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Abstract 

Solid state luminescent materials have garnered considerable attention for the past several 

years due to their significant role in various fields like optoelectronic devices, sensors, data 

storage and light emitting applications. The thesis entitled “Rare-Earth Ions/Elemental 

Nanoparticles Based Silica Composites for Solid State Lighting Applications” describes 

synthesis and optical investigations on different rare earth (RE) ions/elemental nanoparticles 

(EN) doped silica composites for solid lighting applications. Discrete sharp green-red 

luminescence of RE ions (Tb3+, Eu3+) are combined with blue emission of carbon quantum 

dots (CQDs) to achieve WLE materials with warm to cool tunable correlated color 

temperatures (CCTs). Obtained composites show a continuous tuning from warm to cool 

white emission with adjustable CCTs (3508 to 6114 K) under excitation wavelength of 393 

nm. Additionally, eco-friendly, biomass derived single component carbon nanoparticles with 

dual emission bands are synthesized to develop tunable WLE materials. Upon change in the 

excitation wavelengths from 410 nm to 370 nm, white light emissions are obtained with 

tunable CCT values from 2648 K to 8980 K respectively. On the other hand, Se- Tb
3+ 

doped 

silica and CQDs-Tb3+ doped silica is investigated for its potential in achieving solid state 

lighting systems. Apart from this, phase dependent optical behaviour for Se-Tb3+ doped silica 

is systematically analyzed for its applications as optical amplifier and optical attenuator. For 

CQDs- Tb3+ doped silica, colour tuning is achieved with a transition from blue (0.1952, 

0.2328) to near white (0.2201, 0.3106). Furthermore, nanocarbon doped silica are studied for 

their tunable structural and optical properties. In accordance with the increase of carbon 

content in silica, a graphitic to non- graphitic crystalline transitions with a concentration 

mediated spectral broadening is obtained. Non-graphitic carbon nanoparticles with wide 

emissions yielded cool white CCTs (˃  6000 K) and good CRI value (~80) with favorable CIE 

coordinates. 

Key words: Rare earth (RE) ions, Elemental nanoparticles (EN), Solid state lighting, 

White light emission, Muticolor emission 

 



 
 

 

  



 
 

 

സംഗ്രഹം 
സ ോളിഡ് ഫ്ലുറെറ ന്െ് റെറ്റീരിയൽ ്, കഴിഞ്ഞ കുെച്ച് 

വർഷങ്ങളോയി ശോ ്്രസ ോകത്തിന്റെ ്ശദ്ധയോകർഷിച്ചു 

വരികയോണ്. റ ൻ െുകൾ, ഒപസ്റ്റോ ഇ ക്സ്രോണിക് ഉപകരണങ്ങൾ, 

എൽഇഡികൾ എന്നിങ്ങറന വിവിധങ്ങളോയ സെഖ കളിൽ ഇരിനു 

അപ്പ്ളിസേഷനുകൾ ഉണ്ട്.  

ഈ ്പബന്ധം ഇത്തരത്തി ുള്ള സ ോളിഡ് ഫ്ലുറെറ ന്െ് 

വസ്തുേറള ആധോരെോേിയിട്ടുള്ളരോണ്. ദൃശയ ്പകോശ പരിധിയിൽ 

വരുന്ന രീ്വെോയ ഫ്ലൂെറ ൻ ്, സറോേ് ആന്െി-സറോേ് ഷിഫ്റ്റ്റുകൾ, 

സഫ്റോസട്ടോ ററബി ിറ്റി, ദീർഘെോയ ഫ്ലൂെറ ൻ ് ഡീറക രുരങ്ങിയ 

 വര ിദ്ധെോയ  വിസശഷരകളോൽ റെയർ എർത്ത് അസയോണുകൾ 

 മ്പന്നെോണ്. അരിനോൽരറന്ന ഇവറയ ഉപസയോഗറപ്പരുത്തി ധോരോളം 

ല റ്റിംഗ് അപ്പ്ളിസേഷനുകൾ ശോ ്്രം വിക ിപ്പിറച്ചരുത്തിട്ടുണ്ട്.  

നോസനോര ത്തി ുള്ള കവോണ്ടം സഡോട്ടുകൾ റെയർ എർത്ത് 

അസയോണുകസളോറരോപ്പം  ംസയോജിപ്പിേുന്നരി ൂറര െികസവെിയ 

ല റ്റിംഗ് പ്ലോറ്റ്സഫ്റോെുകൾ രൂപകൽപന റെയ്റരരുേോവുന്നരോണ്. 

കവോണ്ടം സഡോട്ടുകളുറര വിസ്തൃ രെോയ എക്ല സറ്റഷൻ ബോൻഡുകൾ 

അരിനുരകുന്നരോണ്. റെയർ എർത്ത് അസയോണുകളും െൂ കങ്ങളുറര 

നോസനോകോണികകളും അധിഷ്ഠ ിരെോേി നിർെിച്ചിട്ടുള്ള 

സകോസമ്പോ ിറ്റുകൾ െൾട്ടി കളർ അപ്പ്ളിസേഷനുകൾേും ധവള 

്പകോസശോല്പോദനത്തിനും അനുസയോജയെോണ്. ഉല്പോദന ്പ്കിയയിൽ 

െോറ്റം വരുത്തുന്നരി ൂറര  ംയുക്തങ്ങളുറര ഘരനയും  വഭോവ 

 വിസശഷരകളും രയൂൺ റെയ്റരരുേോനും    ോധിേുന്നുണ്ട്. 

ലൈസ്ഡോറരർെൽ ്പ്കിയയി ൂറര ഉല്പോദിപ്പിറച്ചരുത്തിട്ടുള്ള 

കോർബൺ കവോണ്ടം സഡോട്ടുകറള റെയർ എർത്ത് (റരർബിയം, 

യൂസെോപിയം) അസയോണുകളുെോയി സ ോൾ റജൽ ്പ്കിയയി ൂറര 



 
 

 ംസയോജിപ്പിറച്ചരുത്തിട്ടുണ്ട്. ്പസ്തു ര  ി ിേ സകോസമ്പോ ിറ്റുകളുറര 

്പസരയകരയോയ രയൂൺ റെയ്റരരുേോനോവുന്ന ധവള്പകോശം 

സ ോളിഡ് ല റ്റിംഗ് അപ്പ് ിസേഷനുകളിസ േു വഴി റരളിേുന്നു. 

ലജവ സ് ോരസ്സുകളിൽ നിന്നും  ളിരെോയ, സനരിട്ടുള്ള രോപ 

വിഘരന ്പ്കിയയി ൂറര ഡയുവൽ എെിസ്സീവ് കോർബൺ 

നോസനോകണികകറള    നിർെിറച്ചരുേോനും  ോധിച്ചു. അരിനുപുെറെ, 

റ  ീനിയത്തിന്റെയും കോര്ബണിന്റെയും നോസനോ ഘരനകൾ 

ഉെിരെോയ അനീ ിങ്ങി ൂറര പരിവർത്തനങ്ങൾ 

സനരിറയരുേുന്നരോയും കോണോം. റ  ീനിയത്തിന്റെ കയൂബിേിൽ 

നിന്നും അസെോർഫ്റ ിസ േുള്ള ഘരനോെോറ്റം റ  ീനിയം-റരർബിയം 

 ി ിേ സകോസമ്പോ ിറ്റുകളുറര ഒപ്റ്റിേൽ  വഭോവറത്ത ഗണയെോയ 

സരോരിൽ രറന്ന  വോധീനിേുന്നു. റ  ീനിയം/റരർബിയം 

അസയോണുകൾ സഡോപ്പു റെയ്തിട്ടുള്ള  ി ിേയിൽ അ ോധോരണെോയി 

കോണോൻ  ോധിച്ച സഫ്റ ് ഡിറപൻഡന്െ്  വിസശഷരകൾ ഒപ്റ്റിേൽ 

ആംപ്ലിഫ്റിസേഷൻ, ഒപ്റ്റിേൽ അററ്റൻനയുസവറ്റർ എന്നീ 

സെോളുകളിസ േു വിരൽ െൂണ്ടുന്നു. നോസനോകോർബൺ- ി ിേ 

സകോസമ്പോ ിറ്റുകളിൽ കോർബണിന്റെ അളവ ് കൂരുന്നസരോറര 

്ഗോഫ്റിറ്റിക്, ്കിറല ൻ ഘരനകൾ സനോൺ ്ഗോഫ്റിറ്റിക് 

സപോളി്കിറല ൻ ആയി രൂപറപ്പരുന്നുണ്ട്. അസരോറരോപ്പം രറന്ന, 

നീ  ഫ്ലൂെറ ൻ ് റവള്ളയിസ േു രയൂൺ റെയ്യറപ്പരുന്നരോയും 

കോണോം. നിർെിച്ചിട്ടുള്ള ഓസരോ സകോസമ്പോ ിറ്റുകളുറരയും ല റ്റിംഗ് 

അപ്ലിസേഷൻ ര ത്തി ുള്ള  ോധയരകൾ കളെിറെ്രീയുറര 

 ൈോയസത്തോറര വിശക നം റെയ്തു. അനുസയോജയെോയ  ി  ി രി, 

 ിആർഐ,  ിഐഇ സകോർഡിസനറ്റ് ്  ഭിച്ചിട്ടുള്ള 

സകോസമ്പോ ിറ്റുകൾ നൂരന ല റ്റിംഗ് അപ്പ്ളിസേഷനുകൾ 

രൂപറപ്പരുത്തോൻ ്പോപ്തെോണ്. 

 

 

 



 
 

Preface 

The thesis mainly deals with various combinations of rare earth (RE) ions and 

elemental nanoparticles (EN) to design multicolor emitting solid state lighting 

platforms. When RE ions meet elemental nanoparticles in a rigid environment, their 

individual optical characteristics are modified significantly. Sharp multiple 

luminescence from RE ions and the nanosized effects of EN are capable in achieving 

optical platforms with novel fluorescence. Studies on possible energy transfer routes 

and the role of silica in achieving solid state portable luminescence are presented in 

between the thesis. In detail, the whole thesis can be divided into eight different 

chapters and the chapter wise outline is given below.  

Chapter 1: General introduction provides a brief note on nanostructures, 

classification and their significant properties. It outlines different allotropes and 

diversity in structures particularly, selenium and carbon elements are discussed in 

detail to understand their unique properties at nano dimensions. Various mechanisms 

involved in photoluminescence are explained by using Jablonski diagram. Phosphors 

and their peculiar energy transferring components like sensitizer, activator, host 

matrix are also discussed. Besides, RE ions, their spectroscopy and applications are 

briefly detailed. Common synthetic strategies utilized in the preparation of various 

RE/EN composites are also explained. Different approaches to obtain white light 

emission and various chromaticity characterization techniques are presented in short. 

Chapter 2: Carbon Quantum Dots - Tb
3+

 - Eu
3+

 Doped Silica for Tunable WLE 

Applications discusses the fabrication of rare earth ions (Eu
3+

, Tb
3+

) – CQDs doped 

silica for white light generation. Structural, optical and cell viability studies of CQDs 

are explained. Study of spectral stability of CQDs are also presented. Spectroscopic 

investigations and colorimetric studies of carbon quantum dots -Tb
3+ 

- Eu
3+

 doped 

silica are discussed in detail with possible WLE applications.  

Chapter 3: Dual Emitting Carbon Nanoparticles for Tunable WLE Applications 

depicts the synthesis and characterization of carbon nanoparticles with dual emission 

bands. The spectroscopic investigations explain energy transfer mechanism between 



 
 

carbon core and chlorophyl derived porphyrin rings. Tunable white light emission 

from cool to warm under varying excitations are studied by using chromaticity 

diagram. 

Chapter 4: Se-Tb
3+

 doped Silica for Multicolor Emitting Applications mainly deals 

with phase dependent structural and optical of studies of Se-Tb
3+

 in silica. While 

cubic selenium enhances the emission bands of Tb
3+

 ions, the presence of amorphous 

Se quenches the fluorescence of Tb
3+

 ions. 

Chapter 5: Carbon quantum dots-Tb
3+

 doped Silica for Multicolor Emitting 

Applications studies the influence of CQD fluorescence on green emitting Tb
3+

 ions. 

The chapter discusses the structure and optical properties of CQDs in detail. Then the 

impact of CQD fluorescence on Tb
3+

 ions is analyzed with spectroscopic techniques 

and identified enhanced transitions observed. In addition, excitation wavelength 

dependence on fluorescence of CQD-Tb
3+

 composite is studied. Colorimetric 

parameters are found out with the aid of color calculator software and detailed the 

possibility of CQD-Tb
3+

 composite in solid tunable lighting application. 

Chapter 6: Nanocarbon Doped Silica for WLE Applications describes the synthesis 

of crystalline nano carbon in silica and from phase dependent and concentration 

dependent fluorescence spectra, chromaticity parameters are calculated. The results 

illustrate their application in multicolor emitting devices and solid-state concentration 

dependent emission spectra are also presented. Detailed structural investigations on 

crystallinity are included. Their excitation dependent and concentration dependent 

tunable optical behaviour confirms solid state lighting applications with colorimetric 

spots in distinct color domains. 

Chapter 7 summarizes the major conclusions and highlights of the overall work. 

Chapter 8 contains the future prospects and possibilities especially in the field of 

solid-state lighting of both white and multicolor emissions. 
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 1 
 General Introduction 

Chapter 1 systematically presents a brief outline about nanomaterials, 

classification and their unique quantum confinement effects. Particularly, el-

emental allotropism of carbon and selenium with peculiar characteristics are 

discussed in detail. Different types of photoluminescence along with various 

mechanisms involved are described with Jablonski diagram. A brief outlook 

on phosphors and influence of host matrix, sensitizer and activator are clearly 

mentioned.  Lanthanide spectroscopy of RE ions, electronic transition chan-

nels and possible energy transfer processes are outlined. Synthesis techniques 

such as sol gel, solvothermal and pyrolysis methods are also explained. Vari-

ous chromatic approaches with pictorial illustration, colorimetric parameters 

for lighting device realization and their prospects are also briefly touched 

upon. Literature review on CQDs for solid lighting applications, RE-elemental 

nanoparticle-based composites are also included. Finally, this chapter is con-

cluded with a concise description of organization of the thesis.  
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1.1 Nanomaterials 

 

Nanomaterials are superior class of materials having size or at least one-dimension 

lies below 100 nm [1]. Even the diameter of human hair (100 µm) is one lakh times 

thicker than one nano meter. By reducing the size of a material to nanoscale, tremen-

dous changes in magnetic, electrical, optical properties are observed from their bulk 

counterparts. It paves the way to achieve desired materials having peculiar qualities by 

the precise control of synthetic parameters, precursors and functionalization. In ancient 

days, nanomaterials are unknowingly utilized in several forms such as hair dyes among 

Egyptians [2], Lycurgus Cup [3], Asbestos nano fibres [1], [4]. The term ‘nano meter’ 

was very first coined in 1914 by Richard Adolf Zsigmondy [1]. But concept of nano-

science was initially introduced in 1959 by Richard Feynman. He put forward this spe-

cific concept in his famous speech with title ‘There’s Plenty of Room at the Bottom’ 

delivered in the annual meeting of American Physical Society [5]. Nanotechnology in-

volves certain steps like the processing, separation, consolidation, and deformation of 

materials by single atomic or molecular units [6]. Up to 1980’s nanoworld is just an 

unexplored field of discussion due to the lack of specific spectroscopic techniques for 

performing in depth investigations. By the invention of scanning tunnelling microscopy 

(STM) in 1982 [7] and Atomic force microscopy (AFM)  in1986 [8],the nanoscale 

measurements were realized which triggered uncountable researches in nanoworld. 

Role of nanomaterials in commercial fields are also inevitable. Significant presence of 

nanomaterials in cosmetics, environmental remediation, sporting products, stain re-

sistant fabrics, paints etcmade our daily life more comfortable. Nanofilms and nano-

composites are seen in every day products like UV blocking films coated on bottles, 

windows, automobiles etc. [9]. Particularly, when luminescent nano particles encapsu-

lated in solid networks like glasses, polymeric films, it transforms ordinary matrices to 

highly efficient solid luminescent systems. 

1.1.1 Classification 

According to the number of dimensions in nano regime, nanomaterials can be catego-

rized into four classes. Zero dimensional (0D), one dimensional (1D), two dimensional 

(2D), three dimensional (3D) are the various classes in nanoworld (given in Fig. 1.1). 

Typically, materials with all three spatial dimensions that lies within the nanoscale 



  General Introduction 

4 | P a g e  

 

comes under zero-dimensional (0D) category [10]. Quantum dot, fullerene are certain 

examples under 0D class. One dimensional (1D) nano structures such as nanofibers, 

nanorods and nanotubes have linear geometry with large length to diameter ratio [11]. 

Two-dimensional (2D) nanomaterials are extremely thin layers of atomic thick with the 

other two dimensions lies in nanoscale. By the invention of graphene nanosheets with 

amazing electrical and thermal properties in 2004 [12], 2D nanostructures emerged as 

key candidates for multifunctional applications. Combined arrangement of 0D, 1D, or 

2D materials results in three-dimensional (3D) nano materials. Varying synthetic con-

ditions made 3D nano assemblies with distinct morphology and properties [10].  

 

Figure 1.1: Classification of Nanomaterials (a) 0D (if) quantum dots (ii) fullerene, (b) 1D (I) nan-

ofibers (ii) nanorods, (c) 2D (is) films (ii) nanosheets (d) 3D nanomaterials.  

Quantum confinement effects: Nanoscale spatial confinement of materials results in 

altering their entire properties from the respective macroscopic counterparts. Bulk ma-

terial with large number of atoms have closely lying energy levels which results valence 

band-conduction band formation. As the particle is confined into nano range, energy 

levels becomes discrete and thereby the band gap (Eg) will be increased remarkably 

from the bulk system [13], [14]. 
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Table 1.1: Quantum confined structure classification. 

Structures Quantum confinement Number of free 

dimensions 

Quantum dots 3 0 

Nanorods, Nanofibers 2 1 

Thin films, Graphene 1 2 

Bulk material 0 3 

 

As the particle size decreases, band gap (Eg) will increase and thereby generating spec-

tral blue shift in absorption and emission (given in Fig.1.2).  

 

Figure 1.2: Schematic representation of the quantum confinement effects: bandgap increases 

with decreasing particle size. 

1.1.2 Carbon nanostructures 

For many years, carbon nanostructures with unique features are reported for their po-

tential applications including sensors, bioimaging, nano medicine, solid state lighting 

systems. Zero-dimensional (0D) carbon assemblies such as fullerene, carbon dots etc 

exhibits unique characteristics properties. Fullerenes have a cage-like structure which 

is capable in stabilizing charged clusters [15]. Accidental discovery of carbon dots in 
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2004 [16] led to the wide utilization of this non-toxic, easily synthesizable fluorescent 

nanomaterial with diverse spectral features. Moreover, biocompatible carbon dots are 

excellent candidates for bioimaging applications [17]. Cylindrical ribbon like carbon 

nanotubes (CNTs) are formed by wrapping nanosheets of carbon and they exist in both 

single walled and multiwalled forms. They got enormous attention due to extraordinary 

tensile strength and remarkable thermal conductivity [18] . Mono layered graphene rep-

resents two-dimensional carbon nanostructure of atomic thick and it is well explored as 

conductive electrodes [15]. It absorbs radiations irrespective of wavelength which ena-

bles them for excellent electron transport features [19]. 

Carbon quantum dots (CQDs): Carbon quantum dots (CQDs) are zero-dimensional 

(0D) fluorescent nano materials which are extremely nano sized (< 10 nm), dot-like 

structures (shown in Fig. 1.3). Due to bright luminescence of CQDs, it is also called as 

carbon nano-lights [20]. In 2004, Xu. et. al, discovered CQDs during the extraction 

process of CNTs from carbon soot [16].  Intensive scientific investigations were carried 

out in the last two decades in connection with improving and exploring the character-

istics of CQDs. Commonly, CQDs are synthesized from any organic or natural carbon 

source via both top down and bottom-up synthesis routes. 

 

Figure 1.3: Schematic representation of CQDs [21]. 

High quantum yield, fast-facile synthesis, remarkable water solubility, high photosta-

bility, low toxicity, chemical inertness, prolonged fluorescence lifetimes, excitation de-

pendent fluorescence are certain spectacular properties reported for CQDs [22], [23]. 

So, organic fluorophores and dyes can be undoubtedly replaced with CQDs. Science 

world intensively utilized CQDs for wide spread applications such as bioimaging, 
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photovoltaics, targeted drug delivery, lighting platforms, photocatalysis, and potential 

candidates in other related fields [24]. Usually, CQDs formed via nucleation process 

which ultimately create a core shell structure. Central carbon core shielded with a self-

passivated shell containing various functional groups [25]. Carbon core can exist either 

in amorphous or graphitic crystalline form and mostly reported core is graphitic form 

[22]. By varying the precursors and synthetic parameters, both core and surface states 

may vary that tunes the optical spectrum of CQDs [22], [26]. Usually for CQDs, strong 

absorption bands are observed in the ultraviolet (UV) region (250–350 nm) and a weak 

absorption is seen in the visible range. Major contributions in UV absorption bands are 

π- π* transitions of core and n- π* transition of edge or molecular bands. Functional 

groups of surface states are responsible for feeble visible absorption bands of CQDs. 

Though PL mechanism of CQDs is not completely understood, it is known that CQD 

emissions observed are due to quantum confinement effects, functional groups of CQD 

surface linked to core and molecular states accompanied with fluorescent molecules 

[22].  

1.1.3 Selenium nanostructures 

Semiconducting selenium has inherent narrow band gap and occurs in distinct forms 

that differs in their physical properties. Among different nanostructures, feasible 

growth mechanism of trigonal selenium (t-Se) nanowires and amorphous selenium (a-

Se) nanoparticles have gained enormous interest than other forms [27], [28], [29]. 

Among various crystalline arrays, trigonal and monoclinic selenium assemblies have 

got higher stability. Due to low thermodynamic stability of amorphous selenium (a-Se), 

fast phase transformation from amorphous to trigonal phase were [30]. The transfor-

mation energy associated with amorphous to trigonal Se structures is 6.63 kJ/mol. a-Se 

generally retains spherical geometry to minimize the interfacial free enthalpy. Aniso-

tropic nature of t-Se promotes easy one-dimensional growth as one-dimensional nan-

owires. 

1.2 Allotropy 

The concept of allotropy was initially put forward in 1840 by Baron Jons Jakob Berze-

lius [31]. Elemental allotropism refers to the capability of an element to exist in differ-

ent forms by retaining in same physical phase. According to the pattern of bonding, 

allotropic forms of same element show different chemical and physical properties. 
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Allotropic transitions from unstable to stable forms occur under typical temperature-

pressure conditions. So environmental conditions strongly influence the existence of 

allotropic forms. The term ‘allotropy’ is exclusively represented for elements, not for 

compounds. Oxygen, carbon, phosphorous, sulphur, selenium are major examples of 

elements with allotropism.  

1.2.1 Allotropy of carbon 

 

Elemental carbon has several allotropic forms due to its tetravalency. Different 

types of bonding linked with various hybridizations in carbon nanostructures widens 

their scope in multi-disciplinary applications. Wide utility of nano carbon in the design-

ing and fabrication of nanoscale devices relies upon its ability to exist in diverse forms. 

Fullerenes, carbon nanotubes, graphene, graphite, diamond are prominent members in 

carbon family [32]. Fullerene is a zero-dimensional, sp2 hybridized carbon allotrope 

invented in 1985 by Kroto [33]. It contains a group of carbon atoms that exist in the 

form of a closed cage. Carbon nano tubes are hexagonal network of carbon atoms which 

have a very high-pressure holding capacity of 24 Gape [34]. Graphene is two-dimen-

sional hexagonal lattice of carbon with interesting applications. Extremely hard sp3 hy-

bridized diamond is an excellent carbon allotrope that have face centred cubic crystal 

structure. Multi stacked layers of graphene forms graphite [15], [18].   
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Figure 1.4: Different allotropes of carbon. 

1.2.2 Allotropy of selenium 

 

Selenium is a metalloid having metallic and non-metallic behaviours and exist in dif-

ferent allotropic forms with varying properties. Occurrence of allotropism in selenium 

shows strong analogy to sulphur. Non crystalline and crystalline varieties of elemental 

selenium are well known for their versatile properties. Crystalline forms of selenium 

are cubic (ɑ, β, fact), trigonal (metallic grey), hexagonal, orthorhombic and monoclinic 

(ɑ, β, γ) [35]. Cubic and rhombohedral structures are certain rarely reported crystalline 

varieties. In non-crystalline category, amorphous and vitreous selenium are the key 

members. Red amorphous and black amorphous selenium are the two subclasses of 

amorphous form which contains Se8 rings and polymeric Se8 chains respectively. Fur-

thermore, vitreous selenium is a mixture of chains and rings. Unit cell constants of ɑ-

cubic and β-cubic selenium are 2.970 Å and 5.755 Å [36]. At normal temperature 
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scales, phase transformation process became slow and hence selenium retains in its 

amorphous form.  

1.3 Photoluminescence  

Luminescence is spontaneous emission process of light from certain materials that are 

electronically excited. Excited electrons return to ground states via radiative transitions 

by the release of energy and non-radiative transitions by means of lattice vibrations 

[37]. According to the nature of transitions, luminescence can be categorized into two 

classes as fluorescence and phosphorescence. Fluorophores are certain chemical com-

pounds that are capable in generating luminescence after absorbing radiations. Life time 

(τ) of a fluorophore is the average time spent in the excited state before return to ground 

state.  

1.3.1 Fluorescence and Phosphorescence 

Fluorescence occurred within a short span of time (10-8 s) and during which singlet to 

singlet state allowed transitions are associated. Sir John Frederick William Herschel 

recorded the very first evidence of fluorescence from quinine solution in 1845 which 

could not describe with the theories of that era [38]. On the other side, phosphorescence 

involves triplet to singlet state, forbidden transitions and longer life time values of the 

order of milliseconds to seconds are obtained. It also referred as afterglow luminescence 

due to the persisting emission obtained even after the removal of excitation source [37].  

1.3.2 Jablonski diagram 

Jablonski diagram (given in Fig. 1.5) illustrates various energy levels with the possible 

radiative and non-radiative transitions during photoluminescence. Professor Alexander 

Jablonski is the one who proposed this diagram in 1933 and he is considered as the 

father of fluorescence spectroscopy [39]. Major energy levels of molecules are elec-

tronic levels in which spin multiplicity is either singlet or triplet states. In singlet states 

(S0, S1, S2, …), electron spins are antiparallel with zero net spin angular momentum 

whereas, triplet states (T1, T2, T3, ….) contains unpaired electrons with a net non-zero 

spin angular momentum. Each electronic levels split into vibrational levels which is 

further divided into several rotational energy states [37]. Molecules occupied in the 

ground state absorbs light energy from external light source and getting excited to sin-

glet excited states (S0 → S1). This fast absorption process occurs within the order of 
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Ferm to seconds. Then the excited electrons may undergo rapid relaxation to the lowest 

vibrational states of S1 state by means of internal conversion process that may take 

place within picoseconds. Usually, internal conversion process is completed before the 

much slower process i.e., fluorescence having average fluorescence lifetime of 10-8 s. 

