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Synopsis 

Organo-metal halide perovskite is currently one of the most far reaching and promising 

materials owing to its exceptional performance in various optoelectronic devices. In particular, 

CH3NH3PbBr3 (MAPbBr3, MA = CH3NH3) thin film and nanomaterial systems have been used 

in various next-generation devices, such as light-emitting diodes (LED), phototransistor, 

photodetectors, solar cells and lasers due to its remarkable characteristics, such as low cost, 

long-range charge transport, tunable optical bandgap, high absorption coefficient and high 

photoluminescence (PL) quantum yield (QY).    

To improve the optical and structural quality of perovskite thin film, various deposition 

techniques and numerous morphology control procedures have been adopted. The film 

morphology has great impact on its transport and optical properties, such as injection, 

separation, and recombination of charge carriers and these are known to be strongly correlated 

to grain size, grain boundaries, molecular packing, and surface roughness of the film. Though 

intensive work is being done on perovskite materials, the detailed analysis of growth model 

and correlation between of microstructural with optical properties of hybrid perovskite 

CH3NH3PbBr3 are not studied properly. We have studied growth kinetics and scaling behavior 

of CH3NH3PbBr3 thin films on various substrates using a vacuum co-evaporation method. 

Among various deposition techniques, vacuum deposition techniques are believed to yield 

smooth, low roughness and uniform film. However, controlling the growth and surface 

morphology of perovskite film using the vacuum co-evaporation method possess several 

fundamental challenges due to its hybrid nature. We evaluate the evolution of the structural 

and optical properties of the CH3NH3PbBr3 thin films grown by vacuum co-evaporation 

method at various substrate temperatures (25–100 °C) and various thicknesses (4–120 nm). 

Although co-evaporation technique provides smooth and uniform perovskite thin film, the 

emission efficiency of bulk perovskite film is very low for the application of optoelectronic 

device and due to its bulk nature, the film is very unstable for practical application. To improve 

the emission intensity and stability, we have synthesized template grown perovskite quantum 

dots (QDs), since QDs are expected to provide high PL emission yield due to quantum 

confinement effect (QCE). The reported PL QY of template grown perovskite nanocrystals 

(NCs) is typically quite low and needs further improvement for device applications.   
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Currently, the research in perovskite nanomaterials is extended to two-dimensional (2D) 

layered perovskite structure by virtue of their appealing features, such as good environmental 

stability, large lateral size, narrow band absorption and emission spectra, long diffusion length, 

long carrier lifetime, and excellent charge transport properties. Layered perovskites are 

generally nanomaterials with micron size lateral dimension and strong QCE in vertical 

dimension, which is responsible for very interesting photophysical properties. For the first time, 

we report a highly reproducible and facile solvothermal route to synthesize perovskite 

nanosheets (NSs) and tailor its thickness and optical band gap by changing the solvothermal 

temperature. Increase in solvothermal temperature enables precise tuning of the thickness from 

14 layers down to 2 layers, giving rise to a systematic shift in the PL peak position towards the 

blue region.  

Though green luminescent perovskites achieved near unity QY long back, achieving a stable 

deep blue emission with near unity quantum yield from halide perovskite has remained a great 

challenge. Incorporating dopants is currently considered as an effective means to broaden the 

practical application of perovskite nanomaterials and to overcome some inherent shortcomings 

such as toxicity, low external quantum efficiency and poor stability. Our newly introduced 

solvothermal route is proved to be an effective route to develop perovskite nanomaterials. 

However, the emission efficiency decreases with decreasing thickness of the NS, To improve 

the emission efficiency, the rare-earth dopants (Ce3+, Tb3+) are introduced inside 

CH3NH3PbBr3 NS. With Ce doping at high concentration, we achieved a deep blue emitting 

NSs with 100 % QY, narrow linewidth (~24 nm), and a color coordinate of (0.145, 0.054) 

closely matching with the standard color Rec. 2020 (0.131, 0.046) specification, making it one 

of the most efficient perovskite blue light emitters reported to date. 

Highly sensitive photodetector is another extremely desirable device in recent times for the 

applications in various fields, such as environmental monitoring, remote sensing, fiber-optics 

communication etc. Reportedly, 2D perovskites are supposed to give better photodetection 

properties compared to 3D/0D structure due to large lateral size and high diffusion length. We 

have done a comparative study on the photodetection properties between solvothermally 

synthesized undoped CH3NH3PbBr3 NS and EuCl3 doped CH3NH3PbBr3 NS. Eu doped 2D 

CH3NH3PbBr3 photodetector exhibits self-biased behavior with photocurrent to dark current 

ratio of ~103 and enhances the responsivity significantly compared undoped perovskite.          
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This thesis encompasses a controlled growth of 3D perovskite thin film, 0D QDs and 2D 

perovskite NS systems for tunable optoelectronic properties and its applications in white/blue 

LEDs and photodetectors. We have developed novel synthetic routes to synthesize high quality, 

stable perovskite nanomaterials with impressive optical properties. We have proposed the 

synthesis of deep blue emitting 2D NSs with 100 % PL QY for the first time by improving the 

material properties. Further, we have achieved high performance, self-biased photodetection 

using 2D Eu3+ doped perovskite NS. We believe that our studies are significant to address the 

current challenges in perovskite research community, such as low stability, toxicity, low 

emission efficiency etc. The thesis work is organized in seven chapters, which is briefly 

discussed below:  

Chapter 1 presents a brief introduction to perovskite crystal structure and properties, 

perovskite thin film deposition methods, challenges with 3D perovskite structure, synthesis 

procedures of perovskite nanomaterials and their applications in optoelectronics. In addition, 

fundamental issues related to growth/synthesis mechanism and optoelectronic properties of 

perovskite is discussed. A brief discussion on the experimental techniques used in this thesis is 

presented and finally the motivation of the present thesis work is addressed in the end.  

Chapter 2 elucidates the controlled growth of vacuum deposited 3D CH3NH3PbBr3 thin film 

and its structural evolution on SiO2 and ITO substrates at various substrate temperatures (25–

100 °C) and various thicknesses (4–120 nm). The growth dynamic of perovskite thin film is 

studied with the help of scaling parameters using atomic force microscopy (AFM), height-

height correlation function (HHCF), X-ray diffraction, UV-vis absorption and PL analyses. For 

the first time, we have investigated the substrate temperature dependent growth front scaling 

parameters for perovskite thin film in the temperature range 50-100 °C and activation energies 

are calculated to be 0.10 eV and  0.15 eV for the film on ITO and SiO2 substrates, respectively, 

which implies an easier diffusion of molecules in case of ITO substrate. The scaling parameter 

dependent optical properties of the perovskite thin film are also addressed in this chapter. 

Chapter 3 presents a novel synthetic route for the template assisted growth of size tunable 

perovskite (CH3NH3PbBr3 and CH3NH3PbI3) QDs. Fluorine doped mesoporous TiO2 (F-TiO2) 

template acts as a template and the nucleation site for the growth of perovskite QDs. We have 

demonstrated the growth of CH3NH3PbI3 and CH3NH3PbBr3 QDs with the size tuned from 1.7 

nm to 5.1 nm inside mesoporous F-TiO2 template by a simple solution processed method. The 

optical tunability of the QDs is quantitatively discussed with the help of Brus equation, which 
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confirms the strong confinement affect. As a result, the enhancement of PL QY from 5 % to 

57 % in CH3NH3PbBr3 QDs and 1 % to 25 % in CH3NH3PbI3 QDs is observed. Low 

temperature PL analysis is also discussed in detail to investigate the excitonic properties of the 

QDs. High optical stability (10 h) of the QDs is inferred to the partial coverage of the QDs by 

TiO2 nanocrystals restricting its complete exposure to the external environment. 

In Chapter 4, we have discussed about the structural evolution of 2D perovskite nanomaterials 

synthesized using a novel, highly reproducible, and facile solvothermal route. Precise tuning 

of the NS thickness (18.5–1.2 nm) is discussed using AFM and TEM analyses. We have 

qualitatively discussed the growth mechanism of the NS based on the classical theory using 

XRD analysis. Systematic tuning of the bandgap from green luminescent nanorods to cyan 

luminescent 2D QDs is observed simply by varying the solvothermal temperature with a 

maximum PL QY of ~84 %. Further, practical applications of the synthesized NS are explored 

as white light converter and photodetector. The 2D perovskite photodetector exhibits a stable 

and very fast rise/fall time (24 μs/103 μs) along with high responsivity and detectivity of ∼1.93 

A/W and 1.04×1012 Jones, respectively. The efficacy of the current solvothermal method for 

fast, convenient, and controllable synthesis of the large-area, stable 2D perovskite layers and 

their uses in various optoelectronic devices are demonstrated in this chapter.  

In Chapter 5, we have addressed the doping of rare earth elements in the 2D perovskite NS 

for high performance optoelectronics. Two-dimensional layered structure of the perovskite NS 

allows easy and effortless substitution of the rare-earth dopant ions Ce3+ and Tb3+. Size 

(thickness) tunability of the NS in the range 8.4–1.6 nm with increasing doping concentration 

is discussed based on TEM and AFM analyses. Characteristic diffraction peaks corresponding 

to 2D perovskite phases at low angles (2θ<14.81º) are observed in the rare-earth ion doped NS 

confirming the formation of pure layered structure. The excitonic absorption peak of the NS is 

tuned by 42 nm and 86 nm to the deep blue region with Ce3+ and Tb3+ doping, respectively, 

mainly due to strong quantum confinement effect. We also achieved 100 % emission efficiency 

from the blue 2D nanoplatelet with narrow line width (~24 nm) and a color coordinate of 

(0.145, 0.054) closely matching with the standard color Rec. 2020 (0.131, 0.046) specification, 

making it one of the most efficient perovskite blue light emitters reported till date. Multiple PL 

peaks appear at low temperature due to the coexistence of ordered and disordered orthorhombic 

phases. We have investigated the role of dopants in the achieving the high QY and deep blue 

emission in 2D perovskite using density functional theory (DFT) based calculation of its 

electronic structure. The experimental results are fully supported by the DFT calculation 
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results. Due to decrease in formation energy in the doped 2D NS, the stability of the perovskite 

NS increases post Ce and Tb doping. 

In Chapter 6 we have presented the performance of Eu3+ doped 2D perovskite NS based 

photodetectors. Evolution of perovskite NS from 10 layer thickness to monolayer QDs with 

increasing Eu3+ doping concentration is addressed with the help of TEM and AFM analyses. 

Due to smaller size of Eu3+ dopants than the host Pb2+, the doped system has less strain 

compared to undoped system with desirable morphology and properties. We have studied the 

performance of europium doped perovskite photodetector in detail and compared it with the 

undoped one. Eu3+ doped 2D perovskite photodetector exhibits self-biased photocurrent, high 

switching ratio (~103), fast response time (17.5 μs/ 38.5 μs), high responsivity (5.29 A/W) 

under 405 nm laser excitation. The rise and fall times are ~3 times and ~4.4 times faster in the 

doped device compared to that of the undoped one due to efficient charge separation and 

passivation of trap states with the introduction of lanthanide ion in the perovskite crystal. The 

Eu3+ doped perovskite photodetector shows excellent operational and storage stability, suitable 

for practical applications.    

Chapter 7 presents the summary and highlights of the contributions of the present thesis. 

Future scope of work on the perovskite nanomaterials for the optoelectronics application are 

also presented in the end. 
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Chapter 1 

Introduction 

Over the past decade, metal halide perovskite materials are at the cutting edge of the 

optoelectronics field due to their exciting and favorable characteristics that surpass the previously 

achieved device efficiency at an unprecedented rate. Perovskite has emerged as a new class of 

revolutionary materials within a short period of time courtesy to its superior optical and electrical 

properties and easy manufacturing. In just five years, the power conversion efficiency of 

perovskite solar cells have reached from 3.4 % to 22.1 % whereas, other solar cells took decades 

to reach that efficiency. Interestingly, in conjunction with excellent performance in photovoltaic 

devices, perovskite materials have been found to be a good candidate for light-emitting devices by 

virtue of their good balance of various properties. Particularly, low-dimensional perovskite 

materials have sparked massive attention due to their superior optical properties and render them 

as highly appealing for a plethora of optoelectronic applications. Inspired by the rapid progress in 

graphene and MoS2 as prototype two-dimensional (2D) materials, recently, 2D perovskite has 

emerged as a new member in the family of 2D materials. It is of fundamental interest to have a 

detailed understanding of the various growth techniques of perovskite nanostructures, doping 

strategy, and its effect on shape, size, bandgap and other properties of the material. A through, 

understanding of its physical properties is necessary for the development of photovoltaic and 

optoelectronic devices. In this chapter, we briefly review important features of perovskite thin film 

and nanostructures, various techniques used for the growth of shape-controlled perovskite 

nanostructures and the fundamental issues related to the controlled growth of halide perovskite 

nanostructures. We also highlight the doping mechanism and its effect on the stability, 

photophysical properties, and optoelectronics application of perovskite materials. The existing 

challenges, along with the focus of the present thesis and the outline of the thesis are described at 

the end of the chapter. 

1.1. Crystal Structure of Metal Halide Perovskite 

The name perovskite is used for wide range of earth abundant materials having stoichiometry of 

ABX3, where A is any organic or inorganic cations (typically, CH3NH3
+, Cs+, Rb+ etc.), B can be 
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any divalent metal ion (Pb2+, Sn2+ etc.) and X is halide anions (Cl-, Br- and I-). The name perovskite 

was chosen in honor of eminent Russian mineralogist, Count Lev Alexevich von Perovski. 

Perovskite crystal structure was first discovered inside a meteorite containing CaTiO3 (calcium 

titanate) in the Ural Mountains by geologist Gustav Rose in 1839. Oxide perovskite (ABO3) was 

the first family of perovskite and has been widely studied in the 20th centuries on account of their 

interesting magnetic and dielectric properties. However, since last decade, there has been an 

explosion of research activity on the metal halide perovskites due to their fascinating optical 

properties, low-cost synthesis, and remarkable device performance. In its stable form, metal 

perovskite has a cubic structure with corner-sharing BX6 octahedral and A cation positioned in the 

cuboctahedra voids. However, metal halide perovskites undergo one or two phase transitions with 

the variation of temperature.  

 

Fig. 1.1. Crystal structure of cubic phase of (a) ABX3 perovskite and (b) CH3NH3PbBr3 perovskite. 

 

The probability of forming (or not) a perovskite structure is generally estimated using the 

Goldschmidt tolerance factor (t) and the octahedral factor (µ)[1]. t and µ are defined as, 𝑡 =

(𝑟𝐴 + 𝑟𝑋) √2⁄ (𝑟𝐵 + 𝑟𝑋) and 𝜇 = 𝑟𝐵 𝑟𝑋⁄ , where rA, rB and rX are the ionic radii of A, B and X 

constituents. For stable perovskite structure, the tolerance factor, t should be nearly equal to 1, 

however, empirical condition for cubic perovskite structure is found to be 0.80 <t < 0.90 and 0.40 

<µ < 0.90[1]. The main perovskite structure used in this thesis is of the form CH3NH3PbBr3 

(CH3NH3=MA, MAPbBr3), where A site is occupied by organic cation MA and crystal structure 

is presented in Fig. 1.1. t and µ factors for MAPbBr3 are 0.84 and 0.61 (rMA = 1.8 Å, rPb = 1.19 Å 

and rBr = 1.96 Å), respectively, indicating a stable cubic structure at room temperature. Note that 
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these factors do not consider ionic or covalent-bonding interactions, vibrational motion, or 

hydrogen bonding which may distort the symmetric cubic structure[2]. The crystal structure of 

MAPbBr3 perovskite changes with temperature. Orthorhombic phase is the low-temperature 

ground state of MAPbBr3, which is stable up to 145 K[3]. It maintains tetragonal phase in the 

temperature range 145 K to 237 K and with increasing temperature, it stabilizes to a more 

symmetric cubic phase (> 237 K)[3].  

In contrast to 3D ABX3 perovskite structure, layered perovskite structure has the general formula 

of (RNH3)2An−1BnX3n+1 where n is any definite integer[1]. n=1 and infinity correspond to pure 2D 

layered and 3D perovskite structure, respectively. Conceptually, low dimensional perovskite is 

derived by cutting the inorganic 3D network of three-dimensional ABX3 perovskite structure into 

smaller pieces. In the 2D structure, due to large A cation size the cubic symmetry is broken and 

the 3D structure is separated along <001> or <110> directions (Fig. 1.2)[4]. For lead halide 

perovskite, layered perovskite structure is formed typically when A cation size exceeds 2.6 Å[1].   

 

Fig. 1.2. Illustrated image of layered 2D perovskite crystal structure. Adopted from Ref. [4] 

1.2. Band Structure of Metal Halide Perovskite 

Metal halide perovskite has a direct bandgap nature due to its crystal symmetry. Theoretically, 

bandgap of a material is determined by the difference between the highest and the lowest occupied 

molecular orbital energy levels, called as valence band maxima (VBM) and conduction band 
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minima (CBM), respectively, in semiconductor physics. VBM of metal halide perovskite is 

reported to be anti-bonding hybrid state of the metal s and halide p orbitals from the first principles 

electronic structure calculations[5]. Hence, all the electronic and optical transitions are occurred 

mostly within the inorganic (PbBr6) octahedron[2]. Organic cation does not have much influence 

in the band structure of the perovskite but it can modulate the band by controlling the lead-halide 

bond distance. The conduction band minimum (CBM) is affected by the hybrid of metal p and 

halide p orbitals and bonding between s and d states of Pb[6]. Therefore, VBM is mostly anti- 

 

Fig. 1.3. Schematic diagram of the band structure of defect intolerant conventional semiconductors and defect tolerant 

perovskite materials. Adopted from Ref. [7] 

bonding type and CBM exhibits non-bonding type bond. The conduction band is less affected by 

the structural distortions or other factors due to poor orbital overlap. Any change in the perovskite 

lattice or say Pb-X (X=Cl, Br and I) bond destabilizes the VBM. But, the defect electronic states 

mostly stay near the valence band edge or within it because of anti-bonding VBM. This makes the 

perovskite structure more defect tolerant and thus external factors do not put negative impact on 

the optoelectronic properties unlike other inorganic semiconductors, as shown in Fig. 1.3[7]. A 

change in the halide composition of the perovskite from Cl to Br to I results in the change of the 
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valence orbital from 3p to 4p to 5p, respectively, causing a systematic reduction in the bandgap 

from ~ 3.0 eV to 1.55 eV[8]. Changing the ratio of I-Br or Br-Cl can tune the optical bandgap of 

the perovskite due to comparable ionic size, but replacing I by Cl does not tune the bandgap 

significantly due to large size difference. This is one of the significant advantages of perovskite 

structure, which allows bandgap tuning from UV to visible to infrared region just by replacing the 

halide ions.   

1.3. 3D MAPbX3 Perovskite Thin Film 

Perovskite materials have emerged as a new research paradigm since 2009 for the photovoltaic 

and optoelectronic applications. Easy tunability of bandgap of the perovskite enforces the research 

community to tune the morphology of the organic-inorganic halide perovskite by decreasing the 

dimension. Crystal structure of perovskite is highly dependent on chemical composition, 

temperature and synthesis procedures. Over the years, various deposition techniques have been 

developed for MAPbX3 thin films to overcome the shortcomings. To increase the device 

efficiency, surface morphology, thickness and grain size of perovskite thin film have been 

modified through controlled deposition methods[9]. Here we will briefly discuss about some of 

the main scalable MAPbX3 perovskite thin film deposition methods.    

1.3.1. Spin Coating Method 

Spin coating is the most widely used and one of the simplest deposition methods for the perovskite 

thin film. In one-step spin coating method, the precursor materials MAX and PbX2 are mixed in a 

single polar solvent, typically N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO) or 

gamma-butyrolactone (GBL). The solution is stirred for few hours at room temperature or low 

temperature (~60 ºC) to mix the precursors properly and spin coated on the substrates at high speed 

(see Fig. 1.4(a))[10]. Then the substrate is annealed to form the perovskite later. The one-step spin 

coating method was first developed by Kojima et al. in 2009 for the fabrication of MAPbI3 

sensitized solar cell[11]. In the two-step spin coating method, first reported by Im et al., the 

preparation of single solution is not needed[12]. However, MAX and PbX2 solutions are separately 

prepared in the proper solvents. First MAX solution is spin coated on the substrate followed by 

waiting for ~10-30 second followed by spin coating of PbX2 solution (see Fig. 1.4(a))[10]. 

Subsequently, the substrate is placed on the hot plate for annealing. The rotational speed, time and 
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viscosity of the solution determine the thickness of the thin film. The spin coating method was first 

used to deposit hybrid (C6H5C2H4NH3)2PbI4 layered perovskite in the year 1994[13]. To improve 

the film quality, modified spin coating method has been developed, such as hot casting process, 

anti-solvent washing/solvent engineering, gas quenching, anti-solvent/solvent extraction etc. In 

the hot casting approach, the substrate is heated prior to spin coating and the precursor solution  

 

Fig. 1.4. Various deposition methods of perovskite thin film: (a) Spin coating method, (b) Blade coating method, (c) 

Vapor assisted solution process and (c) co-evaporation method. Adopted from Ref[10, 14]  

was also maintained at 70 ºC which enforces rapid crystalline growth during deposition[15]. The 

solvent engineering approach is a slight modification to the spin coating method, where any non-

polar anti-solvent (toluene, chlorobenzene, or diethyl ether) is dripped on to the substrate while 

spinning. Addition of anti-solvent accelerates the super-saturation of the precursor solution which 

in turn increases the nucleation process giving rise to uniform film[16]. Though spin coating 

method is useful for lab scale studies for small area devices, however, it has some bottlenecks 

when it comes to large-scale production or commercialization. Due to different miscibility of the 

precursor materials, the crystallization rate is different for various components in a single film and 
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inadequate control over the crystal growth also leads to poor coverage, pinholes and cracks in the 

film. 

1.3.2. Blade Coating   

In this method, a blade is moved across the surface to spread the precursor ink on the substrate to 

form wet thin films, as shown in Fig. 1.4(b)[14, 17, 18]. The thickness of the film depends on the 

concentration of precursor ink, blade-moving frequency, and the gap between blade and substrate. 

It is a scalable technique and used for roll-to-roll production of perovskite solar cells. Previously, 

this method was used for polymer solar cells and first perovskite solar cell fabrication using blade 

coating was reported by Kim et al. with power conversion efficiency (PCE) of 10.44%[19]. A 

maximum of ~ 20 % power conversion efficiency is achieved in perovskite solar cell using blade 

coating method[20, 21]. Generally, blade coated perovskite thin films are homogeneous, pinhole 

free, polycrystalline in nature. However, the ink space in blade coating method is not fully enclosed 

which opens the possibility of change in ink chemistry over time. Blade coating is not only used 

for the deposition of uniform film but the crystal orientation direction could also be controlled in 

the direction of blade. Hence this method can be used to prepare single crystalline structure[17, 

22]. This method still has some limitations for the deposition of uniform thin film due to complex 

fluid dynamics and formation intermediate phases that coexist during the crystallization 

process[23].   

1.3.3. Vapor Assisted Solution Process 

It is hybrid sequential method with a combination of vacuum deposition and solution process. 

PbX2 film is first deposited using spin coating method and then the film is kept in MAX vapor 

environment by sprinkling MAX powder around the film in a capped petri dish to induce gas-solid 

crystallization process (see Fig.1.4(c))[10]. However, a dissolution process may occur during the 

second step since the formed MAPbBr3 may be ionized under Br rich environment and further, 

recrystallizes with increased duration. Hence, MABr deposition duration, temperature and quality 

of the inorganic film are very crucial for the high-quality perovskite film. A maximum external 

quantum efficiency (EQE) of ~ 4.36 % is achieved using this method for MAPbBr3 LED[24]. 

Alternatively, PbX2 film can also be prepared using any physical vapor deposition (PVD) or 

chemical vapor deposition methods. In the second step, MABr can be introduced to the film in the 
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form of powder, solution or vapor to convert the inorganic layer to hybrid halide perovskite[25-

29]. However, proper diffusion of the organic component while reacting with the compact 

inorganic film is still challenging in two-step methods[23]. 

1.3.4. Vacuum Deposition Technique 

Various vacuum deposition techniques such as co-evaporation, sequential deposition, CVD, PVD, 

flash evaporation have been adopted to prepared uniform perovskite bulk film. Vacuum deposition 

method has many advantages in comparison to the solution process, such as uniform, pinhole free, 

low roughness film without using any toxic solvent. During co-evaporation method, two solid 

precursors MAX and PbX2 are kept in separate crucibles and heated under vacuum till the required 

sublimation temperature is reached(see Fig. 1.4(d))[10]. Under high vacuum, the precursor 

materials slowly evaporate, diffuse and then assemble at substrates to form perovskite crystal[9]. 

This method allows controllable fine-tuning of the film thickness. Liu et al. first reported co-

evaporation of MAI and PbCl2 to fabricate perovskite solar cells with PCE ~ 15.4 %[30]. MAPbBr3 

perovskite LED fabricated using co-evaporation method achieved an EQE of ~ 0.06 %[31]. In the 

sequential deposition method, MABr is deposited on pre-deposited PbX2 film. In flash evaporation 

method, a tantalum heater foil is pre-coated with perovskite and then it is placed in a vacuum 

chamber to feed it by a strong current. In the process, perovskite film is deposited within few 

second due to high current without any decomposition[32]. The film thickness is controlled by the 

amount of the precursor material and the distance between heater to substrate. This method can 

deposit organic-inorganic halide, all inorganic, layered 2D perovskites with different A 

cations[33]. CVD is used in industrial process to fabricate large area devices. High-quality 

perovskite film can be formed using CVD in a low-pressure environment and EQE of 0.02 % is 

achieved from metal halide perovskite LED[34]. Even though vacuum deposited perovskite thin 

films show low roughness, highly-uniform morphology, the luminescence efficiency is inferior 

compared to solution-processed film. During evaporation, some unreacted precursors may stay in 

the perovskite film, which induce non-stoichiometry and limit the luminescence efficiency.  

1.3.5. Challenges in the Growth of Perovskite Thin Film   

Despite the availability of various deposition methods, there are still several challenges for the 

controlled growth of thin film to fully explore their optoelectronics application. To reach the 
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record-setting device efficiency, careful attention is required at each step of the growth processing. 

Electroluminescence (EL) efficiencies of 3D perovskite LEDs are still very low compared for 

commercialization. Low photoluminescence (PL) quantum yield (QY) of bulk perovskite film is 

attributed to easy dissociation of excitons due to low exciton binding energy, large grain size. Even 

the small grains of metal halide perovskite film contains many grain boundaries, pinholes, and 

defects which severely increase the leakage current and non-radiative recombination resulting in 

the reduction of the luminescence efficiency of the perovskite LEDs. 3D bulk films are very 

unstable in ambient conditions and easily decompose, which needs to be addressed. In comparison, 

nanostructured perovskites exhibit better ambient stability and are thus a subject of intense 

research. 

1.4. Organometal Halide Perovskite Nanomaterials 

Reducing the size of the semiconductor materials is one of the popular and effective approaches 

to manipulate photophysical properties. Ever since the discovery of MAPbBr3 quantum dots (QDs) 

in 2014, perovskite nanomaterials have aroused great attention in a very short period. Perovskite 

nanomaterials have become one of the important divisions of nanomaterial-based optoelectronics 

devices due to their excellent device performance. Here, we have briefly discussed various organic 

 

Fig. 1.5. MAPbX3 metal halide perovskites with different dimensionalities. Adopted from Ref. [35] 

-inorganic halide perovskite (MAPbX3) nanomaterials, their synthesis procedures and 

applications. Fig. 1.5 shows the morphological and molecular level illustration images of MAPbX3 

perovskite with decreasing dimensionality from 3D bulk film to 2D nanoplatelets, 1D nanorods, 
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0D quantum dots to obtain quantum confinement effect, which strongly influences its 

photophysical properties. 

1.4.1. 2D Layered MAPbX3 Perovskite 

In the layered perovskite, 3D cubic symmetry is broken by separating the inorganic octahedral 

layer in the <100> or <110> direction with the introduction of large A cations or long-chain 

ligands[1]. 2D layered structure can also be prepared with MAPbX3 composition by reducing the 

thickness to form 2D nanoplatelets, nanosheet (NS), and nanodisk[36-38]. The number of sheets 

of inorganic layers decides the layer number of the 2D perovskite, which are attached with weak 

Van der Waal force, but are fundamentally different from other 2D semiconductors[1]. The 

restriction only along one dimension of 2D perovskite results in advantages of quantum 

confinement effect of 1D with higher exciton binding energy and low defect density[39]. Along 

with this, it retains high carrier mobility along horizontal direction due to its large lateral size[40]. 

The structure of the layered perovskite nanostructure can be considered as quantum-well like with  

 

Fig. 1.6. Synthesis of 2D MAPbX3 perovskite NSs: (a,b) LARP method, (c) vapor-phase conversion method. Adopted 

from Ref. [41-43] 

inorganic sheets and organic molecules act as wells and barriers, respectively. Different dielectric 

environments of the wells and barriers increase the electron-hole interaction giving rise to 
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enhanced binding energy and reduced forbidden electron transition contributing to high 

luminescence efficiency[1]. Synthesis of 2D layered perovskite has been carried out by both 

solution process and vapor deposition methods, some of them are discussed here.  

1.4.1.1. Solution Process 

This is one of the most commonly used techniques to grow nanostructured perovskites. Initially, 

colloidal perovskite nanoplatelets were observed during optimization of QDs synthesis 

parameters. A higher amount of capping ligand in the precursor solution during synthesis results 

into the formation of nanoplatelets with high PL QY[44, 45]. Ligand assisted reprecipitation 

(LARP) method is also hugely used for the synthesis of perovskite nanomaterials through the 

careful selection of capping ligands and solvents (see Fig. 1.6(a)). Cho et al. modulated the layer 

thickness of the MAPbBr3 perovskite nanoplatelet by changing the chain length and concentration 

of the added alkylammonium cations using the modified LARP method[46]. Ling et al. fabricated 

LED based on MAPbBr3 perovskite nanoplatelets using modified LARP method with brightness 

up to 10,590 cd/m2[44]. Using the room temperature colloidal method, Manna and coworkers 

finely tuned the thickness of the perovskite nanoplatelets from 3 to 5 layers at low reaction 

temperature[47]. Similar to LARP method, Feldmann et al. synthesized MAPbBr3 nanoplatelets 

by adding dilute solution of PbBr2, MABr and n-Octylammonium bromide (OABr) in DMF into 

vigorously stirred toluene (see Fig. 1.6(b))[43]. Long chains of octylammonium suppress the 

crystal growth in one direction and changes the thickness, and PL of the perovskite nanoplatelets 

is tuned by tuning the ratio of MABr to OABr[43]. Ogale et al. synthesized 2D MAPbX3 NSs 

using electrospray technique in conjunction with anti-solvent extraction by intercalation via host-

guest chemistry[48]. Regardless of the inhomogeneous distribution of solution-processed 

perovskite NSs, interesting optical properties make it feasible for optoelectronics applications. The 

main advantage of LARP method is that it is a low-temperature synthesis process and can be 

performed in ambient condition[49]. However, its main drawback is that polar solvent which is 

used during the synthesis process may dissolve in the perovskite nanomaterials during 

purification[49].   

1.4.1.2. Vapor Deposition Method 
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Compared to the solution process, in-situ growth of layered perovskite on different substrates 

makes it available for direct use in devices. Xiang and coworkers were the first ones to report the 

fabrication perovskite NS based solar cells and lasers using two-step CVD method[50]. Bao et al. 

combined solution process and vapor-phase conversion method to synthesize monolayer 2D 

MAPbI3 nanoplatelet for the fabrication of photodetector (see Fig. 1.6(c))[42]. Shi and coworkers 

prepared single-crystalline ultrathin large-scale MAPbCl3 NS using CVD method and identified 

the favorable role of weak Van der Waals film−substrate interaction on the nucleation and growth 

of the two-dimensional morphology out of non-layered materials compared to conventional 

epitaxy[51]. The deposition of hybrid perovskites is still challenging in vacuum deposition 

method. 

1.4.2. 0D MAPbX3 Perovskite Nanoparticles 

Perovskite NPs show superior optoelectronic properties compared to their bulk counterparts due 

to a large surface to volume ratio, strong quantum confinement effect, high exciton binding energy. 

Exceptional light generation ability of perovskite nanoparticles (NPs) has attracted sustained 

interest for the development of commercial display devices due to their unique optical properties 

such as narrow emission bandwidth, unity PL QY, high ambient stability, etc. Since the discovery 

of the first CsPbX3 perovskite nanocrystal, it has become a hall of fame and wide variety of 

perovskite NPs have been synthesized via various solution processes. Due to the temperature 

instability of organic cation, the synthesis of MAPbX3 NPs is conducted at low temperatures. One 

of the remarkable properties of perovskite material, as opposed to conventional semiconductors, 

is its low formation energy enabling the preparation of perovskite NPs merely at room temperature 

just by mixing or grinding the precursor materials. Here, we will briefly discuss various synthesis 

procedures of MAPbX3 NPs and their properties.  

1.4.2.1. Template Assisted Growth 

Considering the strategy for the synthesis of other QDs, MAPbBr3 NPs were first synthesized 

using mesoporous Al2O3 film by Miyasaka and coworkers in 2012[52]. DMF solution comprising 

of bulk perovskite was spin coated on porous Al2O3 film and perovskite nanoparticles are formed 

due to rapid self-organization inside the pores during annealing process. In 2015, Bolink et al. 

modified this method slightly to achieve high PL QY by first mixing precursors MABr, PbBr2 and 
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Al2O3 nanocrystal and then spin coated the solution on glass or quartz substrate[53]. MAPbBr3 

NPs size can be tuned by varying the template pore size. Additionally, mesoporous silica and TiO2 

have also been used for the growth of perovskite NPs[54]. Even without the use of any ligands, 

template assisted grown MAPbBr3 NPs show >50 % PL QY due to the intrinsic tolerance of 

electronic structure to the defects of the template grown materials[55].  

1.4.2.2. Hot Injection Method 

Perez-Prieto and coworkers who did pioneering work by preparing colloidal MAPbBr3 NPs 

employed a non-template synthesis method[45]. They used widespread hot injection method for 

the synthesis of 6 nm sized MAPbBr3 NPs. Typically, PbBr2 and MABr precursors were first added 

into a non-coordinated solvent system, octadecylene (ODE) combined with oleic acid and 

octylamine (OA) in sequence[39]. After a short period, light yellow nanoparticles were 

precipitated out with the addition of acetone. Here, the long-chain ammonium and acids acted as 

capping ligands which endow stability in QDs solution and restricts the crystal growth. Though 

high luminescence properties of perovskite NPs is achieved using this method, poor crystallinity, 

presence of impure phase, instability in polar solvent and temperature make it unattractive for the 

synthesis of organometal halide perovskite NPs. However, pure inorganic perovskite NPs prepared 

via hot injection method exhibit very impressive photophysical properties.  

1.4.2.3. Ligand Assisted Reprecipitation Method 

To overcome poor solubility of MAPbBr3 perovskite precursors in octadecylene, Dong et al. 

synthesized colloidal MAPbBr3 NPs by incorporating n-octylamine and oleic acid as ligands into 

the reprecipitation process with absolute PL QY up to 70 %[41]. This room temperature synthesis 

method is widely used for the synthesis of organometal halide perovskite due to low cost and easy 

processing. Slight increment in precipitation temperature increased the PL QY up to 93 % due to 

increased crystallinity of NPs and the efficient surface passivation of long-chain ligands[56]. 

Zhong and coworkers further studied the role of the key parameters (sequence of solvent mixing, 

solvent ratio, amount of ligands, etc.) which determine the degree of super-saturation to refine the 

size and shape of the colloidal perovskite NPs following the reverse LARP approach by changing 

the sequence of mixing the solvents[57]. Toluene was slowly added in the DMF precursor solution 

to prepare single-crystalline MAPbBr3 nanocubes and nanowires[57]. LARP is simple room 
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temperature synthesis method for the production of NPs with high PL QY. However, the as-

prepared NPs are very difficult to separate from the reaction solution due to the instability in polar 

solvents hindering their applications in high performance devices[58]. 

1.4.3. 1D Organometal Halide Perovskite Nanowires 

Along with 2D layered perovskite and 0D nanoparticles, 1D perovskite nanowire or nanorod is 

another important nanostructure as it is an excellent candidate for the optically pumped laser 

application due to its great optical properties and strong isotropy. Zhu et al. developed a surface-

initiated solution growth strategy of MAPbI3 nanowire using lead acetate (PbAc2) solid thin film 

deposited on glass substrate in contact with a high concentration MAX solution in isopropanol at 

room temperature with lasing QY approaching 100 %[59]. MAPbI3 nanowires were developed by 

low-temperature solution-processed crystallization using a simple slip-coating method[60]. Yang 

et al. accomplished direct growth of vertical MAPbBr3 nanorod array by coating a saturated 

methanolic solution of lead acetate onto PEDOT:PSS coated ITO/glass substrate and fabricated 

the first hybrid perovskite nanorod array LEDs[61].  

1.5. Doping in Organometal Halide Perovskite 

Doping, surface engineering, interface engineering or other strategies have been adopted 

extensively to overcome the drawbacks which are present in pristine perovskite, such as the high 

non-radiative recombination from surface defects, charge-carrier injection barrier caused by 

trapping defects, low-efficient blue LEDs, toxicity and so on. Doping of impurity ions provides an 

effective way to solve these issues by stabilizing the crystal structure and improving the 

optoelectronic properties. Ionic nature of ABX3 type perovskite endows easy incorporation of 

dopants in the host crystal. Most of the dopants do not introduce deep trap levels as they do in 

other conventional semiconductors due to defect tolerant nature of perovskite[7, 62-66]. Though 

intensive doping study is going on inorganic CsPbX3 perovskite, but volatile nature of hybrid 

perovskite in an exposed environment makes the doping process quite challenging in MAPbX3 

type perovskite. However, the low bandgap phase of inorganic perovskite (CsPbI3) is not ideal for 

luminescent perovskite phase, since it easily transforms from the perovskite phase to wider gap 

yellow phase[67-69]. Dopants in the MAPbX3 perovskite may replace organic cation, Pb site ion, 

or halide anion depending on the size of the dopants. MA can be replaced by monovalent cations 
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and Pb ions should be replaced by other bivalent or heterovalent metal ions. Commonly used A 

site cations are MA+ (2.70 Å), formamidinium (FA+) (2.79 Å) and inorganic cesium (Cs+) (1.88 

Å)[67]. Among these, the size of MA cation is perfect for perfect cubic structure, but it suffers 

from unsatisfactory thermal stability[70, 71], whereas, inorganic Cs cation is much more stable at 

high temperature allowing high-temperature synthesis procedure. The sizes of other organic 

cations such as rubidium (Rb+) and potassium (K+) are very small to form stable perovskite 

structures[67]. However, Rb doped mesoporous perovskite solar cell 

(FA0.8MA0.15Rb0.05PbI2.55Br0.45) was fabricated by Zhang et al. via gas quenching method and 

achieved a remarkable PCE of 19.6 % [72].  

Mixed halide perovskite is an effective way to tune the bandgap of perovskite over UV to infrared 

region. Kumawat et al. first reported the mixed halide-based blue MAPb(BrxCl1−x)3 (0 < x < 1) 

perovskite LED in 2015 with tunable emission from sky blue to blue region by changing the halide 

from Br to Cl ratio[73]. Though the device performance was poor, but they achieved 

electroluminescence (EL) at 482 nm by employing MAPbBr1.08Cl1.92 as the active layer. By 

increasing Cl content, Shi et al. demonstrated deep blue emission at 450 nm but EL was observed 

only at low temperature[74]. Though adding Cl in MAPbI3 based perovskite does not change the 

bandgap, but it has a strong impact on carrier mobility and carrier’s thermalization time[75]. 

Huang and coworkers observed improvement in carrier mobility (560 cm2V-1s-1) with Cl doping 

in MAPbBr3 single crystal and presented high-resolution gamma-ray energy spectrum detection at 

room temperature under small electric field[76]. Wang et al. fabricated blue LED by adding ethyl 

ammonium bromide in MAPbBr3 and achieved a maximum EQE of 2.6 % at 485 nm[77].  

Substitution of Pb site ion by other ions should fulfill both the criteria of tolerance and octahedral 

factors to form perovskite structure. Tremendous efforts have been devoted to incorporate 

transition metals (Mn2+, Cu2+, Fe2+, Zn2+), metalloids (Sn2+, Bi3+) and lanthanide materials (Ce3+, 

Eu3+, Yb3+, etc.), etc. in the halide perovskite crystal[78-83]. Sn2+ was the first candidate to be 

considered as a replacement of Pb2+ in MAPbX3 to reduce the lead toxicity[81, 82]. But Sn doped 

perovskite crystal was found to be very unstable in nature since Sn2+ quickly oxidizes to Sn4+ upon 

exposure to atmosphere[78]. Kanatzidis et al. extended the light absorption to near-infrared region 

(~1050 nm) with anomalous bandgap behavior of Sn doped CH3NH3Sn1-xPbxI3 alloys[81]. To 

overcome the facile oxidation of Sn2+, Yan and coworkers developed a new strategy by combining 
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FASnI3 with MAPbI3 and the best-performing cell achieved a PCE of 15.08 % with negligible 

hysteresis[84]. Bakr et al. incorporated other trivalent ions, such as Bi3+, Au3+, or In3+ into 

MAPbX3, and observed doping-induced band gap tuning and considerable enhancement of 

electrical conductivity by 104-fold for Bi-doped bulk crystals[85]. The bandgap of the pristine 

perovskite crystal was found to be narrowed down with the increase in Bi3+ dopants amount. 

However, Snaith et al. subsequently claimed that the incorporation of Bi3+ could not lead to 

bandgap narrowing in MAPbBr3 crystals and the previously observed bandgap change is just a 

misinterpretation from light transmission measurements resulting from the significant increase in 

the sub-bandgap density of states[80]. Wang et al. fabricated Nd3+ doped MAPbI3 perovskite solar 

cell with PCE of 21.15 % due to the reduction in trap states, prolong charge carrier lifetimes, and 

high charge carrier mobility[86]. The doping of Eu2+ ions into the MAPbI3 perovskites enhances 

both the stability and PCE of solar cells[87]. Doping study in organometal halide perovskite is less 

explored compared to inorganic perovskite due to the instability of organic cation. However, there 

still remain a large number of elements that can be explored as dopants to improve the device 

performance of organometal halide perovskite.      

1.6. Applications 

Low-dimensional perovskite material is widely used in the optoelectronics field and has generated 

extensive interest as a material of choice for a variety of applications (see Fig. 1.7). Due to 

excellent emissive properties, MAPbBr3 nanomaterials are mostly studied in the LED, 

photodetector and laser fields with limited studies in solar cells.  

1.6.1. Dye-Sensitized Solar Cells 

There are countless research articles on perovskite thin film based solar cells, but only a few report 

target perovskite nanomaterial-based solar cell. Zhang et al. reported that lowering the dimension 

of perovskite from 3D to 2D till 1D potentially improves charge transport behavior due to a slower 

recombination rate[88]. 1D perovskite nanowires are also found to be a good light absorption layer 

in perovskite solar cells and show better performance compared to perovskite NPs. Grätzel’s group 

reported the first perovskite nanowires-based solar cell and the device showed a photocurrent 

density of 19.12 mA/cm2 at the voltage of 1.052 V, and a fill factor of 0.721, leading to a PCE of 

14.71 %[89]. Perovskite QD sensitized solar cell was first demonstrated by Park’s group in 2011 
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with a PCE of 6.54 %, a record value at that time. Kojima et al. fabricated MAPbX3 (X = Br, I) NP 

based solar cell having the device structure of MAPbX3/TiO2 using lithium halide and halogen as 

redox couple and achieved 3.13 % and 3.81 % efficiency in MAPbBr3 and MAPbI3 solar cells, 

respectively[11]. Mali et al. fabricated solar cells using different sizes of MAPbBr3 NPs using 

PTAA (poly triarylamine, a high hole mobility polymer) and Spiro-MeOTAD polymers as hole 

transporters and achieved a high efficiency of 11.46 %[90]. 

