite-

based light detector devices have been reported. Different device configurations of perovskite 

photodetectors have developed and demonstrated a significant increase in photodetection 

efficiency. MHP-based photodetectors are generally divided into, photodiodes, 

photoconductors, and phototransistors. Photodiodes also known as vertical-structure 

photodetectors, consist of photoactive material sandwiched between two electrodes. The 
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vertical configuration of photodetectors is structured from planar heteronode PSCs, hence this 

layout can be roughly divided into regular (n-i-p) and inverted (p-i-n) categories [165], [196]. 

The lateral-structure photodetectors comprise photoconductors and phototransistors, which can 

detect light and signal amplification. Photoconductors have the simplest device structure, which 

consists of photoactive material and two ohmic metal contacts to form a metal-semiconductor-

metal configuration. Due to the considerable distance between two electrodes, photogenerated 

charge carriers will take a long time to reach electrodes, hence slow response time and high-

driving voltage [197]. 

For textile-based flexible photodetectors, flexible substrates, flexible electrodes, and functional 

layers are the main elements. So far, a variety of flexible substrates including carbon cloth, 

fibre, paper, PET, PI, and polydimethylsiloxane (PDMS) have been reported in perovskite 

flexible photodetectors [193]. 

 Manufacturing Techniques  

Due to the chemical nature of MHP, perovskite thin films can be synthesized by using a 

precursor solution. The processability of perovskite solutions can be made possible by the lab-

scale spin coating method, which has provided the most efficient PSC devices with PCE of 

over 25% being the present best-reported result [198].  At the commercial scale, solution 

processing is also compatible with roll-to-roll (R2R) manufacturing [199], [200]. R2R 

production is the ultimate solution to fabricating large-area modules in terms of low-cost and 

high output. Printing/coating techniques that are compatible with R2R manufacturing include 

ink-jet printing, slot-die coating, blade coating, and spray coating [186].     

Spin coating 
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Spin coating (Figure 2:23a) is a convenient and widely used solution-based method to fabricate 

uniform and pinhole-free perovskite thin films. By using this method, the compact thin films 

can be directly deposited on a variety of substrates (glass, quartz, plastic, and silicon) from a 

precursor solution made of metal halides and organic halides. In addition to spinning speed and 

time, a post-annealing treatment at low temperature (T< 25°C) is essential to increase the phase 

purity and crystallinity of perovskites [201], [202].  The spin coating can be categorized into 

one-step and two-step methods for the fabrication of perovskite thin films with thicknesses 

range 10nm to 100nm. Generally, the one-step spinning coating involves anti-solvents. 

Chlorobenzene and toluene are mostly widely used anti-solvents during the spin-coating of 

MHP in N, N-Dimethylformamide (DMF), and a mixed solvent of dimethylsulfoxide (DMSO), 

and γ-butyrolactone (GBL) [203]. The precise control of anti-solvent to time is the main 

weakness of the one-step method spinning method for the production of large-size thin films. 

On the other hand, the two-step spinning method was found efficient because of better 

morphology and interface control. However, the incomplete conversion of Pb-based salts into 

perovskite is a serious issue related to the two-step spinning method, limiting its large-scale 

production with good repeatability. For both methods, the waste of perovskite-based precursor 

materials determines that spinning coating is a lab-scale method to fabricate wearable and 

flexible perovskite-based smart optoelectronics devices in small areas. Another reason to use 

spinning coating at the lab scale is that with the large size area pinholes and nonuniform 

thickness are more probable to appear on surface morphology, which leads to the loss of final 

device performance [186], [204].    

Thermal evaporation  

Thermal evaporation (Figure 2:23b) is another lab-scale method to form smooth and uniform 

perovskite thin films. This method converts perovskite precursor materials into the vapor phase 
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by heating the process inside the vacuum chamber. The vapour particles produced move 

towards the substrates where it settled, and therefore, a uniform perovskite thin film is 

deposited. This method can be used to make flexible perovskite optoelectronic devices as it 

does not work at high temperatures during the deposition process. However, the production 

cost for the set-up of the vacuum process makes this method complex for the large-scale 

production of flexible perovskite-based devices [204], [205].  

There are two main types of this method: single-source and dual-source evaporation. Single-

source evaporation uses one precursor material (organic or inorganic) from one source, and the 

rest of the precursors would be used via other production techniques such as spin-coating or 

blade coating. For dual-source evaporation, both inorganic and organic precursor materials are 

evaporated at the same time [206]. Era et al. first reported the dual-source evaporation of lead 

iodide (PbI2) and organic ammonium iodide for the synthesis of layered perovskite thin films 

[207]. Recently, for the first time, all vacuum-processed PSCs using an inverted architecture 

with PCE of 19.4% for small areas (0.054cm2) and 18.1% for a large areas (1cm2) were reported 

[208]. Similarly, all vacuum-processed perovskite thin films were also fabricated for yellow 

perovskite LEDs. By co-evaporation of CsI and PbBr2, highly smooth and uniform perovskite 

thin films with a small grain size of ~31.8nm were achieved and demonstrated the EQE of 

~3.7% and luminance of ~16,200cd/m2 [209]. Using the vacuum deposition technique, dual-

phase CsPbBr3- CsPb2Br5 perovskite thin films were synthesized for high-performance rigid 

and flexible PDs. The device has a responsivity and detectivity of 0.375AW-1 and 1011 jones 

respectively [210]. Therefore, the use of the thermal evaporation technique highlights the great 

potential to produce the highly uniform perovskite thin film in the production of optoelectronic 

devices.  
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Roll-to-roll manufacturing 

Ink-jet printing  

Printing methods are mostly recommended for patterned device fabrication, including contact 

and non-contact printing technique. The mainly used non-contact printing method is ink-jet 

printing (Figure 2:23e). This method uses the array of fine nozzles in a controlled manner to 

release fine droplets of the precursor solution to generate high-resolution patterns and arrays 

on different substrates. Several factors such as printing speed, droplet volume, trajectory, the 

temperature of the substrate, and environmental conditions influence the final film 

characteristics. Ink-jet printing has major advantages including low-precursor waste, mask less, 

and the ability to fabricate large-size modules with direct writing technology. The major 

disadvantage of the ink-jet printing method is that perovskite films are discontinuous with 

increasing defects due to rapid ink crystallization during the printing process. Also, the 

unavoidable waste of ink-jet materials during the deposition process is another problem for the 

handling of lead-based precursor materials. Many researchers have used this method to 

fabricate rigid and flexible perovskite optoelectronic devices. Recently, flexible perovskite 

(CH3NH3PbI3) solar cells were produced based on all ink-jet printing including bottom 

electrode (PEN/Ag), top electrode (Ag nanowires), hole transport layer (PEDOT: PSS), etc. 

The results of module areas 120 cm2, 150 cm2, and 180 cm2 with PCE of 16.78%, 12.56%, and 

10.68%, were reported [177]. 

In another fully ink-jet printing method, flexible and efficient PDs were achieved under ambient 

conditions. The fully printed perovskite (cesium-doped cation) PDs showed excellent 

mechanical and electrical stability for 700hr without any encapsulation. PDs exhibit a high 

detectivity value of 7.7* 1012 jones, Ilight/Idark ratio of 1.83*104, and a photoresponsivity value 
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of 1.62AW-1 [211]. It can thus be suggested that ink-jet printing can freely print any design 

pattern with high speed and strong adaptability on various substrates. 

Slot-die coating 

To scale up perovskite optoelectronic devices, the fabrication of a perovskite active layer 

through a scalable printing method is considered the next move toward industrial bulk 

production and high output.   

 

Figure 2:23: Deposition technique for halide perovskite thin films at laboratory scale and large 

scale. (a) Spin coating (b) Thermal evaporation (c) Blade coating (d) Slot-die coating (e) Inkjet 

printing (f) Spray coating. Reproduced from ref. [215], copy right 2021, Oxford university 

press.  
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Figure 2:24d) includes a moving substrate, slot-die head, and a pumping system for the 

deposition of perovskite thin films. By carefully adjusting the flow rate, substrate speed, and 

width of the printing head, highly crystalline perovskite films can be formed. [212]–[214].  

Recently, a homemade slot-die coating setup has been reported to prepare fully covered ZnO 

ETLs which exhibited good reproducibility and ambient stability for PSCs. With the controlled 

deposition parameters, a champion device (FTO/ZnO/Cs0.17FA0.83Pb (I0.83Br0.17)3/spiro-

OMeTAD/carbon) showed PCE of 10.8% [216]. Another group of researchers formed slot-die 

printed tin oxide thin films for hysteresis-free flexible PSCs. The small-size flexible FPSCs 

exhibited a high efficiency of 17.18% and the large-size flexible module obtained a PCE of 

over 15% [216]. 

Spray coating 

Spray coating (Figure 2:23f) is a technique to get high-quality thin films over large area 

substrates [217]. In this method, the spray coater tip divides the solution into a fine mist which 

is then directed toward the substrate assisted by an inert gas jet. During the film formation, the 

spray head passes over the substrate at a fixed height to get the required film thickness. Film 

morphology closely relies on head speed, droplet volume, solution concentration, substrate 

temperature, etc. [218]. This method requires a high temperature (100°C to 120°C) to evaporate 

the precursor solution which hinders its use on polymer substrates. To date, many researchers 

developed low-temperature spray coating processes to fabricate a variety of perovskite thin 

films that help to make a range of flexible perovskite optoelectronic devices [205].  

Blade coating 

The blade coating technique (Figure 2:23c) has been used for the synthesis of thin films in 

photovoltaic and optoelectronic devices due to its simplicity, reduced cost, and high deposition 
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rate.  The first attempt to replace spin-coating for the fabrication of perovskite thin films was 

the blade coating technique. During blade coating, a sharp blade is placed in front of the 

perovskite solution at a suitable position above the target substrate. The linear movement of the 

blade across the substrate leaves the wet perovskite film [214]. The morphology of the final 

film is highly dependent on the substrate temperature, so the evaporation rate is mandatory to 

control to get good quality film [217].  

The CH3NH3PbI3 perovskite thin films with large-size grains and domains at ambient 

conditions were fabricated for solar cells via the blade coating method [219]. The film's 

fabrication process could be optimized by controlling blade speed, the distance between blade 

and substrate, solution concentration, and in situ thermal treatment temperature.  

 Textile-based perovskite optoelectronic applications 

Wearable Solar cells 

Textile-based flexible perovskite solar cells have long been a question of great interest because 

of their unique properties such as high flexibility, wearability, and ability to conform in any 

shape. Compared with conventional rigid solar cells, wearable perovskite solar cells can be 

easily deployed on curved or irregular surfaces of vehicles or tents. The wearability of PSC 

mainly depends on the flexibility of substrates which not only define the final efficiency but 

also the mechanical and environmental stability. Furthermore, charge transport layers 

(HTL/ETL) must have better stability against chemicals, oxygen, and water vapours to avoid 

corrosion and degradation [186], [220], [221].  

The low-temperature synthesis of charge transport layers and high-quality perovskite films are 

necessary to get high-efficiency wearable perovskite solar cells. As mesoporous structure (i.e. 

TiO2 as ETL) always demands high-temperature arrangements (500°C) which are not suitable 
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for flexible substrates, there are only a few scientific reports about the application of this 

architecture in this field [222]–[224]. Therefore the advancement in textile-based flexible 

perovskite solar cells is mostly reported in regular (n-i-p) or inverted (p-i-n) structures [225]–

[227].  

The first flexible perovskite solar cell was structured using ZnO nanorods as a mesoscopic 

scaffold layer and an ETL which allow the fabrication of low-temperature solution-based 

perovskite CH3NH3PbI3 solar cells. The PCE of 8.90% and 2.62% were recorded for rigid 

fluorine tin oxide (FTO) and flexible PET/ITO substrates respectively [168]. Sisi et al. reported 

another effective strategy for the fabrication of textile-based PSC by synthesizing obelisk-like 

ZnO arrays on stainless-steel fabric by a mild solution process. The perovskite CH3NH3PbI3 

thin layer was formed by the dip-coating process and the resulting solar cells showed PCE of 

3.3% with only 7% variation after bending for 200 cycles [228].  

A novel stainless-steel fibre-shaped PSC with high flexibility and low cost was developed by 

continuously winding carbon nanotubes on a fibre substrate. Photoactive perovskite 

CH3NH3PbI3 was sandwiched in between them via the solution process technique and fibre-

shaped PSC showed PCE of 3.3%. The fibre-shaped PSC can be woven into smart textiles for 

large-scale applications [229].   

A recent study to develop novel fibre-based solar cell textile (Figure 2:24a) that works at -

40°C to 160°C was reported by Limin and his co-workers. Briefly, a family of inorganic 

perovskite solar cell fibres and textiles were made by multiple-sintering techniques to fully 

cover the curved surface of fibre substrate with uniform large-size perovskite crystals. Firstly, 

CsPbBr3 quantum dots (QDs) were fabricated by a room-temperature ligand-assisted method. 
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Aligned TiO2 nanotubes were successfully grown on Ti-wire and dipped into inorganic 

perovskite QDs to form a uniform layer on the fibre substrate.  

 

 

Figure 2:24: Application and performance of perovskite solar cell textile. (a) Photograph of 

perovskite solar cell (scale bar = 1cm). (b) Power conversion efficiency with a bending angle 

of 45° of solar cell textile (c-d) I-V curves of fibre-shaped perovskite solar cells connected in 

parallel and in series, respectively (e) Textile perovskite solar cell powering an electronic watch 

at room temperature (scale bar = 2cm) (f) A textile perovskite solar cell frozen in ice powering 

an electronic clock (g) Testing of textile perovskite solar cells placed at charcoal powering an 
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electronic clock (scale bar = 4cm). Reproduced from ref. [164], copyright 2020, Royal society 

of chemistry. 

This modified fibre-shaped PSC was woven into textiles for further applications. The solar cell 

textile maintained about 90% of its original PCE after bending at 45° for 500 cycles as shown 

in Figure 2:24b. The fibre-shaped devices connected in parallel showed short-circuit current 

(Isc) increased linearly with device number whereas open-circuit voltage (Voc) remained 

unchanged (Figure 2:24c). For the five devices connected in series, and Isc value of 0.09 mA 

and Voc value of 6.22 has been achieved (Figure 2:24d).  After that, a solar cell textile was 

used to power an electronic watch worn by human skin Figure 2:24e). In addition, it could also 

work under harsh working conditions such as being frozen in ice and when it was placed on 

glowing charcoal (Figure 2:24f-g) [164]. The most recent research studies available on textile-

based perovskite photovoltaic applications are summarized in Table 2.5.  

Jung et al. performed a series of experiments on fully solution-processed perovskite 

(CH3NH3PbI3) solar cells fabricated on PU-coated polyester fabric. A thin layer of PU was 

coated as a planarization layer that effectively improved the wettability, processability, and 

surface morphology of the textile surface. The textile-based flexible PSC was successfully  

fabricated and PCE of 5.72% was achieved by using solution-processed anode, HTL, and ETL 

materials [230]. In another textile-based PSC report, low-temperature tin oxide (SnO2) ETL, 

perovskite (CH3NH3PbI3), and a novel encapsulation layer were realized. An ITO/PEN flexible 

substrate was chosen to fabricate the most efficient, and textile-based PSC with improved wash 

capability and ambient stability. The PCE of 15% of this unique textile-based PSC was 

recorded with potential future in wearable device applications [231].  
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To realize a wearable power source, highly flexible, lightweight, and efficient PSC based on 

PEN/ITO substrates with PCE of 12.2 % were reported. In addition, bending stability was 

recorded for solar devices with three effective bending radii of 400mm, 10mm, and 4mm for 

the human neck, wrist, and finger, respectively. In the case of a human finger, the PCE 

significantly drops to 50% of the initial value after 1000 cycles. It was noted that the origin of 

degradation was due to the fracture in the ITO layer on the PEN substrate [232]. 

Table 2.5: Summary of the textile-based perovskite solar cells performance a 

 

 

 

 

Textile 

substrate  

Perovskite 

photoactive layer 

Fabrication 

method 

VOC 

[V] 

Jsc 

[mA/cm2] 

FF 

[%] 

PCE 

[%] 

Ref. 

