
DOCTORAL THESIS

Development of Rare-Earth-Free 
Zinc Silicate as a Novel Deep UV 
Emitter: Synthesis Strategies and 
Luminescent Properties

Jallouli Necib

TALLINNA TEHNIKAÜLIKOOL

TALLINN UNIVERSITY OF TECHNOLOGY 
TALLINN 2025



TALLINN UNIVERSITY OF TECHNOLOGY 
DOCTORAL THESIS 

60/2025 

Development of Rare-Earth-Free Zinc 
Silicate as a Novel Deep UV Emitter: 

Synthesis Strategies and Luminescent 
Properties 

JALLOULI NECIB 



TALLINN UNIVERSITY OF TECHNOLOGY 
School of Engineering 
Department of Mechanical and Industrial Engineering 
This dissertation was accepted for the defence of the degree 12/06/2025 

Supervisor: Dr. Rocío Estefania Rojas-Hernandez 
School of Engineering 
Tallinn University of Technology 
Tallinn, Estonia 

Co-supervisor: Prof. Irina Hussainova 
School of Engineering 
Tallinn University of Technology 
Tallinn, Estonia 

Opponents: Dr. Miguel Angel Rodríguez Barbero 
Department of Ceramics 
Institute of Ceramics and Glass 
Madrid, Spain 

Prof. Joachim Breternitz 
Department of Chemical Engineering 
FH Münster University of Applied Sciences 
Münster, Germany 

Defence of the thesis: 11/09/2025, Tallinn 

Declaration: 
Hereby I declare that this doctoral thesis, my original investigation and achievement, 
submitted for the doctoral degree at Tallinn University of Technology has not been submitted 
for doctoral or equivalent academic degree. 

Jallouli Necib 

signature 

Copyright: Jallouli Necib, 2025 
ISSN 2585-6898 (publication) 
ISBN 978-9916-80-339-4 (publication) 
ISSN 2585-6901 (PDF) 
ISBN 978-9916-80-340-0 (PDF) 



TALLINNA TEHNIKAÜLIKOOL 
DOKTORITÖÖ 

60/2025 

Haruldaste muldmetallide vaba tsinksilikaadi 
kui uue süva-UV kiirguri arendus: 

sünteesistrateegiad ja luminestsents 
omadused 

JALLOULI NECIB 





5 

Contents 
List of Publications ............................................................................................................ 7 
Author’s Contribution to the Publications ........................................................................ 8 
Abbreviations .................................................................................................................... 9 
1 Introduction ................................................................................................................. 10 

1.1 Background............................................................................................................. 10 
1.2 Review of the Literature ......................................................................................... 10 

1.2.1 Deep UV and Its Applications ........................................................................... 10 
1.2.2 Conventional Deep UV Sources and Their Challenges ..................................... 11 
1.2.3 Alternatives Based on Critical Materials........................................................... 12 
1.2.4 Rare Earth Elements: Challenges and Opportunities ....................................... 12 
1.2.5 Rare-Earth-Free Wide-Bandgap Materials: A Dual Solution ............................. 13 
1.2.6 Zn2SiO4 as a Promising Alternative ................................................................... 13 

1.2.6.1 Structural Properties of Zn2SiO4 ................................................................. 14 
1.2.6.2 Electronic Structure of Zn2SiO4 ................................................................... 15 
1.2.6.3 Applications of Zn2SiO4 ............................................................................... 15 
1.2.6.4 Zn2SiO4 Synthesis Methods ......................................................................... 16 

1.3 Motivation and Research Problems ....................................................................... 17 
1.4 Research Objectives and Hypotheses .................................................................... 18 
1.5 Research Tasks and Contributions ......................................................................... 19 

2 Materials and methods ................................................................................................ 21 
2.1 Precursors............................................................................................................... 21 

2.1.1 Zinc Oxide Source ............................................................................................. 21 
2.1.2 Silica Source ...................................................................................................... 21 
2.1.3 Molten Salt Medium ......................................................................................... 21 
2.1.4 Organic Vehicle ................................................................................................. 21 

2.2 Processing Routes .................................................................................................. 21 
2.2.1 Powders Processing .......................................................................................... 21 

2.2.1.1 Solid-State Synthesis ................................................................................... 21 
2.2.1.2 Molten Salt Synthesis ................................................................................. 22 
2.2.1.3 Sol-Gel Synthesis ......................................................................................... 22 

2.2.2 Films Processing ............................................................................................... 23 
2.2.3 Bulk Processing ................................................................................................. 23 

2.3 Characterization Methods ...................................................................................... 24 
2.3.1 Thermoanalysis ................................................................................................. 24 
2.3.2 Structural and Microstructural Characterization.............................................. 24 
2.3.3 Luminescent Characterization .......................................................................... 24 

3 Results and Discussion ................................................................................................. 26 
3.1 Zn2SiO4 powders: Synthesis methods, Structural and Microstructural Evolution, 
and Luminescence Response ....................................................................................... 26 

3.1.1 Thermal Analysis ............................................................................................... 26 
3.1.2 Phase Evolution and Formation Mechanisms .................................................. 28 
3.1.3 Microstructural Evolution ................................................................................. 31 
3.1.4 Evaluation of Luminescence Response Via Different Spectroscopic Techniques . 34 