 

Fig. 1.7. Application of perovskite nanomaterials. Adopted from Ref. [88] 

1.6.2. Photodetector 

Hybrid perovskite materials are promising for the fabrication of sensitive and fast photodetector 

due to high carrier lifetime, high quantum yield, effective absorption and high charge carrier 

mobility. MAPbI3, MAPbBr3, MAPbCl3, MAPbI3-xClx, MAPbBr3-xClx, and MAPbBr3-xIx have 

been extensively studied in the field of photodetectors and shown exceptional photodetection 

performance[91-98]. The first study on perovskite-based photodetectors consisted of continuous 

films with tiny perovskite particles, leading to devices with ultrafast speed and good overall 

performances[49, 99, 100]. However, compared to other morphology, 2D and 1D perovskite 

nanomaterials exhibit better photodetection performance due to high exciton binding energy and 

quantum confinement effect[49, 101]. High photo responsivity of 950 A/W, on/off ratio ~106 and 

photoconductive gain of around 2200 were achieved by sandwiching 2D MAPbI3 perovskite NPs 
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between highly conductive graphene layers[49, 102]. Horvath et al. fabricated 1D MAPbI3 based 

photodetectors with ~104 times faster photoresponse speed than that of the photodetectors based 

on monolayer MoS2 and graphene[60]. Photo responsivity of MAPbI3 nanowire photodetectors 

was increased to 1.3 A/W by aligning the nanowires, which is almost 260 times larger than that in 

a nonaligned one[60, 103]. Jang et al. combined MAPbBr3 thin film and MAPbBrI2 NPs to 

fabricate photodetector by spin coating the solution on SiOx substrate with Au contacts[104]. 

Nakamura et al. reported lateral MAPbI3-xClx thin film photodetector protected by a spin-coated 

water-resistant fluorescent polymer (CYTOP)[94]. The device exhibited high responsivity of 14.4 

A/W, high environmental stability and waterproof properties for the spin-coated CYTOP 

layer[94]. Yan et al. reported a low voltage (0.5 V) broadband phototransistors on MAPbI3-

xClx/poly-(3,4-ethylenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS) heterojunction 

with an ultra-high responsivity of  109 A/W and specific detectivity of ~1014 Jones in a broad 

spectral response range from 350 to 1100 nm due to the pronounced photo gaining effect[105]. 

However, the effect of doping on the photodetection performance is not explored.  

1.6.3. LED 

High color purity, easy solution processing, low bandwidth and high exciton binding energy make 

perovskite nanomaterials perfect candidate for the next generation lighting and display 

applications. The figure of merit, EL efficiency of LEDs is correlated to charge carrier 

dynamics[88] and effective charge carrier injection at the interface between active layer and charge 

selective layers is paramount to obtain high EL efficiency[49]. The first breakthrough in 

perovskite-based LED was reported in 2014 with MAPbBr3 based green LED, which exhibited a 

bright EL with luminance of 364 cd/m2 and EQE of 0.1 % at room temperature[91]. Within a year 

after first report, the MAPbBr3-based LEDs demonstrated a 20-fold increase in luminous 

efficiency and remarkable improvement in luminance and EQE (20000 cd/m2, 3.5 %), benefitting 

from elaborate interfacial engineering techniques[58, 106]. The maximum EQE for a MAPbBr3 

thin-film LED has reached the stirring value of 8.5 % within very short span of time[58, 107]. A 

higher degree of charge transfer process between active layer and n-type layers was observed in 

MAPbBr3 NPs compared to the bulk film[108]. Kumar et al. fabricated 2D MAPbBr3 NPs based 

perovskite LEDs with EQE of 0.29 % and with the help of organic host material 4,4′-bis(N-

carbazolyl)-1,1′-biphenyl (CBP), 2.07 % efficiency was further improved to 2.31 %[109]. Kim et 
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al. constructed efficient MAPbBr3 NP-LEDs with CE of 15.5 cd/A and EQE of 5.1 % without 

using any complex post-treatments and multi-layers[110]. MAPbX3 (X = Br, I) nanowire-based 

LED was demonstrated by Yang and coworkers exhibiting green EL at 533 nm with a small 

linewidth of 26 nm[61]. Organic capping ligands were used for the synthesis of colloidal 

nanocrystal. However it suppresses the charge injection resulting in to low brightness and high 

turn-on voltage[35]. To overcome this, Park’s group reported in-situ formed MAPbBr3 

nanocrystalline films with excess MABr for highly efficient LEDs with a maximum EQE of 8.21 

% and current efficiency of 34.46 cd/A[111]. In situ formed MAPbI3 and MAPbBr3 QD film-based 

LEDs showed a peak EQE of 7.9 % and 7 %, respectively[112]. Di et al. proposed a methodology 

of growing metal halide NPs in a polymer matrix without using additional capping agents[114]. 

Wang’s group successfully fabricated a red perovskite LED with a very high EQE of 11.7 %, by 

employing multi-quantum wells[49, 113]. 

1.6.4. White LED 

Recently, phosphor-converted white light-emitting diodes have become one of the most popular 

and useful light-emitting source due to easy production, energy saving, high efficiency, improved 

stability, and long lifetime. High color rendering index and tunable correlated color temperature 

are preferable for comfortable indoor white light. Zhang et al. fabricated a prototype wide-color 

gamut phosphor-converted white light-emitting diode using a mixture of green emitting MAPbBr3 

NPs, a red emitting inorganic K2SiF6:Mn4+ phosphor and blue emitting GaN chips producing 

white-lighting luminescence with color coordinates of (0.33, 0.27) and CCT of 5772 K[41]. 

Following a similar architecture, Zhou et al. fabricated white LED with MAPbBr3 NPs/PVDF 

nanocomposite as an emissive layer and blue emitting InGaN chips and K2SiF6:Mn4+ phosphor 

exhibiting luminous efficiency of 109 lm/W at 20 mA current and wide colour gamut (121 % of 

NTC standard)[114]. The stability of white light converter was improved by using the composites 

of MAPbBr3/NaNO3 with the same device configuration[115]. Teunis et al. achieved white light 

emission from ultra-small size MAPbBr3 NPs (~1.5 nm) using high-temperature method and 

surprisingly these smaller NPs showed a white light emission even after ligand exchange[116].     

1.6.4. Laser 
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Long carrier lifetime, large diffusion length, high fluorescence yield and wavelength tunability 

also make lead halide perovskites ideal choice for lasing as these properties contribute to decrease 

in pumping threshold and obtain high optical gain. The first demonstrations of perovskite material 

in laser applications were reported in 2014, when Xing et al. reported the gain properties of bulk 

MAPbI3 thin films and noted that amplified spontaneous emission could also be seen in the 

functional photovoltaic device[49, 117]. Room temperature, continuous-wave operation was 

achieved by Li et al. in 2018 with a distributed feedback laser utilizing thermally nanoimprinted 

MAPbI3 film[49, 118]. The imprinting process significantly improved the crystalline quality which 

in turn reduced the scattering at the grain boundaries. Xiong et al. fabricated MAPbI3 nanowire-

based laser exhibiting 777 nm near-infrared light with low threshold of 11 μJ/cm2 and a quality 

factor of 405[119]. Zhu et al. showed room-temperature and wavelength-tunable lasing from 

single-crystal MAPbI3 nanowires with very low lasing thresholds (220 nJ/cm2) and exceptionally 

high-quality factors (Q ∼3,600)[59].  

1.7. Challenges in Fabrication and Applications of Organometal Halide 

Perovskite 

Though reasonable development has been made regarding the room temperature and high 

temperature synthesis of organometal halide perovskite nanomaterials, a proper good strategy for 

the controlled synthesis to obtain various morphologies is still lacking. Most of the synthesis 

processes produce large size perovskite NPs which show weak quantum confinement effect. 

Newer approaches for controlled synthesis is needed to prepare ultra-small (<2 nm) NPs to use the 

advantage of the strong quantum confinement effect in the devices. Upscale production of 

perovskite nanomaterials like other semiconductors can also be beneficial for industrial use. 

Compared to inorganic perovskite, the progress of MAPbX3 type perovskite is lagging behind in 

terms of various aspects. Organometal halide perovskite family with interesting optical properties 

can be expanded by introducing suitable dopants. Alternatively, potential lead-free hybrid 

perovskites and their applications in device should be analyzed. Among different lower 

dimensional perovskite, 2D perovskite exhibit many interesting optoelectronic properties, which 

needs to be studied in greater extent. Long-term stability is a critical issue that need to be addressed 

seriously for the practical application and commercialization of perovskite-based devices. 

Specifically, 3D MAPbI3 is extremely sensitive to moisture, UV irradiation, oxygen, heat and 
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electric field due to its intrinsic chemical instability which deteriorates the device performance. 

Ion migration was also found in mixed halide perovskite under illumination resulting into phase 

segregation[120]. Though at room temperature MAPbBr3 shows cubic structure, MAPbI3 

transforms from tetragonal at room temperature to cubic phase at around 57 °C, resulting in 

significant changes in photophysical properties[121]. In contrast, low dimensional perovskite is 

shown to exhibit better stability compared to its 3D counterpart. However, it is still not stable 

enough to compete with conventional inorganic semiconductors and more detailed investigation 

is needed regarding the degradation mechanism. The discovery of new family of perovskite mainly 

relies on trial and error methods, and proper guidelines need to be developed for the precise control 

of dimensionality and crystal structure and resulting photophysical properties.     

1.8. Focus of the Present Thesis 

Despite the significant advancement, there are still several challenges to the fabrication of high-

quality perovskite thin film and nanostructure for their applications in the diverse area of 

nanotechnology. In the present thesis, we have attempted the growth of 3D, 2D and 0D perovskite 

nanosheet (NS) and investigated their optoelectronic properties. The main objectives of the present 

thesis are as follows:  

• Study the anomalous scaling behavior of the vacuum-deposited CH3NH3PbBr3 hybrid 

perovskite thin film on different substrates and its correlation with its microstructural and 

optical properties. 

• Study the template assisted growth of size-tunable hybrid perovskite (CH3NH3PbI3 and 

CH3NH3PbBr3) QDs and investigation on the optical properties and photostability.  

• A fast solvothermal synthesis of 2D perovskite NS with precise control of thickness only 

by solvothermal temperature control is discussed for the first time.  

• Application of perovskite NS in white light emission and fast, UV-visible photodetector.  

• Development of a novel strategy to achieve stable and deep blue emission with absolute 

unity PL QY through Ce3+ and Tb3+ doping at high concentration in 2D CH3NH3PbBr3 

NS using a solvothermal method and its application in solid state lighting.  

• Theoretical analysis of Ce/Tb dopants in the electronic structure of the 2D MAPbBr3 

perovskite. 

TH-2453_156121029



C h a p t e r  1                                                                                                                          | 22 

• Growth of Eu3+ doped CH3NH3PbBr3 NS using simple solvothermal route and 

fabrication of a high performance self-biased Eu@CH3NH3PbBr3 based photodetector. 

1.9. Organization of the Thesis 

The complete thesis work is presented in seven chapters. This chapter, i.e., Chapter 1 presented a 

summary of the various dimensional halide perovskite materials including latest developments, 

key properties, doping strategies and their promising applications. Chapter 2 presents the growth 

kinetics and scaling behavior of vacuum deposited CH3NH3PbBr3 thin film on various substrates 

and correlation of scaling exponents with its microstructural and optical properties. Chapter 3 

presents novel synthetic route for the template-assisted growth of size tunable perovskite QDs and 

its optical tunability through quantitative analysis. Chapter 4 discusses a novel, highly 

reproducible and facile solvothermal route to synthesize and tailor the thickness and optical band 

gap of organic −inorganic halide perovskite NSs and its application as light converter and 

photodetector. In Chapter 5, we demonstrate a novel strategy to achieve stable and deep blue 

emission with absolute unity PL QY through Ce3+ and Tb3+ doping at high concentration in 2D 

CH3NH3PbBr3 NS using a solvothermal method. The effect of Ce/Tb dopants in the electronic 

structure of the 2D perovskite is investigated using density functional theory based calculations to 

reveal the origin of large blue shift and high PL QY in the doped NSs. Chapter 6 presents 

europium doped 2D layered mixed halide perovskite NS self-biased, stable photodetector. 

Chapter 7 summarizes the major findings and important conclusions of the present thesis and 

future directions of work. 
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Chapter 2 

Growth Kinetics of Hybrid Perovskite Thin Films on Different 

Substrates at Elevated Temperature and Its Direct Correlation 

with the Microstructure and Optical Properties 

In this chapter, the growth kinetics and scaling behavior of vacuum deposited CH3NH3PbBr3 thin 

film on various substrates are presented and the same is correlated with its microstructural and 

optical properties. AFM analysis reveals an abrupt change in the grain features for thickness, d ≥ 

40 nm. Based on the evaluation of the scaling parameters, the perovskite films exhibit an 

anomalous scaling behavior for d < 40 nm, and stable growth for d ≥ 40 nm. Interestingly, the 

growth exponent (β) is found to be distinctly different, ~0.22 and ~0.90, for the films on ITO and 

SiO2 substrates, respectively. The study of the temperature-dependent growth kinetics yields 

higher activation energy (Ea) for SiO2 (~0.15 eV) than that of ITO (~0.10 eV) substrates indicating 

mound-like growth on SiO2 substrate. Structural and photoluminescence (PL) studies reveal better 

crystallinity of the film on ITO, which is consistent with its low Ea value. Optical absorbance and 

PL analyses reveal a blue shift in the bandgap with decreasing thickness attributed to the lattice 

expansion. These findings provide new insights on the growth kinetics and optimum conditions 

for the vacuum deposition of hybrid perovskite thin films on various substrates. 

2.1. Introduction 

Organo-metal halide perovskite is currently one of the most far-reaching and promising materials 

due to its exceptional performance in various optoelectronic devices. In particular, CH3NH3PbBr3 

(MAPbBr3, MA= CH3NH3) thin film and nano system have been used in various next-generation 

devices, such as light-emitting diodes (LED)[1-4], phototransistor[5], photodetectors[6-11], solar 

cells [12-16] and laser[17-20] etc.. Recently, the power conversion efficiency of perovskite-based 

solar cells achieved a record high value of 23 %, higher than any other thin-film based photovoltaic 

devices [21]. The external quantum efficiency of the perovskite-based LED is reported to achieve 

a value of 21.6 %, which is close to the value reported for organic LEDs [22-24]. However, the 

poor stability of perovskite-based devices is a major concern. Based on the application, it is 

important to achieve high quality and stable thin film with desirable morphology to improve the 
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performance and stability of the perovskite-based optoelectronic devices. For the improvement of 

the structural and optical quality of the film, various deposition techniques, such as solution 

processing, vapor phase method, and numerous morphology control procedures have been 

adopted. In particular, transport phenomena, such as injection, separation, and recombination of 

charge carriers are known to be strongly correlated to grain size, grain boundaries, molecular 

packing, and surface roughness of the film[25, 26]. Hence, an in-depth knowledge of the surface 

roughness and grain size is crucial for the enhancement of device fabrication and optimization of 

optoelectronic properties. For example, the mobility of the charge carriers is directly related to the 

grain size and correlation length of the molecules in thin-film transistor [27]. Various methods 

have been reported to improve the surface morphology of the perovskite film in the solution 

process. However, precise control of grain boundaries and surface roughness are better achieved 

using the vacuum deposition method. Further, vacuum deposited processed better suited for large 

area devices with reproducible performance. 

In the literature, the growth kinetics and scaling properties of several pure organic and some 

inorganic thin films have been studied [25, 28-31]. However, the detailed analysis of surface 

roughness, grain size, and growth model of hybrid perovskite MAPbBr3 is not reported yet. 

Controlling the growth and surface morphology of perovskite film, using the vacuum co-

evaporation method possesses several fundamental challenges due to its hybrid nature, the 

inorganic part (PbBr2) of MAPbBr3 being dominated by strong binding energies. In contrast, the 

organic part (MABr) is bounded by relatively weak van der Waals forces, and it has higher degrees 

of freedom than the inorganic counterpart. Owing to the different orientations of organic and 

inorganic parts of the perovskite, the deposition process does not follow the conventional growth 

models. The growth kinetics of MAPbI3 film is recently reported by Liu et al [32], however an in-

depth analysis of the scaling exponents and its correlation with the structural and optical properties 

of the film are not explored yet. Further, it is important to understand the effect of molecular-level 

interaction of perovskite MAPbBr3 molecules with different substrates for its practical 

applications. Interestingly, the vacuum deposition is an established method and well suited for 

large-scale fabrication of optoelectronic devices. However, very few studies have addressed the 

growth kinetics and scaling behavior of vacuum-deposited perovskite thin films and its correlation, 

if any, to the observed optoelectronic properties of the films. Due to immense technological 

implications and emerging applications of perovskite thin films, it is imperative to develop a 

TH-2453_156121029



33 |                                              G r o w t h  K i n e t i c s  o f  H y b r i d  P e r o v s k i t e  T h i n  F i l m s  

thorough understanding of the growth kinetics of vacuum-deposited perovskite thin film to 

optimize the quality of the film and the related device performance. 

Here, the growth kinetics of vacuum deposited MAPbBr3 thin film on ITO, and SiO2 substrates 

are studied along with the effect of various growth parameters on the structural and optical 

properties of the film. MAPbBr3 thin film was deposited using a vacuum co-evaporation method 

at various substrate temperatures (25-100 C) and various thicknesses (4-120 nm). The variation 

in surface morphology and statistical behavior of the films as a function of its thickness and growth 

temperature with film thickness is studied with the help of FESEM and AFM images. The scaling 

parameters were extracted from the height-height correlation function (HHCF) to develop an 

insight into the growth pattern on different substrates. Optical absorption, photoluminescence (PL) 

and time resolved PL (TRPL) analyses were carried out to understand the effect of growth 

parameters on the optical properties of the films. Low-temperature PL analysis was carried out to 

evaluate the radiative recombination and non-radiative defects, exciton phonon coupling, and the 

exciton binding energy of the vacuum deposited MAPbBr3 film. Finally, we have attempted to 

correlate the growth/scaling parameters with that of the structural and optical characteristics of the 

films on two different substrates.  

2.2. Experimental Procedure 

2.2.1. Materials 

The starting materials for the present work are methylamine solution (CH3NH3, 33 wt% in absolute 

ethanol, Sigma-Aldrich), lead (II) bromide (PbBr2, 99.999 %, Sigma-Aldrich), hydrobromic acid 

(HBr, 48 wt% in water, Sigma-Aldrich), N,N-dimethylformamide (DMF, >99 %, Sigma-Aldrich), 

and diethyl ether (>99 %, Merck). 

2.2.2. Synthesis Procedures 

2.2.2.1. Synthesis of CH3NH3Br 

To prepare the CH3NH3Br powder, 8 mL of diluted methylamine solution in ethanol was stirred 

in 250 mL round-bottom flask, and then 3 mL of hydrobromic acid was slowly added in an ice 

bath with vigorous stirring at 800 rpm for 2 h. Subsequently, the solution was heated at 70 °C for 
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7 h with continuous stirring to evaporate the solvent. The obtained white CH3NH3Br powder was 

washed several times with ethanol and dried at 60 °C. 

2.2.2.2. Deposition of MAPbBr3 Thin Film 

MAPbBr3 thin film was thermally evaporated in a high vacuum evaporation chamber (HHV, 

Bangalore) with a base pressure ~10-6 mbar. Before the deposition, the substrates were cleaned 

sequentially by deionized water, acetone, and 2-propanol with sonication for 15 min each to 

remove the organic contamination from the substrate. Afterward, the substrates were again rinsed 

with deionized water followed by heating at ~200 °C and allowed to cool down slowly to room 

temperature. The substrates were then transferred to the evaporation chamber and placed on a 

substrate holder. The sublimation temperatures of CH3NH3Br and PbBr2 were maintained at 120 

ºC and 280 ºC, respectively, and then simultaneously deposited onto the substrates. The substrate 

holder was placed above the crucible and heated at different temperatures. The substrate holder 

was rotated at a slow speed (~40 rpm) to enable uniformity of the deposited film. The deposition 

rate (~0.6 Å/s) was maintained at a very low value to allow enough time for the molecules to 

interact with the substrate and deposit uniformly, and the film thickness was monitored in-situ 

using a quartz thickness monitor. MAPbBr3 thin films of various thicknesses (4-120 nm) were 

deposited for different durations (1, 3.5, 7, 14, 28 and 36 min) and at various substrate temperatures 

(Ts = 50, 60, 70, 80 and 100 °C).  

2.3. Characterization Techniques 

The molecular stability of the precursor organic molecule MABr was examined using 

thermogravimetric analysis (TGA) (NETZSCH) in Ar gas. The surface morphology of the 

MAPbBr3 thin film was characterized using FESEM (Sigma, Zeiss) and AFM (Cypher, Oxford 

Instruments) measurements. For the structural characterization, high power X-ray diffractometer 

(Rigaku RINT 2500 TRAX-III, Cu-Kα radiation) was utilized in powder mode. UV-Vis absorption 

spectra were recorded using a commercial spectrophotometer (PerkinElmer, Lamda 950). The 

room temperature steady-state PL spectra of MAPbBr3 film were recorded using a 405 nm diode 

laser excitation with the help of a commercial fluorometer (Fluoromax-4, Horiba Scientific). Low 

temperature (80–300 K) PL measurements were carried out using a liquid nitrogen-cooled optical 

cryostat (Optistat DNV, Oxford Instruments) attached to the above fluorometer and excited with 
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a 405 nm laser. Time-resolved PL measurements were performed using a 405 nm pulsed laser 

excitation, with an instrument response time of < 50 ps (LifeSpecII, Edinburgh Instruments). 

2.4. Results and Discussions 

2.4.1. Molecular Stability and Morphology Studies  

Since the structure of the organic component of the perovskite molecule is susceptible to 

temperature, the molecular stability of MABr and PbBr2 were first characterized by TGA 

measurement (see Fig. 2.1). TGA data show that the MABr and PbBr2 are stable up to ~220 ºC 

and 500 ºC, respectively. Our optimized sublimation temperatures for MABr and PbBr2 are ~120 

ºC and 280 ºC, respectively, which ensures that the molecules are not fragmented or decomposed 

during the vacuum deposition process.   

 

Fig. 2.1. Thermogravimetric analysis plot for (a) CH3NH3Br and (b) PbBr2 molecules. 

The surface morphology of vacuum deposited MAPbBr3 thin film was first investigated using 

FESEM imaging. FESEM image of the 20 nm (thickness) perovskite thin film (see Fig. 2.2(a)) 

reveals large grain size and partial/incomplete surface coverage, while the 40 nm thin film shows 

complete surface coverage, with compact and uniform morphology, without any pinholes (see Fig. 

2.2(b)). FESEM image of the 120 nm film (Fig. 2.2(c)) reveals the presence of larger crystal grains 

with a complete surface coverage. Note that the substrate temperature was maintained at 50 ºC for 

these samples.   
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Fig. 2.2. FESEM images of MAPbBr3 films of various thicknesses: (a) 20 nm, (b) 40 nm, and (c) 120 nm on the ITO-

glass substrate at 50 ºC. 

The surface morphology of the vacuum-deposited film and statistical parameters of the growth 

kinetics were analyzed by AFM imaging in the tapping mode (size: 512×512 pixel) to avoid any 

damage to the film. To optimize the growth parameters, we attempted different sublimation 

temperatures of the precursors, and various substrate temperatures (Ts). The optimized conditions, 

which provided uniform and compact surface morphology, are adopted for further experiments. 

AFM topography images of 40 nm MAPbBr3 thin film deposited at room temperature (Ts = 25 ºC) 

show very abrupt grain features on both the ITO and SiO2 substrates (See Fig. 2.3). 

 

Fig. 2.3. AFM topography images of the perovskite film of 40 nm thickness grown on ITO and SiO2 without any 

substrate heating (Ts = 25 ºC).  

Therefore, for the stable growth of the film, the substrate temperature was chosen as 50 ºC, which 

is much less than the molecule desorption temperature. Multiple AFM images/scans were taken at 

different locations of the film to check the surface morphology, and the typical images are shown 

in Fig. 2.4. AFM topography images (area 2 µm × 2 µm) of the MAPbBr3 thin films of various 

thicknesses on ITO and SiO2 substrates deposited at 50 ºC are presented in the upper and lower 

panels of Fig. 2.4. AFM images of the bare ITO and SiO2 substrates are shown in the first column 
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of Fig. 2.4, indicating an extremely smooth surface for the SiO2 substrate. When the perovskite 

film of thickness 4 nm is deposited, large-sized, isolated spherical crystals are observed, which are 

divergently distributed, resulting in higher surface roughness than the corresponding substrate. As 

shown by the arrows in Fig. 2.4, at the initial stage of the growth (d ~ 4 nm), large number of 

grains are formed along with small grains before covering the substrate. Here, the molecules follow 

a hit and stick model at the surface height level since the molecule remains at the position where 

it was deposited. As the film thickness increases to 10 nm, the isolated grains/crystals grew in 

number and formed bigger clusters, which are uniformly distributed, and eventually the surface 

roughness decreases for the film on both the substrates (Fig. 2.4). As the film thickness increases  

 

Fig. 2.4. AFM topography images (scan size: 2×2 µm) of bare substrates and perovskite thin film of various 

thicknesses (d ~ 4 –120) nm on ITO coated glass and SiO2 substrate, respectively; RMS roughness (Rq) for each film 

is mentioned in the inset of the corresponding image.  

to 20 nm, crystal size is enlarged due to coalescence of the small crystals, which results in higher 

coverage of the surface with perovskite film consisting of very few open channels. For the 40 nm 

film, secondary nucleation takes place, resulting in the full coverage of the substrate and reduction 

in the surface roughness and grain size. With further increase in the film thickness (> 40 nm), the 

crystallites are no longer spherical, revealing the presence of anisotropy as the clusters 

agglomerate. In addition, there is an increase in grain size as well as surface height (see Fig. 2.4) 

due to vertical nucleation of the grains. The variation in grain size and RMS roughness of 

MAPbBr3 film grown on ITO and SiO2 substrates are shown in Fig. 2.5(a,b) revealing quite similar 

behavior for both the substrates. However, at higher thickness the RMS roughness is much higher 

for the film grown on SiO2 substrate as compared to that of ITO substrate, indicating a different 

growth mechanism for the SiO2 substrate. More uniform growth of the film on ITO substrates is 
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observed perhaps due to better accommodation of perovskite molecules on the ITO substrates. 

Interestingly, we observed the minimum surface roughness and minimum grain size for the film 

thickness of 40 nm on both the substrates. Therefore, the film thickness of 40 nm is considered 

optimum here for the growth of smooth and compact film at a substrate temperature of 50 ºC. The 

effect of substrate temperatures on the growth of perovskite film is studied next for further 

optimization of the film (40 nm) quality.  

 

Fig. 2.5. Comparison of grain size and RMS surface roughness of MAPbBr3 films as a function of film thicknesses 

(d) grown on (a) ITO and (b) SiO2 substrates. 

Topographical AFM images of the optimized perovskite thin film (40 nm) grown on ITO and SiO2 

substrates at various substrate temperatures, Ts = 50 -100 ºC, are shown in Fig. 2.6. As the substrate 

temperature is increased, the crystallite size and RMS surface roughness (Rq) of the films are 

increased systematically (see Fig. 2.6). At Ts = 60 ºC, coalescence of two crystal grains is clearly 

discernable for the film on ITO substrates, while larger surface roughness (Rq ~9.4 nm) is observed 

for the film on SiO2 substrate and it reveals a mound-like growth behavior. In the ITO case, as the 

substrate temperature is increased from 70 ºC to 80 ºC, the nearly spherical crystallites change its 

shape to anisotropic and irregular shape, and the grain size is dramatically increased from ~43 nm 

to ~123 nm. This is probably due to the coalescence of smaller grains to the larger elongated grains 

through the diffusion process. At Ts = 100 ºC, the presence of small crystallites on large grain 

feature is noticeable because of the fact that the substrate temperature was close to the MABr 
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sublimation temperature; so, the thermodynamic driving forces may be dominantly responsible for 

the overall evolution of the surface morphology (see Fig. 2.6). At high substrate temperatures, the 

crystallite shape changes from spherical to highly anisotropic and surface roughness is largely 

increased along with large grain size for the film deposited on SiO2 substrates, indicating the 

 

Fig. 2.6. AFM topography images (scan size: 2×2 µm) of optimized perovskite film (40 nm) deposited at various 

substrate temperatures Ts = 50-100 ºC on ITO coated glass substrate and SiO2/Si substrate; the corresponding RMS 

roughness (Rq) is mentioned on the respective images. 

predominance of island-like growth. It is clear that with increasing substrate temperature, the grain 

size and RMS surface roughness increase systematically, as shown in Fig. 2.7(a,b). These results 

indicate the significant role played by the substrate temperature on the morphological and 

structural evolution of perovskite film, which are studied here for the first time. 

To elucidate the details of the growth kinetics, it is necessary to identify various scaling exponents: 

roughness (α), growth (β), and dynamic (1/z) exponents. The scaling concept considerably 

simplifies the description of the thin film surface and introduces various aspects of a rough surface. 

The scaling exponents are calculated from height-height correlation function (HHCF), g(r), which 

is defined as the statistical average of the mean square of height difference between two surface 

positions separated by a lateral distance r, is given by, 𝑔(𝑟) = 〈[ℎ(𝑟 + 𝑟′) − ℎ(𝑟′)]2〉, where, h(r׳) 

and h(r + r׳) are the surface heights at r׳ and (r + r׳), respectively. HHCF is extracted from the 

AFM images taken at different regions by spatial averaging for a distance much larger than r to 

avoid the edge effects using Gwyddion software [29]. Sinha et al. proposed the functional form of 

HHCF for the isotropic self-affine surface [33], 𝑔(𝑟) = 2𝑤2[1 − 𝑒𝑥𝑝{−(𝑟 𝜉⁄ )2𝛼}]. Hence, g(r) 
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behaves differently in two different regions depending on the relative magnitude of r and 

correlation length, ξ: (i) 𝑔(𝑟) ∝ 𝑟2𝛼 for, 𝑟 ≪ ξ, where α is the roughness exponent (0 ≤ 𝛼 ≤ 1) 

and (ii) 𝑔(𝑟) = 2𝑤2 for, 𝑟 ≫ ξ, where w is the mean square surface roughness defined by 𝑤 =

 〈(ℎ − 〈ℎ〉)2〉1 2⁄ . w and ξ depend on the film thickness (d) and vary according to the power-law: 

𝑤 ∝ 𝑑𝛽 and 𝜉 ∝ 𝑑1 𝑧⁄ , where β and 1/z are the growth and dynamic scaling exponents, respectively 

[29]. Fig. 2.8(a,b) show a comparison of the HHCF in the log-log scale for MAPbBr3 film of 

various thicknesses (d = 4-120 nm) grown on the ITO and SiO2 substrates, respectively. It is 

 

Fig. 2.7. Comparison of grain size and RMS surface roughness of optimized perovskite films grown on (a) ITO and 

(b) SiO2 substrates as a function of substrate temperature (Ts). 

evident that the HHCF, g(r), is significantly increased after the deposition of the film on both the 

substrates. At low thickness, before the formation of continuous film, g(r) value is high, and with 

increasing film thickness g(r) values systematically goes down until d = 40 nm, and afterward, it 

again shifts upward with increasing thickness, as revealed from Fig. 2.8(a,b). Thus, at the initial 

stages of the growth, g(r) displays an anomalous behavior for both the substrates, since in general, 

the HHCF shifts upward with increasing thickness for other organic materials [29]. Fig. 2.8(c,d) 

show the variation in HHCF as a function of the substrate temperature (Ts = 50-100 ºC) for the 

optimized film (d=40 nm) on ITO and SiO2 substrates, respectively.  On both the substrates, the 

g(r) value of the film (40 nm) shifts upward with the increase in substrate temperature. As 

discussed above, the HHCF increases linearly for small r and saturates at larger r following the  
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Fig. 2.8. HHCF g(r) as a function of distance r for MAPbBr3 thin films on (a) ITO and (b) SiO2 substrate with various 

film thicknesses. HHCF g(r) as a function of distance r for optimized MAPbBr3 thin film (40 nm) at various substrate 

temperatures on (c) ITO and (d) SiO2 substrate. 

asymptotic behavior. Roughness exponent, α, is calculated from the linear fitting of the g(r) vs. r 

plot in the linear region, and RMS roughness, w, is calculated from the intercept at the higher r 

region. The behavior of HHCF as a function of film thickness suggests two different growth modes 

for the films: (a) an anomalous growth mode before full coverage of the substrate (i.e. at d < 40 

nm), and (b) a stable growth mode after the formation of the compact film (at d ≥ 40 nm). Fig. 

2.9(a) shows the variation of roughness exponent, α, with the film thickness on ITO and SiO2 
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substrates. The value of α varies largely in the anomalous growth region, and it is nearly constant 

in the stable growth region. The average value of α in the stable growth region is 0.90 and 0.91 for 

the film grown on ITO and SiO2 substrates, respectively (see Fig. 2.9(a)). At higher substrate 

temperature, the average roughness exponent, α, is found to be 0.93 for the film grown on ITO and 

SiO2 substrates (see Fig. 2.9(b)). Fig. 2.9(c) shows the schematic representation of the local  

 

Fig. 2.9. Roughness exponent, , as a function of MAPbBr3 film (a) thickness, d and (b) substrate temperature, Ts. (c) 

Schematic of film surface morphology for different values of roughness exponent (α). 

surface of the film for the low and high values of α. Note that α represents the short-range 

roughness/surface-irregularity of self-affine surface; a near-unity roughness exponent corresponds 

to a locally smooth film. In the present case, the value of α is found to be close to unity signifying 

a locally smooth surface. Fig. 2.10(a) shows the variation of RMS roughness, w, as a function of 

the thickness of the film grown on ITO and SiO2 substrates. At the initial stage of the growth, an 

anomalous behavior is observed with scaling exponent, β<0 followed by crossover to β>0, and this 

kind of behavior is reported for rubrene molecule[30]. Since the scaling behavior is unstable in 

lower thickness region, the linear fit for w vs. d plot applies to the higher thickness region (d ≥ 40 

nm), and the growth exponent, β is calculated from the slope showing the distinct values of β as 

0.21 ± 0.01 and 0.90 ± 0.05 for the film grown on ITO and SiO2 substrates, respectively. 

Interestingly, larger value of β for the film on SiO2 substrate as compared to that on ITO substrate 
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signifies large step-edge barrier or Ehrlich-Schwӧbel barrier (EES), which restricts the molecules 

to diffuse over the nearest step and favors the growth on the same step resulting into the island-

like growth, as revealed from the AFM images [29, 34]. High β (> 1/2) value is often associated 

with rapid roughening behavior [34], as seen in the AFM images for the film on SiO2 substrates. 

In the random deposition (RD) limit, 𝑤𝑅𝐷~𝐷√𝑑 𝐷⁄  , is expected to give an upper limit on w [35], 

where D is the molecular size, here ~11.913203 Å (lattice constant of MAPBr3 along c-direction, 

as most of the molecules are adsorbed vertically on the SiO2 substrate), and d is the film thickness. 

We found β>1/2 (here, β ~ 0.71 for d = 40 nm; w ~ dβ), which is consistent with the earlier 

calculated value (β>1/2 from HHCF analysis). This limit is attained if every particle stayed on the 

surface height where it was deposited [36]. In our case, the rapid roughening occurs probably due 

to the transportation of matter to the higher layers which is acquired from thermodynamic driving 

force (as, e.g., substrate temperature TS = 50 C and slow deposition process), and this kind of 

rapid roughening is reported for other organic molecules [36].  

The growth exponent (β) and roughness exponent (α) generally reveal the vertical features of the 

surface, but it does not provide any information about the lateral correlation between two surface 

heights separated by r. To gain an insight into the lateral features, the lateral correlation length (ξ) 

is calculated from the autocorrelation function (R(r)) which is extracted from the AFM images 

using Gwyddion software. ξ measures the correlation of surface heights separated laterally by r 

and is defined as the value of r, at which autocorrelation function decreases to 1/e th of its original 

value, i.e., 𝑅(𝜉) ≡ 1 𝑒⁄ .  ξ denotes a representative lateral dimension of a rough surface and the 

two points are considered to be correlated if the distance between two surface points is within ξ. 

Hence, the auto-correlation function R(r) is an important characteristic function to describe the 

surface morphology of thin film, as different rough surfaces may have different autocorrelation 

functions. Correlation length is calculated from autocorrelation function and it is plotted as a 

function of the film thickness in Fig. 2.10(b). The ξ vs d plot is fitted with a straight line in the 

stable growth region to obtain the dynamic exponent (1/z). Dynamic exponent, 1/z, is found to be 

0.32 ± 0.03 and 0.44 ± 0.01 for the films deposited on ITO and SiO2 substrates, respectively. Note 

that the scaling exponents are not fully independent; these are generally connected by the given 

relation: 𝛽 𝛼⁄  ≅  1 𝑧⁄  [37-40]. In the present case, β/α (ITO) = 1/z - 0.09 and β/α (SiO2) = 1/z + 

0.55, indicating a pronounced deviation from the scaling law for the SiO2 case. 
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Fig. 2.10. (a) RMS roughness, w, and (b) correlation length, ξ, as a function of perovskite film thickness on various 

substrates. (c) RMS roughness, w, as a function of substrate temperatures for the optimized film thickness (40 nm) 

grown on ITO and SiO2 substrates. The symbols in each figure correspond to the experimental data, and the solid line 

signifies the fitted data. (d) Schematic of the growth models for the perovskite thin films on ITO and SiO2 substrates. 

EES represents the Ehrlich-Schwӧbel barrier energy. 

It has been reported that in the case of vertical growth of molecules [34], deviation from the scaling 

law is prominent. To understand the origin of the roughening during the growth, we have deposited 

the perovskite thin film at different substrate temperatures, which enables the calculation of 

molecular activation energy. As shown in Fig. 2.10(c), with the increase in substrate temperature 

Ts, the RMS roughness (w) amplitude increases, and it closely follows an Arrhenius behavior given 

by 𝑤 ∝ 𝑒𝑥𝑝(−𝐸𝑎 𝑘𝐵𝑇𝑠⁄ ), where Ea and kB are the activation energy and Boltzmann constant, 

respectively. The activation energy of the molecule is often associated with rotational and 

translational barriers of the molecular diffusion. Hence, it is essential to gain the knowledge about 

the activation energy to engineer the performance of various optoelectronic devices. The activation 
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energies calculated from the fitted parameters for the ln(w) vs 1/kBTs plot for the films grown on 

ITO and SiO2 substrates are found to be 0.10 ± 0.01 eV and 0.15±0.01 eV, respectively, as shown 

in Fig. 2.10(c). The values of various scaling exponents are tabulated in Table 2.1. A comparison 

of various scaling exponents calculated in the present case with the earlier reported values of 

different organic and inorganic films is presented in Table 2.2.  Interestingly, the activation energy 

of the perovskite film on the ITO substrate (0.10 eV) is lower than that of the SiO2 substrate (0.15 

Table 2.1. Details of the scaling exponents of the CH3NH3PbBr3 thin film on different substrates. 

d and Ts correspond to the thickness and substrate temperature.  

 

Film Substrate Roughness 

exponent, <α> 

Growth 

exponent, 

β 

Dynamic 

scaling 

exponent, 

1/z 

Activation 

energy, 

Ea (eV)  

 

MAPbBr3 

 d 

variation 

Ts 

variation 

ITO 0.90 0.93 0.22 0.32 0.10 

SiO2 0.91 0.93 0.90 0.44 0.15 

 

Table 2.2. A summary of experimentally determined scaling exponents and activation energy (Ea) 

for the perovskite thin films and several organic and inorganic thin films reported in the literature. 

Thin film/ Substrate β 1/z Ea (eV) Ref 

MAPbBr3/ITO 0.22 0.32 0.10 This work 

MAPbBr3/SiO2 0.90 0.44 0.15 This work 

Oligomer/Si 0.28 0.31 0.37 [25, 31] 

ZnO/glass 0.53 - - [28] 

SnCl2Pc/Si 

SnCl2Pc/glass 

0.21 

0.48 

0.12 

0.26 

- 

- 

[29] 

MAPbI3/Si 0.79 0.78 - [32] 

PTCDA/glass 0.54 0.25 - [34] 

 

eV), which implies an easier diffusion of molecules in case of ITO substrate. Higher activation 

energy or a large step-edge barrier for the film on SiO2 substrate indicates that the perovskite 

molecules cannot diffuse easily to the adjacent layer/ island, i.e., lateral diffusion is less probable 
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giving rise to 3D island-like growth on SiO2 substrate (See Fig. 2.10(d)). In contrast, the film on 

the ITO substrate prefers to diffuse to lower layer and grow side by side resulting in the smoother 

film at higher thickness. Therefore, the higher values of β and Ea  in case of SiO2 suggest a large 

step-edge barrier preventing new molecules from diffusing to a lower layer, which leads to the 

upward growth of the film on the SiO2 substrate and, as a consequence, the surface roughness of 

MAPbBr3 is very high [34]. However, the barrier height is relatively lower in case of ITO substrate, 

which allows the new molecules to diffuse to the next lower level after looking for more 

energetically favorable positions resulting in very uniform and homogeneous growth of the film 

(see Fig. 2.10(d)).  

Note that we have observed a dramatic change in the surface morphology of MAPBr3 film above 

d> 20 nm. It is highly inhomogeneous at d ~ 4 nm with large grains (bright spots in Fig. 2.1) in 

between small grains and high surface height (~ 500 nm), while at d ~ 40 nm, uniform grains with 

low surface height (~ 25 nm) are observed. Note that at higher thickness (e.g., d=120 nm), the 

RMS roughness is considerably higher in case of SiO2 substrate than that of ITO substrate. One 

plausible explanation for the transition in morphology at higher thickness/deposition time is as 

follows.  At low thicknesses (d ˂ 40 nm), MAPBr3 molecules remain on the surface height level 

where it was initially deposited. Here shadowing effect is negligible, since the substrate holder 

was rotated during the deposition. On the other hand, at higher thickness (d ≥ 40 nm), reemission 

of molecules as well as diffusion of molecules might occur from large surface height, and at the 

same time, smaller grains may effectively increase their surface height due to the incoming flux of 

large number of molecules. Next, coalescence may occur between two adjacent grains and thus 

the roughness is low at higher thickness. However, in case of SiO2, due to large activation barrier, 

diffusion of molecules is not pronounced and hence RMS roughness is not as low as that of ITO 

substrate. Another possible mechanism that may contribute to the surface roughness is the 

dissociation of the molecules at higher substrate temperature. The large grains (lateral size ≈ 312 

nm), which was observed at d ~ 4 nm, might dissociate into smaller grains (lateral size ≈ 200 nm) 

at higher thickness/ deposition time (d ≥ 40 nm) due to high thermal mass (high temperatures of 

the molecules due to  the thermal energy gained during the sublimation process) and the substrate 

at elevated temperature. After dissociation, grains may become thermodynamically more stable 

and relaxed; consequently, the overall morphology is uniform at higher thickness. Further, due to 

the difference in temperature between the sublimed molecules and the substrate (at relatively lower 
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temperature), lattice strain is introduced in the films (as indicated from the XRD analysis). Also, 

the evolution of surface roughness with thickness may be partly related to the change in 

conformational degrees of freedom of the molecules[30]. At the higher thickness, the molecules 

orient their direction to strongly interacting planar molecules which triggered the smoothness of 

the film[30].     

2.4.2. Structural Analysis 

With the above understanding of growth kinetics of the film on two different substrates, it would 

be interesting to correlate the growth behavior with its crystal structure. The structural quality of 

the vacuum deposited MAPbBr3 film at different stages of growth is evaluated from the XRD 

analysis. Fig. 2.11(a) shows a comparison of the XRD pattern for different thicknesses of the films 

grown on ITO substrate. Even at low thickness (~ 4 nm), the XRD pattern reveals a highly 

crystalline film on the ITO substrate as compared to that of the SiO2 case. Note that the intense 

XRD peak at 35.30º is related to ITO substrate and its intensity decreases with the increase in 

deposition time/film thickness due to the complete coverage of the substrates with perovskite film. 