Polyester 

fabric  

CH3NH3PbI3 Bar-

coating 

0.88 12.44 49 5.72 [230] 

Stainless-

steel 

fabric 

CH3NH3PbI3 Dip-

coating 

0.55 3.72 - 3.80 [228] 

Stainless-

steel 

fibre 

CH3NH3PbI3 Dip-

coating 

0.66 10.20 48 3.30 [229] 

PAN/PU 

fabric  

CH3NH3PbI3 Spin 

coating 

0.80 8.86 57 4.06 [233] 

TiO2  

modified 

Ti-fibre  

CsPbBr3 Dip-

coating 

1.19 6.48 70 5.37 [164] 

Acrylic 

elastomer 

CH3NH3PbI3 Spin 

coating 

1.06 17.05 65 14.80 [231] 

Carbon 

fabric  

CsMAFAPbI3−xBrx Spin 

coating 

1.12 20.42 67 15.29 [234] 

PEN CH3NH3PbI3−xClx Spin 

coating 

0.96 19.06 59 12.20 [232] 

Carbon 

fibre 

CH3NH3PbI3−xClx Dip-

coating 

0.61 8.75 56 3.03 [235] 

Polyester 

fabric 

(FAPbI3)0.85(MAPbBr3)0.15 Spin 

coating 

1.09 22.41 72 17.68 [235] 

  a Abbreviations: Ti= Titanium; PAN/PU =Poly(acrylonitrile)/ Polyurethane ; TiO2 =  Titanium 

dioxide 

https://www.sciencedirect.com/topics/materials-science/polyurethane
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Photodetectors for wearable optoelectronics 

Textile-based photodetectors (PDs) are a major area of interest within the field of video 

imaging, bioinspired sensing, optical communication, and biomedical imaging. In recent years, 

wearable PDs fabricated on a variety of flexible substrates because of their possible 

applications in touch screens, wearable electronic devices, and pressure-induced sensing [236]. 

Several key factors define the final efficiency of wearable PDs such as the morphology of 

substrates, and retention of initial performance values after repeated bending, stretching or 

folding capability. Therefore, the main components of wearable PDs such as substrates, charge 

transport layers, and electrodes should be stable enough to resist environmental and mechanical 

hazards. In addition, MHP can be easily synthesized by low-temperature solution process 

techniques, which is helpful to make wearable PDs [237]–[239].  

Dong et al. reported highly flexible fibrous yarn bundles and their knitted structure as a template 

to fabricate MAPbI3-based PDs (Figure 2:25e). They fabricated quasi-spring-like network-

based wearable PDs consisting of silver (Ag) electrode/perovskite (MAPbI3)/ yarn bundles and 

their photoelectric properties were examined. In Figure 2:25a, I-V curves depicted a linear 

behaviour with an increase in voltage, which confirms the ohmic contact between perovskite 

and Ag electrodes. After illumination, the current gradually increased with an increase in the 

power from 10mWcm-2 to 80mWcm-2, and the time-dependent photocurrent was also recorded 

under the same power conditions (Figure 2:25b). During repeated ON/OFF cycles, good 

stability, and repeatable light-sensing behavior were observed.  Also, the PDs showed fast 

photo-response speed (trise ~ 4ms, tdecay ~ 10ms) and high detectivity (2.2* 1011 jones) at 

10mW/cm2 (Figure 2:25c-d) [240].  
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Figure 2:25: Photoelectric characteristics of perovskite photodetectors. (a) I-V curves in dark 

and light exposure with different power densities of the photodetectors. (b) Time-dependant (I-

t) curves under light illumination with different power densities at a bias voltage of 5V. (c) 

Photo-response with light switch On and Off at a fixed light power density of 80mW/cm2 and 

a bias voltage of 5V. (d) Photoresponsivity and detectivity are the functions of light intensity. 

(e) Illustration of the fabrication process of quasi-spring-like network structured 

photodetectors. Reproduced from ref. [240], copyright 2019, Royal society of chemistry. 

Poly (vinylidene fluoride) (PVDF) based flexible and self-powered PDs were fabricated that 

use a mixed-cation perovskite (FAPbI3)1-x(MAPbBr3)x as the photoactive material. These 

wearable PDs have some advantages of being lightweight, low cost, and the ability to reshape 
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in any form for the human body without any physical restriction. The synthesized PDs showed 

good performance with a fast response speed (trise=82ms, tdecay=64ms), high detectivity (7.21* 

1010 jones at zero bias) under 254 UV illumination, and excellent mechanical stability at some 

bending angles [241]. In another study, PVDF was reported as a flexible substrate to integrate 

CsPbBr3 nanosheets into ZnO nanowires and graphene.  The resultant PN junction due to ZnO 

and CsPbBr3 can facilitate the enhanced transportation of photogenerated charge carriers that 

leads to a high Ilight/Idark ratio of ~ 103. The flexible thin-film PDs can be easily attached to 

human skin for wearable applications [242].  

Polymer/perovskite composite nanofibers were prepared by electrospinning technique to 

demonstrate their potential stretchable and wearable PDs. The poly(vinylpyrrolidone)/ 

MAPBI3 nanofibrous membranes showed an ability to endure 15% strain and started to break 

at 20% strain. At 15% strain, the detectivity and photoresponsivity of the wearable PDs at λ= 

550nm were 51.2mWA-1 and 2.23*1011 jones, respectively [243]. 

Fibre and fabric-based perovskite Light-emitting diodes  

Alongside the development of PSCs, the perovskite LEDs (PeLEDs) have exciting potential to 

be the first next-generation LEDs based on their excellent electric-optical properties. Since the 

first demonstration of PeLEDs incorporating 3D perovskite in 2014, intense efforts have been 

dedicated to developing high-performance PeLEDs [244], [245]. As it has shown good 

performance on rigid substrates, the next important direction for PeLEDs is its integration with 

textile-based optoelectronics for wearable applications. Wearable LEDs can meet the 

requirement of lightweight and portable electronic devices. For the wearable LEDs, tremendous 

efforts have been reported for preparing different components of PeLEDs such as flexible 

electrodes and HTL/ETL.  
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A recent study by Shan and Wei involved a hybrid strategy to fabricate wearable and tunable 

perovskite quantum dots-based light-emitting/ detecting bifunctional fibres. In this method, a 

transparent PET fibre coated with PEDOT: PSS was used as a working electrode for the 

synthesis of flexible electroluminescent (EL) fibres as presented in Figure 2:26a-b. In Figure 

2:26c-d, the current density-luminance-voltage curves of the green EL fibres (FWHM=19nm) 

showed a luminance of ~100cd/m2 at 7V and current efficiency of 1.67 cd/A. Red EL fibres 

(Figure 2:26e) were also prepared with the same composition and exhibited the chromaticity 

coordinates of (0.65, and 0.27). The bending test of EL perovskite fibres was also performed 

along a round shape of radius about 4.5mm (Figure 2:26f) [246].  

 

Figure 2:26: Device structure and electric behavior of light-emitting perovskite fibre. (a) 

Illustration of the working mechanism of light-emitting perovskite fibres. (b) Schematic of the 

perovskite fibre. Inset, cross-sectional SEM image of fibre. (c) Luminance and current-density 
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curves of perovskite fibres. (d-e) Electroluminescent spectra of green and red perovskite fibre. 

Insert, a photograph of the red and green perovskite fibre. (e) Photographs of the bend 

perovskite fibre and its electroluminescent behavior under bending position. Reproduced from 

ref. [246] , copyright 2020, Springer nature.   

Jiang et al. demonstrated stretchable touch-responsive PeLEDs by using highly conductive and 

transparent polyurethane (PU) /Ag nanowires composite electrodes as shown in Figure 2:27a. 

Also, a stretchable perovskite active layer was synthesized by mixing poly(vinylpyrrolidone), 

and poly(ethylene oxide) with CsPbBr3. When the pressure was applied to the PU/Ag, a 

connection between the electrode and perovskite layer allowed electrons and holes to 

recombine when voltage was applied. As the pressure was released, PU/Ag electrodes 

disconnected from the emissive layer and returned to their original position. The device 

exhibited a luminance of 380.5cd/m2 at 7.5V with good touch responsivity after 315 cycles 

(Figure 2:27b-c). In addition, the fabricated device showed certain stretchability before 40 

stretching cycles (Figure 2:27d). Figure 2:27e-g presented the flexibility of touch-responsive 

PeLEDs to emit instantaneous light when bent around different mechanical objects [247].  
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Figure 2:27: Photograph of stretchable perovskite light-emitting diodes. (a) Current density-

voltage and luminance-voltage characteristics of perovskite light-emitting diodes with 

stretchable electrodes. (b) A durability test before and after pressure was applied on flexible 

electrodes under a voltage of 3V. (d) Change in luminance characteristics after repetitive 

stretching cycles at strains of 20%. (e-f) Bending behavior of stretchable perovskite light-

emitting diodes, touched by wrench and finger at the voltage of 7V.  Reproduced from ref 

[247], copyright 2020, American chemical society. 

A significant discussion and the influence of solvent traps in ITO/PEN substrates on the 

efficiency of flexible PeLEDs was presented by Kim et al. In device fabrication, cleaning, and 

ultraviolet-ozone treatment are considered important for uniform perovskite deposition. 

However, the trapped solvents can easily generate radicals and adsorb on the ITO surface. This 

leads to the effect of the sheet resistance and fermi level. The complete removal of solvents 
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helps to enhance the luminance from 87.2 cd/m2 to 329.6cd/m2 at 4V [248]. Some researchers 

also highlight the importance of mono-layered graphene for flexible photonic applications. This 

unique material can be used as an anode of flexible LEDs due to high light transparency and 

theoretical resistance (>6.4k Ω /sq) [249].  

To solve the intrinsic instability and crystal friability of MHP, a facile approach through liquid-

to-liquid encapsulation ink-jet printing was presented. Perovskite inks were directly ink-jet 

printed into the liquid PDMS to in situ synthesize the single-crystal embedded PDMS 

structures. The space-confined effect of liquid PDMS is the key to producing single-crystal 

arrays in PDMS, which can effectively control the crystallization process and help to form the 

single-crystalline perovskite structures. This technique can lead to the scalable formation of 

air-stable single-crystalline perovskite structures for wearable light-emitting devices [250].  

 Challenges and future perspectives  

Research on halide perovskite materials has promoted the opportunity to produce cheap, highly 

flexible, and a solution to self-power devices for next-generation wearable optoelectronics. 

However, the efficiency of textiles-based perovskite devices is not very encouraging, there are 

many challenges to overcome before commercial applications. For instance, the preparation of 

charge transport layers at low temperatures is still under development. In addition, there are 

limits to fabricating perovskite thin films and other functional layers with roll-to-roll 

manufacturing at a large scale. The challenges are the short processing time for MHP which 

require a wide processing window and degradation by humidity and temperature variation. 

These things can be controlled by making a composite of perovskite with humidity and 

temperature-tolerant materials and by developing a temperature-invariant process.  
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More broadly, research is also needed to make textile-based perovskite devices more stable 

including environmental and mechanical stability. Environmental instability is mostly due to 

oxygen, humidity, and temperature. Some techniques have been developed such as device 

encapsulation, optimization of perovskite photoactive layer, and charge transport layers. Some 

researchers reported new materials that are resistant to light oxidation and moisture for MHP 

like SiO2, surface hydrophobic modifiers, choline chloride, and L-α-phosphatidylcholine and 

sputtered inorganic barrier layers [251], [252].  The simple device architecture is also used to 

enhance the device's environmental stability. The mechanical stability of wearable 

optoelectronics can be improved by optimizing the perovskite layer itself, selecting flexible 

electrodes, and self-healing materials.  

The hazard potential of wearable perovskite devices is essential to consider for practical use. A 

large number of toxic precursor materials are used for the preparation of perovskite devices; 

hence, non-toxic materials are highly needed. In the large-scale fabrication of perovskite 

devices, a more green and non-toxic solvent should be considered. Moreover, the leakage of 

lead (Pb) from lead-based perovskite tends to produce toxic elements that can cause serious 

damage to human and aquatic life. A high level of lead can be serious and life-threatening for 

lead-based wearable perovskite devices. Some efforts to reduce or eliminate the use of lead for 

wearable optoelectronics have been reported [253][254].  

In general, therefore, it seems that multidisciplinary collaboration is required to improve the 

performance, ambient stability, and biosafety to produce fibre and textile-based perovskite 

devices at a large-scale.  In the future, further experimental investigations will enable wearable 

perovskite devices to come into daily life. Driven by the advancement of perovskites in textile-

based solar cells, photodetectors, and light-emitting diodes, further research could also be 
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conducted to explore the effectiveness of perovskites for other wearable devices such as X-ray 

detectors, etc.  
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Chapter 3 Tuning the Optical 

Properties of Perovskite 

Nanocrystals  
3.1 Overview  
 

This work was published as “Tuning the Optical Properties of MAPbBr3 Perovskite 

Nanocrystals via Alkali Metal Ions Doping” in Advanced Materials proceedings (2022). This 

work describes the use of Cs and Rb cations into MAPbBr3 PeNCs to optimize their 

morphology, crystal structure, and optical properties. 

Abstract  

Halide perovskite nanocrystals (PeNCs) have emerged as a class of excellent semiconductors 

in the past few years for their high-performance optoelectronic applications. These materials 

have received considerable attention due to efficient charge carrier mobility, high 

photoluminescence quantum yields (PLQYs), and near theoretical efficiencies for green 

emitters. However, methylammonium (MA) cation-based perovskites exhibit their inherent 

instability such as high sensitivity to light, heat, oxygen, and moisture which influence their 

performance in practical applications. Their low production cost and ease of synthesis make 

them suitable candidates for upcoming technologies. In this research, we study the mixed cation 

of Cs and Rb into MAPbBr3 PeNCs to optimize their morphology, crystal structure, and optical 

properties. It is found that addition of rubidium cations can greatly enhance the 

photoluminescence intensity of the MAPBBr3 PeNCs, whereas cesium cations can improve 

structural stability owing to the increased valance bond intensity. This work provides useful 

thoughts for the synthesis of high-performance optoelectronic devices based on mixed-cation 

PeNCs.  
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3.2 Introduction     
In recent years, researchers have shown an increased interest in metal halide perovskite 

nanocrystals (NCs) for optoelectronic applications in various fields, including light-emitting 

and light-harvesting devices, photodetectors and lasers. The superior performance of perovskite 

nanocrystals (PeNCs) is mainly attributed to high photoluminescence quantum yields (PLQYs), 

and their tunable bandgaps through the precise mixing of halogens and particle size [1-3]. The 
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first PeNCs were synthesized by Schmidt in 2014, and since then, there has been a growing 

body of literature that recognises the importance of these materials [257].  

The general structural formula of perovskites is ABX3, where A is a methylammonium 

(CH3NH3
+; MA+), formamidinium (CH (NH2)2

+; FA+) or cesium (Cs+) cation; B is a divalent 

cation (mostly Pb2+ (lead)); and X is a halide anion (Cl−, Br−, or I−) [258].  Metal halide 

perovskites (MHPs), particularly the methylammonium lead halide (CH3NH3PbX3; X = Cl−, 

Br−, I−), which show superior optoelectronic properties from excellent efficiency of detection 

of photons to photovoltaic applications [259], [260]. However, the potential concern of MA-

cation-based perovskites is their inherent instability such as high sensitivity to light, heat, 

oxygen, and moisture which reduces their future applications [82]. Thus far, several reports 

have shown that the stability of MAPbBr3 NCs could be enhanced by replacing MA cations 

with other smaller-size cations or compositional engineering [261].  For example, Bing Xu et 

al. reported for the first time the fabrication of PeNCs by mixing the organic cation (MA) with 

inorganic cation (Cs) to use as an emission layer for perovskite light-emitting diodes (LEDs). 

The high-performance LEDs based on these PeNCs showed a maximum luminance of 24500 

cd/m2, a current efficiency of 4.1 cd/A, and external quantum efficiency of 1.3% [83]. Another 

study was reported about the incorporation of rubidium (Rb+) ions into MAPbBr3–based LEDs. 