Hence, the transition from lowest vibrational level of S1 to various vibrational levels of 

S0 lead to fluorescence [37]. 

Sometime, S1 state molecules may undergo transition to first triplet state T1 and 

this spin conversion process is called as inter system crossing. Subsequently emission 

occurs from triplet state T1 to singlet ground state (S0) which is known as phosphores-

cence. Triplet to singlet state transitions are forbidden and hence rate constants for tri-

plet state emissions are negligible as compared to the of singlet state fluorescence tran-

sitions [37].  

 

Figure 1.5: Jablonski diagram [37]. 

1.3.3 Fluorescence lifetime  

Generally, photoluminescence spectrum is steady state measuring technique 

which deals with the relative parameter, i.e., intensity versus wavelength. Fluorescence 

lifetime gives a dynamic picture of the sample and it does not depend on the concen-

tration of sample. So, it is considered as an absolute measurement method. When a 

molecule capture photon, a series of photophysical process occurs as given in figure 
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1.5. Each individual process has its own probability of occurrence which is represented 

in terms of rate constant k. Average time spent by the molecule in the excited state 

before return to ground level is called as decay lifetime (τ) and it is the reciprocally 

related to rate constant k. Mathematically, decay lifetime of a particular photophysical 

process is the time required to decrease the population (N) in the excited state to N/e (~ 

37 %) via energy loss. Fluorescence lifetime values and rate constants are mathemati-

cally expressed as is (1.1) where or and knr are rate constants of radiative and non-radi-

ative process. Lifetime values are strongly depending on the processes occurring at mo-

lecular levels which make significant changes in knr value [37], [40] . 

1/τ = kr + knr……….(1.1) 

Each photophysical process has distinct decay lifetime values ranges from femto 

to pico, nano, micro, milli scales. Generally, quantum dots havenanosecond lifetime 

values whereas for RE ions with intra 4f transitions, lengthy lifetimes of the order of 

10-3 seconds are reported. Moreover,certain phosphorescent materials have τ values in 

even in seconds. For a typical fluorophore, τ value is an intrinsic feature which does 

not depend on the measurement method. First order kinetics evolved in fluorescence 

decay process of a particular excited state to ground state of a molecule can be ex-

pressed as eq (1.2) [40]. In many practical cases, due to environmental influences first 

order kinetics of decay may become multi-exponential in nature. 

I(t) = I0exp (-t/ τ)……….(1.2) 

Fluorescence lifetime decays are measured via two different methods (i) multi-

channel scaling (MCS) (ii) time correlated single photon counting (TCSPC). Among 

this two, TCSPC is more commonly used and most sensitive digital technique based on 

Poisson statistics. In this method, arrival of each photon after exciting the samples are 

counted and excitation pulses are commonly produced from laser sources or LEDs. 

Many excitation-emission cycles are repeated to obtain the fluorescence curve of a 

fluorophore. Slope of the decay curve gives the fluorescence lifetime value [40].  

1.4 Phosphors 

Phosphors are solid materials which exhibit strong luminescence by the irradiation of 

UV rays or electron beam. By exciting the phosphors, orbital electrons are excited and 

return to the ground state followed by producing intense emissions in visible window. 
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Numerous phosphors are already reported for their distinct luminescence characteris-

tics. In general, phosphors are synthesised as a combination of apt host lattice having 

high band gap and the addition of dopants. These added impurities are termed as acti-

vator ions or sensitizer ions. Dopants and host matrix are the key counterparts of phos-

phors. Phosphors find applications in both scientific and industrial fields including ra-

dioluminescence, lighting, cathode ray tubes, white LEDs and scintillation sensors [41], 

[42]. 

1.4.1 Silica matrix 

Selecting the suitable host matrix is crucial in achieving desired optical features.  Gen-

erally, host matrix can be any oxides such as vanadate, silicate, aluminate, borate or 

phosphate [43]. These solid matrices influence the dopant ions and tune the lumines-

cence points. Dopants normally act like activators or sensitizers which are encapsulated 

within the host matrix. In some case, the introduced host matrix absorbs photons of 

high energy (ℎ𝜈1) and emits low energy photons (ℎ𝜈2) in visible region. Certain amount 

of energy is released by means of lattice vibrations. 

Typically, silica matrices are composed of silicon and oxygen which exist in 

both crystalline and amorphous phases. In crystalline forms, mainly three different pol-

ymorphic forms are reported which are quartz, tridymite and cristobalite. But quartz is 

the most common form of crystalline silica and each polymorphs have low temperature 

(α) and high temperature (β) forms [44]. Usually, amorphous silica is known as glass 

which can be transformed into crystalline form via appropriate thermal treatments. Ab-

sence of Bragg’s reflections from glasses can be ascribed due to the disordered atomic 

arrangements. 
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Figure 1.6: Structure of (a) crystalline and (b) amorphous silica [45]. 

The term silica is originated from the Greek word ‘silex’. In the excited states, presence 

of four unpaired electrons in silicon forms four bonds that results a tough giant lattice 

with tetrahedral geometry. Strong network of silica melts only at elevated temperatures 

and the tetravalent behaviour of silicon is common in most of the compounds. So, 

(SiO4) is considered as the fundamental units of all silicate minerals. Each silicon is 

bonded with four oxygen atoms and reported bond length of Si-O is 0.162 nm [46]. 

Silica has got wide industrial applications due to its peculiar features given below [47]. 

(i) Resistive nature towards rapid thermal changes and radioactive exposures. 

(ii) Show wide range of spectral transmittance from UV to IR wavelengths. 

(iii) Excellent chemical purity and durability. 

(iv) Thermal stability at high temperature scales. 

1.4.2 Activator 

 It is the impurity element which is intentionally added in minute quantities to the inor-

ganic host matrix to achieve certain non-homogeneities. During luminescence, only 

small percentage of atoms are act as emissive centres. Inorganic phosphors are synthe-

sised by adding trace amounts of dopants called as activator to get the desired lumines-

cence characteristics. Activator ions absorbed high energy photons and return to the 

ground state by emitting radiations [43]. Sometimes, high energy photons (ℎ𝜈1) are 
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absorbed by the host matrix and donate the energy to activator ions and finally, activator 

ions generate emissions by utilizing the collected energy.  

1.4.3 Sensitizer 

Owing to the weak absorption channels of activator ions, in some phosphors one more 

dopant addition occurs named as sensitizer. Sensitizer efficiently transfer the excitation 

energy to activator ions. Typically, forbidden nature of intra 4f transitions in RE ions 

mostly prevents direct excitation via absorbing photons which cause urgent requirement 

of sensitizer ions [48]. It increases the absorption capabilities and transfers the absorbed 

energy to activator ions. In particular, initially energy is absorbed by sensitizer and then 

transfer to activator ions having weak absorption. Sensitizer behaves differently in var-

ious host lattices [43]. Concentration quenching is another process in as the activator 

ion concentration crosses a limit value, an accompanied decrease in luminescence in-

tensity occurs. This quenching mechanism can be ascribed due to the energy transfer 

between neighbouring ions or cross relaxation process [49]. Sensitization is a common 

process found not only in solids but also in liquid and gas forms. 

1.5 Rare earth (RE) ions  

Apart from various aromatic compounds, atoms in condensed phase are non-lumines-

cent in nature. But lanthanides are an exceptional category of fluorescent elements 

among the whole list of elements. In periodic table, 139La57 to 174 Lu71 are considered as 

the class of lanthanides which are generally exist in +3 oxidation state with electronic 

configuration of [Xe]4fn [50]. Transitions within 4f orbitals which was deeply screened 

by outer 5s and 5p orbitals made them exceptional from other elements. So, surround-

ings cannot influence the 4f electrons in significant scale [51]. Carl Auer von Welsbach 

is a pioneer in finding industrial applications of RE ions in the year 1891 by utilizing 

CeO2 for achieving bright white light generating incandescent lamps. Exceptionally, 

La, Lu are non-luminescent metals in RE category due to the lack of incompletely filled 

4f electrons which restricts them to exhibit luminescence as in other RE ions. Forbidden 

nature of intra 4f transitions in lanthanides cause low absorption coefficients (< 10 M–

1 cm–1) and slow emissive rates which results in prolonged lifetime ranges from 0.5 to 

3 ms [37]. Usually, RE ions are excited indirectly via chelated organic ligands. Their 

remarkable luminescent characteristics provide excellent applications such as immuno-

assays with remarkable limit of detection, catalytic converters, lasers, faraday rotators, 
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glass polishing, solid state lighting panels, phosphors, lasers, amplifiers, up conversion 

devices, scintillators. Certain limitations of RE ions are (i) they requires chelating lig-

ands to get prominent excitations (ii) its applicability in anisotropy measurements is 

limited due to the lack of polarized emission [37]. 

1.5.1 Spectroscopy of RE ions 

Various electronic energy levels of lanthanides are represented by the Russel-Saunders 

term symbols (2S+1) L J where L symbolizes total orbital quantum number, S is the total 

spin quantum number and J stand for total angular momentum quantum number [41]. 

Rare earth ions with respective ground states and electronic configurations are given in 

table 1.2.  

Table 1.2: Atomic number, electronic configuration of trivalent oxidation state, ground state, of 

rare earth elements. 

Atomic number Symbol of 

RE3+ ions 

Electronic config-

uration (RE3+) 

Ground state 

57 La3+ [Xe]4f0 1S0 

58 Ce3+ [Xe]4f1 2F9/2 

59 Pr3+ [Xe]4f2 3H4 

60 Nd3+ [Xe]4f3 4I9/2 

61 Pm3+ [Xe]4f4 5I4 

62 Sm3+ [Xe]4f5 6H5/2 

63 Eu3+ [Xe]4f6 7F0 

64 Gd3+ [Xe]4f7 8S7/2 

65 Tb3+ [Xe]4f8 7F6 

66 Dy3+ [Xe]4f9 6H15/2 

67 Ho3+ [Xe]4f10 5I8 

68 Er3+ [Xe]4f11 4I15/2 

69 Tm3+ [Xe]4f12 3H6 

70 Yb3+ [Xe]4f13 2F7/2 

71 Lu3+ [Xe]4f14 1S0 

Various electronic energy levels and the splitting of vibrational levels within RE ions 

are given in the Dieke’s energy level diagram (Fig. 1.7). Dieke reported specific energy 

levels of RE ions doped in the LaCl3 matrices.[52].  
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Figure 1.7: Dieke’s energy level diagram of lanthanides [52]. 

1.5.2 Types of transitions in RE ions 

Intra 4f transitions, inter-band 4f → 5d transitions and charge transfer transitions are 

the three major electronic transitions found in RE ions.  

(i) f-f transitions: According to Laporte’s rule, f-f transitions are parity forbid-

den. In contrast, when RE ions interact with ligand fields or lattice vibra-

tions, mixed states may raise parity change due to the significant spin orbit 

coupling. Due to this forbidden nature, f-f transitions result in long lifetime 

values of the order of milliseconds. The f-f transition is further subdivided 

into three which are electric dipole transition, electric quadrupole transition 

and magnetic dipole transitions, [41]. 

(a) Electric dipole transition: This kind of transitions will take place when 

active interactions between electric field components of radiating source 

and RE ions are established. Linearly moving charges triggers this tran-

sition which are Laporte forbidden. 

(b) Electric quadrupole transitions: Quadrupole nature with zero dipole 

moment of a charge may cause electric quadrupole transitions. They are 

weakly intense than other two types of f-f transitions. These are 
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considered as hypersensitive transitions which are commonly known as 

pseudo-quadrupole transitions [41]. 

(c) Magnetic dipole transitions: Similar to the previous case, magnetic di-

pole transitions occur when the RE ions interacts with the vector com-

ponent of magnetic field of the light source. 

(ii) 4f n–1- 5d1 transitions: In this, 4f electrons transferred to 5d orbitals which 

are allowed transition and thereby corresponding emissions may be highly 

intense as compared with spectral lines from f-f transitions. Outer 5d orbitals 

are strongly interacts with surroundings, ligand field and existing phonons. 

In most cases, intense emissions from strong f-d transitions are dominant 

over line like spectra from f-f transitions [53]. 

(iii) Charge-transfer transitions: These transitions are Laporte allowed in 

which transition of electrons from neighbouring anions to 4f orbitals occurs 

which creates a change in oxidational state of RE ions.  Charge transfer re-

actions are too sensitive to the external environment and hence its influence 

is significant. Intra 4f transitions produce weak emissions as that of the 

emissions from charge transfer states [54]. 

1.6 Energy Transfer in rare earth (RE) Ions 

Luminescence enhancements or attenuations are generally explained with energy trans-

fer mechanisms of RE ions with surroundings and dopants. Generally, energy transfer 

occurs via radiative and non-radiative modes. In first mode, photon absorption occurs 

from donors which was accepted by acceptors whereas second mode originates from 

the interaction of dopants with the host lattice vibrations. Donors are capable to release 

energy which are effectively absorbed by acceptors. Exchange of energy depends on 

two key factors which are the spectral overlap between emission spectrum of donor 

with that of absorption spectrum or excitation spectrum of acceptor and also the dis-

tance between donor-acceptor (D-A) pairs. Major theoretical concepts developed for 

explaining the interactions among D-A pairs are namely, Forster’s model for condensed 

media [55], Dexter’s concept for solid host lattices [56] and Inokuti and Hirayama’s 

macroscopic model [57]. 
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1.6.1 Non-radiative transition 

Non-radiative transition occurs due to the interactions of dopants and the lattice vibra-

tions of host matrix. This type transitions are also called as phonon assisted relaxation. 

Process differs on the basis of the number of phonons required to cross over the energy 

band gap and energy of each phonon. Non radiative energy exchange occurs mainly via 

three mechanisms which are (i) Cross relaxation (ii) Multi phonon relaxation (iii) Co-

operative up conversion. Cross relaxation is a non-radiative relaxation occurs at higher 

dopant concentrations. As the concentration of dopant increases, ions became more 

closer and strongly interacts with each other. Thereby, donor species exchange its en-

ergy to acceptor ions via non radiative mode. In single RE doped ions, cross relaxation 

occurs between similar ions that results in luminescence quenching whereas in multi 

doped systems, activator-sensitizer pair may establish [58]. Multi phonon relaxations 

are also considered as non-radiative process which will occur when multiple phonons 

are required to achieve the transitions between respective energy levels [59]. Co-oper-

ative up conversion deals with two adjacently occupied ions lies in excited states and 

increase its yield at high concentrations [60], [61]. 

1.7 Synthesis and growth of nanocrystals 

Nanomaterials can be synthesized via numerous methods which can be broadly catego-

rized into two (Fig. 1.8). Top down and bottom up are the two common synthesis ap-

proaches employed for nanoscale synthesis. Typically, in top-down method bulk mate-

rials can break down into nanoscale structures via different tools and techniques. Ball 

milling, laser ablation, chemical etching are certain commonly performed methods un-

der this category. This method is also known as destructive approach [62]. In contrast, 

bottom-up methods are constructive in nature which build up nanostructures via assem-

bling respective atomic or molecular units. Sol gel method, pyrolysis, carbonization 

and solvothermal method are widely reported bottom- up synthesis techniques [62]. Sol 

gel process, pyrolysis and solvothermal synthesis are the common techniques employed 

in the whole research work. 

 

.  
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Figure 1.8: Synthesis approaches of nanomaterials. 

1.7.1 Sol gel method 

Two conventional methods used in glass production are sol gel (at low temperature) 

and melt quench method (at high temperature). Among this, melt quench is less adopted 

due to the extreme high melting point of glasses (1983 K) and difficulty in attaining 

homogeneity while incorporating various dopants. Sol gel process (shown in Fig. 1.9) 

is a wet chemical technique employed for fabricating high-quality glasses or ceramic 

materials with remarkable homogeneity. This process performed in open reaction ves-

sels at room temperature and precursor mixing occurs at molecular levels [63]. Hydrol-

ysis of metallic precursors are initiated by the assistance of water, alcohols and acid or 

base catalysts. Several steps involved in sol gel method are given below [64]. 

• Mixing: Alkoxide precursors (Si(OR)) are mixed with water, alcohols and 

acid/base catalysts. The most commonly used precursors for silica are tetra ethyl 

(TEOS), tetramethyl orthosilicate (TMOS). Water and alcohols are generally 
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utilized as solvents and molecular level mixing confirms the homogeneity of 

resultant mixture. 

Hydrolysis of the alkoxide precursor:  

Where R is alkyl group, R(OH) denotes alcohol. 

Si (OR) 4  + H2O   →   HO – Si (OR)3 +  R (OH) 

Si (OR) 4  + 4H2O   →  Si (OH)4 +  4R (OH) 

As per the amount of water present, hydrolysis may partially occur or terminated. Via 

condensation reactions, partially hydrolysed molecules are bonded as given below. 

(OR)3-Si-OH + OH-Si-(OR)3 → (OR)3-Si-O-Si-(OR)3+H2O 

or 

(OR) 3-Si-OR + OH-Si-(OR) 3 → (OR) 3- Si-O-Si-(OR) 3+R-OH 

The whole process of hydrolysis and condensation can be expressed as below 

nSi(OR)4 + 4nH2O → nSi(OH)4 

• Casting: Obtained sol was then transferred into certain no adhesive containers. 

• Gelation. Colloidal structures in sol were then strongly linked with each other 

which results in three-dimensional solid gel network. The low viscous sol be-

came highly viscous.  

• Aging: Polycondensation continues and the undisturbed gel became thicker, 

stronger with storage time. Gradual reduction in the porosity made the aged stiff 

gel more resistive towards cracking.  

• Drying: At the drying stage, water and moisture content within the pores of net-

work are removed. As the pore size decreases (< 20 nm) capillary stresses be-

came more dominant. To avoid cracks, moderate drying conditions has to be 

applied. 

• Chemical Stabilization. Porous solids will be produced by the subsequent re-

moval of Si-OH bonds within the network. 

• Densification. By treating the porous solids at high temperature scale, minimize 

the pores which led to densification of porous gels. Surface area, network pores 

are certain factors which determines the densification temperatures. 
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Figure 1.9: Different steps of sol-gel process  [65]. 

Advantages of sol gel method are given below [65]:  

1. Economical, with no high-power electricity utilization. 

2. Easy, low temperature process to incorporate multiple components 

3. Host matrix is capable to encapsulate appreciable dopant concentration 

4. Size and shape of matrices can be moulded to different geometry 

5. Quality of precursors can be regulated to achieve excellent glasses 

1.7.2 Solvothermal method 

Hydrothermal synthesis is a single step environmentally benign technique which has 

got much fame for the processing of advanced nanostructures and novel composite ma-

terials. Solvothermal process is exactly similar to hydrothermal route which differs in 

their medium of reaction from aqueous to non-aqueous [1], [66]. These synthesis meth-

ods yield ultra-pure, symmetrical nano structures like nanodots, nanofibers [67], 

nanosheets [68] through the occurrence of heterogenous reactions at certain harsh tem-

perature-pressure conditions within sealed container [69]. The composition of end 

product can be tuned by controlling the synthetic parameters. Very first time, K.E. 

Schafhautl performed hydrothermal synthesis to obtain microscale quartz crystals using 

a normal pressure cooker [70]. 

Generally, the container or reaction chamber used for hydrothermal/ solvother-

mal is termed as autoclave. Pressure, temperature, time duration and the volume of 

container are the major factors which decides the geometry, composition and properties 

of end product. Water or the solvent used has also key role in synthesis. Pressure within 

the container depends on the volume of solution and treating temperature scales. 
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Figure 1.10: Schematic illustration of reaction chamber of solvothermal synthesis. 

High temperature, pressure conditions involved in hydrothermal process requires reac-

tion chambers which does not decompose or react with precursors or environment dur-

ing the entire process. Teflon cup placed within stainless steel shell is often termed as 

autoclave for hydrothermal synthesis (given in Fig. 1.10). So, the autoclave is specifi-

cally designed to withstand in extremely harsh atmospheric conditions. It should not 

react with chemicals or the solvent used in synthesis. This leak free, ultra stable, corro-

sion resistant containers do not require further procedures after performing each exper-

iment. Alloys and quartz cylinders are commonly used for this synthesis mode for en-

suring the thermal stability. Temperature-difference method, temperature-reduction 

technique, metastable-phase technique are the three different methods opted in hydro-

thermal process. Even though it has many merits like compositional control, environ-

mentally benign features, during hydrothermal process the crystal growth cannot be 

monitored. 

1.7.3 Pyrolysis Method 

Pyrolysis involves thermal breakdown or fire break down of bulk materials at high tem-

peratures even in the oxygen free atmosphere. Generally, pyrolysis is used to decom-

pose organic materials to obtain carbon rich products. Pyro means heat and lysis stands 

for separation which are Greek derived terms combined and obtained the term Pyroly-

sis. Pyrolysis technique is widely used in large scale production of chemicals such as 

carbon-based materials [71], ethylene and also employed in petroleum industry [72]. 

Normally this decomposition method conducted at a temperature scale above the boil-

ing point of the solvent used. 
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Table 1.3: Different types of pyrolysis and description. 

Sl. No. Types of Pyrolysis Description 

1 Carbonization Conversion of organic materials or biomass which burnt 

completely and final residue contains abundant carbon 

[73], [74]. 

2 Methane pyrolysis Process which converts methane into carbon rich residue 

and hydrogen by appropriate thermal treatments [75]. 

3 Hydrous pyrolysis. 

 

Pyrolysis is carried out in the presence of pressurized hot 

water which resulting the release of hydrogen and carbon 

dioxide. 

4 Ceramization Process which deals with thermal treatment of preceramic 

polymers held at inert atmosphere [76]. 

5 Catagenesis Natural breakdown process which causes conversion of or-

ganic kerogens into fossil fuels [77], [78]. 

6 Flash vacuum pyrolysis 

 

Organic synthesis which involves treating the precursor in 

harsh thermal conditions [79]. 

 

1.8 Solid state light emitting devices 

Solid state lighting (SSL) systems are very firstly reported by Henry J Round, while 

conducting experiments in connection with research in crystal detectors for radio waves 

[80]. It is an excellent alternative for conventional electrical filaments-based illumina-

tions. These particular solid-state illuminations utilize semiconductor-based LEDs and 

polymer-based LEDs for lighting. SSL has key characteristic features which differenti-

ate it from other traditional lighting sources. Firstly, they are capable in custom-tailor 

the light with efficiency of unity. Secondly, spectral quality, chromatic controllability, 

tailorable compositions are exceptions provided which is not there in fluorescent lamps 

[80]. Particularly, SSL based lighting systems have inherent benefits which can be 

listed into three. (i) Highly efficient light generations from SSL minimize the energy 

consumption and saves huge amount of energy. (ii) Remarkable environment benign 

SSL features typically, for inorganic semiconductor-based LEDs guarantees the dura-

bility and efficiency. (iii) Precise color controlling and the ability to regulate lumines-

cence properties allows it to design efficient lighting platforms [80]. 
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1.8.1 Photoluminescence color tuning (PLCT) 

Photoluminescence color tuning (PLCT) is an exciting optical feature of luminescent 

material which involves tuning of colorimetric point from one color domain to other 

via various methods. PLCT is generally achieved via various strategies including the 

compositional control of phosphors, surface modifications. Particularly in carbon quan-

tum dots, varying excitation wavelengths generate tunable luminescence. In some 

cases, coordination assemblies with different crystal structure are also a reason for ac-

quiring PLCT behaviour. Concentration dependent and excitation dependent PLCT are 

commonly reported classes of luminescence tuning [81]. PLCT favours multifaceted 

applications in displays, light emitting diodes (LED), sensors, white light emissions 

[82]. 

1.8.2 White light emitting (WLE) approaches 

 

 

Figure 1.11: Schematic diagram of WLE approaches. 

Different white light generating approaches (shown in Fig. 1.11) were reported in var-

ious literatures, i.e., dichromatic and trichromatic approaches. Typical methods of 

white light generation are combining the primary color emitters (red-green-blue) or 

complementary colors (blue - yellow) or (cyan-red). This process of combining differ-

ent emissive units is known as additive mixing which primarily strategizes the widening 
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of spectral distribution of full visible window. On the basis of additive mixing tech-

nique, diverse organic-inorganic scaffolds, metal organic frames (MOFs) were built to 

attain WLE. Integrating UV LED chips with luminescent phosphors are also an im-

portant method utilized in WLED fabrication.  

1.8.3 Chromaticity characterization techniques 

(i) 1931 Commission International de l’Eclairage (CIE) Chromaticity dia-

gram 

The CIE system is considered as a key tool of modern colorimetry which deals with 

color science. It is a color specification technique for evaluating the color purity and 

spectral quality of testing light source. Generally, color point spotted in the two-dimen-

sional CIE chromaticity chart as (x, y) coordinates whereas ideal white light is assigned 

with (0.33, 0.33) colorimetric coordinates [83]. 

(ii) Color calculator software 

The color calculator is a key software developed by Osram Sylvania for the designing 

of efficient lighting solutions. It is widely used in LED fabrications due to easy instal-

lation, free of cost and user-friendly features. Mainly it has two modes of operation 

which includes (i) general photometry (ii) design optimization. In the general photom-

etry mode user can select the LED intensities or can directly enter specific spectral data 

and the software calculates colorimetric parameters like CCT, CRI, CIE indices, LER. 

In the second mode, user can set the desired photometric parameters and the program 

calculate the required LED intensity which optimize the design. 

(iii) Correlated color temperature (CCT) 

The correlated color temperature (CCT) is a measuring tool for checking the spectral 

quality of white light which is usually measured in Kelvin (K). It can be identified as 

the temperature at which a black body radiator resembles with the luminescence of 

testing light source. It quantifies the presence of compositional ratios of high wave-

length red, orange lines and the violet-blue regions of low wavelength with the gener-

ated white light. CCTs are colorimetric parameter used to distinguish the nature of 

white light produced. White light with higher CCTs (> 5000 K) contains more bluish 

content which appears as cool whereas lower CCTs (~ 3000 K) are warm in nature 
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which carries more orange/red wavelengths. Warm white is more suitable for indoor 

lighting and cool WLE will be more apt for visual tasks [83]. 

(iv) Color rendering index (CRI or Ra) 

The color rendering index (CRI or Ra) is defined as a measure of comparison between 

how truthfully colors on a test object revealed under a designed light source under test 

with that of the standard or reference source. This photometric parameter is introduced 

due to the significant color difference of objects kept under different light sources. CRI 

value ranges from 0 to 100 and a light source with CRI equals to 100 indicates that the 

LED under test revealed all colors on test object as when illuminated under ideal light 

source. High CRI values are obtained for sources with wide spectral distribution which 

spans over the entire visible light spectrum.  Potential candidates with CRI >= 80 and 

their adjustable CCTs can be effectively utilized in indoor and outdoor lighting appli-

cations [83].  

(v) Quantum yield (QY) 

Quantum yield (QY) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 …………… (1.1) 

The fluorescence quantum yield (QY) is a measure of how many photons emitted by 

the light source from the total absorbed photons as given in equation (1.1).  QY is an 

intrinsic parameter which symbolizes radiative transitions linked with luminescence 

conversion channels [83].  