The intensity of perovskite (100) diffraction peak at 14.97 is the highest for the film thickness of 

40 nm on ITO. A closer look at the XRD peak for (100) plane reveals a systematic shift towards 

higher 2 angle with increasing thickness of the film (see Fig. 2.11(a)).  As film thickness 

increased from 4 nm to 120 nm, the 2 value increases by ~ 0.11º, implying a decrease in 

interplanar spacing with increasing thickness. It is evident that as the film thickness increases, the 

crystal lattice spacing decreases, which may affect the bandgap of the film (discussed later). The 

XRD patterns of perovskite film as a function of thickness on the SiO2 substrates are shown in 

Fig. 2.11(b). Only (100) diffraction peak is observed at 14.97º for the 4 nm film on SiO2 substrates 

indicating growth of the molecules primarily along the (100) direction. At higher thickness, along 

with highly intense (100) diffraction peak, (200) and (210) diffraction peaks are also observed at 

30.20º and 33.90º, respectively. Note that the XRD pattern of the films grown on SiO2 substrate 

reveals the presence of (100), (200) and a slight trace of (210) diffraction peaks, while the film 

grown on ITO substrates is relatively smoother as compared to SiO2, and it shows multiple 

diffraction peaks, which is consistent with the lower β value, and lower activation energy for the 

ITO substrate. As discussed earlier, higher β value for SiO2 case implies a higher step-edge barrier 

leading to the island like growth and steepness of the perovskite crystallites. The presence of (200) 
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Fig. 2.11. (a, b) Comparison of the XRD pattern of perovskite film of various thicknesses on ITO and SiO2 substrates, 

respectively. (c,d) Comparison of the XRD pattern of MAPbBr3 film of an optimized thickness (40 nm) grown at 

various substrate temperatures on ITO and SiO2 substrates, respectively.  

and (210) peaks for the higher thickness of the film on SiO2 indicates mound plus layer type 

growth. At higher thickness, the intermolecular interaction increases due to the presence of excess 

molecules and some molecules could overcome the step-edge/potential barrier to reach the lower 
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steps. At lower thicknesses, perovskite film prefers to grow along the upward direction instead of 

the lateral direction on the SiO2 substrate. However, the molecular plane of MAPbBr3 is oriented 

parallel to the ITO substrates, which maximizes the intermolecular interactions in a direction 

normal to the surface [34]. This configuration allows the freshly deposited molecules to overcome 

the step-edge barrier, and molecules could diffuse to the energetically favorable adjacent lower 

layer resulting in a layered configuration and a relatively smooth morphology. Our results for the 

perovskite film on ITO substrates show better crystallinity due to more stable molecular 

configuration. Fig. 2.11(c) shows the effect of substrate temperature (Ts) on the XRD pattern of 

the 40 nm (optimized) perovskite film on the ITO substrate. As the Ts increases, the intensity of 

the principal peak (100) decreases systematically, and at Ts = 100 ºC, the peak disappears 

completely, while the peaks related to perovskite precursors and ITO substrate appear in the XRD 

pattern. This is likely to be caused by the partial degradation/desorption of the perovskite molecule 

at high substrate temperature. Substrate temperature (Ts) dependence of the film crystallinity on 

the SiO2 substrate is shown in Fig. 2.11(d) showing nearly identical behavior as that of the ITO 

case, except the relatively lower intensity of the XRD peaks in SiO2 case. Our results show that 

high crystallinity and smooth surface of the perovskite film is obtained for the ITO substrate at Ts 

= 50 ºC and d = 40 nm, which are considered as optimum for the device quality film.       

2.4.3. Optical Analysis 

The effect of film thickness on the optical properties of the MAPbBr3 film was studied through 

optical absorption and emission spectra. UV-Vis absorption spectra of perovskite films of various 

thicknesses are shown in Fig. 2.12(a) revealing a systematic blue shift in the absorption edge with 

the increase in thickness. The excitonic absorption peak at the absorption edge is observed for the 

films at room temperature, which is the characteristics of a strong excitonic transition. The 

bandgap of the vacuum-deposited film was obtained from the corresponding Tauc plot. Fig. 

2.12(b) shows the comparison of the Tauc plot of MAPbBr3 film of thicknesses 10, 40, and 120 

nm calculated from corresponding absorption spectra. As the film thickness decreases, we 

observed a systematic blue shift of the absorption edge, perhaps related to the lattice distortion. 

The Tauc plot reveals the bandgap of 2.29, 2.25 and 2.24 eV for the films of thickness 10, 40, and 

120 nm, respectively. The slopes of the Tauc Plot corresponding to thickness 10 nm, 40 nm and 

120 nm are 10.14, 5.43 and 10.45. Weaker slope or weaker Urbach tail in 40 nm thick film implies 
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the presence of less disordered state. 40 nm film shows uniform and pin-hole free film which 

supports the weaker slope in Tauc plot. Lower and higher thickness film exhibit anisotropy and 

irregularity. The PL emission spectra of the films were recorded with the 405 nm laser excitation.  

 

Fig. 2.12. (a) Absorption spectra and the corresponding (b) tauc plot of perovskite films grown on ITO with various 

thicknesses.  

A comparison of the normalized PL spectra (normalized to 1) of MAPbBr3 films is shown in Fig. 

2.13(a) revealing a systematic blue shift (15 nm) in peak position with decreasing film thickness. 

The observed emission peaks are at 525, 530, 530, 532, 533, and 540 nm for the film thicknesses 

4, 10, 20, 40, 80, and 120 nm, respectively. Inset of Fig. 2.13(a) shows the change in PL peak 

intensity with film thickness (calculated at the corresponding PL peak value and normalized with 

the film thickness) revealing the highest PL intensity for 10 nm film, and the PL intensity reduces 

at higher thickness possibly due to the presence of nonradiative recombination centers. Note that 

the large blue shift in the PL peak with the change in thickness from 120 nm to 80 nm cannot be 

explained through the quantum size effect. The blue shift can be explained from the change in the 

lattice constant of the perovskite crystallites in the film. Interestingly, we find a clear correlation 

among the film thickness, interplanar spacing, and the PL peak shift, as shown in Fig. 2.13(b). It 

is evident that as the film thickness increases, the crystal lattice spacing decreases (inset of Fig. 

2.13(b)), and correspondingly the bandgap decreases. For conventional semiconductors, the 

bandgap is inversely proportional to the interplanar spacing [41]. In general, decrease in interplanar 

spacing leads to the stronger binding force between valence electrons with the core atoms, and as 
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a result, the valence electrons move to the lower levels which in turn, increases the energy gap 

between the conduction and valence band. However, in the case of perovskite semiconductor, the 

bandgap increases as the interplanar spacing increases. The bandgap of perovskite is primarily 

determined by the bonding between the metal (Pb cation), and the halide (Br anion), which form 

the [PbBr6] octahedral structure [42-44]. The valence band maximum (VBM) is determined by 

 

Fig. 2.13. (a) Normalized PL spectra of perovskite film with different thicknesses on the ITO substrate; the inset shows 

the variation of PL intensity with film thickness where PL intensity (IPL) is normalized by the thickness (d) of the film. 

(b) Change in bandgap with the thickness of perovskite film; the inset shows change in (100) interplanar spacing 

(dspacing) with thickness. (c) Comparison of PL spectra of the perovskite film (120 nm) grown on ITO and SiO2 

substrates. (d) Temporal change in PL spectra of MAPbBr3 film (120 nm) on ITO substrate recorded at specific 

intervals under continuous laser illumination (405 nm, 15 mW); the inset shows the change in PL intensity as a 

function of time under continuous laser illumination. 
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 antibonding hybrid states of the halide p and metal s orbitals, while the conduction band minimum 

(CBM) is affected by a hybrid of metal p and halide p orbitals and bonding between s and d states 

of Pb [42, 43]. The conduction band is mostly comprised of a nonbonding hybrid of Pb and Br 

atoms, which makes it less affected by any structural distortion [43]. However, VBM is extremely 

sensitive to lattice distortion; any change in the lattice structure of the perovskite increases the Pb-

Br overlap, which destabilizes the VBM and increases the bandgap [43]. It is reported that the 

bandgap isotopically increases as the interplanar spacing increases due to the shift in VBM to the 

higher energy levels [43, 45]. Taking advantage of this behavior, the bandgap of perovskite can be 

easily tuned from 1.5 to 3 eV by changing the halide compositions from I to Cl via Br [46]. Thus, 

the blue shift in the PL peak at lower thickness is ascribed to the decrease in the lattice constant of 

the perovskite crystals. 

Next, we discuss the substrate-dependent intensity of the PL spectra, as shown in Fig. 2.13(c). For 

the film thickness of 120 nm, PL intensity is ~2.2 times stronger for ITO substrate than that of 

SiO2 substrate. As revealed from the growth kinetics analysis, the film on ITO favors uniform and 

compact growth due to lower step-edge barrier (0.1 eV), and the molecular orientation favors the 

growth of the film with high structural and optical quality than that of SiO2. Since the molecules 

could easily move towards lower levels on the ITO substrate, it leads to the formation of more 

compact film comprising fewer pinholes and low trap states, resulting in higher PL intensity. The 

optical stability of the perovskite film (120 nm) on the ITO substrate is examined under continuous 

irradiation of 405 nm laser, and the PL spectra were recorded at regular intervals, and results are 

shown in Fig. 2.13(d). During the first 1 hr, the PL peak intensity (measured at 540 nm) increases 

by ~100 % due to laser exposure and afterward the intensity decreases and finally it reaches a 

plateau with intensity higher than the initial value (see the inset of Fig. 2.13(d)). The initial 

increase in PL intensity is believed to be caused by laser-induced heating and defect healing. 

Improved optical performance under prolonged laser exposure has been reported [47, 48]. 

Prolonged laser exposure is stated to cause local heating, which in turn reduces the defect 

concentration resulting in higher PL emission [47, 49]. Thus, the vacuum-deposited perovskite 

thin films are highly stable under UV laser exposure, which is significant for their practical 

application. 
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Low-temperature PL measurement was conducted in the temperature range 80-300 K at an interval 

of 10 K, to assess the contribution of radiative and nonradiative processes, and the results are 

shown in Fig. 2.14(a). The inset of Fig. 2.14(a) shows the PL intensity count as a function of 

temperature for the sample with film thickness 120 nm. Note that higher thickness samples showed 

lower intensity of PL due to the contribution of nonradiative channels. As the temperature 

decreases from 300 to 80 K, integrated PL intensity systematically increases by a factor of ~682, 

due to the reduced thermal quenching and the suppression of the nonradiative processes at low  

 

Fig. 2.14. (a) Temperature-dependent PL spectra of perovskite film (120 nm) in the temperature range 80 - 300 K; the 

inset shows the temperature dependence of PL intensity. (b) Integrated PL intensity vs. inverse of the temperature for 

120 nm perovskite film. The experimental data are fitted with the modified Arrhenius equation. 

temperatures. Since the PL emission is quite stable and intense near room temperature, the exciton 

binding energy can be calculated from the temperature-dependent intensity of the spectra. Fig. 

2.14(b) shows the variation in PL intensity with inverse of temperature in the high-temperature 

region (250-300 K) and the experimental data are fitted with a modified Arrhenius equation [46], 

given by,  

𝐼(𝑇) = 𝐼0 (1 + 𝐴𝑒𝑥𝑝(− 𝐸𝐵 𝑘𝐵𝑇⁄ ))⁄                                              (2.1) 

where, I(T) and I0 are integrated PL intensities at T K and 0 K, respectively, A, EB, kB are the 

constant, exciton binding energy, and Boltzmann constant. Exciton binding energy extracted from 

the fitted data is found to be ~92 meV for the MAPbBr3 film, which is relatively higher than the 

reported values. Exciton binding energy of the bulk perovskite film prepared using the solution 
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method is reported to be in the range 30-70 meV [50-52]. In the present case, the exciton binding 

energy (> kBT) is relatively large compared to the earlier reported values [50-52]. Higher exciton 

binding energy of the film than the room temperature thermal energy (kBT) is responsible for the 

stable PL emission at room temperature, mainly caused by excitonic recombination. This is 

consistent with the absorption spectrum, where the excitonic peak is observed even at room 

temperature, making the film appropriate for optoelectronic device applications.  

 

Fig. 2.15. Deconvulated PL spectra of MAPbBr3 film measured at 80 K and 300 K. The symbols represent the 

experimental data and the solid lines represent the fitted Gaussian peaks.  

A closer look at the shape of the PL spectra, particularly at low temperatures, reveals its 

asymmetric line shape.  The deconvulated PL spectra of the perovskite film at 80 and 300 K are 

presented in Fig. 2.15. The PL spectrum at 300 K is deconvulated with two peaks, where peak 1 

and peak 2 correspond to free exciton and bound exciton recombination, respectively. At room 

temperature, PL emission is mostly due to the free exciton recombination (peak 1). However, at 

lower temperatures, the contribution from the bound excitonic recombination becomes significant 

(peak 2), as shown in Fig. 2.15.  
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Note that the FWHM of the PL spectra increases with increasing temperature (see Fig. 2.16(a)), 

due to exciton-phonon coupling, longitudinal optical (LO) contribution and enhanced drift motion 

of the carriers at a higher temperature which causes the redistribution of the carriers and in turn 

results into the broadening of the PL spectra [50, 53]. Inset of Fig. 2.16(a) shows the comparison 

of the PL spectra (normalized to 1) of the film taken at 80 and 300 K, revealing the FWHM of ~45 

and ~92 meV, respectively. Narrow linewidth of the PL spectra at low temperatures reveal the 

color purity of the film appropriate for light-emitting and display applications. To understand the  

 

Fig. 2.16. (a) Variation of FWHM of the PL spectra of MAPbBr3 film with measurement temperature. The 

experimental data is shown by the symbol and the solid line corresponds to the fitted data; the inset shows the 

comparison of the normalized PL spectra taken at 80 and 300 K. (b) Variation in PL peak position (energy) with 

measurement temperature for the 120 nm perovskite film. 

exciton-phonon coupling, FWHM of the excitonic peak as a function of temperature is analyzed. 

It has been reported that the exciton-phonon coupling parameter is associated with the localized 

and delocalized electronic transition and it affects the PL spectral line width. The contribution of 

exciton-phonon coupling is quantified by fitting the FWHM vs. temperature data using the Boson 

model, as shown in Fig. 2.16(a). The Boson model [54, 55] is given by, 

Γ(𝑇) = Γ0 + Γ𝐿𝑂 (𝑒𝑥𝑝(ℏ𝜔𝐿𝑂 𝑘𝐵𝑇⁄ ) − 1)⁄                                       (2.2) 

where, Γ0, ΓLO, ћωLO, and kB are the inhomogeneous broadening contribution, longitudinal exciton-

phonon contribution, longitudinal optical phonon energy, and the Boltzmann constant. From the 

fitted data, the extracted parameters are as follows: Γ0 = 32 meV, ΓLO = 174 meV, ћωLO = 27 meV. 
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The longitudinal optical phonon energy is consistent with the earlier reports (25-42 meV) [56]. 

Note that there is an overall blue shift of the PL peak with the increase in measurement 

temperature, as shown in Fig. 2.16(b). As the temperature increases from 80 to 300 K, the PL peak 

is blue-shifted by 30 meV due to exciton-phonon coupling and lattice expansion, since the 

perovskite semiconductors show positive thermal expansion coefficient for the bandgap.            

The carrier lifetime of the vacuum deposited MAPbBr3 film on ITO is investigated using the TRPL 

measurement under 405 nm pulsed laser excitation monitored at the corresponding PL peak (see 

Fig. 2.17). A comparison of the TRPL spectra of the films with thickness 10, 40, and 120 nm is 

shown in Fig. 2.17. In each case, the TRPL spectra of 10, 40 and 120 nm films are recorded by 

monitoring the decay at the corresponding PL peak positions, i.e., at 530, 532 and 540 nm for the 

films with thickness 10, 40, and 120 nm, respectively. The experimental data are fitted with tri-

exponential decay function, since the PL emission peak primarily has the contributions from free 

exciton recombination, bound exciton recombination, and trap states. The tri-exponential decay 

function is given by, 𝐼(𝑇) = ∑ 𝐴𝑖𝑒𝑥𝑝(− 𝑡 𝜏𝑖⁄ )3
𝑖=1 , where Ai is the amplitude of the decay curve 

 

Fig. 2.17. Comparison of TRPL spectra of perovskite films with different thicknesses on ITO substrate. 

corresponding to the lifetime τi. The average lifetime of the film is calculated using the relation 

[46]: 𝜏𝑎𝑣𝑔 = ∑ 𝐴𝑖𝜏𝑖
2 ∑ 𝐴𝑖𝜏𝑖

3
𝑖=1⁄3

𝑖=1 . Average lifetimes corresponding to the 10, 40, and 120 nm 

films are found to be ~45, ~6 and ~5 ns. The decrease in carrier lifetime with increasing thickness 

can be attributed to the higher contribution of non-radiative recombination in the thicker film 
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associated with trapping centers due to grain boundaries, and this is consistent with the lower PL 

intensity in the steady-state spectra. If the radiative and nonradiative lifetimes are expressed as r 

and nr, then the effective lifetime eff is given by, 
1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑟
+

1

𝜏𝑛𝑟
. Since, 𝜏𝑛𝑟 ≪ 𝜏𝑟, the above 

equation reveals that 𝜏𝑒𝑓𝑓 ≈  𝜏𝑛𝑟 and thus, 𝜏𝑒𝑓𝑓 ≪  𝜏𝑟. The presence of defects is also confirmed 

from the PL line shape analysis at low temperature. Thus, considering the moderate PL lifetime 

and high PL intensity in the 40 nm film grown at a substrate temperature of 50 ºC, this condition 

is considered optimum for the growth and fabrication of optoelectronic devices.    

2.5. Summary and Conclusions 

In this chapter, we have presented a thorough analysis on the growth kinetics and scaling behavior 

of vacuum deposited MAPbBr3 thin film on ITO and SiO2 substrates. Later, a direct correlation 

between the growth parameters and structural/optical characteristics of the film is established. 

These results may lead to a new path to engineer the device performance as we correlate the growth 

parameters to the optical and structural properties of the perovskite film, and we can precisely 

control various morphological parameters using the vacuum deposition method. The key findings 

of the chapter are summarized below. 

1. Anomalous scaling behavior of the vacuum-deposited MAPbBr3 hybrid perovskite thin 

film on different substrates at low thicknesses. 

2. For the optimized thickness, the near-unity roughness exponent (α) of the film on both ITO 

and SiO2 substrates indicate locally smooth surface. 

3. The growth exponents, β, are found to be ~ 0.22 and ~ 0.90, and the thermal activation 

energies (Ea) are found to be ~ 0.10 and ~ 0.15 eV, for the films grown on ITO and SiO2 

substrates, respectively.  

4. The higher values of β and Ea for the films grown on SiO2 substrate as compared to the 

case of ITO suggest a higher step edge barrier resulting in a mound-like growth on the SiO2 

substrate and a steady lateral growth on the ITO substrate. 

5. High exciton binding energy and high optical stability of the perovskite film on ITO 

substrate. 

6. Optimized film thickness and substrate temperature are found to be 40 nm and 50 °C with 

high crystallinity and low surface roughness on the ITO substrate. 
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Chapter 3 

Large Exciton Binding Energy, High Photoluminescence 

Quantum Yield and Improved Photostability of Organo-Metal 

Halide Hybrid Perovskite Quantum Dots Grown on a 

Mesoporous TiO2 Template  

In this chapter, we present a novel synthetic route to grow size-tunable hybrid perovskite 

(CH3NH3PbI3 and CH3NH3PbBr3) quantum dots (QDs) using a Fluorine-doped TiO2 (F-TiO2) 

mesoporous template and these QDs exhibit large exciton binding energy, high photoluminescence 

quantum yield and improved photostability. The pore size in F-TiO2 template is tuned by varying 

the HF molar concentration during its solvothermal growth and size of the perovskite QDs 

embedded in F-TiO2 pores is tuned in the range of 1.7-5.1 nm. As compared to its bulk counterpart 

the CH3NH3PbI3 (MAPbI3, MA= CH3NH3) QD with average size ~1.7 nm exhibits ~47 nm blue 

shift in the PL spectrum, ~43-fold enhancement in photoluminescence (PL) intensity and ~25 % 

PL quantum yield (QY). On the other hand, MAPbBr3 QD of similar size exhibits dramatically 

enhanced (~124 times) PL emission with narrow line width and a PL QY of ~57 %, which is 

significant for the template-assisted growth of perovskite QDs film. Quantitative analysis of the 

PL emission energy vs QD size shows an excellent fit with the Brus equation confirming the strong 

quantum confinement effect in the perovskite QDs. Analysis of low-temperature PL spectra 

reveals high exciton binding energy (162-272 meV) of the QDs as compared to the bulk film (~32 

meV) due to the high effective dielectric constant and high electron-hole recombination probability 

in the QDs, consistent with the high PL QY of the QDs. The blue shift of the PL peak energy with 

increasing temperature is explained on the basis of localization effect. The MAPbBr3 QDs 

embedded in porous F-TiO2 template maintain its initial PL intensity up to several hours (≥10 h) 

under the UV laser exposure (18mW), while that of the bulk film decreases to <67 % of its initial 

value. Thus, template grown hybrid perovskite QDs exhibiting high photostability and very high 

PL QY are promising for the next generation optoelectronic applications. 
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3.1. Introduction 

Organic-inorganic halide perovskites have fostered unprecedented research interest due to their 

rapidly achieved spectacular performance in the field of optoelectronic devices along with their 

remarkable characteristics, such as low cost, long-range charge transport, tunable optical bandgap, 

high absorption coefficient and photoluminescence quantum yield (PL QY)[1-9]. Currently, 

perovskite-based solar cells have achieved power conversion efficiency up to 22 % and LEDs have 

achieved quantum efficiency as high as 10 %[10]. Additionally, other applications of perovskite, 

such as sensors, amplified spontaneous emission and lasing, photodetectors, memory devices have 

also been realized[11-14]. In the last chapter, we have discussed about the growth kinetics of 

vacuum deposited 3D perovskite thin film whose emission intensity was not high enough to apply 

it devices. Hence, to improve the optoelectronic properties and stability, we have tried to 

synthesize perovskite nanocrystals (NCs). 

In recent years, perovskite NCs have drawn great attention owing to their unique properties, such 

as large exciton binding energy, narrow emission bandwidth, high PL QY, decent stability along 

with the well-known properties of bulk perovskite[15-22]. Lead bromide based perovskite 

quantum dots (QDs) in colloidal solution have approached ~100 % PL QY, synthesized by 

colloidal method[23]. Schmidt and co-workers first demonstrated the synthesis of ~6 nm sized 

organic-inorganic halide perovskite NCs through a simple method using ammonium bromide with 

a medium-length alkyl chain[24]. Since then, perovskite NCs are being prepared by different 

methods for a wide range of optoelectronic applications. In the case of NCs synthesized by the 

colloidal method, the final product consists of NCs with some unwanted bulk structures. The as-

synthesized colloidal perovskite NCs are ionic and essentially hygroscopic in nature, which makes 

them usually unstable in the ambient environment[25-28]. Perovskite solution may be incorporated 

in various mesoporous templates, confining the growth of perovskite in the pores, which results in 

the controlled growth of perovskite NCs guided by the mesoporous structure. Researchers have 

devoted great efforts to synthesize different templates, since in-situ fabrication process of 

perovskite NCs is preferable for device applications. Kojima et al. observed strong PL emission 

from nanocrystalline lead bromide perovskite synthesized by rapid self-organization on a 

mesoporous aluminum oxide film[29]. Di et al. demonstrated the formation of self-assembled 

perovskite NCs embedded in a solid organic matrix[30]. Malgras et al. described a simple method 
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to grow monodisperse 3.3 nm sized MAPbBrxI3-x NCs inside mesoporous silica templates by the 

varying pore size of the templates[31]. Recently, Anaya et al. reported quantum confinement (QC) 

induced tunable emission over a wide range of energy (~0.34 eV) by embedding the perovskite 

NCs in thin metal oxide films[32]. Though the size-tunable perovskite nanoparticles (NPs) are 

successfully achieved in earlier works, very few studies discussed on the improvement of 

fluorescence intensity and their application in light-emitting devices. Demchyshyn et al. used 

nanoporous anodic alumina (npAAO) and nanoporus silicon (npSi) thin films for the growth of 

perovskite nanocrystals with very high PL QY (up to 25 % for CH3NH3PbI3, 60 % for 

CH3NH3PbBr3, 90 % for CsPbBr3) and they also demonstrated blue emission from CsPbBr3 in 

npSi and cyan EL in npAAO-based LEDs[33]. Recently, Ghosh et al. reported growth of MAPbI3 

NPs on a mesoporous Si nanowire template and they achieved ~12 fold enhancement in PL 

intensity with respect to bulk perovskite film and a PL QY of ~9 %[34]. The reported PL QY of 

template grown perovskite NCs is typically quite low and needs further improvement for device 

applications. 

Herein, we demonstrate the growth of MAPbI3 and MAPbBr3 QDs inside a mesoporous Fluorine 

doped TiO2 (F-TiO2) template by a simple solution processed method. With the help of steady 

state and low-temperature PL study the origin of high emission efficiency of the QDs is 

investigated. This template grown perovskite QDs also exhibit much better photostability and air 

stability compared to bulk films, which is very promising for their practical applications, including 

the light emitting diodes.  

3.2. Experimental Procedure 

3.2.1. Materials 

The starting materials for the present work are titanium (Ti) foil (99.7 %, Sigma Aldrich), 

hydrofluoric acid (HF, 48 %, Merck), hydrochloric acid (HCl, 37%, Merck), methylamine solution 

(CH3NH3, 33 wt% in absolute ethanol, Sigma-Aldrich), lead(II) iodide (PbI2, 99 %, Sigma-

Aldrich), lead(II) bromide (PbBr2, 99.999 %, Sigma-Aldrich), hydroiodic acid (HI, 57 wt% in 

water, Sigma-Aldrich), hydrobromic acid (HBr, 48 wt% in water, Sigma-Aldrich), N,N-

dimethylformamide (DMF, >99 %, Sigma-Aldrich), diethyl ether (>99 %, Merck) and Titania 

paste (Sigma-Aldrich). 
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3.2.2. Synthesis Procedures 

3.2.2.1. Synthesis of Porous TiO2 Nanostructures 

Mesoporous 3D F-TiO2 nanoflowers (NFs) with self-grown TiO2 NCs were prepared using the 

procedure reported by Paul et al.[35]. In a typical synthesis, commercially available Ti foil was 

first cleaned by 18 % aqueous HCl solution at 90 °C for 20 min to remove impurities and oxide 

layers. Afterward, it was rinsed with deionized (DI) water vigorously and finally dried in the inert 

gas atmosphere. Cleaned Ti foil was taken into a Teflon-lined autoclave (Berghof, BR-100) with 

50 mL of aqueous HF solution (20 mM-80 mM). The sealed autoclave was heated and maintained 

at 150 °C for 8 hours. After the hydrothermal treatment, the autoclave was allowed to cool down 

naturally and then the foil was gently washed with DI water and dried in an oven at 90 °C to get 

the mesoporous F-TiO2 templates. The mesoporous F-TiO2 templates grown with 20 mM, 40 mM, 

and 80 mM HF concentrations are named as F1, F2 and F3, respectively.  

3.2.2.2. Synthesis of MAPbI3 

MAPbI3 perovskite precursor solution was prepared using the well-established procedure[36]. To 

prepare CH3NH3I powder, 24 mL of methylamine solution was diluted with 50 mL of absolute 

ethanol and stirred for 15 min in 250 mL round-bottom flask. Then, 8 mL of HI was slowly added 

to the above solution at 0 °C with vigorous stirring at 1000 rpm for 2 h. Afterward, the solution 

was heated at 60 °C for 5 h with continuous stirring to evaporate the solvent. To remove impurities 

from the obtained white CH3NH3I powder, the crystals were washed several times with anhydrous 

diethyl ether and dried at 60 °C in a vacuum oven overnight. Then, CH3NH3I and PbI2 were 

dissolved in DMF at 1:1 molar ratio to obtain the semi-transparent yellow CH3NH3PbI3 perovskite 

solution with 30 wt%.  

3.2.2.3. Synthesis of MAPbBr3 

We followed a similar procedure to obtain the MAPbBr3 perovskite precursor solution. CH3NH3Br 

was first prepared by adding 8 mL methylamine and 2.83 mL HBr acid solution to 22 mL of 

absolute ethanol. For the elimination of impurities and recrystallization of CH3NH3Br, the same 

procedure has been followed, as discussed for the synthesis of CH3NH3I powder. The as-prepared 
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CH3NH3Br powder was dissolved together with PbBr2 at a 2:1 molar ratio in DMF, to get a 

transparent colorless MAPbBr3 solution with a concentration of 30 wt%. 

3.2.2.4. Growth of Perovskite QDs on F-TiO2 

The syntheses of MAPbI3 and MAPbBr3 QDs were carried out by spin coating the as-synthesized 

perovskite solution on the F-TiO2 template at 2500 rpm for 30 sec, followed by annealing at 80 °C 

for 20 min. The MAPbI3 templates F1, F2, and F3 coated with MAPbI3 are named as F1PI, F2PI 

and F3PI, respectively, and those coated with MAPbBr3 are named as F1PB, F2PB and F3PB, 

respectively. Fig. 3.1 illustrates the schematic of the template-assisted growth process of 

perovskite QDs.  To compare the performance of perovskite QDs grown on F-TiO2, commercially  

 

Fig. 3.1. Schematic of hydrothermally grown mesoporous F-TiO2 template and growth of perovskite QDs on it by 

spin coating followed by annealing. 

available mesoporous TiO2 paste (m-TiO2) was also used as a template to grow perovskite 

film/NPs. For this, commercial m-TiO2 paste was first diluted in ethanol and then spin coated on 

ITO substrate and subsequently PI and PB solutions were deposited on m-TiO2 layer. Note that 

the m-TiO2 contains pores of much larger size than that of the mesoporous F-TiO2, as discussed 

later.   

3.3. Characterization Techniques 

The morphology of TiO2 templates before and after the deposition of perovskite QDs has been 

characterized using FESEM (Sigma, Zeiss). The high magnification surface morphologies of TiO2 

and perovskite QDs for different samples have been studied using a TEM (JEOL-JEM 2010) 

operated at 200 kV. High-angle annular dark field (HAADF) images were obtained using a 
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scanning transmission electron microscope (STEM) in aberration-correction mode (JEM 2100F, 

200 kV) for high-resolution imaging. The surface area of TiO2 nanoflower was determined using 

the multipoint Brunauer−Emmett−Teller (BET) method and the average pore size was determined 

using the Barett−Joyner−Halenda (BJH) model. UV−Vis absorption spectra were derived from the 

diffuse reflectance spectra (DRS) of the samples measured using a commercial spectrophotometer 

equipped with an integrating sphere (PerkinElmer, Lamda 950). The room temperature steady-

state PL spectra of iodide and bromide-based perovskite NCs were recorded using 405 nm and 355 

nm diode laser (CNI Laser) excitation, respectively with the help of a commercial fluorometer 

(Fluoromax-4, Horiba Scientific). The PL QY of the samples was measured in the thin film mode 

using an integrating sphere (FM-SPHERE, Horiba) attached with the fluorometer. Low 

temperature (80–300 K) PL measurements were carried out using a liquid nitrogen cooled optical 

cryostat (Optistat DNV, Oxford Instruments) attached to the above fluorometer. Time resolved PL 

(TRPL) measurements were performed using 405 nm/ 375 nm pulsed laser excitation for iodide/ 

bromide-based perovskite QDs, with an instrument response time of <50 ps (LifeSpecII, 

Edinburgh Instruments). 

3.4 . Results and Discussion 

3.4.1. Morphology Studies 

Surface morphology of as-synthesized F-TiO2 template with arbitrary shaped TiO2 NCs was 

investigated by FESEM and the low magnification images are shown in Fig. 3.2(a-c). These 

images clearly reveal the nanoflowers (NF) type morphology of the F-TiO2 nanostructures. Fig. 

3.2(d-f) portray the enlarged view of pristine F-TiO2 NF templates. It is evident from Fig. 3.2(d) 

that for sample F1 (grown with 20 mM HF), the self-grown TiO2 NCs are observed to be uniformly 

decorated on the NF surface, due to the irregular surface etching by HF during the hydrothermal 

treatment. When the HF concentration increases from 20 mM to 40 mM, surface etching is more 

prominent and thus the size of the NCs is observed to be increased, as shown in Fig. 3.2(e). For 

80 mM HF concentration, the inter-particle separation is further increased, as shown in Fig. 3.2(f). 

Histogram showing the separation between two consecutive NCs in F1 is depicted in Fig. 3.2(g) 

with an average separation of 3.2 nm. As a result of the intense surface etching, separation between 

consecutive NCs increases in F2 and it is estimated to be 4.8 nm, as shown in Fig. 3.2(h). In F3, 

the average inter-particle separation is 6.4 nm, as shown in Fig. 3.2(i). The inter-particle gap serves 
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as pore-like structure and acts as the template for the growth of perovskite QDs. In the course of 

spin coating of perovskite solution on the F-TiO2 template, the PI or PB QDs are formed in the 

inter-particle gaps (voids/pores) of TiO2 NCs. Due to the formation of perovskite QDs, the inter-  

 

Fig. 3.2. FESEM images of mesoporous TiO2 NFs grown at different HF concentrations: (a) 20 mM (F1), (b) 40 mM 

(F2) and (c) 80 mM (F3). Enlarged view of mesoporous F-TiO2 petals grown at different HF concentrations: (d) 20 

mM (F1), (e) 40 mM (F2) and (f) 80 mM (F3). (g-i) Histograms of inter-particle separation in corresponding 

mesoporous TiO2 templates, respectively. 

particle gap/voids in F-TiO2 templates are observed to be filled, as shown in Fig. 3.3(a-c), resulting 

in the uniform decoration of perovskite QDs in the pores of F-TiO2 template. Due to the resolution 

limit of FESEM imaging, perovskite QDs are not clearly discernable here. However, the size of 

perovskite QDs increases from F1PI to F3PI, which is consistent with the pore size in the 

mesoporous F-TiO2 NF template. To compare the performance of perovskite QDs grown on F-

TiO2, commercially procured mesoporous TiO2 paste (m-TiO2) was also used as a template to 

grow perovskite NPs. Fig. 3.4(a,b) shows the FESEM image of PI and PB deposited on m-TiO2  
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Fig. 3.3. FESEM images of PI perovskite layer coated on various F-TiO2 templates: (a) F1PI, (b) F2PI, (c) F3PI. 

coated substrates revealing bulk nature of the perovskite, since the pore sizes in m-TiO2 is very 

large (>30 nm). EDX spectrum of the as-synthesized F-TiO2 NF (F1) is shown in Fig. 3.4(c) 

confirming the presence of Ti, O, and F in the NF. The concentration of F is observed to be ≈8 at% 

with HF concentration 20 mM, which confirms the doping and surface adsorption of fluorine ion 

on F-TiO2 NF surface[35]. In contrast, commercially procured m-TiO2 paste does not have any 

fluorine doping (see Fig. 3.4(d)) and hence intrinsic in nature and it behaves differently for the 

light emission characteristic of the perovskite layer on it. 

 

Fig. 3.4. FESEM images of (a) PI and (b) PB films deposited on mTiO2 coated ITO substrates. EDX spectra and 

elemental composition of (c) F1 and (d) mTiO2 paste. 

TH-2453_156121029



71 |                           L a r g e  E x c i t o n  B i n d i n g  E n e r g y ,  H i g h  P h o t o l u m i n e s c e n c e  

With the help of Brunauer−Emmett−Teller (BET) process, we measured the surface area and pore 

size of the as-grown F-TiO2 NF template and commercially available mesoporous m-TiO2 paste. 

The N2 adsorption-desorption isotherms of F3 are shown in Fig. 3.5(a) and the isotherms of F-

TiO2 NF exhibit an abrupt increase in the high-pressure region (>0.7 P/P0 value), which can be 

related to the capillary condensation and multilayer adsorption of N2 in the voids between F-TiO2 

NCs. The average pore size and corresponding size distribution was analyzed using Barrett-Joyner-

Halenda (BJH) analysis. The BJH pore size distribution profile for F3 is shown in the inset of Fig. 

3.5(a). The mean surface area and average pore diameter of F3 are measured to be 13.836 m2/g 

and 4.3 nm, respectively. Note that the pore diameter calculated from BET is less than the 

estimated inter-particle separation between TiO2 NCs from FESEM image, which is primarily due 

to the resolution limit of the FESEM. The N2 adsorption-desorption isotherms and the BJH pore 

size distribution profiles for commercially available mesoporous m-TiO2 paste are shown in Fig. 

3.5(b). The average pore diameter of m-TiO2 is ~32.9 nm, which is too large to grow perovskite 

QDs using it as a template. 

 

Fig. 3.5. (a) N2 adsorption/desorption isotherms of F-TiO2 NF template obtained from F3. The inset shows the 

corresponding BJH pore size distribution. (b) N2 adsorption/desorption isotherms of commercial m-TiO2 paste and 

the inset shows corresponding BJH pore size distribution. 

TEM images of the PI QDs grown on F-TiO2 templates were acquired to investigate the actual size 

and morphology of individual QD. To prepare the TEM sample, F-TiO2 layer with the PI QD was 

scratched from the Ti foil (substrate) in the form of powder and then dispersed in toluene. Next, 

the dispersion was drop casted on the TEM grid and heated at ~45 °C to evaporate the solvent. 
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Fig. 3.6(a) shows the TEM image of the sample F1PI revealing the uniform decoration of PI QDs 

on the F-TiO2 template. The corresponding size distribution of PI QDs with average size ~1.7 nm 

is shown in the inset of Fig. 3.6(a). Fig. 3.6(b) shows the bright field high-resolution STEM image 

of F1PI discerning the discrete distribution of PI QDs on F-TiO2 template. The uniform growth of 

PI QDs on the F-TiO2 templates of F2 and F3 are shown in Fig. 3.6(c,d), and the corresponding  

 

Fig. 3.6. (a) TEM image of PI QDs in F1PI and corresponding size distribution in the inset. (b) High resolution bright 

field STEM image of F1PI. TEM image of PI QDs in: (c) F2PI and (d) F3PI and the corresponding size distributions 

shown in the inset. 

particle size distribution with an average diameter of ~3.3 nm and 5.1 nm are shown in the inset, 

respectively. Since the size of the QDs grown on F1 is smaller than that of F2 and F3, it facilitates 

stronger QC effect, which will be discussed later. It is evident from the TEM images that the size 

of the as-grown PI QDs on F-TiO2 template becomes larger with the increase of the molar 

concentration of HF. The estimated size of the PI QDs from the TEM images is consistent with 

the average pore size or interparticle separation between F-TiO2 NCs in different samples. We find 

that the average size of the QDs in F3PI is ~5.1 nm, which is marginally higher than the pore 

diameter of F3 (~4.3 nm) calculated using BJH analysis. Hence, ultra-small pores in the F-TiO2  

TH-2453_156121029



73 |                           L a r g e  E x c i t o n  B i n d i n g  E n e r g y ,  H i g h  P h o t o l u m i n e s c e n c e  

 

Fig. 3.7. (a) HAADF STEM image of F1PI and (b-g) the corresponding elemental mapping of titanium, oxygen, 

carbon, nitrogen, lead, iodine respectively, showing their spatial distribution. 

template act as nucleation sites for the growth of perovskite QDs. Note that the perovskite QDs 

are partially embedded in the pores of the F-TiO2 template and partially outside the pores, which 

is fully consistent with the TEM images. After spin coating and annealing of the perovskite 

solution, PI QDs become crystallized and exhibit superior properties. HAADF image of the 

elemental mapping for F1P1 is shown in Fig. 3.7(a). The elemental mapping clearly shows the 

presence of C, N, Pb and I on F-TiO2 template confirming the presence of PI QDs on F-TiO2 

template (see Fig. 3.7(b-g)). To compare the properties of QDs grown on F-TiO2 template with  

 

Fig. 3.8. TEM images of (a) cPI QDs and (b) cPB QD prepared by colloidal method [37]. 

that grown by colloidal method, we prepared colloidal QDs following the method reported by 

Huang et al.[37] and samples are termed as cPI and cPB corresponding to PI and PB precursors, 
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respectively. cPI and cPB QDs with average QD size ~2 nm were successfully synthesized, as 

shown in Fig. 3.8(a,b), and utilized for the comparison of light emission properties along with 

stability. 

3.4.2. XRD Analysis 

In order to confirm the crystal structure and phase of the bulk perovskite films and PI/PB QDs, 

XRD pattern of each sample has been recorded and shown in Fig. 3.9(a). Each characteristic 

diffraction peak of crystalline PI matches with the literature[38, 39]. No trace of the PbI2 peak 

(2θ=12°) is observed, which confirms the complete transformation of precursor materials 

(CH3NH3I and PbI2) into PI. As evident from the XRD pattern, both the PI QDs and the F-TiO2  

 

Fig. 3.9. (a) Comparison of the XRD pattern of F1PI, F2PI, F3PI and BulkPI. (b) Comparison of XRD pattern of 

(110) diffraction peak of different PI QDs. 

template are highly crystalline in nature and the F-TiO2 template is observed to be mostly in 

anatase phase (marked as “A” in the Fig.3.9(a)) with a small trace of brookite phase (marked as 

“B”). Fig. 3.9(b) shows the XRD pattern corresponding to (110) plane of PI QDs grown within 

the voids of F-TiO2 template along with the bulk PI film grown on the ITO substrate. The intensity 
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of the characteristic (110) diffraction peak of PI QDs is much lower than the BulkPI film, which 

is due to the lower thickness/volume of PI QDs. With decreasing size of PI QDs, the line width of 

the XRD peak is observed to be broadened systematically, as evident from Fig. 3.9(b). The (110) 

peak position slightly shifts to lower angle as the size of the PI QDs decreases, which indicates the 

presence of tensile strain in the QDs. The FWHM of (110) peak for the smallest PI QDs (F1PI) is 

estimated to be ~0.37°, which is ~1.5 times that of the BulkPI. Thus, the increase in FWHM is 

consistent with the formation of ultra-small size QDs. Though the Scherrer formula can predict 

the crystallite size of PI QDs grown on various F-TiO2 templates, finer estimation of the QD size 

is difficult due to the low intensity of the diffraction peak. In this case, Scherrer formula gives a 

 

Fig. 3.10. (a) Comparison of the XRD pattern of F1PB, F2PB, F3PB and BulkPB. (b) (100) diffraction peak for PB 

QDs, grown on various F-TiO2 templates. 

higher estimate of the size of the QDs as compared to that measured from TEM, primarily due to 

their ultra-small sizes where the validity of the formula is questionable. Fig. 3.10(a) shows the 

XRD patterns of BulkPB and PB QDs grown on F-TiO2 templates, suggesting a highly crystalline 

cubic phase of PB crystals. Fig. 3.10(b) shows the XRD pattern corresponding to (100) plane of 

PB NPs grown on various F-TiO2 templates along with the BulkPB film. Similar to the PI NPs, 
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the (100) plane shifts to lower angle and the line width for F1PB increases systematically with 

decreasing the NP size and the FWHM is estimated to be ~2.6 times that of the BulkPB case. The 

possibility of ultra-thin capping layer of perovskite film on the F-TiO2 NF is unlikely, since the 

XRD intensity is low and line width is relatively large for the QDs. To confirm the same, ultra-

thin (~4 nm) PB film was deposited on ITO substrate by vapor deposition method and it showed 

~3 times stronger XRD peak intensity compared to that of the QD case (Fig. 3.11). In the presence 

of any additional polycrystalline layer of perovskite film on the surface of the F-TiO2, the intensity 

of XRD pattern would be more intense, which is contrary to our observation. Hence, the presence 

of any capping layer is ruled out in the present case.  

 

Fig. 3.11. Comparison of the XRD pattern of F3PB (QD size ~5 nm) and very thin PB film (4 nm) on ITO substrate. 

The curves are vertically shifted for clarity of presentation.  

3.4.3. Optical Analysis 

3.4.3.1. UV-vis Absorption Studies 

DRS of the as-grown samples are studied to understand the change in the band structure due to the 

formation of perovskite NPs/QDs. From the DRS, Kubelka-Munk (K-M) function, F(R) is 

calculated which is related to the absorption coefficient (α) given by, 

𝐹(𝑅) = (1 − 𝑅)2 2𝑅⁄ = 𝛼 𝑆⁄                                                (3.1)          
     

 

where, R is the diffuse reflectance, S is the scattering coefficient. Fig. 3.12(a) exhibits the plot of 

the K-M function for PI QDs on various F-TiO2 templates. A significant blue shift (up to 51 nm 

for F1PI) in the absorption edge of the PI QDs is observed with respect to that of the BulkPI film 
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on ITO substrate, which is clearly noticeable from the magnified view of plot for F1PI and BulkPI 

shown in the inset of Fig. 3.12(a). Among different PI samples, the absorption edge of F1PI is 

observed maximally blue shifted, which may be due to the strong QC effect in the PI QDs in F1PI, 

since it contains the smallest size QDs. As the size of the QDs decreases below the exciton Bohr 

radius, there is a sharp transition in the absorption band due to excitonic transition, as observed in 

Fig. 3.12(a)[40]. To compare the optical properties of PB NPs/QDs grown in a similar way, F(R) 

for different samples was analyzed. Fig. 3.12(b) shows a comparison of F(R) of the sample F1PB,   

 

Fig. 3.12. (a) A plot of K-M function, F(R), for PI QDs grown on the different mesoporous F-TiO2 template and the 

BulkPI film deposited on ITO substrate (BulkPI).The inset shows an enlarged view of absorption edge for F1PI and 

BulkPI indicating the blue shift of the absorption edge in F1PI with respect to the BulkPI film. (b) A comparison of 

the K-M functions for the samples F1PB, F2PB, F3PB and BulkPB film. The inset shows the blue shift of the 

absorption edge in F1PB as compared to that of BulkPB.  