The addition of Rb ions partially replaced the MA cations and showed excellent 

electroluminescent behaviour with a current efficiency of 9.45 cd/A and a luminance of 7694 

cd/m2. A 19-fold increase in current efficiency and a 10-fold increase in luminance were 

demonstrated in Rb cations doped LEDs compared to pristine MAPbBr3-based perovskite 

devices [152]. In this work, we study the incorporation of Cs and Rb cations into MAPbBr3 

PeNCs to optimize their morphology, crystal structure, and optical properties. The RbBr and 
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CsBr are used as a substitute to partially replace the MA cations. Band-gap engineering of 

mixed-cation PeNCs has been demonstrated during the fabrication process, by replacing the 

MA cations with alkali metal ions (Cs and Rb), with different concentrations.   

3.3 Experimental  
 Materials 

Lead bromide (PbBr2) (99.9%), cesium bromide (CsBr) (99.9%), rubidium bromide (RbBr) 

(99.6%), oleic acid (90%), oleylamine (70%), dimethylformamide (DMF) (99.8%), hexane 

(95%), and toluene (99.8%) were purchased from Sigma-Aldrich. Methylammonium bromide 

(MABr) (98%) was purchased from Ossila Ltd.  

 Material synthesis  

The MAPbBr3 PeNCs were fabricated by ligand-assisted re-precipitation (LARP) technique. 

Briefly, 0.122mmol of PbBr2 and 0.098mmol of MABr were dissolved in 5ml of DMF. In a 

separate glass vial, 500µl oleic acid and 50µl oleylamine were mixed and injected into the 

precursor solution.  After that, 500µl precursor solution was dropped into vigorously stirred 

10ml toluene at room temperature to initiate the crystallization of nanocrystals, which was 

observed by strong greenish-yellow PL emission. For the MA0.7Cs0.3PbBr3 synthesis, 0.098 

mmol of MABr was replaced by 0.068 mmol of MABr and 0.029 mmol of CsBr. The crude 

solution was centrifuged at 4000rpm for 10 min to remove bulk and unreacted materials, and 

the resultant precipitate was re-dispersed in 1ml of hexane. After another centrifugation at 

4000rpm for 5 min to remove precipitates, a bright green solution was obtained for further 

characterization.   

For the rubidium-based composition (MA0.6Rb0.4PbBr3), 0.098 mmol of MABr was replaced 

by 0.059 mmol of MABr and 0.039 mmol of RbBr.  
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 Characterizations  

Transmission electron microscopy images were captured on a JEOL-JEM TEM machine 

operating at an accelerating voltage of 200 kV.  X-ray diffraction data were collected by using 

PANalytical XpertPro diffractometer with Cu Kα radiation over the 2θ range from 10° to 60°. 

The ultraviolet-visible (UV-Vis) spectrum was measured with the LAMBDA 35 PerkinElmer 

spectrometer. Photoluminescence (PL) spectra were recorded at room temperature by using a 

fluorescence spectrometer (FLS920, Edinburgh Instruments). 

3.4 Results and discussion 
To study the effect of Rb and Cs cations on the structure and optical properties of MAPbBr3, 

the LARP method was used to form highly crystalline and monodisperse PeNCs. This method 

is a simple and versatile technique to fabricate NCs at room temperature via a solvent-mixing 

approach by introducing ligands on the surface.  

We found that the optimal substituent content of Cs and Rb cations to achieve excellent PL for 

MA1-x CsxPbBr3 and MA1-x RbxPbBr3 is x=0.3 and x=0.4 relative to MA cations respectively 

[83], [152]. The as-synthesized MAPbBr3 PeNCs are predominantly single crystalline with 

sizes varying from 9nm to 15nm as shown in Figure 3:1a. All the PeNCs have a cubic shape 

with no substantial change in shape after doping Cs or Rb ions into the pristine samples as 
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displayed in Figure 3:1b, c. The TEM histograms as presented in  Figure 3:1d-f reveal a small 

degree of size reduction for the alkali metal ions (Cs and Rb) doped PeNCs.  

 

Figure 3:1: (a) TEM image of the MAPbBr3 PeNCs (b-c) Morphology of MAPbBr3 PeNCs  

with mixed-cations Cs/Rb (d) Histogram of as-prepared MAPbBr3 PeNCs (e) Histogram of 

MA1-x CsxPbBr3 when x=0.3 for Cs cations (f) Histogram of MA1-x RbxPbBr3 PeNCs when 

x=o.4 for Rb ions. 

To study the changes in the optical band gap of alkali metal ions (Cs and Rb) doped PeNCs, 

we performed UV-Vis absorption spectroscopy measurements. As demonstrated in Figure 

3:2a, the absorption spectra were blue shifted from 535nm to 527nm upon Cs cations addition 

into the MAPbBr3 NCs. This absorption band was further blue shifted to 521nm after Rb cations 

insertion into the pristine PeNCs.   
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The band gap of such materials is the minimum required energy that outermost electrons get 

rid of the valence band. The valence bond strength depends on the lattice constant as the smaller 

the atomic spacing, the greater the force between neighbouring atoms. The optical band gap of 

these undoped and doped samples was calculated by the following Tauc’s formula which is 

`given by αhν = A(hν − Eg)n where hν is photon energy, α is the absorption constant, A is the 

proportionality constant, and Eg is the value of band gap. The value of n=1/2, 3/2, 2, and 3 is 

used for direct, direct-forbidden, indirect, and indirect-forbidden bandgaps, respectively [156]. 

As depicted in Figure 3:2b, the decrease in lattice constant due to the insertion of smaller size 

cations (Cs and Rb), shows the potential in the increased value of the band gap from 2.23eV to 

2.40eV.  

 

 

 

 

 

 

 

 

Figure 3:2: a) The absorption spectra of MAPbBr3 and alkali metal ions (Cs and Rb) 

substituted PeNCs. (b) Optical band gap energy calculation (Tauc’s plot) of the untreated and 

treated PeNCs. 

(a) 

(b) 
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In addition, Figure 3:3a presents the dependence of PL characteristics of MAPbBr3 PeNCs on 

substituebt content of Cs and Rb cations . As we can see from the PL spectra, with alkali metal 

ions incorporation, the intensity of each PL spectrum was increased. Furthermore, compared 

with MAPbBr3 PeNCs, the peak position of Cs and Rb cations treated samples, PL spectra was 

blue shifted from 532nm to 526nm, showing that alkali metal ions can slightly change the 

luminance spectra. The presence of stokes shift may be because when a system absorbs photons 

with high energy and is directed to the excited state, followed by the rapid relaxation to the 

ground state. The system would come to the original condition with the loss of energy due to 

vibrational and relaxation dissipation which causes the redshift of the emission spectrum 

compared with the absorption spectrum [262].  

To confirm the composition and crystallization of the NCs, the x-ray diffraction (XRD) 

measurements were recorded with Cs and Rb ions treated MAPbBr3 perovskite NCs. The as-

prepared NCs showed highly crystalline behavior, as depicted by the XRD patterns in  

 

Figure 3:3b. It can be noticed that the intensity of the (100) peak decreases and the intensity 

of the (110) peak gradually increases because of Cs ions presence into the crystal lattice. 

Interestingly, we also observe that the Rb-dope PeNCs did not show any significant changes in 

the XRD spectra because of their small size.  
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Figure 3:3: (a) PL spectra as a function of alkali metal cations content in MAPbBr3 PeNCs.  

(b) X-ray-diffraction patterns of alkali metal cations treated MAPbBr3 PeNCs. 

3.5 Conclusion  
In this study, we have synthesized Cs and Rb cations based MAPbBr3 perovskite NCs via the 

LARP method. The alkali metal ions partially replace the MA cations and affects the crystal 

lattice of MAPbBr3, hence tuning the optical properties of MAPbBr3 PeNCs in turn. The results 

of this study have shown that there are no significant changes in the morphology of PeNCs, 

whereas alkali metal cations treated PeNCs show a reduction in size due to crystal lattice 

contraction. We found that PL intensity increases to a higher value with Rb cations than that 

with Cs due to the more tolerance of the PeNCs for higher amount of smaller-size alkali metal 

ions.  These findings describe an advancement in understanding the chemistry and structural 

stability of perovskite NCs essential for various optoelectronic applications. Considerably more 

work will need to be done to determine the long-term effects of alkali metal ions treatments for 

halide PeNCs. 

(a) (b) 
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3.6 Preliminary data 
Effects of Cesium cations treatment for Iodide-based perovskites (CsxMA1-xPbI2Br) 

nanocrystals. 

Method  

Colloidal MAPbI2Br nanocrystals were fabricated (Table 3.1) by modifying previously 

reported ligand-assisted re-precipitation (LARP) method [263]. Briefly, 0.1mmol of PbI2, 

0.080mmol of CH3NH3Br, 20µl of oleylamine, 200µl of oleic acid were dissolved in 2ml of 

acetonitrile. This mixed solution was stirred for 2hr to get a clear precursor solution. The 

precursor solution was dropped into vigorously stirred 10ml toluene at room temperature to 

initiate the crystallization of nanocrystals, which became cloudy. After centrifugation at 

4000rpm for 15minutes, and after precipitates had been discarded, the bright red colloidal 

solution was obtained. To remove the residual solvent, nitrogen gas was bubbled through the 

solution. Solid nanocrystals can be obtained by eliminating the organic solvents.  

Table 3.1: Different levels of reactants for Cesium doped MAI2Br samples 

Sample ID Cesium content  

(x) 

CsBr  

(mmol) 

MABr  

(mmol) 

PbI2 (mmol) 

C 0 0 0.080 0.1 

CS1  0.1 0.008 0.072 0.1 

CS2 0.2 0.016 0.064 0.1 

CS3 0.3 0.024 0.056 0.1 

CS4 0.4 0.032 0.048 0.1 

CS5 0.5 0.040 0.039 0.1 

CS6 0.6 0.048 0.032 0.1 
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Results  

The main focus of our research work was to get efficient luminescence in the red region, where 

for display applications the emission peak should be at ≈630 nm. 

Here, we exhibit the facile synthesis (Figure 3:4) and characterization of MAPbI3, MAPbI2Br, 

CsxMA1-xPbI3 nanocrystals labelled as C1, C2 and C3 respectively to optimize the sample for 

further doping with cesium ions.  

 

Figure 3:4: Photographs of the precipitates obtained in toluene solution. (a) Ligand assited 

repricipitation of MAPbI3, MAPbI2Br, Cs0.3MA0.7PbI3 in toluene. (b) photographs of 

Dnanocrystals under ambient light. (c) photographs of nanocrystals under UV-irradation 

 

In Figure 3:5 the room temperature UV-VIS absorption spectra of MAPbI3 , MAPbI2Br , and 

CsMAPbI3 nanocrystals dispersed in toluene was recorded to compare the effect of cesium 

cation doping in MAPbI3 with MAPbI2Br. It is clearly seen that the absorption edge of MAPbI3 

nanocrystals at ≈765nm shifted to maximum ≈753nm when doped with cesium cations.  First, 

we tried to tune the absorption edge of MAPbI3 nanocrystals by doping woth cesium cations, 

but the largest blue shift which we get on UV-Vis absorption was only ≈10nm.  
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As a result, we tuned the halide composition with increasing amount of bromine. Among 

different mixed halides composition [55], we found that MAPbI2Br show PL of nanocrystal 

solution at the desired red region, at 630-640nm [264] . Therefore, we focus on this halide 

composition for the following experiments.  

  

Figure 3:5: Absorption spectra of MAPbI3 (C1), MAPbI2Br (C2), Cs0.3MA0.7PbI3 (C3) 

nanocrystals. 

 

To identify the effect of cesium doping on CsxMA(1-x)PbI2Br nanocrystals, different precursor 

solution with cesium content (x=0-0.6) were prepared in acetonitrile followed by injecting these 

them into the toluene as shown in Figure 3:6a. After swiftly injecting the perovskite 

nanostructures, bright red solution under ambient light and UV-irradiation was captured as 

shown in Figure 3:6b.  
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Figure 3:6: Photographs of precursor solution and precipitates in toluene solution. (a)Precursor 

solution in acetonitrile solvent and precipitation in toluene. (b) Photographs of cesium doped 

nanocrystals under ambient light and UV-irradiation. 

 

Figure 3:7: Absorption spectra of (a) MAPbI2Br and (b) CsxMA1-x PbI2Br (x=0 to 0.6) 

nanocrystals 
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We performed UV-absorption (Figure 3:7) and PL spectroscopy (Figure 3:8) experiments to 

study the effect of cesium content on optical properties of all these samples. Without adding 

cesium compound in the precursor solution (x=0), MAPbI2Br exhibits an absorbance edge at 

642nm. As the amount of cesium increases, the absorption band is blue shifted to 606nm, when 

x=0.6. Therefore, corresponding band gap is of the doped perovskite nanocrystals is steadily 

shifted to higher energy direction. Hence, the use of mixed cation perovskites provides an 

excellent opportunity in the fine tuning of the optical bandgap and the emission wavelength of 

the CsxMA1-x PbI2Br. 

In PL spectroscopy, it can be clrealy concluded that luminescence peaks can be effectively 

shifted in the range of 608 to 575 nm, with a varying amount of Cs cations into the perovskite 

nanocrystals. 

 

Figure 3:8: PL spectra of MAPbI2Br and CsxMA1-xPbI2Br (x=0 to 0.6) nanocrystals 

Figure 3:9 (a-g) show the transmission electron miscroscopy of the as formed colloidal 

nanocrystals of MAPbI2Br and doped with cesium ions synthesized with fixed amount of 
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oleylamine. Figure 3:9(a,b) exhibit the morphology and high magnification micrograph of as 

prepared MAPbI2Br nanocrystals, which are stable in the open air for few months. From 

HRTEM and corresponding Fourier transform (FFT) image, interplanar distances of 0.32nm 

were calculated, showing the (220) plane of MAPbI2Br nanocrystals. It was further confirmed 

by using XRD technique for these samples. As presented in Figure 3:11, the main diffraction 

peak intensity for these samples can be assigned to a tetragonal crystal structure (space group 

I4/mcm) MAPbI2Br [263]. After addition of cesium atom into the main crystal structure of 

MAPbI2Br, a change in interplanar distances can be observed. In Figure 3:9e, the interplanar 

distance was reduced to 0.24nm for cesium content (x=0.3) which is due to the presence of 

shorter cation in the crystal lattice. 

 

Figure 3:9: TEM micrograph of the MAPbI2Br nanocrystals. (a) MAPbI2Br (b)-(c) HRTEM 

micrograph of Cs0.1MA0.9 PbI2Br (d) Cs0.2MA0.8 PbI2Br (e) HRTEM micrograph of 

Cs0.2MA0.8PbI2Br (f) Cs0.3MA0.7PbI2Br (g) HRTEM micrograph of Cs0.3MA0.7 PbI2Br. 
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Figure 3:10: FTIR spectra of MAPbI2Br and CsxMA1-x PbI2Br (x=0 to 0.6)  

Here, Fourier transform infrared spectroscopy (FTIR) was used to study the all cesium (x=0-

0.6) doped perovskite nanocrystals to analyse their surface properties. In Figure 3:10, the sharp 

absorption peaks at 2852 and 2921cm-1 shows the CH2 and CH3 symmetric and asymmetric 

stretching vibrations, respectively, and C=O vibration band at 1708cm-1 can be ascribed as the 

presence of oleic acid on the surface of perovskite nanocrystals.  The typical vibration band at   

1463cm-1 can be attributed due to CH2 bending for those species with hydrocarbon functional 

groups [148], [265].  

In Figure 3:11, X-ray powder diffraction patterns of as synthesized nanocrystals of MAPbI2Br 

and doped with cesium CsxMA1-x PbI2Br was presented. The control sample without cesium 

doping shows diffraction peaks at 14.24°, 19.70°, 24.80°, 28.60°, 32.11°, 40.90°, 43.55° 

corresponding to the (110), (200), (202), (220), (114), (321), and (402) planes respectively, 
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indicate high crystallinity of a typical diffraction pattern indexed as MAPbI3 tetragonal phase 

(space group I4/mcm). From XRD patterns, we therefore concluded that the addition of 

bromine in the structure of nanocrystals does not change the shape and the structure.  

