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Abstract 

 

Perovskites have been on the headlines of current research due to the presence of exotic 

electrical and optical properties, phenomenal carrier transport characteristics, great 

photoluminescence quantum yield along with adjustable wavelength all across the visible 

spectrum, facile colour tunability, and improved stability.1 The reported CsPbBr3 perovskite 

is a well-known lead halide perovskite offering a great spectral range in the visible region.2 In 

order to enhance its performance further, localized surface plasmon resonance (LSPR) 

produced by metallic nanoparticles can come handy. LSPR makes s use of metallic 

nanostructures to dramatically enhance the efficiency of radiative recombination in the active 

medium where electrons and hole combine.3 

Conducting metals when placed nearby a fluorophore can either increase or decrease 

the electric field felt by the adjacent fluorophore, which can, in turn alter the decay rate.4 The 

modification in the decay rate is likely to produce various applications in optoelectronic 

devices by increasing the photostability and quantum yield.  

Herein, we prepared a nanocomposite of gold nanorod shelled by Silica with CsPbBr3 

inside the mesoporous Silica and compared its characteristics with mesoporous silica with 

CsPbBr3 inside and Pd nanorods shelled with mesoporous Silica containing CsPbBr3 inside 

it. Nanocomposite of Au@SiO2@CsPbBr3 can pave its way to usage in LEDs. The 

comparison of it with SiO2@CsPbBr3 will clearly illustrate the importance of plasmonic 

nanorod, and along with Pd@SiO2@CsPbBr3. It will draw an insight on the effect of non-

plasmonic material on this system in visible range, as outside visible range mainly in 

Ultraviolet and Infrared region Pd is plasmonic. 
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CHAPTER -1   

Introduction  

1.1 Nano-plasmonics 

Nano-plasmonics is made up of two words: nano (in nanometer size range) and plasma. Plasma 

is a system where we have a whole bunch of positive and negative charges that are free to travel 

about without interfering with one another. It involves the use of tiny metallic particles, such as 

gold, silver, and copper spheres, to significantly improve the interaction between light and 

matter. These effects only take place if the particles are comparatively smaller than the 

wavelength of light. Since visible light has wavelengths measured in thousands of nanometers, 

particles must be smaller than 20 nm.  

 

Figure 1: Surface Plasmon Resonance diagram showing oscillation of free conducting electrons 

due to strong interaction with incident light.(Redrawn from reference [5]). 
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1.2 Properties of Plasmonic Metals 

As light illuminates plasmonic particles, they are primarily influenced by three properties.6 These 

are as follows: 

i. Electromagnetic Enhancement: Plasmons are excited in these nanoparticles when light is 

shone on them. These plasmons raise the electric field in a small region. These serve as 

nano-antennas or amplifiers, using the electric field of light to mirror it and generate their 

own electric field, but only in a specific area around them. The field produced in this 

small area is hundreds or sometimes even thousands of times more powerful than the 

incident light. Electromagnetic enhancement is a term for a boost in the intensity of the 

field in a small area. 

ii. Resonant Frequency: All nanoparticles plasmonic responses do not handle all 

wavelengths equally. There is plasmonic resonance at a particular wavelength if the 

frequency of electric field enhancement is plotted against wavelength. The mountain is at 

its highest point here. 

iii. Variation of Resonant Frequency:  Since the resonant frequency is not a fundamental    

property, it is subject to change as the environment changes. It is largely determined by 

material, shape, size and environment around the nanoparticle. 

 

In contrast to other nanomaterials, the properties of plasmonic materials stand out, 

enabling them to be used in a range of applications such as chemical and biosensors, 

photovoltaics, electronics, and optics.7 

 

 

 

 

 



3 
 

 

Figure 2: (a) Illustration of the effect of an electric field on a dipole moment (b) An illustration 

of how plasmons increase the electric field in a small area, and (c) Illustration of the effect of 

surrounding media on the resonant frequency. 

 

1.3 Metal-Enhanced Fluorescence 

In normal fluorescence, solutions are typically transparent to emitted radiations, and 

fluorophores emit into free space. Nearby conducting metallic particles will change the free-

space conditions by increasing or decreasing the electric field felt by the fluorophore, thereby 

affecting the decay rate. The improvement in the radiative decay rate is referred to the rate at 

which fluorophore decays spontaneously. This process is also known as Metal-Enhanced 
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Fluorescence.4

  

Figure 3.  Schematic diagram depicting the impact of metal particles on fluorescence. (Redrawn 

from reference [4]) 

 

When metal is absent electrons are excited from ground state (S0) to excited state (S1) decay 

takes place radiatively and non-radiatively. However, with the presence of metal modifies the 

rate of radiative decay and thus extra decay rate is added which is termed as the modifies decay 

rate. 

 

 

Figure 4: Jablonski diagram explaining the concept of Metal Enhanced Fluorescence. (Redrawn 

from reference [8]) 
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1.4 Perovskites 

Another distinctive class of materials are Perovskites. Perovskites are an intriguing class of 

nanomaterials with an ABX3 crystal structure, in which A and B are cations, and X is an anion. 

Optoelectronics, energy production, superconductivity, and other applications are all possible 

with these nanomaterials. The corners of the cube occupy A cation, and the faces are occupied by 

small atom X with a negative charge. Large B cation is placed at the body centre of the 

cuboctahedral position. Cations occupy every hole that is created by BX6 octahedrons.9 

 

 

Figure 5: (a) Illustration of ABX3 type perovskite structure.9 (Redrawn from reference [9])  (b) 

CsPbBr3 under UVlight (λexc 365nm). 