F2PB, F3PB, and BulkPB film. Though, a similar blue shift is observed for PB QDs compared to 

its bulk counterpart, PB QDs exhibit much lesser blue shift than PI QDs. In both the cases, the 

absorption spectra of perovskite QDs exhibit sharp band edge step indicating their direct bandgap 

nature. The F(R) value of bulk films is observed to be higher than the perovskite QDs, may be 

because of higher thickness of bulk perovskite film than the QDs. The contribution of F-TiO2 

absorption is observed at ~350 nm with a sharp edge and at a higher wavelength (> 400 nm) it 

possesses negligible absorbance[41, 42]. Thus, the measured absorbance of different samples 

observed in the visible region has a negligible contribution from the F-TiO2 template and the 

observed features are characteristics of the PI/PB QDs.  
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3.4.3.2. Steady State Photoluminescence Studies 

Due to the ultra-small size of the QDs, QC effect is expected to be prominent in PL spectrum, 

since quantization of energy levels and enlargement of the bandgap are the most prominent 

consequences of the confinement of carriers in semiconductor QDs. PL spectra for the PI QDs 

were recorded using a 405 nm laser excitation in ambient condition. Fig. 3.13(a) shows a 

comparison of PL  spectra for pristine F1, BulkPI and F1PI. Note that pristine F1 does not show 

any measurable PL intensity in the visible region for the 405 nm excitation, while the BulkPI film 

possesses a relatively sharp PL peak centered at 762 nm, due to the direct band to band transition. 

The PI QDs grown on F1 template shows dramatically high PL intensity as compared to that of 

the bare F1 and BulkPI. Fig. 3.13(b) exhibits comparative PL spectra of PI QDs grown over the 

various F-TiO2 templates with different pore sizes under identical conditions of measurement. PL 

intensity of PI QDs is observed to remarkably increased when the size of the QDs decreased, as 

depicted in the inset of Fig. 3.13(b). As compared to the BulkPI film, the PL intensities of F1PI, 

F2PI, and F3PI are observed to be enhanced by ~41, 22 and 19 times, respectively, due to the 

reduced size of the QDs. The normalized PL spectra corresponding to Fig. 3.13(b) is displayed in 

Fig. 3.13(c) showing a systematic blue shift in PL peak position from F3PI to F1PI with the 

decrease in the size of the PI QDs, which is fully consistent with the absorption spectra. This 

strongly indicates the QC effect in the perovskite QDs confined in the pores of mesoporous F-TiO2 

templates. PI QDs grown within the mesoporous F-TiO2 template display sharp PL peaks at 716 

nm (F1PI), 721 nm (F2PI) and 737 nm (F3PI), which are observed to be blue-shifted from that of 

BulkPI (764 nm). The PL spectrum for F1PI is maximally blue shifted (47 nm) with respect to the 

BulkPI film. 

This gradual shift of PL peak towards the higher energy is an indication of enlargement of the 

optical bandgap due to the quantum size effect[31]. Each PL spectrum for PI QDs possesses 

relatively broader line width (FWHM ~86 nm) as compared to the BulkPI film (~47 nm), which 

may be associated with the size distribution of PI QDs on the F-TiO2 template. Additionally, 

Förster resonance energy transfer process from smaller to the larger QDs is reported to be 

prominent for the size distribution of QDs. Thus, the higher energy emission from smaller QDs 

may contribute to the overall broadening of the PL emission[43]. In order to quantify the quantum 

size effect of PB based perovskite QDs, comparative PL spectra were recorded for the PB QDs  
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Fig. 3.13. (a) A comparison of PL spectra of pristine F1, BulkPI and F1PI, (b) comparison of PL spectra of F1PI, 

F2PI, F3PI and BulkPI film and the inset shows a variation of PL intensity with PI QD size, (c) the corresponding 

normalized PL spectra showing the blue shift of the PL peak up to 47 nm. (d) Comparison of PL spectra of pristine 

F1, BulkPB and F1PB, (e) comparison of PL spectra of various PB QDs with BulkPB, while inset shows the variation 

of PL intensity with PB QD size and (f) the corresponding normalized PL spectra. To enable comparison of intensities, 

some of the spectra are multiplied by the factors mentioned in respective image. 

using a 355 nm laser excitation in ambient condition. Fig. 3.13(d) shows a comparison of PL 

spectra for the pristine F1, BulkPB film and PB QDs grown on F1, which depicts dramatically 
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enhanced PL intensity from F1PB compared to both the pristine F1 and BulkPB film. Fig. 3.13(e) 

shows a comparison of PL spectra of PB QDs grown on different F-TiO2 templates and BulkPB 

film. As evident from the inset of Fig. 3.13(e), the PL emission from F1PB is exceptionally intense 

and estimated to be ~124 fold higher than that of the BulkPB film. The corresponding normalized 

PL spectra are shown in Fig. 3.13(f), which reveals a small blue shift (~10 nm) for the smallest 

size PB QDs (F1PB) as compared to the BulkPB film. FWHM of PL spectra for F1PB, F2PB, and 

F3PB are observed to be ~24 nm, 28 nm and 26 nm, respectively, while that for the BulkPB film 

is estimated to be ~31 nm. Thus, the reduction in line width of PL spectra for the PB QDs indicates 

their better color purity in emission, which is promising for the fabrication of efficient green LEDs. 

Note that the F-TiO2 NFs template possesses very low oxygen vacancy defects and thus have very 

minor absorption in the visible-NIR region.  

 

Fig. 3.14. (a) Comparison of PL spectra of cPI QDs and F1PI. (b) Comparison of PL spectra between cPB QDs and 

F1PB. 

Since the absorption intensity of the F-TiO2 template in the visible-NIR region is extremely low, 

the emission from the perovskite QDs is minimally affected by the reabsorption. Emission 

properties of PI and PB QDs grown on F-TiO2 templates are compared with perovskite QDs 

synthesized using the top down method. PL emission of cPI QDs is found to be centered at ~ 721 

nm (see Fig. 3.14(a)). PL intensity of F1PI is ~20 times higher than that of the cPI QD film, for 

similar concentration. Fig. 3.14(b) shows the PL spectrum of cPB QDs with excitonic emission 

centered at ~ 525 nm and FWHM ~31 nm. Though cPB QDs show slightly higher (~1.2 times) PL 

intensity than the F1PB, the line width of PL spectrum is higher for cPB QDs than that of PB QDs 

grown on F-TiO2 template indicating high color purity of perovskite QDs grown in case of F1PB. 
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Again, for comparison, PL spectra of PI and PB film deposited on m-TiO2 are compared with 

BulkPI and BulkPB film (see Fig. 3.15). For both the cases, the PL emission is less for m-TiO2 

template, which may be due to the well-known electron accepting nature of the m-TiO2 layer[44]. 

In the present case, F-TiO2 template is Fluorine doped (as confirmed from EDX) and Fluorine acts 

as n-type donor in TiO2, which increases its electron concentration and reduces the probability of 

electron transfer from perovskite layer causing high radiative recombination. Seo et al. reported 

that Fluorine passivates the oxygen vacancy defects and acts as an extrinsic n-type donor for F-

TiO2 by increasing the concentration of free electrons in the conduction band of F-TiO2[45]. This 

also leads to increase in surface electron concentration and enhanced catalytic activity by electron  

 

Fig. 3.15. (a) Comparison of PL spectra of PI NPs deposited on commercially available mesoporous TiO2 and BulkPI 

film. (b) Comparison of PL spectra between PB NPs deposited on mesoporous TiO2 and BulkPB film. 

spill-over effect [46]. In our case, since the F-TiO2 layer is electron rich, it minimizes the 

possibility of electron injection from the perovskite QDs to the F-TiO2 layer. Using XPS analysis, 

it was reported that hydrothermally grown F-TiO2 NCs contain two major peaks related to physical 

adsorption of F ions on the surface of the F-TiO2 flowers and substitution of F atoms in the F-TiO2 

lattice[35]. This leads to the electron rich F-TiO2 layer in the present case and strongly enhanced 

PL emission, compared to the commercial m-TiO2 case.  

A quantitative analysis of the blue shift with QD size and the origin of lower blue shift in PB QDs 

than the PI QDs are investigated using the well-known Brus equation[47]. In semiconductor QDs, 

the enlargement of the optical bandgap is usually explained by quantum confinement effect using 
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‘particle in a box’ model. The effective bandgap (E*) of QDs due to QC effect was first calculated 

by Brus considering the Coulomb contribution[47] and is given by:         

𝐸∗ = 𝐸𝑔 + ℎ2 8𝜇𝑑2⁄ − 1.786𝑒2 4𝜋𝜀0𝜀𝑟𝑑⁄

              

                        (3.2) 

This relation was obtained by solving the Hamiltonian for the cluster’s lowest excited state 

assuming the Hydrogen-like model to describe the interaction between electron and hole. Here, E* 

is the energy of the lowest excited state of the exciton inside the QD, Eg is the energy of bandgap 

of the bulk perovskite, h is the Planck’s constant, μ is the reduced exciton mass, d is the radius of 

the QD, e is the electronic charge, ε0 and εr are the dielectric constants of vacuum and perovskite, 

respectively. The second term in equation (3.2) increases as d-2, which corresponds to the first 

energy level of a pseudoparticle of reduced mass μ confined within a spherical well of radius d.  

Table 3.1. Details of sizes and the PL characteristics of the CH3NH3PbI3 (PI) QDs. 

 

Sample QD size (nm) Peak position 

(nm) 

Intensity enhancement 

factor 

PL QY (%) 

F1PI 1.7 716 41 25 

F2PI 3.3 721 22 13 

F3PI 5.1 737 19 11 

BulkPI -- 764 1 1 

 

Table 3.2. Details of the PL characteristics of the CH3NH3PbBr3 (PB) QDs. 

Sample Peak position 

(nm) 

Intensity enhancement 

factor 

PL QY (%) 

F1PB 526 124 57 

F2PB 527 25 13 

F3PB 528 18 11 

BulkPB 536 1 5 

 

The third term of the equation (3.2) represents the Coulomb attraction, which decreases as d-1 and 

this term is very prominent for smaller size/large bandgap material[47]. The bulk bandgap of PB 

is larger than that of PI and dielectric constant of PB is reported to be smaller than PI [48]. In the 

present case, the Coulomb interaction term is more prominent for larger bandgap PB (BulkPB 
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≈2.37 eV) than lower bandgap PI (BulkPB ≈1.62 eV) due to Coulomb screening effect, resulting 

in a smaller increase in the bandgap in PB film due to the confinement effect [49]. 

A summary of room temperature PL features with the size distribution of perovskite QDs is shown 

in Table 3.1 and Table 3.2. Fig. 3.16(a) shows the variations of PL QY for the samples PI QDs 

and BulkPI, while Fig. 3.16(b) shows the comparison of PL QY for PB QDs along with BulkPB. 

The PL QY of PI and PB QDs grown on the F1 template are measured to be ~25% and 57%, 

respectively, which are significantly high compared to the bulk film as well as the other reported 

works in template-assisted growth of perovskite NPs[31, 32, 34]. High PL QY of perovskite QDs 

indicates low non-radiative recombination of excitons in QDs. Note that higher QY reported for 

the PB QDs is usually obtained with colloidal QDs solution, while the present results correspond 

to QD film on F-TiO2 substrate/template. Hence, the observed high PL QY is considered to be  

 

Fig. 3.16. A comparison of PL QY of various (a) PI QDs and (b) PB QDs with their bulk counterparts. (c) The spectral 

position of the PL peak maxima with respect to the particle size of PI QDs grown on the different F-TiO2 templates. 

The points fitted to Brus equation is shown by a blue solid line.  

significant for the development of QD thin film-based LEDs and display devices. The increase in 

PL intensity and high PL QY in case of perovskite QDs may be due to the high exciton binding  

energy which prevents the dissociation of excitons prior to radiative decay, increasing the emission 

probability [50]. The excitons in bulk perovskite with binding energy 28-75 meV are reported to 

be 3D Wannier type, which facilitates strong delocalization as it is close to the thermal energy at 

room temperature (RT) (~26 meV), tending to dissociate into free carriers before recombining 

radiatively, which results in low PL QY in bulk film[24, 36, 49, 51]. In contrast, the perovskite 

QDs or NCs possess sufficiently high exciton binding energy (~100 meV), which prevents their 

easy dissociation at RT, resulting in the enhanced PL emission. Additionally, efficient radiative 
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recombination of photogenerated charge carriers and passivation of non-radiative recombination 

may be one of the boosting factors for the high PL QY of perovskite QDs, which is further 

confirmed from the TRPL analysis (discussed later). F1PI sample contains uniformly decorated 

ultra-small size PI QDs (~1.7 nm), facilitating the extraordinary enhancement in PL emission. It 

is reported that the exciton Bohr radius (RB) of MAPbI3 is ~3 nm and thus to realize the strong QC, 

the condition d/RB < 2 should be obeyed [32, 52-54]. In the present case, the size of the QDs for 

all the samples satisfies the above condition to exhibit the strong confinement effect.  

In order to analyze further the QC effect quantitatively, the dependence of the size of the PI QDs 

on their PL properties has been analyzed. Fig. 3.16(c) shows a plot of PL peak energy vs the size 

of the corresponding PI QDs estimated from the TEM analysis and the fitting with the Brus 

equation (solid line). From the fitted parameters, exciton reduced mass () and dielectric constant 

(r) were estimated as 0.19m0 and 8.9, respectively, where m0 is electron rest mass. Considering 

these parameters, Bohr radius (RB) is calculated as ~2.5 nm using the relation: 𝑅𝐵 =

(𝑚0𝜀𝑟 𝜇⁄ )(0.053)(𝑛𝑚).
 

The estimated values of , r, and RB match fairly well with the reported 

values for BulkPI at RT [32, 54] and it validates the use of Brus equation for strong confinement 

effect observed here. 

3.4.3.3. Low-Temperature Photoluminescence Studies 

To investigate the effect of temperature on luminescence and excitonic properties of perovskite 

QDs, temperature dependent PL spectra were acquired for F1PI and F1PB in the range of 80-300 

K (see Fig. 3.17). Fig. 3.17(a) shows the temperature-dependent PL spectra of F1PI QDs. With 

the lowering of temperature, the PL peak intensity increases monotonically and is the highest at 

80 K. The inset of Fig. 3.17(a) shows the systematic decrease in PL intensity with increasing 

temperature. When the temperature increases from 80 K to 300 K, we observed a systematic blue 

shift in PL peak position (from 739 nm to 717 nm) and significant line width broadening for F1PI. 

The broadening of the PL peak at higher temperature can be explained on the basis of the expansion 

of the unit cell of perovskite crystal that increases the crystal strain, which in turn enhances the 

exciton-phonon interaction resulting into peak broadening[55]. The broadening of the PL peak at 

higher temperature was reported to be caused by the coupling of the excitons to acoustic phonons 

and to longitudinal optical (LO) phonons in GaN[56]. It has been reported that under non-resonant  
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Fig. 3.17. (a) Temperature dependent PL spectra of F1PI; the inset shows the change in PL intensity with temperature. 

(b) Variation of FWHM of PL peak with temperature fitted with the Boson model. The symbols represent 

experimental data, while the solid line corresponds to fitted data. (c) Variation of PL peak energy of F1PI with respect 

to temperature. The symbols represent experimental data, while the solid line corresponds to fitted data. (d) 

Temperature dependent PL spectra of F1PB; the inset shows the variation of PL intensity with temperature. 

factors including size distribution of the QDs may be responsible for the broadening of PL peak. 

The electron-phonon coupling of the QDs in F1PI is studied by plotting temperature-dependent 

PL spectral width, as shown in Fig. 3.17(b). The experimental data of FWHM () are fitted using 

the Boson model given by, 𝛤(𝑇) = 𝛤0 + 𝛤𝐿𝑂 (𝑒𝑥𝑝(ℏ𝜔𝐿𝑂 𝑘𝐵𝑇⁄ ) − 1)⁄ , where, Γ0 is the 

inhomogeneous broadening contribution, ΓLO is the longitudinal exciton-optical phonon 

contribution to the FWHM and ћωLO is the LO phonon energy. From the fitted data, the obtained 

parameters are as follows: Γ0 = 57.0 meV, ΓLO = 168.3 meV, ћωLO= 33.8 meV. Our result is fully 

consistent with reported value of optical phonon energy (25-42 meV) derived from the Raman 

scattering from MAPbI3[57]. Note that no additional PL peak is observed at low-temperature 

regime, which discards the possibility of phase change in F1PI QDs at low temperature. Fig. 
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3.17(c) illustrates the temperature dependence of PL peak energy of F1PI QDs. F1PI QDs exhibit 

a blue shift of ~57 meV in PL peak position as the temperature increases from 80 K to 300 K. The 

experimental data of peak energy of F1PI in the temperature range 150-290 K is fitted with the 

equation[58], 𝐸𝑔(𝑇) = 𝐸0 + 𝐴𝑇𝐸𝑇 + 𝐴𝐸𝑃(1 + 2 (𝑒𝑥𝑝(ℏ𝜔 𝑘𝐵𝑇⁄ ) − 1)⁄ ), where, E0 is the bandgap 

at T=0 K, ATE and AEP are the weight of the thermal expansion (TE) and electron-phonon (EP) 

interaction terms. ћω is the optical phonon energy. From the fitted data, the derived parameters 

are E0= 1.63 eV, ATE= 0.33 meV/K, AEP= 4.96 meV and ћω= 42.3 meV. These values match well 

with the literature [58, 59]. Hence, the linear increase in PL peak energy with temperature may be 

attributed to the dominating contribution of TE, while the contribution of EP is negligible in this 

temperature range. Fig. 3.17(d) shows temperature-dependent PL spectra of F1PB QDs in the  

 

Fig. 3.18. PL spectra with Gaussian deconvolution for F1PB recorded at different temperatures: (a) 300 K, (b) 220 K 

and (c) 80 K. 

range 80-300 K. Similar to the F1PI case, the PL intensity is observed to be decreased with 

increasing temperature due to thermal quenching along with a systematic blue shift. The phase 

transition induced change in PL peak (i.e. reversal of PL shift) is not observed in case of F1PB 

QDs[60], which discards the possibility of phase change in F1PB QDs. The room temperature (300 
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K) PL spectrum for F1PB shows an asymmetry in lower energy region, indicating a trace of bound 

excitonic emission. The deconvulated PL spectra of F1PB QDs at 300 K, 220 K, and 80 K are 

shown in Fig. 3.18(a-c), respectively. At 300 K, the spectral weight of Peak 1 at ~525 nm arising 

due to the free exciton recombination dominates over the bound exciton recombination (peak 2 at 

~535 nm), as shown in Fig. 3.18(a). With the lowering of temperature, the bound excitonic 

emission increases and at 80 K, it dominates over the free excitonic recombination, as shown in 

Fig. 3.18(c). Fig. 3.19(a) shows the variation in PL peak energy of F1PB QDs with temperature. 

On the other hand, F1PB QDs show relatively small blue shift for both the peaks (~33 meV for 

peak 1 and ~30 meV for peak 2) at a rate ~0.13 meV/K in the temperature range 80-300 K. This 

blue shift may be attributed to the electron-phonon coupling[61]. Exciton binding energy (Eb) for 

the various QDs is estimated from temperature-dependent PL spectra. The temperature 

dependence of the integrated PL intensity of F1PB and F1PI QDs are shown in Fig. 3.19(b) and 

the experimental data are fitted using the Arrhenius equation, given by, 𝐼(𝑇) =

𝐼0 (1 + 𝐴 𝑒𝑥𝑝(−𝐸𝑏 𝐾𝐵𝑇⁄ ))⁄ , where, I(T) and I0 are the integrated PL intensities at temperatures T 

and 0 K, respectively. A is a constant. In order to estimate the Eb of partially embedded perovskite 

QDs, the experimental data are fitted in the higher temperature region (250-300 K). From the 

fitting of the Arrhenius equation above keeping the parameters free, the Eb is estimated to be 

162.1±22.2 meV and 271.1±34.1 meV for F1PI and F1PB QDs, respectively. Thus, the exciton 

binding energy of perovskite QDs is very high in the present case as compared to the reported 

values for QDs as well as the bulk counterpart (~32 meV)[61]. Note that there are some 

characteristic differences in PL evolution with temperature for F1PI and F1PB. For example, the 

decrease in PL intensity with temperature is faster in F1PI as compared to F1PB due to lower 

exciton binding energy value. The shift in PL peak position with increasing temperature is also 

larger in F1PI in contrast to F1PB. Also, asymmetry is observed in F1PB at low temperature due 

to the dominant contribution of bound excitons. Higher exciton binding energy of PB based QDs 

compared to the PI based QDs originates from lower dielectric constant, larger bandgap energy 

and stable cubic crystal structure in F1PB. 

Note that size dependent exciton binding energy has been reported for conventional semiconductor 

QDs. Using electron-hole explicitly correlated Hartree-Fock (eh-XCHF) method, it is reported that 

electron-hole recombination probability and exciton binding energy for CdSe QDs follows a 

scaling relationship with QD size as ~d-n. As the size of the particle increases by 16.1 times and 
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the exciton binding energy and recombination probability decreases by a factor of 12.9 and 

4.55×105, respectively[62]. In our case, for the F1PI QDs, as the size decreased by ~19.4 times 

(from ~33 nm in bulk to 1.7 nm in QDs), the exciton binding energy increases by a factor of ~5.1, 

which is quite consistent with the above prediction, which had an error bar of 28 %. For F1PB 

QDs, the factor comes out to be ~8.5 times. The large increase in exciton binding energy is 

 

Fig. 3.19. (a) Variation in PL peak energy of F1PB with temperature. In the case of F1PB, two peaks (peak 1, peak 2) 

are fitted. (b) PL integrated intensity vs inverse of temperature for F1PI and F1PB. The experimental data are fitted 

with the Arrhenius equation. The symbols represent experimental data, while the solid line corresponds to fitted data. 

explained on the basis of strong confinement effect in the small QDs, where the binding energy 

varies as d-1[51]. Thus, due to the increase in the exciton binding energy, the perovskite QDs show 

stronger QC effect than their bulk counterparts. Higher exciton binding energy for perovskite QDs 

supports higher PL QY for QDs compared to bulk films, resulting in stable and outstandingly 

enhanced PL emission at room temperature[61]. Higher exciton binding energy of PB based QDs 

compared to the PI based QDs originates from lower dielectric constant and larger bandgap energy 

in F1PB[49]. Exciton binding is calculated theoretically from electron-hole interaction energy Veh 

which is calculated from the electron-hole pair density using the  expression[63], 𝑉𝑒ℎ =

∫𝑑𝑟𝑒⃗⃗  𝑑𝑟ℎ⃗⃗  ⃗𝜌𝑒ℎ(𝑟𝑒⃗⃗  , 𝑟ℎ⃗⃗  ⃗)𝑟𝑒ℎ
−1𝜀−1(𝑟𝑒⃗⃗  , 𝑟𝑒⃗⃗  ),

 
where ρeh is the electron-hole pair density function and ε-1 is the 

inverse dielectric function. Hence, higher dielectric function corresponds to lower exciton binding 

energy. Exciton binding energy of perovskite QDs grown on F-TiO2 templates is quite high 

compared to the other reported values for colloidal-based perovskite NP films, which makes it a 

very good candidate for stable light emitting and other optoelectronic device applications at room 

temperature[64]. 
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3.4.3.4. Time-Resolved Photoluminescence Studies 

In order to investigate lifetime and recombination kinetics of carriers, TRPL measurement was 

performed on PI QDs on various F-TiO2 templates and BulkPI film using a 405 nm laser excitation. 

The TRPL decay transients fitted with bi-exponential decay function can be expressed as follows: 

𝐼(𝑡) = ∑ 𝐴𝑖𝑒𝑥𝑝(−𝑡 𝜏𝑖⁄ )2
𝑖=1 ,

 

where Ai is the amplitude of the TRPL decay curve corresponding to 

 

Fig. 3.20. (a) A comparison of TRPL spectra of BulkPI film, F1PI, F2PI and F3PI with 405 nm laser excitation and 

monitored at their respective peak position. (b) PL decay of sample F1PI monitored at different emission wavelengths. 

(c) PL decay rate as a function of PI QD size. Blue solid line shows the best fit curve following an inverse quadratic 

dependence with QD size. 

the lifetime τi. The average lifetime (τavg) is calculated considering the following relation: 𝜏𝑎𝑣𝑔 =

(𝐴1𝜏1
2 + 𝐴2𝜏2

2) (𝐴1𝜏1 + 𝐴2𝜏2).⁄

  

Fig. 3.20(a) shows the TRPL decay profiles of BulkPI film and 

various PIQDs monitoring the emission at their respective PL peak positions. The details of the 

individual components of BulkPI film and PI QDs are given in Table 3.3. The average life times 

are estimated to be ~15.8 ns, 12.9 ns, 10.5 ns and 4.9 ns for BulkPI film, F3PI, F2PI, and F1PI, 

respectively. Thus, the τavg reduces systematically with the reduction of QD size, consistent with 

Table 3.3. The details of the TRPL decay time constants for the CH3NH3PbI3 QDs. 

Sample τ1 (ns) A1 (%) τ2 (ns) A2 (%) τavg (ns) 

BulkPI 1.34 12.92 16.02 87.08 15.84 

F3PI 1.78 9.91 13.08 90.09 12.91 

F2PI 2.00 27.68 11.13 73.32 10.47 

F1PI 0.74 38.59 5.21 61.41 4.85 
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the previous reports[18, 65]. The smallest size PI QDs (F1PI) possesses ~3 fold faster 

recombination or short average lifetime compared to the BulkPI film. Shorter lifetime of PI QDs 

implies faster recombination and thus higher PL QY, suggesting the PL decay of PI QDs mainly 

through the exciton recombination and suppression of non-radiative recombination. TRPL spectra 

of F1PI monitored at different emission wavelengths (660-780 nm at 20 nm intervals) are obtained 

under 405 nm laser excitation and the results are shown in Fig. 3.20(b). Each spectrum is fitted 

with bi-exponential decay function and the fitted curve is shown by the solid line. At lower 

emission wavelengths, the PL decay times are observed to be shortened systematically (from 6.75 

ns at 780 nm to 1.60 ns at 669 nm) confirming the QC effect of PI QDs. Thus, the broad PL 

spectrum for F1PI is mainly due to the variation in the PI QDs size and faster emission occurs at 

higher energies[47]. Since the mean decay rate (Γ) is related to the PL QY by the equation: 

𝑃𝐿 𝑄𝑌 = 𝛤𝑟 𝛤⁄ = 𝛤𝑟 (𝛤𝑛𝑟 + 𝛤𝑟)⁄ , where, Γ is inversely proportional to τ, Γr and Γnr are the radiative 

and non-radiative decay rates, respectively. In our case, the PL QY of PI QDs is very high, hence 

the radiative recombination can be considered to be dominant over non-radiative recombination 

even at room temperature. Thus, the PL QY corresponding to the PI QDs may proportionally vary 

with Γr. The dependence of PL decay rate on the PI QDs size is plotted in Fig. 3.20(c).  

 

Fig. 3.21. (a) Comparison of the TRPL spectra of BulkPB film, F3PB, F2PB and F1PB with 375 nm excitation 

monitored at their respective emission peak, (b) TRPL decay of F1PB monitored at different emission wavelengths. 

The experimental data (Γ) can precisely be fitted with the relation, Γ~1/d2. This is fully consistent 

with the expected behavior that the radiative decay rate is inversely proportional to the surface 

area of the QDs and the number of radiative decay path increases as the QDs size decreases. For 
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comparison, TRPL study was also performed on various PB QDs and BulkPB film with 375 nm 

laser excitation, as shown in Fig. 3.21(a). Similar to the PI QDs, τavg of F1PB, F2PB, F3PB, and 

BulkPB are found to be ~3.3 ns, 7.2 ns, 9.9 ns and 20.2 ns, respectively, demonstrating faster decay 

for PB QDs than the BulkPB film. PL emission corresponding to the QDs is reported to be confined 

in the bimolecular regime where decay rate is mainly due to radiative recombination resulting in 

the faster decay than the bulk film, which possesses longer decay time in the monomolecular 

regime due to the influence of non-radiative trap filling[66]. As the size of QD enters in the 

quantum regime, the confinement of electron and hole wave functions is observed to be enhanced 

facilitating the greater radiative transition probability, which results in faster radiative decay[67]. 

TRPL spectra for F1PB recorded at different emission wavelengths (490-560 nm) at an interval of 

10 nm with 375 nm laser excitation are shown in Fig. 3.21(b). PL decay time is observed to be  

 

Fig. 3.22. Comparison of TRPL decay profiles of cPI and cPB QDs.  

systematically shortened with the lowering of the emission wavelength. At higher emission 

wavelengths, the TRPL decay profiles are observed to be overlapped, confirming the narrow size 

distribution of PB QDs (absence of large PB QDs), further verified by the sharp PL emission 

(FWHM ~24 nm). TRPL decay profiles of cPI and cPB QDs on ITO substrates are shown in Fig. 

3.22. The average lifetime of cPB and cPI QDs are ~3.8 ns and ~27.1 ns, respectively. Average 

carrier lifetime for F1PB and cPB QDs are nearly equal, which is consistent with their emission 

behavior. It reveals the fact that cPB QDs possess high radiative recombination similar to that of 

F1PB QDs. In contrast, the average lifetime of carriers in cPI QDs is larger than even the BulkPI 

film, which reveals the presence of non-radiative decay paths in it.  
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3.4.3.5. Photostability Studies 

Despite the tremendous efforts to prepare the air and photo stabilized perovskites, it is still one of 

the major challenges for the commercialization of perovskite QD based devices. In order to test 

the photostability, each as-grown sample was exposed to continuous UV irradiation (360 nm laser, 

18 mW at source) for several hours and PL emission was recorded as a function of time at a regular 

interval. As shown in Fig. 3.23(a), the PL emission of BulkPI and BulkPB films are observed to 

be drastically reduced to 25 % and 67 % after 10 h of UV irradiation, respectively. As compared 

to the bulk counterpart, both the PI QDs and PB QDs show significantly improved photostability. 

Even after 10h of UV irradiation, F1PB preserves ~99 % of its PL intensity, while F1PI shows ~86 

%. The lower stability of F1PI is due to the fact that iodide-based NPs are known to be highly 

vulnerable to moisture and UV light. Stability of F1PI and F1PB QDs are compared with cPI and 

 

Fig. 3.23. (a) Optical stability test of perovskite QDs (PI and PB) with 360 nm UV laser (power 18 mW at source) 

exposure up to 10 h. (b) Optical stability test among perovskite QDs (PI and PB) synthesized using top down method, 

F1PI and F1PB with 360 nm UV laser (power 18 mW at source) exposure up to 10 h. 

cPB QDs (see Fig. 3.23(b)). It’s evident that cPI QDs degrade very fast under UV irradiation and 

PL emission reduces to ~36 % of initial value after 10 h of UV irradiation. cPB QDs show better 

stability than the cPI QDs and it restores 90 % of its initial PL intensity after 10 h of UV light 

exposure. Hence, perovskite QDs grown on F-TiO2 template show superior stability compared to 

the QDs prepared using colloidal method. In the present case, the mesoporous sites of the F-TiO2 

flower act as the nucleation sites for the growth of perovskite QDs and these QDs are surrounded 

and partly covered by the F-TiO2 NCs, which restricts the perovskite QDs from the complete 

exposure to moisture and UV irradiation, preventing its fast degradation. We have observed that 
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the as-grown perovskite QDs are quite stable in the ambient atmosphere and maintains its initial 

PL intensity for more than a month. For the fully embedded QDs, stability is expected to be much 

better and would be suitable for the fabrication of stable devices.  

3.5. Summary and Conclusions 

In this chapter, we have reported a cost-effective and reproducible method to grow perovskite QDs 

partially embedded inside the pores on F-TiO2 template with high optical quality in ambient 

condition. A comparative analysis of the structural and photo-physical properties of Iodine and 

Bromine based perovskite QDs is presented. Our study offers a novel template-assisted synthesis 

route for perovskite QDs with very high photo and air stability, which is promising for various 

optoelectronic applications including light emitting devices. The highlights of the chapter are 

summarized below. 

1. Mesoporous F-TiO2 template assisted growth of stable hybrid perovskite QDs is 

demonstrated here.   

2. The smallest sized MAPbBr3 QDs exhibit sharp and dramatically enhanced (more than two 

orders of magnitude) PL emission with extremely high PL QY of 57 %, while the iodide-

based perovskite shows ~25 % PL QY, which are the highest among the reported values 

for the template assisted growth of perovskite QD films. 

3. Quantitative analysis of the PL data reveals strong confinement effect validated by fitting 

the experimental data with canonical expressions derived for the quantum regime. 

4. A careful analysis of the low-temperature PL spectra reveals very high exciton binding 

energy (162-272 meV) for the QDs as compared to the bulk film (32 meV) due to high 

effective dielectric constant, and high electron-hole recombination probability in the QDs, 

which supports extremely high PL QY and stable emission from the QDs.  

5. The blue shift of the PL peak with increasing temperature is quantitatively explained on 

the basis of thermal expansion effect. 

6. The strongly enhanced PL of perovskite QDs is ascribed to enhanced radiative 

recombination probability and QC effect, as revealed from the TRPL analysis. 

7. The perovskite QDs embedded in porous TiO2 template are photostable as it maintains its 

initial PL intensity up to several hours (≥10 h) under the UV laser exposure (18 mW), while 

that of bulk film decreases to <67 %.  
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Chapter 4 

Precise Tuning of the Thickness and Optical Properties of Highly 

Stable 2D Organometal Halide Perovskite Nanosheets Through 

a Solvothermal Process and Its Applications as a White LED and 

a Fast Photodetector 

In this chapter, a novel, highly reproducible and facile solvothermal route is presented to 

synthesize and tailor the thickness and optical bandgap of the organic-inorganic halide perovskite 

nanosheets (NS). Our study reveals that self-assembly of randomly oriented perovskite nanorods 

leads to the growth of multilayered perovskite NS at ~100 C, while at higher temperature large 

area few-layer to bilayer 2D NS (CH3NH3PbBr3) are obtained through lattice expansion and layer 

separation depending precisely on the temperature. Interestingly, the thickness of the 2D NS shows 

a linear dependence on the reaction temperature and thus enables precise tuning of the thickness 

from 14 layers to 2 layers giving rise to a systematic increase in the bandgap and appearance of 

excitonic absorption bands. Quantitative analysis of the change in the bandgap with thickness 

revealed strong quantum confinement effect in the 2D layers. The perovskite 2D NS exhibits 

tunable color and high photoluminescence (PL) quantum yields (QY) up to 84 %. Through a 

careful analysis of the steady-state and time-resolved PL spectra, the origin of the lower PL QY in 

thinner NS is traced to surface defects in the 2D layers, for the first time. A white light converter 

was fabricated using the composition tuned 2D CH3NH3PbBrI2 NS on a blue LED chip. The 2D 

perovskite photodetector exhibits a stable and very fast rise/fall time (24 µs/103 µs) along with 

high responsivity and detectivity of ~1.93 A/W and 1.04×1012 Jones, respectively. Storage, 

operational and temperature dependent stability studies reveal high stability of the 2D perovskite 

NS under the ambient condition with high humidity. The reported method is highly promising for 

the development of large-area stable 2D perovskite layers for various cutting-edge optoelectronic 

applications. 
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4.1. Introduction 

Low dimensional organic-inorganic halide perovskites nanostructures have recently aroused a 

great deal of interest due to their low cost, easy solution processing, good stability, and outstanding 

optoelectronic properties[1-8]. Intensive research is being conducted especially on 2D nanoplatelet 

or nanosheet (NS) in comparison to their bulk, 1D and 0D counterparts for its appealing features, 

such as large lateral size, narrow band absorption and emission spectra, long diffusion length and 

long carrier lifetime, excellent charge transport properties, which makes it a promising material 

for the applications in photovoltaics and optoelectronics[9-18]. Interestingly, organic-inorganic 

halide perovskite (MAPbBr3, MA= CH3NH3) nanocrystals (NCs) have gained much attention and 

are widely used in various devices as compared to the inorganic CsPbBr3 or FAPbBr3 (FA 

=  CH(NH2)2), since it can be synthesized at room temperature with low cost due to its low 

formation energy[19-21]. 

In the literature, very few reports have addressed on the synthesis of colloidal 2D organic-inorganic 

halide perovskite nanoplatelets due to lack of control in the growth of pure 2D NSs[10, 12, 15, 

22]. Gonzalez-Carrero et al. prepared a blue luminescent 2D perovskite using C18H40BrN as the 

organic component[23]. Dou et al. used C4H11NHBr and CH3NH3Br for the growth of single- and 

few-unit-cell-thick single-crystalline 2D hybrid perovskite (C4H9NH3)2PbBr4[24]. Sichert et al. 

tuned the thickness and photoluminescence properties of the perovskite by varying the ratio of 

organic cations (CH3NH3Br and C32H68BrN)[10]. Cho et al. modulated the layer thickness of the 

perovskite nanoplatelet by changing the chain length and concentration of the added 

alkylammonium cations[12]. Similarly, Yuan et al. used different organic ammonium bromide 

salts to tune the color of highly luminescent quasi-2D layered structured perovskite 

((C6H5CH2NH3)2PbBr4)[22]. Levchuk et al. realized the thickness-tunability of perovskite 

nanoplatelet using the ligand-assisted re-precipitation method by varying the oleylamine and oleic 

acid ligand ratio[15]. In these reports, different kinds of organic amine salts and different ratios of 

capping ligands have been used to tune the thickness of the 2D perovskite. However, precise tuning 

of the thickness of 2D layer through temperature control and the long-term stability of the 2D layer 

are least addressed in the literature, and such a control is highly desirable for its exploitation in 

various demanding applications. 
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Interestingly, the solvothermal method is a very easy and facile route to tune the morphology of 

NSs due to the high pressure/temperature inside the closed environment of the autoclave. Although 

plenty of works have been done on tuning the morphology of the inorganic based perovskites 

(CsPbBr3) using the solvothermal method, there is hardly any report on the effect of solvothermal 

treatment on the morphology of the organic-inorganic halide perovskites[25-34]. Zhang et al. 

demonstrated the preparation of mixed halide perovskite CH3NH3Pb(Br1−xClx)3 single crystals by 

the solvothermal growth of stoichiometric PbBr2 and [(1− y)CH3NH3Br+yCH3NH3Cl] DMF 

precursor solutions[26]. Xia et a. developed a hydrothermal method using Pb(CH3COO)2.3H2O, 

HBr and CH3NH2 alcohol solution to prepare CH3NH3PbBr3 cluster, which was used as  active 

material in lithium batteries[29]. Recently, Zhang et al. fabricated a hybrid material via the 

encapsulation of perovskite MAPbBr3 NCs in europium-based metal-organic frameworks, which 

has been used in multistage anti-counterfeiting[25]. Note that all the reported solvothermal 

methods required a long duration (12-48 hours) of synthesis, which is not time and cost-efficient. 

In the literature, tuning of the thickness or optical properties of the nanoplatelet is achieved mostly 

by varying the number of ligands or organic salts. However, a fast and cost effective synthesis of 

2D perovskite with tunable thickness and optical properties is highly desirable and worth 

interesting. Interestingly, we achieved layer controlled growth of 2D perovskite by a solvothermal 

method of reaction simply by controlling the growth temperature.   

Herein, we demonstrate a facile, fast, controlled solvothermal method to tailor the thickness of the 

ultra-stable organic-inorganic halide perovskite (MAPbBr3) NS with excellent tunable light 

absorption/ emission and photodetector performance. The growth mechanism of the NSs is 

qualitatively discussed based on the classical theory of self-assembly and exfoliation. Through the 

control of the thickness of the 2D NS, bandgap tuning is achieved from green luminescent 

nanorods (NRs) to cyan luminescent quantum dots (QDs). The real-life application of the 2D NSs 

was demonstrated by fabricating a white LED device by depositing the orange emitting 

CH3NH3PbBr1I2 NS on a blue LED. Next, we fabricated a photodetector device using the 2D 

perovskite NS that shows very high stability, fast response time and high responsivity. The efficacy 

of the current solvothermal method for fast, convenient and controllable synthesis of the large area, 

stable 2D perovskite layers and their uses in various optoelectronic devices are demonstrated here. 

4.2. Experimental Details 
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4.2.1. Materials 

The starting materials for the present synthesis are methylamine solution (CH3NH3, 33 wt% in 

absolute ethanol, Sigma-Aldrich), lead(II) iodide (PbI2, 99 %, Sigma-Aldrich), lead(II) bromide 

(PbBr2, 99.999 %, Sigma-Aldrich), hydroiodic acid (HI, 57 wt% in water, Sigma-Aldrich), 

hydrobromic acid (HBr, 48 wt% in water, Sigma-Aldrich), N,N-dimethylformamide (DMF, >99%, 

Sigma-Aldrich), diethyl ether (>99 %, Merck), toluene (Merk), Oleic acid 

(CH3(CH2)7CH=CH(CH2)7COOH, Merk) and Oleylamine (≥98 % (primary amine), Sigma-

Aldrich). 

4.2.2. Synthesis Procedures 

4.2.2.1. Synthesis of CH3NH3Br 

CH3NH3Br (MABr) powder was prepared by diluting the 8 mL of CH3NH3 solution with 50 mL 

of absolute ethanol while stirring the solution for 15 min in a round-bottom flask. Then, 2.83 mL 

HBr was slowly added to the solution in an ice bath with vigorous stirring at 900 rpm for 2 h. The 

solution was then heated at 70 °C for several hours with continuous stirring till the solvent 

evaporates. To remove impurities from the MABr powder and as well as to recrystallize it, the 

powder was washed several times with anhydrous diethyl ether and finally dried at 60 °C in a 

vacuum oven overnight. 

4.2.2.2. Synthesis of Ultrathin 2D Perovskite NS 

To prepare the precursor solution, MABr and PbBr2 were first mixed in DMF, and then Oleic acid 

was added to the solution. Next, 60 µl OAm was added to the solution and then transferred into a 

Teflon lined autoclave without any pretreatment and heated it at different temperatures (60-180 

°C) for only 30 min. The synthesis procedure is schematically illustrated in Fig. 4.1. Note that 

reported solvothermal methods usually adopted long-duration reactions (12-48 hrs), in contrast to 

our fast reaction method. After the solvothermal process, the crude solution was cooled down 

naturally, and 400 µl of the solution was added into 10 ml toluene. The as-prepared NSs were 

separated from the solution by centrifugation for 15000 rpm for 15 min. The supernatant was 

discarded, and the precipitate was redispersed in 5 ml toluene for further characterization. No 

additional washing was adopted for purification. The samples are named as PB60, PB100, PB120, 
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etc. according to the reaction temperatures as detailed in Table 4.1. To prepare the MAPbCl3, 

MAPbI3, and mixed halide NSs, the same protocol was followed by replacing the PbBr2 with 

PbCl2, PbI2 or mixed halide precursors (i.e., PbCl2/PbBr2 and PbI2/PbBr2), respectively. To 

illustrate the robustness of the method and the stability of the 2D perovskites, all the experiments 

were carried out in ambient air with relatively high humidity (~70 %) without the use of a glove 

box. 

 

Fig. 4.1. Schematic illustration of the synthesis procedure of MAPbBr3 nanostructures and its structural evolution with 

solvothermal reaction temperature. 

Table 4.1. Details of the NS samples with 2D layer thickness and their PL characteristics. For 

all the cases, the OAm amount is 60 µl except for PB100/200 where it is 200 µl. 

Sample 

code 

Solvothermal 

Temperature 

(°C) 

 

Duration 

(min) 

Thickness of 2D 

NS (nm) 

PL peak 

position (nm) 

PL QY (%) 

PB60 60           

 

 

    30 

18.5 525 64 

PB100 100 8.4 518 78 

PB120 120 6.4 515 59 

PB130 130 4.8 512 43 

PB140 140 3.2           508          38 

PB150 150 1.2 499 32 

PB180 180 1.2 488 30 

PB100/200 100 - 458 84 

  

 

TH-2453_156121029



C h a p t e r  4                                                                                                                          | 104 

4.2.2.3. Fabrication of Photodetector 

First, Si/SiO2 (300 nm) substrates were cleaned by ultra-sonication using acetone, iso-propanol, 

water sequentially each for 10 min, followed by drying/heating at 150 ºC for 1 h on the hot plate. 

The substrate was then treated by UV-Ozone for 20 min to remove any residue. To avoid the 

degradation of the material while depositing the electrodes, the Al electrodes were first deposited 

on the wafers using a shadow mask by a thermal evaporation method. Then the PB140 NS solution 

was drop cast between the gap of two electrodes and dried at 60 ºC. We use a planar geometry of 

the device for simplicity of fabrication. 

4.3. Characterization Techniques 

The morphology of perovskite NSs has been characterized using FESEM (Sigma, Zeiss) imaging. 