(vi) Luminous efficacy (LER) 

Luminous efficacy = =
𝑇𝑜𝑡𝑎𝑙 𝑙𝑢𝑚𝑖𝑛𝑜𝑢𝑠 𝑓𝑙𝑢𝑥 (𝑙𝑢𝑚𝑒𝑛𝑠)

𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑜𝑤𝑒𝑟 (𝑤𝑎𝑡𝑡𝑠)
…………. (1.2) 

This photometric parameter is the figure of merit of a light source which can be calcu-

lated out from equation (1.2). It always stood contradictory to color rendering properties 

as for high CRI value with wide spectral distribution which conversely decreases the 

luminous efficacy significantly from theoretical value of 683 lumen per watt. Luminous 

efficacy is inversely proportional to the degree of poly chromaticity. As the number of 

emissive components increases, luminous efficacy decreases [83]. 
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1.9 Literature review 

1.9.1 Review on carbon nanostructures for lighting  

applications 

Wide variety of optoelectronic applications are reported for CQDs on account of their 

unique features like tunable band gap, low toxicity, stable intense fluorescence and 

broad emission spectrum. Their versatile features are well explored by various research-

ers in the designing of lighting panels. Cheng and co-workers presented a phosphor 

based WLED with color point (0.34, 0.35) which is constructed by coating broad yellow 

emitting CQDs on LED chip made up of GaN [84]. Mostly, due to the lack of red emis-

sive component cool white with CCT > 5000 K are generated which hinders it from 

warm white applications. In order to ensure the full visible spectral distribution, Siyu 

Lu and coworkers were synthesised full color emission CQDs on the basis of certain 

theoretical calculations accompanied with slight modifications in synthetic conditions 

[85]. Meanwhile, another recent work describes solvothermally synthesised blue green 

red (B-G-R) CQDs with its high solubility in PVP led to UV - excited lighting devices 

[86]. Yang et. al, reported color tunable dual emissive CQDs which shows distinct flu-

orescence in different phases due to the supra molecular cross linking among clusters. 

Typically, CQDs exhibited significant blue (B) to yellow green (YG) color tuning in 

liquid form and yellow to orange-red domain spectral tuning in solid form [87]. Similar 

to this, Fan and his team reported a one pot solvothermal synthesis of multicolor emis-

sive CQDs having unusual double emission which led to potential applications such as 

solid state luminescence and bio-labelling [88]. Also, Lin and coworkers presented a 

synthesis approach in which R-CQDs, G-CQDs, B-CQDs were integrated into flexible 

PVA films which find key applications in LEDs and cellular imaging platforms [89]. 

To avoid aggregation induced quenching, some researchers incorporated full color 

emissive CQDs into inorganic host lattices and thereby excellent UV coated LEDs are 

developed with the aid of InGaN chips [90]. Another interesting work on CQD by the 

team of Shihe Yang demonstrates solid, ultra broad (FWHM > 200 nm), warm white 

emitting candidate with excellent CRI value. They employed a peculiar hydrogen bond-

ing mechanism to control the size of nanocarbon which results CCTs ~ 3000 K and CRI 

of 91 [91].  
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1.9.2 Review on rare earth (RE) ions/Elemental nanoparticle  

composites 

When rare earth (RE) ions are tailored with elemental nanostructures, their in-

dividual merits are combined that widens its spectrum of applications such as indoor-

outdoor lighting, white light emitting diodes, display panels. Significant optical en-

hancement in the luminescence profiles is reported in many RE based nano composites. 

Typically, Peng et. al. presented a Eu3+ ions activated NaGdF4 nanorods for excellent 

indoor lighting applications. They achieved nanorods with remarkable color purity of 

90.5 % in visible red domain [92]. Sol gel derived CdSe/ Eu3+compositions in silica 

matrix exhibited fluorescence enhancement due to the energy transfer from CdSe to 

Eu3+ ions [93]. Similar to this, for CdS/Tb3+ ions composites, fluorescence from Tb3+ 

are significantly increased [94]. Unnikrishnan N V and his co-workers investigated the 

influence of Ag nanocrystals on the optical performance of Eu3+ in SiO2-TiO2. They 

compared results from theoretical and experimental studies for solid state lighting ap-

plications [95]. Tho et. al synthesized Eu-doped CdS quantum dots via wet chemical 

route in which RE concentration varies from 0.5-10 %. Energy transfer between CdS 

and Eu3+ are explained in terms of exchange interactions and the energy transfer effi-

ciency increases with increased RE content [96]. CdTe/Sm3+ silica xerogels are also 

reported in which optical analysis of air annealed composites are well explained using 

Judd–Ofelt (JO) theory [97]. Junjie et. al constructed a perovskite QD-RE combination 

in which Eu3+ doped with CsPbBr3 quantum dots that shows excellent optical perfor-

mance for WLEDs [98]. Recently, Hongtao Chu et. al. developed a fluorescent probe 

for mercury detection by utilizing RE doped CdTe QDs/ CQDs  [99]. One of the recent 

research works by Yuanbing Mao and his team proved the excellency of Sm3+-activated 

La2Hf2O7 nanoparticles in luminescence thermometry, thermographic phosphor and 

scintillators [100].  

1.10 Organisation of thesis 

The thesis primarily focused on the structural investigation and optical features of dif-

ferent RE/EN doped silica composites. Detailed investigations are done for their appli-

cations in solid-state lighting systems. Particularly, Chapter 1 contains a general intro-

duction on nanostructures, allotropism, energy transfer mechanisms and fundamentals 

of RE spectroscopy. In addition to that, different approaches to generate white light and 
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chromaticity characterization techniques are also presented in short. Chapter 2 de-

scribes fabrication of carbon quantum dots - Tb3+ - Eu3+ doped silica and detailed stud-

ies on their solid state tunable WLE. Chapter 3 depicts synthesis of dual emitting bio-

mass derived carbon nanoparticles via facile direct thermal decomposition and their in-

depth optical investigations. Meanwhile, a phase dependent optical study of Tb3+/Se 

doped silica for multicolor emitting applications are included in Chapter 4. Chapter 5 

comprises fabrication of tunable silica glasses doped with carbon quantum dots and 

Tb3+ions. Chapter 6 is a study of structural and optical features of nanocarbon doped 

silica and their promising light emitting applications. Chapter 7 and Chapter 8 contains 

the overall summary and future scope of the research work respectively. 

 

1.11 Objectives of the research work 

❖ Investigate optical properties and energy transfer mechanism of various RE/EN 

composites in silica. 

❖ Investigate structural dependence on optical properties of RE/EN based silica 

composites 

❖ Develop white light emitting RE/EN based silica composites with better CRI 

and CCT values. 

❖ Examine the possibility of photoluminescence color tunability of RE/EN com-

positions. 
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        2   
Carbon Quantum Dots -Tb3+ - Eu3+ 

Doped Silica for Tunable WLE 

Applications  
  

Development of ultra-stable, solid-state, cost-effective phosphors for white 

light emitting devices with high color rendition is in high demand. In this 

work, we prepared carbon quantum dots (CQDs) by a hydrothermal method 

with an average size ranging from 2-8 nm which exhibits low toxicity. Optical 

analysis confirmed the influence of both Cu2+ and Fe3+ ions and the excitation-

dependent fluorescence of CQDs are effectively quenched by addition of Fe3+ 

ions. The excitation dependent emission property of CQDs and degradation 

resistant blue emission of CQDs-silica are utilized to construct CQDs-

Europium-Terbium doped silica for stable multicolor emissions upon different 

excitation wavelengths. Optimized composition of CQDs with Terbium and 

Europium ions produced white light emissions under UV exposure of 370-393 

nm. Continuous tuning from warm white emission to cool white emission with 

moderate CRI is achieved by varying the concentration of CQDs.  The ultra-

stable white emissions which last long for a year, reveals the potential WLED 

applications of these solid-state luminescent materials.  
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2.1 Introduction 

For the past several years considerable efforts have been made on exploring 

luminescent materials for traditional light emitting devices (LEDs) to achieve minimal 

power consumptions, long operational life, quick response and compact size [1], [2], 

[3], [4]. Usually, white emissions are generated by the integration of blue LEDs with a 

color conversion layer of yellow or red-green luminescence materials [5]. Though they 

exhibit high luminous efficiencies, unequal RGB distributions with least FWHM 

generate near white light emission of minimal spectral grade and low color rendering 

index (CRI). Typical trichromatic RGB (red-green-blue) emitting quantum dots based 

WLEDs exhibit excellent CRI, high luminous and good efficiency. But these 

semiconductor dots and organic luminescent materials are Cd, Pb, selenides or 

tellurides based toxic compounds which restrict their wide applications. Moreover, self-

aggregation of QDs and their degradation due to surface oxidation severely limits their 

applicability for achieving highly stable QD based WLEDs.  

In recent years, carbon quantum dots (CQDs) are undoubtedly explored due to 

its versatile multi-disciplinary profiles which sometimes cross over the limits of toxic 

semiconducting quantum dots [6]. Luminescent carbon quantum dots (CQDs) have 

potential applications in various fields like metal-ion sensing, optical limiting, bio 

imaging and drug delivery etc [7], [8], [9], [10]. CQDs with excellent optical properties 

are obtained from a long list of non-toxic, green, natural precursors through numerous 

techniques [11]. Generally, CQDs are known to have strong blue fluorescence which is 

further tuned by tailoring surface groups and doping. Due to excitation dependent 

fluorescence and water-soluble nature blue emitting CQDs (B-CQDs) could be 

integrated with yellow or green-red fluorophore to get the trichromatic luminescence 

towards white emissions. Though various CQDs based WLEDs have attracted 

tremendous attention, integration of yellow emitting CQDs on blue light emitting diode 

chips could give only low CRI value. To yield high CRI values, with least energy losses, 

traditional lanthanide phosphors can be tailored with the B-CQDs. Many researchers 

have already put a great deal of effort into developing WLE glassy systems by 

exploiting the abundant energy levels and narrow emission spectral lines of RE ions 

[12], [13], [14]. Among RE ions, Tb3+ and Eu3+dopants can emit discrete sharp green-

red regions. To date, some recent studies have developed WLEDs based on Eu3+/Tb3+/ 
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CQDs by adjusting the amount of CQDs and Ln3+ in nanocomposite solution to achieve 

white light emission [15], [16]. However, considering their low stability in complex 

solutions, it is necessary to fabricate RE – CQDs solid matrices to enhance mechanical 

toughness and optical stability for their practical applications in lighting systems.  

 In solid-state, white emissions from different RGB mixtures exhibit gradual 

fading and reduction in spectral quality due to self-absorption losses and the time 

induced degradation. Uniform dispersion of CQDs in solid frames like polymer, silica, 

gelatine and starch could prevent the aggregation caused quenching (ACQ) yielding 

high device efficiency and long shelf-lifetimes [17], [18]. Even though tunable CIE 

chromaticity coordinates are achieved in Ca19Mg2(PO4)14: Ln3+ (Ln3+ = Eu3+ and/or 

Tb3+) nano crystalline phosphors, the urge for RE–CQDs solid composites with good 

CRI values remains [3]. Here, CQDs-silica solid composites with more than one year 

shelf life are synthesised using hydrothermal assisted sol gel method. RE–CQDs co-

doped silica with good optical stability are prepared and color tunable emission ranging 

from warm to cool white light was achieved by varying nano phosphor concentration. 

Moreover, the excitation dependent fluorescence observed for CQDs was effectively 

utilized to obtain excitation dependent multicolor emission ranging from blue to white 

light. 

2.1.1 Aloe vera 

 

Figure 2.1: Photograph of Aloe Vera. 

Aloe vera belongs to the genus Aloe which lies within the Liliaceae family [19]. But 

gradually, it spread to Mediterranean regions and now it exists in numerous countries 

worldwide. Green colored, thick aloe vera leaves containing a list of bioactive 
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compounds like lignans, phytosterols, polyphenols, anthraquinones, C-glycosides and 

anthrones [20]. These phytochemicals with remarkable bioactivity have been utilized 

for a wide spectrum of applications in connection with healthcare products, cosmetics 

and food processing industries [21]. Leaves have a yellow latex portion with inner jelly 

part and both were exploited for commercialization. The jelly, whitish inner portion of 

the leaves is highly nutritious containing 99% water and the remaining filled with major 

amino acids, minerals, lipids, essential vitamins, polysaccharides, proteins and 

antioxidants [22]. Role of Aloe vera products in both commercial and medicinal fields 

are inevitable. Aloe vera usage in multiple forms like nanoparticles, nanofibers, 

nanocomposites, hydrogels and bio-sponges led specifically to its potential applications 

in tissue engineering and drug delivery [19]. 

2.1.2 Hydrothermal carbonization 

Generally, hydrothermal synthesis is a technique through which crystallizing a 

substance take place at high temperature scales by maintaining high vapour pressure. 

A series of chemical reactions occurred in the sealed container results in the desired 

nano assemblies. Typically, hydrothermal carbonization (HTC) is a cost efficient, 

environmentally benign, non-toxic synthesis technique capable of producing novel 

nanocarbon structures from multi varieties of carbonaceous precursors and crude 

biomass content [9]. In the process, dissolved solutions of precursors were kept in a 

hydrothermal reactor which underwent cascades of chemical transformations within the 

reactor. HTC is a very common technique performed for the CQD synthesis. Carbon 

nano assemblies were developed by utilizing many precursors such as citric acid [23], 

glucose [24], banana juice [25], ginger [26], orange [27], beetroot [28] and many other 

cheap natural sources. Easy availability of precursors, economical and facile 

preparation steps made it a widely acceptable synthesis process for achieving 

nanomaterials.  Numerous carbonaceous structures with distinct dimension, 

morphology, and surface groups are already developed with this technique. Intense 

luminescence with spectral tunability of non-toxic, biocompatible carbon nano systems 

have miscellaneous applications in bioimaging, solid state lighting and sensing 

platforms [8], [9]. 
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2.1.3 Terbium ion  

Terbium is the ninth member of the lanthanide series with atomic number 65. It is a 

fairly electropositive rare earth metal which appears in silvery white color. Under UV 

excitations, intense green emissions from terbium ions are generated. Strong visible 

luminescence guarantees its potential applications in fluorescent lamps and advanced 

lighting systems. Fluorescence of Tb3+ ions mainly originated from 5D3 and 5D4 levels. 

Particularly, most of Tb3+activated phosphors exhibit green fluorescence due to the 

5D4→7F5 transition. According to literatures, when Tb3+ ions getting excited under UV 

radiations, multiple emissions with a dominant green luminescence are reported. 

Typically, emission bands at 488 nm, 543 nm, 584 nm, 620 nm are arisen due to the 

spectral transitions from the level 5D4 to distinct 7 FJ multiplets (5 D4 → 7 FJ (with J = 6, 

5, 4, 3). Importantly, the most intense green emission at 543 nm is related to the 5D4→ 
7F5 magnetic dipole transitions [29], [30]. From previous studies, excitation bands of 

Tb3+ ions for the most intense emission band at 543 nm (5D4 →
7F5) are located at 303, 

318, 340, 351, 377, 483 nm and associated transitions spectral transitions [31], [32] are 

shown in table 2.1.  

Table 2.1: Excitation bands of Tb3+ ions for λem = 543 nm with corresponding transitions. 

Sl. 

No 

Peak positions 

(in nm) 

Corresponding 

transitions  

1 303 7F6→ 5H5, 5H6 

2 318 7F6→5H7, 
5D1 

3 340 7F6→5L7,8, 5G3 

4 350 7F6→5L9,5D2, 5G5 

5 377 7F6→5L10, 5D3, 5G6 

6 483 7F6→5D4 

 

Terbium can also be found in X-ray machines, dopants in lasers and color television 

tubes. Also, it is alloyed with different metals for multifunctional applications. Terbium 

in combination with other red blue phosphors, generates efficient white light 

illuminations for indoor lighting applications. Luminescence channels of Tb3+ ions 

were depicted in Figure 2.2.  
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Figure 2.2: Luminescence channels of Tb3+ ions. 

2.1.4 Europium ion  

Europium is one of the most reactive rare earth elements having partially filled 4f-

electron shell. Generally, europium exists in two stable valencies as Eu(II) and Eu(III). 

But mostly europium exists as a trivalent ion with ionic radius 0.121 nm. Strong visible 

luminescence of Eu3+ is generated due to the intra 4f6 transitions (S=3, L=3 and J=0) 

which were utilized in the optoelectronic applications. Lasing applications were 

successfully achieved by dispersing Eu3+ ions within an insulating host to avoid 

concentration quenching and minimize the energy transfer channels. Commercial 

production of Eu based laser materials and phosphors was commonly fabricated from 

Eu2O3 source [33]. Possible fluorescence pathways of Eu3+ ions were depicted in Figure 

2.3. As per reports, prominent emission of Eu3+ obtained at 590 nm, 616 nm, 651 nm, 

698 nm which are related to the transitions 5D0→
7FJ (with J = 1, 2, 3, 4). Excitation 

bands of Eu3+ ions for the most intense emission band at 616 nm (5D0→
7F2) are located 

at 361, 376, 382, 393, 414, 463, 525 and 531 nm and corresponding spectral transitions 

are given in table 2.2. Most prominent excitation band at 393 nm can be assigned to the 

spectral transition 7F0→
5L6 [34]. 
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Table 2.2: Excitation bands of Eu3+ ions for λem = 616 nm with corresponding transitions. 

Sl. 

No 

Peak positions 

(in nm) 

Corresponding 

transitions 

1 361 7F0→5D4 

2 376 7F0→5G2 

3 382 7F1→5L7 

4 393 7F0→5L6 

5 414 7F1→5D3 

6 463 7F0→5D2 

7 525 7F1→ 5D1 

8 531 7F1→5D0 

 

 

Figure 2.3: Luminescence channels of Eu3+ ions. 

2.1.5 Review on RE/CQD composites 

As a part of improving the spectral qualities of RE doped materials, fluorescent 

CQDs derived from various synthesis routes are combined via various linkages. Many 

attempts were reported regarding the preparation and effective applications of RE/CQD 

hybrids. RE-CQD composites have novel luminescence bands with unusual energy 
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transfer pathways which made it applicable for exciting applications such as solid-state 

lighting, phosphor based luminescence [16], fluorescent probes [35] , anticounterfeiting 

and bioimaging [36]. Among the long list of RE ions, Eu3+ and Tb3+ are mostly tailored 

with CQDs due to their inherent red and green luminescence. In some cases, Tb3+, Eu3+ 

are integrated with blue emitting CQDs to achieve white emitting devices and tunable 

luminescent materials [3], [16], [37]. Typically, in some cases CQDs act like a 

sensitizer which triggers the energy transfer and thereby photoluminescence color 

tuning [3]. In a similar work, Eu3+doped LaF3/CQD nanocomposites are prepared and 

a particular energy transfer through the sensitizing effect of CQDs are included. Zhao 

and coworkers studied the quenching effect and the impact of europium ions on the 

fluorescence lifetime of CQDs. They demonstrated a possible energy transfer 

mechanism within the RE-CQD composition [38]. Meanwhile, Xu et. al. synthesised 

NaYF4:Yb, Er(Tm)@CDs composites via sol gel route in which they achieved an 

impressive enhancement in red emissions and the NIR upcoversion related 

luminescence.  There the integrated CQDs stood like a mediating channel for energy 

transfer process that results in remarkable optical enhancement in the composites [39]. 

One of the very recent research attempts by Pratap et. al. presents a CQD-Tb 

combination in which the CQDs are prepared from plumeria leaves and the terbium 

ions plays the role of a surface passivator. They also prepared CQD phosphor based 

films for lighting applications [40]. Interestingly, Claus Feldmann and his coworkers 

prepared extremely nanosized CQDs (3-5 nm) by simple thermal treatment of polyols. 

Through very simple heating method, they got CQDs with excellent blue, geen bands 

with remarkable quantum yield. By introducing RE ions into the CQDs, QY values 

increased to 85 % [41]. Yanzhi Zhao et. al. prepared a novel Gd/Yb@CQDs via one 

step hydrothermal route which shows applications in diagnostic techniques such as 

MRI/FI/CT [42].  

2.2 Experimental section 

2.2.1 Synthesis of carbon quantum dots (CQDs) 

The CQDs were prepared by hydrothermal treatment of fresh aloe gel in water similar 

to previous chemical methods with slightly different reaction conditions [43]. In a 

typical procedure, aloe gel was extracted, chopped and well ground in a mortar to make 

into a juicy form. 15 g of the aloe gel was mixed thoroughly with 25 ml of distilled 
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water, and kept in a 50 ml Teflon-lined autoclave at 180°C. After 24 hours, the 

autoclave was allowed to cool naturally to room temperature. The brown solution 

obtained was filtered to remove the unreacted organic moieties. Finally, the light brown 

aqueous solution was collected for further characterization and use. 

2.2.2 Preparation of metal ion solutions 

Stock solutions of different metal ions (Fe3+, Cd2+, Mn2+, Cu2+, Zn2+, Pb2+, Co2+) each 

with 10 mM concentration were prepared in distilled water using the corresponding 

precursors. Known volumes of stock solutions of metal ions were added into the CQDs 

solution and corresponding emission and absorption spectra were recorded. All 

fluorescence spectra were measured at an excitation wavelength of 370 nm.  

2.2.3 Fabrication of CQDs-terbium-europium incorporated 

silica  

RE-CQDs co-doped silica [2 wt% Tb3+ and 2 wt% Eu3+ in 2 g of silica] were prepared 

via sol gel route at room temperature. Appropriate amount of ethanolic solutions of 

terbium (III) nitrate pentahydrate and europium (III) nitrate pentahydrate was added to 

7.4 ml tetraethyl orthosilicate (TEOS). The mixture was continuously stirred for 1 h 

after adding aqueous solution of 9.76 mg of CQDs to obtain a homogeneous solution. 

The molar ratio of TEOS – water − ethanol was taken as 1:2:2. Two drops of 

concentrated nitric acid were added as a catalyst. The final clear solution obtained was 

poured into polypropylene containers, sealed using paraffin wax and kept for about a 

month to form a stiff gel. Samples were then heated in the hot air oven at 60 0C for 2 

days to eliminate water and other organics present [44]. Similar synthesis route was 

repeated for preparing CQDs (9.76 mg) doped silica and with lower CQDs 

concentration (1.5 mg). Obtained samples were annealed at 150 0C in muffle furnace 

for 2 h to get two sets of samples named as A (9.76 mg CQDs in 2 g of silica), A1 (9.76 

mg CQDs, 2 wt% Tb3+ and 2 wt% Eu3+ in 2 g of silica) and A2 (1.5 mg CQDs, 2 wt% 

Tb3+ and 2 wt% Eu3+ in 2 g of silica).  All samples were finally ground to fine powder 

using an agate mortar and stored in vials at room temperature. The solid-state 

fluorescence spectra of A, A1 and A2 were recorded and re-measured after a period of 

1 year. All the measurements were performed at room temperature. 
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2.2.4 Optical and morphological characterization  

The morphology and crystallinity of carbon quantum dots was examined using 

Transmission Electron Microscopy (TEM) data using JEM 2100 transmission electron 

microscope operated at 200 kV. The optical absorption spectrum of CQDs was recorded 

using UV-Visible spectrophotometer, (Shimadzu UV-2600) and fluorescence emission 

spectra were obtained using Fluoromax Spectro Fluorometer (Horiba Jobin Yvon, 

USA). Fourier transform infrared (FTIR) spectrum in the region 4000 cm-1- 500 cm-1 

was measured from FTIR spectrometer (Perkin Elmer, Singapore) with attenuated total 

reflectance (ATR) and diamond crystal. All the measurements were performed at room 

temperature. 

2.3 Results and discussions 

Hydrothermal treatment of aloe vera gel undergoes aromatization and 

carbonization through the cycloaddition reactions as well as condensation. CQDs are 

formed as a result of a possible nuclear burst within these aromatic rings [25], [45], 

[46], [47], [48], [49], [50], [51]. Sufficient number of carboxylic moieties on the CQDs 

surfaces is responsible for the easy dispersion in water with excellent biocompatibility 

[52]. 

2.3.1 Fourier transform infrared spectroscopy (FTIR) 

 

Figure 2.4: FT-IR spectrum of CQDs. 
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Furthermore, FTIR spectral assay was used to analyse the presence of different 

functional groups on CQDs surface. The FTIR spectrum of CQDs exhibits vibrational 

bands (Fig. 2.4) at 3332 cm-1 for O-H stretching and 1634 cm-1 for C=C stretching 

respectively [53]. Due to excellent surface functionalization with hydroxyl groups, 

CQDs have shown high solubility in water [25]. 

2.3.2 Transmission electron microscopy (TEM) 

 

Figure 2.5: (a) TEM image and (b) SAED image of CQDs. [inset of (a) shows particle size 

distribution profiles of CQDs]. 

The morphology and crystallinity of the prepared CQDs was studied from TEM 

images as shown in figure 2.5. CQDs are well separated, and have a quasi-spherical 

morphology. The particle size ranges 2-8 nm (inset of Fig. 2.5 (a)). The existence of 

multiple rings in SAED pattern (Fig. 2.5 (b)) indicates the excellent polycrystalline 

nature of the CQDs. Obtained inter atomic spacing d-values of 0.17 nm, 0.20 nm, 0.26 

nm, 0.29 nm, 0.33 nm are closer to the reported values of polycrystalline carbon dot 

systems [54] and can be indexed to (003), (112), (002), (111) and (011) lattice planes 

of cubic carbon (C20) respectively (ICSD No-185973) [55]. Extreme thermal conditions 

with controlled carbonization produced self-assembled crystalline carbon dot 

structures. 

2.3.3 Cell viability assay 

Cell viability studies were carried out in rat spleen cells by applying trypan blue 

exclusion method (Fig. 2.6). 
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Figure 2.6: Effect of CQDs on cell viability of rat spleen cells using dye exclusion 

method.  

Viable cell suspension (1x106 cells in 0.1 ml) was added to the tubes containing 

different concentrations of the CQDs and made up to 1 ml. After an incubation period 

of 3 hours at 37 0C, 0.1 ml 1% trypan blue was added to it and kept for 2-3 minutes. 

Trypan blue gave blue color for dead cells and the living cells were colorless, so that it 

could be counted separately to calculate the percentage of cytotoxicity. Toxicity for 

normal cells was found to be around 3% which remains constant even with higher drug 

concentration. Extremely low cytotoxicity percentage of normal cells reveals high 

biocompatibility of CQDs which can be ascribed due to the highly oxygenated 

nanosized nature of carbon dots. Non-toxic carbon dots with tunable emissions can be 

employed for bioimaging and biosensing applications. 

2.3.4 UV-Visible absorption spectra 

 

 Figure 2.7: UV-visible absorption spectra of CQDs solution (a) as synthesized and after one year 

(b) in the presence and absence of different metal ions. 
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From UV-visible absorption spectrum (Fig. 2.7(a)), it can be inferred that CQDs have 

an absorption edge around 240 nm, 290 nm and 400 nm which can be assigned to π→π* 

transition of C=C bonds, n→π* transitions of C=N and C=O respectively [56]. 

Functional groups containing oxygen- and nitrogen- groups are located at surfaces 

capable of producing multiple impurity levels within the band structure of CQDs. UV 

visible absorption spectrum of CQDs measured after an interval of 365 days shows 

similar absorption bands. Slight increase in absorption band around 450 nm wavelength 

can be ascribed to surface oxidation and degradation upon storage [57].  