Perovskites have a cubic structure, according to several reports. With the advancement of time, it 

was seen that some structures had large distortions from the symmetry of thought material. Thus, 

Goldschmidt came to the rescue and pointed out that perovskite is stable only if the parameter t 

(known as tolerance factor) is approximately near to unity. The tolerance factor represented by t 

is defined as follows: 

𝑡 =
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 

Here ra, rb and rx are denoted as the radii of ions. As a result, the Goldschmidt tolerance factor (t) 

or simply known as the tolerance factor, is an empirical index used for predicting the stability of 

a perovskite structure. Materials with t values ranging from 0.9 to 1 are considered ideally cubic, 

whereas those with t values ranging from 0.71 to 0.9 are considered distorted perovskites. If the t 

factor goes above 1 or less than 0.71, then it is regarded as a non-perovskite structure.2 

(b) (a) 
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Perovskites offer a high-spectral range in the visible region, are highly stable, provide large 

quantum yield, have high carrier mobility and provide great optical and electrical properties. 

1.5 Properties of Perovskites 

In addition to their tunable bandgaps, which also helps in tuning the color, low exciton binding 

energies, and long-range carrier diffusion, Perovskites have high optical absorption coefficients 

and narrow-band bright photoluminescence.10 They also have a wide wavelength range in the 

visible region which makes them suitable for many practical applications. They also exhibit 

exotic electrical properties with great charge transport within the system.  

Because of these properties, perovskites outperform conventional semiconductors such as 

silicon. Most notably, the easy synthesis of perovskites in the form of high-purity perovskites. 

1.6 Use of Dielectric Media or Spacer 

Metal nanoparticles are sensitive to moisture and oxygen. As a result, it is critical to shell these 

metal nanoparticles in order to provide chemical and thermal stability. This shelling also 

facilitates its use in a variety of applications. LSPR efficiency rises as the distance between the 

spacer and the metal nanoparticle decreases. However, if the distance is held too short, 

nonradiative quenching will occur, so it is essential to find a suitable distance for higher quantum 

efficiency and electroluminescence enhancement. Two main determining factors of the spacer 

are refractive index and coating thickness. The appropriate distance range typically ranges from 

5 to 20 nm.11,12 

1.7 Related Work: 

Many researchers tried to bring fluorophores and plasmons together. Yang et al., studied the 

effect of Au nanoparticles on CsPbBr3 and tried using them in laser sources.13 Zhang et al., 

reported a 25 % increment in the luminescence of CsPbBr3 using Au-Ag alloy nanoparticle.14 

Pan et al., verified enhancement in electroluminescence by incorporating gold nanoparticles in a 

quantum dot light-emitting diode.15 Xia et al., studied the synergistic impact of Au nanorods and 

MgO on the PV (PhotoVoltaic) performance of CH3NH3PbI3 based perovskite solar cells 

(PSCs).16 Balakrishnan et al., anchored Au nanoparticles on the surface of CsPbBr3 and observed 

an increase in photocatalytic activity and applicability in light energy harvesting.17 Zhang et al., 

reported Ag-CsPbBr3 system for plasmonic-perovskite LEDs.18 
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For LSP coupling to occur, it is required to match the LSP resonance and emission wavelength. 

Another critical factor in improving the coupling between emitters and metallic nanoparticles is 

the coupling distance. Moreover, these small metallic nanoparticles are sensitive to oxygen and 

moisture. Core/shell nanoparticles can help in solving this problem by facilitating chemical and 

thermal stability. Few studies have tried to explore this.Yun et al., improved the luminescence of 

CsPbBr3 by proposing stretchable plasmonic templates of Au and Au/SiO2.
19 Dadi et al., 

underlined the plasmonic enhancement of perovskite quantum dot films enabled by Au 

nanoparticles embedded into polymeric films.20 Fan et al., reported the synthesis of Au 

nanospheres or nanorods shelled with TiO2 and used them to examine the plasmonic effect in 

planar perovskite solar cells.21 Mali et al., demonstrated improved photovoltaic performance of 

PSCs based on Au@TiO2 nanofibres.22 Wu et al., illuminated the efficient enhancement of PSCs 

up to 17.6% by employing silica-coated gold nanorod.23 

1.8 Current Work: 

This study aims to determine how plasmonic nanocrystals affect the luminescent properties of 

perovskites. Our technique is to entrap gold nanorods in a silica matrix that has CsPbBr3 

encapsulated in it. In order to capture a snapshot of this, two other nanocomposites, 

SiO2@CsPbBr3 and Pd@SiO2@CsPbBr3 are also prepared to compare their characteristics. 

SiO2@CsPbBr3 has mesoporous Silica with CsPbBr3 inside, and Pd@SiO2@CsPbBr3 has Pd 

nanorods shelled with mesoporous Silica containing CsPbBr3 inside it. Nanocomposite of 

Au@SiO2@CsPbBr3 has the potential to pave its way to biosensing applications and usage in 

LEDs. The comparison of it with SiO2@CsPbBr3 will clearly illustrate the importance of 

plasmonic nanorod, and along with Pd@SiO2@CsPbBr3 will draw insight on the effect of non-

plasmonic material on this system in the visible range as outside visible range Pd is plasmonic. 

In order to explain the thought process behind this work, few questions need to be answered. 

These include the reasons to choose the materials in the formation of three-tier nanocomposite 

which has Au nanorod , silica matrix and CsPbBr3. 

 

 

 



8 
 

 

The first is why gold is preferred over other plasmonic nanocrystals such as copper and silver. 