 

Figure 3:11: The X-ray diffraction (XRD) patterns obtained for the MAPbI2Br and CsxMA1-x 

PbI2Br nanocrystals.  

To identify the effect of cesium, a series of powder nanocrystal samples were checked for XRD 

patterns. All through the composition range x=0-0.6 the standard perovskite structure was 

observed. The diffraction pattern around 15° shifted towards high degrees shows the reduction 

of d-spacing due to incorporation of cesium into the structure. There is a linear relationship 

between cesium amount and d-spacing which follows Vegard’s law [266].  

 

 



119 
 

Rubidium cation doping in MA-based perovskites (MA1-xRbxPbBr3) 

Three-dimensional CH3NH3PbBr3 nanocrystals were prepared by modified LARP technique. 

The precursor solution was prepared by dissolving lead bromide (PbBr2), methyl ammonium 

bromide (CH3NH3Br), oleic acid, and oleylamine in DMF. After that, a specified amount of 

precursor solution was injected in toluene under vigorous stirring at room temperature, 

followed by centrifugation to get bright nanocrystals dispersion in hexane. For Rb/Ma mixed 

cation nanocrystals, rubidium bromide was added to precursor solution before injecting into 

the anti-solvent.  

Results and discussion 

 

Figure 3:12: Absorption spectra of MAPbBr3 and RbxMA1-x PbBr3 (x=0 to 0.4) 

nanocrystals 

The optical properties of perovskites nanocrystals were measured by UV-Vis spectroscopy to 

study the effect on optical band gap upon incorporation of smaller size rubidium cation. As 

shown in Figure 3:12 and Figure 3:13  the absorption band was blue shifted from 475nm to 

460nm after doping of rubidium atoms indicates the increase in bandgap.  
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Figure 3:13: PL spectra of MAPbBr3 and RbxMA1-x PbBr3 (x=0 to 0.4) nanocrystals 

To study the effect of rubidium doping on crystallization of MAPbBr3 nanocrystals, X-ray 

diffraction (XRD) was conducted on powder nanocrystals.  

As concluded from XRD patterns, the as prepared nanocrystals present good crystallinity 

shown in Figure 3:14. It can be observed after addition of rubidium doping (100) peak of 

MAPbBr3 at 14.91° shifted to higher angle 15.0° as the amount of rubidium increased, showing 

the lattice constant reduction upon incorporation of rubidium ions. The addition of smaller size 

rubidium ions can be attributed in the reduction of lattice constant. Perovskite structure 

shrinkage after addition of smaller cation was earlier reported when MA, and Cs was 

incorporated into MAPbBr3 or FAPbBr3 nanocrystals or Rb was added to polycrystalline thin 

films [152], [153] [82], [83]. Therefore, Rb ions appears to partially replace MA to form a 

perovskite with a composition of RbxMA1-x PbBr3. 
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Figure 3:14: The X-ray diffraction (XRD) patterns obtained for the RbxMA1-xPbBr3 and 

MAPbBr3 nanocrystals.  
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Chapter 4  Fabrication of 

Potassium- and Rubidium-

doped Formamidinium Lead 

Bromide Nanocrystals for 

Surface Defects Passivation and 

Improved Photoluminescence 

Stability  

4.1 Overview  
This work was published as “Fabrication of Potassium- and Rubidium-doped Formamidinium 

Lead Bromide Nanocrystals for Surface Defects Passivation and Improved Photoluminescence 

Stability” in ACS Applied Electronic Materials.  

ABSTRACT 

Metal halide perovskite nanocrystals (NCs) have emerged as a flourishing area of research, 

which has been witnessed by their potential applications in photovoltaics and optoelectronics. 

The fundamental science behind their unique photoluminescence characteristics has attracted a 

growing body of researchers. However, the low intrinsic stability and surface defects of the 

perovskite NCs have hampered their widespread applications.  Therefore, numerous techniques 

such as doping and encapsulation (polymer matrices, silica coating, salt matrix, etc.) have been 

explored for the surface modification of NCs and to increase their efficiency and stability. In 

this study, we demonstrated the self-passivation method for the surface defects by introducing 

potassium (K) or rubidium (Rb) during the colloidal fabrication of NCs, leading to the much-

improved crystallinity, photoluminescence, and improved radiative efficiency.  In addition, K-
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doped NCs showed long-term colloidal stability for more than 1 month which indicates the 

strong bonding between the NCs and smaller-size potassium cations (K+). We observed the 

enhancement of radiative lifetime that can also be explained by the prevention of Frenkel 

defects when K+ stays at the interstitial site of the nanocrystal structure. Furthermore, our 

current findings signify the importance of surface modification techniques using alkali metal 

ions to reduce the surface traps of perovskite nanocrystals (PeNCs). Comparable developments 

could be applied to polycrystalline thin films to reduce the interface trap densities. The findings 

of this study have several important implications for future light-emitting applications.  

KEYWORDS: Halide perovskite nanocrystals; Surface defects; Colloidal stability; Alkali 

metal ions; Doping  

4.2 Introduction 
In the past few years, metal halide perovskite nanocrystals (MHP NCs) have received 

considerable attention owing to their high color purity, enhanced photoluminescence (PL) 

properties, and readily tunable band gaps from visible to the near-infrared region through halide 

exchange or size control [267]. Perovskite NCs have emerged as materials of choice because 

of predominantly ionic lattice and low-temperature synthesis, and hence are readily precipitated 

via low-cost solution processes [66]. So far, formamidinium lead bromide (FAPbBr3) NCs have 

arrested outstanding photophysical properties such as stable and ultrapure green emission with 

tunable PL (525-535nm), small full-width at half-maxima (FWHM < 25 nm) and excellent 

stability in the air at high temperatures. In contrast, the most popular methylammonium lead 

bromide (MAPbBr3) and cesium lead bromide (CsPbBr3) have shown difficulties in achieving 

the desirable “525-535” PL defined by International Telecommunication Union (ITU) 

Recommendation BT 2020 (Rec. 2020) standard for next-generation displays. Therefore, 
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FAPbBr3 NCs can ideally realize the critical window of the Rec. 2020 standard for ultrapure 

green emitters [268].  

Metal halide perovskites (MHPs) crystallize in the cubic ABX3-type perovskite structure, 

where A is a cation that can be organic (for example, methylammonium (CH3NH3
+/ MA+), 

formamidinium (CH (NH2)2
+/FA+)) or inorganic cesium (Cs+), B is a divalent metal cation 

mostly lead (Pb2+), and X is one or more halide anion (Cl-, Br-, I- ) [269]. In the form of colloidal 

NCs, these materials are terminated by long-chain alkyl ligands that contain ionic substituents 

like amine cation (R-NH3
+) and carboxylate anion (R-COO-) to achieve colloidal stability in 

nonpolar solvents. However, these ligands bind to the surface of NCs by weak electrostatic 

forces and only provide high coverage when present in excess in solution. In addition, the 

proton transfer between cationic amine and anionic carboxylate generates deprotonated NH2 

and protonated COOH groups that cause rapid desorption of ligands from the surface of NCs 

during the purification stage and storage in dispersion. The main consequences of such weak 

binding interaction between NCs and ligands decrease luminance efficiency and colloidal 

stability by incomplete surface passivation of NCs sites or defects [69], [70].  

A high photoluminescence quantum yield (PLQY) and long-term structural stability of MHP 

NCs are fundamental requirements for commercial applications in television displays and 

related devices. However, surface defects of MHP NCs have accentuated the problem of 

charge-trapping and significantly increase the trap-assisted nonradiative carrier recombination 

pathways, reducing the performance of NCs for desired applications.  To date, researchers have 

been able to explore various techniques to overcome the problem of long-term NCs stability 

including post-synthetic surface treatment [69], doping into NCs with metal and rare earth ions 

[270], [271], and reducing defects using surface-capping methods [272]. In particular, many 
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studies have established that the addition of alkali metal ions to perovskite NCs can 

significantly tailor the properties of the fascinating material. K addition was reported to increase 

the structural rigidity of mixed-halide CsPbBr1.5I1.5 NCs, which elevates thermal activation 

energy, hence enabling the NCs to retain high emission intensity at high temperature (>353 K) 

[273]. Another study reported an outstanding external quantum efficiency (EQE) of 21.8% and 

a lifetime T50 of 69 min by inserting K as a passivating agent between the emissive layer 

(CsPbBrI3:Sr) and the hole transport layer [274]. A PL inhibition phenomenon was unveiled 

by a group of researchers, where PL was first increased by the addition of K into the MAPbBr3 

NCs and then inhibited with a further amount of K+ [275]. Likewise, Rb doping into the 

perovskite NCs improves the crystallinity and reduces the defects/traps, thereby improving the 

thermal behavior of doped NCs. Manganese (Mn) doped CsPbCl3 NCs with the addition of Rb+ 

were studied by measuring optoelectronic properties. The experimental findings showed that 

Mn2+ cations emission for Mn-doped CsPbCl3 NCs enhanced after doping of Rb+ [147]. 

Furthermore, Rb was explored to study the dynamics of carriers in CsPbBr3 single crystals for 

high-performance X-ray detection. This work has revealed that a small amount (0.037%) of Rb 

incorporation can increase the atomic interaction and orbital coupling between Br and Pb 

atoms, thereby leading to the enhancement of carrier transport and X-ray detection performance 

[276]. However, few researchers have been able to draw any systematic research on the 

treatment of organic-inorganic perovskite materials with alkali metal ions. Therefore, 

perovskite research studies would have been more useful if they focused on studying the effect 

of K+ and Rb+ on perovskite nanocrystals to understand these discrepancies.  

The present research sets out to investigate the effects of introducing potassium cations (K+) 

and rubidium cations (Rb+) during the ligand-assisted reprecipitation (LARP) process for the 
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fabrication of formamidinium lead bromide (FAPbBr3) nanocrystals. The introduced alkali 

metal cations (K+/Rb+) act as new passivating agents, which not only occupy the places of 

dangling organic ligands but also reduce the density of surface defects of PeNCs.  This study, 

therefore, set out to suppress the nonradiative recombination of the FAPbBr3 NCs, and, 

consequently, NCs with a high photoluminescence quantum yield (PLQY) are obtained. In 

addition, K+/Rb+ passivated FAPbBr3 NCs showed long-term colloidal stability of more than 1 

month that indicates the strong bond between the NCs and new metal ligands.  

4.3 Experimental section 
 Materials   

Chemicals including lead bromide (PbBr2, ≥98%), formamidinium bromide (FABr, ≥98%), 

rubidium bromide (RbBr, 99.6%), potassium bromide (KBr, ≥99%), oleic acid (technical grade, 

90%), oleylamine (technical grade, 70%), dimethylformamide (DMF, 99.8%), chloroform 

(≥99%), toluene (99.8%), hexane (≥95%), and acetonitrile (99.8%) were purchased from 

Sigma-Aldrich. All the chemicals were directly used as received without further purification. 

 Synthesis of FAPbBr3 NCs  

The FAPbBr3 NCs were fabricated by the ligand-assisted reprecipitation (LARP) method as 

previously reported by Chen et al. with some modifications [277]. For the synthesis of 

unpassivated NCs, PbBr2 (0.1 mmol, 0.0376 g) and FABr (0.1 mmol, 0.0124 g) were dissolved 

in 0.5 ml of DMF. Then, 250 µl oleic acid and 20 µl oleylamine were mixed and added to the 

solution.  Next, 130 µl of this precursor solution was added dropwise into the vigorously stirred 

solution containing 8 ml chloroform at room temperature. Bright greenish-yellow emitting NCs 

were formed immediately while stirring for 30 s. For the purification of NCs, 3 ml acetonitrile 

was added to the as-prepared FAPbBr3 NCs crude solution, and the dispersion was centrifuged 
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at 1200 rpm for 5 min to remove bulk and unreacted materials. The supernatant was discarded 

and the collected NCs precipitate was dispersed in 4 ml hexane. Finally, the solution was 

centrifuged at 5000 rpm for 3 min and, the bottom precipitate was discarded. 

 Fabrication of K+/Rb+ doped FAPbBr3 NCs 

For the synthesis of K+ and Rb+ passivated NCs, KBr, and RbBr powders were first dissolved 

in a mixed solution of DMSO: DMF (3:2 v/v ratio) to make a stock solution of 0.07 M and 0.05 

M respectively. The resulting KBr and RbBr solutions were added separately into the 

formamidinium precursor solution using fixed volume of 30 µl. The remaining steps of K+/Rb+ 

doped FAPbBr3 NCs are same as mentioned in the “Synthesis of FAPbBr3 NCs” section.  

 Characterizations 

The steady-state PL spectra of FAPbBr3 NCs were recorded through a fluorescence 

spectrometer (FLS920, Edinburgh Instruments). The NCs dispersions in hexane were 

illuminated using 475 nm light at room temperature.  The Ultraviolet–Visible (UV-Vis) 

absorbance spectrum of the samples was collected over a range of 400-650 nm using LAMBDA 

35 PerkinElmer spectrometer.  

The time-resolved PL spectroscopy was performed utilizing Horiba Triax 550 spectrometer 

and detected using a Hamamatsu R5509-72 NIR-PMT detector. A 405 nm vortran diode laser 

with a pulse width of 5 ns was used to excite the perovskite NCs. The TEM and HR-TEM 

images of the NCs were captured on a JEOL-JEM TEM machine operating at an accelerating 

voltage of 200 kV with a camera length of 40 cm. The samples for TEM were prepared by 

depositing 45 µl of solution in hexane onto carbon-coated copper grids and air-dried well.  

Fourier transform infrared spectroscopy (FTIR) spectroscopy was recorded by a Burker model 

FTIR with ATR accessory over the range of 4000-400 cm-1. X-ray diffraction (XRD) profile 
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of as prepared NCs was measured by using PANalytical XpertPro diffractometer with an 

angular range of 5 < 2θ < 70°. Spectra were recorded by using monochromatic CuKα (λ = 1.541 

Å) as a radiation source.  X-ray Photoelectron Spectroscopy (XPS) of the NCs were collected 

on Thermo Scientific Nexsa XPS System using Al Kα X-rays as the excitation source.  

4.4 Results and discussion 

The FAPbBr3 nanocrystals (NCs) were prepared by the ligand-assisted reprecipitation (LARP) 

method. A precursor solution containing a controlled amount of lead bromide (PbBr2) and 

formamidinium bromide (FABr) in dimethylformamide (DMF) was prepared according to a 

previous report with some modifications [277]. Details of the fabrication procedure are 

mentioned in the Experimental section.  

 

Figure 4:1. Schematic illustration of potassium and rubidium passivation. 

To prepare perovskite nanocrystals (PeNCs) with K and Rb cations, a controlled amount of 

KBr and RbBr in DMF were added separately into the formamidinium precursor solution. The 

concentration of K-cations and Rb-cations to prepare PeNCs was controlled by a fixed molar 
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feed ratio of potassium or rubidium to lead source [K or Rb]/Pb. The added potassium 

([K]/[Pb]) and rubidium ([Rb]/[Pb]) concentration was 5% and 3% respectively in the precursor 

solution. The PeNCs were precipitated by acetonitrile before centrifugation. After purification 

with hexane several times, the prepared PeNCs were dispersed in hexane for further 

characterization. To understand the doping behavior of these alkali metal ions, we show a 

schematic diagram of the treatment technique of K+/Rb+ in Figure 4:1.  

 Structural and optical characteristics  

The optical properties of the synthesized PeNCs with and without alkali metal ions [K+/Rb+] 

was demonstrated by UV-visible absorption and PL measurement. In Figure 4:2a, the 

absorbance spectra and the PL spectra show a redshift with K-cations NCs compared to Rb-

cations NCs which exhibit blueshift. Consequently, the band gap of PeNCs containing different 

concentrations of alkali metal ions determined by using a Tauc plot of UV-visible spectrum is 

2.23 (Undoped), 2.21 (K-doped NCs), and 2.32 (Rb-doped NCs), respectively as can be seen 

from Figure S1.  