The high magnification surface morphologies for different samples have been studied using a TEM 

(JEOL-JEM 2010) operated at 200 kV. AFM (Cypher, Oxford Instruments) images were acquired 

to determine the thickness of the perovskite NSs. UV-vis absorption spectra of the samples were 

measured using a commercial spectrophotometer (PerkinElmer, Lamda 950). XRD pattern was 

recorded with Rigaku RINT 2500 TTRAX-III using Cu K radiation with a scanning speed of 

3°/min. The room temperature steady-state photoluminescence (PL) spectra were recorded using 

a commercial fluorimeter using 400 nm excitation using a Xenon lamp (Fluoromax-4, Horiba 

Scientific). PL quantum yield (QY) of the samples was measured in solution made using an 

integrating sphere (FM-SPHERE, Horiba) attached with the fluorimeter. Low temperature (80–

300 K) PL measurements were carried out using a liquid nitrogen-cooled optical cryostat (Optistat 

DNV, Oxford Instruments) attached to the above fluorimeter using 405 nm laser excitation. TRPL 

measurements were performed using a 405 nm pulsed laser excitation for perovskite NSs, with an 

instrument response time of <50 ps (LifeSpecII, Edinburgh Instruments). Photodetector 

measurement was carried out using an assembled setup consisting of a microprobe station (Ecopia, 

Korea), a 405 nm diode laser, a source meter (Keithley 2400, Germany), a pulse generator 

(Agilent) and a digital storage oscilloscope (Agilent). The spectral response and external quantum 

efficiency were measured using a 150 W Xe lamp (Newport, USA), a monochromator (Newport, 

USA) and a power meter (Newport, USA). 

4.4. Results and Discussions 
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4.4.1. Morphology and Microstructural Analyses 

A schematic illustration of the synthesis procedure and the structural evolution of perovskite NSs 

with the variation of the solvothermal temperature (Ts) was depicted in Fig. 4.1. Here, the 

solvothermal synthesis process is conducted inside an autoclave, which is placed inside a preheated 

oven and the reaction is initiated soon after the autoclave is placed inside the oven. Pressure in the 

liquid inside the close chamber is moderate to high, which favors the crystal nucleation while the 

surfactant is adsorbed onto the sidewalls of the autoclave, preventing the agglomeration of NS[35]. 

Fig. 4.2. represents the FESEM images of the perovskite NSs prepared at different Ts. Prior to the 

solvothermal treatment, narrow and long NR with width ~210 nm and length ~8 µm is observed 

from the reaction at room temperature (RT), as shown in Fig. 4.2(a); the inset shows a magnified  

 

Fig. 4.2. (a) FESEM images of MAPbBr3 sample for (a) PB0, (b) PB60, (c) PB100 and (d) PB150. (e) FESEM image 

of PB60, and (f-i) the corresponding elemental mapping for Pb, Br, C and N, respectively, showing their spatial 

distribution. 

view of the NR. At Ts = 60 °C (PB60), the width of NR is dynamically increased from 210 nm to 

~2 µm due to the lateral self-assembly of thin NRs (Fig. 4.2(b)). Fig. 4.2(c) depicts the formation 

of thick NS for PB100 (Ts = 100 °C) as a result of the lateral attachment of the NRs. Interestingly, 

at Ts = 150 °C, the thinner NS is formed, as shown in Fig. 4.2(d) for PB150, due to hindrance in 

the vertical growth of the sheet in the presence of surface ligands. Note that the ultrathin NSs for 

PB150 cannot be fully discerned in the FESEM image due to its resolution limit. Fig. 4.2(e) shows 

the FESEM image of PB60 on which the elemental mapping was performed. Fig. 4.2(f-i) depict 

the corresponding elemental mapping of Pb, Br, N, and C, respectively, showing the spatial 

distribution of each element in the NR. The images represent the uniform distribution of all the 

elements of MAPbBr3 throughout the NRs and hence the formation of perovskite NS with a distinct 

shape is confirmed.  
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To understand the structural evolution of perovskite NS with the solvothermal treatment, TEM 

images were recorded at different stages of solvothermal growth. For the sample PB0, synthesized 

by simply mixing the precursors at RT without any special treatment, randomly oriented NRs are 

observed. At Ts = 60 °C (PB60), lateral self-assembly of NRs occurs in the presence of an optimum 

concentration of capping ligand, as shown in Fig. 4.3(a). The corresponding HRTEM lattice fringe 

pattern for PB60 with lattice spacing 0.32 nm is shown in Fig. 4.3(b) and the inset shows the 

corresponding inverse fast Fourier transform (IFFT) image. Further increase in Ts to 100 °C results 

into the compact attachment of the self-assembled NRs to form large-area 2D nanosheet (NS), as 

revealed in Fig. 4.3(c). Fig. 4.3(d) depicts the HRTEM lattice fringe pattern of well crystalline 

perovskite NS in PB100. The calculated lattice spacing of 0.26 nm and 0.31 nm corresponds to the  

 

Fig. 4.3. (a,b) TEM image of self-assembled 2D perovskite NRs in PB60 and the corresponding HRTEM lattice image; 

the inset in (b) shows the corresponding IFFT image with an interplanar spacing of 0.32 nm. (c,d) The TEM image of 

2D perovskite NS in PB100 and the corresponding HRTEM image; the inset shows the corresponding IFFT image. 

(e,f) TEM images of ultrathin 2D perovskite NS in PB150 and the corresponding HRTEM image; the inset shows the 

corresponding IFFT image. (g,h) The TEM image of 2D perovskite QDs in PB180 and the HRTEM lattice image of 

a 2D QD. The insets of (g,h) show the size distribution QDs in PB180 and IFFT image of the lattice fringe, 

respectively. 

(210) and (200) planes, respectively, of the MAPbBr3 crystals (see the inset of Fig. 4.3(d)), 

suggesting the cubic structure corresponding to the space group Pm3m (221). For PB150, 

perovskite NS along with QDs is observed due to the higher temperature (Ts = 150 °C), as shown 

in Fig. 4.3(e). Interestingly, the thickness of the NS is much reduced in PB150 as compared to that 

of PB100, which is evident from the image contrast and it will be more evident from the AFM 
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analysis discussed later. Fig. 4.3(f) demonstrates the HRTEM lattice fringe pattern of PB150, and 

the calculated lattice spacing is 0.27 nm corresponding to (210) plane. Finally, for PB180, the 2D 

NSs are disintegrated into 2D QDs, as shown in Fig. 4.3(g), revealing the uniform distribution of 

QDs and the corresponding size distribution with an average size of 2.9 nm is shown in the inset. 

Fig. 4.3(h) shows the HRTEM lattice fringe pattern of a 2D QD, implying its highly crystalline 

nature with a lattice spacing of 0.21 nm, which corresponds to (220) plane of MAPbBr3. Since the 

lateral size of the NSs is comparable/less than the exciton Bohr radius in bromide-based perovskite 

(~ 4 nm), these are termed as 2D QDs. 

The current solvothermal method enables us to successfully tailor the morphology/thickness of the 

perovskite NSs from thick NRs to ultrathin 2D NS and finally to 2D QDs. The key factors in 

controlling the morphology are the solvothermal temperature, duration, and surfactant 

concentration. Inside the autoclave, the solvent cannot evaporate, and when the temperature and 

pressure of the solvent are increased above a critical point, the solvent becomes a supercritical 

fluid phase, which shows the characteristics of both the liquid and gas phases and this supercritical 

fluid exhibits high viscosity and easily dissolve the chemical compounds that are insoluble under 

ambient conditions[36]. To optimize the growth and tune the perovskite NSs, the concentration of 

OAm and the time duration of solvothermal treatment were varied for PB100 sample (i.e., at Ts = 

100 °C) keeping all other parameters unchanged (see Fig. 4.4). Randomly oriented NRs along with  

 

Fig. 4.4. TEM image of solvothermally grown perovskite nanostructures synthesized with (a) 30 µl (b) 200 µl OAm 

at 100 °C for 30 min. (c) TEM image of perovskite NCs for PB100, solvothermally treated for 2h duration. 

small area thick NSs are observed at 30 µl OAm content as shown in Fig. 4.4(a). For 200 µl OAm 

concentration, the NSs are fully disintegrated to QDs with very high blue emission under UV light, 

as revealed from Fig. 4.4(b) and its inset. Thus, it can be concluded that the OAm concentration 
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has a strong impact on controlling the morphology of the perovskite NS. Next, by keeping the 

OAm concentration and Ts fixed at 60 µl and 100 °C, respectively, an extension of the 

solvothermal treatment duration from 30 min to 2h results into the formation of 2D NS decorated 

with QDs, as shown in Fig. 4.4(c). When the solution is solvothermally treated with a high 

concentration of surface ligand, more nuclei are formed, and its growth is dynamically controlled 

in all the directions, resulting in smaller nuclei[14]. Further, as the solvothermal reaction time is 

increased, keeping the temperature constant, the ligands get more time to react with the precursor 

nuclei and disintegrate the NSs resulting in the formation of QDs/NCs. Hence, OAm is key to 

control the kinetics of crystallization and controls the thickness of the nanostructure, while OA 

suppresses the NS aggregation and increases the colloidal stability[3]. Note that the synthesis 

process with only 1-octadecene resulted into the formation of non-uniform nanostructures, and 

tuning of the morphology and the optical band gap was not achievable with the variation of reaction 

time and temperature. In contrast, the combination of OAm and OA allowed us to successfully 

tune the thickness, morphology and the optical properties of the NS systematically. Thus, at an 

optimum growth condition (60 µl OAm and 30 min solvothermal treatment), the self-assembly 

process of NRs and nanoplatelet have been observed to take place due to the destabilization of the 

surface ligands caused by the elevated autoclave pressure and temperature. Without any 

pretreatment, the DMF solution slowly reacted with the capping ligands inside the autoclave and 

arranged in a specific direction. It has been reported that high pressure inside the closed chamber 

of the autoclave is a key factor in assembling the randomly oriented NRs in a specific direction[30]. 

At elevated pressure and temperature, controlled evaporation of the solvent in solvothermal 

method increase the viscosity of the growth medium which facilitates the lateral oriented 

attachment of the NRs and platelets to form NSs due to lack of free volume and spatial 

constraints[37]. Interestingly, we observe a dramatic change in the structural parameter in the 

perovskite crystal at Ts = 150 ºC (discussed later). At this temperature, the as-grown NSs consist 

of bilayer perovskite.  

Note that pressure-induced phase transition and self-assembly of NR to from 2D NS have been 

reported earlier for perovskite material[7, 18, 30, 37-39]. The self-assembly of NRs can also be 

explained by considering the interaction energies between the NRs. According to the classical 

theory of interaction between nanoparticles, two dominating forces responsible for the self-

assembly process of NSs are the van der Waals force, and electrostatic interaction. The repulsion 
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forces arise from the net charges and the steric repulsion of organic ligands[21]. The electrostatic 

repulsion force between two interacting MAPbBr3 NRs and nanoplatelet dominates at large 

separation, while the attractive van der Waals force dominates at a short distance, and for the self-

assembly of two NRs, they have to overcome an energy barrier of ~0.25kBT[21]. Hence, at room 

temperature, it is very difficult for the NSs to be self-organized in a particular direction. In the 

solvothermal method, high pressure and controlled temperature play crucial roles in supplying the 

required energy to the NRs, and they attach laterally to each other to form large-area NSs. At 

higher reaction temperature, due to the increased thermal energy liquid-phase exfoliation of layers 

occurs giving rise to the thinning of the 2D layers down to 1.2 nm (bilayer perovskite) at 150 ºC 

(discussed below).   

In order to estimate the thickness of the 2D perovskite NS precisely, AFM images were recorded 

in the tapping mode. Fig. 4.5(a) shows the AFM image and the corresponding height profile of 

PB0, revealing the thickness of the NR as ∼67 nm. Fig. 4.5(b) exhibits the AFM image of PB60,  

 

Fig. 4.5. AFM topography images of 2D NS in (a) PB0, (b) PB60, (c) PB100, (d) PB120, (e) PB130, (f) PB140, (g) 

PB150, and (h) PB180. The corresponding height profiles of the 2D NS are shown in the respective images, which 

essentially represent the thickness of the 2D layers in each case. 

and the thickness of the NR is found to be ~18.5 nm. Fig. 4.5(c) demonstrates the formation of 

thin NS in PB100 and the average thickness of the NS is found to be ~8.4 nm. The AFM images 

of thin NSs in PB120 and PB130 are shown in Fig. 4.5(d,e) and the corresponding thicknesses are 
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found to be ~6.3 nm and ~4.8 nm, respectively. Fig. 4.5(f,g) depict the AFM images of PB140 and 

PB150 NS, respectively. Interestingly, the thicknesses of PB140 and PB150 NS are further reduced 

to ~3.2 nm and ~1.2 nm, respectively, as depicted in their respective height profiles. For PB180, a 

uniform distribution of QDs is observed as seen in the AFM image shown in Fig. 4.5(h) and the 

corresponding thickness of the QDs is estimated to be ~1.2 nm. Considering the unit cell size of 

MAPbBr3 as 5.93 Å, the number of unit cell layers (n) was estimated from the thickness of the 

NSs/QDs to be: n ≈ 14, 10, 8, 5, 2 and 2 for the samples grown at 100, 120, 130, 140, 150 and 180 

°C, respectively[15]. Thus, we have successfully tuned the thickness of the NS precisely from 14 

layers (14L) to 2L by systematically increasing the solvothermal reaction temperature. The 

thickness of the NS and QDs is comparable to or less than the 3D exciton Bohr radius of MAPbBr3 

(~ 4.4 nm); hence a strong QC effect can be expected in the optical properties of the NSs. It is 

reported that oleic acid is densely packed in an ordered layer on the NS surface, thus helps in 

stabilizing the 2D NS growth[40]. Here, tuning the thickness of 2D NS is achieved by the increased 

reactivity of OAm due to the high pressure and temperature inside the autoclave. At low 

temperature where the interplanar spacing is less, the surface ligands can't enter between the layers 

and exfoliation of layer can't occur. But, at high temperatures the interplanar spacing is enlarged 

(discussed from XRD analysis), and the surface ligands can successfully exfoliate the NS layer 

giving rise to thinner NS[41]. Hence, the surface ligands are attached to the surface of the NSs and 

selectively exfoliate the layers of the NSs along the vertical direction, promoting thinner sheets at 

higher temperature. Thus, the control of growth and morphology of colloidal NSs are achieved by 

a kinetically controlled process, governed by the temperature-dependent dynamic surface−ligand 

interaction.    

4.4.2. Structural and Compositional Analyses 

Results of XRD measurements presented in Fig. 4.6(a) exhibit that the initial cubic structure of 

the perovskite solution is retained in the course of the self-assembly process in solvothermal 

treatment. XRD patterns of MAPbBr3 NSs indicate a pure cubic phase, perfectly assigned to Pm-

3m space group (Fig. 4.6(a)). The XRD (130) peak is dominant in PB180 and diffraction peak 

intensity of (110) plane is greater than (100) plane in PB180 indicating 2D QDs. The comparison 

of interplanar spacing corresponding to (100) diffraction peak for different growth temperatures is 

shown in Fig. 4.6(b). It is worth noting that there is a systematic increase in lattice spacing (d-  
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Fig. 4.6. (a) A comparison of XRD patterns of perovskite NS prepared at different solvothermal temperatures. (b) 

Change in (100) interplanar spacing and (100) peak intensity with solvothermal temperature. (c) Change in the 

thickness of the 2D NS with solvothermal reaction temperature. (d) A schematic illustration of the growth mechanism 

and shape evolution of the perovskite NSs during different stages of solvothermal reaction at different temperatures. 

spacing) (from 5.82 Å at RT to 5.89 Å at 180 °C) with increasing temperature and reduction in 

sheet thickness. Note that with the increase in Ts the morphology of the NS is changed from thick 

NR to ultra-thin NS to ultrathin QDs and thus, the (100) diffraction peak position is observed to 
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be shifted towards lower angle (~0.18° shift), indicating lattice expansion and marginal broadening 

in full width at half maxima (FWHM) (0.079 to 0.108°).  Since the NSs are highly anisotropic, the 

Scherrer equation cannot be employed to determine the dimension from the observed FWHM. 

Hence, the thickness of the NSs is measured directly from AFM height profile analysis. The right 

Y-axis of Fig. 4.6(b) displays the comparison of (100) diffraction peak intensity with the increase 

in Ts, reaction temperature. Characteristic XRD peak intensity (100) systematically decreases with 

increasing Ts; especially at 150 °C the (100) peak intensity reduces largely indicating exfoliation 

of the sheets perpendicular to (100) direction leading to bilayer perovskite (thickness, ~1.2 nm). 

The (100) oriented 2D perovskite can be categorized as Ruddlesden-Popper phase[42]. Fig. 4.6(c) 

shows the variation in NS thickness with Ts. This shows a linear decrease in thickness (d) with  

increasing temperature (T) (as shown by the linear fit). The negative coefficient of the temperature 

term indicates dissociation energy, which is obviously proportional to T. We believe that as the d-

spacing increases with increasing temperature, more of OAm enters in between the two layers of 

perovskite NS and results into exfoliation/separation of layers to thinner layers down to 1.2 nm 

thin 2D layer. A schematic of the possible growth mechanism and shape evolution from randomly 

oriented NR to 2D QDs is presented in Fig. 4.6(d). It is interesting to note the systematic decrease 

 

Fig. 4.7. (a) A comparison of XRD pattern of pure and mixed halide perovskite NS in PB100, (b) enlarged view of 

the XRD pattern of the marked region showing a systematic upshift in the peak position with compositional tuning. 

in intensity of (100) peak in XRD pattern with increasing Ts due to the thinner layers cleaved from 

the cleavage (100) plane. The XRD patterns of pure MAPbX3 (X= I, Br and Cl) and mix halide 
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perovskite NSs synthesized at 100 °C are shown in Fig. 4.7(a,b). When the halide composition is 

changed from iodide to bromide and towards chloride, the characteristic XRD peaks systematically 

shift towards higher diffraction angles (see Fig. 4.7(b)), which can be attributed to the decrease in 

radii of halide ions from iodide to bromide and chloride[14]. 

The chemical valence state, composition, and surface properties of PB100 and PB150 NSs were 

investigated using the XPS analysis. The XPS spectrum of Br 3d is presented in Fig. 4.8(a), which 

is deconvulated with two peaks centered at 68.9 (3d5/2) and 70.6 eV (3d3/2), corresponding to the 

inner and surface Br ions, respectively. In Fig. 4.8(b), the XPS spectrum of Br 3d corresponding 

to PB150 NS is presented with Gaussian deconvulated peaks centered at 68.6 and 70.0 eV. Hence,  

 

Fig. 4.8. Deconvolution of the XPS spectra corresponding to Br 3d in (a) PB100, (b) PB150. Deconvolution of the 

XPS spectra corresponding to Pb 4f in (c) PB100, (d) PB150, considering a Shirley background. 

there is a marginal shift (~0.3 eV and ~0.6 eV) in binding energy (BE) in thinner PB150 NS 

corresponding to Br 3d5/2 and Br 3d3/2 respectively, revealing good surface properties even for 
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higher reaction temperature. Note that the intensity ratio of Br 3d3/2 peak to 3d5/2 peak is marginally 

higher for PB150 (~0.38) than that in PB100 (~0.21) suggesting a Br rich surface in case of thinner 

NSs.  This is consistent with the decrease in the thickness of the NS in PB150 as compared to 

PB100. In Fig. 4.8(c,d), the XPS spectrum of Pb2+ (Pb 4f) for PB100 and PB150 exhibit two 

symmetric peaks, which are attributed to Pb 4f7/2 and Pb 4f5/2 levels at BE of 138.7 eV and 143.6 

eV, respectively. The spin-orbit split between the Pb 4f7/2 and Pb 4f5/2 levels for both the NSs was 

found to be 4.9 eV, which matches well with the reported value (4.8 eV)[2]. In our system, the 

contribution of metallic Pb at a lower binding energy (136.8 eV) is not observed, indicating no 

partial reduction/oxidation of Pb.  

4.4.3. Optical Analysis 

4.4.3.1. UV-vis Absorption and Photoluminescence Studies 

UV-vis absorption and PL emission spectra of various perovskite NSs are shown in Fig. 4.9(a) 

and the inset shows the corresponding photographs of the MAPbBr3 NS suspensions in toluene 

excited by UV light. PL emission spectra were recorded with 400 nm excitation. The apparent 

emission color of the solutions systematically changed from green (PB0) via blue-green (PB150) 

to cyan (PB180). Correspondingly, there is a systematic blue shift of the absorption edge and PL 

peak (from 530.0 nm in PB0 to 488.2 nm in PB180) in the respective spectrum with the increase 

in reaction temperature.  The systematic blue shift can be attributed to the systematic reduction in 

the thickness of the NS down to 1.2 nm. PL spectrum for PB180 QDs possesses relatively broader 

PL linewidth (41.6 nm) as compared to that of 2D NS in PB150 (22.8 nm), which may be 

associated with the size distribution of the perovskite QDs. Note that PL peak energy is 

successfully tuned by ~200 meV (~42 nm) by tailoring the thickness of the NSs. Tuning of PL 

emission peak from green (530.0 nm) to cyan (488.2 nm) region may be caused by the strong QC 

effect due to the reduced thickness of the 2D NS down to 2 layers and its final disintegration to 

2D QDs. Note that PB150 and PB180 show excitonic features in the absorption spectra due to the 

transition to higher excited states (see Fig. 4.9(b)). The excitonic peaks shift towards higher energy 

region (~10 nm) for QDs in PB180 compared to NS in PB150 due to an increase in the bandgap 

caused by the lateral confinement in QDs. Further tuning of the PL emission to the blue region is 

achieved by changing the OAm concentration while keeping the reaction temperature fixed at 100 

°C.  As the OAm amount is increased from 60 µL to 200 µL, the PL peak position is tuned from 

TH-2453_156121029



115 |                      P r e c i s e  T u n i n g  o f  t h e  T h i c k n e s s  a n d  O p t i c a l  P r o p e r t i e s   

518 nm to 458 nm, i.e., a large blue shift of 60 nm is observed (see Fig. 4.9(c)). Increase in the 

OAm concentration results into the formation of 2D QDs (discussed earlier), which in turn results 

into the shift in PL peak position to blue region due to strong confinement effect. Hence, using the 

solvothermal method, we could successfully synthesize the bright blue-emitting perovskite QDs. 

Similarly, by increasing the reaction duration to 2 hrs, the PL peak of PB100 NS is blue-shifted by 

~28 nm (see Fig. 4.9(d)). 

 

Fig. 4.9. (a) UV-vis absorption (dashed lines) and PL spectra (solid lines) of various perovskite NSs; the inset in each 

case shows the corresponding photograph of the sample under UV light irradiation. (b) Comparison of absorption 

spectra for 2D perovskite NS in PB150 and PB180. Excitonic peaks are marked with vertical dashed lines. (c) 

Normalized PL spectra of perovskite NS in PB100 prepared with 60 µl and 200 µl OAm. (d) Comparison of PL spectra 

of perovskite NS synthesized at 100 ºC with 60 µl OAm for different time durations. 
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Variation in PL intensity with excitation wavelength for NS in PB100 and PB140 is shown in Fig. 

4.10(a) revealing maximum intensity of PL at 466 nm and 400 nm excitation wavelength for 

PB100 and PB140, respectively. However, PL peak position does not change with excitation 

wavelength. Excitation spectra of PB100 with emission at 518 nm and PB140 with emission at 

508 nm are shown in Fig. 4.10(b,c) along with absorbance data at the right axis showing the 

identical behavior of excitation spectra and absorption spectra. 

 

Fig. 4.10. (a) Variation in PL intensity with respect to excitation wavelength for PB100 and PB140. Comparison of 

PL excitation spectra and absorbance for (b) PB100 (emission at 518 nm) and (c) PB140 (emission at 508 nm). 

Interestingly, this simple solvothermal synthesis technique can be easily extended to fabricate 

colloidal PB100 NSs through halide substitutions. A series of colloidal MAPbX3 NSs with tunable 

compositions were fabricated by the solvothermal treatment at 100 ºC using different combinations 

of PbX2 salts, as shown in Fig. 4.11(a), and the inset shows the evolution of emission color under 

UV light excitation upon forming mixed-halide NSs (X = Br, Cl, and I). The absorption and PL 

spectra are finely tuned over the full visible range (450 to 656 nm) by varying the composition of 

cations. Band structure of halide perovskite is greatly influenced by the p-orbitals of lead and 

halogen (X = Cl, Br or I) atoms. Thus, a change in the halide composition of the perovskite from 

Cl to Br to I results into the change in the valence orbital of halide from 3p to 4p to 5p, respectively, 

causing a systematic reduction in the bandgap[43]. This can be clearly observed from the change 

in absorption edge from 443 nm for MAPbCl3 to 514 nm for MAPbBr3 to 643 nm for MAPbI3. 

The systematic increase in optical bandgap from 1.8 eV to ~2.8 eV with halide exchange from I to 

Cl is exhibited in Fig. 4.11(b). Hence, the band structure of halide perovskite is successfully tuned 

by our solvothermal method using a different combination of halide salts.   
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The tunable optical properties of the NS can be explained by considering the perovskite crystal 

structure. The ultrathin NS is comprised of layers of corner-sharing PbBr6 octahedra, with the 

capping ligand around the NS, leading to the confinement of electrons giving rise to discrete energy 

levels[10]. Exciton Bohr radius of bromide perovskite is reported to be ~4.4 nm, which is higher 

than the thickness of NS in PB140 (5 layers). Hence, we consider the perovskite NS in PB140, 

 

Fig. 4.11. (a) UV-Vis absorption and PL emission spectra of pure and mixed halide perovskite NSs for PB100 obtained 

by anion exchange. (b) Variation of optical bandgap with halide exchange of multilayered perovskite NS. (c) Variation 

of the optical bandgap as a function of the thickness of 2D layers. The experimental data are fitted with the quantum 

confinement model. The data points labeled with xL, where x represents the number of layers. (d) Deconvulated PL 

spectra of PB100 NS and inset showing band diagram corresponding to each PL peak. 

PB150, and PB180 to be in the strong confinement regime resulting in cyan emitting NS and QDs 

under UV light. Note that the increase in the bandgap in perovskite has also been associated with 
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the lattice contraction/distortion. However, we observed a systematic expansion of the lattice with 

increasing reaction temperature i.e. with reduced thickness (see Fig. 4.11(c)). In general, lattice 

expansion is expected to give rise to a red shift of the bandgap. However, a systematic blue shift 

in the absorption edge and PL peak is observed in our case, which is contrary to the behavior 

expected from lattice expansion. This confirms the fact that the systematic blue shift in the 

absorption edge is not related to change in the lattice constant, but it is due to the ultra-small 

thickness of the layers that gives rise to the QC effect. To assess the QC effect quantitatively, we 

have plotted the optical bandgap vs NS thickness in Fig. 4.11(c). The optical band gap was 

calculated from the absorption spectra of different samples. Interestingly, thickness dependence of 

the optical bandgap data follows the Brus model of QC using the effective mass approximation 

(EMA)[44]:  

𝐸𝑔 = 𝐸0 + ℎ2 8𝜇𝑒𝑓𝑑2 −⁄ 1.786𝑒2 4𝜋𝜀0𝜀𝑟𝑑⁄                                            (4.1) 

Where E0 is the bulk bandgap, d is the 2D layer thickness, h is the Planck’s constant, µef  is the 

effective reduced mass of exciton, and εr is the dielectric constant. From the fitting of Eg vs. d plot, 

the extracted parameters are: µef = 0.114m0, εr = 9.8, which match well with earlier reports[45, 46]. 

Here m0 is the free electron mass. Taking the above values, the Bohr radius (RB) of MAPbBr3 is 

calculated using the relation,  

𝑅𝐵 = 𝑚0𝜀𝑟𝑅𝐻 𝜇𝑒𝑓⁄                                                                                    (4.2) 

Where, RH is Bohr radius of a hydrogen atom (0.053 nm). Exciton Bohr radius of MAPbBr3 is 

found to be 4.6 nm, which closely matches with the reported values[46, 47]. Hence, the change in 

the optical bandgap of the 2D perovskite layers with the 2D layer thickness clearly follows the QC 

model and thus the 2D NS can act as ideal platform for exploiting quantum effects in perovskite 

materials.      

Importantly, the absolute PL QYs of the perovskite NSs are measured to be high and these are 

tabulated in Table 4.1. The highest PL QY (78 %) was achieved for the NS grown at Ts = 100 ºC. 

However, a further increase in Ts leads to thinning of the layers, and it affects the non-radiative/ 

radiative transition channels of photons indirectly, which in turn results in the reduction of the PL 

QYs of the NSs[48]. A closer look at the PL spectral features, including its asymmetry, reveals 

that each peak contains three emission peaks. Deconvulated PL spectra of PB100 NS with three 
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peaks is shown in Fig. 4.11(d). As the position of peak 1 closely matches with the QDs emission 

peak (see Fig. 4.11(d)), the peak 1 is believed to originate from the 2D perovskite QDs that are 

simultaneously present along with the 2D NSs. Peak 2, which is dominant and coincides with the 

absorption edge peaks is originated from NS band to band transition or band-edge emission[49]. 

Peak 3 is believed to be defect-related emission, including surface defect which is more dominant 

in thinner NS, such as PB150. The summary of the PL features is summarized with a band diagram 

showing the respective transitions in the inset of Fig. 4.11(d). The deconvulated PL peaks of other 

samples are shown in Fig. 4.12. The details of the fitting parameters of all samples are given in  

 

Fig. 4.12. Comparison of deconvulated PL spectra of various NS samples, such as (a) PB120, (b) PB130, (c) PB140, 

(d) PB150. The symbols are experimental data and the lines are fitted peaks (Gaussian).  

Table 4.2. It is clear that the contribution of additional two peaks (1, 3) is significant for thinner 

NS such as PB150 as compared to that of PB100. It is quite expected, as with the decrease in the 

thickness of the NS, the presence of surface related defects and presence of QDs are prominent. 
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From XPS analysis, it is inferred that PB 150 NS has more surface Br than PB100, which results 

into more surface defects in thinner NS. Note that PB100 shows much higher PL QY than that of 

PB150. As the reaction temperature is increased, the contribution of band edge emission decreased 

(see Table 4.2) and the contribution of defect-related emissions is increased, due to lower 

thickness of NS. This in turn results in the overall decrease in PL QY in thinner NS. Post-growth 

processing may be required to eliminate the influence of surface defects in the 2D NS for 

improving the overall PL QY. 

Table 4.2. Details of the PL peak parameters deconvulated with Gaussian peaks. 

Sample Peak 1 (nm) (%) Peak 2 (nm) (%) Peak 3 (nm) (%) 

PB100 494 (13) 518 (72) 537 (15) 

PB120 503 (12) 515 (63) 527 (25) 

PB130 486 (1) 511 (68) 521 (31) 

PB140 495 (15) 508 (55) 519 (30) 

PB150 486 (18) 499 (40) 504 (42) 

4.4.3.2. Low-Temperature Photoluminescence Studies 

The temperature-dependent PL spectra of PB100 NS were investigated in the range of 80-300 K 

to study the origin of high PL QY and the excitonic properties. Fig. 4.13(a) shows the temperature-

dependent PL spectra of PB100 NS, revealing the systematic increase in PL intensity with 

decreasing temperature. The inset of Fig. 4.13(a) shows the dependence of integrated PL intensity 

on temperature. Fig. 4.13(b) shows the temperature-dependent integrated PL intensity, and the 

experimental data are fitted using the Arrhenius equation, given by, 

   𝐼(𝑇) = 𝐼0 (1 + 𝐴𝑒𝑥𝑝(− 𝐸𝐵 𝑘𝐵𝑇⁄ ))⁄  ,                                                (4.3) 

where, I(T) and I0 are the integrated PL intensities at temperatures T and 0 K, respectively. A is a 

constant, and EB is the exciton binding energy. To estimate the exciton binding energy of NS, the 

experimental data are fitted in the higher temperature region (160-300 K). From the fitting, EB is 

found to be ~225±21 meV for PB100. Thus, the exciton binding energy in our 2D NS is ~4 times 

higher than that of its 3D bulk counterpart (30-76 meV) and it is consistent with the result presented  
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Fig. 4.13. (a) Temperature-dependent PL spectra of 2D NS in PB100 in the range 80 K- 300 K. The inset shows the 

variation of PL intensity with measurement temperature (T). (b) Integrated PL intensity vs. inverse of temperature for 

PB100. The experimental data are fitted with the Arrhenius equation. (c) Variation of PL peak energy and (d) FWHM 

with measurement temperature for PB100.  

in the previous chapter on perovskite QDs[50]. It also matches well with the theoretical limit[51]: 

𝐸𝐵
2𝐷 = 4 × 𝐸𝐵

3𝐷. In 2D NS, due to its ultralow thickness, the Coulomb interaction between electron 

and hole is less screened, which in turn increases the exciton binding energy[51]. Though the 

exciton binding energy of bulk perovskite is large enough to show the excitonic effect at room 

temperature, the recombination is mainly dominated by the recombination of free electrons and 

holes, which may have resulted into the overestimation of exciton binding energy based on low-

temperature experiments[52]. Hence, the exciton binding energy extracted from the fitted data in 

high-temperature regime may be taken as an actual one, which is ~7 fold higher than the bulk one. 
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This confirms that the PL emission in NS is from the exciton recombination due to enhanced 

exciton stability[52]. High exciton binding energy in PB100 NS supports the stable and high PL 

QY. The variation in PL peak energy with temperature is shown in Fig. 4.13(c), revealing ~45.8 

meV upshift in PL peak with the increase in temperature. In perovskite semiconductor, the increase 

in bandgap with temperature is attributed to the electron-phonon coupling[53]. The exciton–

phonon coupling leads to the shrinkage in band gap, which induces the PL spectral red shift with 

decreasing temperature. Hence, perovskite has a positive thermal expansion coefficient of the band 

gap. In order to estimate the electron-phonon coupling, the experimental data of PL peak position 

vs temperature is fitted with the equation[50], 

𝐸𝑔(𝑇) = 𝐸0 + 𝐴𝑇𝐸𝑇 + 𝐴𝐸𝑃(1 + 2 (𝑒𝑥𝑝(ℏω 𝑘𝐵𝑇⁄ ) − 1)⁄ )                            (4.4) 

Where E0 is the bandgap at 0 K, ћω is the phonon energy, ATE and AEP are the factors accounting 

for thermal expansion and electron-phonon interaction, respectively. The parameters extracted 

from the fitting are: ATE= 0.13 meV/K, AEP= 17 meV, ћω= 37 meV, which match well with the 

literature[4]. Temperature-dependent linewidth (𝛤(𝑇)) of PL spectra is displayed in Fig. 4.13(d). 

A broadening in PL peak at higher temperature is observed, which may be caused by the coupling 

of the excitons to acoustic phonons and to longitudinal optical (LO) phonons[54]. To quantify the 

exciton-phonon interaction in the 2D NS, experimental data are fitted using Boson model given 

by: 

𝛤(𝑇) = 𝛤0 + 𝛤𝐿𝑂 (𝑒𝑥𝑝(ℏ𝜔𝐿𝑂 𝐾𝐵𝑇⁄ ) − 1)⁄                                                       (4.5) 

where Γ0 is the inhomogeneous broadening contribution, ΓLO is the longitudinal exciton-optical 

phonon contribution to the FWHM, and ћωLO is the LO phonon energy. The values of the fitted 

parameters are: Γ0 = 33 meV, ΓLO = 240 meV, ћωLO= 36 meV, which are consistent with the 

unresolved vibration energy in the Raman spectrum[55]. Interestingly, the optical phonon energy 

extracted from Boson fit matches very well with that obtained from the fitted data using equation 

(4.5). High optical phonon energy indicates strong exciton-phonon interactions, which is expected 

in a quantum confined system. 

4.4.3.3. Time-Resolved Photoluminescence Studies 
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TRPL measurement was performed on various perovskite NSs using a 405 nm pulsed laser 

excitation. The PL decay curves shown in Fig. 4.14 are fitted with triexponential decay function 

given by, 𝐼(𝑡) = ∑ 𝐴𝑖𝑒𝑥𝑝(−𝑡 𝜏𝑖⁄ )3
𝑖=1  where Ai is the amplitude of the PL decay component 

corresponding to the lifetime τi. The average lifetime (τavg) is calculated using the relation: 𝜏𝑎𝑣𝑔 =

∑ 𝐴𝑖𝜏𝑖
23

𝑖=1 ∑ 𝐴𝑖𝜏𝑖
3
𝑖=1⁄ . Based on the deconvolution of steady state PL spectrum with three peaks, 

the PL decay is fitted with triexponential decay function. The corresponding fitting parameters  

 

Fig. 4.14. A comparison of TRPL spectra of various 2D perovskite NS (PB60-PB180); the symbols corresponds to 

experimental data and the solid lines correspond to the fitted data. The inset shows the variation of the PL lifetime 

with 2D layer thickness. 

 (see Table 4.3) including the evolution of the amplitude of each peak with solvothermal 

temperature is consistent with the steady state PL results. The contributions from three different 

states of different origin essentially suggest different time constants of each component. Slow 

component with high amplitude of the TRPL decay corresponds to the main PL contribution, i.e., 

band edge emission, while the faster lifetime component corresponds to the presence of QDs along 

with NS and defect states. As shown in Table 4.3, the average lifetime changes from 601.3 ns in 

PB0 to 67.0 ns PB180. Hence, a 9-fold decrease in PL lifetime is observed for the QDs due to the 

reduction in thickness/size. The variation in PL lifetime with the thickness of the 2D NS is 

presented in the inset of Fig. 4.14, demonstrating a longer lifetime of carriers for the thicker NS 
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grown at lower temperature suggesting a reduction in nonradiative recombination paths, which in 

turn yields high PL QY, suitable for optoelectronic device applications[56].  

Table 4.3. TRPL decay components fitted with tri-exponential function. 

Sample 1 (ns) (A1 %) 2 (ns) (A2 %) 3 (ns) (A3 %) avg (ns) 

PB60 5.7(3) 696.7(85) 78.3(12) 601.3 

PB100 5.4 (8) 382.2 (67) 54.4 (25) 271.3 

PB120 5.2 (9) 277.8 (64) 40.7 (27) 188.5 

PB130 5.4 (11) 288.7 (59) 42.9 (30) 183.8 

PB140 3.1 (15) 258.9 (57) 32 (28) 156.2 

PB150 4.5 (24) 225 (29) 34.2 (47) 82.5 

PB180 6.4(20) 167.5(31) 28.8(49) 67.0 

4.4.4. Stability of the 2D NS 

Stability of 2D NS is studied under different conditions. In order to evaluate the stability of the NS 

under prolonged laser irradiation, we have recorded the PL spectra of PB140 NS at room 

temperature at a regular interval under continuous laser irradiation (405 nm, 15 mW at source). 

The variation of PL emission intensity with time under continuous laser irradiation for 7 hours in 

the ambient condition is shown in Fig. 4.15(a). We observe first a gradual increase in PL intensity 

with laser exposure up to 2.5 hours of the laser irradiation of PB140 and then it marginally 

decreased followed by constant intensity, which is higher than its initial intensity. It is likely that 

due to local heating caused by the laser exposure, the structural and optical properties of the NS 

are improved resulting in higher PL intensity after prolonged laser exposure. However, prolonged 

exposure leads to more stable performance of the NS. Hence, the 2D NS exhibits excellent optical 

stability under UV laser exposure for long duration. Effect of laser irradiation on the PL intensity 

is better understood by deconvolution of PL spectra for PB140 NS sample with three Gaussian 

peaks before and after laser irradiation for 3 hrs (see Fig. 4.15(b)). These three peaks are attributed 

to the presence of QDs, NS band-edge emission and defect-related emissions, as discussed earlier. 

Before laser irradiation, the contribution of defect emission is prominent. However, after laser  
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Fig. 4.15. (a) Variation of PL intensity for PB140 as a function of laser (CW) irradiation time. (b) Comparison of PL 

spectra of PB140 before and after laser irradiation for 3 hrs. The symbols represent the experimental data and the solid 

lines represent the fitted peaks.  

irradiation, the contribution of band edge emission peak is substantially increased as compared to 

that of defect, which in turn results into the higher intensity of emission. Tiguntseva et al. reported 

130 % improved PL emission in CH3NH3PbI3 by laser post processing[57]. Gentle laser heating is 

reported to reduce the defect concentration in the perovskite film[57]. Tian et al. reported thousand 

fold enhancement in PL intensity and proposed that the trapping sites which are responsible for 

non-radiative charge recombination can be de-activated in the course of light curing process[58]. 

Mosoconi et al. reported the increase in PL lifetime and total intensity which eventually stabilize, 

due to reduction of an initial trap density of ∼1017 cm−3 to a stabilized trap density of ∼1016 

cm−3[59].  

Long-term storage stability of 2D NS in PB140 is also tested in the ambient environment. The 

sample was stored in the ambient condition with high humidity without any protection. Fig. 4.16(a) 

exhibits the PL spectra of PB140 taken for a freshly prepared sample and that of after 8 months of 

storage. The PL intensity of PB140 is observed to be marginally reduced after 8 months of storage, 

indicating its high stability. Thus, the NS retains its initial PL emission even after the storage for 

several months in high humidity ambient, which is the most unique property of 2D Ruddelson 
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proper perovskite compared to its 3D counter part due to high formation energy, hydrophobic 

organic cations, strong Van-der Waals interaction between the capping organic molecules and the 

[PbI6] units.[60, 61] However, PL intensity of PB150 NS decreases by >90 % after storing it in 

ambient condition for 8 months, as shown in Fig. 4.16(b). The NSs in PB150 is of bilayer 

thickness, hence it may disintegrate into QDs in ambient condition, as QD peak is prominent in 

the PL spectra after 8 months of storage. Further processing may be needed to increase the stability 

of bilayer NS. 

 

Fig. 4.16. Comparison of PL spectra of (a) PB140 and (b) PB150 for freshly prepared sample and after storing it for 

8 months in ambient condition. (c) Heating temperature dependent stability of PL emission in PB140. The inset shows 

the comparison of XRD pattern of PB140 before and after heating at 80 ºC for 2 h. 

Temperature dependent stability of PB140 NS is investigated by heating the sample at different 

temperatures and recording its PL spectra at each temperature. There is a systematic decrease in 

PL intensity with increasing temperature of heating (see Fig. 4.16(c)), which is consistent with the 

thermal quenching behaviour of PL. To assess its structural stability after heating, XRD pattern 

was recorded before and after heating the sample at 80 ºC for 2 hours. The XRD pattern intensity 

is increased after heating, as shown in the inset of Fig. 4.16(c), and it implies the improved crystal 

structure of the NS after heating. Hence, the synthesized NS shows excellent structural and optical 

stability at higher temperature up to 80 ºC. 

4.4.5. Performance of 2D Perovskite NS as White LED  

Practical application of the as-grown 2D NS is demonstrated by fabricating a white LED using a 

blue LED chip and MAPbBr1I2 layer. Mixed halide perovskite solution having emission peak at 

~600 nm is first mixed with polymer and then it was used as an orange emissive layer on top of 
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blue LED to fabricate the white LED. The electroluminescence spectra of the optimized white 

LED driven by bias voltage 2.35 V is shown in Fig. 4.17(a), with upper inset showing the digital 

photograph of the device. The CIE coordinates of the device are found to be (0.33,0.30) with CCT 

 

Fig. 4.17. (a) EL spectra of white light-emitting NS device fabricated with blue LED chip and MAPbBr1I2 NSs. The 

upper inset shows a digital photograph of the emitting device and the lower inset shown the CIE chromaticity 

coordinates of the white LED device. (b) Operational stability of white light-emitting NS device. 

 5263 and CRI 55 (see lower inset of Fig. 4.17(a)). The CIE coordinates of the fabricated white 

LED is closely matched with the pure white light (0.33, 0.33). The performance and color purity 

of the orange luminescent perovskite coated white LED are comparable or better than other 

reported orange luminescent phosphor coated white LEDs using carbon dots, silicon dots and other 

2D materials[62-66]. Hence, mixed halide perovskite can be considered as a promising candidate 

for the high color quality, low cost white light production and in the solid-state lighting field. 

Operational stability of fabricated LED is measured after 7 h of continuous illumination. After 7 

hours of continuous operation at 2.35 V, the blue LED peak remains constant, however MAPbBr1I2 

peak is slightly (~1.2 times) decreased as shown in Fig. 4.17(b). Hence, white LED shows very 

good stability without any protection and encapsulation of the device will increase the stability 

further.  

4.4.6. Performance of 2D Perovskite NS Based Photodetector 

The 2D perovskite NSs with high lateral size (surface area) and long diffusion length are reported 

to be promising for various photovoltaic and optoelectronic applications[7, 9, 67]. Accordingly, a 

photodetector device was fabricated based on PB140 NSs in order to demonstrate its potential 
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application. The schematic representation of the planar device structure and the energy band 

diagram are portrayed in Fig. 4.18(a). Aluminum electrodes with an interdigital spacing of 100 

μm were first deposited on the Si/SiO2 substrate by thermal evaporation through a shadow mask. 

 

Fig. 4.18. (a) Schematic diagram of a photodetector device fabricated with PB140 NS and the energy band diagram 

of the Al/MAPbBr3/Al structure before light illumination (no bias) and after light illumination (under bias). (b) I–V 

characteristics of the photodetector in the dark and under illumination with 405 nm laser for different light irradiation 

intensities; the inset shows the magnified I–V curve at lower bias voltages. (c) Logarithmic plot of the photocurrent 

as a function of the light intensity at a bias voltage of 2 V and the data are fitted with a power law. (d) Time-dependent 

photoresponse of PB140 NS under 405 nm light illumination (5.96 mW/cm2) recorded at different bias voltages. The 

inset shows the photocurrent vs. bias voltage for a fixed intensity of illumination. 