The following are the reasons: 

 Gold is comparatively less reactive and more stable.23 

 Its synthesis process is facile and can be replicated easily, resulting in the formation of It 

monodisperse particles.24 

 It has a high level of conductivity.23 

 It also posses strongly enhanced and tunable optical properties.25 

Another question is the preference of gold nanorods in comparison to other shapes available like 

nanospheres or nanostars etc. It is well known that sharper the shape or more the number of 

edges higher is the SPR (Surface Plasmon Resonance). The reasons for its preference are as 

follows: 

 They can be easily prepared. 

 We can easily obtain monodisperse particles. 

 We can have rational control over their aspect ratio.26 

 One of the major points is that they show two types of plasmonic frequency – transverse 

and longitudinal frequency.27 

 They also show long-range electromagnetic decay.28 

 Another query to be addressed is the need to shell Au with a silica matrix. A layer of silica 

matrix on top of SiO2 provides various advantages. These include: 

 High refractive index gives Mie resonance.29 

 High chemical and mechanical stability along with good biocompatibility.30 

 Facile surface functionalization.31 

 Tunable pore size.32 

 Providing an insulating surface layer and preventing light from scattering much.33 
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Figure 6: Schematic showing gold nanocomposite which has gold nanorods inside mesoporous 

silica with CsPbBr3 encapsulated inside the pores of it. 

 

1.9 Instrumentation 

1.9.1   UV-Vis Spectroscopy  

UV-Vis Spectra of the aqueous Au nanorod as well as of Au@SiO2 and Au@SiO2@CsPbBr3 

film were measured with the help of Cary 5000 UV-Vis NIR (Agilent Technologies) 

spectrophotometer at the scan rate of 1 nm/s. Cuvette made up of Quartz with path length 1 cm at 

room temperature was put into use for recording the spectra. Baseline correction with the 

corresponding solvent was done every time to eliminate the effect of solvent in the spectrum. In 

the case of glass slides, a clean glass slide was used as a baseline. 

1.9.2 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) studies were performed with the help of JEOL model 

JEM-F200, which is equipped with an Energy Dispersive X-ray Scattering facility (EDS). The 

sample preparation of TEM was done by drying a drop of suspension of particles in the 

corresponding solvent on a piece of carbon-coated Cu grid inside a hot air oven for some time 

and then keeping under vacuum conditions. 
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 1.9.3 Field Emission Scanning Electron Microscopy (FESEM) 

Field Emission Scanning Electron Microscopy (FESEM) was done using JEOL-7600F. The 

samples for FESEM were prepared using small pieces (8mm × 8mm) of Silicon wafers and drop-

casting the solution prepared in the corresponding solvent evenly on the surface of the wafer. It 

was then dried by keeping it under vacuum. 

1.9.4 Photoluminescence (PL) Spectroscopy  

Photoluminescence Spectroscopy was done using HORIBA Fluoromax-4 with slit widths of 1 

nm × 1 nm and a scan integration time of 1 s at an excitation wavelength λexc = 375 nm. The 

liquid samples were dispersed in the corresponding solvents, and in the case of glass slides, they 

were properly placed at an angle in the 10mm Quartz cuvette to obtain the PL spectra. 

1.9.5 Time-Correlated Single Photon Counting (TCSPC) 

Time-Correlated Single Photon Counting (TCSPC) was done with the help of Horiba Fluorohub-

B using an excitation wavelength of 375 nm equipped with a picosecond diode laser at a 

repetition rate of 1 Mhz. The liquid samples were dispersed in the corresponding solvents, and in 

the case of glass slides, they were properly placed at an angle in the 10mm Quartz cuvette to 

obtain the TCSPC data. Neutral –Density Filter (ND Filter) was put into use when the alpha 

value (α) was going more than 2%. 

1.9.6 Thermo Gravimetric Analysis (TGA) 

TGA analysis was performed with the help of DTG-60H from Shimadzu, keeping the heating 

rate of 5 ⁰C per min up to 400 ⁰C. 
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CHAPTER  2  

Synthesis and Characterization of Au       

nanocomposite (Au@SiO2@CsPbBr3) 

 

2.1 Experimental Section 

2.1.1 Chemicals Required 

Hexadecyltrimethylammonium bromide (CTAB, C19H42BrN, ≥99.9%, Sigma-Aldrich), L-

Ascorbic Acid (C6H8O6, ≥99.7%, Sisco Research Laboratories), Silver Nitrate (AgNO3, >99%, 

Sisco Research Laboratories), Sodium Borohydride (NaBH4, ≥96%, Sigma-Aldrich), Gold(lll) 

chloride trihydrate (HAuCl4.3H2O, ≥49.0%, Sigma-Aldrich), Sodium Hydroxide pellets (NaOH, 

98%, Sisco Research Laboratories), Methanol (CH3OH, Avantor Performance Materials India 

Limited), Lead (II) Bromide (PbBr2, 98%, Sigma Aldrich), Cesium Bromide (CsBr, 99.9%, Alfa 

Aeser), Ethanol (CH3CH2OH, Sigma Aldrich), N, N-Dimethylformamide (C3H7NO,99.8%, 

Sigma Aldrich), Hexane fraction from Petroleum (Merck Life Science Private Limited) and 

Milli-Q. 

2.1.2 Synthesis of Au nanorods 

182.2 mg of CTAB is added to 4.5  ml of Milli-Q and is mixed with 208 μl of 24 mM 

HAuCl4.3H2O. Subsequently, 100 μl of 100 mM Ascorbic acid is added, and the solution turns 

from dark yellow to colorless. Following this, 7.5 μl of 100 mM AgNO3 and 50 μl of NaBH4 is 

added with a minimal time interval. The prepared GNR (Gold Nanorod) solution is kept aside for 

few minutes until it turns purplish-black.  
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 Figure 7: Digital picture showing the blackish-violet coloured solution of GNR in daylight. 