A slight decrease in the optical band gap for potassium cations treated nanocrystals may be due 

to the formation of larger NCs caused by the decrease in the number of organic ligands as 

mentioned before [278]. For rubidium treated NCs, the widening of the optical band gap could 

be the result of orientational or  electrostatic disorder as well as the fabrication of smaller NCs 

[152].  

Table 4.1 allows key parameters comparison of the treated and untreated FAPbBr3 perovskite 

NCs. 

A slight decrease in the optical band gap for potassium cations treated nanocrystals may be due 

to the formation of larger NCs caused by the decrease in the number of organic ligands as 
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mentioned before [278]. For rubidium treated NCs, the widening of the optical band gap could 

be the result of orientational or  electrostatic disorder as well as the fabrication of smaller NCs 

[152].  

Table 4.1. Summary of characterization of all FAPbBr3 perovskite NCs samples.  

 

 

The morphology of the alkali metal ions substituted (K+/Rb+) NCs was characterized by 

transmission electron microscopy (TEM). TEM images showed the cubic shape of the NCs 

regardless of the K+/Rb+ cations as shown in Figure 4:2(b-d). We investigated that K+ can bond 

with the halide ions in the solution of NCs to form an inorganic ligand outside the NCs surface. 

Therefore, the reduced amount of organic ligands could be a primary reason for to increased 

size of NCs [156], where the average size of pristine and K-doped NCs is 10.72 nm and 12.36 

nm, respectively. After 3% Rb+ cations, the average size of NCs decreases to 9.58 nm. Because 

of the smaller size of Rb+ ions, the d-plane spacing between crystallographic planes is reduced, 

and the size of Rb+ treated NCs decreases [147].  

Accordingly, X-ray diffraction (XRD) measurements are performed to further explore the 

structure of PeNCs and to track the growth of perovskite and nonperovskite crystals after aging 

at laboratory ambient conditions. We stored the pristine perovskite samples at a constant room 

Sample λAbs  

[nm] 

 

    λPL 

   [nm] 

 

Energy gap  

      [eV] 

 

FWHM 

[nm] 

NCs size 

[nm] 

Undoped 532 529 2.23 23 10.72 

K-doped NCs 536 532 2.21 22 12.36 

Rb-doped NCs 520 516 2.32 23 9.58 
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temperature of 298 ± 1 K and relative humidity of 25±3% for 15 days. The main X-ray 

diffraction peaks for doped and undoped samples ( 

Figure 4:3a, b) located at 14.79, 21.20, 29.98, 33.52, 36.85, 42.84, 45.53° corresponding to 

the crystal planes (100), (110), (200), (210), (211), (220), and (300) respectively, confirm the 

cubic phase of FAPBr3 with the PM-3m space group. These results are consistent with the cubic 

structure JCD 87-0158 and with those reported elsewhere [277], [279].   

 

(a) (b) 
 

(c) 
 

(d) 
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Figure 4:2. (a) UV–vis absorption and PL spectra. (b-d) TEM images of undoped FAPbBr3 

NCs, K-doped NCs, and Rb-doped NCs respectively. The inset shows the high-resolution TEM 

images of the corresponding samples. 

 

    

 

 

 

 

 

 

Figure 4:3. XRD pattern of (a) freshly prepared thin films on the glass substrate.  (b-c) XRD 

patterns of all samples exposed to a humid environment for the stated times. The features are 

assigned as stated; we assign the feature marked * to be the non-perovskite phase of RbPbBr3. 

(d) Peak position and (e) FWHM for the perovskite NCs over time. (f) Basic cubic crystal 

structure of FAPbBr3 NCs at room temperature.  

Oleic acid 

 

Oleylamine 

                    FA       Pb        Br 

(a) (b) (c) 

(d) (e) 

(f) 
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In  

Figure 4:3c for the undoped NCs, we observed an intense PbBr2 peak at 2θ=12.3° after 

storing samples at ambient conditions for 15 days. The humidity exposure for undoped samples 

also leads to the formation of new reflection with the peak at 2θ=11.6° that we assign to the 

undesired white-phase NH4Pb2Br5 [280]. The NH4
+ could form by the decomposition of FA+ 

during the storage of samples. For the Rb-based perovskite samples ( 

Figure 4:3a-c), we found a different diffraction peak at 2θ=12.25° that we describe as 

nonperovskite phase of RbPbBr3 [281]. We observe that there is a systematic increase in the 

intensity of the diffraction peak at 2θ= 12.25° with a storage time of up to several days. The X-

ray patterns correspond to K-treated NCs exposed for 15 days and contain a weak reflection at 

2θ = 12.86° that may depict the non-perovskite phase KPb2Br5 ( 

Figure 4:3c).  

Figure 4:3d and e demonstrate the changes in the primary diffraction peak at 2θ  14.80° 

and the full width at half-maximum for the substituted and undoped samples at different 

exposure times at ambient conditions. We observe that for both K- and Rb-based NCs the peak 

position is shifted toward a higher angle relative to the undoped NCs, as smaller ions cause 

lattice contraction. This phenomenon is consistent with the recent studies on K and Rb cations 

for efficient perovskite devices [153], [156]. We note that we have not realized any significant 

change in peak position after humidity exposure, proposing that these effects are not affected 

by ambient conditions. We noted that FWHM for undoped and Rb-cations based NCs dropped 

significantly, which is in agreement with the previously mentioned report. By contrast, these 

parameters remain similar for K-doped NCs after ambient conditions exposure.  

Figure 4:3f presents the typical cubic structure of FAPbBr3 NCs.   
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We performed the Fourier transform infrared spectroscopy (FTIR) spectroscopy to investigate 

further how K+ and Rb+ influence the surface ligands of perovskite NCs. By comparing data 

with and without alkali metal ions doping (Figure 4:4), we notice that the peaks at 3270 and 

1603 cm-1 attributed to N-H stretching and N-H bending are significantly reduced with K+ and 

Rb+ doping. These findings are consistent with that of Feng who also found similar results, 

which show a higher coverage of ligands on the surface of perovskite nanocrystals [156]. The 

strong peaks at 2700-3000, 1713 cm-1 correspond to C-H bending vibration, and C=O stretching 

of oleic acid. The reason for the reduction in ligands coverage could be attributed to K+/Rb+ 

which can make a bond with the halide ions in the solution of NCs to form an inorganic ligand 

capped outside the NCs surface. 

 

Figure 4:4. FTIR spectra of undoped, K-passivated, and Rb-passivated FAPbBr3 NCs.  

Furthermore, X-ray photoelectron spectroscopy (XPS) spectra were recorded to identify the 

chemical states of different elements of undoped, and alkali metal ions doped NCs. As shown 
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in Figure 4:5a, the XPS spectral peaks of Pb 4f7/2 and Pb 4f5/2, which were measured from 

Undoped NCs, were identified at 138.4 and 143.8 eV, respectively. 

 

 
 
 

 

 

(a) (b) 

(c) (d) 
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Figure 4:5. (a) Pb4f and Br3d XPS spectra and (c) N/Pb ratio (d) (O/Pb) ratio of all samples 

of FAPbBr3 NCs.  

Interestingly, these peaks were found to show a shift toward higher binding energy as the NCs 

were treated with K+ and Rb+ showing a different chemical environment of the Pb element. 

Similarly, the XPS spectral peaks of undoped samples for Br 3d5/2 and Br 3d3/2 (Figure 4:5b 

and Figure S2) were noticed at 68.7 and 69.7 eV, and the peaks also showed a higher binding 

energy shift with K- and Rb-doped samples. In addition, we calculate the O/Pb and N/Pb from 

the XPS data (Figure 4:5c, d) which shows that the O/Pb ratio drastically declined from 1.7 to 

0.7 with the addition of alkali metal ions.  As the O element only exists in the oleic acid, the 

amount of oleic acid severely decreases. The decrease in the N/Pb ratio from 0.11 to 0.07 

indicates the reduced concentration of oleylamine outside the perovskite NCs.  

 Dynamics of photoexcited charge carriers 

From the data in Figure 4:6, we study the time-resolved PL to understand the dynamics of 

excitons and the generation and transport of the photoexcited charge carriers in the NCs treated 

with K+ and Rb+. The PL decay curves are well-fitted with a biexponential function which can 

be expressed by the following equation [282]:  

A = A₁ exp  (−t/τ₁)  +   A₂exp(−t/τ₂)                      (1) 

Here, A1 and A2 are constants, t is time, τ₁ is ascribed to the trap-assisted recombination and τ₂ 

represents the radiative recombination.    

In previous studies on the kinetics of excitons, the PL decay times were measured as a function 

of faster decay, related to trap-assisted recombination as an index of a shorter lifetime (τ₁), 

slower decay, related to radiative recombination as an indicator of a longer lifetime (τ₂), and 
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its fractional amplitude (Ai) [279]. The average recombination lifetime (τave) was calculated 

from the fitted curve date according to the equation [282] :  

τave = (A₁τ₁2 +  A₂τ₂2)/(A₁τ₁ + A₂τ₂)                                     (2) 

 

Figure 4:6. Time-resolved PL spectra for colloidal undoped, K-doped, and Rb-doped FAPbBr3 

NCs  

Table 4.2. PL lifetime of undoped, potassium, and rubidium passivated FAPbBr3 NCs. 

What is interesting about the data in Table 4.2 is the τave value increased from 45.6ns of 

Undoped FAPbBr3 NCs to 62.5ns of K-doped samples. We find that the average lifetime 

Alkali metal ions 

treated samples 

τ1 

 (ns) 

A1 

(%) 

τ2 

(ns) 

A2 

(%) 

τave 

(ns) 

Undoped 20.15 46.43 55.62 50.46 45.60 

K-doped NCs 21.15 50.2 70.62 55.46 62.55 

Rb-doped NCs 10.87 45.10 45.32 30.06` 35.20 
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decreased to 35.2ns with Rb-doped FAPbBr3 NCs.  These results suggest that an adequate 

amount of K+ can help to passivate the surface defects in the form of KBr which inhibit the 

halide phase segregation, contributing to stronger radiative recombination. The enhancement 

of radiative lifetime can also be explained by the prevention of Frenkel defects when K+ stays 

at the interstitial site of the nanocrystal structure. In the case of Rb-passivated samples, reduced 

average PL lifetime may be due to the presence of PL-inactive nonperovskite RbPbBr3 as 

reported in previous studies [281] [136].  

 Passivation mechanism of alkali metal ions for stable PeNCs 

Theories in the literature regarding K+/Rb+ are extensive and focus particularly on the ions 

position inside the perovskite structure. Importantly, K+ moves into the interstitial position of 

the PeNCs to increase the structural rigidity, which impedes the exciton-phonon interaction and 

increase the thermal activation energy, hence PeNCs continue to show high emission intensity 

at high temperature [273]. The K+ has been reported as a highly effective passivator on the 

surface of lead halide PeNCs and binds with the halide ions to enhance the PL stability and 

suppress the halide ions segregation of the PeNCs [66], [155]. The definite location of both 

K+/Rb+ is still an open question for the researchers, however recent work suggests that neither 

K nor Rb is located within the perovskite lattice, yet there are also studies reported that these 

ions may occupy the interstitial sites on the PeNCs surface. Also, the perovskite films can 

consolidate a higher amount of K+ than Rb+ before undergoing large-scale phase segregation 

[283].  Rb+ addition into the perovskite films can stabilize the crystal phase, reduce surface 

traps, and increase the withstand voltage and efficiency of devices. Electrical characterization 

of Rb+ doped single crystal PeNCs revealed the enhanced atomic interaction and orbital 
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coupling between lead and halide ions, leading to the increased carrier transport for x-ray 

detection performance [147], [276].   

 Effects of K+/Rb+ on the colloidal stability of PeNCs 

One of the main limitations of the PeNCs is their inadequate colloidal stability because of the 

high surface energy of small-size particles. Therefore, numerous passivating techniques have 

been widely explored to protect the PeNCs by using chemical ligands. Due to the liable 

chemistry of commonly used ligands including oleylamine and oleic acid, leading to the weak 

interaction between PeNCs surface. These ligands easily detached from the PeNCs surface 

upon dilution or long storage time, hence, structural damage or aggregation can occur. To test 

the effect of alkali metal ions on the stability of perovskite material, we recorded the PL of the 

FAPbBr3 NCs dispersion in hexane with and without K+/Rb+ doping. 

The results obtained from the FAPbBr3 NCs without doping show that the PL intensity reduced 

dramatically (Figure 4:7a), while K+ cations treated FAPbBr3 NCs show insignificant change 

after 30 days of storage in ambient conditions (Figure 4:7b). This finding shows that strong 

bonding between the perovskite NCs and smaller size K+. Due to the strong K+ bonding, rapid 

desorption of ligands from the surface of NCs reduced during the purification and storage stage. 

However, there is a continuous decline in PL intensity after 30 days. We believe this happening 

could be due to the formation of KPb2Br5. Turning now to the experimental evidence from Rb+-

based FAPbBr3 NCs, an abrupt change in PL intensity can be seen after 15 days of storage in 

air (Figure 4:7c). This phenomenon could be the reason for the formation of the non-perovskite 

phase of RbPbBr3 as confirmed by XRD analysis. Figure 4:7d presents the comparison of 

undoped and K+/Rb+ treated FAPbBr3 NCs. For pristine and Rb+-treated FAPbBr3 NCs, the 

colloidal solution becomes cloudy after 25 days of storage while K+-based NCs retain their 
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stability even after 30 days of exposure in ambient air. Due to a much stronger ionic bond, K-

based NCs show improved colloidal stability and reduced nonradiative recombination. For 

pristine and Rb-doped NCs, the NCs dispersions become cloudy, which might be related to the 

loss of highly dynamic surface ligands and the formation of nonperovskite phases.  

  

 

 

Undoped Rb-doped 
NCs 

K-doped 
NCs 

(a) (b) 

(c) 

(d) 
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Figure 4:7. Stability test of the perovskite NCs. (a-c) Recorded PL spectra of the dispersion 

solution of undoped and doped FAPbBr3 NCs for 30 days. (d) Optical image of corresponding 

perovskite NCs dispersed in hexane under 365 nm UV excitation.  

4.5 Comparison of effects of alkali metal ions on MA and FA-based 

nanocrystals  

Table 4.3 shows the detailed comparison of alkali metal ions treated perovskite nanocrystals. 

It shows that both FA and MA-based nanocrystals shows similar behaviour when treated by 

the alkali metal ions. For example, Cs and Rb tend to reduce the crystal size after replacing MA 

or FA cations. Also, absorbance spectra and the PL spectra exhibit blueshift after treated with 

Rb or Cs cations. In addition, by adjusting the synthesis conditions and composition of the 

nanocrystals, a photoluminescence quantum yield (PLQY) exceeding 90% was achieved, as 

detailed in Table 4.4.  

 

Table 4.3: Comparison of alkali metal ions treated perovskite nanocrystals. 

Sample λAbs  

[nm] 

 

    λPL 

   [nm] 

 

Energy gap  

      [eV] 

 

NCs size 

[nm] 

Untreated MAPbBr3 NCs 535 532 2.22 12.0 

Untreated FAPbBr3 NCs 532 529 2.23 10.72 

Rb-doped MAPbBr3 NCs 521 526 2.40 9.0 

Cs-doped MAPbBr3 NCs 527 528 2.30 11.0 

Rb-doped FAPbBr3 NCs 520 516 2.32 9.58 

K-doped FAPbBr3 NCs  536 532 2.21 12.36 
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Table 4.4:  PLQY of FAPbBr3 Nanocrystals treated with different additives. 

Materials Additives Structure PLQY 

(%) 

Ref. 