 By the addition of metal ions, absorbance spectra of CQDs remain almost same 

except for Cu2+and Fe3+ ions (Fig. 2.7(b)). Considerable change in absorption is 

observed below 300 nm wavelength with addition of Fe3+ ions and 400 nm wavelength 

upon addition of Cu2+ ions  [26], [28], [58], [59], [60]. This can be ascribed to the 

complex formation among surface functional groups of CQDs with ions which agrees 

well with fluorescence quenching results. 

2.3.5 Photoluminescence spectra 

(i) Photoluminescence of CQDs  

 

  Figure 2.8: PL spectra of (a) aqueous solution of CQDs [inset of (a) shows optical image of 

CQDs under UV light] (b) CQDs doped silica. [inset of (b) shows optical image of CQDs doped 

silica under UV light].  

 The fluorescence spectrum of CQDs observed at 370 nm excitation wavelength 

is shown in Fig. 2.8(a). The blue emission of CQDs can be attributed to both the 

presence of oxygenated surface groups with sufficient sp2 carbon cores and the radiative 

recombination of excitons [52], [61]. For practical optoelectronic applications, CQDs 
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in solid state are inevitable but it often suffers from fluorescence quenching induced by 

aggregation. To overcome this, self-quenching resistant solid-state fluorescence was 

achieved in CQDs doped silica glasses (Fig. 2.8(b)). The presence of silica networks 

could hinder the CQDs from surface oxidation, degradation and agglomeration which 

helps to retain its optical quality.  

(ii) Excitation dependent luminescence of CQDs  

To examine the excitation dependent emission of CQDs, fluorescence spectra 

were recorded for excitation wavelengths ranging from 350 nm to 450 nm (Fig. 1.9 (a)). 

 

Figure 2.9: PL spectra of CQDs (a) at different excitation wavelengths (b) with normalized PL 

intensity. 

 Excitation wavelength dependent photoluminescence of CQDs (given in Fig. 

2.9) can be observed with a prominent red shift and reaches a maximum intensity for 

the wavelength of 370 nm. This behaviour mainly originated from the CQDs surface 

traps due to their exclusive activation for specific excitation wavelengths [58], [62], 

[63], [64]. Multiple emissive states within the CQDs surfaces were also responsible for 

the excitation wavelength dependent luminescence. Fig. 2.9 (b) shows normalized 

fluorescence spectra which clearly indicate that different emission centres are dominant 

at different excitation wavelengths. This property is widely reported [64] which can be 

exploited to design excitation dependent multicolor emitting devices.  
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(iii) Optical response towards metal ions 

 

Figure 2.10: PL spectra of CQDs obtained in the presence and absence of different metal ions. 

Fluorescence responses of CQDs towards different metal ions the (Cd2+, Co2+, 

Cu2+, Fe3+, Mn2+, Pb2+, Zn2+, etc.) of same concentration (10mM) on the fluorescent 

intensity of the CQDs was examined (Fig. 2.10). Distinct optical response of CQDs in 

the presence of various ions can be ascribed due to their selective interactions among 

the entangled bonds of CQDs. Obvious fluorescence quenching produced by various 

ions with a maximum quenching for Fe3+ and Cu2+. Among the different cations, Fe3+ 

is more electron deficient with higher affinity towards electron rich groups such as -

OR, -OH present in the CQDs surfaces. So, compared with other metal ions, Fe3+ 

electron donating group interactions are more feasible. Comparable electrophilic nature 

with ACQ effect of Cu2+ with Fe3+ can be a possible reason for similar quenching 

behaviour. This is due to the fast electron transfer between Fe3+ and oxygenated surface 

groups of aloe derived c dots [57]. Remaining ions could not make a notable quenching 

effect towards CQDs due to their weak electrophilic ability [65], [66], [67], [68].  
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(iv) Photoluminescence of CQDs - Tb3+- Eu3+ doped silica 

The excitation dependent emission property of CQDs and degradation resistant blue 

emission of CQDs-silica were further utilized to construct CQDs-Terbium-Europium 

doped silica.  Photoluminescence studies of CQDs-Terbium-Europium doped silica 

having same RE concentration but different CQDs concentration were done to 

investigate their applicability to construct white light emitting devices (Fig. 2.11). 

Emission spectra show broad blue emission bands of CQDs and narrow green-red 

emissions of rare ions. Due to the intra-4f-4f transitions in Eu3+ and Tb3+, emission 

bands peaked at 487 nm, 542 nm, 590 nm, 616 nm 651 nm and 698 nm wavelengths 

are observed. Blue-green emission bands peaked at 487 nm due to the 5D4→ 7F6,5 

magnetic, electric dipole transitions of Tb3+ ions [32], [69], [70]. Particularly, the most 

intense emission of Tb3+ peaked at 542 nm wavelength corresponds to 5D4→ 7F5 

transitions having significant magnetic dipole contributions.  

The remaining peaks at 590 nm (5D0→
7F1), 616 nm (5D0→

7F2), 651 nm 

(5D0→
7F3) and 698 nm (5D0→

7F4) can be attributed to the transitions of Europium ions 

[34], [71]. An evident spectral dip around 417 nm was obtained due to the spectral 

overlap of luminescent bands of CQDs with the excitation peak of Eu3+ions which can 

be ascribed due to the 7F1→5D3 transitions in Eu3+ ions. This is clear evidence of energy 

transfer between CQDs and Eu3+ ions. With the same concentration of RE, green-red 

emissions of Tb3+ and Eu3+ ions are enhanced in A1 due to the presence of higher 

concentration of carbon quantum dots. 
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Figure 2.11: Steady state PL spectra of A1 and A2 samples of CQDs - Tb3+- Eu3+ doped silica for 

excitation wavelengths (a) 370 (b) 380 and (c) 393 nm respectively.  
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2.3.6 Energy transfer studies 

 

Figure 2.12: Schematic representation of energy transfer mechanism between carbon quantum 

dots (CQDs) and rare earth ions (RE3+ = Tb3+, Eu3+) in silica. 

Significant optical amplification observed here is due to direct energy transfer from 

CQDs to Tb3+ and Eu3+ ions (Fig. 2.12). Thus, by varying the excitation wavelength 

and concentration of CQDs, a fine tuning of blue-green-red emissions is achieved. 

Generally, Tb3+ based materials glow green light due to most intense emissions (5D4→ 
7F5) at 542 nm at prominent excitation wavelength of 370 nm [32]. Similarly, Eu3+ 

based materials are well known as red emitting phosphors owing to intense red color 

emissions (613 nm wavelength) due to 5D0→7F2 transitions at 393 nm excitation 

wavelength [34]. As RE ions are known to show sharp intense emissions at only 

particular excitations, the existence of all Eu3+ emission curves at excitation 

wavelengths other than its prominent excitations illustrates the energy transfer between 

CQDs and RE. Though 380 nm wavelength is not a prominent excitation wavelength 

for Tb3+ and Eu3+, green-red emissions of comparable intensity are achieved in both 

samples. Due to the spectral overlap and vicinity of luminescent centres efficient 

Forster resonance energy transfer occurs. By the incorporation into a rigid matrix, the 



Carbon Quantum Dots - Tb3+ - Eu3+ Doped Silica for Tunable WLE Applications 

57 | P a g e  
 

vicinity of the donor-acceptor (CQDs-RE3+) comes to a close distance (< 10 nm) which 

enhances the energy transfer routes.  

2.3.7 CQDs - Tb3+- Eu3+ doped silica as WLEDs  

 

Figure 2.13: (a) Steady state PL spectra of A2, as synthesized (P) and after 1 year (Q) [inset 

shows photograph of sample A2 under UV excitation of 365 nm) and (b) CIE chromaticity 

diagram of A2, as synthesized and after one year. 

In order to examine the optical stability of the WLE composite (A2) was stored for a 

period of 1 year and fluorescence spectrum was examined (Fig. 2.13). Even after 1 year 

storage period, for the excitation of 393 nm A2 has got an emission spectrum with non-

shifted peak positions and comparable intensity. Under UV exposure white emissions 

of the obtained samples were retained as given in the photograph (inset of Fig. 2.13(a)). 

2.3.8 Colorimetric analysis with CIE Chromaticity diagrams 

CIE chromaticity charts displayed the color of emission for each sample excited 

at specific excitations. Stable multicolor emissions from an integrated RE-CQDs 

material are achieved here by utilizing the excitation dependent broad blue emissions 

of CQDs. This is further investigated from the CIE chromaticity diagram (Fig. 2.14). 

The CIE indices of composites for different excitations were obtained in different color 

domains (as in table. 2.3). The colorimetric coordinates (x, y) of pure WLE combination 

composite (A2) were found to be (0.27, 0.26), (0.27, 0.28) and (0.32, 0.33) for 

excitation wavelengths of 370 nm, 380 nm and 393 nm respectively which are located 

in and around the ideal white point (0.33, 0.33). Optimized composition of CQDs with 

Terbium and Europium ions produced white light emissions specifically under UV 
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exposure of 393 nm. Therefore, the fabricated tunable and white emitting flat display 

panels could be a best alternative for conventional lighting systems. 

 

Figure 2.14: CIE diagram of A1 and A2 samples of CQDs - Tb3+- Eu3+ doped silica for excitation 

wavelengths (a) 370 (b) 380 and (c) 393 nm respectively. 

The colorimetric parameters of WLE composites with different carbon concentrations 

including correlated color temperature CCT (color correlated temperature), CIE indices 

for distinct excitation wavelength were tabulated in the table. 2.4. WLE systems with 

warm white (CCT < 4000) can be used in indoor lightings and (CCT > 4000K) cool 

white utilized mainly for outdoor illuminations [7]. 
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Table 2.3: Excitation wavelength, CIE indices, color region of CQDs-Tb-Eu incorporated silica. 

Sample 

code 

Excitation 

wavelength 

(in nm) 

CIE Index Color region 

A1 

A1 

A1 

A2 

A2 

A2 

370 

380 

393 

370 

380 

393 

(0.20, 0.17) 

(0.20, 0.17) 

(0.38, 0.32) 

(0.27, 0.26) 

(0.27, 0.28) 

(0.32, 0.33) 

Blue 

Blue 

White 

White 

White 

White 

 

Table 2.4: CIE indices, CCT, CRI values obtained for optimized compositions of white light 

emitting RE-CQDs silica. 

Sample 

code 

Excitation 

wavelength 

(in nm) 

CIE Index CCT 

(K) 

CRI Nature of 

white light 

A1 393 (0.38, 0.32) 3508 61 Warm 

A2 393 (0.32, 0.33) 6114 71 Cool 

 

Under UV excitation of 393 nm, continuous tuning from warm white emission with 

CCT of 3508 K to cool white emission with CCT 6114 K can be achieved by varying 

the concentration of CQDs. CCT values exceed 10000K for the lower CIE coordinates 

(x, y). Tuning from warm to cool temperature scales may make the glassy frames as 

artificial lighting solutions for both indoor and outdoor applications. Moreover, for both 

outdoor and indoor lighting applications color rendering index (CRI) >70 is best 

required. Moderate CRI values of RE-CQDs silica confirmed the spectral quality of 

white emissions. For 393 nm excitation wavelength, the estimated color points (0.32, 

0.33) with adjustable CCT (6114 K) and CRI values (71) of A2, reveals the potential 

WLED applications of constructed composites. Under UV excitation of 393 nm 

wavelength (Fig. 2.13) similar white emissions with CIE indices (0.35, 0.29) confirmed 

the ultra-stable nature of obtained luminescent systems. Rigid silica encapsulated 

CQDs and stable fluorescence from composite material is achieved even after a period 

of one year. 

 



Carbon Quantum Dots - Tb3+ - Eu3+ Doped Silica for Tunable WLE Applications 

60 | P a g e  
 

2.4 Conclusion 

 In summary, solid state white light emitting rare earth ions (RE3+)–Carbon 

quantum dots (CQDs) embedded silica having adjustable correlated color temperature 

(CCT) values (3508 -6114 K) were prepared via sol-gel route. Blue emitting CQDs 

were prepared by simple hydrothermal method with eco-friendly aloe as carbonaceous 

precursor. Polycrystalline carbon dots of average size ranging from 2-8 nm have 

presence of different functional groups on the surface. The CQDs exhibited excellent 

biocompatibility and water solubility. The excitation dependent emissions were 

effectively quenched with addition of Fe3+ ions. The optical stability of CQDs was 

analyzed from UV-visible absorption and photoluminescence spectra. To overcome 

surface oxidation and CQDs degradation, CQDs doped silica were prepared showing 

stable blue emission in the long run. Optically consistent white and multi-color 

emissions were obtained by incorporating optimized composition of CQDs and 

Terbium-Europium ions within the mesoporous silica network. Intense green-red 

emissions were obtained by increasing the concentration of CQDs due to direct energy 

transfer from CQDs to Tb3+ and Eu3+ ions.  Additionally, by varying the excitation 

wavelength, a fine tuning of blue-green-red emissions was achieved. Both compositions 

of CQDs with Terbium and Europium ions produced white light emissions with tunable 

warm to cool white emission (CCT 3508 to 6114 K) under UV exposure of 393 nm 

wavelength. Moreover, the colorimetric coordinates (x, y) of pure WLE combination 

composite were found to be (0.27, 0.26), (0.27, 0.28) and (0.32, 0.33) for excitation 

wavelengths of 370 nm, 380 nm and 393 nm respectively. The CIE indices (0.32, 

0.33) of white light emitting material have moderate CRI value of 71 and CCT (6114 

K) at 393 nm wavelength excitations. This solid-state phosphor is found to have white 

color CIE indices (0.35, 0.29) even after 1 year of time which reveals its potential 

WLED applications for high-definition advanced lighting systems with high lighting 

prospects. 
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         3 
Dual Emitting Carbon Nanoparticles  

for Tunable White Light Emission 
 

 Eco-friendly, biomass derived single component luminescent materials with 

dual emission bands hold immense potential in white light emitting devices 

(WLED). Compared to WLED fabricated from different color emitting 

carbon nanoparticles, self-reabsorption and degradation will be negligible in 

single system white light emitting materials which guarantees stability in 

long run. Herein, we report a facile, inexpensive and sustainable direct 

thermal decomposition method to synthesize carbon nanoparticles with dual 

emission bands. Addition of PVP could efficiently enhance the red emission 

band of carbon nanoparticles. The excitation dependent broad blue-green 

emission and excitation independent narrow red emission helps to obtain 

white light emitting carbon nanoparticles. Upon change in excitation 

wavelength from 410 nm to 370 nm, white light emissions are obtained with 

tunable CCT value from 2648 K to 8980 K respectively. By virtue of this 

tunable warm to cool white light emission, single system WLED can be 

designed suitable for both indoor and outdoor applications.  
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3.1 Introduction 

 

Over the last few decades, a sudden upsurge in the research of white light 

emitting materials occurred owing to their application in solid state lighting [1], [2] 

displays [3] and fluorescent sensors [4]. Conventional white illumination systems use 

careful controlling of red-green-blue (RGB) color profiles of individual light emitting 

phosphor devices [5]. An alternate way for efficient white light perception is to coat 

suitable rare-earth phosphor materials on a single chip [6]. However, design, 

complexity, low reproducibility rate for color tuning, low color rendering index (CRI) 

and relatively higher color correlated temperatures (CCT) hamper with their routine 

applications [5], [7]. Deepening concerns regarding the depleting sources of rare earth 

(RE) materials, their cost effectiveness and compatibility with the environment has 

also triggered minds to search for suitable alternatives [8]. Currently, great deal of 

efforts is put into white light emitting devices (WLEDs) exploiting various 

photophysical properties of semiconductor quantum dots [9], [10], nanomaterials [11], 

[12], [13], polymers [14], metal-organic frameworks (MOFs) [15], [16], lanthanide 

doped systems [17] and organic-inorganic hybrids [18], [19].  

Carbon based nanomaterials are often exploited for their hassle free and facile 

synthesis, low cost, biocompatibility, excellent photoluminescence (PL) properties 

and high stability in various devices [20], [21], [22]. Extensive studies are done on 

these materials to understand the mechanism of photoluminescence, their correlation 

to the structure and synergistic contribution of various optical active centers [23], 

[24]. Their sp
2
 hybridized graphitic core with varying surface appendages has always 

been rigorously studied for application in catalysis [25], sensors [26], [27], imaging 

[28] and other optoelectronic devices. Mn doped carbon dots with strong pH 

responsive blue, green and orange fluorescence were utilized for white light emission 

(WLE) in a recent work [29]. Nitrogen and phosphorous doped carbon quantum dots 

synthesized by a one pot microwave route were reported to have a strong single WLE 

in solution as well as polymer frame [30]. Chen et.al., recently reported a double band 

carbon nanostructures formed from the hydrothermal synthesis of 1,3-

dihydroxynaphthalene and hydrochloric  
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acid [31]. The single white light converter obtained was fabricated into a solid state 

WLED exhibiting a cold light source with CIE values (0.3122, 0.3429). However, 

adjustable white light emission parameters and CCT values with different excitation 

wavelengths from a single component material is still a matter to explore. 

Nevertheless, most of these reports use complex and skill demanding synthesis 

procedures and even costly carbon and amine precursors [24], [32]. Natural sources 

being cheap, environment friendly with hassle free extraction procedures and strong 

fluorescence could pose as an alternative to such lab-grown inorganic luminogens 

[33], [34]]. An aqueous dye cocktail with pomegranate and curcumin extract in 

ethanol was recently used for WLE [35]. Though there are a few prior works in 

natural dye and dye derived quantum dots for WLE, these mostly use mixed emitter 

tuning [36], [37]. Stable and highly photoluminescent carbon nanoparticles 

synthesized by a one pot thermal degradation with panchromatic emission remains 

conceptual and enigmatic to date.  

In this chapter, synthesis and optical properties of dual emitting carbon 

nanoparticles from the leaves of Hemigraphis colorata is discussed. A one step, facile 

low temperature thermal decomposition route is adopted which can ensure easy, large 

scale, inexpensive and sustainable synthesis. The optical properties, Commission 

Internationale d’Eclairage (CIE) coordinates and CCT values of the fluorescent 

nanoparticles were calculated. Encapsulation of the nanoparticles in a matrix like 

silica xerogel could inhibit undesirable aggregation induced quenching (AIQ) in the 

nanomaterials, prevent degradation and facilitate easy device fabrication. 

3.1.1 Hemigraphis colorata 

 

Figure 3.1: Photograph of Hemigraphis colorata leaves. 
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Hemigraphis colorata is known as red-flame ivy or waffle plant which is a 

member of acanthaceae family, native to tropical domains of globe especially tropical 

Asia [38]. The top face of the leaves appeared in dark green color and the lower face 

had a purplish green color.  Appropriate moisture content, soil quality with indirect 

sunlight are the key factors which ensures a healthy plant growth. In particular, it is 

tremendously appreciated for its wound healing effects. Indonesians employed this 

herbal plant for promoting urination, treating hemorrhages and as a medication course 

for venereal diseases [39]. In India it is locally called muriyan pacha which indicates 

the wound healing property of the plant.  Keralites called this plant with local name 

murikooti referred to as a component in ayurvedic medicines for wound healing 

treatments. These exotic perennial herbs belonging to the Acanthaceae family are 

often exploited for their anti-inflammatory, antibacterial and wound healing potencies 

[40], [41]. Its dye extract was reportedly used as a photosensitizer in combination 

with mesoporus TiO2 for photovoltaic application [38] 

3.1.2 Polyvinyl pyrrolidone (PVP) 

 
Figure 3.2: Structure of polymer poly (vinyl-pyrrolidone). 

Poly vinyl-pyrrolidone (PVP) is a synthetic polymer derived from the 

monomer units of N-vinyl pyrrolidone. High solubility in both water and organic 

solvents made it applicable for fuel cells, pharmaceuticals and adhesives. Particularly, 

in the pharmaceutical field, PVP serves as binder in tablets, stabilizing agents in 

suspensions and as key components in wound healing products. The chemical 

structure of PVP is depicted in figure 3.2. PVP is feasible for thermal cross linking 

with other compounds which results in novel hybrid materials with outstanding 
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thermal stability and mechanical strength [42]. Unlike the flaky solid powder form, in 

liquid state PVP shows remarkable wetting properties which promotes easy film 

formation. PVP is safe, inedible which was employed as a blood plasma expander in 

trauma victims. On the other hand, the monomer units of PVP are highly toxic which 

severely affects aquatic lives. 

3.1.3 Dual emissive (DE) fluorescence  

Dual emissive (DE) fluorescence is commonly reported from purely light 

emitting compounds which was initially reported in azulene [43]. DE emitters 

produce emission bands at two distinct wavelengths by exciting with a single 

excitation source. Commonly fluorescence process involves speedy relaxation of a 

molecule from its excited singlet state to the stable ground state associated with the 

emission of energy packets as photons. So, simultaneous de-excitation from I
st
 and 

II
nd

 singlet excited states accompanied with luminescence is rare and significant in the 

case of a single molecule [44]. Generally, biomass derived dual emissive fluorescence 

are described as a combination of fluorescence from carbon core and the chlorophyll 

derived porphyrins. To the point, blue green fluorescence originated from intrinsic 

carbon cores with functionalized surface states which exhibit excitation dependent 

fluorescence. Mainly, excitation dependent fluorescence originated from 

functionalized surface states.  Surface engineering of nanocarbon assemblies played a 

key role in obtaining excitation dependent luminescence [45], [46]. Meanwhile, red 

emissive fluorescence is generated from the chlorophyll derived porphyrins which 

have an excitation independent luminescence behavior [47]. Spinach, algae and many 

such pigment rich biomaterials are reported for their dual emissive fluorescence and 

they find applications in smartphone-based sensors, metal ion detectors and visual 

time detection [47], [48] .  

DE bands are often used in cost-efficient white light emitting (WLEDs) and 

sensors by exploiting its ability to generate multiple optical signals. WLEDs 

constructed with single molecule derived DE emitters are capable in avoiding certain 

drawbacks of light emitting devices designed from multiple luminescent molecules 

such as degradation, color ageing as well as phase separation. Typically, ratiometric 

sensing was well performed with dual emissive luminescent systems. Other key areas 
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of application include data encryption, and anticounterfeiting. Easy device fabrication, 

stability with excellent reproducibility are the highlights of DE emitter-based lighting 

platforms [49], [50]. 

 

3.1.4 Chlorophyll and pheophytin 

 

Figure 3.3: Structure of chlorophyll a and chlorophyll b molecules. 

Chlorophylls (Chl) molecules are abundant in nature which plays a major role 

in photosynthesis. This compound contains porphyrin rings with one unit of reduced 

pyrrole ring and Mg
2+

 ions coordinated with N atoms [51].  Chl is a significant 

biopigment which commonly exists in chloroplasts of algae, cyanobacteria and other 

plants. In addition, Chl participates in photon capture, energy transfer and other 

related optical activities. Porphyrins are macrocyclic molecules extended with 

delocalized π-electrons and have shown remarkable thermal stability. Mostly, Chl 

molecule exists in two different forms called as chlorophyll a (Chl a) and chlorophyll 

b (Chl b). Chl b differs from Chl a by replacing the methyl (CH3) group with formyl 

(CHO) group (given in figure 3.3). Meanwhile, pheophytin (Phe) is nothing but Chl 

molecule in which Mg
2+

 ions in the tetrapyrrole ring is substituted with H atoms [52]. 

It can be experimentally produced by treating chlorophyll with weak acids. 

Pheophytin serves as the pioneer electron carrier intermediate in the photoreaction 

centers of purple bacteria (RC P870) and photosystem II (RC P680). As per recent 

reports, Chl derived strong red luminescence was obtained via green synthetic 
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route[47]. Pheophytin a (Phe a) and pheophytin b (Phe b) are the two forms derived 

from Chl a and Chl b respectively.  

 

Figure 3.4: UV-Visible absorption spectra and photoluminescence spectra of chlorophyll a and 

chlorophyll b [53]. 

 

As given in figure 3.4 (a) absorption bands of Chl a have peaks at 428nm and 

660 nm whereas, for Chl b slightly shifted peaks at 453 nm and 643 nm are present. In 

the case of fluorescence (as shown in figure 3.4 (b)), similar spectral shift is observed. 

ie; Chl a has emission peak at 666 nm and Chl b emits around 640 nm [53]. In detail, 

two major bands namely Soret and Qy-bands are commonly obtained in compounds 

with porphyrin rings.  Generally, in terms of spectroscopy Soret band is referred as 

intense absorption bands around 400 nm and Qy-bands are present in visible region 

with most intense peak at higher wavelength range of 600 to 660 nm.  
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Figure 3.5: Photoluminescence spectra of chlorophyll and pheophytin in acetone/water 

(9:1) medium [52]. 

 

In the luminescence profiles shown in figure 3.5, Phe and Chl molecules have peaks 

in the red region around 650 nm. But excitation spectra for these red emissions are 

different in some peak positions. Particularly, Chl a and Phe a have very close 

luminescence peaks at 670 nm and on the other hand, Chl b and Phe b has similar red 

emissions centered around 650 nm [52].  

3.1.5 Review on biomass derived carbon nanostructures 

Biomass derived carbon nanostructures have got tremendous attention due to 

its versatility in structure and characteristics. Till date numerous synthesis strategies 

are employed in developing biomass derived carbon nano structures. Microwave 

method, pyrolysis, hydrothermal carbonization (HTC), ionothermal carbonization 

(ITC), molten salt carbonization are certain synthesis approaches for nano carbon 

systems [54], [55]. Even though there are many synthesis routes, HTC is most 

common method used to convert biomass to different nanostructures of carbon. It is 

usually carried out at moderate temperature ranges (< 300 
0
C) with self-generated 

pressures [56]. Song et. al. employed HTC for carbon nanoparticle synthesis by using 

flaxseed as the carbon source [57]. Several researchers reported microwave method 

on silk worm chrysalis [58], serum albumin to obtain carbon materials and in some 
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cases carbon materials are prepared using peanut shell and hair via pyrolysis method. 

Recently eutrophic algae derived luminescent nanocarbon are obtained via microwave 

method has been reported [54]. Diversity in the composition of biomass sources made 

huge differences in the finally obtained carbon materials.  

By varying the sources, synthetic parameters and synthesis routes, structure 

and dimensions of end product varies. Thereby, their applications are also distinct like 

starch are excellent in cell imaging [59] but aloe derived carbon dots through the same 

HTC method are apt for tartrazine detection [60]. Accordingly, from similar synthesis 

with different carbon source itself create many changes in structure, optical profile 

and the key areas of application. Less expensive, easily available, eco-friendly bio 

sources are commonly rich in various vitamins, minerals and biopigments. Efficient 

panel of natural sources such as vegetables, fruits, plant parts are well explored and 

even the ejected waste items such as kitchen waste, egg shell, water lemon peel, waste 

frying oil are also found out in reports as precursors of carbonization.   Due to their 

optical features like photoluminescence color tuning (PLCT) and up conversion 

luminescence, biomass derived carbon nanoparticles are utilized in various fields such 

as sensors for biomolecules and metal ions, bioimaging and drug delivery. Apart from 

this, they have inevitable role in various other fields like photovoltaics, fuel cells [55], 

supercapacitors [61]. Carbon based composites are another enthusiastic research topic 

in which novel combinations are presented. Recently, Wang and his co-workers 

constructed hybrid supercapacitors by bridging carbon nanosheets with MnO [62]. 