 

2.1.3 Synthesis of Silica Shell over Au nanorods 

The GNR solution is centrifuged for 30 min at 14000 rpm to remove excess CTAB and other 

impurities present. For this, the solution needs to be centrifuged to remove excess impurities as 

Ag+ from AgNO3 can bind with Br- from CTAB and form a precipitate that needs to be 

removed.10 ml of Milli-Q is added to the pellet obtained, and UV-Visible spectrum is taken to 

know the exact absorbance, and Beer Lambert's Law ( A= ϵcl) is applied to obtain concentration 

(c) where path length is 1 cm.  Usually, the concentration obtained ranges from 0.40 to 0.65 nM. 

20 mM solution of CTAB is prepared, and 1ml of it is loaded into the solution. The solution is 

aged overnight. The solution is then kept at continuous stirring by adding 15 μl of 0.1 M of 

NaOH. After 30 min, 20 μl of 50% TEOS in methanol is added. This addition is repeated twice 

after every 1 hr. The solution is then removed from stirring and kept for ageing for 24 hr. It is 

then washed with methanol for 30 min at 14000 rpm for 30 min to obtain a pellet.36,37 

2.1.4 Variation in the thickness of the shell  

Shell thickness can be varied by altering the concentration of TEOS, ageing time and stirring 

time.38,39 Out of these three, varying the concentration of TEOS is the best method to increase the 

width of the shell. In the protocol described above, instead of using the 50% concentration of 
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TEOS every time, make three sets one by using 40%,50% and 60%, respectively. By varying the 

stirring time, it was observed that the shell was spilling and was losing its spherical morphology. 

 

. 

 

 

 

 

 

 

Figure 8: Solutions with varying TEOS concentration during the synthesis of silica shell on top 

of GNR. 

                         

2.1.5 Impregnation of CsPbBr3 on Au@SiO2 

The pellet is dissolved in a minimal amount of methanol and is drop-casted on a clean glass slide 

(Washed with a soap-water solution and then given a quick boil in isopropanol). Then, 0.025 M 

PbBr2 in N, N-Dimethylformamide is drop-casted and dried at 60 ˚C for 5 min. After that, 0.1 M 

CsBr in ethanol-water (9:1) is drop-casted and dried at a temperature around 60˚C for the 

duration of 2 min, and excess is wiped by Kim wipes. The slide is then kept under continuous 

vacuum for 1-2 hr. When it is completely dried, the powder is extracted and dissolved in hexane. 

2.2 Results and Discussion 

Synthesis of Au nanocomposite is a three-step process.24 First step involves the formation of Au 

nanorods. Gold nanorods are prepared with the help of CTAB, HAuCl4, Ascorbic acid, NaBH4 

and AgNO3. Here, CTAB is the shape-directing surfactant; Ascorbic acid and NaBH4 are the two 

reducing agents; HAuCl4 is the gold source, and AgNO3 is used to regulate the aspect ratio or 

growth of the nanorods. Two reducing agents of different reductive capabilities are required to  



14 
 

 

provide a time lag for the growth of nanorod, so is the reason that first, we need to add ascorbic 

acid, which is a weak reducing agent and then we need to add NaBH4, which is a strong reducing 

agent to reduce Au+3 to Au0.34 This single pot methodology makes the procedure quite adaptable 

for replicating. The second step is to shell gold nanorods with the help of Silica. This acts as a 

dielectric media or spacer that provides an appropriate distance between the plasmonic 

nanoparticle and the fluorophore.35 The third step is to insert CsPbBr3 in a silica matrix. This is 

done by making ionic solutions as ionic solutions penetrate better inside the matrix in 

comparison to hot injection synthesized CsPbBr3. 

 

 

                GNR                                          

 

Figure 9: Schematic showing the three steps (formation of GNR, shelling with silica, insertion 

of CsPbBr3 inside) to be followed in the given order for  preparation of gold nanocomposite. 

 

Various type of characterization techniques are required in order to confirm the formation of the 

proposed nanocomposites and also their analysis. We made use of UV-Visible Spectroscopy, 

Fluorescence Spectroscopy, Transmission Electron Microscopy (TEM), Scanning Electron 

Microscopy (SEM) and Time –correlated Single Photon Counting (TCSPC). 

The formation of GNR is confirmed using UV-Visible spectroscopy as well as TEM images. It is 

evident from TEM images that there is the formation of a significant number of nanorods. UV-

Visible spectrum depicts the two characteristic peaks of GNR where one is the transverse peak 

and another is the longitudinal peak. The transverse peak in this case is observed at 527 nm and 

the longitudinal peak is observed at 715 nm. 

 

     GNR@SiO
2
@CsPbBr

3
 GNR@SiO

2
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                 Figure 10: (a,b) TEM images showing the formation of monodisperse GNR. 
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Figure 11: UV-Visible spectrum of GNR with its characteristic transverse and longitudnal 

plasmonic frequencies. 
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TEM images also confirm that each Au nanorod or GNR has been properly shelled with Silica 

spheres. The shell thickness is 6.26 nm which is pretty much in the range of appropriate distance 

(5-20 nm) for separation of Plasmonic metal and fluorophore. UV-Visible spectrum of 

GNR@SiO2 (Au@SiO2) shows a significant red shift in both the plasmonic frequencies, thus 

confirming the formation of a shell over Au nanorods.  

 

 

                                        Figure 12: (a, b, c, d, e, f, g) TEM images of GNR@SiO2. 

 

The UV-Visible spectrum of Gold Nanorods (GNR) and Au@SiO2, when plotted simultaneously, 

clearly shows a red shift when Au nanorods are shelled with Silica, thus also confirming its 

formation. The shift in the peaks could be due to varying refractive index of water and silica 

(GNR solution is prepared in Milli-Q). 
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Figure 13: UV-Visible Plot of GNR and GNR@SiO2 showing red shift after formation of silica 

shell on GNR. 