 Subsequently, the NS solution was drop cast between the gap of two electrodes and dried at 60 

°C. In the dark, very low current (dark current, Idark) flows between two electrodes under an applied 

bias voltage. When the device was exposed to light (405 nm laser), it results in the generation of 

electron-hole pairs with an energy higher than the bandgap of the perovskite NS. The electron and 
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holes are then rapidly drifted in different directions under bias voltage and collected by the 

electrodes leading to a dramatic increase in current (photocurrent, Iph) between the metal 

electrodes. Fig. 4.18(b) shows the I-V characteristics of the device obtained in the dark and under 

different intensities of light illumination (405 nm). Under the dark condition, nearly linear current-

voltage (I–V) behavior is observed. Under illumination, the current is abruptly increased, implying 

good sensitivity of the device to light. The photocurrent is highly dependent on the light intensity, 

and it is systematically increased with the increase in the light intensity because the number of 

photogenerated carriers is proportional to the absorbed photon flux. The inset of Fig. 4.18(b) 

shows the magnified view of I-V characteristic in the low bias region, indicating that the turn-on 

voltage of the device is very low (~0.4 V). Fig. 4.18(c) demonstrates the dependence of the 

photocurrent on light intensities under 2 V bias. This dependence can be understood better by 

fitting the data of photocurrent vs intensity by the well-known power law: IPh α Pθ, where Iph is the 

photocurrent, P is the light intensity and θ is an empirical value reflecting the recombination of 

photocarriers, as shown in Fig. 4.18(c)[68]. In the low-intensity range, exponent θ=0.97 was 

obtained, which is close to 1.0, suggesting a low recombination loss. In contrast, in the high-

intensity range, non-unity θ=0.12 was observed, implying a strong recombination loss due to the 

presence of high carrier density and some trap states in the bandgap region[69]. Typical temporal 

photoresponse of the device under pulsed laser illumination at different bias voltages is shown in 

Fig. 4.18(d). The photoresponse of the device is observed to be highly stable and reproducible 

over the long operational duration as well as ambient storage. The rise and fall edges of the 

photoresponse curve are very steep, indicating the very fast response of the device.[68] The 

photocurrent increases linearly with increasing the bias voltage due to the efficient transport of 

photocarriers and the suppression of the recombination loss at higher bias voltage. In the low bias 

region (0 to 1.5 V), the photocurrent increases very rapidly following a nonlinear behavior, as 

shown in the inset of Fig. 4.18(d).  

To calculate the fast response speed of the device, temporal response curve was recorded in a 

digital storage oscilloscope at a bias voltage of 5 V using the 405 nm pulsed laser driven by a TTL 

pulse, as shown in Fig. 4.19(a). Since the direct measurement of the photocurrent is inherently 

slow in an ammeter, a 100 kΩ load resistance is added in series to the circuit, and the voltage 

across the load is measured in the oscilloscope. The rise/fall time of the device is found to be very  
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Table 4.4: Comparison of the performance and stability of the perovskite NS-based photodetectors 

reported in the literature with the present work. 

 

Active 

material 

Measurement 

condition (voltage, 

wavelength) 

Rise time/ Fall 

time (ms) 

R (A/W) Stability (days of 

storage) 

Ref 

MAPbBr3 

QDs 

2 V, 405 nm 320, 280 0.223 20 (30 % decrease 

in Iph) 

[49] 

MAPbBr3 

milliwire 

      2 V, 532 nm 407, 895 0.525 225*   [5] 

CsPbBr3 

nanoplatelet 

1.5 V, 442 nm 0.6, 0.9 34 47 (34 % decrease 

in R) 

[70] 

CsPbCl3 NS 8 V, 405 nm 70, 45 - 2 [27] 

CsPbBr3 

microplatelet 

5 V, 405 nm 20.9, 24.6 1.33 210 (10 % 

decrease in Iph) 

[71] 

MAPbBr3 

NS 

5 V, 405 nm 0.024, 0.103 1.93 180 (15 % 

decrease in PL) 

This 

work 

Iph=photocurrent, R=responsivity, * ~30 % decrease in PL intensity after 140 min in 75% 

humidity, #under 70% humidity 

fast 24 µs/103 µs. Note that the photocurrent response of our photoconductor is much faster than 

those reported earlier on perovskite NS (see Table 4.4). This may be due to high crystalline quality 

and high mobility of the carriers in the as-grown 2D NS. Fig. 4.19(b) presents the long-term 

stability of the photodetector device. The temporal photoresponse curve of the freshly fabricated 

sample is presented in the first five cycles in Fig. 4.19(b). The second and third five cycles in Fig. 

4.19(b) correspond to the temporal photoresponse curve recorded after 15 days and one month of 

storage, respectively, without any encapsulation. It is clear that a very marginal decay in 

photocurrent (~10.7 %) is observed after one month of storage, implying that the device retains its 

photodetection capability even under the ambient condition with high humidity. Thus, it can be 

concluded that the as-synthesized perovskite NSs have high ambient stability even under high 

humidity. Note that most of the reported perovskite photodetectors exhibit poor stability[72, 73]. 

Fig. 4.19(c) summarizes the evolution of the photocurrent under the continuous illumination of 

405 nm laser light in ambient condition (relative humidity: 60–70 %, temperature ~23 °C) without 

any encapsulation/protection for 7 h operation under bias voltage of 5 V. The photocurrent remains 

almost constant throughout the measurement period, indicating its outstanding repeatability and 

TH-2453_156121029



131 |                      P r e c i s e  T u n i n g  o f  t h e  T h i c k n e s s  a n d  O p t i c a l  P r o p e r t i e s   

long term operational stability. To characterize the performance of the as-fabricated photodetector, 

responsivity, external quantum efficiency (EQE) and detectivity (D) were calculated in the spectral  

 

Fig. 4.19. (a) Temporal response of the photocurrent for PB140 NS photodetector measured at a bias of 5 V along 

with the exponential fits. (b) Photoresponse curve of PB140 NS photodetector device after long-term storage in humid 

ambient. (c) Normalized photocurrent of PB140 NS photodetector (without encapsulation) as a function of operation 

time at a bias voltage of 5 V. (d) Spectral responsivity of the NS photodetector recorded at 5 V bias. 

range 310−800 nm. The efficiency of a photodetector is expressed in terms of spectral responsivity 

since it is directly proportional to the internal gain. Responsivity (R) of a photodetector can be 

defined as the photocurrent generated in the photodetector per unit power of the light incident on 

its effective area and can be expressed as,  

𝑅 =
𝐼𝑝ℎ−𝐼𝑑𝑎𝑟𝑘

𝑃𝐴
                                                                                    (4.6) 
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Here, A is the effective illuminated area (0.02 cm2). As shown in Fig. 4.19(d), the NS detector 

displays a good spectral selectivity with a reasonably flat response in the range 310-560 nm 

consistent with its absorption behavior. Interestingly, the present device shows high responsivity 

in the UV region and can be exploited as a UV photodetector. The detectivity and EQE are also 

calculated using the following equations to express the figure of merits of the photodetector device,  

𝐷 = 𝑅 × (
𝐴

2𝑞𝐼𝑑𝑎𝑟𝑘
)

1 2⁄

                                                                      (4.7) 

𝐸𝑄𝐸 = 𝑅
ℎ𝑐

𝑞𝜆
                                                                                     (4.8) 

Where A is the effective area of the photodetector, q is the electronic charge, h is the Planck’s 

constant, c is the light velocity in vacuum and λ is the wavelength of the incident light. 

 

Fig. 4.20. (a) External quantum efficiency, and (b) detectivity of the 2D perovskite photodetector (with PB140) over 

a broad spectral range under a bias voltage of 5 V.  

Hence, to achieve high detectivity of the device, high responsivity and low dark current are 

necessary. Fig. 4.20(a) shows the EQE of the device under 5 V bias. Fig. 4.20(b) depicts the 

detectivity in the spectral range of 310-800 nm under 5 V bias. Both the parameters demonstrate 

spectral trend similar to the responsivity data since they are proportional to responsivity. The peak 

detectivity and EQE of PB140 NS are observed to be 1.04×1012 Jones and 658 %, respectively. 

Note that the EQE of the device is very high (>100 %), which may be partly due to the tunneling 

of the carriers in the ultra-thin 2D NS. Perovskite photodetector reported to produce very EQE 

(>105 %) which is defined as photoconductive gain[74]. In general, trap states are beneficial to 
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achieve high gain. In the trap states, minority charge carriers are captured by traps, thus allowing 

the majority carriers to flow through the external circuit. The thinner nanosheet has more 

defect/trap states which may help in trapping minority charge carriers. High electron mobility of 

layered perovskite allows easy transport of electrons to the contacts. The 2D material-based UV-

visible photodetector is applicable in numerous fields, such as imaging sensing, optical 

communication, optical storage, electric arc detection in factories, etc.  

4.5. Summary and Conclusions 

In this chapter, a simple, reproducible and novel solvothermal synthesis route is presented to 

successfully grow large-area 2D perovskite nanosheets with precisely tunable thickness and high 

optical quality and colloidal stability. In contrast to the methods reported mostly for inorganic 

perovskites, which are time consuming and tedious, we have demonstrated a precise control of the 

thickness of 2D hybrid organic perovskite layer from 14 layers to 2 layers simply by the control 

of temperature of the solvothermal process and our method is very facile and versatile. The 

resulting properties of the 2D NS are highly tunable and these are further successfully applied for 

the fabrication of a fast photodetector and a white LED. The present method is very promising for 

the development of large-area stable 2D perovskite layers for various cutting edge optoelectronic 

and imaging applications. The novelties of the work presented in the chapter are summarized 

below. 

1. A fast solvothermal synthesis of 2D perovskite with precise control of thickness only by 

temperature control and an empirical relation showing linear relationship between growth 

temperature and the thickness of the 2D NS is established.  

2. Without any pretreatment of the precursors, simple solvothermal treatment at various 

temperatures (100-150 °C) allowed us to tailor the thickness of the large-area (several 

micrometers) 2D NSs from 14 layers down to a bilayer thickness (1.2 nm), as revealed by 

systematic TEM and AFM analyses.  

3. The temperature-dependent thickness evolution is quantitatively analyzed based on the 

supplied thermal energy, leading to the enlarged interlayer spacing and accelerated crystal 

growth along the lateral direction. 

4. The band gap of the NS is effectively tuned from 2.34 to 2.54 eV owing to the strong QC 

effect in the 2D NSs. 
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5. We have also demonstrated bright blue-emitting QDs by increasing the OAm concentration 

with a very high PL QY of 84 % and a large spectral blue shift of ∼60 nm. 

6. Through a careful analysis of the steady-state and time-resolved PL spectra, the origin of 

the lower PL QY in thinner NS is traced to nonradiative recombination centers in the 2D 

layers.  

7. The NS exhibits excellent optical and long-term stability including high temperature (up 

to 80 °C) stability, retaining its initial PL intensity for more than 8 months. 

8. A white LED is fabricated with the orange luminescent 2D CH3NH3PbBrI2 NS, with a CIE 

coordinate of (0.33, 0.30). 

9. The 2D perovskite photodetector exhibits a very fast rise/fall time (24 µs/103 µs) along 

with high responsivity of ~1.93 A/W. 
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Chapter 5 

Stable Deep Blue Emission with Unity Quantum Yield in 

Organic-Inorganic Halide Perovskite 2D Nanosheets Doped 

with Cerium and Terbium at High Concentrations 

In this chapter, we have developed a novel strategy to achieve stable and deep blue emission with 

absolute unity photoluminescence (PL) quantum yield (QY) through Ce3+ and Tb3+ doping at high 

concentration in 2D CH3NH3PbBr3 nanosheet (NS) using a solvothermal method. Our studies 

reveal that with Ce/Tb doping, the thickness of the NS systematically goes down from 10 layers 

to bilayer (1.4 nm) perovskite at high doping level and the bandgap of the 2D perovskite layer 

increases from 2.394 eV to 2.981 eV. The measured bandgap widening with doping is analyzed 

and explained on the basis of quantum confinement effect and lattice contraction. Interestingly, by 

incorporating 70 mol% CeBr3 in the perovskite crystal, we achieved a deep blue emitting 

nanoplatelet with 100 % QY, narrow linewidth (~24 nm), and a color coordinate of (0.145, 0.054) 

closely matching with the standard color Rec. 2020 (0.131, 0.046) specification, making it one of 

the most efficient perovskite blue light emitters reported to date. We also demonstrate much 

improved storage stability of the Ce and Tb doped NS, fully consistent with the density functional 

theory (DFT) calculations. Low temperature PL study reveals the coexistence of ordered and 

disordered orthorhombic phases. We investigated the role of dopants in the achieving the high QY 

and deep blue emission in 2D perovskite using DFT based calculation of its electronic structure. 

From DFT calculation, we show that the dopants stabilize the structure with lower formation 

energy and it enrich the conduction band edge states without introducing deep trap states, which 

is responsible for the high PL QY. The calculation also reveals that Tb doping leads to substantial 

increase in bandgap, which is fully consistent with our experimental results. Finally, Ce3+ doped 

CH3NH3PbBr3 blue-emitting nanoplatelet is used as a white light LED with CIE coordinates 

(0.334, 0.326). This work demonstrates a versatile approach to develop rare-earth doped deep blue-

emitting 2D perovskites with exceptionally high PL QY and provides new insights into the 

structural stability and electronic structure of rare-earth doped 2D perovskites.  
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5.1. Introduction 

Over the past decade, lead halide-based perovskites having the general formula APbX3 (where A= 

CH3NH3, Cs, etc.; X= Br, Cl, and I) have emerged as an outstanding class of material for the 

fundamental scientific and technological application-based research[1-5]. Despite having several 

advantages, such as tunable bandgap, superior optoelectronic properties, excellent photovoltaic 

efficiency, the commercialization of lead halide perovskites is still facing hindrance due to its 

toxicity and poor stability in ambient environment[1, 6-9]. Hence, there is an intense search for 

developing Pb free perovskite with improved optoelectronic performance due to the toxicity of Pb. 

Tremendous efforts have been devoted to incorporate transition metals (Mn2+, Cu2+, Fe2+, Zn2+), 

metalloids (Sn2+, Bi3+) and lanthanide materials (Ce3+, Eu3+, Yb3+, etc.), etc. in the perovskite 

crystal[9-17]. However, doping-related studies are still far from satisfactory, since the substitution 

of Pb2+ often deteriorates the remarkable optoelectronic performance of lead halide 

perovskites[18]. Sn was the first metal to be considered as a replacement of Pb[12, 13]. However, 

Sn doped perovskite crystal is found to be very unstable in nature, since Sn2+ quickly oxidizes to 

Sn4+ upon exposure to atmosphere[9, 19]. Bi3+ doping in CH3NH3PbBr3 (MAPbBr3, MA= 

CH3NH3) or CsPbBr3 crystal significantly quenches the photoluminescence quantum yield (PL 

QY), since it includes non-radiative recombination centers in the crystal, though it improves the 

stability[11, 20, 21]. Mn-doped CsPbCl3 nanocrystal (NC) is one of the most intensively studied 

system, as it introduces a new electronic energy level resulting in low energy electronic transition 

due to strong exchange interaction between d electron of Mn2+ and perovskite[22, 23]. However, 

the PL QY and doping efficiency was much lower than the anticipated value in the most synthesis 

procedure, since the perovskite crystal structure was affected by the high doping concentration[10, 

18, 24-26].    

Interestingly, rare-earth dopants in perovskites are considered very promising due to its remarkable 

optical properties[27]. Octahedral site (PbBr6) in perovskite crystals perfectly matches the doping 

criteria of lanthanide materials, as it prefers a higher coordination number (≥ 6). The energy levels 

of rare-earth elements are not very sensitive to the lattice environment, as its partially filled 4f shell 

(4fn-1) is shielded from external by 5s2 and 6p6 electrons, which makes it comparatively more stable 

in ambient condition[28]. Song and coworkers first reported the rare-earth codoped (Ce3+ and Yb3+; 

Yb3+ and Er3+) CsPbCl1.5Br1.5 NCs and explored it as a downconverter of commercial silicon solar 
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cell resulting into an improvement of the power conversion efficiency from 18.1 to 21.5 %[14]. 

The same group presented doping of various other lanthanide materials (Ln3+ = Ce3+, Sm3+, Eu3+, 

Tb3+, Dy3+, Er3+, and Yb3+) into the CsPbCl3 crystal lattice following a modified hot injection 

method, which exhibits a blue shift in the absorption spectra in the doped NC with the increase in 

the atomic number of dopant lanthanide ions[29]. However, PL QY decreases substantially in the 

blue region. Though Ce3+ doped CsPbCl3 yeilds blue emission at 430 nm, the QY decreases to 

24.3 %[29]. Even with Tb3+ doping, Song et al. achieved PL emission at 550 nm with PL QY 31.2 

%[29]. Zhang et al. reported enhancement of total (excitonic + dopant) PL QY from 5 to 127.8 % 

with Yb3+ and Yb3+/Er3+ doped CsPbCl3 NC[30]. Gamelin et al. reported an exceedingly high PL 

QY of 190 %, even in bulk like thin films of Yb3+ doped CsPbCl3[31]. High PL QY in Yb3+ doped 

CsPbCl3 is due to an efficient quantum-cutting phenomenon, where the high absorption coefficient 

of CsPbCl3 allows it to transfer the excitonic energy to Yb3+ ions upon photoexcitation.  

However, the incorporation of rare-earth ions using direct synthesis process is quite challenging 

in the narrow bandgap variants of perovskite i.e., CsPbBr3 and CsPbI3[32]. Few groups have 

reported the doping of rare-earth ions following modified synthesis techniques or post-synthesis 

strategies. Yao et al. reported enhancement of the photo/electroluminescence efficiency of 

CsPbBr3 NCs through doping of heterovalent Ce3+ ions via a facile hot-injection method[33]. 

However, they achieved green emission with Ce3+ doping at 515 nm, and the bandgap couldn’t be 

tuned much with doping concentration. Duan et al. incorporated RE3+ (RE = La, Ce, Nd, Sm, Eu, 

Gd, Tb, Ho, Er, Yb, and Lu) into CsPbBr3 films via a multistep solution-processed technique for 

solar cell application[34]. Mir et al. followed a post-synthesis doping procedure to dope Mn and 

Yb in CsPbX3 (X= Cl, Br, and I) NC with bandgaps covering the entire visible region[35]. 

However, the relative intensity of dopant emission is sharply quenched in CsPbBr3 and CsPbI3 

NCs as compared to CsPbCl3 NC. Wang et al. introduced Eu3+ in the CsPbI3 crystal by reversible 

redox cycle, where Pb0 is oxidized by Eu3+ ions and I0 is reduced by Eu2+ ions[16]. Though several 

reports discussed doping-induced blue emission from CsPbCl3 nanocrystal, very few studies 

discussed about the bandgap tuning of Br based perovskite towards the blue region with high 

emission efficiency. Recently, blue emission was achieved with doping of metal ions (Sb3+ and 

Nd3+) in CsPbBr3 with 73.8 % and 90 % PL QY[36, 37]. Deep blue emission from bromide-based 

perovskite has been reported without doping by changing the synthesis condition, but the PL QY 

was found to be pretty low compared to green luminescent perovskite. All-bromide-based cesium 
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lead perovskite nanocrystals with deep blue emission at 405 (±1) nm was synthesized by Shi et al., 

however PL QY could be achieved up to 22 (±3)%[38]. Gao and co-workers reported deep blue 

emission (435 nm) from CsPbBr3 nanoribbons of two-unit-cell thickness with PL QY up to 10 

%[39]. Hence, the reported PL QYs are still quite low as compared to unity QY of perovskite 

nanomaterials in the green region. With growing uses of blue LED in the modern technology, there 

is an emergent need for achieving stable blue emission. Though rare-earth doping in all-inorganic 

halide perovskite (CsPbX3) shows excellent optoelectronic and photovoltaic performance, 

incorporation of rare-earth dopants in organic-inorganic hybrid perovskite (MAPbX3) is quite 

challenging due to its volatile nature in an exposed environment. To our knowledge, to date only 

one report demonstrated rare-earth doping in organic-inorganic halide perovskite for solar cell 

application. Wu et al. incorporated anhydrous EuI2 as a dopant into the MAPbI3 thin film to 

increase the grain size and they achieved improved stability of the solar cell, though the device 

efficiency was not improved significantly[40]. However, higher grain size usually results in lower 

PL QY. To the best of our knowledge, there is no report on the doping of rare-earth ions on 

MAPbBr3 nanostructure, particularly by the solvothermal method to incorporate the dopants in 

ultrathin two-dimensional (2D) lead halide perovskites. Due to the versatility of the solvothermal 

method, it is imperative to explore this method for doping of rate-earth atoms in the ultrathin 

perovskite layers. In the previous chapter, we have demonstrated the efficacy of the solvothermal 

process to precisely tune the thickness and optical properties of highly stable 2D organometal 

halide perovskite nanosheets and their applications in white LED and fast photodetector[41].  

Here, we develop a facile and fast solvothermal synthesis process for doping of Ce and Tb ions 

into MAPbBr3 2D nanosheet (NS). This method allows us to tune the optical properties of the host 

MAPbBr3 NS by changing the doping concentrations of Ce and Tb. TEM imaging was utilized to 

study the systematic change in NS dimension with increasing doping concentrations. AFM images 

were recorded to estimate the thickness of the perovskite NSs and NPLs. XRD analysis is utilized 

to characterize the 2D diffraction peaks in Ce and Tb doped 2D perovskite layers. Optical 

absorption studies enable us to monitor the systematic change in the bandgap with doping 

concentrations. Room temperature and low-temperature PL analyses were carried out to study the 

effect of doping concentrations on the light emission characteristics of the doped 2D NS. TRPL 

study is carried out to understand the contribution of non-radiative recombination and defects on 

doped MAPbBr3 NS. The origin of high PL quantum yield and large blue shift of the PL peaks is 
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studied thoroughly using various experimental tools and our conclusions are fully supported by 

the density functional theory (DFT) calculation of its electronic structure and formation energy of 

the dopants. Finally, we fabricate a downconverter white light-emitting diode (LED) by depositing 

2D MAPb1-xCexBr3 nanoplatelet (NPL) on Rhodamine B coated commercially available UV LED.  

5.2. Experimental Procedure 

5.2.1. Materials 

Methylamine solution (CH3NH3, 33 wt% in absolute ethanol, Sigma-Aldrich), lead(II) bromide 

(PbBr2, 99.999 %, Sigma-Aldrich), hydrobromic acid (HBr, 48 wt % in water, Sigma-Aldrich), N, 

N-dimethylformamide (DMF, >99 %, Sigma-Aldrich), diethyl ether (>99 %, Merck), toluene 

(Merk), oleic acid (CH3(CH2)7CH=CH(CH2)7COOH, Merk), oleylamine (OAm) (≥98 % (primary 

amine), Sigma-Aldrich), cerium(III) bromide (CeBr3, 99.9 %, Sigma-Aldrich), terbium(III) 

chloride hexahydrate (TbCl3.6H2O, 99.9 %, Sigma-Aldrich), and poly(methyl methacrylate) 

(PMMA) powder (Sigma Aldrich) were used to synthesis the doped and undoped perovskite NSs. 

All the materials were used as received without any further purification. 

5.2.2. Synthesis Procedures 

5.2.2.1. Synthesis of CH3NH3Br 

The organic part of the hybrid perovskite is synthesized by diluting the 8.2 mL of CH3NH3 solution 

with 30 mL of absolute ethanol and stirred the solution in a round-bottom flask. Afterward, 3 mL 

HBr was slowly added to the previous solution in an ice bath with vigorous stirring at 1000 rpm 

for 3 h. To evaporate the solvents, the solution was heated at 70 °C for several hours with 

continuous stirring. Once the solvents completely evaporate, the remaining MABr salt was washed 

several times with ethanol to remove impurities. Then, the powder was washed with anhydrous 

diethyl ether to recrystallize. The powder was dried at 70 °C in a vacuum oven. 

5.2.2.2. Synthesis of Undoped and Ce, Tb Doped 2D Perovskite NS 

2D perovskite NS was synthesized by a solvothermal method following the procedure described 

in Chapter 4 with minor modifications[41]. The precursor solution was prepared by mixing equal 

moles of MABr and PbBr2 in DMF, and then oleic acid and 60 µl OAm were added, and the 
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solution was then transferred into a Teflon lined autoclave without any pretreatment and 

solvothermal treatment at 120 °C for 30 min. After the solvothermal process, the crude solution 

was allowed to cool down naturally for 30 min in the ambient environment. The autoclave was 

then opened and 180 µl of the product solution was added into 10 ml toluene while stirring. To 

wash the as-prepared NS and separate it from the crude solution, it is centrifuged two times at 

10000 rpm for 10 min. The supernatant was discarded each time, and the precipitate was re-

dispersed in 10 ml toluene for further characterization. Note that all the syntheses procedures were 

carried out in ambient environment without the use of a glove box.   

To synthesize the Ce and Tb doped 2D perovskite NS, different amounts of PbBr2 was replaced 

by CeBr3 and TbCl3 according to the desired doping concentrations. Typically, for 20 mol% 

doping concentration of CeBr3, 0.1 mM MABr, 0.02 mM CeBr3, and (0.1-0.02) = 0.08 mM PbBr2 

were first mixed and afterward same solvothermal procedure was followed, as discussed earlier. 

We varied the concentrations of CeBr3 and TbCl3 from 0 to a maximum of 70 mol%. The 0, 20, 

50 and 70 mol% CeBr3/TbCl3
 doped samples are named as Ce0/Tb0, Ce20/Tb20, Ce50/Tb50, 

Ce70/Tb70, respectively. 

5.3. Characterization Techniques 

The high magnification surface morphology of the undoped and doped perovskite NSs have been 

characterized using a field-effect TEM (JEOL-JEM 2010) operated at 200 kV. AFM (Cypher, 

Oxford Instruments) images were taken to calculate the thicknesses. XRD (Rigaku RINT 2500 

TRAX–III, Cu-Kα radiation) patterns were recorded to determine the crystal structure of different 

samples. X-ray photoelectron spectroscopy (XPS) measurement was carried out using a PHI X-

tool automated photoelectron spectrometer (ULVAC-PHI, Japan) with an Al Kα X-ray beam 

(1486.6 eV) at a beam current of 20 mA for the analysis of the chemical compositions and chemical 

environment. UV−Vis absorption spectra of the 2D NSs were measured using a commercial 

spectrophotometer (PerkinElmer, Lamda 950). The room temperature steady-state PL spectra were 

recorded using 350 nm lamp excitation using a commercial fluorimeter (Fluoromax-4, Horiba 

Scientific). PL QY of the samples was measured in solution mode using an integrating sphere 

(FM-SPHERE, Horiba) attached to the fluorimeter. Low temperature (80–300 K) PL 

measurements were carried out using a liquid nitrogen-cooled optical cryostat (Optistat DNV, 

Oxford Instruments) attached to the above fluorimeter under 405 nm laser excitation in thin-film 
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mode. TRPL measurements were performed using a 375 nm pulsed laser excitation for perovskite 

NSs, with an instrument response time of <50 ps (LifeSpecII, Edinburgh Instruments). 

5.4. Computational Methodology 

To envisage the electronic and optical properties of pristine, Ce and Tb-doped 2×2×2 super-cell of 

CH3NH3PbBr3, we have performed first-principles electronic structure calculations within the 

framework of DFT[42]. Throughout the work, we have used Vienna Ab-initio Simulation Package 

(VASP) code[43], where projector augmented wave (PAW)[44] formalism has been implemented. 

We have used Perdew-Burke-Ernzerhof (PBE)[45] form of Generalized gradient approximation 

(GGA) as the exchange-correlation functional, whereas the converged energy cut off has been 

chosen to be 500eV. The Brillouin zone has been sampled using 3×3×3 Monkhorst-pack 

scheme[46] for the ionic relaxation of the systems. After finding the minimum energy 

configuration of the pristine system, the pristine system has been doped with Cerium (Ce) and 

Terbium (Tb) with a concentration of 12.5 % for an individual doped system, while minimum 

energy configuration is achieved through the full ionic relaxations of the atoms. Further, we have 

determined the projected density of states (PDOS) to analyze the elemental orbital contribution of 

the constituent atoms in the valence band and conduction band regime. The self-consistency has 

been achieved with 10-3 eV energy convergence and 1×10-2 eV/Å force convergence criteria in all 

the geometry optimization calculations. In order to compliment the experimental outcome of 

stability enhancement in the doped system as compared to the pristine CH3NH3PbBr3, we have 

estimated the formation energy of the individual systems from the total energy calculations. 

5.5. Results and Discussions 

5.5.1. Morphology Studies 

5.5.1.1. FETEM Analysis 

The effect of Ce/Tb doping on the morphology of as-synthesized 2D MAPbBr3 NS was 

characterized using TEM analysis. The doping concentration in 2D perovskite NS is varied by 

replacing PbBr2 with CeBr3/TbCl3 during the solvothermal synthesis. It is observed that doping of 

Ce3+ and Tb3+ has quite a significant effect on the morphology of the 2D perovskite NSs, as shown 

in Fig. 5.1. Fig. 5.1(a) represents the image of an undoped perovskite NS revealing typically 
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rectangular shaped large area NS of width ~346 nm and length ~890 nm. Interestingly, after doping 

of 20 mol% CeBr3, the dimension of the NS decreases and shape of the NS is observed to be 

changed from rectangular to square shape with a lateral dimension of ~546 nm × 507 nm (see Fig. 

5.1(b)). As the doping concentration further increased to 50 mol%, a uniform distribution of NSs 

of perfectly square shape is observed with a lateral size ~ 240 nm in Ce50 (see Fig. 5.1(c)). With 

 

Fig. 5.1. TEM images of (a) undoped 2D perovskite, and Ce3+ doped perovskite NSs with CeBr3 concentrations: (b) 

20 mol%, (c) 50 mol% and (d) 70 mol%. The inset in (d) shows the vertically aligned 2D NSs. TEM images of Tb3+ 

doped NSs at TbCl3 concentrations: (e) 20 mol%, (f) 50 mol% and (g) 70 mol%. (h) HRTEM lattice images of the 

Tb70 NS; the inset shows the corresponding IFFT image. 

70 mol% CeBr3 doping, the NS dimension is further decreased, which is termed as nanoplatelet 

(NPL). The NPLs are observed to be uniformly grown and vertical stacking of NPLs can be seen 

in some regions, as marked with a yellow square in Fig. 5.1(d). Inset of Fig. 5.1(d) shows the 

high-resolution TEM image of self-assembled vertically stacked NPLs in Ce70, revealing the 

thickness of ~1.6 nm for each layer, which corresponds to ~2 monolayers of cubic perovskite 

phase, since the unit cell size of MAPbBr3 perovskite is 5.93 Å.  Interestingly, both the lateral size 

and thickness are successfully tuned with Ce3+ doping at different concentrations, which induces 

an extraordinary improvement in the optical properties of the host lattice (discussed later). Fig. 

5.1(e) represents the TEM image of 2D perovskite NS doped in MAPb0.8Tb0.2Br2.4Cl0.6 showing 

square-shaped NS of width ~ 378 nm. Interestingly, the TEM image of Tb20 reveals the presence 

of nanoparticles (NPs) attached at the edges of NS (see Fig. 5.1(e)). As the TbCl3
 doping 
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concentration increases to 50 mol%, the lateral size of the NSs decreases and it is uniformly 

decorated with tiny NPs appearing like dots at the edges, as shown in Fig. 5.1(f). In Tb70, the 

lateral size of NSs is further decreased, which is considered as NPL of average lateral size ~ 36 

nm with uniformly decorated 2D NCs over it (see Fig. 5.1(g)). Hence, the incorporation of rare-

earth dopants in the MAPbBr3 crystal inhibits the lateral as well as vertical growth of NSs and it  

 

Fig. 5.2. (a) TEM image of Ce doped perovskite nanoplatelets in Ce20; the inset shows the corresponding EDX 

spectrum. (b-e) Corresponding elemental mapping images of C, Pb, Ce and Br in Ce20. 

results in the decrease in thickness and lateral size of the NSs and eventually, the NSs break into 

large number of uniformly distributed NPLs under the solvothermal condition. Fig. 5.1(h) shows 

the high-resolution TEM (HRTEM) lattice fringe pattern of perovskite NPL and the inset shows 

the corresponding inverse fast Fourier transform (IFFT) image, in Tb70, revealing lattice spacing 

of 0.35 nm related to the (002) plane of the perovskite phase[47]. To verify the incorporation of 

dopant ion Ce3+ inside the MAPbBr3 crystal, energy dispersive X-ray spectroscopy (EDX) was 

performed on the 2D doped NS. Fig. 5.2(a) shows the STEM image of NS in Ce20. The inset of 

Fig. 5.2(a) shows the quantification of the EDX spectrum revealing a Ce/Pb atomic ratio of 0.03 

for Ce20. This indicates a low doping concentration (~ 3.3 %) of Ce3+ inside MAPbBr3 crystal 

consistent with the previous report on the doping of Ce3+ inside CsPbBr3 host[33]. Thus, the actual 
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concentration of doped atoms is about six times lower than the reactant amount. On this basis, 

Ce70 is expected to contain ~11.6 % Ce3+ inside MAPbBr3 crystal. Considering this, we have 

taken 12.5 % as the dopant concentration for the theoretical DFT calculation to understand the 

stability and electronic structure of the doped system (discussed later). Uniform distribution of 

different elements in MAPbBr3 perovskite structure and as well as the dopant Ce on NS is shown 

in elemental mapping images, shown in Fig. 5.2. EDX analysis on Tb20 revealed the inclusion of 

guest Tb3+ ion in the MAPbBr3 crystal, as shown in the inset of Fig. 5.3(a).  Fig. 5.3 depicts the 

elemental mapping of 2D NS in Tb20, showing the uniform spatial distribution of each component 

in MAPb1-xTbxCl3xBr3(1-x).  

 

Fig. 5.3. (a) TEM image of Tb doped perovskite nanoplatelets in Tb20; the inset shows the corresponding EDX 

spectrum. (b-f) Corresponding elemental mapping images of C, Pb, Tb, Br and Cl in Tb20. 

5.5.1.2. AFM Analysis 

To provide a more direct evidence of the evolution of the thickness the 2D MAPbBr3 NS with the 

inclusion of Ce3+ ion, AFM topography images were acquired in the tapping mode, as shown in 

Fig. 2. To record the AFM images, the NS solution were first diluted and drop casted on a SiO2 

substrate. The solution was then allowed to dry at room temperature to avoid any agglomeration. 
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Fig. 5.4(a) represents the AFM topography image of the undoped MAPbBr3 NS. The thickness of 

the NS is found to be ~ 5.6 nm calculated from the AFM height profile, as shown in Fig. 5.4(b). 

Fig. 5.4(c,d) exhibit the AFM image and the corresponding height profile of the marked region of 

Ce20 indicating thickness of the NS to be ~ 4 nm. With further increase in doping concentration, 

i.e., in Ce50, the thickness and width of the NS are further decreased to ~1.8 nm and ~133 nm, 

respectively, as depicted from the AFM image and the corresponding height profile in Fig. 5.4(e,f). 

Interestingly, for Ce70, uniform distribution of NPLs is observed, as shown in the AFM image in 

 

Fig. 5.4. AFM topography images of undoped and Ce doped MAPbBr3 NS in (a) Ce0, (c) Ce20, (e) Ce50 and (g) 

Ce70 and the corresponding height profiles are shown in (b), (d), (f) and (h), respectively.  

Fig. 5.4(g). Fig. 5.4(h) shows the corresponding height profile indicating the average thickness of 

the NPLs to be ~ 1.4 nm, which closely matches with the thickness estimated from the TEM 

imaging. In case of 2D NS/NPL, single layer (1L) MAPbBr3 sheet consists of 2D arrangement of 

corner-sharing (PbBr6)
4- octahedra with a thickness of 0.593 nm[48]. Therefore, the measured 

thicknesses in Ce0, Ce20, Ce50, and Ce70 correspond to 10L, 7L, 3L, and 2L, respectively. Hence, 

the Ce3+ doping by solvothermal method enables us to tune the thickness of the 2D perovskite NS 

from ten layers (10L) to bilayer (2L), which may trigger strong quantum confinement effect in the 

NPL. A similar change in thickness is expected with Tb3+ doping in MAPbBr3. The mechanism 

behind the change in thickness of NS with doping may be the replacement of Pb2+ ions with smaller 

size Ce3+ ions. In addition, the dopant atoms (CeBr3/TbCl3) may act as an inorganic ligand or an 

intercalating agent, which stimulates the exfoliation of the 2D NS. Presence of large number of 
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inorganic ligands helps in exfoliation of inorganic sheet layer promoting thinner NS. Here, large 

dopant concentration may also increase the reactivity of OAm because of the high pressure and 

high temperature inside the autoclave[41]. Elevated pressure and temperature inside the autoclave 

increase the reactivity of any material, which may be insoluble at room temperature[41]. 

Therefore, solvothermal process results in a stronger effect of doping on the dimensions of the 

perovskite nanosheets as compared to other methods. This resulted into the systematic decrease in 

thickness and lateral dimension of the 2D NSs at higher doping concentration. Note that the 

measured doping concentration in Ce20 and Tb20 is much less than the desired one, which 

supports the assertion that a small fraction of the dopants occupy the substitutional sites in 

perovskite and rest of the dopants help in the exfoliation of the NS by a kind of intercalation 

process similar to the commonly used layered 2D materials.   

5.5.2. Structural Analysis 

 To acquire more insights into the structural quality of doped perovskite NS, the crystal structure 

of various doped and undoped samples were characterized using the XRD technique. Fig. 5.5(a,b) 

show the comparison of XRD patterns of Ce and Tb doped samples i.e., MAPb1-xCexBr1-x and 

MAPb1-xTbxClxBr1-x. Fig. 5.5(a) reveals the characteristic (001) diffraction plane of a cubic 

 

Fig. 5.5. A comparison of XRD patterns of perovskite NS before and after the doping with (a) Ce3+ and (b) Tb3+ at 

different molar concentrations. 

structure at ~14.81º in undoped 2D NS, confirming the formation of pure perovskite phase without 

any impurity. Interestingly, with the substitution of Pb2+ by Ce3+, diffraction peaks (002l) (l=1-6) 

at low angles (2θ<14.81º) are observed, which is a signature of the layered structure, as shown in 
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Fig. 5.5(a). It is reported that there is an increase in d-spacing in 2D perovskite phase due to the 

insertion of inorganic octahedral sheet (PbBr6) and, as a result several low diffraction angle peaks 

are emerged[49]. XRD pattern of Ce20 exhibits the diffraction peaks at 11.50º and 12.53º 

corresponding to disparate layered structure with inorganic sheets combined with corner-sharing 

octahedral containing Pb and Ce ion, respectively[50]. The (001) diffraction peak shifts 

monotonically towards higher angle in Ce20 and Ce50 as compared to the undoped sample due to 

the decrease in layer distance between the inorganic sheets as Pb ions (ionic radius 119 pm) are 

partially substituted by smaller size Ce ions (ionic radius 115 pm). In addition, the splitting of two 

peaks at 14.87º in Ce20 indicates phase transition from higher symmetry cubic phase to lower 

symmetry tetragonal phase[51]. Interestingly, the (001) diffraction peak is completely disappeared 

in Ce70 confirming fully transformed pure 2D perovskite phase. Similarly, XRD patterns of Tb 

doped samples represent the evolution of diffraction peaks at low angles (2θ<14.81º), which are 

the characteristic features of 2D perovskite structure, suggesting the formation of an extremely 

thin MAPb1-xTbxCl3xBr3(1-x) layer (see Fig. 5.5(b))[52]. The (001) diffraction peak systematically 

shifts towards higher angle with the increase in Tb doping concentration, which gives direct 

evidence of the inclusion of smaller radius Tb ion (ionic radius 106.2 pm) in place of Pb ion (ionic 

radius 119 pm). Besides the effect of Tb ions, halide mixing of Cl (ionic radius 167 pm) and Br 

ion (ionic radius 182 pm) in the 2D perovskite phase results into the shrinkage of the size of unit 

cell. Similar to Ce doped case, Tb doped samples exhibits diffraction peaks at ~ 11.24º and ~ 

13.07º, which further confirms its 2D layered structure[50]. This indicates an in-plane orientation 

of BX6 (B= Pb/Tb, X= Br/Cl) sheets. With the increase in Ce3+ and Tb3+ doping concentrations, 

the (100) diffraction peak shifts towards higher angle from 14.81º to 14.93º and 15.32º, 

respectively, indicating the lattice contraction. Interplanar spacing (d001) decreases with increasing 

doping concentration from 5.97 Å to 5.93 Å and 5.84 Å for Ce and Tb doped NS, respectively 

revealing lattice contraction, as shown in Fig. 5.5(c). In addition, significant broadening in the 

diffraction peaks of doped samples implies a reduction in the NS thickness upon inclusion of doped 

ions. Hence, with the incorporation of Ce/Tb ion in the 2D perovskite crystal, the subsequent 

change in the lattice spacing and structural phase transition from cubic to lower symmetry 

tetragonal phase are observed due to rotation and distortion of inorganic octahedral. Note that the 

lattice distortion is expected at high doping concentration, which is consistent with our experiment. 
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XPS analysis was conducted to further confirm the successful incorporation of Tb ion in MAPbBr3 

host as shown in Fig. 5.6(a-d). Fig. 5.6(a-d) exhibited XPS peaks of Br 3d, Pb 4f, Cl 3p, Br 3p 

and Tb 3d. The broad Br 3d XPS spectrum of Tb20 is deconvulated with two peaks centered at 

68.9 (3d5/2) and 70.0 eV (3d3/2), corresponding to the inner and surface Br ions, respectively (see 

Fig. 5.6(a)). The doublet peaks of Pb 4f are observed at 143.6 (4f5/2) and 138.8 eV (4f7/2) with spin 

orbit split of 4.8 eV (see Fig. 5.6(b)). The presence of metallic Pb contribution is not seen at lower 

energy confirming no reduction of Pb. Cl 2p peak is fitted with two peaks at 198.4 and 200 eV 

corresponding to 2p3/2 and 2p1/2 as shown in Fig. 5.6(c). The doublet peaks shown in Fig. 5.6(c) at 

 

Fig. 5.6. (a-d) Deconvulated XPS spectra of Br 3d, Pb 4f, Cl 3p, Br 3p and Tb 3d in Tb20. 

182.2 and 188.8 eV corresponds to Br 3p3/2 and Br 3p1/2. The peaks at 1243.1 and 1278.1 eV 

correspond to Tb 3d5/2 and 3d3/2, as shown in Fig. 5.6(d).The presence of Cl 3p and Tb 3d peaks 
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confirms the successful incorporation of TbCl3 in MAPbBr3 NS. Tb/Pb ratio is found to be 0.014 

in Tb20, which indicates a doping concentration of ~1.4 %.  