FAPbBr3 Stearic acid, 

Octadecyl amine 

QDs 88 [279] 

FAPbBr3 Excess FABr NCs films 78 [277] 

FAPbBr3 CsPbBr3 Core/shell 

FAPbBr3/CsPbBr3 NCs 

93 [282] 

FAPbBr3 3,3-diphenylpropylamine NCs films 78 [284] 

FAPbBr3 Sulfobetaine-18 (SBE-

18) 

2D NCs 90.6 [268] 

FAPbBr3 Rb Polycrystalline thin 

films 

21.42 [153] 

CsPbBr3  K NCs 84.2 [154] 

 

CsPb (Br/Cl)3 

K NCs 38.4 [156] 

 

(Cs,MAFA)Pb(I0.85Br0.15)3 

K Polycrystalline thin 

films 

66 [131] 

(Cs0.06 MA0.15 FA 0.79) 

Pb(I0.85 Br0.15)3 

K Polycrystalline thin 

films 

52 [283] 

 

4.6 Conclusion 
The alkali metal ions substituted FAPbBr3 perovskite NCs with green emission were 

synthesized by ligand-assisted reprecipitation method under room temperature to reduce the 

surface defects. This strategy of K+/Rb+ cations treatment was demonstrated to improve the PL 

emission intensity and colloidal stability of the perovskite NCs. The chemical bonding of K+ 

with the halide ions in the solution of NCs to form an inorganic ligand capped outside the NCs 

surface can help to passivate the surface defects in the form of KBr which inhibit the halide 

phase segregation, contributing to stronger radiative recombination. Furthermore, the K+ 

entered the interstitial position of the NCs structure, which increases the structural rigidity and 

limits the dissociation of perovskite NCs, representing remarkable stability for commercial use. 

The Rb+ tends to form the non-perovskite phase of RbPbBr3 with an average lifetime of 35.2ns 
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compared to 62.5ns of K+ samples.  To the best of our knowledge, the improved properties of 

FAPbBr3 perovskite NCs by alkali metal ions are rarely reported in the literature. This research 

work paves the way to fabricate low-cost and highly stable PeNCs inks for optoelectronic 

devices.  

Supplementary information  

 

 

Figure S1. Band gap analysis of PeNCs using Tauc plots. 
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Figure S2.  Experimental spectra of Pb 4f and Br 3d  

4.7 Preliminary data 
In this report, we provide discussion on doping of alkali metal ions (Na+, K+, Rb+) for 

formamidinium lead bromide (FAPbBr3) nanocrystals (NCs) (Figure 4:11). For alkali metal 

ions (Na+, K+, Rb+) passivated samples, 30µl of different concentrations (0.068M, 0.063M, 

0.057M in DMF) of each alkali metals were added into the PbBr2 and FABr precursor solution.  
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Figure 4:8:  PL and UV–vis absorption spectra of FAPbBr3 NCs solutions. (a) Sodium ion (b) 

potassium ion and (c) rubidium ion passivated NCs. Tauc plot showing the band gap calculation 

for (d) Na+ (e) K+ (f) Rb+ treated NCs. 

We performed UV-absorption and PL spectroscopy to study the effect of alkali metal ions 

(Na+, K+, Rb+) treatment on optical properties of NCs (Figure 4:8a-c). As shown in Figure 

4:8d-f, optical band gap of FAPbBr3 NCs containing different amount of Na+, K+, and Rb+ 

ions were calculated by using Tauc plot of UV-visible spectrum. For Na+ ion passivated 
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sample, band gap is 2.24, 2.22, 2.26 and 2.22 for untreated and treated samples of three 

concentrations (C1, C2 and C3) respectively. The change in bandgap is negligible, which is 

good agreement of the previous research that A-site cation does not affect the energetic band 

position of HPM.  

Table 4.5:  PL and absorption values of FAPbBr3 NCs for different concentrations of Na, K, 

and Rb ions  

Sample ID PL [nm] Absorption [nm] Eg [eV] FWHM [nm] 

Control 529 532 2.24 23 

NMC1 533 535 2.22 23 

NMC2 531 532 2.26 22 

NMC3 526 527 2.22 24 

KMC1 532 534 2.25 23 

KMC2 531 535 2.26 22 

KMC3 524 528 2.24 24 

RMC1 523 524 2.34 22 

RMC2 516 520 2.32 23 

RMC3 527 530 2.26 23 
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Figure 4:8(a-c) shows the UV-absorption and PL spectra of FAPbBr3 NCs solutions with 

different amount of Na+, K+ and Rb+ ions, in which PL spectra tune from 532nm-535nm when 

initial two concentration (C1, C2) of Na+ was used and decrease to 524nm for higher 

concentration. For rubidium ions passivated samples, PL spectra was blue shifted from 532nm-

527nm from untreated (control) to treated samples of three different concentration.  

Figure 4:9: Fourier-transform infrared spectroscopy (FTIR) of FAPbBr3 NCs. (a) Sodium ion 

(b) potassium ion and (c) rubidium ion passivated NCs. (d) Schematic illustration of potassium 

passivation. Adapted with permission from ref [156],copyright © 2020, WILEY‐VCH 

Fourier-transform infrared spectroscopy (FTIR) was performed to determine the evolution of  
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long chain organic ligands after treatment with Na+, K, and Rb+ ions. As shown in Figure 4:9a-

c, the strong peaks at 2700-3000, 1465, 1713 cm-1 can be ascribed as C-H bending vibration 

and C=O stretching of oleylamine and oleic acid respectively. After treatment of Na+, K, and 

Rb+ ions, the typical intensity of long chain organic ligands is reduced, demonstrating the 

reduction of organic ligands in the FAPbBr3 NCs. Based on the above discussion, it is proved 

that Na+, K, and Rb+ ions can bond with halide ions to form metal ligands attached on the 

surface of FAPbBr3 NCs, as schematically shown in Figure 4:9d.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4:10: The X-ray diffraction (XRD) patterns obtained for the FAPbBr3 nanocrystals (a) 

Sodium ions (b) potassium ions and (c) rubidium ions passivated FAPbBr3 NCs. (d) Crystal 

structure of FAPbBr3 
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X-ray diffraction (XRD) is performed to analyse the effects of Na+, K+, and Rb+ ions on the 

structural parameters of the resulting FAPbBr3 NCs. All the treated samples show diffraction 

peaks around 2θ= 14.97°, 21.06°, 30.07°, 33.52°, 42.81°, and 45.57°, corresponding to the 

(110), (200), (210), (211), and (220) crystal planes of the cubic FAPbBr3 NCs with the Pm-3m 

space group (Figure 4:10), as mentioned in previous studies [285], [286]. No diffraction peak 

shift can be observed in the alkali metal ions treated samples, signifying that small size ions 

remain outside the FAPbBr3 NCs rather than being doped into the perovskite lattice. This 

phenomenon is proved with the recently published studies for perovskite solar cells [137]. 

 

 

 

 

 

 

Figure 4:11: Digital photographs of FAPbBr3 NCs under room light. 

Dopants vs dopant concentration to study steady PL to be added to support conclusion 

that K is best as dopant.  

The Figure 4:12 illustrates the enhanced stability of FAPbBr3 nanocrystals treated with 

potassium ions compared to those treated with rubidium or sodium ions. We opted to treat the 

perovskite nanocrystals with potassium and rubidium to facilitate a comparative analysis. 

However, samples treated with sodium ions exhibited rapid degradation of the FAPbBr3 

nanocrystals. 
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Figure 4:12: PL spectra of FAPbBr3 NCs solutions. (a) potassium ion (b) rubidium ion (c) 

Sodium ion and passivated NCs.  
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Chapter 5 FAPbBr3 perovskite 

nanocrystals embedded in poly 

(L–lactic acid) nanofibrous 

membranes for enhanced air 

and water stability. 
5.1 Overview  

This chapter was published as the article “FAPbBr3 Perovskite Nanocrystals Embedded in Poly 

(L–lactic acid) Nanofibrous Membranes for Enhanced Air and Water Stability in Membranes 

(2023). In this work, I prepared the poly (L-lactic acid) (PLLA) nanofibrous membrane 

embedded with FAPbBr3 perovskite nanocrystals by electrospinning the perovskite and PLLA 

precursor solution. It was observed that resultant membranes were stable and remained in water 

for longer period.  

Abstract 

Formamidinium lead bromide (FAPbBr3) nanocrystals have emerged as powerful platforms for 

optoelectronic applications due to their pure greener photoluminescence (PL). However, their 

low colloidal stability under storage and operation reduces the potential use of FAPbBr3 

perovskite nanocrystals (PeNCs) in various applications. In this study, we prepared the poly 

(L-lactic acid) (PLLA) nanofibrous membrane embedded with FAPbBr3 perovskite 

nanocrystals by electrospinning the perovskite and PLLA precursor solution. This is a simple 

and low-cost technique for the direct confinement of nano-sized functional materials in 

continuous polymer nanofibres. PLLA as a polymer matrix provided a high surface framework 

to fully encapsulate the perovskite NCs. In addition, it is found that FAPbBr3 PeNCs crystallize 
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spontaneously inside the PLLA nanofibre. The resultant PLLA-FAPbBr3 nanofibrous 

membranes were stable and remained in the water for about 45 days while maintaining their 

PL peak intensity at 50% of the original value. The results of this research support the idea of 

new possibilities to produce air stable FAPbBr3 PeNCs by forming a composite with PLLA 

polymer. I believe this study is a new milestone in the development of highly stable metal 

halide perovskite-based nanofibres, which allow potential use in stretchable photodetectors, 

mechanical energy harvesting applications, LEDs, and high-performance solar cells.  

Keywords: metal halide perovskite, polymers, perovskite nanocrystals, air stability, nanofibres 

5.2 Introduction  
Organic-inorganic hybrid perovskites have been a major area of interest within the field of 

efficient light-emitting sources [287]. Most recently, formamidinium lead bromide (FAPbBr3) 

NCs have received considerable attention due to their ultrapure green photoluminescence (PL) 

(530-535 nm) and higher thermal stability in comparison to more popular methylammonium 

lead bromide (MAPbBr3) [288]. These NCs are capped with long-chain ligands that enhanced 

their stability in nonpolar or moderately polar organic solvents. However, perovskite 

nanocrystals (PeNCs) have poor stability against aqueous media, polar solvents, and long-term 

exposure to a moist environment [289]. Thus far, PeNCs stability was achieved mainly by 

alloyed perovskite nanostructures [290], core/shell-like structures [291], [292], and 

encapsulation into polymer matrices [293], [294]. Among them, the polymer matrix is the 

widely used approach to synthesizing highly stable PeNCs. For instance, Cai et al. reported a 

new technique to synthesize polymer-assisted Cs-based perovskite nanocrystalline film. The 

polymer, poly(2-ethyl-2-oxazoline) (PEOXA), which coordinates with the metal cations in the 

perovskite, improves the phase stability of PeNCs and reduces the fabrication temperature. In 
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addition, a pure red perovskite light emitting diodes (LEDs) with maximum luminance of 338 

cd/m2 and external quantum efficiency (EQE) of 6.55% were produced [295]. In another major 

study, Hou et al. reported the use of bolck copolymers that worked as nanoreactors during 

perovskite crystallization and passivates the NCs surface defects, hence improving its 

photostability in strong polar solvents [296].  

Polymer nanofibres (PNFs) are one-dimensional long filaments with diameters in the range of 

tens to hundreds of nanometres. They offer unique properties of high porosity, bending 

elasticity, and high encapsulation capacity. Among several techniques to produce PNFs, 

electrospinning is the most cost-effective and efficient way to process a wide range of polymers 

[297]. Furthermore, the processing conditions of electrospinning offer advantages to 

encapsulate functional nanoparticles in the long fibres without the post-treatments [298]. To 

date, numerous studies have attempted to produce perovskite-polymer hybrid NFs by 

employing electrospinning approach. Wang and co-workers used the emulsion electrospinning 

technique to prepare ultra-stable perovskite-polymer nanofibres [299]. In another extensive 

study by Tsai and colleagues, the one-step core/shell electrospinning method was used to 

prepare perovskite-based NFs. The uniform perovskite-polymer nanofibres showed the 

hydrophobic properties of shell polymer and were endowed with high resistance to water for 

48 h [300]. 

Electrospinning is a simple technique to produce highly uniform nanofibres from a variety of 

polymers including poly(methyl methacrylate (PMMA), poly(vinylidene fluoride) (PVDF), 

poly(vinylpyrrolidone) (PVP), polyacrylonitrile (PAN), and polystyrene (PS). The excellent 

mechanical properties of some polymers such as flexibility and easy preparation of PVDF-

perovskite-based nanofibres show significant advantages over rigid polymers (for example, 



154 
 

PMMA, PS, etc.) [301], [302]. Also, environmental issues related to different polymers in 

electrospinning have not been completely understood. Taken together, the current research 

studies highlight the importance of the use of biodegradable biopolymers, as well as green 

solvents.  

Polylactic acid (PLA) is the most commonly used bioplastic. Lactic acid, the precursor of PLA, 

can be derived from various raw materials including corn, starch, and sugarcane, which is then 

polymerized to PLA. Among different kinds of PLA, poly (L–lactic acid) (PLLA) has been an 

object of many studies due to its biocompatibility, biodegradability, and eco-friendly nature 

[303]. It has proven to be a good alternative to petro-chemical based polymers for numerous 

purposes. In contrast to other biodegradable and bio-based polymers, PLLA shows better 

processing parameters and can be processed by injection molding, extrusion techniques, 

ultrasonication, and fibre spinning. There are relatively few PLLA-based studies in the area of 

perovskites to make them stable at ambient conditions with low-cost processing methods. 

Yanyan et al. reported the first in situ synthesis of highly stable biopolymer phosphors with 

CH3NH3PbBr3 as NCs and PLLA as the matrix. The fabricated perovskite-polymer composite 

films showed uniform morphology with outstanding emission characteristics of PeNCs and 

high transmittance of PLLA matrices [304]. In another study, an ultra-flexible and transparent 

conductive substrate was fabricated from PLA with silver nanowires to advance green 

electronics [305].  The research to date, however, has not fully explored the potential of PLLA 

in the emerging field of perovskites.  

The present research explores, for the first time, the use of PLLA nanofibres to encapsulate 

FAPbBr3 NCs. We mentioned in-situ room temperature fabrication of FAPbBr3 NCs-PLLA 

nanofibres with FAPbBr3 NCs as an emitter and PLLA as the matrix. FAPbBr3 NCs-PLLA 
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nanofibres can be easily produced by the electrospinning technique, which is low-cost, 

versatile, and allows the control of NFs composition.  The as-produced composite film shows 

a homogeneous morphology combining the excellent properties of both materials. The 

outstanding properties of PLLA help to make highly stable and efficient electrospun 

nanofibrous films with excellent stability in ambient environments retaining >50% of PL 

emission intensity. Overall, this study established a straightforward and low-cost method to 

prepare the composite film of FAPbBr3 NCs-PLLA for strong stability in air and water. 

5.3 Experimental 

 Materials: 

Poly (L-lactic acid) (PLLA) (MW = 1.43×106) was supplied by PURAC biochem, Holland.  

Chemicals including lead bromide (PbBr2,  ≥98%), formamidinium bromide (FABr, ≥98%), 

oleic acid (technical grade, 90%), oleylamine (technical grade, 70%), dimethylformamide 

(DMF, 99.8%), and dichloromethane (DCM, 99.99%) were purchased from Sigma-Aldrich.  

 Fabrication of nanocrystals embedded PLLA electrospun NFs: 

The FAPbBr3 perovskite NCs incorporated in PLLA NFs were prepared by electrospinning 

technique as previously mentioned by Qasim et al. with some modifications [303]. PLLA 

(1.8%) was dissolved in 5 ml of dichloromethane in a closed glass vial by stirring and heating 

at 50 °C until the solution becomes clear and PLLA was completely dissolved. In parallel, 

PbBr2 (0.0376 g) and FABr (0.0124 g) were dissolved in 0.5 ml of DMF. Then, 200 µl oleic 

acid and 15 µl oleylamine were mixed and poured into the perovskite solution.  Next, this 

perovskite precursor solution was added dropwise into vigorously stirred PLLA solution at 

room temperature (25 °C) for 24 h. Then, the mixture was filled into a plastic syringe using a 

metal needle (19G) and was loaded into a syringe pump. The distance between the syringe tip 
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and the collector was fixed at 30 cm and a high voltage of about 23 kV was applied to charge 

the precursor solution. The electrospinning solution was released towards the moving roller 

(200 rpm) to collect NFs. The collected NFs were allowed to dry overnight.  