The TEM-EDX analysis (Energy Dispersive X-ray Spectra using Transmission Electron 

Spectroscopy) gives an insight into the chemical composition of Au@SiO2. Peaks corresponding 

to each constituent element is shown in the plot. The peak corresponding to non-constituent 

element C has been eliminated as it arises because of using the Carbon grid.  The table below the 

graph gives information about the atomic  % ratios present in Au@SiO2@CsPbBr3 obtained 

from TEM-EDX analysis. 
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Figure 14: TEM-EDX analysis showing peaks of elements present in GNR@SiO2. 
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        Table 1: Atomic % ratio and mass % ratio of GNR@SiO2. 

 

Tomography by  High Angle Annular Dark Field (HAADF) mode in TEM instrument provides a 

three-dimensional view of the internal structure of the Au@SiO2  sample. It shows how Au 

nanorods are completely surfaced by the mesoporous silica shell. 

 

 

 

 

 

 

 

 

 

 

                  Figure 15: Tomography by HAADF mode in TEM of Au@SiO2 sample. 
 

Element At. No. Mass [%] Atom [%] 

Silicon 14 16.45 27.37 

Oxygen 8 19.69 57.49 

Gold 79 63.85 15.14 

  100.00 100.00 
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The shell thickness can also be varied by changing the concentration of TEOS. Thus, as per the 

requirements, I played with the thickness of the silica shell by varying the concentration from 

40% to 60 %. 

 

 

                  Figure 16: (a, b, c) Varying thickness of silica on GNR dispersed in methanol. 
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Figure 17: Plot of TEOS concentration vs Shell thickness. 
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There was also an impact of ageing time on the thickness of the shell. After the addition of 

TEOS, one solution was kept for ageing for 8 hr, and the other was kept for 96hr. There was a 

significant increment in the thickness of the silica shell after increasing the ageing time. 

         Figure 18: (a, b) Varying silica shell thickness on GNR due to different stirring time. 

 

The image of the glass slide of Au@SiO2@CsPbBr3 taken under the excitation of 365nm 

confirms that CsPbBr3 has gone into the mesoporous sphere of Silica and hence is showing 

luminescence. The PL plot of Au@SiO2@CsPbBr3 shows a peak at 510nm, which is the 

characteristic emission peak of CsPbBr3. It also depicts the increment in the intensity of Au 

nanocomposite due to the presence of Au, a plasmonic material. 
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Figure 19: (a) PL spectra of CsPbBr3 in comparison to Au@SiO2@CsPbBr3 (b) 

Au@SiO2@CsPbBr3 under UV light (λexc 365nm). 

The lifetime analysis of Au@SiO2@CsPbBr3 was done with the help of Time Correlated Single 

Photon Counting.  

 

 

 

 

 

 

 

 

 

                                  Figure 20: TCSPC Plot of Au@SiO2@CsPbBr3. 
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               Table 2: Amplitude and corresponding lifetime of Au@SiO2@CsPbBr3. 

 

Elemental color mapping with the help of Scanning Electron Microscopy also helped in 

confirming the elements present (mainly Au, Si, Cs, Pb and Br) in the nanocomposite and also 

depicts the variation of it over the surface.  

(a) 

 

 

 

 

 

 

 

 

                          

 

Figure 21: (a) Electronic structure of  Au@SiO2@CsPbBr3. (b-f) Elemental color mapping of 

elements of Au@SiO2@CsPbBr3 by FESEM. 

Sample 

 

A1 

 

A2 

 

A3 

 

T1(ns) 

 

T2(ns) 

 

T3(ns) 

 

Tavg(ns) 

 

χ2 

 

Au@SiO2@CsPbBr3 

 

0.34 0.10 0.56 3.80 21.0 0.42 3.59 1.67 

(a) (b) (c) 

(d) (e) (f) 

TRI-EXPONENTIAL FIT 

(g) 
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Thermogravimetric Analysis of CsPbBr
3
 in comparison with Au@SiO

2
@CsPbBr

3
 shows that 

gold nanocomposite is more thermally stable than CsPbBr
3 

by 26⁰C, thus making it better to use 

in applications and solving the problem of thermal instability in CsPbBr
3. 

 

                Figure 22: (a) TGA plot of CsPbBr3 (b) TGA plot of Au@SiO2@CsPbBr3. 
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CHAPTER 3 

Synthesis and Characterization of Si 

nanocomposite (SiO2@CsPbBr3) 

3.1 Experimental Section 

3.1.1 Chemicals Required 

 Tetraethylorthosilicate (TEOS, C8H20O4Si, >99%, Sigma-Aldrich), Sodium Hydroxide pellets 

(NaOH, 98%, Sisco Research Laboratories), Ammonium Hydroxide ( NH4OH), Lead (II) 

Bromide (PbBr2, 98%, Sigma Aldrich), Cesium Bromide (CsBr, 99.9%, Alfa Aeser), N, N-

Dimethylformamide(C3H7NO,99.8%, Sigma Aldrich), Ethanol( CH3CH2OH, Sigma Aldrich), 

Acetone(CH₃COCH₃, Sigma Aldrich), Ployvinylpyrrolidone(PVP, Sigma Aldrich), Ethylene 

glycol(C2H6O2, 99.8%, Sigma Aldrich), Distilled Water, Hexane fraction from Petroleum 

(Merck Life Science Private Limited. 