Meanwhile, reported UV/Visible absorption bands of nanocarbon are too short which 

may cause damage to DNA and proteins. So, it may arise certain limitations in their 

bio medical applications. In future perspective, NIR absorptions can also be achieved 

to widen the spectra of nanocarbon applications.  
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3.2 Experimental section 

3.2.1. Synthesis of carbon nanoparticles (CNP) 

 

Figure 3.6: Synthesis of dual emissive CNP from Hemigraphis colorata leaves. 

 

The carbon nanoparticles were synthesized through direct thermal decomposition of 

the precursor (shown in figure 3.6). The leaves of Hemigraphis colorata were 

washed, air-dried at room temperature and crushed using a mortar and pestle to obtain 

fine powder. 1 g of PVP was dissolved in 200 mL distilled water. 10 g of leaf powder 

was added to the above solution and agitated homogeneously. The mixture was kept 

in the oven at 95 °C for 24 hours and then allowed to cool naturally to room 

temperature. The solution was filtered using a Whatman filter paper and dark brown 

supernatant solution obtained (CNP) was used for further experiments. The carbon 

nanoparticles made in a similar manner without adding PVP was named CN. Similar 

synthesis route was repeated for preparing CN-60 and CN-90 by drying the leaves at 

60 °C and 90 °C respectively.  

3.2.2 Optical and morphological characterization  

The X-Ray Diffraction (XRD) analysis was done on Aeris Research XRD 

Diffractometer, (PANalytical, The Netherlands) with a scanning range of 2θ = 10−90° 

with Cu Kα radiation (λ = 1.540598 Å). The surface functional groups were identified 

from Fourier-transform infrared (FTIR) spectra recorded in transmission mode on a 

FTIR spectrometer (Thermo Nicolet, USA) at room temperature in the range 4000-

400 cm-1. A high-resolution transmission electron microscopy (HRTEM) data using a 

TALOS F200S G2 transmission electron microscope (200 kV, FEG, CMOS Camera 
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4K × 4K) was used to identify the morphology of the sample. Ultraviolet/Visible 

(UV/Vis) absorption spectra in the range 200-700 nm were obtained from the 

Shimadzu UV 1800 spectrophotometer. All photoluminescence measurements were 

made on a Fluorolog NIR spectrofluorometer (Horiba Jobin Yvon, USA). WLED 

properties like color rendering index (CRI), color coordinate (CIE), and correlated 

color temperature (CCT) were evaluated from Color Calculator software. 

3.3 Results and discussions 

3.3.1 Powder X-ray diffraction (XRD) 

 

Figure 3.7: XRD pattern of CNP. 

The XRD pattern (Fig. 3.7) of CNP shows a wide peak centered at 2theta 

value of 23°.  This suggests the graphitic structure of the nanoparticles corresponding 

to (002) plane [63]. Absence of any other peaks suggests the purity of sample. 

3.3.2 Fourier transform infrared spectroscopy (FTIR) 

FTIR spectrum (figure 3.8) helps to identify the surface functional groups and 

moieties attached to the graphitic core. The broad band from 3050-3550 cm
-1 

can be 

attributed to the stretching vibrations of hydrophilic groups –OH and –NH. These 

surface groups are responsible for water dispersibility of the synthesized 

nanoparticles.  The bands peaked at 580, 1636, 2080 cm
-1

 correspond to –OH bending 

vibration, stretching vibration of –C=O, -C-N respectively [64]. This confirms that the 

structural skeleton of CNP contains electron donating groups and porphyrin groups 

attached to the surface or core. 



 Dual Emitting Carbon Nanoparticles for Tunable WLE Applications 

 

 

 

80 | P a g e  

 

 

Figure 3.8: FTIR spectrum of CNP; the inset of the figure shows the structure of surface 

functionalized carbon nanoparticles. 

 

3.3.3 Transmission electron microscopy (TEM) 

 

 
 

Figure 3.9: (a) TEM image of CNP and (b) corresponding particle size distribution. 

 

The morphology of the sample was studied by TEM. Figure 3.9(a) shows 

monodispersed quasi spherical carbon nanoparticles in PVP polymer. The statistical 

particle size histogram (Fig. 3.9(b)) evaluated from the TEM image shows a 

distribution in the range of 28 - 42 nm.    
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3.3.4 Energy dispersive X-ray spectroscopy (EDX) 

 

Figure 3.10: EDS spectrum of CNP. 

EDX spectrum (Fig. 3.10) reveals that CNP contains C, N, O, Mg, Cl, Ca. Presence of 

magnesium indicates the existence of chlorophyll within the dual emissive CNPs. 

Also, peaks corresponding to Cl and Ca are observed due to the trace amount of 

elements present in the leaf.    

3.3.5 UV-Visible absorption spectra 

 

Figure 3.11: UV-visible absorption spectra of CN and CNP (inset of figure shows the 

photographs of CN and CNP solution in daylight. 
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The optical properties of CNP were studied from UV-visible (given in figure 3.11) 

and fluorescence spectra (3.12). The absorption spectrum of CNP has characteristic 

bands corresponding to the electronic transition in carbon centres and surface states.  

The strong band centered at 336 nm can be attributed to n→π* edge transition of the 

aromatic sp
2
 -C=O bond in nanocarbon [65]. It is primarily responsible for surface 

trapping of excited energy and the blue emission mostly observed in carbon cores. To 

gain better insights into the role of PVP on the optical properties of synthesized 

nanoparticles, carbon nanoparticles were prepared without using PVP (CN). Similar 

to UV-visible spectrum of CNP, band peaked at 333 nm can be attributed to n→π* 

transitions of the aromatic sp
2
 carbon system [52]. In CNP, the absorption bands in 

the visible region (400 to 700 nm) are mainly due to the transitions of surface groups 

[66]. The absorption bands at 405 and 655 nm can be ascribed to the π →π* and 

n→π* electron transition (Soret band and Q-band) of the -C=O and -C=N bonds in 

the chlorophyll-derived porphyrin [48], [67]. For CN, weak absorption band in the 

visible region suggests that lack of PVP results in less surface passivation with 

nitrogen-containing molecules. 

3.3.6 Photoluminescence spectra 

 

Figure 3.12: Fluorescence spectra of CN and CNP at 390 nm excitation wavelength (inset shows 

the photographs of CN and CNP solution in daylight and under UV excitation respectively). 
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The fluorescence spectra of CN and CNP exhibit dual and distinct emission bands at 

~480 nm and 665 nm upon UV excitations (Fig. 3.12). The broad emission band 

observed in the blue-green region is due to surface states and trapping centers for 

electron hole pairs which originated from O-, N-, and S- containing groups of CQDs.  

The cluster luminescence responsible for the blue green emission bands of CNP is 

formed by the aggregation of heteroatoms containing functional groups attached to 

the surface states via weak forces [68], [69]. While carbon core with cluster of surface 

states acts as the center of blue green luminescence, the strong red luminescence 

observed can be ascribed to the molecular state transitions associated with chlorophyll 

and pheophytin [48], [52]. Addition of PVP enhanced the red emission intensity by 

about 8 times in carbon nanoparticles due to molecular state transitions.  Increase in 

red emission is accompanied by decrease in blue emission which indicates energy 

transfer from carbon core to porphyrin rings. Due to the presence of intense red 

emission, the blue-green emitting CN could turn into a good white light emitter as 

shown in the inset of Fig. 3.12. 

3.3.7 Energy transfer studies 

 

Figure 3.13: Photoluminescence excitation spectra (Blue line) and Photoluminescence emission 

spectra (red line) of (a) CN and (b) CNP respectively. 

 

From the figure 3.13, it can be observed that excitation spectrum of CN and CNP 

overlaps with blue-green emission and a donor-acceptor pair is established between 

carbon nuclei and porphyrin. Additionally, it can be inferred that characteristic 

excitation peaks of pheophytin are enhanced in CNP which suggests the interaction 

between PVP and pheophytin. Moreover, in presence of PVP, the average exciton life 
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time of blue green emission peaked at 480 nm is decreased while average decay time 

of red emission peaked at 665 nm is increased (Table. 2.1). This confirms the energy 

transfer between carbon nuclei and porphyrin from chlorophyll/ pheophytin to obtain 

enhanced red emission.      

 

Figure 3.14: Photoluminescence excitation spectra of CN and CNP. 

      

 From the excitation spectrum (figure 3.14) it is clear that addition of PVP causes 

partial conversion of chlorophyll to pheophytin.  Moreover, the presence of 

characteristic peaks at 505 nm and 535 nm suggests the absence of any other metal 

substituted derivatives of chlorophyll. Even though chlorophyll and pheophytin has 

characteristic red emission peaked at 665 nm wavelength [52] excitation spectra for 

chlorophyll and pheophytin for 665 nm has different characteristic absorption peaks. 

While absorption band peaked at 405 nm, 435 nm and 604 nm is characteristic 

excitations of chlorophyll, the peaks at 405 nm 505 nm and 534 nm can be attributed 

to prominent excitation peaks pheophytin emission. This confirms the existence of 

porphyrin containing chlorophyll and pheophytin on CNP.  Thus, direct thermal 

decomposition of organics from dried leaves in the presence of PVP gives carbon 

nanoparticles with surface functionalized with porphyrins from chlorophyll and 

pheophytin. The schematic representation depicting the synthesis of such dual 

emissive carbogenic nanoparticles has been shown in Fig. 3.6. The presence of PVP 

effectively functionalizes the CNP surface with more porphyrin groups to absorb 
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more in the visible region (400 to 700 nm). Moreover, these molecular states are 

predominantly responsible for the enhanced bright red emission in CNPs under UV 

excitation [47], [70]. It was reported that carbon quantum dots synthesized from 

withered leaves emit blue color while those prepared from green leaves exhibit dual 

blue-red emission [47]. Here, the leaves are air dried at room temperature using a 

hairdryer, which causes degradation of chlorophyll compared to fresh leaves. This 

results in less surface modification of CN by chlorophyll derived porphyrin groups.  

Table. 3.1. The fluorescence lifetime decay parameters of CNP monitored for blue green (B-G) 

and red (R) peak. 

 

 

Sample code 

α1 τ1 

(ns) 

α2 τ2 

(ns) 

α3 τ3 

(ns) 

Τavg 

(ns) 

CN - (B-G peak) 1.23 0.67 0.24 2.58  0.03 0.58 0.97 

CN - (R peak) 0.42 3.97  0.37 4.08  0.36 0.83 3.02 

CNP- (B-G peak) 0.71 0.73  0.68 0.36  0.32 1.62  0.75 

CNP – (R peak) 0.30 3.07 0.26 4.71  0.23 5.74  4.40 

 

3.3.8 Influence of leaf drying temperature on dual luminescence 

To investigate dependence of leaf drying temperature, PL spectra of carbon 

nanoparticles prepared by air dried leaves (~40 ℃) (CN), with leaves dried at oven at 

60 ℃ (CN-60) and at 90 ℃ (CN-90) respectively are studied. 
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Figure 3.15: Emission spectra of CN by varying the leaf drying temperature.  

(CN: Air dry, 60 ℃ and 90 ℃). 

 

As the leaf drying temperature increases, chlorophyll/pheophytin content in 

the leaves decreases remarkably which is accompanied with the reduction in red 

luminescence (shown in figure 3.15). Additionally, as drying temperature increases, 

high degree of carbonization occurs which helps CN-90 to exhibit greater blue green 

emission intensity. However, PVP could form complexes with porphyrin compounds 

through hydrogen bonds or coordination bonds which are capable of photoinduced 

electron transfer [71].   

The room-temperature photoluminescence QY is obtained as 0.81 which can 

be attributed occurrence of less passivated surface states and defects in prepared CNP 

at low pyrolysis temperature. This results in defect-mediated nonradiative 

recombination from surface states and trap sites [72]. Increase in the pyrolysis 

temperature can increase the QY of nanoparticles, but temperature beyond 100 
o
C 

cause degradation of chlorophyll and pheophytin. Similar QY values have been 

reported for certain carbon nanoparticles [73] due to the presence of surface states and 

defects.      
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3.3.9 Influence of concentration on dual luminescence 

 

Figure 3.16: (a) Fluorescence spectra of CNP at varying volume % (1 to 4) of carbon 

nanoparticles (CNP1 to CNP4) at 380 nm excitation and (b) corresponding CIE 1931 

chromaticity chart. 

 

As nanoparticles suffer aggregation induced quenching, the concentration effect of the 

nanoparticles is studied by analyzing the fluorescence spectra of CNP at varying 

volume % (1 to 4) of carbon nanoparticles (Fig. 3.16(a)). According to Chen, the 

fluorescence band is red shifted at higher concentrations of nanoparticles [74]. It is 

evident that there is no discernible shift in major peak position of both fluorescence 

bands, upon varying concentration of the nanoparticles. This is due to the effective 

wrapping of nanoparticles with PVP. The intensity of the PL spectral peak is 

maximum for an intermediate concentration (3 volume % carbon nanoparticles) and 

decreases slightly with increase of concentration. As concentration is increased there 

will be higher number of particles and spacing between the particles will be less than 

the Förster distance (R0). This might cause reabsorption of emission which results in 

self-quenching of the fluorescence. Moreover, an increase in the number of particles 

results in aggregation induced quenching which can also affect the fluorescence 

efficiency. 
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3.3.10 Influence of excitation wavelength on dual luminescence 

 

Figure 3.17: (a) Excitation wavelength dependent emission spectra and (b) CIE 1931 

chromaticity chart of CN. 

The Fig. 3.17(a) shows the fluorescence of the CN upon varying excitation 

wavelength. Interestingly, the blue peak has an apparent excitation dependent 

emission with peak center varying from 475 nm to 510 nm while the red peak shows 

an excitation independent emission peak centered at 665 nm. Also, the intensity of the 

peak centered at 480 nm is almost the same with the peak centered at 665 nm 

wavelength. Upon different excitation wavelengths, blue-green emission together with 

the narrow red emission band could exhibit color varying from light blue to greenish 

yellow as obtained from CIE 1931 chromaticity chart of CN. 
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Figure 3.18: (a) Excitation wavelength dependent emission spectra of CNP (b) CIE 1931 

chromaticity chart of CNP,  

 

Subsequently, as observed for CN, the low energy emission peak at 655 nm 

wavelength is narrow and excitation independent (figure 3.18) for PVP capped carbon 

nanoparticles. As seen from the inset of figure 3.18 (a), the blue- green emission is 

broad and excitation dependent like exhibited by CN.  Upon different excitation 

wavelengths from 370 nm to 420 nm, tunable dual-band emission gives white to 

yellow color as obtained from the CIE 1931 chromaticity chart of CNP. The CIE 

chromaticity coordinates obtained for all excitations from 370 nm to 420 nm confirms 

that the fluorescence obtained from CNP under broad excitation wavelengths lies in 

white light trajectory (Table 3.2).  

Table 3.2. List of Excitation wavelengths, CIE indices, CCT values of CNP. 

 

 

 

Excitation wavelength 

(nm)  

CIE CCT (K) 

370 (0.2860, 0.2983) 8980 

380 (0.3202, 0.3208) 6154 

390 (0.3706, 0.3376) 3982 

400 (0.4289, 0.3492) 2648 

410 (0.4369, 0.3745) 2750 

420 (0.4089, 0.4131) 3602 
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3.3.11 CNPs as tunable WLEDs 

 

 

Figure 3.19: CCT values of CNP at varying volume % (1 to 4) of carbon nanoparticles (CNP1 to 

CNP4) at varying excitations (370 nm to 420 nm). 

 

Tunable correlated color temperature (CCT) values from warm to cool emission are 

obtained upon different excitation wavelengths (Figure 3.19). 

 

 

Figure 3.20: (a) PL spectra of CNP at excitation wavelength of 370 nm showing dual emission at 

480 nm and 665 nm; the inset shows the photograph of silica glass dipped in CNP under daylight 

and UV illumination (b) CIE plot of PL emission from CNP exhibiting indices values (0.2860, 

0.2983). 

 



 Dual Emitting Carbon Nanoparticles for Tunable WLE Applications 

 

 

 

91 | P a g e  

 

At 400 nm excitation wavelength, all concentrations give warm white color emission (

～2500 K) which changes to cool white color emission at UV excitations (4623 K to 

8117 K). Inspired by the excellent tunability for CCT and CIE color coordinates, cool 

white emissions are obtained for CNP (figure 3.20(a)) at 370 nm excitation 

wavelength. White emissions having CIE color coordinates (0.2860, 0.2983) with 

CCT of 8980 K and CRI value of 68 are achieved for CNP (3 volume % carbon 

nanoparticles) and is marked in CIE 1931 color space (figure 3.20 (b)). The color 

point lies on the black body Planckian locus. For the sake of overcoming the 

agglomeration of nanoparticles, solid matrix of CNP - silica xerogels were fabricated 

and white emissions are observed (inset of figure 3.20 (a)). 

3.3.12 Optical stability of CNPs with storage time interval 

To check the stability of CNP solutions in normal room temperature, the temporal 

stability of the PL intensity of CNP was evaluated for an interval of one week (figure 

3.21(a)). It can be identified that the intensity of the blue peak at 480 nm stays 

relatively constant. Even though the peak at 665 nm shows a slight decrease in PL 

intensity, it remains almost the same after the second week of storage.  

 

Figure 3.21: (a) Plot of PL intensity maximum of CNP solution and storage time. (b) 

corresponding CIE plot. 

From the CIE 1931 color space, it is evident that the white emission remains 

unchanged for a period of 4 weeks. All the results demonstrate the enormous potential 

applications of the biomass derived CQD-based phosphors in high-performance 

WLEDs. 
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3.4 Conclusion 

  

Dual emitting carbon nanoparticles were prepared through one step, facile, 

low temperature thermal degradation of Hemigraphis colorata leaves. Detailed 

characterizations proved that nanoparticles have an average size range of 28 - 42 nm. 

The surface states of nanoparticles are rich in electron donating groups and porphyrin 

groups, ultimately determining the dual color of their PL, which peaked at 480 nm 

and 665 nm wavelengths. With the addition of PVP, the intensity of red emission 

enhances sharply. While the blue emission band was excitation dependent, the red 

emission band was excitation independent. This strategy elucidates the design of 

efficient white light emitting devices with broad band excitation. Upon different 

excitation wavelengths, dual emissive carbon nanoparticles could show tunable 

correlated color temperature (CCT) values from warm to cool emission which 

promises for environment-friendly, indoor, and outdoor lighting application 
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          4 
Se- Tb3+ Doped Silica for Multicolor 

Emitting Applications 

In this chapter, we describe formation of RE-QD composites by tailoring the 

concentration of Se QDs via sol-gel method. Nanosized Se undergoes allotropic 

transition from cubic to amorphous phase via annealing at 200 0C. The structure and 

thermal stability of the composites are confirmed from TEM, FTIR, SAED and TGA 

curves. Reduced band gap values of Se-Tb3+ doped silica than the pure Se-SiO2 is due 

to the formation of energy levels associated with defective states upon Tb3+ doping. 

Under UV excitations, Se-Tb3+ doped SiO2 composites exhibited broad blue emissions 

along with enhanced narrow green emissions from Tb3+ ions. Herein, the Se QDs acts 

as sensitizer in its cubic phase, boosting Tb3+ fluorescence whereas it played the role 

of a quencher in its amorphous phase. Delayed lifetimes and enhanced excitation-

emission bands of Tb3+ obtained in the presence of cubic Se evidences strong ET 

channels in the c-Se-Tb3+ silica composites. Besides, fluorescence profile of the 

composites could be easily tuned from white (0.2233, 0.3113) to green (0.3245, 

0.4923) upon increase in Se concentration. Allotropy based spectral characteristics 

of the Se-Tb3+-SiO2 composites will be beneficial in realizing solid color tunable 

lighting devices and advanced optical accessories. 

 

  



                                                             Se-Tb3+ Doped Silica for Multicolor Emitting Applications 
 

100 | P a g e  

 

 

  



                                                             Se-Tb3+ Doped Silica for Multicolor Emitting Applications 
 

101 | P a g e  

 

 

 

 

Graphical abstract 

 

 

 

  



                                                             Se-Tb3+ Doped Silica for Multicolor Emitting Applications 
 

102 | P a g e  

 

 

4.1 Introduction 

Semiconducting quantum dots (QDs) with inherent optical excellence and their 

exciting features have been widely exploited for optoelectronic, photovoltaic 

applications with high conversion efficiency [1]. Among extensively studied elemental 

QDs, Selenium QDs stands out due to its polymorphism based distinctive structural and 

optical characteristics. Elemental Se exists in both crystalline and amorphous forms of 

nanostructures with different morphology. In particular, it has two amorphous forms 

which appears in red and black color can be found as chains, rings or their mixtures. 

For crystalline Se, orthorhombic (o-Se), monoclinic (m-Se), trigonal (t-Se), cubic (c-

Se) are the four major forms in which t-Se exhibits highest stability [2] [3]. Thermally 

unstable elemental forms of Se have shown rapid transitions into stable allotropic 

structures with entirely different properties [4]. Cubic to amorphous transition of Se 

doped silica under certain thermal conditions are recently studied [5]. Different Se 

nanostructures with similar allotropy such as t-Se nano spheres, t-Se nanorods, a-Se 

nanospheres and crystalline nanospheres are synthesised by various research groups 

[2]. Commonly a-Se appears in the form of spheres with minimum interfacial free 

energy and reduced anisotropic features. Even though the element remains same, 

optical characteristics of Se polymorphs are quite different in itself due to the diverse 

atomic level arrangements. From prior optical studies of Se allotropes, strong blue 

fluorescence peaked at 421 nm [5] and 434 nm [3] are obtained for c-Se and t-Se 

respectively via direct inter band transitions with similar k-vector space while there was 

no reported emissions for a-Se [5]. At nanoscale, reported band gap energies of a-Se, c-

Se, t-Se are 2.4 eV, 3.5 eV, 2 eV respectively and have shown noticeable blue shift from 

their bulk counterparts due to the quantum confinement effects [5].  

Nowadays efficient fluorescent materials were realized by integrating 

luminescent RE ions that can create abundant fluorescence bands owing to their rich 4f 

electron configurations. Owing to their prolonged fluorescence lifetimes, photostability 

and spectral shifts (stokes/anti-stokes) [6], [7]  RE based materials finds potential 

applications in various fields like sensors, optical fibres, optical thermometry, display 

and anticounterfeiting devices [8], [9]. The luminescent stability observed in 

lanthanides is attributed to the effective shielding of 4f electron by the outer 5s2, 5p6 
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orbitals that prevents the energy loss via environmental interactions and crystal fields. 

Among luminescent rare earths, Tb3+, Eu3+ are mostly explored activator ions due to 

their unparalleled green and red emissions at 543 nm (5D4 → 7F5) and 616 (5D0→
7F2) 

nm respectively. Despite of these, their thin absorption bands, precise excitations and 

small absorption coefficients originated from the parity forbidden intra 4f transitions 

severely minimized its utilization in tunable lighting devices [6], [10]. Interestingly, it 

is urge to combine a suitable fluorescent dopant that can widen the spectral distribution 

and boost the optical performance of activator ions. Certain investigations on this notion 

leads to the designing of sensitizer-activator pairs involving two RE ions (Ce3+ −Eu3+). 

However, due to the inter metallic charge transfer among the pairs alters the oxidation 

states (Ce4+ −Eu2+) which results in quenching of fluorescence intensity. Instead of 

making compositions with different RE ions, currently researchers focused on 

composites of luminescent sources such as elemental QDs, polymer dots, perovskite 

QDs, inert metal based nano assemblies with RE ions [6], [13], [14], [15]. To analyse 

the tunable emission bands for WLEDs Junjie Zhang and his team designed an Eu-

doped CsPbX3(Cl, Br, I) quantum dots glasses [13].  However, complex structured 

perovskite QDs can be replaced with simple elemental QDs. By changing the radiative 

recombination process, more easier fluorescence tuning can be attained by the 

incorporation of elemental QDs with RE ions (Eu3+, Tb3+, Ce3+) of tailorable optical 

features [1], [16], [17].  Due to the spectral overlap and the faster decay lifetime in 

presence of QDs, FRET occurs in some RE-QD composites while in some pairs, QD 

sensitizes the fluorescence of lanthanides via efficient ET channels [6], [18], [19]. P. T. 

Tho and co-workers have investigated ET mechanisms among the CdS/Eu incorporated 

composites for their tuned optical behaviours [1]. RE-QD based phosphors like ZnSe: 

Eu3+ [20] CdTe:Eu3+ [21] are certain multi-elemental RE/QD combinations that 

contributes in photonic applications due to their mechanical and thermal stability.  

For past several years considerable interest was paid on developing host 

matrices. Among various host lattices used in lighting platforms like barium 

orthosilicate, silica, gelatin, strontium orthosilicate, PVA [12], [23], [24] mesoporous 

silica holds an inimitable position due to their unique characteristics such as optical 

window from UV to near IR, thermal expansion coefficient, feeble nonlinear refractive 

index, mechanical strength and chemical durability [25].  Effective preparation methods 

are also necessary in ensuring fluorescence generation from both luminescent centres. 
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However, till date allotropic forms of Se QDs co-doped with luminescent Tb 3+ 

ions, and their potential in achieving distinct optical behaviours are not yet explored. 

Although scientific community explored the combinations of RE ions with allotropic 

forms of carbon such as CNTs, CQDs, fullerene their in-situ mode of phase transitions 

is less reported. Herein, we designed solid fluorescent Se-RE3+- SiO2 nanocomposites 

with peculiar optical features. We prepared a series of xSe-Tb3+ (x = 3, 5, 7 w %) doped 

silica and the allotropic transitions of Se are achieved via annealing process. We 

examined PLCT behaviour by varying the dopant concentration and excitation 

wavelengths. Phase dependent ET between Se QDs and Tb3+ ions are also studied in 

detail.   

4.1.1 Review on rare earth (RE) ions /selenide composites 

Selenium have got profound interest due to their fascinating allotropy-based 

features. Among Se polymorphs, amorphous QDs and trigonal nanowires are well 

explored due to their stability and ease of growth. Even though Se-RE compositions are 

rarely found in reports elemental selenides are frequently studied in combination with 

RE ions. When RE ions meet elemental selenides, optical profiles are significantly 

modified via various ET mechanisms. By combining nano crystallites of CdSe with 

Eu3+ ions, phonon mediated ET from CdSe to RE3+ ions leading to enhanced optical 

features as a combined result of electron-hole recombination and multi-phonon 

relaxation. In this case, de-excitation process of RE ions are analyzed by using the 

phonon side band spectrum recorded for the excitation transition 7F0→5D2 [26], [27]. 

Radiative parameters of CdSe/RE3+ composites are evaluated using JO theory which 

supports the experimentally obtained luminescence enhancement [28]. N.V. 

Unnikrishnan and his research group prepared CdSe/Dy3+doped silica matrices via sol-

gel technique. In the presence of CdSe nanoparticles, excitation bands of Dy3+ are 

evidently enhanced via different ET mechanisms. Optically enhanced luminescence 

bands are well explained on the basis of non-radiative ET from CdSe to Dy3+ ions which 

promotes electron-hole recombination pathways [29]. In addition to that, Siby. et. al, 

utilized wide band gap of zinc selenides in combination with europium ions. 