 Synthesis of FAPbBr3 perovskite NCs: 

We followed the ligand-assisted reprecipitation (LARP) method for the synthesis of FAPbBr3 

perovskite NCs according to the literature with reasonable changes [277]. PbBr2 (0.1 mmol) 

and FABr (0.1 mmol) were dissolved in 0.5 ml DMF to prepare the precursor solution. Then, 

250 µl oleic acid and 15 µl oleylamine were mixed separately in a vial and added to the solution.  

After that, 130 µl of this freshly prepared precursor solution was dropped into the 10ml of 

chloroform under constant stirring and observed the immediate formation of a green solution. 

Purification of PeNCs was completed by introducing a small amount of acetonitrile followed 

by centrifugation at 1200 rpm for 10 min. The collected PeNCs precipitate was further 

dispersed in 4 ml hexane for characterization.  

 Characterization:  

The morphology of FAPbBr3 NCs and FAPbBr3 NCs-PLLA nanofibres was examined by using 

TEM (JEOL-JEM, accelerating voltage 200 kV) and SEM (FEI Inspect F) respectively. The 

chemical composition of samples was determined by EDS (attached to FEI Inspect F) at a 

voltage of 10 kV. The confocal microscope was used to record the fluorescence images with a 

488 nm laser as the excitation light source. X-ray diffraction analysis of as-prepared NFs and 

FAPbBr3 NCs was performed by PANalytical diffractometer with an angular range of 5 < 2θ < 

70°.  

The UV-Vis absorption and PL spectra were recorded using Perkin Elmer Lambda 35 UV-vis 

spectrophotometer and Perkin Elmer LS55 spectrofluorometer, respectively. Fourier transform 
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infrared (FTIR) spectra were recorded using a Burker model FTIR with a range of 4000-400 

cm-1. The composition of as-prepared samples was confirmed by X-ray photoelectron 

spectroscopy (Thermo Scientific Nexsa XPS system) with an excitation source of AL Kα x-

rays.    

5.4 Results and discussion  
PLLA was used as a matrix for FAPbBbr3 NCs due to its outstanding resistance against water 

and ambient conditions. As schematically shown in Figure 5:1, we followed the 

electrospinning technique for the in-situ ambient fabrication of FAPbBbr3 NCs-PLLA 

nanofibres. A precursor solution of PbBr2, FABr, and PLLA in DMF/DCM was used for 

electrospinning.  

Figure 5:1: Schematic of electrospinning set-up for the fabrication of perovskite NCs-PLLA 

nanofibres. 

A liquid is electrified to generate a jet that was directed toward the grounded collector, and the 

solvent evaporated simultaneously during the electrospinning. The high electric potential 

between two electrodes able to overcome the surface tension inside the electrospinning solution 

allows the facile synthesis of continuous fibres.  When the concentration of the electrospinning 

solution reached the critical saturation level, crystallization of the FAPbBbr3 NCs took place 

within the PLLA polymer.  
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 Morphology of FAPbBbr3 NCs-PLLA nanofibres 

 

Figure 5:2(a-b) presents the scanning electron microscopy (SEM) images of PLLA NFs, which 

show the individual and highly uniform nanofibre structure. The morphological 

characterization of the composite film of FAPbBr3 NCs-PLLA nanofibres reveals the smooth 

nanofibre structure with the FAPbBr3 NCs embedded homogeneously in the PLLA polymer 

matrix as shown in  

Figure 5:2(c).  

The average diameter of as synthesized nanofibres is 1.45 µm and is not influenced by the 

incorporation of FAPbBr3 NCs. Many recent studies have shown that well-distributed NCs 

inside the polymer matrices do not affect the diameter of the nanofibres  [306], [307].  

Respective high-resolution SEM images ( 

Figure 5:2(d)) of FAPbBr3 NCs-PLLA nanofibres show that the fabricated PeNCs are well 

dispersed inside the PLLA matrix, and have a different shape, from cubic to spherical, 

depending on the amount of precursor solution concentration. Respective confocal fluorescence 

images exhibit strong PL emission ( 

Figure 5:2(e-f)).  

Scanning electron microscopy coupled with energy dispersive spectroscopy (EDS) was used 

for the analysis of FAPbBr3 NCs–PLLA nanofibres to observe the elemental composition. The 

results, as shown in Figure S1, indicate that both Pb and Br are present in the composite films. 

Therefore, above mentioned discussions demonstrate that the FAPbBr3 NCs are 
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homogeneously distributed in the PLLA matrix network through the in-situ ambient fabrication 

technique. 

 

 

 

(a) 
(b) 

(c) (d) 

(e) (f) 
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Figure 5:2: SEM images of the electrospun perovskite-polymer membranes. (a)-(b) 

Morphology of pristine PLLA nanofibres with different magnifications. (c)-(d) SEM image 

FAPbBr3 NCs@PLLA nanofibres (e)-(f) Confocal fluorescence microphotographs of 

perovskite-polymer membranes with a 488 nm laser as the light source. 

 
 

(a) 
(b) 

Figure 5:3:(a) UV-VIS absorption and PL spectra of FAPbBr3 NCs. (b) TEM images of 

FAPbBr3 NCs. 

FAPbBr3 NCs are synthesized with FABr/PbBr2 using the LARP technique and purified 

according to the previously mentioned report by Chen et al. with rational changes [277]. In this 

method, oleic acid (OA) and oleylamine (OLA) are used as surface ligands, where OA plays a 

key role to prevent the PeNCs from segregation and improving the colloidal stability PeNCs. 

We investigated the optical properties of pristine FAPbBr3 NCs via UV absorption and 

photoluminescence (PL) measurements. In Figure 5:3(a), the PL spectrum displays a pure-
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green emission at 530 nm. The PL emission spectra, with FWHM  22 nm are from pure 

FAPbBr3 NCs dispersion in hexane. From the normalized UV-vis spectra, it demonstrated a 

strong light absorption edge at 512 nm. 

 Figure 5:3(b) shows the TEM images of the as-obtained FAPbBr3 NCs. The PeNCs crystallize 

which a cubic shape, monodispersed, with an average size of 10-12 nm. The PeNCs follow the 

typical perovskite structure ABX3 as shown in Figure 5:4(b).  

 The crystallinity of FAPbBbr3 NCs-PLLA nanofibrous membranes 

 

 

(a) (b) 

Figure 5:4: (a) X-ray diffraction pattern of pure FAPbBr3 NCs, PLLA, and PeNCs-PLLA 

nanofibres; * indicates the peaks belonging to FAPbBr3. (b) The cubic crystal structure of 

FAPbBr3 NCs at room temperature. 
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The crystallinity of FAPbBr3 NCs was further analysed by X-ray diffraction (XRD) patterns. 

XRD pattern of PLLA nanofibres, FAPbBr3 NCs, and FAPbBr3 NCs-PLLA nanofibres are 

displayed in Figure 5:4(a). Diffraction peaks located at 2θ = 14.8°, 16.8°, and 19.07° refer to 

PLLA nanofibres. The diffractogram of FAPbBr3 NCs (Figure S2) consists of major peaks at 

2θ = 14.80°, 21.1°, 29.96°, 33.50°, 37.93, 42.81°, and 45.52° corresponding to the crystal 

planes of (100), (110), (200), (210), (211), (220), and (300), respectively. These diffraction 

peaks correspond to the cubic phase of PeNCs with the Pm–3m space group as reported in the 

literature [308], [284]. In XRD patterns of FAPbBr3 NCs–PLLA nanofibres, the peaks of 

perovskite appear at 29.96°, 33.50°, 42.81°, and 45.52° which correspond to the (200), (210), 

(220), and (300) planes of FAPbBr3 NCs. Nevertheless, the diffraction peak intensity is very 

low due to the low concentration of FAPbBr3 NCs in the PLLA matrix, as well as the coverage 

effect of the PLLA matrix [304]. These peaks show slight shift towards lower angle as slightly 

larger NCs are formed compared to pristine ones. These findings show that high-quality 

FAPbBr3 NCs have been successfully fabricated inside the PLLA matrix. These findings show 

that high-quality FAPbBr3 NCs have been successfully fabricated inside the PLLA matrix. 

 Surface chemistry of the FAPbBr3 NCs-PLLA nanofibres 

Fourier transform infrared spectroscopy (FTIR) has been widely used to study the chemical 

changes and quantitative analysis of polymers and, also to investigate the functional groups of 

the attached molecules.  In Figure 5:5, FTIR spectra of PLLA nanofibres, FAPbBr3 NCs, and 

FAPbBr3 NCs-PLLA nanofibres are demonstrated. The spectrum shows bands at 2944 and 

3000 cm-1 for PLLA, 2850 and 2924 cm-1 for PeNCs, and 2850 cm-1 for FAPbBr3 NCs-PLLA 

nanofibres. These bands belong to the C-H stretch from CH3. The presence of these stretching 

confirms the encapsulation of FAPbBr3 NCs into the polymer matrix. Compared to PeNCs 
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bands at 3270 cm-1 for N-H stretching, there is negligible vibration for FAPbBr3 NCs-PLLA. 

This is due to the lower amount of PeNCs and coverage effects of the PLLA polymer matrix 

as confirmed by the X-ray diffraction patterns of these samples. In addition, the bands at 1745 

cm-1 for PLLA and FAPbBr3 NCs-PLLA correspond to the C=O extending of the ester. For 

FAPbBr3 NCs, the C=O stretch can be ascribed to the presence of oleic acid at the surface of 

perovskite NCs. 

 

Figure 5:5: FTIR spectra of PLLA nanofibres, pure FAPbBr3 NCs, and perovskite nanocrystals 

encapsulated by PLLA nanofibres. 
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(a) (b) 

 

(c) 

Figure 5:6: XPS analysis of (a) PLLA and PeNCs- PLLA nanofibres. (b-c) Pb 4f and Br 3d 

XPS spectra of composite nanofibres 

X-ray photoelectron spectroscopy (XPS) is extensively employed to measure the binding 

energy and composition of constituents. As shown by the XPS spectra, it further confirms the 
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presence of Pb and Br in the PLLA matrix, suggesting the formation of FAPbBr3 NCs inside 

the PLLA matrix.  As can be seen in Figure 5:6(a), elements of O ( 531 eV), C ( 284eV), 

Pb ( 143 and 138), and Br ( 69) were observed on the surface of FAPbBr3 NCs-PLLA 

nanofibres. However, there is no obvious peak of elements of N ( 401 eV) present on the 

composite film, because of the lower concentration of PeNCs as confirmed by the XRD 

analysis. Regarding the Pb 4f and Br 3d spectra, the intrinsic peaks show the presence of 

encapsulated NCs inside the PLLA matrix (Figure 5:6(b-c)). In addition, the measured binding 

energies of different elements (Pb 4f, Br 3d) were very similar to those of FAPbBr3 NCs 

fabricated by other techniques. 

 Air and water stability of composite membranes 

PeNCs can be embedded in a variety of polymers to fabricate nanocomposites that show an 

array of advantageous properties. The polymer matrix provides stability and flexibility while 

the PeNCs maintain their size, morphology, and composition-dependent characteristics.  

Polymers offer unique attributes, such as the ability to interact with the perovskites, low 

diffusion rates of moisture and oxygen, passivation of NCs surface defects, and decreased 

agglomeration of PeNCs in the solid state. The use of polymers provides strong chemical 

interaction with PeNCs, hence reducing the chances of moisture-induced degradation. Also, 

the morphology and shape of polymer-encapsulated NCs do not change and PL intensity 

decreases considerably slower [309].   
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Figure 5:7: PL intensity variation spectra of FAPbBr3 NCs-PLLA nanofibres with storage time 

(a) in air and (b) in water. (c) Summary of PL intensity ratio for the composite films as a 

function of storage time in air and water. (d) Photograps of PLLA nanofibres and FAPbBr3 

NCs-PLLA nanofibres. (e) Photographs of FAPbBr3 NCs-PLLA nanofibres after immersion in 

water after 10 and 45 days. 
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After  
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Table 5:5.1: Comparison of the FAPbBr3 perovskite NCs incorporated in poly (L–lactic 

acid) nanofibers with some other materials. 

 

This section of the study was concerned with the stability of FAPbBr3 NCs-PLLA nanofibrous 

films in water and air. The PL peak position and intensity were slightly changed after 10 days 

of storage in air (Figure 5:7a), which showed that composite films are extremely stable in air. 

Materials  Polymer used for 

encapsulation 

Fabrication 

technique 

Structure PL intensity and 

stability parameters 

Ref. 

MAPbBr3 NCs PM NFs MA, 

PVDF 

Electrospinning Core-shell 

NFs 
10 days in the air  

93% 

[299] 

CsPbBr3 NCs PVP ,  PAN Electrospinning NFs 96 hr exposure in 

the air 73% 

[306] 

CsPbX3 (X = Cl, 

Br, and I) QDs 

 

PVP 

Electrospinning NFs 4 days in water for 

green emitters 

[307] 

 

CsPbI3 QDs 

PVDF Electrospinning NFs 3 days in water  

80% 

[302] 

CsPbX3 (X = Cl, 

Br, and I) NCs 

PAN Electrospinning Core-shell 

NFs 
48 hr in water  

50% 

[300] 

 

CsPbBr3 NCs 

 

PVDF-PS 

 

Electrospinning 

 

NFs 
70 days in water  

90% 

 

[310] 

 

CsPbX3 (X = Cl, 

Br, and I) QDs 

PS, PMMA, 

poly(styrene-

butadiene-styrene) 

(SBS) 

 

Electrospinning 

NFs 3 months in water  

80% 

[311] 

 

FAPbX3 (X = Cl, 

Br, and I) QDs 

 

 

  

 

PS, PMMA 

Microfluidic 

electrospinning 

 

NFs Consistent PL after 

5 days immersion 

in water 

[312] 

CsCu2I3,    

Cs3Cu2I5 

 

PS 

 

Electrospinning 

NFs Consistent PL after 

20 days immersion 

in water 

[313] 

 

FAPbBr3 NCs 

 

PLLA 

 

Electrospinning 

NFs 45 days in the air  

50%, 

10 days in water  

70% 
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After 45 days of storage in ambient conditions, the PL peak intensity was still about 50% of its 

original value. Moreover, after 10 days of direct contact with water ( Figure 5:7b), the PL 

intensity still retained 70% of the original value. Also, there is a negligible shift in the PL peak 

of the FAPbBr3 NCs-PLLA nanofibrous films after storage in air and water. The change in PL 

intensity value as a function of storage time in air and water was summarized in Figure 5:7c. 

In Figure 5:7d, e, the photographs of PLLA nanofibres, FAPbBr3 NCs-PLLA nanofibrous 

films, and their water immersion is displayed.  

A comparison of the most recent research studies available on the FAPbBr3 PeNCs embedded 

into the polymers using the electrospinning method for water and air stability is summarized in 

Table 5:5.1. The encapsulation of PeNCs inside the PLLA nanofibres substantially enhances 

the stability against air and even under full immersion in water.  

5.5 Conclusion 
In summary, the first stable FAPbBr3 NCs-PLLA electrospun composite films were prepared 

via ambient or room temperature conditions and tested for air and water stability. We 

established that this technique is simple, low cost, and robust to fabricate FAPbBr3 NCs that 

are homogenously distributed into the PLLA polymer nanofibres. These PeNCs are effectively 

protected and exhibited similar stabilities against air and water stress as those mentioned in the 

previous studies. Moreover, more than 70% PL intensity is still maintained after 45 days of 

storage. The findings reported here shed new light on the use of biopolymers for optoelectronic 

applications including lasers, waveguides, and flexible energy harvesters. Also, the flexible 

nature of nanofibres films may open the door for the production of flexible and bendable 

optoelectronics.  However, PeNCs-based composite films with tunable emissions in the visible 
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spectrum remain to be explored. Hence, this research will stimulate further study in the area of 

high-performance luminescence applications.  