3.1.2 Synthesis of Monodisperse SiO2 spheres (Radius less than 20nm) 

In the 5 ml solution concentration of TEOS, distilled Water, NH4OH, ethanol used are 0.17 M,   

3 M, 0.11 M, and 5 M, respectively. Firstly, Ethanol, Distilled Water, and NH4OH are added are 

stirred for 10 min. Following this, TEOS is added, and the solution is kept for ageing overnight. 

The solution was then centrifuged for 20 min at 13000 rpm to obtain a milkish-white precipitate. 

The precipitate is then dried at 60 ˚C.40,41 

3.1.3 Impregnation of CsPbBr3 on Monodisperse SiO2 Spheres 

The pellet is dissolved in a minimal amount of ethanol and is drop-casted on a clean glass slide 

(Washed with a soap-water solution and then given a quick boil in isopropanol). Then, 0.025 M 

PbBr2 in N, N-Dimethylformamide is drop-casted and dried at 60 ˚C for 5 min. After that, 0.1 M 
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CsBr in ethanol-water (9:1) is drop-casted and dried at 60 ˚C for 2 min, and excess is wiped by 

Kimwipes. The slide is then kept under continuous vacuum for 1-2hr. 

3.2 Results and Discussion 

In order to grasp a good idea of the effect of plasmonic material, I thought of preparing a Silica 

nanocomposite and observe what impact does the absence of Au metal nanoparticle creates. For 

this, I had a vision of preparing a silica matrix with CsPbBr3 inserted in it and compare both in 

terms of their decay rates and quantum yields. For this, monodisperse silica spheres of around  

20 nm size are prepared using the popularly known "Stӧber process". In this process, TEOS, 

NH4OH, water and HCl are required. Here, hydrolysis of alkyl silicates and condensation of 

silicic acid takes place in alcoholic solutions using ammonia as a catalyst. On top of SiO2 

spheres, CsPbBr3 is inserted like in the previous case with the intention that each silica sphere 

has CsPbBr3 inside it. UV-Vis spectra of monodisperse Silica spheres confirmed their formation. 

 

 

 

 

 

 

 

 

 

                  Figure 23: UV-Visible spectrum of monodisperse silica spheres. 

 

Transmission Electron Microscopy images show the formation of monodisperse silica spheres of 

diameter less than 20 nm. The size mainly varied from 12-15 nm, which is appropriate for the 

comparison purpose with other nanocomposites.  
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Figure 24: (a) TEM image of monodisperse silica spheres (b) TEM image depicting the diameter 

of monodisperse silica spheres (approximately 13 nm). 

 

The TEM-EDX analysis (Energy Dispersive X-ray Spectra using Transmission Electron 

Spectroscopy) gives an insight into the chemical composition of SiO2 spheres. Peaks 

corresponding to each constituent element is shown in the plot. The peak corresponding to non-

constituent element C has been eliminated as it arises because of using the Carbon grid.  The 

table below the graph gives information about the atomic % ratios present in SiO2 spheres 

obtained from TEM-EDX analysis. 
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               Figure 25: TEM-EDX analysis showing peaks of elements present in silica spheres. 

               

 

 

 

 

 

 

                              Table 3: Atomic % ratio and mass % ratio of silica spheres. 

 

 

 

 

 

Element At. No. Mass [%] Atom [%] 

Silicon 14 19.25 11.96 

Oxygen 8 80.75 88.04 

  100.00 100.00 
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Photoluminescence spectra of Silica spheres impregnated with CsPbBr3 (SiO2@CsPbBr3) show 

the characteristic peak of CsPbBr3 around 510 nm (here at 511 nm), confirming the presence of 

CsPbBr3 in the nanospheres and the reason for luminescence in the nanocomposite formed.  

When viewed under the excitation wavelength of 365 nm, a glass slide of SiO2@CsPbBr3 

exhibits luminescence due to the presence of CsPbBr3. 

 

 

 Figure 26: (a) PL spectra of SiO2@CsPbBr3 (b) SiO2@CsPbBr3 under UV light (λexc 365nm). 

 

Elemental color mapping corresponding to each element is shown. It also confirms the presence 

of CsPbBr3 in the nanocomposite. 
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Figure 27: (a) Electronic structure of SiO2@CsPbBr3. (b-g) Elemental color mapping of elements 

of Au@SiO2@CsPbBr3 by FESEM. 

Time-Correlated Single Photon Counting (TCSPC) gives the decay of SiO
2
@CsPbBr

3 
as 

0.011ns. 

 

  

 

 

 

 

 

 

 

                                         Figure 28: TCSPC of SiO2@CsPbBr3. 
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                        Table 4: Amplitude and corresponding lifetime of SiO2@CsPbBr3. 

 

 

 

 

 

 

 

 

 

 

Sample 

 

A1 

 

A2 

 

A3 

 

T1(ns) 

 

T2(ns) 

 

T3(ns) 

 

Tavg(ns) 

 

χ2 

 

SiO2@CsPbBr3 

 

0.01 0.00 0.99 2.69 0.24 0.004 0.011 0.30 

        TRI-EXPONENTIAL FIT  
TRI-EXPONENTIAL FIT 
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CHAPTER- 4 

Synthesis and Characterization of Pd 

nanocomposite (Pd@SiO2@CsPbBr3) 

4.1 Experimental Section 

4.1.1 Chemicals Required 

Potassium Bromide (KBr, 99%,Sigma Aldrich), Lead (II) Bromide (PbBr2, 98%, Sigma 

Aldrich),Cesium Bromide (CsBr, 99.9%, Alfa Aeser), N,N-Dimethylformamide(C3H7NO,99.8%, 

Sigma Aldrich), Ethanol(CH3CH2OH, Sigma Aldrich), Acetone(CH₃COCH₃, Sigma Aldrich), 

Ployvinylpyrrolidone(PVP, Sigma Aldrich), Ethylene glycol(C2H6O2, 99.8%, Sigma 

Aldrich),Hexane fraction from Petroleum (Merck Life Science Private Limited), and Palladium 

chloride (PdCl2, 60%, LobaChemie). 