Characteristic emissions from Eu3+ ions show considerable hike in their intensity which 

are attributed to the non-radiative ET from ZnSe to Eu3+ions by means of electron-hole 

recombination. Adsorption of ZnSe on silica matrix allows strong interactions between 
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ZnSe and Eu3+ ions and branching ratios from JO analysis supports the experimental 

results [30]. 

4.2 Experimental section 

4.2.1 Fabrication of Selenium-Terbium doped silica  

Se-Tb3+ doped silica glasses were prepared via sol gel route at room temperature 

[5]. 3.9 ml of ethanolic solution of terbium (III) nitrate pentahydrate (3 w %) was mixed 

with 7.4 ml tetraethyl orthosilicate (TEOS) and stirred continuously for one hour to get 

homogenous solution. To this, 4 ml of aqueous selenous acid solution of suitable w % 

(3 %) was added and stirred well for 1 hour. Two drops of concentrated nitric acid were 

added as a catalyst and the molar ratio of TEOS/H2O/HNO3 was maintained as 

1:12:0.01 throughout the synthesis. Final clear solutions kept in small polypropylene 

containers were sealed with paraffin wax and stored for a month to allow gelation 

process. Samples heated in the hot air oven at 60 °C for one week to remove water and 

other organics present and were named as c33. Similar synthesis route was repeated 

with varying w % (5 % and 7 %) of Se and were named as c35 and c37. Pure Tb3+ 

doped silica (3 w %) was obtained through same synthesis route which was named as 

T3 and heated at 200 0C in muffle furnace for two hours to obtain T3’. To prepare 

amorphous Se and Tb3+ doped silica, c33, c35 and c37 were annealed at 200 0C in muffle 

furnace for two hours. The deep orange-colored glasses were named as a33, a35, a37 

respectively. Synthesised samples with corresponding compositions, heated 

temperatures are listed in Table 4.1. 

Table 4.1: Compositions of the prepared samples and annealing temperatures. 

Sample code w % Tb w % Se Annealing Temperature 

        c33 

c35 

c37 

a33 

a35 

a37 

T3 

T3’ 

      3 

3 

3 

3 

3 

3 

3 

3 

        3 

5 

7 

3 

5 

7 

0 

0 

60 0C 

60 0C 

60 0C 

200 0C 

200 0C 

200 0C 

60 0C 

200 0C 
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4.2.2 Optical and morphological characterization  

A model TALOS F200S G2 transmission electron microscope (200 kV, FEG, 

CMOS Camera 4K × 4K) with an attachment of energy dispersive X-ray (EDX) 

spectrometer was used to analyse the morphology and crystallinity of Se-Tb3+ doped 

silica glasses. Fourier Transform Infrared Spectroscopy (FTIR) was carried out with the 

Perkin Elmer spectrum TWO FTIR spectrometer. The optical absorption spectrum was 

recorded using UV-vis spectrophotometer, (Shimadzu UV-2600) and fluorescence 

measurements were acquired from Fluoromax Spectrofluorometer (Horiba Jobin Yvon, 

USA). Time-resolved fluorescence decay analysis was carried out using fluorescence 

spectrometer (Horiba Fluorolog, USA). The colorimetric parameters were found out 

from the CIE (Commission Internationale de L’Eclairage1931) chromaticity diagram 

using  

Color Calculator software. All these experiments were conducted at room 

temperature. Thermal decomposition studies of prepared composites were performed 

with PerkinElmer STA 8000. TGA-DTA and DSC curves were recorded using a 

nitrogen purge system at the heating rate of 10 °C/min. 

4.3 Results and discussions 

4.3.1 Transmission electron microscopy (TEM) 

The crystallinity and morphology of the Se- Tb3+ doped silica was confirmed 

from TEM micrographs and SAED patterns. 

 

Figure 4.1: TEM (a) and HRTEM (b) of c33. [Inset (i) shows a plane with interlayer spacing d- 

value for the crystalline assembly was found to be 0.29 nm corresponds to (100) plane and inset 

(ii) shows the corresponding FFT pattern] (c) SAED pattern of c33. 
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TEM image (Fig. 4.1 (a)) shows the nano crystallites agglomerated together within the 

silica network. From HRTEM micrograph (Fig. 4.1 (b)), clear, equi-spaced lattice 

planes were observed. The well resolved lattice fringes having d-spacing of 0.29 nm, 

and can be indexed to (100) plane of cubic Se (ICDD no. 38-0768). The fast Fourier 

transform (FFT) corresponding to the HRTEM image gives inter planar spacing value 

(d) of 0.291 nm (inset of Fig. 4.1 (b)) which is in good agreement with the values 

obtained from HRTEM images. Furthermore, the bright spots in the selected area 

electron diffraction (SAED) pattern of c33 (given in fig. 4.1(c) confirmed the crystalline 

array with measured lattice spacing value d = 0.22 nm attributed to (110) plane of cubic 

selenium (ICDD no. 38-0768) [5]. 

 

Figure 4.2: Surface plot obtained from corresponding HRTEM of c33. 

By processing the parallel lattice fringes in HRTEM images using image J software, 

surface plots (Fig. 4.2) with respective inter planar spacings were found out as 0.297 

nm.  

 

Figure 4.3: TEM (a) and (b) HRTEM (c) SAED pattern of a33. 

The TEM and HRTEM image of a33 (Fig. 4.3(a-b), does not contain any lattice fringes 

and confirms the non- crystalline assemblies of selenium (a-Se). Nearly spherical a-Se 
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QDs was formed in the silica network. SAED pattern (Fig. 4.3(c), does not show any 

bright spots, which reaffirms the occurrence of allotropic transition from cubic to 

amorphous phase in a33. This is in accordance with the phase transition observed in 

Se-SiO2 [5], [31]. 

4.3.2 Energy dispersive X-ray spectroscopy (EDX) 

 

Figure 4.4: EDX spectra of (a) c33 (b) a33. 

The elemental composition of c33 and a33 were confirmed with EDX spectrum (Fig. 

4.4) which comprises Si, O, Tb, Se. The EDX spectrum of c33 is almost identical to the 

EDX observations of a33. Three unlabelled peaks located at 0.85, 8.0, 8.9 keV can be 

assigned as characteristic peak positions associated with the copper [32], [33]with 

which the TEM grids are fabricated.  
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4.3.3 Fourier transform infrared spectroscopy (FTIR) 

 

Figure 4.5: FTIR spectra of T3, c33 and a33. 

The FT-IR spectra of Se-Tb3+ doped SiO2 composites (as in Fig. 4.5) of 3 w % Se was 

attained in the wavenumber range of 500−4000 cm−1. FT-IR spectrum resemble with 

pure SiO2 spectrum having strong Si–O stretching and bending vibrations [34]. But the 

intensity of bands fluctuated with the introduction of dopants and thermal treatments of 

prepared composites. Intense bands occurred at 792 cm-1 and 1048 cm-1 can be assigned 

to Si-O symmetric stretching and bending vibrations [3], [35] The broad absorption 

around 3363 cm−1 corresponds to the stretching vibrations of hydroxyl groups. Weak 

absorption bands at 1644 and 968 cm -1 reveals the existence of an oxyethyl group and 

a feeble peak at 551 cm−1 is associated with four membered siloxane ring vibrations 

within the silica network. Narrow peaks around 1343 cm-1 can be ascribed due to H-

O-H bonding [5]. Furthermore, a reduction in the band intensity was remarkably noted 

with heat treatment.  Particularly, bands located at 3363, 1644, 1343, 1048 cm-1 have 

shown a notable dip in intensity with increasing temperature which indicates gradual 

strengthening via cross linking. Due to the low water content, intensity of broad bands 

around 3363 cm-1 substantially decreased to minimum in a33-silica. After thermal 

treatments of c33-silica, moisture free a33-silica composites with strong cross-linking 

forms a tough matrix [5].  
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4.3.4 Thermal decomposition studies 

 

Figure 4.6: TGA curves of (a) c33 (b) a33. 

The thermal stability of the Se-Tb3+ doped silica were investigated via 

thermogravimetric analysis (TGA) and differential thermal analysis (DTA).  The TGA 

was performed from room temperature to a maximum of 800 °C at a heating rate of 10 

°C/min in the nitrogen atmosphere. TGA thermograms of Se-Tb3+ doped silica are given 

in Fig. 4.6. Initial minor weight loss in c33 and a33 around 100 °C can be due to the 

removal of moisture content within the composites [36]. TGA curves of the composites 

revealed that at lower temperatures (100 °C -200 °C), c-Se in c33 begins to decompose 

while a33 exhibits exceptional thermal stability up to 237 °C. Meanwhile, a33 contains 

a-Se which decompose only after 235 °C [37]. Furthermore, decomposition process 

continued in a slow linear path up to 800 0C in both c33 and a33. When the temperature 

reached around 800 0C, 14.09 % of c33 is decomposed whereas, for a33 weight loss 

percentage at 800 0C recorded as 12.27 %. Comparatively lower weight loss in a33 is 

due to the prior loss of water and other volatile components during annealing at 200 0C. 

As the reported melting point of Se is around 217 0C [37] and the TGA analysis 

performed up to 800 0C, weight loss in the composites may be mainly due to 

vaporization than melting. In comparison to previous thermal studies of Se 

nanoparticles [36], [38] weight loss is minimum for the presented composites due to 

the encapsulation of dopants within the silica network.  
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4.3.5 UV-Visible absorption spectra 

 

Figure 4.7: UV−visible absorption spectra of (a) c33 (b) a33. The tauc plots given in the insets 

give bandgaps of 3.46 eV and 2.06 eV respectively.  

The absorption spectra of Se-Tb3+ doped silica annealed at 60 0C and 200 0C are 

depicted in Fig. 4.7 while c33 composites exhibits feeble absorption at higher 

wavelength region, a33 composites absorbs wavelength upto 600 nm. Absorption 

occurs via transitions from LUMO to HOMO levels of the material by absorbing an 

energy corresponds to the band gap. Herein, the direct band gap of Se-Tb3+ composites 

estimated from tauc plots (insets of Fig. 4.7) are 3.46 eV and 2.06 eV for c33 and a33 

respectively which are consistent with the reported band gap energies of c-Se (3.5 eV) 

and a-Se (2.4 eV) doped silica [5], [39]. Slight decrease in the Eg values can be ascribed 

to the formation of additional energy levels within the band gap accompanied with 

defect states induced by Tb3+ doping [40]. Also, it is interesting to note that while 

considering the bulk energy band gap values of crystalline (1.85 eV) and amorphous 

(1.99 eV) Se, very clear blue shift is originated due to the quantum confinement effect 

at nanometric scales [41].  
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4.3.6 Photoluminescence spectra 

(i) Phase dependent energy transfer studies 

 

Figure 4.8: PL spectra of c33 and a33 under UV excitation of (a) 340 nm and (b) 350 nm.  

 Studies regarding the effect of phase transition in Se on fluorescence of 

composites are conducted in detail. As given in figure 4.8, under UV exposure multiple 

visible fluorescence bands are originated from Se QDs and RE ions. Bright broad blue 

fluorescence from c-Se peaked at 421 nm are obtained in combination with narrow 

luminescence of Tb3+ ions at 488 (5D4 → 7F6), 543 (5D4 → 7F5), 584 (5D4 → 7F4), 620 

nm (5D4 → 7F3) nm [42]. The most dominant emission band at 543 nm can be assigned 

as a magnetic dipole transition which can be spotted in the vivid green domain of CIE 

chart. As per the PL spectra recorded under similar conditions, intense blue green 

emissions in c33 are not observed in a33. According to literatures, a-Se with a wide 

absorption band in the visible region has no reported photoluminescence. As absorption 

band of a-Se overlaps over the emissions of Tb3+ ions, intensive emission peaks [5], 

[41] of Se-Tb3+ silica were quenched. As c-Se has a band gap of 3.46 eV and Tb3+ ions 

have prominent excitation from 378 nm to 303 nm. When c-Se absorbs an Energy (E) 

> 3.46 eV, valence band electrons getting excited via band-to-band transitions and 

reaches the excited states. Deexcitation process sensitizes the ET to Tb3+ ions that 

results enhanced multiple emissions (given in Fig. 4.10). Distinct optical responses in 

c33 and a33 strongly supports the phase dependent ET phenomenon among Se QDs 

and Tb3+ ions.  
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Figure 4.9. Spectral overlap between the absorption spectra of a-Se and emission spectrum of T3. 

Fluorescence quenching exhibited by a33 can be further studied from the Fig. 4.9. 

Absorption curve of a-Se which spans over the entire visible window has an overlap 

with the characteristic blue-green emissions of Tb3+ ions. Then band to band transition 

in c-Se triggers intense Tb3+ emission in c33 while band to band transition of a-Se 

induces quenching of Tb3+emission intensity in a33. Hence fluorescence of Tb3+ ions in 

a33 is suppressed by the strong absorption of a-Se.  

 

Figure 4.10: PL spectra of Tb3+ and Se-Tb3+doped silica (a) heated at 60 0 C (b) heated at 

200 0 C under UV excitation of 340 nm. 

To analyze the enhancement and quenching of Tb3+ emission in a more detailed 

investigation was done. In comparison to T3 composites, T3’ have intense fluorescence 

bands at 488 nm, 543 nm, 584 nm, 620 nm wavelengths. Fluorescence enhancements 

of RE ions at higher temperatures are commonly reported which can be ascribed due to 
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increase in the excitation-deexcitation rates via thermal activation [44]. In contrast, c-

Se amplifies the emission bands of c33 at 488 nm, 543 nm, 584 nm, 620 nm in c33. 

(shown in Fig. 4.10). Interestingly, for c33 the Tb3+ fluorescence bands are enhanced 

while, for a33 the intense Tb3+ bands are observed to be quenched. While c-Se amplifies 

the emission bands of Tb3+ at 488 nm, 543 nm, 584 nm, 620 nm a33 attenuates the 

intensity of Tb3+emission. 

(ii) Photoluminescence excitation spectra 

 

Figure 4.11: Photoluminescence excitation spectra (λem:543 nm) of T3 and c33. 

Furthermore, photoluminescence excitation (PLE) spectra of Tb3+-SiO2 and Se-Tb3+-

SiO2 was (given in Fig. 4.11) monitored for the characteristic green emission line of 

Tb3+ ion at 543 nm. PLE spectra of Tb-SiO2 have prominent excitation peaks of Tb3+ 

ions as seen in literatures [43] which are decreasingly ordered in their intensity as 369 

nm, 378 nm, 350 nm, 359 nm, 340 nm, 489 nm. Interestingly, upon Se addition, 

excitation peaks of Tb3+ ions are enhanced without any significant spectral shifts. The 

boosted excitation bands of Tb3+ in c33 composites confirmed that Se serves as 

sensitizer that initiates ET from c-Se QDs to Tb3+ ions. For c33, the excitation peaks of 

Tb3+ ions follows the order of decreasing intensity as 369 nm, 350 nm, 378 nm, 318 

nm, 303 nm, 359 nm, 340 nm, 331 nm, 325 nm, 489 nm. Furthermore, even the feeble 

excitation peaks in T3, particularly, at 303 nm and 318 nm, 326 nm, 331 nm now 
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becomes prominent peaks in c33. By introducing an effective sensitizer c-Se, even the 

weak far UV excitation bands become highly intense. Simply, excitation probability of 

RE ions are enormously enhanced in the presence of a suitable sensitizer c-Se. 

Furthermore broadened excitation band of c-Se at 350 nm in PLE spectrum of c33 is 

another indication of the role of c-Se as sensitizer [6], [18]. 

(iii) Energy transfer diagram 

 

Figure 4.12: Schematic representation of possible energy transfer mechanism between c-Se and 

Tb3+ ions. 

Possible ET process within the Se-Tb3+-SiO2 nanocomposites is depicted in Figure 4.12. 

The band gap of c-Se is 3.46 eV with absorption edge around 350 nm. When the 

composites excited at an energy higher than the band gap, inter band transition in c-Se 

occurs. Along with the blue luminescence from Se QDs and it sensitizes the excited 

energy levels of Tb3+ ions. Thus, strong multicolor Tb3+ centred visible emissions are 

exuded from c33. Apart from this, certain non-radiative transitions like internal 

conversion occurs within picosecond time scales from various levels to 5D4 also take 

part in the de-excitation process [34].  
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4.3.7 Fluorescence lifetime decay curves 

Fluorescence decay curves of Se-Tb3+-SiO2 are recorded for the better understanding 

of ET mechanism among dopants. To investigate how the incorporation of Se QDs 

influences the Tb3+ luminescence, the time correlated single photon counting method 

(TCSPC) is performed.  

 

Figure 4.13: Fluorescence lifetime decay curves of T3 and c33.  

Obtained decay curves (Fig. 4.13) are successfully fitted with a single exponential law 

for the two sets of samples (T3, c33) [25], [34]. Decay measurements are performed for 

the most intense emission located at 543 nm (5D4 → 7F5) by exciting the T3, c33 

composites with 370 nm diode laser. The average lifetime of luminescence decay 

process in T3 is obtained as τav = 0.30 ms which is much faster than the lifetime of c33 

(τav = 0.79 ms) composites. Comparatively prolonged lifetime values of c33 reveals that 

c-Se act as sensitizer for enhanced luminescence [18]. In presence of sensitizer, excited 

states will be highly populated due to the continuous energy flow from sensitizer (Se 

QDs) to activator (Tb3+) ions. That results in slower decay. Disruptions in the non-

radiative decay pathways also contributes in obtaining slow decay for c33. 
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4.3.8 Colorimetric analysis with CIE Chromaticity diagrams  

(i) Excitation dependent photoluminescence studies  

  

Figure 4.14: Excitation dependent PL spectra and CIE diagrams of c33 (a, b), c35 (c, d), c37 (e, f) 

under UV excitation vary from 340 nm to 370 nm. 

Excitation dependent fluorescence spectra of c33, c35, c37 given in Figure 4.14 shows 

enhanced emissions with a maximum intensity occurring at 370 nm excitation and no 

evident spectral shift is observed. Most intense luminescence observed at λexc= 370 nm 

are consistent with the dominant excitation band obtained in PLE spectra (Fig. 4.12). 

As the excitation wavelength varies from 340 nm to 370 nm with an increment of 10 
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nm, progressive shift in the colorimetric coordinates is obtained. The CIE coordinates 

of composites for distinct composites and varying excitations were located in different 

color regions (given in table 4.2). Photoluminescence color tuning (PLCT) is observed 

in c33 and c35 due to blue to near white emission upon changing the excitation 

wavelengths. On the other hand, c37 exhibited a PLCT from white to green region due 

to the highly enhanced Tb3+ emissions at higher Se content (3 w%). Under UV 

excitation of 340 nm c37 shows a cool white emission with CCT value of 6426 K. 

Table 4.2: Excitation wavelength, CIE indices, color region of Se-Tb3+ doped silica. 

Sample code Excitation wavelength  

(in nm) 

CIE Index Color region 

c33 

c33 

c33 

c33 

c35 

c35 

c35 

c35 

c37 

c37 

c37 

c37 

340 

350 

360 

370 

340 

350 

360 

370 

340 

350 

360 

370 

(0.1913, 0.2109) 

(0.2073, 0.2731) 

(0.1918, 0.2142) 

(0.2233, 0.3113) 

(0.2043, 0.2550) 

(0.2148, 0.2596) 

(0.2211, 0.2185) 

(0.2291, 0.2995) 

(0.3040, 0.4074) 

(0.3169, 0.4720) 

(0.3100, 0.4350) 

(0.3245, 0.4923) 

 

Blue 

Cyan 

Blue 

Near white 

Light blue 

Light blue 

Blue 

Near white 

White 

Near white 

Near white 

Green 
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(ii) Concentration dependent photoluminescence studies 

 

Figure 4.15. (a) PL spectra of Se-Tb3+doped silica with varying concentrations of Se (c33, c35, 

c37) under UV excitation of 370 nm (inset image: the photograph of c33, c35, c37 kept under UV 

light of 365 nm) (b) corresponding CIE chromaticity diagrams. 

Figure 4.15 shows PL spectra of composites having similar RE content with increasing 

concentration of Se. ET pathways directed from c-Se QDs to Tb3+ ions are clearly 

understood from the PL spectra of composite series when (c33, c35, c37) excited at 370 

nm wavelength. The narrow emission peaks of Tb3+ ions are intensified with the 

increase of c-Se concentration.  Enhanced Tb3+ luminescence exhibited in the 

composites (c33, c35, c37) having fixed Tb3+ ion concentration implies that efficient 

ET occurs from c-Se in an ordered manner with increasing Se concentration. 

Proportional increase in the sensitizer (c-Se) concentration resulted in shifted 

fluorescence from near white (0.2233, 0.3113) to alluring green (0.3245, 0.4923) region 

with respective CIE indices. Additionally, from photographs given in the inset of Fig. 

4.15 (a) visual color difference achieved upon increasing the sensitizer concentration 

are clearly presented. Thus, the sensitizer c-Se act as energy donor and the activator 

Tb3+ ions plays the role of an acceptor in the ET process. All the composites show 

increase in Tb3+emission without increase in the RE concentration. This is highly 

appreciable in both economic and environmental point of view as RE ions are expensive 

and toxic at large amounts. 

4.4 Conclusion 

In summary, we studied Se-Tb3+ based SiO2 nanocomposites that exhibit unique phase 

dependent optical features with switchable spectral characteristics. Cubic to amorphous 
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phase transition of Se in the composites achieved via annealing process determine the 

spectral characteristics of the composites. For cubic Se-Tb3+ composites, intensive Tb3+ 

luminescence is obtained due to the presence of c-Se. Enhanced ET channels is affirmed 

from the increased fluorescence lifetime values in c33 (τav = 0.79 ms) than T3 (τav = 

0.30 ms). Meanwhile, when Se exists in amorphous phase, it results in fluorescence 

quenching of Tb3+ ions. For composites with same RE concentration (c33, c35, c37), a 

dramatic increase in the PL intensity of Tb3+ ions are observed at elevated Se 

concentrations. Under UV excitation of 370 nm wavelength, tunable fluorescence from 

white to green region observed can be further utilized in designing multicolor emitting 

devices. 
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               5 
Carbon Quantum Dots-Tb3+ Doped Silica for 

Multicolor Emitting Applications 
We synthesized carbon quantum dots (CQDs) showing excitation dependent 

emission through environmentally- friendly one-step solvothermal route. 

TEM micrographs confirmed the formation of carbon quantum dots with 

graphitic cores with an average core size of 3.5 nm. At 370 nm excitation 

wavelength, significant luminescence quenching is produced by Fe 3+ and Cu 

2+ ions. Besides, optical profiles of CQDs opens up its possibility in anti- 

counterfeiting and data storage applications as invisible security ink. 

Moreover, CQD-Tb3+ embedded silica are fabricated with efficient spectral 

tuning over the entire visible spectrum. Under broad UV excitation 

wavelengths, CQD-Tb3+ glasses exhibit color tuning from blue (0.1952, 

0.2328) to near white region (0.2201, 0.3106) which illustrates the photo 

luminescence color tuning (PLCT) behavior. The results facilitate the potential 

application of multicolor-emissive CQDs to develop solid multicolor emitting 

displays and panels. 
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5.1 Introduction 

For last few decades, rare earth (RE) based luminescent materials having sharp 

visible emissions due to discrete 4f-4f transitions excelled in applications such as LEDs, 

bioanalysis platforms, solar cell light converters, fluorescent sensing probes [1]. 

However, their spectrum of applications is limited to a narrow regime due to weak 

absorption cross sections (10 -18 cm2) linked with intra-4f transitions and thin, precise 

excitation bands [1]. Establishing energy transfer channels by the introduction of a 

donor-acceptor (D-A) pair is a key way to vanish those parity limitations [2], [3]. To 

widen the spectral window of luminescence, RE ions are combined with conventional 

QDs (quantum dots) having broader energy band gaps associated with respective 

energy level transitions. Numerous efforts are already reported on preparation of  

multicolor emissive materials combining inorganic QDs, rare-earth ions and organic 

luminescent dyes [4]. RE-QD compositions of Gd 3+ - Ag2S luminescent material shows 

enhanced IR fluorescence [5]. Moreover, RE -PbS QDs are reported for their enhanced 

up conversion efficiency [6]. Furthermore, attempts to broaden the excitation bands of 

RE ions resulted in enhanced luminescence in YVO4:Eu3+   by the presence of CdTe 

QDs [1]. Expensive synthesis routes with potential toxicity of selenium and cadmium 

necessitate the replacement of QDs like CdTe, CdSe with alternate solutions [7], [8]. 

Apart from their wide spectrum tunability, high toxicity and water insolubility, 

traditional QDs reduces its success rate in their practical application and commercial 

production [4]. 

Carbon based nanostructures became a thriving topic of discussion for the 

research community due to its embracing structural and optical diversity with 

multifunctional applications. Weak fluorescence with low solubility of carbon at 

macroscale completely reversed in the nano carbon world. Diverse carbon 

nanostructures, such as carbon nanotubes (CNTs) [9], fullerenes [10], nanodiamonds 

[11] and carbon quantum dots (CQDs) [12] acquired tremendous attention due to their 

unique structural and optical characteristics. Typically, carbon quantum dots are 

adorned with a list of exceptional qualities such as high solubility, easy surface 

functionalization, and strong resistance towards photobleaching [13]. Importantly, 

large two photon cross section areas of CQDs open up their applications in light 



 Carbon Quantum Dots- Tb3+ Doped Silica for Multicolor Emitting Applications 

129 | P a g e  
 

emitting platforms. On the other hand, CQDs are also reliable for bio applications due 

to their low toxicity and excellent biocompatibility [12]. Favorable optical parameters 

of CQDs like excitation wavelength dependent photoluminescence [14], prolonged 

lifetimes and good quantum yield (QY) are utilized commonly in the designing of 

sensors and bioimaging platforms [15], [16].  

Notably, enthusiastic research efforts in designing RE-CQD hybrid materials 

progressed considerably for a broad range of application [17], [18]. According to 

literatures, mere physical mixing of RE ions with CQDs could not generate intense RE 

emissions. To explore energy transfer studies in RE-CQD solutions, strategic ways 

have to be considered to minimize nonradiative transition. Otherwise, quenching of 

RE3+ emission occurs due to high-energy vibration of O–H in aqueous solution [2]. 

Luminescence quenching can also explainable on the basis of coupling between -OH 

groups within CQD solutions and excitonic states of RE ions [19]. Other severe 

drawbacks such as gradual ageing associated with self- absorption loss, non-portability, 

low thermal stability hinders its potential applications. This can be overcome by 

creating rigid environment by incorporating RE3+ ions incorporated in solid PVA, 

PMMA films and glassy matrices. Enhanced Eu emissions were achieved via 

ZnGa2O4:Eu3+ based fabrication routes affirms the necessity of solid matrix that assures 

excellent fluorescence performance [20]. Optimized compositional ratios of rare earth 

dopants (Eu3+ and Tb3+) and carbon nanoparticles in PMMA matrix results excellent 

white light emitting films [21]. RE-CQD (RE = Eu 3+, Tb 3+) silica hybrid material for 

white light emissions with adjustable CCTs was recently reported from our group [14]. 