5.5.3. Optical Analysis 

5.5.3.1. UV-vis Absorption and Photoluminescence Studies 

The effect of lanthanide doping on the absorption and emission spectra of the 2D perovskite was 

studied using synthetic spectroscopic tools. Fig. 5.7(a,b) shows the absorption and PL spectra of 

Ce3+ and Tb3+ doped samples demonstrating a systematic blue shift in the absorption edges with 

the increase in doping concentration. With respect to the undoped sample, we observe blue shifts 

up to of 42 nm and 86 nm in the excitonic absorption peak in 70 mol% Ce and Tb doped samples, 

respectively (see Fig. 5.7(a,b)). Therefore, a significant enlargement in bandgap (~0.25 eV and 

~0.54 eV in Ce and Tb, respectively) is observed with doping of rare-earth ions in 2D MAPbBr3 

NS indicating successful incorporation of dopant ions in the crystal lattice[20]. Furthermore, a 

sharper excitonic peak is observed in the doped NS, which may be attributed to enhanced dielectric 

confinement effect in thinner 2D layered NS/NPLs. Urbach tail is weakened with the introduction 

of rare-earth ions suggesting an increase in the exciton binding energy to the extent that thermal 

energy at room temperature is insufficient to dissociate the excitons. Weaker Urbach tail in doped 

NS compared to the undoped one also implies less disorder in the doped NS[53]. Distinct and 

narrow excitonic emission peak implies efficient excitonic recombination responsible for efficient 

light emission. Note that Tb doping induces larger enlargement in bandgap compared to Ce doping 

case due to the incorporation of both metal and halide ions in the host lattice, i.e., with TbCl3 

doping, both Pb and Br are partially replaced by Tb and Cl, respectively. In contrast, for Ce doping, 

only Pb2+ is replaced by Ce3+. Valence state of halide ions changes from 4p to 3p when Br is 

replaced by Cl resulting into an increase in the bandgap. Insets of Fig. 5.7(a,b) show the digital 

photographs of all the solutions under UV excitation depicting tuning of the color from green to 

deep blue after Ce and Tb doping. To quantify the tuning in emission color in Ce3+ and Tb3+ doped 

MAPbBr3 NS, steady-state PL spectra are plotted in Fig. 5.7(a,b). PL measurements of all the 

samples were performed under 350 nm lamp excitation. A strong green emission peak located at 

518 nm is observed in undoped MAPbBr3 NS. With the increase in CeBr3 concentration, the PL 

peak is gradually blue shifted and emission intensity systematically increased by 6 times with 

respect to the undoped NS. When x reaches to 0.7 in MAPb1-xCexBr3, the strong blue fluorescence 
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peak centered at 454 nm with narrow FWHM (full width at half maxima) of ~24 nm is observed 

at room temperature, which is much narrower than that of the conventional blue QDs[54]. This is 

significant and it indicates an effective modulation in the electronic structure of the 2D NS at high 

doping concentration[33]. The PL peak of Ce70 coincides with the excitonic absorption peak  

 

Fig. 5.7. Optical absorption (dashed line) and PL (solid line) spectra of undoped 2D perovskite NS and (a) Ce3+ and 

(b) Tb3+ doped 2D perovskite NS at different molar concentrations. The inset in each case shows the digital 

photographs of the corresponding perovskite NSs under UV illumination. (c) Optical bandgap energy as a function of 

thickness (d) of the Ce doped 2D perovskite NSs. (d) Comparison of PL QY of as-synthesized 2D perovskite NS with 

Ce3+ and Tb3+ doping.  
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without any stokes shift, indicating absence of any disorder or defects. The pure blue emission 

peaked at 454 nm from Ce70 has a color coordinate of (0.145, 0.054) very close to the Rec. 2020 

(0.131, 0.046) specifications[54]. In case of Tb doping, the PL peak blue shifts from 518nm to 414 

nm (deep blue), indicating a larger change  in bandgap (~0.587 eV) with Tb doping than the Ce 

doping case (~0.337 eV). The PL intensity in the Tb doped NS increased by 3.5 time as compared 

to the undoped NS. The deep blue emission in Tb50 provides a color coordinate of (0.160, 0.0441), 

approaching the standard color Rec. 2020 (0.131, 0.046) specification[54]. In addition, the 

emission peak in Tb50 has a FWHM of 18 nm at room temperature, which is much smaller than 

the other conventional deep blue-emitting quantum dots, indicating its high color purity[54]. 

We find that doping concentration higher than 70 mol% leads to the quenching of the PL emission 

in the NS, which implies that 70 mol% of CeBr3 is the highest limit and optimum for  Ce doping 

in 2D MAPbBr3 NS, and this appears to be the highest doping concentration of rare-earth ions 

reported till date. Note that the dopant concentration is proportional to the amount of CeBr3 

precursor added during synthesis, since the optical properties are systematically improved with 

doping in our samples, which rules out the presence of any impurity or self-crystalized phases 

unlike earlier reports[33]. Various factors may be responsible for the large PL spectral shift and 

enlargement of the bandgap. One of the factors accountable for the shift is the quantum 

confinement effect since lateral and vertical dimensions of the NS are systematically decreased 

with increase in doping concentration, as observed from TEM and AFM images. With doping, the 

thickness of the NS decreases from 10 layers to 2 layer (1.4 nm) NPL, which may impose the 

quantum confinement effect on the carriers and it may be responsible for the significant 

enlargement of the bandgap. However, thickness vs bandgap plot does not obey the well-known 

Brus equation[55] for various reasons, as shown from the fitting in Fig. 5.7(c). Simple effective 

mass approximation of infinite quantum well strongly overestimates the bandgap with respect to 

the experimental values, as reported earlier[3, 56-58]. Note that in our case the change in the 

bandgap is slower than that predicted by the Brus fit, as shown in Fig. 5.7(c), since other factors 

have competing effect on the bandgap variation. Interestingly, in the present case, the doping 

causes lattice contraction, and it results in the reduction of the bandgap in perovskite. However, in 

our system we observed an overall increase in the bandgap with doping, indicating dominating 

effect of quantum confinement[5, 59]. It may be noted that in case of 2D perovskite NS, additional 

factors need to be taken into account to accurately predict the bandgap variation with thickness. 
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Exciton binding energy is an important factor in 2D perovskite, since with decreasing thickness 

dielectric screening becomes minimal, as large number of electric field lines between the charge 

carriers are outside the perovskite layer[3]. This enhances the exciton binding energy of the NS, 

which in turns decreases the blue-shift in the bandgap[3]. Also, electron and hole effective mass 

is considered to be constant in effective mass approximation method; however, in 2D materials 

this strongly depends on the width of the well and correction factor needs to be added considering 

second order perturbation theory[58, 60]. In our case, there is a competing effect of strong increase 

of bandgap due to the reduction in the thickness, while a decrease in bandgap due to the lattice 

contraction and considering the other factors, it finally results in a slower increase in bandgap than 

that expected from the QC effect alone (see Fig. 5.7(c)).  

The change in the PL QY with doping concentration is shown in Fig. 5.7(d). PL QY is observed 

to be increased dramatically from 58 % to 100 % with Ce3+ doping, and in case of Tb doped NPLs 

it is enhanced to 70 % (see Table 5.1). Hence, we have remarkably achieved absolute unity 

quantum yield in deep blue-emitting perovskite NPLs with Ce3+ doping by a novel solvothermal 

Table 5.1. Details of the PL characteristics of the undoped and rare-earth doped MAPbBr3 

nanosheets. 

 

Rare-earth dopants Sample code PL peak wavelength (nm) PL QY (%) 

Undoped Ce0, Tb0 518 58 

20 mol% CeBr3 Ce20 504 63 

50 mol% CeBr3 Ce50 465 90 

70 mol% CeBr3 Ce70 454 100 

20 mol% TbCl3 Tb20 500 60 

50 mol% TbCl3 Tb50 432 66 

70 mol% TbCl3 Tb70 416 70 

process, rendering them as a highly efficient source of blue light. It has been predicted from 

theoretical calculation that Ce3+ has very small formation energy in perovskite (less than 2 eV at 

Pb site for any growth condition), which makes it easy for the incorporation of the Ce3+ dopants 

in the MAPbBr3 lattice[20]. Interestingly, the Ce3+ dopant does not create any deep trap states, but 
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it enhances the lattice order when it is introduced in the MAPbBr3 host lattice. The dominant 

dopant (Ce3+) is reported to have a transition level ~0.2 eV bellow the conduction band, thus it 

introduces shallow transition features, which enhances the emission properties[20]. Additional 

transition states are created near the conduction band edge due to hybridization between Ce-d and 

Br-p states, which enrich the conduction band states causing the PL enhancement[20, 61]. 

Considering theoretical calculations and experimental results reported till date, the primary reasons 

for improved PL QY in doped (Ce3+, Mg2+, Cd2+, Nd2+) perovskite nanomaterials are considered 

to be the introduction of shallow energy levels and reduction in the structural disorder with 

doping[20, 37, 61, 62]. Also, radiative recombination rate increases significantly with doping due  

 

Fig. 5.8. Normalized PL excitation spectra of (a) Ce3+ and (b) Tb3+ doped NSs at different doping concentrations. 

to the flattening of the conduction and valence band and lattice contraction upon doping due to 

overlap between the wave function of electron and hole states form the exciton[37]. Upon light 

excitation, an electron can transfer along the Pb-Br bond towards the Pb ion, while holes remain 

delocalized and hence electron-hole wave function overlap increases as the Pb-Br bond length 

decreases[37, 62]. Therefore, lattice contraction is another important factor for the enhancement 

in PL QY in the doped NSs. In addition, if there are any surface Ce atoms, which were unsuccessful 

in being incorporated into the bulk lattice, they provide additional electronic states near the 

conduction band rather than non-radiative trapping center[20]. In our system, the thickness of the 

NPLs in Ce70 is ~1.4 nm (bilayer). Hence, in case of high doping concentrations, most of the 

dopants are on the surface or very close to the surface, which contribute to create emissive channels 

near the conduction band. This is fully supported by our DFT calculation (discussed later). Strong 
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quantum confinement effect in the 2D NS is also an important factor for the PL enhancement in 

our system. The achievement of unity quantum yield in solvothermally grown Ce doped perovskite 

is very significant for their large-scale production and application in deep blue emitters.   

PL excitation (PLE) spectra of Ce3+ doped MAPbBr3 NS monitored at their respective emission 

peaks are shown in Fig. 5.8(a), demonstrating a blue-shift in the PLE peak with increasing doping 

concentration, consistent the absorption spectra, which is a reflection of bandgap widening due to 

 

Fig. 5.9. Deconvulated PL spectra of Ce0, Ce70 and Tb70.  

the successful incorporation of the Ce3+ ion in the host crystal. The PL excitation spectra of Tb 

doped 2D NS monitored at their respective emission peak is shown in Fig. 5.8(b), demonstrating 

again a gradual blue shift with increasing doping concentration consistent with the emission 

spectrum. Intense excitonic absorption peak, negligible stokes shift, narrow and single PL emission 

TH-2453_156121029



159 |                                S t a b l e  D e e p  B l u e  E m i s s i o n  w i t h  U n i t y  Q u a n t u m  Y i e l d  

peak indicate negligible inhomogeneity and nearly monodisperse thickness of the NS/NPL. To 

ascertain the influence of band tail states in high doping concentration case, the PL spectra of Ce0, 

Ce70 and Tb70 are deconvulated with three Gaussian peaks, as shown in Fig. 5.9. It is clear that 

the excitonic peak (peak 1) has the highest contribution in all the three cases. However, the 

contribution of higher wavelength peaks (peak 2 and 3) is higher in Ce70 and Tb70 as compared 

to the undoped system. The higher wavelength peaks originates from the shallow states present 

just below the conduction band (~0.1 eV) in the doped system[20]. This could arise from the 

surface states as well the bulk states of the doped atoms20. Previously, these kind of tail states were 

observed in the blue emissive perovskite QDs due to carrier transition between low and high lying 

tail states[63].    

5.5.3.2. Low-Temperature Photoluminescence Studies 

The temperature-dependent PL spectra were studied to understand the excitonic trap and photonic 

properties of the doped and undoped NS. Fig. 5.10(a) shows the temperature-dependent PL spectra 

of undoped NS in the temperature range 80-300 K demonstrating multiple peaks at lower 

temperatures along with its excitonic peak. It can be noted that 2D perovskite shows strikingly 

different behavior in the low-temperature region depending on the number of layers, which is of 

great interest for the fundamental research and their optoelectronic application and this aspect 

remains largely unexplored. The evolution of PL spectra of Ce0 with lowering of temperatures 

suggests that it has multiple recombination channels, which get activated in the low temperature 

region (<260 K) (See Fig. 5.10(a)). Temperature-dependent PL spectra of Ce20 shows three 

shoulder peaks in the lower wavelength region (493, 483 and 468 nm) along with its excitonic 

peak below 110 K. The peaks at 483 and 468 nm in Ce20 disappear at 160 and 260 K, respectively, 

without showing any spectral shift when the temperature is increased from 80 K to 300 K (Fig. 

5.10(b)). Similarly, Tb doped MAPbBr3 2D NS reveals three prominent shoulder peaks along with 

excitonic PL peak at low temperatures (see Fig. 5.10(c)).  In case of Tb20, three shoulder peaks 

emerge at ~ 474 nm, ~457 nm and ~442 nm below 160 K, 220 K and 260 K, respectively, as shown 

in Fig. 5.10(c). The positions of the peaks do not vary significantly with temperature, though their 

intensity gradually decreases with increasing temperature. No new PL peak appears in the lower 

energy region, which rules out the possibility of any impurity or defect states in the samples[64, 

65]. The higher energy peaks in doped and undoped 2D NS at the low-temperature region may be  
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Fig. 5.10. Temperature-dependent PL spectra of 2D NS of (a) Ce0, (b) Ce20 and (c) Tb20 in the range 80 K - 300 K. 

(d) Integrated PL intensity vs. inverse of temperature for Ce0, Ce20 and Tb20. The experimental data in the range 220 

- 300 K are fitted with the Arrhenius equation for each case shown in the expanded view in the inset. Temperature 

dependence of (e) FWHM and (f) PL peak energy for the excitonic peak in Ce0, Ce20 and Tb20. 

originated due to phase transition or the coexistence of different phases of perovskite. MAPbBr3 

is reported to have orthorhombic (<145 K) and tetragonal phase (145-237 K) in the low-

temperature region, and with increasing temperature it stabilizes to more symmetric cubic phase 

(>237 K) resulting into PL peaks at different positions[64, 66].  
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Dar et al. assigned the origin of additional PL peaks in MA-based perovskites at high energy region 

to the presence of molecularly disordered orthorhombic domains using density functional 

theory[67]. With decreasing temperature, the MA cations are kinetically trapped in a disordered 

domain along with ordered orthorhombic phase[67]. The disordered MA cation produces a strong 

local electric field resulting into an increase in bandgap of the ordered orthorhombic phase due to 

Stark-like effect which eventually splits the PL peaks[67]. The thickness of the NS is atomically 

thin in our system (<10 layers) and due to ultrathin 2D structure the crystal lattice is very 

vulnerable to the change in environmental temperature. The PbBr6 octahedra are arranged on the 

surface with MA cation between them making it very feasible to orient in different directions 

resulting into a change in overall perovskite structure with environmental change. The shoulder 

peaks may also originate from bound exciton or multiple exciton-effects[41, 68, 69]. Broad PL 

peak due to intrinsic electronic transitions (5d → 4f) of Ce3+ ions is reported to occur at ~450 

nm[70]. Though at room temperature, the intrinsic transition features do not appear in PL spectra, 

it may get activated at low temperature resulting into high energy PL peaks. To distinguish the 

possible origin of the shoulder peaks, a detailed analysis of the evolution of the PL intensity, 

FWHM and PL peak energy of the samples with temperature was carried out. Fig. 5.10(d) shows 

the temperature-dependent integrated PL intensity of Ce0, Ce20 and Tb20 in the temperature range 

80-300 K. It can be seen that the variation in the integrated intensity of PL with temperature has 

different slopes in different regions of temperature. As shown in Fig. 5.10(d), the integrated PL 

intensities do not change significantly in the temperature range 150-180 K, 120-190 K and 140-

190 K for Ce0, Ce20 and Tb20, respectively, which may be due to the phase transition. Note that 

the decrease in integrated PL intensity with increasing temperature is less prominent in Ce20 and 

Tb20 as compared to the undoped 2D NS (Ce0). As the temperature is increased from 80K to 

300K, the integrated PL intensities decrease by 98 %, 78 % and 90 % for Ce0, Ce20 and Tb20, 

respectively, indicating enhanced excitonic recombination with the incorporation of Ce3+ in 

MAPbBr3 NS. Comparatively less quenching of the PL intensity in the doped NS implies the 

presence of fewer non-radiative recombination centers, which are activated at lower temperatures. 

Note that, the excitonic PL intensity of undoped MAPbBr3 NS decreases by a factor of ~54 with 

increase in temperature from 80 K to 300 K. In contrast, for the Ce and Tb doped NS, it decreases 

only by ~4.6 and ~9.6 times, respectively. This proves that carrier trapping and non-radiative 

channels are very few in the doped NS. Inset of Fig. 5.10(d) shows the temperature-dependent 
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integrated PL intensity in the range 220-300 K and the experimental data are fitted using the 

Arrhenius equation, given by,  

𝐼(𝑇) = 𝐼0 (1 + 𝐴𝑒𝑥𝑝(− 𝐸𝐵 𝑘𝐵𝑇⁄ ))⁄                                     (5.1)                                        

where, I(T) and I0 are the integrated PL intensities at temperatures T and 0 K, respectively[41]. A 

is a constant and EB is the exciton binding energy. Exciton binding energy is calculated in the high-

temperature region since MAPbBr3 has a stable cubic phase at room temperature. From the fitting 

parameters, exciton binding energy is estimated to be 136 meV, 173 meV and 149 meV in Ce0, 

Ce20 and Tb20 NS, respectively. Thus, the EB is the highest for the 20 % Ce doped NS. To the 

best of our knowledge exciton binding energy of Ce and Tb doped 2D MAPbBr3 NS is not reported 

yet and these values are consistent with the other reported 2D perovskite structures[68]. Higher 

binding energy of excitons in doped NS implies better excitonic stability and high recombination 

rate consistent with its ultrahigh PL QY, highlighting the strong potential of such materials in 

exciton-related optoelectronic devices[65]. Therefore, at room temperature non-radiative decay 

processes and the dissociation of excitons is less probable in the Ce doped NS resulting into 100 

% absolute PL QY.  The spectral line width or FWHM of the excitonic PL peak is plotted as a 

function of temperature for Ce0, Ce20 and Tb20 in Fig. 5.10(e). The linewidth gradually increases 

with increasing temperature due to strong exciton phonon coupling, which resulted into the overlap 

of close energy bands. The spectral line width of the PL peak in Ce20 varies at a slower rate 

compared to the undoped and Tb doped NS. Above 160 K, the line width of the excitonic PL peak 

broadens with increasing temperature at a faster rate implying wider thermal distribution of carriers 

in the discrete energy levels and intense exciton phonon interaction. A comparison of the 

temperature evolution of bandgap of the undoped and doped NS is shown in Fig. 5.10(f). Below 

160 K, the PL peak energies of the samples do not vary much with the temperature and above 160 

K the peak energy increased with increasing temperature, which is contrary to the behavior of the 

conventional semiconductors. The sudden change/discontinuity in the peak energy with 

temperature mostly arise from the structural phase transition of the perovskite phase, as reported 

earlier[71]. At the transition point (160 K), the lattice phase in the NS transforms from 

orthorhombic to tetragonal to final cubic phase resulting into sudden shifts in the emission energy. 

The reason behind the unusual blue shift in the PL peak energy with increasing temperature is still 

not well understood. However, it is reported that the pseudocubic lattice constant of the perovskite 
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crystal increases with temperature[72]. The valence band maximum (VBM) of MAPbBr3 is 

primarily constituted by antibonding hybrid states of the Br(p) and Pb(s) orbitals, while the 

conduction band minimum (CBM) is determined by a hybrid of Pb(p) and Br(p) orbitals and 

bonding between Pb(s) and Pb(d) states[59, 73]. CBM is much less affected by any external factors 

like structural distortion, however VBM is highly vulnerable to the lattice distortion[59]. Any 

change in the lattice constant destabilizes the VBM by increasing the Pb-Br overlap, which in turn 

results into the shift of the VBM to the higher energy levels[59]. This effect contributes to the 

enlargement of the bandgap in perovskites resulting into the blue shift of the PL peak energy with 

the rise in temperature contrary to the conventional semiconductor. 

5.5.3.3. Time-Resolved Photoluminescence Studies 

TRPL measurement was performed on undoped and doped perovskite NSs using a 405 nm pulsed 

laser excitation to study the decay kinetics. Fig. 5.11(a) shows the PL decay behavior of MAPb1-

xCexBr3 NS, fitted with triexponential decay function given by, 𝐼(𝑡) = ∑ 𝐴𝑖𝑒𝑥𝑝(−𝑡 𝜏𝑖⁄ )3
𝑖=1 , where  

Table 5.2. Details of time resolved PL decay components of various samples fitted with a tri-

exponential decay function. 

Sample 1 (ns) A1 % 2 (ns) A2 % 3 (ns) A3 % avg (ns) 

Ce0/Tb0 7.68 14.76 34.30     

Ce20 3.70 19.77 14.77 43.28 76.09 36.95 35.25 

Ce50 0.29 42.29 9.88 26.08 32.80 31.63 13.07 

Ce70 - - 6.28 100 - - 6.28 

Tb20 3.13 16.70 22.47 41.79 118.59 41.51 59.14 

Tb50 0.57 30.79 7.28 11.45 57.98 57.76 34.44 

Tb70 0.58 54.97 8.48 45.03 - - 4.14 

Ai is the amplitude of the PL decay component corresponding to the lifetime τi. The average 

lifetime (τavg) of the samples is calculated using the following relation: 𝜏𝑎𝑣𝑔 =

∑ 𝐴𝑖𝜏𝑖
23

𝑖=1 ∑ 𝐴𝑖𝜏𝑖
3
𝑖=1⁄ .  The faster component of the decay function corresponds to the non-radiative 

recombination of charge carriers, while the slower components are associated with radiative 
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recombination of free charge carriers[29]. Details of the decay components of the samples are 

tabulated in Table 5.2. It is observed that the carrier lifetime decreases from 92.01 to 6.28 ns with  

 

Fig. 5.11. A comparison of TRPL spectra of undoped 2D perovskite NS and (a) Ce3+ and (b) Tb3+ doped 2D perovskite 

NS at different doping concentrations. The insets in the corresponding figures show the variation in lifetime with the 

doping concentrations. Comparison of relative PL intensity of the (c) Ce3+ and (d) Tb3+ doped 2D perovskite NS taken 

at different time intervals after storing the samples in ambient conditions with relatively high humidity. The inset of 

(c) shows the change in PL intensity with storage time for the undoped perovskite sample. 

increase in Ce3+ doping concentration, as shown in the inset of Fig. 5.11(a). The decrease in 

lifetime is accompanied by the enhancement in the PL QY suggesting the partial elimination of 

non-radiative decay paths due to the incorporation of Ce3+ ions in perovskite lattice. 2D NPLs in 

Ce70 is better fitted with a single exponential function suggesting a very homogeneous electronic 

transition environment for the Ce3+ ions promoting 100 % PL QY[24, 29]. Fig. 5.11(b) shows the 

PL decay curves of MAPb1-xTbxClxBr1-x 2D NS demonstrating a downward shift in decay time 

constant with increasing doping concentrations. The corresponding lifetimes are calculated to be 
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92.01, 59.14, 34.44, and 4.14 ns for Tb0, Tb20, Tb50, and Tb70, respectively. Hence, a 22-fold 

decrease in lifetime is observed after Tb3+ doping, as shown in the inset of Fig. 5.11(b). 

Interestingly, the Tb70 data one fitted well with a bi-exponential decay function, while that of Tb0, 

Tb20 and Tb50 are fitted with tri-exponential decay functions indicating absence of the non-

radiative decay channel with the incorporation of Tb3+ lanthanide ions. Decrease in carrier life 

time corresponds to increase in the recombination rate due to increasing carrier density, consistent 

with the quantum confinement effect and lattice contraction discussed earlier[37, 74]. Therefore, 

doping of Ce3+ and Tb3+ lanthanide ions introduce new emissive channels near the conduction 

band rather than non-radiative trapping channels promoting significant improvement of the PL 

emission characteristics of the host MAPbBr3 crystal[75]. These conclusions are further supported 

by electronic structure calculations, discussed later. 

5.5.4. Stability of the 2D NS 

The stability of the doped 2D NS is studied to understand its efficacy in different environments. 

Evolution of PL emission spectra of Ce and Tb doped MAPbBr3 NS under 370 nm excitation is 

monitored during long-term storage in ambient condition without any encapsulation. We found 

that PL spectra of Ce20 were nearly unchanged for at least one month, as shown in Fig. 5.11(c). 

PL peak intensity in Ce20 decreases by ~ 12 % after 2 months of storage (see Fig. 5.11(c)). Inset 

of Fig. 5.11(c) shows the decrease in PL intensity of undoped NS by ~27 % after 2 months. In 

contrast, Tb doped NS shows only ~ 3 % quenching in PL intensity after 2 months of storage, as 

shown in Fig. 5.11(d). These observations indicate that the trivalent rare-earth ions (Ce3+ and Tb3+) 

provides good support to the 2D MAPbBr3 NS framework with excellent storage stability under 

ambient condition, which makes them suitable for the use in various applications as 

environmentally friendly Pb-free halide perovskite.  Note that Ce and Tb doped 2D NS prepared 

by our method show superior stability as compared to other metal-doped samples[25, 76]. Yao et 

al. reported 40 % decrease in PL QY after 30 days of storage in Ce doped CsPbCl3 NCs[33]. In 

our case, the Tb doped 2D MAPbBr3 NS shows better optical and storage stability compared to 

the Ce doped sample, which may be due to stronger bonding of the Tb3+ ion with the host lattice. 

Also, ionic radius of Tb (106 pm) is lower than Ce (115 pm) resulting into more lattice contraction 

induced by Tb3+ doping giving rise to better stability. 

5.5.5. Electronic Structure Calculation 
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In order to comprehend the effect of Ce and Tb doping in the bandgap and electron density of 

pristine MAPbBr3 system, we have performed first-principles electronic structure calculations 

within the framework of DFT in collaboration with IIT Indore[42]. To investigate the structural 

changes and corresponding stability in the pristine system under the influence of Ce and Tb doping, 

we have also determined the formation energy of the individual systems. The crystal structures of 

doped and undoped system are shown in Fig. 5.12. We have analysed the projected density of 

states (PDOS) of all three systems, as depicted in Fig. 5.13. This analysis provides a clear picture  

 

Fig. 5.12. Crystal structure of undoped and doped (12.5 %) CH3NH3PbBr3 perovskites taken for DFT calculations. 

of the electronic structure while describing the elemental orbital contribution of the constituting 

elements and their corresponding hybridization. The PDOS of the pristine MAPbBr3 system shows 

the semiconducting nature with a bandgap of 1.76 eV (see Fig. 5.13(a)). A strong hybridization 

between Pb-6p and Br-4p is observed near the Fermi level of the valence band as well as in the 

higher energy range in the conduction band regime.  The contribution of the organic cation, which 

consists of carbon (C), hydrogen (H) and nitrogen (N) is negligible near the Fermi level. In the 

case of Ce-doped MAPbBr3, though the pretty negligible contribution near the fermi level of the 

valance band has been observed corresponding to Ce-4f, however, it contributes substantially in 

the conduction band regime along with Pb-6p and Br-4p (see Fig. 5.13(b)). Hence, Ce-4f is 

hybridized with Pb-6p and Br-4p in the conduction band and contributes to the enhancement of 

total DOS in the conduction band regime around 2 eV. Since we do not observe the presence of 

Ce-5d in the valance band, the well-known 5d-4f rare-earth transition is not expected from Ce3+ in 

MAPbBr3 host, which is consistent with the absence of Ce3+ emission peak in the PL spectra. Deep 

trap states corresponding to dopant defects are not observed in case of Ce doped MAPbBr3, which 
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Fig. 5.13. Projected density of states (DOS) of (a) pristine, (b) Ce, (c) Tb doped MAPbBr3. (d) Comparative analysis 

of total DOS in the conduction band regime for pristine and doped systems. The small circle depicts shift of the 

conduction band edge, which is much larger in Tb doped case than the Ce doped system. 

may lead to non-radiative recombination, as seen in earlier reported Bi3+ doped CsPbBr3 

system[20]. Instead, it can be seen from Fig. 5.13(b) that in Ce doped system shallow transition 

levels are introduced approximately ~0.1 eV below the conduction band that act as new emissive 

channels, as discussed earlier. We can also infer from the PDOS of Ce doped MAPbBr3 system 

that the total electron density in the conduction band regime substantially increases after Ce doping 

than the pristine one, which would lead to the possible modulation of the exciton relaxation and 

recombination. This supports the large enhancement in PL emission intensity post Ce3+ doping. 

Interestingly, the electronic structure analysis provides ~0.1 eV enlargement in the bandgap post 

Ce doping, whereas experimentally, the value is ~0.25 eV since quantum confinement effect and 

lattice contraction together contribute to the overall change in the bandgap.  

Similar to Ce doped system, Tb does not play a major role in the valance band regime, as shown 

in Fig. 5.13(c). The contribution in the conduction band regime is mainly due to the synergistic 
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hybridization of Tb-4f, Pb-6p and Br-4p orbitals. Therefore, in the Tb doping case also, the 

intrinsic transition due to Tb is not possible. Tb is contributing to the overall rearrangement of 

band positions. The density of state calculation shows an increment of bandgap of ~0.3 eV due to 

Tb doping in MAPbBr3, which is larger than the Ce doped case. This is fully consistent with our 

experimental observation, which shows a total ΔEg ~ 0.54 eV in Tb70 as compared to ΔEg ~ 0.25 

eV in Ce70. From the total PDOS of Tb doped MAPbBr3, it can be seen that the inclusion of Tb 

decreased the electron density. However, the enhancement in PL QY may be due to quantum 

confinement effect and lattice contraction in Tb doped NS. We have also compared the total DOS 

in the conduction band regime of the pristine and doped cases, as reflected in Fig. 5.13(d) in a 

magnified scale. We can observe the small circle depicting the conduction band edge that has been 

shifted differently in case of Ce and Tb doped systems, where the shift is not very substantial in 

Ce doped MAPbBr3, whereas Tb doping shifted the conduction band edge far from the Fermi level. 

Thus, there is a substantial increase in the bandgap in Tb doped case, which is fully consistent with 

the experimental results. Thus, the DFT calculation correctly predicts that Ce doping leads to major 

improvement in the PL emission yield, while the Tb doping causes a substantial increase in the 

bandgap along with increase in PL emission yield.    

Further, from our calculation of the formation energy to theoretically predict the relative stability 

of the undoped and rare-earth doped system, we have found the pristine system is having a value 

of -6.85 eV, which is comparable to the earlier reported value[77]. This formation energy becomes 

lower with Ce and Tb doping, where it attains the value -7.06 eV and -7.25 eV, respectively. As 

more negative value of formation energy asserts the stability enhancement of a system, we can 

infer that the decrease in formation energy by ~0.21 eV and ~0.4 eV in case of Ce and Tb doped 

systems, respectively, signifies higher stability in the doped systems. This is fully consistent with 

our experimental data on improved stability of doped systems. Hence, the following major aspects 

can be inferred from our theoretical calculations: (a) the stability enhancement under the influence 

of Ce and Tb doping in MAPbBr3, (b) bandgap increment after doping of Ce and Tb in MAPbBr3, 

and (c) substantial enhancement of the electron density in the conduction band in Ce doped system 

giving rise to high emission yield. These results are fully consistent with our experimental 

observation and it complements our understanding of the electronic structure of the doped system.  

5.5.6. Application of Ce Doped NSs for White LED 
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 We have shown that MAPb0.3Ce0.7Br3 possesses excellent light emission properties and to 

demonstrate its practical application, we have fabricated a down-converting white light-emitting 

diode with Ce doped MAPbBr3, as shown in Fig. 5.14(a). To fabricate the white LED, Ce70 and 

Rhodamine B were mixed with PMMA solution separately and sequentially deposited on a low 

cost commercial UV emitting chip (400 nm). The layers were kept to dry in ambient condition 

without any heating. The electroluminescence spectrum of the as-prepared white LED represents  

 

Fig. 5.14. (a) EL spectra of white light-emitting Ce doped 2D perovskite NS device fabricated with UV LED chip, 

Ce70, and Rhodamine B. The inset shows white light emission from colloidal solution under UV excitation and digital 

photograph of the white light converter. (b) CIE chromaticity coordinates of the Ce doped 2D perovskite white light 

converter. 

a blue emission peak centered at 462 nm corresponding to Ce70 and a broad orange emission peak 

at 578 nm corresponding to Rhodamine B under the excitation of UV LED operating at 2.45 V 

(Fig. 5.14(a)). At an optimized ratio of the solutions, bright, warm, pure white emission is 

achieved, which can be seen from the photograph of a working white LED shown in the inset of 

Fig. 5.14(a). White light emission from the colloidal solution of the mixture can be seen under the 

UV excitation as shown in the inset of Fig. 5.14(a). CIE coordinates of (0.334, 0.326) for the white 

light converter is remarkably close to the standard white light (0.33,0.33) (see Fig. 5.14(b)). The 

white light converter demonstrates CCT of 5437 K, CRI of 73 and luminescence efficiency of 79.6 

lm/W at 2.74 V. A mixture of sky-blue MAPb(Br0.6Cl0.4)3 and orange-red Rhodamine 6G was 

previously used as the emissive layer for the fabrication of perovskite white LEDs[78]. It was 

reported that the chance for electron–hole recombination increases due to decrease in 

crystallite/grain size in the Rhodamine B and perovskite mixture[78]. With the application of bias, 
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electron can be injected from perovskite layer into the conduction band of Rhodamine 6B, leading 

to a higher electroluminescence intensity[78]. The CIE coordinates of the white LED are very 

close to Planckian locus, as shown in Fig. 5.14(b) indicating that the color temperature is very 

pleasant and soothing to human eyes[17]. The quality of white light is determined by how well the 

CIE coordinates align with the black body radiation curve and accordingly it can be chosen as 

next-generation white LEDs[15]. CRI of a light source apparently indicates the ability of the light 

source to reveal the actual color of the object. Hence, high CRI is expected to recognize the natural 

color of any object under the light source. High luminescence efficiency of the fabricated white 

light converter using Ce doped MAPbBr3 is very promising as highly energy-efficient LEDs and 

it can broaden the range of their potential applications in cutting-edge optoelectronic and imaging 

devices. 

5.6. Summary and Conclusions 

In conclusion, we have demonstrated a facile, reproducible solvothermal method to synthesize Ce 

and Tb doped MAPbBr3 2D perovskite nanosheets possessing deep blue emission with 100 % PL 

QY. Our analysis expanded the family of perovskite nanomaterials with MAPb1-xCexBr3 and 

MAPb1-xTbxCl3xBr3(1-x) adding to the list having extremely high PL QY blue emission. The layered 

structure of 2D perovskite NS allows easy substitution of Pb2+ with Ce3+/Tb3+ enabling the doping 

concentration up to 70 mol% CeBr3/TbCl3, which is believed to be the highest among the rare-

earth dopants reported till date. Hence, successful doping of Ce and Tb ions in 2D MAPbBr3 NS 

by the versatile solvothermal method may bestow the other perovskite system with highly efficient, 

narrow, stable blue emission, which illustrates its great potential in the fabrication of blue laser, 

LEDs, display, photodetectors, and medical devices. The key findings of the chapter are 

summarized below. 

1. The introduction of rare-earth dopants significantly tuned the lateral size and thickness of 

the 2D NS to uniformly distributed ultrathin (bilayer) 2D NPLs. 

2. Characteristic 2D diffraction peaks are observed at low diffraction angles in doped NS and 

NPLs signifying the formation of pure 2D perovskite phase. 

3. The PL peak energy could be successfully tuned by ~0.337 eV and 0.587 eV to deep blue 

region in Ce and Tb doped MAPbBr3 NS, respectively. From the qualitative and theoretical 
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analyses, it was revealed that the bandgap widening mainly results from the quantum 

confinement effect.  

4. Post doping, the PL QY of the Ce and Tb doped NS significantly improved. Strong deep 

blue emission with 100 % PL QY is achieved with 70 mol% CeBr3 concentration by our 

solvothermal method, which is very significant. 

5. Our experimental results are fully supported by the electronic structure calculations using 

DFT method. Our calculation results reveal that Tb doping allows enlargement of bandgap 

by larger amount than the Ce doping, while the PL QY is highest for the Ce doped case. 

6. Multiple PL peaks emerge at low temperatures due to the coexistence of different lattice 

phases as atomically thin NS structure allows easy orientation of perovskite structure. 

7. The highly luminescent NPLs are further demonstrated as a down converter white LED 

with CIE coordinates (0.334, 0.326), closely matching with the pure white light and thus 

indicating their promising application in solid-state lightning field. 
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Chapter 6 

Europium Doped Organo-Metal Halide 2D Perovskite 

Nanosheet Based UV Photodetector with Improved 

Responsivity and Fast Response 

In this chapter, we have investigated the role of Eu3+ doping on the 2D CH3NH3PbBr3 nanosheet 

(NS) based photodetector. Introduction of EuCl3 in the CH3NH3PbBr3 crystal structure enabled the 

tuning of lateral and vertical dimensions of the NS from large area NS to monolayer quantum dots 

by a solvothermal method. Characteristic 2D diffraction peaks arise in the low diffraction angle in 

the Eu doped NS, indicating a pure 2D structure. The bandgap of the Eu doped mixed halide 

perovskite systematically enlarges by ~0.599 eV with increasing doping concentration. The 

introduction of a small amount (10 mol%) of Eu ion in the pure CH3NH3PbBr3 crystal enhances 

the absorbance resulting into high performance photodetection. Under the 405 nm laser 

illumination, CH3NH3Pb0.9Eu0.1Br2.7Cl0.3 photodetector exhibits self-biased behavior with On/off 

up to ~103 times, which is significant. The device achieves responsivity as high as 5.29 A/W and 

detectivity of 1.06×1012 Jones under 405 nm laser illumination of power density of 0.14 mW/cm2 

at 5 V. Very fast response time is observed in the device with rise/fall time of 17.5/38.5 µs, which 

is ~4 times faster than the pristine CH3NH3PbBr3 counterpart. A linear relationship of photocurrent 

with light intensity in the CH3NH3Pb0.9Eu0.1Br2.7Cl0.3 photodetector signifies low recombination 

or charge trapping loss, and most of the photogenerated carriers are utilized for the photodetection 

performance without any loss due to charge trapping. High photodetection performance in the Eu 

doped device ascribed to the suppression of trap states and fast charge transfer process. This work 

paves the way for future outdoor and indoor photodetection applications using the new family of 

europium doped mixed halide perovskite materials. 

6.1. Introduction 

Recently, the metal halide perovskite nanomaterials have sprung to the forefront of optoelectronic 

and photovoltaic devices due to their extraordinary characteristics that permit them to use in 

diverse applications[1-14]. Typically, the characteristics such as large absorption coefficient, long 

diffusion length, high carrier mobility, etc. make them a perfect candidate for photovoltaic 
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application, whereas properties like high exciton binding energy, high photoluminescence (PL) 

quantum yield (QY), narrow full width at half maxima (FWHM), wide color gamut are very 

appealing for light-emitting diodes and laser applications[15-24]. Thus, based on the application, 

the properties of the perovskite materials can be tuned.   

Despite having many appealing features, the commercialization of perovskite-based device is 

facing many roadblocks such as toxicity, low ambient stability, photo, and temperature 

stability[25]. This triggered the research for finding a suitable replacement of lead (Pb), keeping 

all the interesting features of pure perovskite crystal. Doping is one of the effective methods to 

introduce impurity in the pure perovskite crystal to tune and enhance its features. Though primarily 

early research mostly focused on replacing Pb with the neighboring elements in the periodic table 

such as Bi, Sn, Sb, etc., however, these dopant elements destabilize the perovskite structures and 

reduce the stability and performance compared to pure perovskite crystal[26-30]. In contrast, 

doping of lanthanide elements as the Pb substitution in the perovskite crystal is comparatively less 

explored and only in recent times, it is attracting a great deal of attention. Lanthanide materials are 

reported to fine-tune the electronic, optical and chemical properties of the pristine perovskite and 

4f electrons of lanthanides enrich the band-edge states, which are the primary sources for the 

enhancement of luminescence properties of the host crystal[31, 32]. Although the emission 

property of lanthanide doped perovskite crystal is studied, but the effect of lanthanide ion on the 

photovoltaic and photodetection properties of the perovskite crystal is less explored. A few groups 

have reported about the impact of lanthanide elements on the photovoltaic performance of the 

perovskite. Lanthanide materials are reported to increases the grain size of perovskite film, thereby 

increasing the carrier lifetime and efficiency of solar cells[33]. In addition, the stability of the solar 

cell was significantly improved with the introduction of lanthanide materials[33]. Wang et al. 

prepared Nd3+ doped CH3NH3PbI3 (MAPbI3, MA=CH3NH3) planar heterojunction solar cell, 

which improved charge carrier mobility, reduced trap states, and prolonged carrier lifetime[34]. 

Eu3+/2+ ions also were reported to eliminate Pb0 and I0 defects in CsPbI3 perovskite devices, which 

in turn increased the solar cell efficiency[35]. Zhou et al. improved the power conversion 

efficiency of Si solar cell from 18.1 % to 21.5 % by coating the device with Yb3+ and Ce3+ codoped 

CsPbCl1.5Br1.5 nanocrystal (NC) layer using quantum cutting technique[36]. Wu et al. achieved a 

power conversion efficiency of 16.7 % by inserting a low doping ratio of 0.04 % EuI2 as the dopant 

in MAPbI3[37]. The power conversion efficiency of CsPbBr3 solar cell was enhanced from 5.66 
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% to 7.28 % by optimizing the doping concentration of Eu ions[38]. Eu(Ac)3 doped CsPbI2Br 

perovskite is reported to give a high-quality inorganic perovskite film with a low defect density, 

long carrier lifetime and high efficiency of 15.25 %[39]. Xiang and coworkers demonstrated a 

maximum power-conversion efficiency of 13.71 % for an inorganic perovskite solar cell with the 

CsPb0.95Eu0.05I2Br perovskite and a stable power output of 13.34 %[40]. Hence, europium appears 

to be an efficient sensitizer of photoluminescence since it decreases the non-radiative 

recombination, which in turn increases the open-circuit voltage. Engineering of excitonic 

luminescence was achieved for Eu3+-doped CsPbCl3−xBrx NCs for the first time by Dai et al.[41]. 

Eu2+ recently served as a suitable replacement of Pb2+ in all-inorganic perovskite, and CsEuBr3 

NCs were synthesized using a hot-injection method exhibiting a narrow PL peak at 413 nm with a 

PLQY of 39 %[42]. Single-crystalline CsEuCl3 nanocrystals with a uniform size distribution 

centered around 15 nm were also synthesized, but the PL QY at room temperature was very low 

(~2 %)[43]. Rare-earth cation (Tb3+, Eu3+)-doped CsPbBr3 quantum dots (QDs) glass with tunable 

luminescence had been synthesized by conventional melt-quenching methods for the fabrication 

of white LED[44]. Eu3+-doped lead-free Cs3Bi2Br9 perovskite QDs were employed as a highly 

sensitive fluorescent probe for Cu2+ ion detection in water[45]. Hence, europium doping in 

perovskite crystal not only tunes its optical properties but also improves the photovoltaic 

performance. To the best of our knowledge, impact of lanthanide material on the photodetection 

performance of MAPbBr3-based devices are not studied yet, and most of the Eu doping study was 

done on all-inorganic perovskite. 

Here, we have studied the effect of Eu3+ ion on the structural and optical properties of 

solvothermally synthesized 2D MAPbBr3 nanosheet (NS) and further fabricate Eu doped 2D 

mixed halide perovskite photodetector. Variation in thickness and size of the 2D perovskite NS 

with increasing Eu doping concentration is studied using TEM and AFM images. The bandgap is 

also tuned by varying the Eu concentration, which is analyzed using absorbance and PL analyses. 

Finally, we have performed a comparative study of the EuCl3 doped MAPbBr3 and pristine 

MAPbBr3 photodetectors and show that Eu doping enables high performance photodetection in 

the hybrid 2D perovskites.     

6.2. Experimental Procedure 

6.2.1. Materials 
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The materials, which were used to synthesize the undoped and doped samples are methylamine 

solution (CH3NH3, 33 wt% in absolute ethanol, Sigma-Aldrich), lead(II) bromide (PbBr2, 99.999 

%, Sigma-Aldrich), hydrobromic acid (HBr, 48 wt% in water, Sigma-Aldrich), N, N-

dimethylformamide (DMF, >99 %, Sigma-Aldrich), diethyl ether (>99 %, Merck), toluene (Merk), 

oleic acid (CH3(CH2)7CH=CH(CH2)7COOH, Merk), oleylamine (OAm) (≥98 % (primary amine), 

Sigma-Aldrich), europium(III) chloride (EuCl3, 99.9 %, Sigma-Aldrich). All the materials were 

used as received without any further purification. 

6.2.2. Synthesis Procedures 

6.2.2.1. Synthesis of CH3NH3Br 

First, the organic part of the hybrid perovskite was synthesized by diluting the 8 mL of CH3NH3 

solution with 20 mL of absolute ethanol with stirring in a round-bottom flask. Then, 3 mL HBr 

was slowly added to the previous solution in an ice bath with vigorous stirring at 1400 rpm for two 

h. The solution was then heated at 70 °C for several hours to evaporate the solvents. The remaining 

CH3NH3Br (MABr) salt was washed several times with ethanol to remove the impurities from the 

dry salt. Then, the powder was washed with anhydrous diethyl ether to recrystallize and finally, 

the powder was dried at 70 °C in a vacuum oven for 24 hours. 