 

4.1.2 Synthesis of Pd Nanorods 

5 ml of Ethylene Glycol is put in 100 ml three-neck RB with a reflux condenser and Teflon-

coated magnetic bead and heated at 100˚C. Two solutions are prepared simultaneously, one 

containing 46.6 mg of PdCl4 
2- and 60 mg of KBr dissolved in 3ml of water and the other 

containing 91.6 mg of PVP in 3ml of water. These solutions are injected simultaneously using 

two syringes in 2 min (drop by drop). The reaction mixture is heated at 100˚C for 1 hr. The 

product is then centrifuged and washed with acetone to form a precipitate and then with ethanol 

to remove excess Ethylene Glycol and PVP at 12000 rpm for 20 min.42 
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                     Figure 29: Experimental setup for the synthesis of Pd nanorods. 

               

4.1.3 Synthesis of Silica Shell over Pd Nanorods 

Silica shell is formed in the same way as described above.20 mM solution of CTAB is prepared, 

and 1ml of it is loaded to the solution. The solution is aged overnight. The solution is then kept at 

continuous stirring by adding 15 μl of 0.1 M of NaOH. After 30 min, 20 μl of 50 % TEOS in 

methanol is added. This addition is repeated twice after every 1 hr. The solution is then removed 

from stirring and kept for ageing for 24 hr. It is then washed with methanol for 30 min at 14000 

rpm for 30 min to obtain a pellet. 
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4.1.4 Impregnation of CsPbBr3 on Pd@SiO2 

Impregnation is also done in the same way as described above. The pellet is dissolved in a 

minimal amount of methanol and is drop-casted on a clean glass slide (Washed with a soap-

water solution and then boiled in isopropanol). Then, 0.025 M PbBr2 in N, N-

Dimethylformamide is drop-casted and dried at 60 ˚C for 5 min. After that, 0.1M CsBr in 

ethanol-water (9:1) is drop-casted and dried at 60 ˚C for 2 min, and excess is wiped by Kim 

wipes. The slide is then kept under continuous vacuum for 1-2 hr. When it is completely dried, 

the powder is extracted and dissolved in hexane. 

4.2 Results and Discussion 

In order to check the impact of non-plasmonic material in comparison to a plasmonic material, 

we aimed to prepare a Pd nanocomposite which has Pd nanorods shelled with Silica and CsPbBr3 

inside the silica matrix. It is important to note that Pd metal nanoparticles are non-plasmonic 

only in visible range; however they do show plasmonic effects in UV and IR regions. Pd 

nanorods synthesis is done by using the famous polyol method. The bromide ion used in the 

synthesis procedure chemisorbs onto the surface of Pd seeds making changes in its facets.; PVP 

helps in the growth along with the nucleation process, and Ethylene Glycol helps in the reduction 

process.  

Transmission Electron Microscopy (TEM) was used to confirm the formation of Pd nanorods. 

The Pd nanorods' aspect ratio ranges from 2 to 8. Pd nanorods UV-Visible spectrum indicate that 

there is no plasmonic frequency in the visible range, which is helpful for this analysis. At shorter 

wavelengths, however, it is plasmonic. 
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                            Figure 30: UV-Visible spectrum of Pd nanorods. 

 

Pd nanorods are shelled with silica, and the formation of Pd@SiO2 is also confirmed with the 

help of TEM. With a 24 hr ageing period, the shell thickness is about 10 nm. 

              Figure 31: (a) TEM image of Pd Nanorods (b,c) TEM image of Pd@SiO2. 

 

Pd nanorod encapsulated inside mesoporous silica, has CsPbBr3 in its pores. This is confirmed 

with the characteristic peak of CsPbBr3 at 506 nm in the Photoluminiscence spectra. Glass slide 

of Pd@SiO2@CsPbBr3 shows luminiscence when seen under UV light ( λexc 365 nm). 
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Figure 32: (a) PL spectra of Pd@SiO2@CsPbBr3 (b) Pd@SiO2@CsPbBr3 under UV light 

                      (λexc  365 nm).  

 

 

 

 

 

 

 

 

Figure 33 : (a) Electronic structure of SiO2@CsPbBr3. (b-g) Elemental color mapping of 

elements of Au@SiO2@CsPbBr3 by FESEM. 
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                                      Figure 33: TCSPC of Pd@SiO2@CsPbBr3. 
 

 

                     Table 5: Amplitude and corresponding lifetime of Pd@SiO2@CsPbBr3. 
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χ2 

 

Pd@SiO2@CsPbBr3 

 

0.01 0.00 0.99 38.9 235 0.802 0.079 1.56 
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CHAPTER- 5  

Comparison between nanocomposites and 

Application in LEDs  

5.1 Lifetime Analysis  

There is no periodic pattern in the lifetime decay of CsPbBr3, Au@SiO2@CsPbBr3, 

SiO2@CsPbBr3 and Pd@SiO2@CsPbBr3. However, all the nanocomposites have decreased 

lifetime in comparison to CsPbBr3. It was predicted that the lifetime would decline, increasing 

the quantum yield as the radiative decay increased. The influence of metal on radiative decay and 

nonradiative decay However, the decay times of SiO2@CsPbBr3 and Pd@SiO2@CsPbBr3 are 

0.011 ns and 0.079 ns, respectively, which is suspicious. A considerable amount of decrement in  

lifetime of Au@SiO2@CsPbBr3 (3.59 ns) in comparison to CsPbBr3 (6.57 ns) is potential for 

application in LEDs as decrement in lifetime means faster radiative decay which in turn leads to 

higher quantum yield.  