 

Figure S1: EDX analysis of FAPbBr3 NCs-PLLA nanofibres 

 

 

            Figure S2: XRD pattern of FAPbBr3 NCs 
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5.6 Preliminary Data 

  

Figure 5:8: Trials images of Electrospun membranes. 
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Chapter 6 Hybrid organic-

inorganic perovskite 

nanocrystals for flexible 

photoelectric applications 
Abstract 

Hybrid organic-inorganic perovskite nanostructures, such as formamidinium lead bromide 

(FAPbBr3) nanocrystals (NCs) have been the subject of many applications including light-

emitting devices, sensitive light detection, and piezoelectric energy harvesting [173], [314]. 

Flexible photoelectric devices based on halide perovskite NCs with excellent light-sensing 

performance and mechanical flexibility have been fabricated to achieve wearable/portable 

electronics [240], [315]. In this study, the ligand-assisted re-precipitation (LARP) method for 

the synthesis of FAPbBr3 NCs and knitted polyester fabric was used as a flexible substrate. 

This nano-scale imaging using confocal laser scanning provides a fundamental understanding 

of the optical properties of the directly formed NCs in highly flexible knitted structures. 

Scanning electron microscopy was also performed to confirm the morphology of polyester-

PeNCs. In addition, the highly flexible knitted polyester substrate coated with FAPbBr3 NCs 

showed the diffraction peaks at 2θ = 14.80°, 29.96°, and 33.50° confirming the crystalline 

behavior of samples.  

Keywords: Flexible substrates; Perovskite nanocrystals; Metal halide perovskites.  

6.1 Introuction  
Smart wearable electronics have received considerable attention because of stretchability and 

bendability for different body movements. Hybrid organic-inorganic perovskites have shown 
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great potential in wearable electronics due to the low-cost fabrication and advantage of 

extraordinary optoelectronic properties. Many research studies have been focused on 

optimizing the efficiency and high-performance of flexible perovskite-based photodetectors by 

using MAPbI3 crystals coated on fibrous yarn bundles to form shape-adjustable devices [240]. 

For wearable electronic devices, mechanical flexibility and stress endurance are two important 

areas of merit. With this aim, we fabricated a fibrous flexible perovskite material by using a 

capillary effect of a PeNCs solution in hexane.   

 Experimental  

 Materials and Method 
We report a ligand-assisted re-precipitation (LARP) method for the synthesis of FAPbBr3 NCs 

by using FABr (0.1mm) and PbBr2 (0.1mm), oleic acid, and oleylamine at ambient conditions. 

Then flexible substrate (knitted polyester fabric) was immersed in the NCs solution in hexane 

for 10 min, and the aforementioned specimen underwent further annealing at 80 °C for 30 min 

to completely evaporate the solvent. This is a simple and unique technique for the direct 

confinement of nano-sized functional materials inside continuous fibrous structures. 

 Characterizations 
Local emission centres of embedded perovskite NCs in the flexible fibrous structures were 

successfully determined by confocal laser scanning microscopy. The FTIR spectra of FAPbBr3 

embedded in flexible fibers were recorded to reveal the basic functional groups. Scanning 

electron microscopy was used to record the morphology of as-prepared samples.  The 

ultraviolet-visible (UV-Vis) spectrum was measured with the LAMBDA 35 PerkinElmer 

spectrometer. 
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6.2 Results and discussion 
Figure 6:1a shows the schematic of PeNCs synthesis using the LARP method. Figure 6:1b 

shows the TEM images of the as-synthesized FAPbBr3 PeNCs. The PeNCs crystallize which a 

cubic shape, monodispersed, with an average size of 10-12 nm. The PeNCs follow the typical 

perovskite structure ABX3.  We examined the optical properties of pristine polyester-PeNCs 

via UV absorption measurements as shown in Figure 6:1c. From the normalized UV-vis 

spectra, it demonstrated a strong light absorption edge at 514 nm. 
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Figure 6:1. (a) Schematic diagram of synthesis of FAPbBr3 NCs. (b-c) UV-VIS absorption 

of polyester-PeNCs and TEM of FAPbBr3 NCs, respectively (d) Schematic diagram of the 

photoelectric device using a FAPbBr3 NCs. 

 

 

 

(c) 

(a) (b) 

(d) 
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Figure 6:2. (a) SEM images of the polyester knitted structure. (b) SEM image of polyester-

PeNCs sample. (c-d) Confocal fluorescence microphotographs of polyester-PeNCs with a 488 

nm laser as the light source 

Figure 6:1d depicts the schematic of perovskite-based photoelectric device.  

Figure 6:2a presents the scanning electron microscopy (SEM) images of the polyester knitted 

structure, which show the flexible and spiral-like yarn structure. The structural characterization 

of the polyester knitted substrate coated with PeNCs reveals the smooth structure with the 

FAPbBr3 NCs coated homogeneously on the surface of a flexible substrate as shown in Figure 

6:2b.  

Respective confocal fluorescence images exhibit strong PL emission Figure 6:2c, d. 
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Figure 6:3. X-ray diffraction pattern of pure FAPbBr3 NCs, polyester, and polyester-PeNCs 

samples.  

In Figure 6:3, X-ray diffraction (XRD) was recorded on samples of PeNCs, which were 

deposited by spin coating of the NC solution on the glass. The clean polyester knitted fabric 

was also provided to record the XRD peaks. For polyester-PeNCs, it was immersed in the NCs 

solution in hexane for 10 min, and the aforementioned specimen underwent further annealing 

at 80 °C for 30 min to completely evaporate the solvent.  

Diffraction peaks located at 2θ = 17.9°, 22.8°, and 25.6° refer to the polyester knitted substrate. 

The diffractogram of PeNCs consists of major peaks at 2θ = 14.80°, 21.1°, 29.96°, 33.50°, 

37.93, 42.81°, and 45.52° corresponding to the crystal planes of (100), (110), (200), (210), 

(211), (220), and (300), respectively. These diffraction peaks correspond to the cubic phase of 

PeNCs with the Pm–3m space group as reported in the literature [308], [284]. In XRD patterns 

of Polyester-PeNCs, the peaks of perovskite appear at 14.80°, 29.96°, 33.50°, 42.81°, and 

45.52° which correspond to the (100), (200), (210), (220), and (300) planes of PeNCs. 

Nevertheless, the diffraction peak intensity is very low due to the low concentration of PeNCs 

on the surface of the polyester substrate [304]. These findings show that high-quality PeNCs 

have been successfully coated on the surface of the polyester substrate.  

X-ray photoelectron spectroscopy (XPS) has been used to record the binding energy and 

composition of different elements. As shown by the XPS spectra, it further confirms the 

presence of Pb and Br in the polyester-PeNCs samples, suggesting the presence of FAPbBr3 

PeNCs on the surface of the flexible substrate.  As can be seen in Figure 6:4a, elements of O 

( 531 eV), C ( 284eV), Pb ( 143 and 138), and Br ( 69) were observed on the surface of 

polyester-PeNCs. However, there is slight vibration to show the peak of elements of N ( 401 
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eV) present on the polyester substrate, because of the small amount of PeNCs as confirmed by 

the XRD analysis. Regarding the Pb 4f spectra (Figure 6:4b), the intrinsic peaks show the 

presence of coated NCs on the surface of the used substrate.  

 

 

Figure 6:4. (a) XPS analysis of (a) PeNCs and polyester-PeNCs. (b) Pb 4f spectra of composite 

flexible structure  

In Figure 6:5, FTIR spectra of PeNCs and polyester coated PeNCs are demonstrated.  

The spectrum shows band 1716 for polyester, 2850 and 2924 cm-1 for PeNCs, and 2854 and 

2926 cm-1 for polyester-PeNCs.  

 

(a) (b) 
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Figure 6:5.  FTIR spectra of PeNCs and polyester coated PeNCs. 

 

Device characterization  

A prototype photodetector device (Figure 6:6a) was developed by using gold wire (electrode) 

stitched into polyester-PeNCs and electric characteristics were examined. This device consists 

of Au (gold wire electrode)/ FAPbBr3 NCs (light absorption layer) / knitted polyester fabric 

(spiral like yarn structures) with distance between two electrodes is 2mm.  

The I-V curves (Figure 6:6b) in dark depicts a typical linear current-voltage behaviour with 

increasing bias, which demonstrates that an ohmic contact is formed between the PeNCs and 

the Au electrode. The outcome of this test shows that perovskite structures formed good 

coordination, which provides good routes for charge carriers. In addition, in the dark the device 

exhibits a very small current on the order of nanoamperes. To fully unlock the full potential of 

this device, several experiments including I-V curves upon light illumination with different 

power densities, time-dependent photocurrent response, response speed of device with light 
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switched ON and OFF, and photoresponsivity and detectivity as a function of light power 

density can be explored.  

  

Figure 6:6: (a) Photograph of the device (b) I-V characteristics in dark. 

6.3 Conclusion 
In conclusion, we synthesized perovskite nanocrystals based polyester knitted structures. When 

the substrate is soaked in the NCs solution, the PeNCs are confined on the surface of the knitted 

yarn bundles. Accordingly, fibrous perovskite materials with controllable shapes and 

dimensions are obtained by simple fabrication techniques.  

 

 

 

 

 

(a) (b) 
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Chapter 7  Conclusions and 

Future work 
Metal halide perovskites (MHP) have received considerable attention in optoelectronic devices 

due to their high optical absorption coefficient, efficient charge carrier mobility, high 

photoluminescence quantum yield (PLQY), and low-cost solution fabrication techniques. MHP 

has been considered important materials by a growing body of research community due to their 

application in solar cells, light-emitting diodes (LEDs), photodetectors (PDs), lasers, and 

nonlinear optics [166].   

This research study summarizes the impact of alkali metal ions on charge carrier dynamics, 

crystallinity, bulk and interface defects, and their ability to influence optoelectronic device 

properties of HPM. In addition, advancements in wearable perovskite devices (e.g., solar cells, 

photodetectors, and light-emitting diodes) concerning their device architectures, working 

mechanisms, and fabrication techniques have been discussed. This study also highlights the 

technical benefits of integrating MHPs into wearable devices. Moreover, the application 

challenges faced by wearable perovskite optoelectronic devices-from single devices to roll-to-

roll manufacturing, stability, storage, and biosafety-are briefly discussed. 

First of all, a focused study was conducted for the fabrication of Cs and Rb cations passivated 

MAPbBr3 perovskite NCs via the LARP method. The alkali metal ions doping replaces the MA 

cations and affects the crystal lattice of MAPbBr3, hence tuning the optical properties of 

MAPbBr3 PeNCs in turn. The results of this study have shown that there are no significant 

changes in the morphology of PeNCs, whereas alkali metal ions doped PeNCs show a reduction 

in size due to crystal lattice contraction. We found that PL intensity increases to a higher value 
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with Rb cations doping than that with Cs due to the more tolerance of the PeNCs for higher 

doping of smaller-size alkali metal ions.  These findings describe an advancement in 

understanding the chemistry and structural stability of perovskite NCs essential for various 

optoelectronic applications. Considerably more work will need to be done to determine the 

long-term effects of alkali metal ions treatments for halide PeNCs.  

Afterwards, the alkali metal ions doped FAPbBr3 perovskite NCs with green emission were 

synthesized by ligand-assisted reprecipitation method under room temperature to reduce the 

surface defects. This strategy of K+/Rb+ was demonstrated to improve the PL emission intensity 

and colloidal stability of the perovskite NCs. The chemical bonding of K+ with the halide ions 

in the solution of NCs to form an inorganic ligand capped outside the NCs surface can help to 

passivate the surface defects in the form of KBr which inhibit the halide phase segregation, 

contributing to stronger radiative recombination. Furthermore, the K+ entered the interstitial 

position of the NCs structure, which increases the structural rigidity and limits the dissociation 

of perovskite NCs, representing remarkable stability for commercial use. The Rb+ cations tend 

to form the non-perovskite phase of RbPbBr3 with an average lifetime of 35.2ns compared to 

62.5ns of K+ samples.   

In another study, the first stable FAPbBr3 NCs-PLLA electrospun composite films were 

prepared via ambient or room temperature conditions and tested for air and water stability. We 

established that this technique is simple, low cost, and robust to fabricate FAPbBr3 NCs that 

are homogenously distributed into the PLLA polymer nanofibres. These PeNCs are effectively 

protected and exhibited similar stabilities against air and water stress as those mentioned in the 

previous studies. Moreover, more than 70% PL intensity is still maintained after 45 days of 

storage.  
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Moreover, another small-scale study for the synthesis of perovskite nanocrystals-based 

polyester knitted structures. When the substrate is soaked in the NCs solution, the PeNCs are 

confined on the surface of the knitted yarn bundles. Accordingly, fibrous perovskite materials 

with controllable shapes and dimensions are obtained by simple fabrication techniques.  

In conclusion, different strategies have been reported for the passivation of PeNCs surface 

defects and extensively study their surface chemistry.  

Future work  

In the recent Consumer Electronic Show 2023, many companies exhibited their boldest and 

most innovative ideas for advanced display or lighting technologies, providing an opportunity 

for the future development of perovskite-based devices. For instance, Samsun and LG 

companies showed a series of large-scale, flexible, and self-lighting display devices. 

Macroblock company presented the use of LEDs for head-up displays in modern cars, which 

shows high brightness characteristics in outdoor environments. Carmaker of Audi revealed the 

car headlight for the interactive human experience by smart lighting and imaging. Meeting 

consumer demands and recent developments of advanced electronics, perovskite nanocrystals 

have great potential in wide colour gamut backlighting and high-resolution full-colour display.  

However, considering the use of perovskite nanocrystals on large-scale, three main obstacles 

still exist to restrict their practical application. First is the batch manufacturing methods. 

Though the fabrication of PeNCs is simple to industrialize, and they show great compatibility 

with different methods including spin-coating, and roll-to-roll techniques, all reports are still 

conducted in labs. Taking PeLEDs as an example, the cost is estimated as 2533 lm per $, which 

is much higher than those of other technologies. Second is the structural and emission stability. 

Currently, the lifetime of the perovskite-based device varies from less than an hour to hundreds, 
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which is far behind the commercial goals. Third is environmental protection. It is expected for 

electronic devices generate metal or non-biodegradable pollutants to the natural environment, 

and heavy metal-based devices are strictly limited by many countries. All perovskite-based 

NCs contain elements of the lead family, which increase the risks of bringing danger to the 

human nervous, cardiovascular, skeleton, reproductive, and immune systems. The development 

of lead-free PeNCs and their devices are necessary, which also need to be focused.   

Looking forward, to fully exploring the potential benefits of doping with various metal ions in 

perovskites, considerably more research work will need to be done for unexplored transition 

and inner transition metals. One of the open and important questions is to find the exact location  

of alkali metal ions, the influence of doping on crystal orientation, and the principle behind the 

improved optoelectronic properties. Considerably more work will need to be done to determine 

the long-term effects of doped metal ions for halide PeNCs. Moreover, recent studies have 

shown that surface defects that appeared by the detachment of ligands can severely reduce the 

PLQY. Therefore, it shows that the nature of surface traps is not fully explored. The type and 

nature of surface traps created by the detachment of ligands need to be assessed.  

For metal halide perovskite NCs, photoluminescence intermittency known as “blinking” is 

another important phenomenon that requires further understanding. This restricts the 

application of these materials in quantum optical devices. Several studies have been reported 

to explain how blinking occurs. These include the effects of photocurrent and Auger 

recombination or the effects of nonradiative recombination centres that could be metastable. 

However, further research work is needed to understand how these defects could be activated 

or deactivated, and whether light could play a role.  
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In addition, multidisciplinary collaboration is required to improve the performance, ambient 

stability, and biosafety to produce flexible and wearable perovskite devices at a large-scale.  In 

the future, further experimental investigations will enable wearable perovskite devices to come 

into daily life. Driven by the advancement of perovskites in textile-based solar cells, 

photodetectors, and light-emitting diodes, further research could also be conducted to explore 

the effectiveness of perovskites for other wearable devices such as X-ray detectors, etc.  
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