Appreciable shelf life of white light emitting material over 1 year affirms the stable 

optical performance of  RE-CQD-SiO2 composites over solution mixtures [14]. By 

combining the surface passivated CQDs with RE ions (Eu3+, Sm3+, Yb3+) shift in the 

emission chromaticity up to NIR region was acquired with photoluminescence color 

tuning (PLCT) [2]. 

Herein, we strategize to achieve a cost effective, easy to process, solid multicolor 

emitting platform from CQD: xTb3+ (x = 3, 5, 7 w %) based compositions @silica. The 

luminescence of CQDs is exploited to design fluorescent security ink for data storage 

and anticounterfeit application. Photoluminescence color tuning (PLCT) for CQD-

Tb3+glasses is obtained upon broad range of UV excitations. The CQD-RE silica 

hybrids act as a potential candidate for color display and solid lighting applications.  



 Carbon Quantum Dots- Tb3+ Doped Silica for Multicolor Emitting Applications 

130 | P a g e  
 

5.2 Experimental section 

5.2.1 Synthesis of carbon quantum dots (CQDs) 

 

 

Figure 5.1: Synthesis diagram of aloe derived carbon quantum dots (CQDs). 

The CQDs were synthesized by the solvothermal treatment of ethanolic aloe vera gel 

solutions. Synthesis process was performed as depicted in Figure 5.1. Well cleaned aloe 

vera leaves were chopped into small pieces and the jelly portion was scratch out. 15 g 

of solid gel pieces were crushed into a juicy form and mixed with 25 ml of ethanol. The 

mixture is stirred well and then transferred in a 50 ml Teflon lined autoclave. The 

autoclave was placed in a hot air oven at 180 °C for 24 h. After naturally cooling down 

to room temperature, the obtained brownish solution was filtered to avoid the presence 

of unreacted organic moieties.  

5.2.2 Preparation of metal ion solutions 

 Solutions of various metal ions (Cd2+, Co2+, Cu2+, Fe3+, Mn2+, Pb2+, Zn2+) of 10 

mM concentration were prepared by dissolving corresponding precursors in known 

volume of distilled water. Few microliters of metal ion solutions were added into the 

obtained CQD solution and their optical absorption and emission bands were recorded.  

5.2.3 Fabrication of CQDs-Tb3+ incorporated silica  

The CQDs-silica were prepared through sol gel method at room temperature. The whole 

synthesis was carried out by keeping the molar ratio of TEOS – water − ethanol as 

1:2:2. Initially, a mixture of tetraethyl orthosilicate (TEOS) of 7.4 ml and appropriate 

amount of distilled water was stirred magnetically for 1 h. To this, ethanolic solution 
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of 21 mg of CQDs were added and continued stirring for 1 more hour to obtain a 

homogeneous solution. Two drops of concentrated nitric acid were added as a catalyst. 

The resultant solution was poured into bottom flattened polypropylene containers 

which were wrapped with paraffin wax and kept undisturbed for about a month to form 

a stiff gel. Glassy sample was then placed in the hot air oven at 60 0C for 48 h to 

eliminate moisture content and other organics present [22]. Finally collected highly 

transparent glassy CQDs were named as CG (21 mg CQDs, in 2 g of silica). Tb3+-CQDs 

co-doped silica at different terbium contents [0 wt%, 3 wt%, 5 wt% and 7 wt% Tb3+ in 

2 g of silica] were fabricated using terbium nitrate as Tb3+ precursor and are named as 

T3, CT3, CT5 and CT7 respectively (as given in table 5.1). Additionally, 3 w% of Tb3+ 

ions were combined with lower contents of CQDs (10.5 mg) to obtain C’T3 named 

glassy samples.  

Table 5.1: Compositions of the prepared samples. 

Sample code w % Tb CQDs (mg) Matrix/State 

CG 0 21 Silica 

T5 5 21 Silica 

CT3 3 21 Silica 

CT5 5 21 Silica 

CT7 7 21 Silica 

CDT3 3 10.5 Silica 

 

5.2.4 Optical and morphological characterization  

The X-ray diffraction spectrum of CQDs were collected by a benchtop powder X-ray 

diffractometer (Aeris Research, PANalytical, The Netherlands) with Cu Kα radiation 

of λ = 1.540598 Å. The morphology and crystallinity of CQDs were studied from high-

resolution transmission electron microscopy, (HRTEM) on JEM 2100 operated at 200 

kV. Fourier transform infrared (FTIR) spectrum was recorded in the region 4000 cm-1- 

500 cm-1 with FTIR spectrometer (Perkin Elmer spectrum two FTIR spectrometer) by 

using ATR (attenuated total reflection) method. Optical absorption spectrum of CQDs 

was obtained by using UV-vis spectrophotometer, (Shimadzu UV-2600) and 

fluorescence emission spectra were acquired on Fluoromax spectrofluorometer (Horiba 

Jobin Yvon, USA). The color of emitting radiation was marked with the CIE 

chromaticity diagram (Commission Internationale de L’Eclairage1931) using color 
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calculator software. Time-resolved fluorescence decay curves were evaluated using 

fluorescence spectrometer (Horiba Fluorolog, USA). Optical photographs were 

captured with normal mobile camera. All the measurements were carried out at room 

temperature.  

5.3 Results and discussions 

5.3.1 Powder X-ray diffraction (XRD) 

 

Figure 5.2: XRD pattern of CQD solution. 

The X-Ray diffraction spectrum of CQDs measured is shown in Figure 5.2. The broad 

peak around 2theta value of 23.5° and 42° corresponds to the (002) and (100) plane of 

graphitic carbon core respectively [23].  

5.3.2 Fourier transform infrared spectroscopy (FTIR) 

 

Figure 5.3: FTIR spectrum of CQD solution. 
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To examine the presence of surface groups, FTIR spectroscopy was employed. Figure 

5.3 depicts that the aloe derived CQDs composed of functional groups containing 

carbon, oxygen and hydrogen. The characteristic absorption bands at 3332 and 1087 

cm−1 corresponds to the stretching vibrational mode of hydroxyl groups (−OH) [24]. 

The C=C vibrational modes are responsible for the bands observed at 2973 and 1634 

cm−1 [25]. Strong band observed at 2888 cm−1 suggests the presence of C-H stretching 

vibration mode. Meanwhile bands at 1559, 1380 cm−1 may be due to the asymmetric 

and symmetric stretching vibration of COO− respectively [24]. Bands at 1044 cm−1 can 

be ascribed to the stretching vibration mode of C-O bonds. All those hydroxyl and 

carboxyl surface groups originated from the carbonized aloe vera gel which was rich in 

carbohydrates [26], [27]. Due to the abundance of hydroxyl surface groups, CQDs have 

shown high solvent solubility which would be beneficial in designing optoelectronic 

devices [28]. 

5.3.3 Transmission electron microscopy (TEM) 

 

Figure 5.4: (a) TEM image of CQDs [inset of (a) shows particle size distribution profiles of 

CQDs] and (b) HRTEM image of CQDs. [Inset shows plane with interlayer spacing of 0.21 nm 

and corresponding FFT pattern]. 

The morphology, crystallinity and the core size distribution of the prepared CQDs are 

analyzed from transmission electron microscopy (TEM) images (Fig. 5.4). The CQDs 

are homogeneous and almost spherical in shape having a narrow size distribution of 1-

6 nm (inset of Fig. 5.4(a)). The HRTEM image (Fig. 5.4(b)) reveals the presence of a 

single plane with lattice spacing of 0.21 nm which corresponds to the (101) graphitic 

carbon facets [4]. Controlled carbonization at constant temperature and constant 

volume for 24 h develops nanocarbon assemblies with graphitic cores. 
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Figure 5.5: Surface plot obtained from HRTEM of CQDs.  

Surface plot (Fig. 5.5) analysis was done using image-J software by processing selected 

regions of TEM images with equi-spaced parallel lattice fringes. The d value calculated 

from the surface plot closely matches with the results from HRTEM and the 

corresponding FFT pattern (given in the inset of Fig. 5.5(b)). 

 5.3.4 UV-Visible absorption spectra 

 

Figure 5.6: UV-visible absorption spectra of (a) CQDs and (b) in the presence and absence of 

different metal ions.  

UV-visible absorption spectrum (Fig. 5.6(a)), exhibits a strong absorption band 

around 270 nm and 350 nm, which can be assigned to n→π* transitions of C=N and 

C=O respectively [4], [29], [30]. The observed absorption bands can be attributed to 

electron transition occurring within intrinsic carbonic core and surface states of CQDs 

[31], [32].  UV-visible absorption of CQD solution is measured in the presence of 

various metal ions reveals the influence of various metal ions on the surface states of 

CQDs (Fig. 5.6(b)). The absorption band peaked at 270 nm is assigned to n→π* 
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transitions of the surface group C=N. Enhanced optical absorption is observed 270 nm 

wavelength for all ions except Pb2+, Zn2+ can be attributed to their complex formation 

with surface groups on CQDs. Upon addition of Pb2+and Zn2+ ions the absorption band 

vanishes as the complexes formed didn’t facilitates n→π* transitions of group C=N. 

Additionally, the absorption band observed around 350 nm is enhanced upon addition 

of Cu2+ and Fe3+ ions which suggests their influence on n→π* transitions of C=O. 

5.3.5 Photoluminescence spectra 

 

Figure 5.7: PL spectra of (a) aqueous CQD solution [The inset of (a) shows corresponding 

photographs under 365 nm] and (b) in the presence of different metal ions. 

Upon UV excitation wavelength of 370 nm, a strong blue emission peak 

centered at 455 nm was observed (Fig. 5.7(a)). This can be ascribed to the energy 

transfer among sp2 carbon cores and surface functional groups [32]. Moreover, drastic 

reduction in the luminescence intensity (Fig. 5.7(b)) upon 370 nm excitation 

wavelength occurs in the presence of Fe3+ and Cu2+ ions which confirms the complex 

formation between the oxygenated surface groups on CQDs. These ions exhibits strong 

affinity towards electron donating surface functional groups such as -OR, -OH [33]. 

Specific metal ion interactions on luminescence of CQDs are exploited in designing in-

vitro sensors for Fe 3+ ions [28]. 
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5.3.6 Fluorescence lifetime decay curves 

 

Figure 5.8: The fluorescence lifetime decay curve of CQDs. 

The average fluorescence lifetime for broad blue emission was measured using 

nano LED with 330 nm excitation wavelength (Fig. 5.8). From the tri-exponential 

function fitted fluorescence decay curve, obtained average lifetime value of 3.69 ns is 

comparable with other biomass derived CQDs [34]. 

5.3.7 CQDs as fluorescent ink 

 

Figure 5.9: Information loaded on commercial filter paper using CQDs invisible ink under 

daylight (a, c, e) and 365 nm UV light (b, d, f).  
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CQDs can be employed as fluorescent ink which make it possible for secure 

data storage and advanced anti-counterfeiting applications [35,36]. The filler of ink pen 

was cleaned and filled with obtained light brown colored CQD solution to load certain 

data on commercially available filter paper. The encrypted data was allowed to dry for 

a few minutes in air. Then the filter paper loaded with certain characters was exposed 

to UV light. Optical images of the patterns in filter paper kept under day light and UV 

exposure (365 nm) were captured with a mobile camera. The optical images of various 

characters and patterns in the filter paper were displayed in Figure. 5.9. Invisible images 

under daylight appears fluorescent under UV illumination which assures the security of 

the loaded data. Stable non-polluting nature of CQDs can be considered as a perfect 

alternative for conventional inks [23,28].  

5.3.8 Photoluminescence studies of CQDs-Tb3+ incorporated  

silica  

(i) Photoluminescence studies of CQDs incorporated silica  

 

Figure 5.10: (a) PL spectra of CG at different excitation wavelengths (b) corresponding 

contour plot of the excitation/emission map. 

The excitation dependent luminescence behaviour of CG is illustrated in Figure 5.10(a). 

With the increase of excitation wavelength, noticeable spectral redshift is observed, 

which can be ascribed to the multiple emissive states on the CQDs surfaces [37].  

(ii) Energy transfer studies of CQDs-Tb3+ incorporated silica  

To know more about the spectral transitions and energy transfer pathways, deep 

rooted investigations were carried out at (i) varying concentrations of RE & CQDs and 
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(ii) varying excitation wavelengths. Concentration dependent luminescence studies of 

CQD-Tb3+ encapsulated silica glasses were depicted in Figure 5.11 & Figure 5.12.  

 

Figure 5.11: (a) PL spectra of CT3, CT5 and CT7 at 370 nm excitation wavelength (b) 

corresponding CIE chromaticity diagram. 

To know more about the spectral transitions and energy transfer pathways, deep 

rooted investigations were carried out at (i) varying concentrations of RE & CQDs and 

(ii) varying excitation wavelengths. Concentration dependent luminescence studies of 

CQD-Tb3+ incorporated silica glasses at two different UV excitation wavelengths are 

studied. For 370 nm excitation wavelength, intensity of apparent peaks of terbium ions 

at 488 nm, 543 nm, 584 nm, 620 nm are prominent due to transitions from various 

crystal field levels of distinct metastable multiplets (5D4 → 7 FJ (with J = 3, 4, 5, 6) [38]. 

Specifically, in terms of colors, blue-green emission bands peaked at 488 nm are due 

to the 5D4→ 7F6 magnetic, electric dipole transitions of Tb3+ ion. The most intense green 

emission at 543 nm can be ascribed due to the 5D4→ 7F5 magnetic dipole transitions 

[38].  From the chromaticity charts (Fig. 5.11(b)), the spectral tuning from blue (0.1952, 

0.2328) to cyan (0.1995, 0.2310) and then to near white (0.2201, 0.3106) luminescence 

can be achieved upon 370 nm excitations. Upon increase in Tb3+ ion concentrations in 

rigid porous environment, surface binding sites may not be accessible as in liquid state 

and thereby prevents the luminescence quenching of CQDs. As presented in several 

previous reports of RE-CQD, luminescence from donor QDs is enhanced in the vicinity 

of increased RE acceptor concentration [39]. CQD acts as a sensitizer to open several 

energy transition pathways through more efficient emissions from 5 D4 → 7 FJ (J = 3, 4, 

5, 6) energy levels of Tb3+. 
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Figure 5.12: (a) PL spectra of CT3, CT5 and CT7 at 325 nm excitation wavelength (b) the 

corresponding CIE chromaticity diagram. 

Though characteristic excitation wavelength of terbium ions is at 370 nm, intense 

emissions from 5 D4 → 7 FJ (J = 3, 4, 5, 6) of Tb3+ is observed at non-prominent 

excitation wavelength of 325 nm (Fig. 5.11(a)). As blue emission bands are 

comparatively more intense than remaining peaks all the CIE indices appear in the blue 

region irrespective of the dopant concentration (Fig. 5.12(b)).  

 

Figure 5.13: PL spectra of CQDs-Tb3+incorporated silica containing different CQD 

concentrations (inset shows corresponding CIE chromaticity diagram). 

Moreover, by reducing the CQD content to half, the intensity of CQD fluorescence 

attenuated to 1/3rd (Fig. 5.13). Due to the reduction of donor concentrations, optical 

quenching for acceptor luminescence is observed which confirmed the energy transfer 

among donor-acceptor (D-A) pairs. 
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Figure 5.14: Photoluminescence excitation spectra (λem = 543 nm) of T5 and CT5. 

The excitation spectrum (Fig. 5.14) presents multiple excitation bands at 317 nm, 325 

nm, 340 nm, 350 nm, 358 nm, 368 nm, 378 nm which can be assigned due to the 

transitions from the 7F6 ground state to various excited levels. The most intense 

excitation band at 369 nm generated from the intrinsic transition 7F6 →5 L10 [40] was 

remarkably enhanced (~ 10 fold) in the presence of CQDs which strongly supports the 

energy transfer channels from CQDs (donor) to terbium ions (acceptor). No additional 

peaks were obtained in the CT5 sample other than in T5. Furthermore, the possible 

photoluminescence and energy transfer pathways established between CQDs and 

Tb3+ions can be explained as described below.  

By exposing the synthesized RE-CQD hybrids (CT series) with UV excitations, 

CQDs with comparable optical band gap absorbs photons and thereby electrons were 

excited from π to π* levels of CQDs. Then some electrons get de-excited to π state 

accompanied with a blue luminescence. Remaining electrons were transferred to 5D4 

levels of terbium ions and strong multicolor emissions were triggered. Hence 5D4 level 

is populated with a greater number of electrons which catalyzes the de-excitation 

process accompanied with significant enhancement in characteristic luminescence of 

Tb3+ [2,39]. 
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Figure 5.15:(a) Excitation dependent PL spectra CT5 [inset; photograph of CT5 in daylight and 

kept under UV source of 365 nm wavelength (b) corresponding CIE diagram (c) contour plot of 

the excitation/emission map of CT5. 

 

An ordered increase in the peak intensity of terbium ions, at 488 nm, 543 nm, 584 nm, 

620 nm is observed in excitation dependent emission of CQD-RE SiO2 hybrids (Fig. 

5.15 (a)). Multiple emissions associated with terbium ions exhibited highest intensity 

for 370 nm excitation. Progressive color point tuning in CIE charts (Fig. 5.15(b)) from 

blue to near white illustrates the tunability of obtained CT5 glasses.  Figure 5.15(c) 

displays corresponding contour plots for excitation/emission map confirms that tunable 

emissions are obtained under broad excitations. At far UV excitations (310 nm, 325 

nm), broad intense blue emissions from CQDs dominate and while narrow emissions 

from terbium ions are more intense for near UV excitations (370 nm). Besides, sharp 

emissions of RE ions at 488 nm lies within the contour region of blue emitting CQDs 

which extends up to 500 nm. Moreover, regulated luminous colors by adjusting the 

dopant concentrations may be further utilized in designing novel high-definition 

lighting platforms. 
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5.3.9 CQDs-Tb3+ silica for tunable solid state  

lighting applications 

 

Figure 5.16: (a) PL spectra of CG and CT7 at 370 nm excitation (b) corresponding CIE 

chromaticity diagram [inset; photographs of CG, CT7 kept under 365 nm UV light]. 

Photoluminescence spectra of multicolor emitting CQD-RE silica matrix is analysed to 

explore the energy transfer mechanisms between CQDs and Tb3+. it can be inferred that 

upon addition of Tb3+ ions, the blue emitting CQD-SiO2 changes to near white emitting 

glasses under excitation of 370 nm (Fig. 5.16). Decrease in fluorescence intensity of 

CQD suggests possible energy transfer to Tb3+ ions. UV illuminated CG glasses were 

tuned from blue to the white point in the CIE chart due to the neighbouring terbium 

ions in CT7. Particularly, from the captured photographs and corresponding color 

points, tuning of emission chromaticity from intense blue (0.1809, 0.1992) to near white 

(0.2201, 0.3106) domain was observed. 

5.4 Conclusion 

In this study, a series of CQD: xTb3+ (x = 3, 5, 7 w %) were prepared at room 

temperature via sol-gel method. Aloe derived CQDs with excellent excitation 

dependent luminescence were utilized in fabricating luminescent silica glasses. Surface 

passivated CQDs owned with numerous emissive traps shows excitation dependent 

emissions. A notable optical quenching is exhibited for CQDs in presence of Fe3+ and 

Cu2+ ions. Solid silica networks retain the spectral tuning of CQDs. Peculiar ‘visible-

invisible’ spectral features of CQDs can be explored in anti-counterfeiting, data loading 
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and figure print formation applications. Bright tunable fluorescence achieved by 

combining CQD with (Tb3+) terbium ions unveiled its potential applications in tunable 

fluorescent displays. High optical performance of Tb3+ in presence of CQDs is 

explained by the energy transfer routes from the donor CQDs to acceptor (Tb 3+) ions. 

Under UV excitations, while CQD - SiO2 glasses exhibited blue emissions (0.1952, 

0.2328) and CQD-Tb3+-SiO2 glasses shows a near white (0.2201, 0.3106) 

luminescence. Tail orable compositional features of CT glasses can be further 

developed as solid tunable fluorescent developers and displays. 
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        6 
Nanocarbon Doped Silica for 

 WLE Applications  
 

Achieving a single component WLE from nano assemblies is still a 

challenging strategy in the solid-state lighting (SSL) systems. Herein, solid 

state luminescent graphitic and non-graphitic crystalline nano carbon were 

synthesized through sol-gel assisted thermal route by changing the carbon 

content in the materials. Morphology and the degree of crystallinity were 

confirmed with the aid of TEM, SAED and FTIR. At lower carbon content, 

graphitic carbon nano crystallites were obtained. Polycrystalline spherical, 

non-graphitic carbon nanoparticles were obtained at higher concentration 

of carbon in silica. Silica confines the growth and crystallization of carbon 

nanoparticles. Upon graphitic to non-graphitic transformation, a reduction 

in band gap values from 3.35 eV to 2.65 eV are exhibited. Interestingly, 

under UV exposure graphitic carbon nano crystallites exhibited strong blue 

luminescence whereas non-graphitic crystalline nanoparticles show broad 

luminescent band. Non-graphitic carbon nanoparticles with wide emissions 

yielded cool white CCTs (> 6000 K), good CRI value (~80) with favorable 

CIE coordinates. This solid fluorescent composites with concentration 

mediated optical and structural tunability are potential candidate for high-

definition multicolor emitting display panels and advanced lighting 

applications.    
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6.1 Introduction 

 

Solid fluorescent materials are merited with peculiar attention in recent years 

towards distinct applications including sensors, white light emitting diodes (WLEDs) 

data encryption, barcoding and patterning etc. [1]. Till date, diverse strategies were 

presented in literatures to fabricate efficient color tunable platforms. Stable but 

complex networks such as lanthanide organic hybrids [2] and organic-dye-based 

complexes [3] are certain photoluminescence color tunable (PLCT) materials reported 

in recent years. Excitation wavelength dependent spectral tuning is obtained in some 

materials including (Ba, Sr)5(PO4)3Br: Eu
2+

 phosphors [4]. On the other hand, Cd(1-

x)ZnxS nanomaterials are illustrated as a rare compositional variation dependent PLCT 

due to FRET between the donor-acceptor (D-A) pair of (ZnS- CdS) [5]. In addition, 

concentration dependent PLCT in N-CQDs [6] and the wide range PLCT from 

NaCaGd(WO4)3:Tb
3+

, Eu
3+

 [7] are  also reported. Usually, desired chromaticity points 

are achieved by blending individual discrete chromatic emitters in multiphase or in 

composite forms.  Nevertheless, using multiphase chromatic emitters raises 

preparation costs while varying degradation rates of components alters their stability 

and shelf life. Consequently, single component PLCT materials are to be developed 

with ultimate importance and consideration.  

In addition to PLCT materials, solid state WLE materials are also a topic of 

great interest in which plenty of research works are done. Optimized integration of 

RGB or YB chromophores of comparable luminescence intensity are necessary to 

obtain WLE materials. White light emissions are generally characterized with certain 

colorimetric parameters like color rendering index (CRI), correlated color temperature 

(CCT) and Commission Internationale de I’Eclairage (CIE) indices.  CRI value is a 

measure of realizing the exact color of an object in comparison with the same kept 

under reference sources. Wider the spectral distributions, higher the CRI values which 

usually rated from 0 to 100. While warm WLE materials have CCT > 6000 K, cool 

white luminescence accompanied with lower CCTs (3200–6000 K) [8], [9], [10]. The 

CIE indices quantify the emitting color from the designed light source with two 

coordinates (x, y). Quality of white emissions are generally confirmed with CCTs as 
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mentioned in above ranges. WLE color coordinates are around (0.33, 0.33) with 

desirable CRI (~80) values. Even though certain solid fluorescent materials like 

BaY2ZnO5:Dy
3+

 [11] and YAG:Ce
3+

[8]
 
have favorable CIE coordinates, invalid CCTs 

with poor CRI values hinders it from future lighting applications. Certain phosphors 

like, BaSrMg(PO4)2:Eu
2+

 [12] have good CRI values and CIE coordinates. But lack of 

stable CCTs prevents it from perfect white light generation with desired spectral 

quality. Additionally, self-absorption among various components impairs the 

effectiveness of multicomponent phosphors, and distinct degradation trajectories 

impact their long-term uses. 

Among nontoxic, green, biocompatible solid state fluorescent materials, nano 

carbon has drawn tremendous attention in recent years owing to their diverse 

structural and optical characteristics. In comparison to the bulk counterparts, 

elemental carbon exhibits strong blue fluorescence at nanometric scales. So far, owing 

to the self-quenching in solid state, most of the research focused on luminescence 

from aqueous solution of carbon quantum dots (CQDs) or nanoparticles and solid-

state fluorescent nano carbon remains as a less explored area of research. Earlier, 

CQDs were considered as amorphous nanodots and modified synthesis strategies led 

to the generation of graphitic and non- graphitic crystalline domains. Amorphous 

carbon cores are confirmed by the absence of sharp peaks in XRD with no bright 

spots in SAED pattern. Single crystalline, graphitic carbon exhibits well resolved 

lattice fringes from TEM micrographs (0.28, 0.32 nm) which corresponds to (020) 

and (002) planes of graphitic cores [13], [14]. Besides, non-graphitic polycrystalline 

carbon forming cubic C8 structure is studied for their blue luminescence capable of 

sensing Cu
2+

 ions [15]. Furthermore, blue emitting N-doped non graphitic CQDs 

functionalized with L-valine is recently reported for tetracycline detection [16]. 

Polycrystalline, non- graphitic CQDs achieved via heteroatom doping find 

applications in sun light mediated saline water purification whereas zinc ion induced 

crystalline nanocarbon exhibits appreciable supercapacitor performances [17], [18]. 

Though some studies focused on crystalline non-graphitic carbon nanostructures, 

experimental evidences are very rare for nanostructures with carbon C20 crystal 

structure. Moreover, though solid state carbon nano systems are studied for their blue 
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[19] yellow [20], orange [21] and red [22] luminescence, carbon based single 

component WLEDs are still demanding. 

Herein, we study the influence of structural transformation from graphitic to 

non-graphitic crystalline carbon on their optical properties. By varying the carbon 

content in mesoporous silica, luminescence shift from blue to cool white was 

observed. To best of our knowledge, studies on solid state fluorescent carbon nano 

assemblies @silica are rarely found in literatures, which is a key lighting candidate in 

the rapidly growing optoelectronic industry. 

6.2 Experimental section 

6.2.1 Synthesis of C@SiO2 nanocomposites  

 

 

 Figure 6.1: Schematic representation of synthesis of C@ SiO2. 

 

10 wt% C and 40 wt% C doped silica glasses were synthesized through sol gel route 

as shown in schematic representation given in figure. 6.1. Appropriate amount of 

ethanol was added to 7.4 ml tetraethyl orthosilicate (TEOS) and the mixture was 

continuously stirred for 1 h. To this, aqueous citric acid solution was added and 

continued stirring to obtain a homogeneous solution. The molar ratio of TEOS – water 

− ethanol was maintained as 1:2:2. Two drops of concentrated nitric acid was added 

as a catalyst. The final clear solution obtained was transferred into polypropylene 
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containers, sealed using paraffin wax and kept for about a month to form a stiff gel. 

Samples were then heated in the hot air oven at 60 
0
C for 2 days to eliminate water 

and other organics present.  

 

Figure 6.2: Schematic representation of synthesis of carbon@ SiO2. 