 

 

 

 

 

 

 

 

  

          Figure 34: TCSPC of the three nanocomposites in comparison with CsPbBr3. 
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                              TRI-EXPONENTIAL FIT 

 

       Table 6: Amplitude and corresponding lifetime of CsPbBr3 with the three nanocomposites. 

 

5.2 Application in LEDs 

5.2.1 Motivation 

Mesoporous Silica acts as a protective layer for CsPbBr3, as CsPbBr3 is readily exposed to 

oxygen and moisture on its own. CsPbBr3 mixed with CsPb(Br0.4 I0.6)3 in silica resin has been 

found useful for LEDs.43 Anion exchange method has been always followed to tune wavelengths, 

However, for LED packaging it should be avoided. Gold nanoparticles alone with emissive layer 

outside were also found useful in LEDs. 44 Thus, taking inspiration from both the works, In our 

case mesoporous Silica will prevent anion exchange acting as a protective shell, and Au 

nanorods will satisfy the need of characteristic wavelength required. We can also use polymer 

PEDOT:PSS as hole injection layer and polumer TFB as a hole transport layer or any other 

combination of electron and hole transport layer to use it in applications. 

 

Sample 

 

A1 

 

A2 

 

A3 

 

T1(ns) 

 

T2(ns) 

 

T3(ns) 

 

Tavg(ns) 

 

χ2 

 

CsPbBr3 0.37 0.08 0.55 8.15 32.51 1.70 6.57 1.23 

Au@SiO2@CsPbBr3 

 

0.34 0.10 0.56 3.80 21.0 0.42 3.59 1.67 

SiO2@CsPbBr3 

 

0.01 0.00 0.99 2.69 0.24 0.004 0.011 0.30 

Pd@SiO2@CsPbBr3 

 

0.01 0.00 0.99 38.9 235 0.802 0.079 1.56 

 
TRI-EXPONENTIAL FIT 
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5.2.2 Problem 

The nanocomposite Au@SiO2@ CsPbBr3 as well as both the other nanocomposites were 

prepared on a glass slide. The nanocomposites were not fully soluble when I tried to extract the 

powder and disperse it in the appropriate solvents. The powder would  settle instantaneously and 

it was difficult to record spectra. 

5.2.3 Solvents Used 

The list of solvents used are as follows-  

 Hexane 

 Toulene 

 Tetrahydrofuran 

 Dichloromethane 

 Diethylether 

 Isopropanol 

 Acetone 

 Dimethylformamide, 

 Acetonitrile  

 Varying proportions of Diethylchloromethane and Diethylether  

 Varying proportions of Tetrahydrofuran and Diethylether.  

Out of these, Acetone was the one that dispersed it the best and also exhibited 

luminescence.  

We attempted to spin coat a layer of Au@ SiO2@ CsPbBr3 on top of TiO2 as it is an 

electron transport layer to see if the coating could be uniform and pave its way to LED 

applications. 

5.2.4 Procedure  

 The TiO2 layer was created by adding 0.6 -0.8 mL of titanium(IV) isopropoxide in 6-6.5 mL of 

ethanol while stirring. It was then followed by subsequent addition of 0.125 mL of HCl (37 

weight percent, ACS grade, Merck). The reaction mixture was stirred continuously for an 

additional hour, and the resulting sol was used to create the TiO2 film on the silicon wafer 

(Cleaned with 10% Hydrofluoric acid solution) with the help of a spin-coating machine at 3000 
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rotations per minute. The rutile form of TiO2 film was ready for use in the following step after 

drying at 60 °C in a hot air oven and then calcination at 450 °C, preferably in a muffle furnace. 

Au@SiO2@ CsPbBr3 was then dispersed in acetone and spin-coated on the same wafer at 2500 

rotations per minute. The SEM wafer was then kept under continuous vacuum for 1 hr.45 

  

 

 

 

 

 

 

 

 

 

Figure 35: (a) FESEM image of TiO2 layer (b) FESEM image of Au@ SiO2@ CsPbBr3 
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Conclusion 

Au@SiO2@CsPbBr3, SiO2@CsPbBr3 and Pd@SiO2@CsPbBr3 nanocomposites have been 

successfully synthesized and characterized.  In the lifetimes of CsPbBr3, Au@SiO2@CsPbBr3, 

SiO2@CsPbBr3, and Pd@SiO2@CsPbBr3, there is no evidence of an expected periodic trend. 

Decay times of SiO2@CsPbBr3 and Pd@SiO2@CsPbBr3 are 0.011ns and 0.079ns, respectively, 

which are suspicious and require more study. A considerable amount of decrement in lifetime of 

Au@SiO2@CsPbBr3 (3.59ns) in comparison to CsPbBr3 (6.57ns) is potential for application in 

LEDs. The thermal stability and higher photoluminescence intensity of Au@SiO2@CsPbBr3 are 

higher in comparison to CsPbBr3, thus adding to its merit for LEDs. Thus, the gold 

nanocomposite is of utmost importance for exploring applications in LEDs. Non-Plasmonic 

material didn't show much difference when added, signifying the importance of plasmonic 

materials over them. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



42 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 
 

Future Outlook 

The work presented in this thesis emphasizes the importance of plasmonic material mainly Au in 

the vicinity of CsPbBr3 as the fluorophore. The study is useful as it enlists the synthesizes and 

comparison by various characterization techniques of similar kind nanocomposites. The useful 

increment in quantum yield and thermal stability of Au nanocomposite is helpful for application 

in LEDs. We would like to do the electroluminescence study of Au nanocomposite to confirm its 

application in LEDs.   
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