6.2.2.2. Synthesis of Undoped and Eu Doped 2D Perovskite NS 

The undoped and doped 2D MAPbBr3 NS was synthesized by solvothermal method[46]. First, 

equal mole of MABr and PbBr2 were dry mixed, and then to make the solution, 1 ml DMF, oleic 

acid, and 60 µl OAm were added. Afterward the solution was transferred into a Teflon-lined 

autoclave without any pretreatment and solvothermally treated it at 120 °C for 30 min. Post the 

solvothermal process, the autoclave was allowed to cool down naturally for 30 min. Then 80 µl of 

the product solution was added into 10 ml toluene during vigorous stirring. To wash the as-

prepared NS and separate it from the crude solution, the solution was centrifuged two times at 

10000 rpm for 10 min. The supernatant was discarded each time, and the precipitate was 

redispersed in 6 ml toluene for further characterization. Please note that all the synthesis 

procedures were carried out in an ambient environment without the use of a glove box.   
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To synthesize the Eu doped 2D mixed halide perovskite NS, different amounts of PbBr2 was 

replaced by EuCl3 according to the desired doping concentrations. Typically, for 10 mol% doping 

concentration of EuCl3, 0.1 mM MABr, 0.01 mM EuCl3, and (0.1-0.01) = 0.09 mM PbBr2 were 

first mixed and afterward same solvothermal procedure was followed, as discussed earlier. We 

varied the concentrations of EuCl3 from 0 to a maximum of 60 mol%. The 0, 10, 20, 30, 40, 50 

and 60 mol% EuCl3
 doped samples are named as Eu0, Eu10, Eu20, Eu30, Eu40, Eu60, 

respectively. 

6.2.2.3. Fabrication of Photodetector 

To fabricate the photodetector, first the Si/SiO2 substrate was cleaned by ultra-sonication using 

water, acetone and 2-propanol sequentially for 15 min each. It was cleaned with water again, 

followed by heating at 180 °C to remove the impurities. Further, to ensure complete removal of 

residue, the substrate was UV-ozone treated for 20 min. We have first deposited the gold (Au) 

contacts on the substrate and then the perovskite solution to avoid the sample degradation while 

depositing the contacts. The Au contacts/electrodes were deposited on the wafers using the shadow 

masks using the vacuum thermal evaporation method. Then, the undoped and doped 2D NS were 

drop cast between the electrodes and annealed at 60 °C.  

6.3. Characterization Techniques 

The surface morphology of the MAPbBr3 thin film was characterized using FESEM (Sigma, 

Zeiss). The high magnification surface morphology and thickness of the undoped and Eu doped 

perovskite NSs have been characterized using a field-emission TEM (JEOL-JEM 2010) operated 

at 200 kV and AFM (Cypher, Oxford Instruments). XRD (Rigaku RINT 2500 TRAX–III, Cu-Kα 

radiation) patterns were recorded to determine the crystal structure of different samples. UV−Vis 

absorption spectra of the MAPbBr3 NSs were measured using a commercial spectrophotometer 

(PerkinElmer, Lamda 950). The room temperature steady-state PL spectra were recorded using 

350 nm lamp excitation in a commercial fluorimeter (Fluoromax-4, Horiba Scientific). Time-

resolved PL (TRPL) measurements were performed using a 375 nm pulsed laser excitation for 

perovskite NSs, with an instrument response time of <50 ps (LifeSpecII, Edinburgh Instruments). 

Photodetector measurement was taken using an in-house built set up consisting of a microprobe 

station (Ecopia, Korea), a 405 nm diode laser, a source meter (Keithley 2400, Germany), a pulse 
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generator (Agilent), and a digital oscilloscope (Agilent). The spectral response was measured using 

a 150 W Xe lamp (Newport, USA), a monochromator (Newport, USA), and a power meter 

(Newport, USA).  

6.4. Results and Discussions 

6.4.1. Morphology and Structural Analyses 

6.4.1.1. FETEM Analysis 

To understand the effect of Eu doping on the morphology of mixed halide perovskite, TEM images 

were recorded (see Fig. 6.1). Large area NS of dimension ~361 × 334 nm is observed in the 

undoped pristine MAPbBr3 perovskite (Eu0), as shown in Fig. 6.1(a). The high-resolution TEM 

(HRTEM) lattice fringe pattern for Eu0 is shown in Fig. 6.1(b) and the corresponding inverse fast 

Fourier transform (IFFT) image is presented in the inset. The measured interplanar spacing for 

 

Fig. 6.1. TEM images of (a) undoped 2D perovskite, and Eu3+ doped perovskite NSs with various EuCl3 

concentrations: (c) 10 mol%, (e) 30 mol%, (g) 40 mol% and (i) 50 mol%. HRTEM images of (a, c, e, g, i) are shown 

in Fig. (b, d, f, h, j) and the inset of each figure shows the corresponding IFFT images. 

Eu0 is found to be ~0.51 nm corresponding to (001) plane (see Fig. 6.1(b)). For 10 mol% Eu 

doping in MAPbBr3 perovskite (Eu10), the lateral size of the NS decreases to ~207 nm × 218 nm, 

as shown in Fig. 6.1(c). The interplanar spacing of Eu10 as seen in the HRTEM image is found to 

be ~0.31 nm and the corresponding IFFT image is shown in the inset of Fig. 6.1(d). From the light 

contrast of the TEM image of Eu10, it can be understood that the thickness of the NS is decreased 

in Eu10 compared to the undoped one. The TEM image of Eu30 is shown in Fig. 6.1(e), revealing 
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the QD decorated NS of lateral size ~189 nm × 188 nm. The HRTEM image of Eu30 with lattice 

spacing ~0.31 nm is shown in Fig. 6.1(f) and the corresponding IFFT image is shown in the inset. 

Further increase in Eu concentration to 40 mol% results in the complete transformation of the NS 

to QDs, as shown in Fig. 6.1(g). Fig. 6.1(h) and inset of Fig. 6.1(h) demonstrate the HRTEM and 

corresponding IFFT image of Eu40, showing the lattice spacing of ~0.31 nm. The TEM image of 

Eu50 reveals the uniform distribution of QDs of average size ~3.1 nm over large area (see Fig. 

6.1(i)). The inset of Fig. 6.1(i) shows the AFM image of QDs in Eu50, revealing the thickness of 

the QDs as ~0.65 nm corresponding to the monolayer thickness since the unit cell size of the 

MAPbBr3 is ~5.93 Å. The HRTEM image of QDs in Eu50 is shown in Fig. 6.1(j), and the 

corresponding IFFT image is shown in the inset, revealing lattice spacing of ~0.31 nm. The 

decrease in lattice spacing with Eu3+ doping in host MAPbBr3 lattice is attributed to lattice 

contraction due to the partial replacement of Pb2+ (1.33 Å) and Br by smaller size Eu3+ (0.947 Å) 

and Cl ions. High doping concentration of EuCl3 during the solvothermal synthesis procedure may 

also act as solvent and increase the reactivity of the ligands promoting the exfoliation of NS layer 

along the vertical direction[46]. This gives rise to thinner NS with increasing doping concentration 

and finally the disintegration of NS to QDs. Fig. 6.2(a) shows the FESEM image of Eu10 and the 

area on which the elemental mapping was taken is marked with square box. Fig. 6.2(b) shows the 

energy dispersive X-ray spectra (EDS) of Eu10, revealing the atomic ratio of Eu/Pb to be 0.196, 

 

Fig. 6.2. (a) FESEM image of Eu10 and the marked square show the region on which the mapping is done. (b) Energy 

dispersive x-ray spectrum of Eu3+ doped NS with 10 mol% EuCl3 concentrations. (c-h) Corresponding elemental 

mapping images of C, N, Pb, Eu, Br and Cl. 
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which confirms successful substitution of Pb2+ by Eu3+ to form mixed halide Eu doped 2D QDs. 

The elemental mapping of Eu10 is shown in Fig. 6.2(c-h), revealing uniform distribution of all the 

elements including the Eu in the sample.  

6.4.1.2. Structural Analysis 

XRD patterns for MAPbBr3 NS doped with different concentrations of EuCl3 were studied to 

understand the doping effect in the perovskite crystal structure, as shown in Fig. 6.3(a). XRD 

patterns of undoped NS reveals the cubic structure of the perovskite with diffraction peaks at 

14.78º assigned to (001). After the incorporation of Eu3+ ion in MAPbBr3, the characteristic 

diffraction peaks corresponding to 2D layered structure was observed below 14.78º. The peak at 

 

Fig. 6.3. (a) A comparison of XRD patterns of perovskite NS before and after the doping with Eu3+ at different molar 

concentrations. (b) Comparison of absorption spectra of 2D NS with increasing Eu doping concentrations. (c) 

Comparison of the Tauc Plots of Eu0, Eu10 and Eu40. 

6.77º corresponding to (002) plane becomes prominent in Eu doped mixed halide 2D NS[47].  The 

peaks at 11.3º and 12.03º correspond to PbBr2 and it appears due to layered structure since thin NS 

comprises layers of corner-sharing PbBr6 octahedral. The intensity of (100) diffraction peak 

gradually decreases as the Eu doping concentration increases and finally disappears in Eu40, 
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indicating exfoliation of the sheets from the cleavage (100) plane to form the 2D structure. The 

diffraction peaks systematically shift towards higher angle with increasing Eu3+ concentration 

indicating a decrease in interplanar spacing due to the replacement of Pb2+ by smaller size Eu3+ 

and decrease in radii of halide ions from Br to Cl in doped mixed halide NS. The absence of (001) 

peak at higher doping concentration is ascribed to the formation of pure 2D structure.  

6.4.2. Optical Analysis 

To understand the effect of doping concentrations on the optical properties of the 2D perovskite 

NS, first the UV-vis spectroscopy was performed and the result is shown in Fig. 6.3(b). With 

increasing EuCl3 concentration, the first excitonic absorption peak is blue-shifted by 102 nm due 

to the thinning of the NS that causes quantum confinement effect (see Fig. 6.3(b)). Absorption 

intensity is slightly increased for 10 mol% doping concentration indicating better light-harvesting 

capability of doped NS, and further increment in doping concentration results in decrease in 

absorbance may be due to reduction in effective thickness of the NS. Enhancement in absorbance 

for Eu10 is ascribed to increased crystallinity and decrease in defect density. Considering this, 10 

mol% doping concentration of EuCl3 was selected to fabricate and study photodetection properties 

with respect to undoped MAPbBr3 NS (discussed later). Fig. 6.3(c) shows the comparison of Tauc 

plot of Eu0, Eu10 and Eu40 revealing the respective bandgaps as 2.39 eV, 2.42 eV and 2.89 eV, 

respectively. Similarly, bandgap is calculated for all the samples and bandgap is found to be tuned 

from 2.39 eV to 2.94 eV with Eu3+ doping in 2D perovskite NS.  

Comparison of PL spectra of various doping concentrations is shown Fig. 6.4(a), revealing a 

systematic blue shift in excitonic PL peak from 515 nm to 412 nm with increasing EuCl3 doping 

concentration. A large blue shift for 40 mol% EuCl3 concentration is attributed to the strong 

quantum confinement effect due to the transformation of 2D NS to monolayer QDs. Replacement 

of Pb and Br by Eu and Cl, respectively, may also result in the lattice distortion, which gives rise 

to bandgap enlargement. Halide substitution of Br by Cl results into change in valence state from 

4p to 3p giving rise to increase in bandgap. The absence of characteristic Eu3+ (d-f) transition peaks 

in this system is attributed to the fact that Eu-5d does not contribute to the valance band of 

MAPbBr3 perovskite as it was observed in Eu doped all-inorganic perovskite[41]. Hence, the well-

known 5d-4f rare-earth transition is not expected from Eu3+ in MAPbBr3 host. The intensity of 

excitonic PL emission first increases with increasing Eu3+ doping concentration then it approaches 
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an optimum value for Eu30 and finally decreases with increase in Eu3+ doping concentrations in 

Eu40, Eu50 and Eu60. An increase in PL intensity with increasing Eu3+ doping concentration is 

ascribed to improved crystallinity, suppression in defect states and non-radiative recombination. 

Further increase in EuCl3 concentration leads to the substitution of the larger atomic radius Br by 

a smaller atomic radius Cl and Eu ions may trapped into the mixed halide perovskite lattice,  

 

Fig. 6.4. (a) Comparison of PL spectra of various Eu doped MAPbBr3 NS. (b) Comparison of TRPL spectra of 

undoped and Eu doped mixed halide perovskite NS. Change in PL spectra of (c) Eu0 and (d) Eu10 after storing it for 

one month. 

inducing the decrease in Eu concentration in NCs[41]. In addition, structural distortion due to 

higher doping concentration may also affect the emission properties due to the formation of 

structural defect states. Higher doping concentration may introduce deep impurity levels which 

may increase the non-radiative recombination resulting into the decrease in emission intensity. 

This kind of behavior was reported earlier observed in Eu3+ doping in CsPbBr3 crystal[32]. 
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TRPL spectra were examined to study the charge recombination and extraction behavior of 

undoped and EuCl3 doped 2D MAPbBr3 NS, as shown in Fig. 6.4(b). The TRPL decay profiles of 

the samples were recorded by monitoring them at their respective PL peak positions. The TRPL 

spectra were fitted with the tri-exponential decay function given by, 𝐼(𝑡) = ∑ 𝐴𝑖 𝑒𝑥𝑝(−𝑡 𝜏𝑖⁄ )3
𝑖=1 , 

where Ai is the amplitude of the PL decay component corresponding to the lifetime τi. The spectra 

were fitted with tri-exponential decay function since the PL spectra have contributions from three 

different states such as the QDs present along with NS, band to band transition and defect states. 

The average lifetimes (τavg) of the NSs are calculated using the following relation: 𝜏𝑎𝑣𝑔 =

∑ 𝐴𝑖𝜏𝑖
23

𝑖=1 ∑ 𝐴𝑖𝜏𝑖
3
𝑖=1⁄ . The details of the decay components are presented in Table 6.1. The average 

carrier lifetime is observed to be decreased from ~124.03 ns to ~9.77 ns with increasing Eu3+  

Table 6.1. Details of TRPL decay components of the samples fitted with tri-exponential function. 

Sample 1 (ns) A1 % 2 (ns) A2 % 3 (ns) A3 % avg (ns) 

Eu0 1 1.84 11.15 9.74 139.04 88.42 124.03 

Eu10 1.01 2.52 14.440 15.04 111.44   82.445 94.08 

Eu20 1.09 3.88 11.81 14.83 110.24 81.29 91.4 

Eu30 1.09 4.55 11.53 17.23 105.26 78.21 84.39 

Eu40 1.33 8.19 49.26 35.60 26.19 38.21 21.44 

Eu50 0.78 5.65 38.43 62.24 2.38 16.43 9.61 

Eu60 0.956 4.92 26.17 38.56 0.36 31.47 9.77 

doping concentration primarily due to the quantum confinement effect. The contribution of faster 

components substantially increases with increasing doping concentration, which is attributed to 

increase in non-radiative recombination and defect states. Though PL emission intensity decreases 

in EuCl3 doping concentration higher than 30 mol%, but lifetime still gets faster owing to the 

substitution of Br ion by Cl ion[41]. Lifetime becomes faster with increase in bandgap, which is 

consistent with the literature[48]. The decay time of several 94.08 ns is generally observed in 

MAPbI3 which is considered as a good candidate for photovoltaic applications. Hence large 

lifetimes in Eu0 and Eu10 NS are attributed to long diffusion length[46, 48]. A slightly shorter 
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carrier lifetime in Eu10 compared that of the undoped MAPbBr3 NS is attributed to the faster 

charge transfer mechanism due to the increase in carrier mobility[49, 50].      

The storage stability of undoped and Eu doped NS is studied by storing the samples in ambient 

conditions (~65 % humidity). The PL spectra of the undoped MAPbBr3 NS shows ~25 % decay 

in the PL intensity in one month, as shown in Fig. 6.4(c). In contrast, the PL peak intensity of Eu10 

is almost unchanged after storage of one month (see Fig. 6.4(d)). However, higher doping 

concentration decreases the stability of the 2D NS due to structural distortion. Therefore, the 

introduction of a small amount of EuCl3 (10 mol%) improves the stability of 2D NS making it 

suitable for practical application. Higher stability in Eu10 is ascribed to an increase in tolerance 

factor and passivation of halide vacancy states.  

6.4.3. Performance of Eu Doped Perovskite NS Based Photodetector 

In order to characterize the effect of europium doping on the photophysical properties of 

perovskite, we have fabricated doped MAPb0.9Eu0.1Cl0.3Br2.7 and undoped perovskite based 

photodetectors. Fig. 6.5(a) illustrates the schematic diagram of perovskite photodetector where 

perovskite solution was deposited on top patterned Au contact with inter electrode spacing of 70 

µm, to avoid any degradation of perovskite during contact deposition and performance of the 

device was studied under 405 nm laser irradiation. The inset of Fig. 6.5(a) shows the optical 

microscope image of Au patterned device. Fig. 6.5(b) shows the current-voltage (I−V) 

characteristics of pristine MAPbBr3 NS photodetector under dark and 405 nm excitation with 

power density 4.94 mW/cm2. Undoped MAPbBr3 photodetector does not show any measurable 

photocurrent under zero bias condition, even at high power density. The turn-on voltage of the 

undoped device is found to be  ̶ 0.4 V. The I−V characteristics of Eu0 photodetector exhibits nearly 

symmetric behavior indicating the formation of Schottky diode contact. Fig. 6.5(c) shows the 

comparison of I−V characteristics of Eu0, Eu10 and Eu40 photodetectors revealing enhanced 

photocurrent in Eu doped cases. Interestingly, the Eu10 photodetector shows much higher 

photocurrent than Eu40 due to better charge transfer/separation and fewer defects. Note that higher 

doping concentration results in the formation of monolayer QDs that gives rise to leakage in 

current due to the formation of deep trap states and structural defect-related states. It was reported 

that low doping concentration improves the perovskite crystal tolerance factor and reduces the 

electron trap density, which is consistent with our results[37, 39]. Fig. 6.5(d) displays the I−V 

TH-2453_156121029



189 |                                   E u r o p i u m  D o p e d  O r g a n o - M e t a l  H a l i d e  2 D  P e r o v s k i t e  

characteristics of Eu10 under dark and light conditions showing dramatic increases in 

photocurrent, especially under reverse bias voltage due to superior charge separation and 

exceptional light-matter interaction in the crystal[51]. I−V curve of Eu10 exhibits asymmetric  

 

Fig. 6.5. (a) Schematic illustration of Eu doped 2D perovskite NS photodetector and inset shows optical image of Au 

patterned doped perovskite device. (b) Comparison of I-V characteristics curves of undoped MAPbBr3 NS under dark 

and 405 nm laser irradiation. (c) Comparison of I-V characterization of Eu0, Eu10 and Eu40. (d) Comparison of I-V 

characteristics of Eu doped mixed halide NS photodetector under dark and light illumination of different intensities. 

diode like rectifying behavior under illumination. Interestingly, high photocurrent at self-biased 

condition (zero bias) reveals self-powered characteristics of Eu10 confirming stronger intrinsic 

charge separation in Eu3+ doped mixed halide perovskite photodetector. Self-biased and 

asymmetric I−V behaviors, even under very low intensity are responsible for the enhanced 

photodetection performance in the doped photodetector device. Fig. 6.6(a) shows temporal 

photoresponse of Eu0 and Eu10 under the bias voltage of  ̶ 5 V and 405 nm laser excitation 
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exhibiting dramatic enhancement (~7 times) in photocurrent in Eu doped device compared to that 

of the undoped one. The presence of small lead halide peak (~12º) in the layered 

MAPb0.9Eu0.1Cl0.3Br2.7 structure is believed to be beneficial to passivate the defects and reduce the 

electron-hole recombination resulting into high photocurrent[52]. Eu doped mixed halide  

 

Fig. 6.6. (a) Comparison of time dependent photoresponse of undoped and doped mixed halide perovskite 

photodetector under 405 nm laser irradiation recorded at  ̶ 5 V bias voltage. (b) Self biased temporal response of 

MAPb0.9Eu0.1Br2.7Cl0.3 photodetector under 405 nm laser irradiation of various intensities. The logarithmic plot of the 

photocurrent vs light intensities for (c) Eu10 and (d) Eu0 under bias voltage of 0 V and 2 V, respectively.  

photodetector (Eu10) was illuminated with varying intensity of light at a fixed wavelength (405 

nm) to understand the photosensitivity of the device at zero bias with the light on and off. The 

planar device without any heterojunction clearly shows intensity-dependent photocurrent even in 

self-biased condition, as shown in Fig. 6.6(b), which is significant. Increased photocurrent with 
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increasing light intensity is produced by the amplified number of photogenerated carriers through 

the absorption of light. Even at a very low intensity, the Eu doped device shows excellent 

sensitivity to the incident light and it swiftly changes from high to low resistance condition without 

much delay demonstrating good photoconductive response. The photogenerated electron-hole 

pairs get sufficient energy under illumination to drift to the opposite contacts leading to an increase 

in photocurrent. The self-biased behavior of the photodetector can be extremely beneficial to use 

in energy-efficient signal receiving devices since it can operate without any extra power 

supply[53]. The dependence of photocurrent of Eu10 with the intensity of the illuminated light is 

plotted in a logarithmic curve as shown in Fig. 6.6(c) and the data are fitted with the power law[46]: 

Iph= APθ, where Iph and P are the photocurrent and incident light power density. While A is the 

constant and θ determines the response of the photocurrent to light intensity. The fitting of the 

photocurrent vs intensity graph of doped MAPb0.9Eu0.1Cl0.3Br2.7 photodetector in the low power 

density region (0.11−0.24 mW/cm2) fits with exponent, θ = 1.4 indicating a highly linear 

relationship of photogenerated carriers and incident flux. Hence, in the low power density regions, 

most of the generated carriers are separated without any recombination loss[46]. The linear fitting 

of the logarithmic plot of photocurrent of undoped MAPbBr3 photodetector vs intensity gives the 

exponent value of 0.67 (<1), implying that majority of the photogenerated charge carriers are lost 

due to trapping and recombination (see Fig. 6.6(d)). Linear dynamic range (LDR) is calculated to 

quantitatively understand the sensitivity of the device with increasing intensity using the 

relation[53]: 𝐿𝐷𝑅 = 20𝑙𝑜𝑔(𝐼𝑝ℎ 𝐼𝑑𝑎𝑟𝑘⁄ ). As the light intensity increases from 0 to 20.04 mW/cm2, 

the current in the MAPb0.9Eu0.1Cl0.3Br2.7 device increases from 1.12×10-10 A to 2.83×10-7 A at self-

biased condition resulting into a LDR of 68.05.  

Fig. 6.7(a) shows the typical temporal response of MAPb0.9Eu0.1Br2.7Cl0.3 photodetector under 

light illumination (4.94 mW/cm2) and low bias voltages (̶ 0.1 to  ̶ 1 V). Note that the device exhibits 

excellent detectivity of light even at low bias voltage due to suppression of trap states and efficient 

charge extraction. If a large number of trap states exist, the photogenerated electrons may get 

trapped in the defect states before it could reach to the Au electrodes. When the defects are filled 

with doped ions, the electrons in the conduction band easily move towards electrodes resulting 

into the enhancement of the photocurrent[51]. Inset of Fig. 6.7(a) shows the variation in 

photocurrent with bias voltage, indicating nearly exponential increase in photocurrent. The 

variation in the ratio of photo to dark current as a function of bias voltage is shown in Fig. 6.7(b), 
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demonstrating a maximum value of ~1.2×103 at the self-biased condition, which is comparable to 

other transport layer free devices[54, 55]. With increasing bias voltage, initially the 

photocurrent/dark current ratio decreases due to an increase in dark current, however, at higher 

bias voltage, it again increases since the device gets sufficient energy to extract the photogenerated 

charge carriers giving rise to very high photocurrent (see Fig. 6.7(b)).  

 

Fig. 6.7. (a) Temporal response of MAPb0.9Eu0.1Br2.7Cl0.3 photodetector under 405 nm laser irradiation at various 

intensities. The inset shows a plot of the photocurrent vs voltage for Eu10 under illumination. (b) Variation of 

photo/dark current with bias voltage of Eu10. Temporal photoresponses of (c) undoped MAPbBr3 and (d) EuCl3 doped 

MAPbBr3 photodetectors under  ̶ 5 V bias voltage with exponential fits. 

Note that the temporal response of MAPb0.9Eu0.1Br2.7Cl0.3 photodetector demonstrates a very fast 

sweep under dark to a light condition indicating rapid rise and fall time. Hence, to measure the 

ultrafast photoresponse of the device, a digital storage oscilloscope was used and the laser source 
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was modulated up to 20 KHz using a function generator. High-resolution photoresponse curves of 

pristine MAPbBr3 and MAPb0.9Eu0.1Cl0.3Br2.7 photodetectors are shown in Fig. 6.7(c,d), 

respectively. To estimate the rise and fall times of the devices, the photoresponse curves are fitted 

with a single exponential function, given by: 𝐼𝑝ℎ(𝑡) = 𝐼0 + 𝐴𝑒𝑥𝑝(−𝑡 𝜏⁄ ), where Iph is the 

photocurrent, I0 and A are the constants and τ is the time constant. From the fitted data, the rise and 

fall times of undoped MAPbBr3 device are found to be 52.1 µs and 170.1 µs, respectively, as 

shown in Fig. 6.7(c). In contrast the rise and fall times of doped MAPb0.9Eu0.1Cl0.3Br2.7 

photodetector are 17.5 µs and 38.5 µs, respectively, indicating good sensitivity of the device to 

detect high-frequency light signals (see Fig. 6.7(d)). Therefore, both the Eu doped and undoped 

devices exhibit a sharp rise in photocurrent when light is switched on due to quick generation of 

light-induced carriers followed by the slow decay of photocurrent. However, photocurrent decay 

is much faster in the doped device. The rise and fall times are observed to be ~3 times and ~4.4 

times faster in the doped device than the undoped one due to efficient charge separation and 

passivation of trap states with the incorporation of lanthanide ion in the perovskite crystal.  

It is well-known that the inclusion of moderate dopant concentration in semiconductor increases 

the mobility of the carriers, space charge and electric field in the Schottky junction allowing 

efficient transfer of the charge carriers to the opposite electrodes[37]. Here, the inclusion of 10 

mol% of EuCl3 in the MAPbBr3 crystal increases the charge density and mobility of the carriers 

along with the reduction in the probability of trapping and de-trapping of photocarriers during their 

transfer, which is believed to be contributing to the fast photoresponse of the device. However, at 

high Eu3+ doping concentration, the structural defect-related trap states contribute to the loss of the 

charge carriers. Also, at higher Eu3+ concentration, QDs thickness was too thin to absorb sufficient 

photons to generate electron-hole pairs without any transport layers and most of the carriers are 

lost before they could reach the anodes. It is noteworthy that the present MAPb0.9Eu0.1Br2.7Cl0.3 

photodetector exhibits superior device performance without any charge-transporting layers 

compared to other p-i-n type perovskite devices reported earlier[56].    

The performance of the as-fabricated photodetector is analyzed by calculating the figures of merit 

of the device, such as responsivity and detectivity in the spectral range 300-800 nm under  ̶ 5 V 

bias. The responsivity (R) of a device can be expressed by the following equation: 𝑅 =

(𝐼𝑝ℎ − 𝐼𝑑𝑎𝑟𝑘) 𝑃𝐴⁄ , Iph and Idark are photocurrent and dark current. P and A are incident power 
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density and the effective area of the device. Eu3+ doped mixed halide perovskite shows remarkable 

photosensitization in the wavelength range of UV to the visible region and shows relatively lower 

responsivity in the higher wavelength range similar to its absorption behavior, as shown in Fig. 

6.8(a). Although responsivity decreases in the high wavelength region, it still shows a good 

sensitivity in this region. Hence, our doped device shows a typical flat response in the range of 

300−540 nm.  The MAPb0.9Eu0.1Br2.7Cl0.3 photodetector shows maximum responsivity of 5.02 

A/W at 480 nm, whereas the responsivity of undoped MAPbBr3 photodetector is found to be 1.13 

A/W at 480 nm. Hence, the responsivity of the device is found to be increased by ~4.4 times with 

the introduction of Eu3+ in the mixed halide perovskite lattice. The observed high responsivity in 

the UV-vis region of the Eu doped device is associated with strong absorption by the sample. The 

 

Fig. 6.8. (a) Variation in responsivity with light wavelengths of Eu0 and Eu10 photodetectors under -5 V bias voltage. 

(b) Variation of spectral responsivity and detectivity with light intensities of MAPb0.9Eu0.1Br2.7Cl0.3 photodetector. 

variation of responsivity and detectivity of Eu10 with the intensity of 405 nm laser light is shown 

in Fig. 6.8(b). Interestingly, the extremely high responsivity of 5.29 A/W and detectivity of 

1.06×1012 Jones are observed in Eu10 under 405 nm laser irradiation, at a low power density of 

0.14 mW/cm2 and a bias voltage of  ̶ 5 V. Next, the detectivity (D) of the device is calculated using 

the following relation: 𝐷 = 𝑅(𝐴 2𝑞𝐼𝑑𝑎𝑟𝑘⁄ )1 2⁄ , where q is the electronic charge. The responsivity 

and detectivity of the device are almost constant over the intensity range of 0.14-0.29 mW/cm2. A 

slight decrease in responsivity with increasing power density of occurs due to a higher probability 

of scattering and recombination of photo-excited charge carriers under the influence of strong 

illumination[52]. Based on the literature reports it is found that the present Eu doped mixed  
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Table 6.2. Summary of the photodetction performance of some reported perovskite devices and 

the present work. 

Device structure Bias 

voltage 

(V) 

Ilight/Idark Rise time/Fall 

time 

Responsivity 

(A/W) 

Ref 

MAPbBr3 nanowire/Au 1 ~62 0.12 /0.086 s - [8] 

SiO2/CsPbCl3 NS/Au 8 ~103 70/45 ms - [54] 

SiO2/MAPbI3−xBrx 

film/Au 

10 ~200 <20/20 µs 0.055 [57] 

SiO2/CH3NH3PbI3−xClx-

CsPbBr3/Au 

1 ~3 121/107 µs 0.39 [58] 

Glass/TiO2/MAPbIBr2  

film/Al  

5 ~1600 0.66/0.58 s 0.70 [59] 

FTO/CH3NH3PbI3/TiO2 3 ~70 0.02/0.02 s 0.49×10−6 [60] 

SiO2/ 

MAPb0.9Eu0.1Br2.7Cl0.3/Au 

0 ~1200 17.5/38.5 µs 5.02 This 

work 

 

halide perovskite photodetector exhibits comparable or even superior performance in comparison 

to other perovskite based devices of similar structure, as summarized in Table 6.2.  

The operational stability and sustainability of the Eu doped mixed halide perovskite photodetector 

are also studied to assess its efficacy in practical application. The photocurrent of the device is 

 

Fig. 6.9. Comparison of temporal response of Eu doped mixed halide perovskite photodetector before and after 

continuous operation of 8 h. 
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observed to be constant at zero bias condition even after continuous operation for 8h, as shown in 

Fig. 6.9, demonstrating excellent photostability and long-term operational stability with good 

repeatability. Further, the storage stability of the device is also studied since ambient stability is a 

major issue for perovskite-based devices. I−V characteristic curve of the Eu doped device was 

almost unchanged after storing it for one month in a desiccator without any encapsulation, which 

may be due to passivation of Br vacancy by Cl and improved structural stability (See Fig. 6.10(a)). 

 

Fig. 6.10. (a) Comparison of I-V characteristics of freshly prepared Eu0 photodetector and after storing it for 7 days. 

(b) Comparison of I-V characteristics of freshly prepared Eu10 photodetector and after storing it for one month. 

In contrast, a substantial decrease in photocurrent is observed in the I−V characteristic of the 

undoped MAPbBr3 photodetector after 7 days (see Fig. 6.10(b)). In general, interface degradation 

occurs fast in device structure and intrinsic degradation of the active material affects the device 

slowly[3, 52]. Here, the enhanced structural stability by the inclusion of a small amount of Eu3+ in 

the 2D perovskite increases the overall structural stability of the doped device, which prevents the 

moisture ingress into the lattice. Thus, enhanced photo, operational and storage stability of the Eu 

doped mixed halide perovskite photodetector signify its suitability for outdoor applications such 

as on windows, clothes and human skin[61].                         

6.5. Summary and Conclusions 

In this chapter, we have successfully developed Eu doped mixed halide 2D perovskite NS using a 

solvothermal route and expanded the family of doped perovskite for high-quality photodetection 

application. Further, we have fabricated a self-biased photodetector using MAPb0.9Eu0.1Br2.7Cl0.3 
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by taking advantage of high absorbance and improved charge separation in 10 mol% Eu doped 2D 

NS. Our findings stimulate further investigation and application of Eu3+ doped 2D perovskite NS 

in the field of optoelectronics and photovoltaics devices. The key findings of the chapter are 

summarized below. 

1. Inclusion of Eu3+ ion in the MAPbBr3 perovskite crystal allowed tuning of the lateral size 

and thickness of the NS and at 60 mol% EuCl3 concentration, monolayer mixed halide 

perovskite QDs are obtained. 

2. Characteristic 2D diffraction peaks at low angles are observed due to the formation of a 

uniform 2D layered structure. Lattice contraction with increasing doping concentration 

indicates partial substitution of Pb and Br ions by Eu and Cl ions, respectively. 

3. The PL peak and excitonic absorption peak are systematically blue-shifted with increasing 

Eu doping concentration due to the quantum confinement effect.  

4. Interestingly, Eu doped mixed halide perovskite photodetector exhibits self-biased 

behavior with photocurrent to dark current ratio of ~103, while the turn-on voltage of 

undoped device is  ̶ 0.4 V. 

5. Photo responsivity of the MAPb0.9Eu0.1Br2.7Cl0.3 photodetector is found to be 5.02 A/W at 

480 nm light illumination, which is ~4.4 times higher than the undoped counterpart. 

6. From the temporal photoresponse, the rise and fall times of the Eu doped device are 

calculated to be 17.5 and 38.5 µs, respectively, which puts the device among the fastest 

mixed halide perovskite photodetectors reported till date. 

7. Enhanced performance of the Eu doped perovskite photodetector is due to the decrease in 

trap density and efficient transfer of photogenerated carriers. 

8. The doped device shows excellent photo, operational and storage stability by keeping its 

photodetection ability unaltered for one month due to increased intrinsic stability with the 

introduction of a small amount of Eu3+ ion in the perovskite crystal. 
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Chapter 7 

Summary and Outlook 

In this chapter, an overview of the contributions of the present thesis and highlights of the 

important findings are presented. At the end, outlooks and future scopes are discussed.  

7.1. Summary and Highlights of the Thesis Contribution 

In this dissertation, at first the growth kinetics and scaling behavior of vacuum deposited 

CH3NH3PbBr3 (MAPbBr3) thin film on ITO coated glass and SiO2 substrates are presented, and 

the scaling exponents are correlated with its microstructural and optical properties (Chapter 2). 

Next, we have demonstrated a novel synthetic route for the template-assisted growth of size 

tunable perovskite quantum dots (QDs) exhibiting large exciton binding energy, high 

photoluminescence (PL) quantum yield (QY) and improved photostability (Chapter 3). Next, a 

novel, highly reproducible and facile solvothermal route is implemented to synthesize and tailor 

the thickness and optical band gap of MAPbBr3 perovskite nanosheets (NSs) and these are 

explored for the application as white light converter and high-speed photodetector (Chapter 4). 

Next, the solvothermally synthesized 2D MAPbBr3 NSs were doped at high concentration with 

Ce3+ and Tb3+ to achieve stable and deep blue emission with absolute unity PL QY and density 

functional theory (DFT) based calculations was used to disclose the origin of large blue shift and 

high PL QY in the doped NSs (Chapter 5). Finally, the 2D MAPbBr3 NSs are doped with 

europium chloride to fabricate a high performance self-biased, stable mixed halide perovskite NS 

photodetector (Chapter 6).  

The major contributions of the present thesis are summarized below.     

A. Growth Kinetics of vacuum deposited MAPbBr3 thin film 

First, we have studied the controlled growth of vacuum deposited 3D MAPbBr3 thin film and its 

structural evolution on SiO2 and ITO substrates at various substrate temperatures (25–100 °C) and 

various thicknesses (4–120 nm). The growth kinetics of perovskite thin film is evaluated with the 

help of scaling parameters using atomic force microscopy (AFM), height-height correlation 

function (HHCF), X-ray diffraction, UV-vis absorption and photoluminescence analyses. The 
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perovskite films exhibit an anomalous scaling behavior for film thickness (d) less than 40 nm, and 

a stable growth for, d≥40 nm. Interestingly, the growth exponent (β) is distinctly different, ~0.22 

and ~0.90, for the films on ITO and SiO2 substrates, respectively. For the first time, we have 

investigated the substrate temperature dependent growth front scaling parameters for perovskite 

thin film in the temperature range 50–100 °C and activation energies are calculated to be 0.10 eV 

and 0.15 eV for the film on ITO and SiO2 substrates, respectively, which implies an easier diffusion 

of molecules and smooth film in case of ITO substrate. The film on SiO2 substrate deviates from 

the conventional scaling law and that on ITO substrate reveals higher crystallinity and high PL 

intensity. At lower thicknesses, we observe a thickness dependent blue shift in the absorption and 

emission edge, due to the lattice expansion. The low-temperature PL analysis shows high exciton 

binding energy supporting a strong PL. Interestingly, the vacuum deposited films exhibit high 

stability under prolonged laser irradiation. These findings provide new insights on the growth 

kinetics and optimum conditions for the vacuum deposition of hybrid perovskite thin films of 

ultralow thickness. This work has been published in “Applied Surface Science 530 (2020) 

147224”. 

B. Mesoporous TiO2 Template Assisted Growth of MAPbX3 QDs Exhibiting High PL QY 

and Improved Photostability 

 We have developed a novel synthetic route for the template assisted growth of size tunable 

perovskite (MAPbBr3 and MAPbI3) QDs. Fluorine doped mesoporous TiO2 template acts as a 

template and the nucleation site for the growth of perovskite QDs. The pore size in TiO2 template 

is tuned by varying the hydrofluoric acid molar concentration during its solvothermal growth and 

size of the perovskite QDs embedded in TiO2 pores is tuned in the range of 1.7-5.1 nm. MAPbI3 

QD with average size ~1.7 nm exhibits ~47 nm blue shift in the PL spectra, ~43 fold enhancement 

in PL intensity and ~25 % PL QY. On the other hand, MAPbBr3 QD of similar size exhibits 

dramatically enhanced (~124 times) PL emission with narrow band and PL QY of ~57 %. The 

optical tunability of the QDs is quantitatively discussed with the help of Brus equation, confirming 

strong confinement effect. Interestingly, the embedded QDs exhibit very high exciton binding 

energy (162–272 meV) as compared to that of the bulk film (32 meV) due to high effective 

dielectric constant, and high electron-hole recombination probability in the QDs. The perovskite 

QDs embedded in porous TiO2 template show very high photostability up to several hours (≥10 h) 
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under the UV laser exposure (18 mW), while that of bulk film decreases by >33 %. High 

photostability of perovskite QDs inferred to the partial coverage of the QDs by TiO2 nanocrystals, 

which restrict complete exposure to external environment. This work has been published in “J. 

Colloids & Inter. Sci. 539, 619 (2019)”. 

C. Solvothermal Synthesis of Shape Tailored 2D MAPbBr3 Nanostructures for White LED 

and Photodetector Applications 

We have developed a novel, highly reproducible and facile solvothermal route to tailor the 

morphology, thickness and optical bandgap of 2D perovskite nanosheets. In contrast to the time 

consuming and tedious methods reported mostly for inorganic perovskites, we have demonstrated 

a precise control of the thickness of 2D MAPbBr3 perovskite layer from 14 to 2 layers simply by 

tuning the reaction temperature of the solvothermal process. The growth mechanism of the NS is 

qualitatively discussed based on the classical theory of nucleation growth. The bandgap of the 

perovskite NS was tuned over ~200 meV from green luminescent nanorods to cyan luminescent 

2D QDs owing to strong quantum confinement effect. The 2D perovskite NS and QDs exhibit high 

PL QYs of 77.6 % and 84.5 %, respectively. A white light converter is demonstrated by using 

orange luminescent MAPbBr1I2 nanostructure on a blue LED chip. Also, The 2D perovskite 

photodetector was fabricated exhibiting fast rise/fall time (24 μs/103 μs) along with high 

responsivity and detectivity of ∼ 1.93 A/W and 1.04×1012 Jones, respectively. This method is very 

versatile and appealing for controlled synthesis of the large area, stable perovskite 2D layers for 

cutting edge optoelectronic and imaging applications. This work has been published in “ACS Appl. 

Mater. Interfaces, 12, 5, 6283-6297 (2020)”.  

D. Rare-Earth Ion Doped 2D MAPbBr3 Perovskite Nanosheet as Bright, High Color Purity 

Deep Blue Emitter with Unity Quantum Yield 

We have achieved rare-earth doped 2D perovskite NS through our newly developed solvothermal 

route to tune its optoelectronic properties. Two-dimensional layered structure of the MAPbBr3 NS 

allows easy, effortless substitution of the rare-earth dopant ions, Ce3+ and Tb3+. The thickness of 

the NS is tuned from 8.4 nm to 1.6 nm by increasing doping concentration from 0 to 70 mol%, 

respectively. Interestingly, pure layered structure is observed with doping as confirmed by the 

presence of characteristic X-ray diffraction peaks at low angles (2θ<14.81º). The excitonic 
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absorption peak of the 2D NS is tuned by 42 nm and 86 nm to the deep blue region with Ce3+ and 

Tb3+ doping, respectively. With Ce doping at high concentration, we achieved a deep blue emitting 

NSs with 100 % QY, narrow linewidth (~24 nm), and a color coordinate of (0.145, 0.054) closely 

matching with the standard color Rec. 2020 (0.131, 0.046) specification, making it one of the most 

efficient perovskite blue light emitters reported to date. Interestingly, multiple PL peaks appear at 

low temperature due to the coexistence of ordered and disordered orthorhombic phases, as layered 

structure allows easy orientation under environmental change. High PL QY and large blue shift 

with Ce and Tb doping in 2D perovskite was explained using DFT based calculation of its 

electronic structure. Finally, the Ce3+ doped MAPbBr3 blue-emitting NSs were utilized to 

demonstrate an efficient white light LED with CIE coordinates (0.334, 0.326) for their practical 

application in solid-state lightning. This work has been published in “J. Mater. Chem. C, 2021,9, 

2437-2454”. 

E. Fabrication of Self-biased, Highly Sensitive and Fast Europium Doped MAPbBr3 

Photodetector 

Next, we have demonstrated high performance europium chloride (EuCl3) doped 2D MAPbBr3 

perovskite NS photodetectors. The morphology of 2D MAPbBr3 perovskite is tuned from 10 layer 

NS to monolayer QDs with increasing Eu3+ doping concentration as confirmed using TEM and 

AFM analyses. Characteristic 2D diffraction peaks is observed in the low diffraction angle 

(2θ<14º) in the doped sample indicating the formation of pure 2D structure. Bandgap of the Eu 

doped mixed halide perovskite NS is tuned by 0.595 eV due to strong quantum confinement effect 

and replacement of Br by Cl. Finally, we have fabricated europium doped perovskite photodetector 

and the device performance is compared with the undoped MAPbBr3 photodetector. The 

MAPb0.9Eu0.1Cl0.3Br2.7 photodetector shows a higher photodetection performance compared to the 

pristine MAPbBr3 counterpart. MAPb0.9Eu0.1Cl0.3Br2.7 photodetector exhibits self-biased behavior 

with high switching ratio of ~103, whereas turn on voltage of pristine MAPbBr3 photodetector is 

~-0.4 V. The response rise and fall times of MAPb0.9Eu0.1Cl0.3Br2.7 photodetector are reduced to 

17.5 µs and 38.5 µs, respectively, from 52.1 µs and 170.1 µs of the pristine MAPbBr3 

photodetector due to efficient charge separation and passivation of trap states with the introduction 

of Eu ion in the perovskite crystal. Eu doped mixed halide perovskite photodetector shows high 

responsivity (5.29 A/W) under 405 nm laser irradiation. Therefore, employing rare-earth ions in 
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the perovskite crystal structure may pave the way for a promising route for future novel high-

performance optoelectronic devices. 

7.2. Scope of Future Work 

In this present thesis, we have demonstrated the growth study of perovskite thin film and 

nanostructures for its application in LEDs and photodetectors. Our study was focused on lowering 

the dimension and rare-earth doping to improve the photophysical properties of MAPbBr3 

perovskite structure. There is vast scope to extend the present work for the broad range of 

applications as outlined below. 

1. Study the doping effect of different lanthanide materials (Er, Yb, Sr etc.) on 2D MAPbBr3 

NS, since there are very few reports on the doping effect on organic-inorganic halide 

perovskites. 

2. Fabricate 2D perovskite based photodetector with other conventional 2D material (MoS2, 

MoSe2, WS2, WSe2, h-BN, Bi2O2Se, MXenes, etc.) heterostructure. 

3. The lead free double perovskite synthesis and study the doping mechanism to reduce the 

lead toxicity for the fabrication of optoelectronic devices.  

4. Improve the stability of blue luminescent perovskite nanomaterials with encapsulation and 

functionalization with stable materials. 

5. Finally, fabricate high quality, stable perovskite based optoelectronic devices for the 

commercialization. 
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