Obtained glassy samples with excellent transparency are allowed to undergo 

thermal annealing at 150 °C for 24 h (given in Fig. 6.2). The composites are ground 

into fine powder and further used for various measurements. The samples are named 

as [GC@SiO2 [10 wt% C in 2 g of silica], NGC@SiO2 [40 wt% C in 2 g of silica]]. 

Table 6.1: Compositions and annealing temperatures of samples. 

Sample code w % C Weight of silica 

(in g) 

Annealing 

Temperature (
0
C) 

GC@SiO2 

NGC@SiO2 

10 

40 

2 

2 

150 0C 

150 0C 

  

6.2.2 Structural and Optical characterization  

The morphology and crystallinity of nanocomposites were analysed using TALOS 

F200S G2 transmission electron microscope (200 kV, FEG, CMOS Camera 4K × 

4K). For TEM analysis, ethanolic dispersion of finely powdered sample drop-casted 

and dried in air.  Fourier Transform Infrared Spectroscopy (FTIR) was performed on a 

Perkin-Elmer FTIR spectrophotometer. Prepared nanocomposites were thermally 

analyzed with PerkinElmer STA 8000. TGA, DTA thermographs were procured in 

nitrogen atmosphere at a heating rate of 10 °C/min. The optical absorption spectrum 

was recorded using UV-vis spectrophotometer (Shimadzu UV-2600) and fluorescence 

profiles were recorded using Fluoromax Spectrofluorometer (Horiba Jobin Yvon, 
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USA). Time-resolved fluorescence decay profiles were obtained using fluorescence 

spectrometer (Horiba Fluorolog, USA). Optical photographs were recorded using 

normal mobile camera. The color of the light and other colorimetric parameters was 

identified by the CIE (Commission Internationale de L’Eclairage1931) chromaticity 

charts provided by the color calculator software.  

6.3 Results and discussions 

6.3.1 Transmission electron microscopy (TEM) 

The morphology and crystallinity of nanocarbon embedded silica were investigated 

via transmission electron microscopy (TEM) and selected area electron diffraction 

(SAED) pattern.  

(i) GC@SiO2 

 

Figure 6.3: (a) TEM image and (b) SAED image of GC@SiO2. 

TEM micrograph displayed in Figure 6.3 (a) shows clusters of carbon nano 

assemblies. Presence of bright spots in selected area electron diffraction (SAED) 

pattern (Fig. 6.3(b)) indicates crystallinity of graphitic carbon entrapped within 

mesoporous silica. Brightest ring in the SAED pattern of GC@SiO2 can be indexed to 

crystalline graphitic carbon cores. Obtained d-spacing at 0.32 nm, 0.19 nm 

corresponds to the (002), (011) lattice planes of the graphitic carbon (ICSD:31170) 

[23]. 
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Figure 6.4: HRTEM image of GC@ SiO2. [Inset (a) shows plane with d- value 0.315 nm and (b) 

shows corresponding FFT pattern]. 

 

The HRTEM image (Figure 6.4) shows that the GC@SiO2 has assemblies of nano 

crystallites.  The interlayer spacing d-value of well-defined lattice fringes were 

obtained as 0.315 nm, which corroborates with previously reported (002) graphitic 

cores of carbon. 

 

Figure 6.5: Surface plot obtained from HRTEM of GC@ SiO2. 

 

In depth investigations on d-spacing value was carried out with the aid of image J 

software. Surface plot was obtained by processing selected areas of TEM micrographs 

with equal spaced parallel lattice fringes. From the surface plot (Fig. 6.5), d value was 

found to be 0.306 nm which is in accordance with the results from HRTEM and 
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SAED pattern. A comparison of d spacing values obtained from different analysis 

method is given in table 6.2. 

Table 6.2: Comparison of the d-spacing of the (002) plane of graphitic carbon obtained from 

SAED, HRTEM, FFT, and surface plot analysis for GC@ SiO2. 

 

 

(ii) NGC@SiO2 

 

 

Figure 6.6: (a) TEM image of NGC@SiO2 [inset shows corresponding particle size distribution] 

(b) SAED image of NGC@SiO2. 

TEM micrographs displayed in Figure 6.6 (a) shows a quasi-spherical morphology of 

carbon nanoparticles with particle size ranges from 9-14 nm. Moreover, the existence 

of bright spots with multiple rings in selected area electron diffraction (SAED) pattern 

(Fig. 6.6(b)) implies high degree of poly crystallinity of the obtained carbon-silica 

network. Measured inter planar spacing values are well consistent with the reported 

values of polycrystalline C20 structure (ICSD No-185973). 

Sample dSAED (nm) dHRTEM (nm) dFFT (nm) dsurface plot(nm) dreference data (nm) 

GC@SiO2 0.317 0.315 0.320 0.306 0.32 
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Figure 6.7: (a) HRTEM-I image of NGC@SiO2 [Inset (i) shows plane with d-spacing as 0.367 nm 

and (ii) shows corresponding FFT pattern]. 

 

 

Figure 6.8: HRTEM-II image of NGC@SiO2. [Inset (i) shows plane with d-spacing as 0.306 nm 

and (ii) shows corresponding FFT pattern]. 
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Figure 6.9: HRTEM-III image of NGC@ SiO2 [Inset (i) shows plane with d-spacing as 0.212 nm 

and (ii) shows corresponding FFT pattern]. 

 

Besides, the HRTEM images (Fig. 6.7, 6.8 & 6.9) clearly shows well defined equi-

distant lattice fringes. Quasi spherical morphology of the synthesized non-graphitic 

carbon nanoparticles is affirmed from the TEM micrographs at high resolution. Inset 

(i) of Fig 6.7 shows nanoparticle having d spacing value of 0.367 nm. Corresponding 

FFT analysis (inset (ii) of Fig 6.7) gives d-spacing value of 0.36 nm. Additionally, 

inset (i) of Fig. 6.8 shows crystalline nanoparticles with interplanar spacing value of 

0.306 nm and corresponding FFT (inset (ii) of Fig 6.8) gives d-spacing of 0.31 nm. 

Inset (i) of Fig 6.9 shows nanoparticle having d spacing value of 0.217 nm. 

Corresponding FFT pattern (inset (ii) of Fig 6.9) gives d-spacing value of 0.21 nm. 
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Figure 6.10: Surface plots obtained from (a) HRTEM-I b) HRTEM-II c) HRTEM-III of 

 NGC@ SiO2. 

Surface plots (Fig. 6.10) are generated from the respective HRTEM planes (inset (i) 

of Fig 6.7, 6.8 & 6.9). From the analysis, the d spacing values of corresponding planes 

are obtained as 0.367 nm, 0.306 nm, 0.212 nm for (011), (111) and (112) planes. 

Crystalline nature of the composites is further confirmed through comparison of d 

values measured from HRTEM, SAED, FFT and surface plots. From Table 6.3, d 

values obtained from HRTEM are almost similar with SAED and are consistent with 
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the d-values calculated from corresponding FFT patterns and surface plots. Obtained 

d-spacing values are in good agreement with polycrystalline, non-graphitic (C20) 

structure. HRTEM analysis implies that NGC@SiO2 composed of non-graphitic 

carbon nano assemblies with multiple crystalline domains. 

Table 6.3: Comparison of the d-spacing of the (011), (111), (112) planes of C20 obtained from 

SAED, HRTEM-I, HRTEM-II and HRTEM-III with corresponding FFT, and surface plot 

analysis of NGC@SiO2 

 

 

 

 

 

 

 

 

From HRTEM and SAED analysis, it is clear that a transition from graphitic to non-

graphitic crystalline carbon occurs, with an increase in wt% of carbon in silica. The 

degree of crystallinity rises with increasing carbon concentration. Moreover, 

assemblies of nano crystallites transform to nanoparticles with well-defined 

morphology. Nanocarbon in silica have a tendency to form a spherical shape. The 

symmetrical growth in all directions produced particles with exceptional homogeneity 

inside the silica network. Notably, the (002) plane, with a d-spacing value of 0.32 nm, 

is the major plane in graphitic carbon. For lower carbon content, nano crystallites with 

a graphitic structure are formed. As the carbon concentration increases, the nano 

crystallites have a tendency to assemble in a preferred orientation across their major 

crystallographic planes with a d-spacing value of 0.32 nm. They undergo 

transformation to nanoparticles having a C20 crystal structure where (111) planes with 

0.30 nm are major crystalline planes. As the amount of carbon increases, the crystal 

structure transforms to energetically favorable structure along this coherent interface 

since the interplanar spacings of the graphitic (002) - C20 (111) and graphitic (100) - 

C20 (112) planes are nearly similar. 

Sample dSAED (nm) dHRTEM (nm) dFFT (nm) dsurface plot 

(nm) 

dreference data 

(nm) 

NGC@SiO2 0.361 0.367 0.36 0.354 0.3681 

NGC@SiO2 0.316 0.306 0.31 0.299 0.3006 

NGC@SiO2 0.217 0.212 0.21 0.211 0.2125 
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Figure 6.11: HR-TEM image with Moire’s fringes in the NGC@ SiO2. 

As observed in Fig. 6.11, stacking one plane over another with different d values 

generates Moire interference. The highly crystalline nanoparticles in NGC@ SiO2 are 

stacked one over other and Moire’s fringes are obtained in different regions (inset of 

Fig. 6.11). This effect has been previously reported in various crystalline carbon nano 

structures such as carbon dots (CQDs), carbon nanotubes (CNTs) [24]. 
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6.3.2 Fourier transform infrared spectroscopy (FTIR) 

 

Figure 6.12: FT-IR spectra of carbon@SiO2. 

FT-IR spectra was analyzed to better understand the presence of different functional 

groups formed in the prepared nanocomposites. Spectra of carbon@SiO2 depicted in 

Figure 6.12, exhibits with distinct IR bands ranging from 500-4000 cm
-1

. The broad 

absorption around 3390 cm
-1

 indicate the stretching vibrations of hydroxyl group and 

band at 1722 cm
-1 

can be assigned to C=O groups [25]. The band observed due the 

carboxyl functional group is more intense in NGC@SiO2 due to the higher carbon 

content present.  The band identified at 1634 cm
-1 

can be attributed  to the existence of 

C=C vibrational bands around 1600-1650 cm
-1

 [25]. The band occurring at 966 cm
-1

 

and 468 cm
-1  

[27]
 
is produced by symmetric stretching modes of Si-O bonds in SiO4 

tetrahedra having multiple numbers of oxygen. Vibrational bands around 1063 cm
-1

 

and 794 cm
-1 

clearly indicate the presence of Si-O stretching. Interestingly, exclusive 

broadening of certain IR bands at 794, 1063, 3390 cm
-1 

in the composites can be 

ascribed due to the overlapping of multiple bands in the same region. Typically, 

stretching mode vibrations of Si-C (770-800 cm
-1

), wagging mode vibrational bands 

in of C-H in (CH2)-Si and (CH3)-Si (980-1000 cm
-1

) and bands due to bending mode 

vibrations of Si-(CH3) (1250-1260 cm
-1

) contributes in the widening of 

abovementioned IR bands [28], [29]. Additionally, symmetric-asymmetric stretching 

mode vibrations of C-H (3110 & 3085 cm
-1

) [25], [30], vibrational bands of (=C-H) 
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ranges from 3000-3100 cm
-1 

[31]
 
and

 
C=O (3085 cm

-1
)  [30] take part in the spectral 

widening IR band around 3000 cm
-1

. Furthermore, exclusive tiny band at 1358 cm
-1 

in 

NGC@SiO2 can be assigned to the C20 structure with D2h symmetry as depicted in 

theoretical reports [25].  

6.3.3 Thermal decomposition studies 

 

Figure 6.13: TGA curve of (a) GC@ SiO2 (b) NGC@ SiO2. 

The thermal decomposition studies of the nanocarbon doped silica were performed 

with thermogravimetric analysis (TGA). The analysis was carried out in nitrogen 

atmosphere at a range of room temperature to a maximum of 800 °C by keeping a 

heating rate of 10 °C/min (Fig. 6.13). From thermograms, initial weight loss (~3 %) 

observed at temperature scales below 130 °C was similar for both composites which 

was accompanied with the desorption of water molecules within the composites [24]. 

In the temperature range from 150°C-350°C NGC@SiO2 shows a more rapid 

decomposition. In comparison to GC@SiO2 low residual weight in NGC@SiO2 can 

be ascribed due to the burning of relatively high amount of organic matter. As per 

reports, the reduced weight in TGA curves of carbon-silica composites around 150 - 

350 °C were mainly accompanied with the decomposition of COOH and OH groups 

[33]. From 400
0
C to 800 

0
C, almost a linear curve is obtained in both composites that 

contributes nearly 7 % to the total weight loss. As the temperature reaches to a 

maximum of 800 
0
C, 84.88 % of GC@SiO2 retains whereas residual w% of 

NGC@SiO2 is 72.96 %. In comparison with GC@SiO2, NGC@SiO2 has higher 

carbon content, and hence an additional weight reduction of ~12 % occurs due to the 

increased breakdown rates of functional groups. 
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6.3.4 UV-Visible absorption spectra 

 

Figure 6.14: UV-visible absorption spectra of (a) GC@ SiO2 (b) NGC@ SiO2. The tauc 

plots given in the insets give bandgaps of 3.34 eV and 2.62 eV respectively. 

 As shown in Figure 6.14, for GC@SiO2 absorption band extend up to 400 nm, 

which was widened up to 600 nm for NGC@SiO2. From graphitic to non-graphitic 

crystalline transformation, energy bands became broader which subsequently reduce 

the band gap values from 3.34 eV to 2.62 eV (inset of Fig. 6.14). For graphitic carbon 

nanocrystallites, the observed band gap is in accordance with the reported values of 

graphitic carbon quantum dots and nanoparticles [34], [35]. Hence the shift in band 

gap is due to the change in crystal structure rather than the change in morphology.    

6.3.5 Photoluminescence spectra 

Photoluminescence studies of GC@SiO2 and NGC@SiO2 are done under varying UV 

excitations and visible emissions from 400-700 nm was recorded. The solid-state 

fluorescence of both composites exhibited distinct optical features. 
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(i) GC@SiO2 

 

 

Figure 6.15: (a) PL spectra of GC@ SiO2 at different excitation wavelengths (b) corresponding 

contour plot of the excitation/emission map. 

 

Excitation dependent luminescence spectra of GC@SiO2 is depicted in Figure 6.15(a). 

The strong blue luminescence of GC@SiO2 generated is similar to the widely 

reported fluorescence characteristics from graphitic core of carbon quantum dots. As 

per literature, blue emissions are dominantly produced from sp
2
 carbon cores of 

nanocarbon [36], [37]. When excited with UV radiation of λex= 370 nm wavelength, 

maximum intensity obtained was peaked at 442 nm. Noticeable spectral red shift was 

observed with change in excitation wavelength. Figure 6.15 (b) displays the PL 

contour plots of GC@SiO2 for varying excitation wavelengths, and the color domains 

associated with PL intensity are given in the color bar scale. The GC@SiO2 show the 

emission bands ranges from 400 nm to 600 nm. The silica network encapsulated the 

luminescent nanocarbon cores and prevents aggregation induced quenching in solid 

state. Thus, in situ synthesized nanocarbon in SiO2 generates solid intense blue 

emissions which can be effectively utilized in display devices.  
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(ii) NGC@SiO2 

 

Figure 6.16: (a) PL spectra of NGC@ SiO2 at different excitation wavelengths (b) corresponding 

contour plot of the excitation/emission map. 

 

Excitation dependent luminescence studies of NGC@ SiO2 was performed by 

recording the emission spectra for excitation wavelengths ranging from 360 nm to 420 

nm (shown in Fig. 6.16(a)). Similar to GC@SiO2, excitation dependent spectral red 

shift was observed in NGC@SiO2 and under 390 nm excitations, a maximum 

fluorescence intensity centered at 493 nm is obtained. Origin of excitation dependent 

luminescence can be attributed to the existence of multiple surface emissive states 

within the carbon nanoparticle assemblies. Single broad intense fluorescence extends 

from 400 nm to 700 nm are clearly demonstrated in the contour plots (shown in Fig. 

6.16 (b)) of the composites. Compared to GC@ SiO2 the maximum intensity region 

(red color) is broad and remains as such for entire excitation wavelengths. Thus, for 

broad excitation wavelengths of NGC@SiO2 exhibits broad emission spectrum from 

400 nm to 700 nm which covers the entire visible region.   
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6.3.6 Fluorescence lifetime decay curves 

 

Figure 6.17: The lifetime decay curve of (a) GC@SiO2 (b) NGC@SiO2. 

Time-resolved fluorescence lifetime experiments were also conducted (Fig. 6.17). The 

fluorescence decays were fitted with a triexponential equation (eq (1)). Average 

lifetime values were calculated using eq (2).  

R(t) = A1e
(−t/τ1) + A2e

(−t/τ2) + A3e
(−t/τ3)   ------------------- (1) 

<τ> = (A1 τ1 + A2 τ2 + A3 τ3) / (A1+ A2+ A3) ----------- (2) 

For both materials the decay time is of the order of nanoseconds which is in 

accordance with the reported lifetime decay values for carbon nano systems [38], 

[39]. For non-graphitic crystalline carbon, decay process is faster. As the carbon 

content increases, distance between the particles reduces and thereby non radiative 

energy transfer among them will be more feasible. Modified surface states of obtained 

carbon nanoparticles significantly contribute in the speedy fluorescence decay in 

NGC@SiO2 by means of enhanced radiative recombination [40].  

Table 6.4: Fluorescence lifetime parameters of carbon@SiO2. 

Sample 

code 

α1 τ1 

(ns) 

α2 τ2 

(ns) 

α3 τ3 

(ns) 

τ av (ns) 

GC@SiO2 

NGC@SiO2 

51.52 

67.09 

3.25 

0.02 

27.48 

22.32 

0.76 

1.90 

21 

10.60 

12.41 

8.98 

4.49 

1.39 
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6.3.7 Colorimetric analysis with CIE Chromaticity diagrams 

 

Figure 6.18: CIE diagram of GC@SiO2 and NGC@SiO2 for varying excitation wavelengths. 

The CIE chromaticity diagrams (shown in Fig. 6.18) of the composites demonstrate 

color of emission from the composites excited at distinct wavelengths. Obtained CIE 

indices of both composites strongly agree with the recorded PL spectra. In common, 

upon increasing the excitation wavelengths, a progressive shift in CIE coordinates is 

observed in graphitic (GC@SiO2) and non-graphitic (NGC@SiO2) carbon nano 

assemblies. Upon different excitation wavelengths, exhibited color shifts from dark 

blue to light blue for graphitic carbon nanocrystallites.  For non-graphitic carbon 

nanoparticles, the color shifts from light blue to light yellow through a trajectory near 

to perfect white coordinates (0.33, 0.33) where white emissions were generated from 

NGC@SiO2 with the color points progressively shifted upon increasing the excitation 

wavelength.  
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Table 6.5: Excitation wavelength and CIE indices of GC@ SiO2. 

Sample 

code 

Excitation 

wavelength (in 

nm) 

CIE Index 

GC@SiO2 

GC@SiO2 

GC@SiO2 

GC@SiO2 

GC@SiO2 

GC@SiO2 

350 

360 

370 

380 

390 

400 

(0.1876, 0.1978) 

(0.1947, 0.2193) 

(0.1898, 0.2027) 

(0.1952, 0.2258) 

(0.2042, 0.2498) 

(0.2176, 0.2916) 

 

Visual contrast in the luminescence of composites is consistent with the 

corresponding CIE indices and color points spotted in CIE 1931 chromaticity 

diagram. From table 6.5, CIE indices move from dark to light blue color. The 

colorimetric WLE parameters of NGC@SiO2 composites including correlated color 

temperature (CCT), CIE indices and CRI for distinct excitation wavelength are 

tabulated in the table. 6.6. For all the excitation wavelengths studied, the cool white 

emissions are obtained for 380 nm and 390 nm with CRI values 79 and 77 

respectively. A maximum value of CRI is obtained at 360 nm and 370 nm excitation. 

Table 6.6: Excitation wavelengths, CIE indices, CCT, CRI, FWHM of NGC@ SiO2. 

 

Sample code Excitation 

wavelength 

(nm) 

CIE Index CCT 

(in K) 

CRI FWHM 

NGC@SiO2 

NGC@SiO2 

NGC@SiO2 

NGC@SiO2 

NGC@SiO2 

NGC@SiO2 

NGC@SiO2 

360 

370 

380 

390 

400 

410 

420 

(0.2581, 0.3118) 

(0.2606, 0.3195) 

(0.2655, 0.3312) 

(0.2724, 0.3453) 

(0.2780, 0.3601) 

(0.3021, 0.4076) 

(0.3143, 0.4256) 

10836 

10246 

9428 

8590 

7989 

6506 

6013 

82 

82 

79 

77 

76 

70 

69 

 

130.86 

132.94 

141.03 

143.04 

127.23 

118.31 

104.61 
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Figure 6.19: The solid-state (powder) photographs of GC@SiO2 and NGC@SiO2 under 

(a) daylight and (b) UV lamp. 

The optical images of carbon@SiO2 composites (shown in Fig. 6.19) were 

captured under daylight and UV light of 365 nm. C@SiO2 composites show a 

concentration-mediated color tuning from blue to white region. While graphitic 

carbon gives a blue fluorescence, non- graphitic C20 crystalline carbon gives white 

emissions. Furthermore, as the carbon content is more in NGC@SiO2, more 

functionalized surface states can contribute in exhibiting a broad luminescence. 
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Figure 6.20: Plot of (a) CCT Vs excitation wavelength (b) CRI Vs excitation wavelength of 

NGC@ SiO2. 

 

Yellow colored powder sample in day light generated intense white emissions 

under UV exposure of 365 nm. This is perfectly consistent with the calculated CIE 

indices of NGC@SiO2 (0.2724, 0.3453) which lie around ideal white point (0.33, 

0.33). CCT values found with CIE indices revealed that the prepared WLE systems 

with (CCT > 5000K) are potential candidates for outdoor lighting platforms which 

require cool white domains. Trends observed in CCT, CRI values of NGC@SiO2 with 

varying excitations are plotted in Figure 6.20. Single phase solid WLE systems with 

CRI values ranges from 70-80 and adjustable CCT values are potential candidates in 

lighting platforms. Moreover, as the material exhibit cool white light emissions for a 

wide range of excitation wavelengths, NGC@SiO2 can have potential applications for 

broad band white light emitting devices. 

6.4 Conclusion 

To summarize, solid state fluorescent C@SiO2 was synthesized via in situ, sol-gel 

assisted thermal route. Under identical thermal conditions, graphitic to non-graphitic 

transitions are achieved at distinct carbon concentrations within silica network. While 

graphitic nanocrystallites were formed at low carbon content, non-graphitic  
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polycrystalline carbon nanoparticles were obtained at high carbon content.  

Morphologically different composites exhibit distinct optical characteristics which 

were strongly controlled by the carbon concentration. An aggregation induced band 

gap tuning from 3.34 eV to 2.62 eV was accompanied with the graphitic to non-

graphitic transition. Intense blue fluorescence obtained from GC@SiO2 and WLE 

characteristics of NGC@SiO2 were confirmed with the CIE indices in respective color 

domains. Cool white CCTs (> 6000 K), with consistent CIE coordinates and good 

color rendering properties CRI (~ 80) of NGC@SiO2 could make it beneficial for 

solid WLE applications.   
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7 
Conclusion 

 

In this chapter we summarized the overall conclusion of the thesis. Chapter wise key 

points with individual characteristics of developed composites are briefly discussed. 

Major outcomes of the research work are focused on achieving different RE/EN 

combinations for solid lighting applications.  
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The entire thesis focused on structural and optical investigations of different RE/EN based 

silica composites with diverse optical features. Scope of RE/EN doped silica composites in 

solid state lighting platforms are well explored on the basis of energy transfer pathways with 

tunable optical profiles. 

 Chapter 1 dealt with general concepts and basics of rare earth ions, elemental 

nanoparticles, the synthesis of RE/EN composites and white light emission and CIE 

chromaticity diagram. Typically, various nanostructures, synthesis approaches, energy transfer 

mechanisms, RE spectroscopy with different electronic transitions are discussed in detail. 

Apart from this, literature reviews on relevant topics are also included. 

 Chapter 2 presented a trichromatic approach for generating WLE in which the 

prepared CQDs-Tb3+-Eu3+- doped silica exhibited remarkable optical stability of 1 year. Aloe 

derived CQDs showed selective optical responses towards Fe3+, Cu2+ ions. Continuous tuning 

from warm to cool white emission (CCT 3508 to 6114 K) at 393 nm excitation is well explained 

with colorimetric analysis. Tunable optical behaviour with adjustable CCTs made it possible 

for solid WLE platforms. 

 Chapter 3 discussed the synthesis of dual emissive carbon nanoparticles via direct 

thermal decomposition of Hemigraphis colorata leaves. It presented the WLE capability of 

obtained nanocarbon with adjustable CCTs. This biomass derived carbon nano assemblies are 

well suited for environment-friendly, indoor and outdoor lighting application. 

Chapter 4 dealt with peculiar phase dependent spectral profiles of Se-Tb3+ doped silica 

from cubic to amorphous transition of selenium nanodots. Phase transition-based energy 

transfer hints toward its dual facets of applications as optical attenuator and optical amplifier. 

Concentration dependent luminescence of these composites points towards multicolor emitting 

applications. 

 In Chapter 5 presented optical studies of CQDs-Tb3+ for solid state lighting 

applications. By integrating CQDs in combination with terbium ions, color tunable glasses are 

obtained.  
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Chapter 6 presented synthesis of nanocarbon doped silica via sol-gel route. Concentration 

mediated tuning in structure and luminescence of prepared silica-based composites are 

discussed in detail. Ultrabroad luminescent band of non-graphitic polycrystalline carbon 

nanoparticles merited with cool white CCTs and good CRI, which are well suited for outdoor 

lighting applications.   

 In summary, the thesis present distinct silica based RE/EN composites for lighting 

applications by utilizing the luminescence from RE ions (Eu3+, Tb3+) and elemental 

nanoparticles. From the colorimetric analysis, certain WLE and photoluminescence color 

tunable composites are successfully achieved with tailorable optical features.  



 

 

            

            8 
        Recommendations 

 

 

Future scope of our research work is presented in the chapter. It points out the 

possible extensions that can mold the developed RE/EN combinations as lighting 

candidates for upcoming years.  
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Fluorescent nanomaterials in combination with RE ions are significant in achieving enhanced 

luminescence profiles to realize advanced lighting systems. In the current research work, we 

attempted in developing various RE/EN based silica composites with tunable optical features 

for solid lighting applications. Even though the achieved RE/EN compositions have remarkable 

optical characteristics, certain unexplored areas can be identified. So, on the basis of thesis, 

certain key ideas of future scope can be given below: 

 

❖ Studies on temperature mediated structural and optical tuning of nanocarbon doped 

silica. 

❖ In depth studies on decay pathways within nanocarbon doped silica via transient 

absorption spectroscopy. 

❖ Exploring modified synthetic conditions for achieving solid dual emissive fluorescence 

with excellent white lighting features with good CRI values. 

❖ Explore phase dependent luminescence on other RE/Se silica composites          

❖ Temperature dependent luminescence studies on RE/EN doped silica. 

❖ Excitation dependent and concentration dependent fluorescence studies of other RE/EN 

combinations for WLE applications. 
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