3.1.4.1 XEOL Analysis: Initial Evidence of Deep UV Emission ................................. 34 
3.1.4.2 Room Temperature Cathodoluminescence ................................................ 36 



6 

3.1.4.3 Low Temperature Cathodoluminescence ................................................... 38 
3.1.4.4 Deep UV Emission Under Synchrotron Excitation ...................................... 40 
3.1.4.5 Excitation Mechanisms and Electronic Transitions .................................... 41 
3.1.4.6 Nature and Origin of Deep UV Emission in Zn2SiO4 .................................... 44 

3.2 Innovative Fabrication: Controlled Synthesis of Zn2SiO4 Films via Screen-Printing 
Assisted by Molten Salt Strategy .................................................................................. 45 

3.2.1 Structural and Interface Dynamics: Phase Transformation and Morphological 
Evolution.................................................................................................................... 45 
3.2.2 Luminescence Response: Structural Influences and Emission Mechanisms .... 47 

3.2.2.1 Room Temperature Luminescence: XEOL and CL ....................................... 48 
3.2.2.2 Low Temperature Luminescence and Excitation Mechanisms ................... 48 

3.2.3 Correlating Structure and Emission in Zn2SiO4 Films ........................................ 49 
3.3 Consolidated Zn2SiO4: Advancing Densification Through Spark Plasma Sintering .... 49 

3.3.1 Phase Evolution and Densification Behaviour .................................................. 50 
3.3.2 Microstructural Characteristics of Sintered Ceramics ...................................... 50 
3.3.3 Comparative Study of Deep UV Emission in CS and SPS Samples .................... 51 

4 Conclusions .................................................................................................................. 53 
5 Future Research ........................................................................................................... 55 
References ...................................................................................................................... 56 
Acknowledgements ......................................................................................................... 64 
Abstract ........................................................................................................................... 65 
Lühikokkuvõte ................................................................................................................. 67 
Appendix ......................................................................................................................... 69 
List of Publications Not Included in This Thesis ............................................................ 103 
Curriculum vitae ............................................................................................................ 105 
Elulookirjeldus ............................................................................................................... 107 



7 

List of Publications 
The PhD thesis is based on the following publications: 

I Necib, J., Hussainova, I., & Rojas-Hernandez, R.E. (2025). Effect of silica precursor on 
the synthesis of Zn2SiO4-based material. Proceedings of the Estonian Academy of 
Sciences, 74(2),217-221. https://doi.org/10.3176/proc.2025.2.24. 

II Necib, J., Feldbach, E., Romet, I., Nagirnyi, V., Hussainova, I., Jüstel, T., &  
Rojas-Hernandez, R.E. (2025). Elucidating reaction mechanism by molten salt of 
potential rare-earth-free Zn2SiO4 UV-B emitter: Insights into morphology  
and emission features. Ceramics International, In Press. 
https://doi.org/10.1016/j.ceramint.2025.05.212. 

III Necib, J., Feldbach, E., Romet, I., Nagirnyi, V., Hussainova, I., & Rojas-Hernandez, R. E. 
(2025). Investigation of deep UV emission of rare-earth-free Zn2SiO4 micropowders: 
the correlation of structural and luminescence properties. Journal of Luminescence, 
280, 121070. https://doi.org/10.1016/j.jlumin.2025.121070. 

 

 



8 

Author’s Contribution to the Publications 

Contribution to the papers in this thesis are: 

I First and corresponding author. Methodology. Design of experiments. Conducting 
experiments. Formal analysis. Data analysis. Manuscript preparation. 

II First author. Methodology. Design of experiments. Conducting experiments. Formal 
analysis. Data analysis. Manuscript preparation. 

III First author. Methodology. Design of experiments. Conducting experiments. Formal 
analysis. Data analysis. Manuscript preparation.



9 

Abbreviations 
CL Cathodoluminescence 
CS Conventional Sintering 
DFT Density Functional Theory 
DOS Density of States 
DSC Differential Scanning Calorimetry 
DTG Derivative Thermogravimetry 
FE-SEM Field Emission Scanning Electron Microscope 
GGA Generalized Gradient Approximation 
HT-XRD High-Temperature X-ray Diffraction 
JCPDS Joint Committee on Powder Diffraction Standards 
LED Light-Emitting Diode 
LF Lotgering Factor 
LP Low-Pressure 
mBJ Modified Becke-Johnson 
MS Molten Salt 
PL Photoluminescence 
REE Rare Earth Element 
REO Rare Earth Oxide 
SG Sol-Gel 
SPS Spark Plasma Sintering 
SS Solid-State 
TEOS Tetraethyl Orthosilicate 
TGA Thermogravimetric Analysis 
USGS United States Geological Survey 
UV Ultraviolet 
UV-B Ultraviolet B (280–315 nm) 
UV-C Ultraviolet C (100–280 nm) 
UV-LED Ultraviolet Light-Emitting Diode 
XEOL X-ray-Excited Optical Luminescence 
XRD X-ray Diffraction 
YSZ Yttria-Stabilized Zirconia 

 



10 

1 Introduction 

1.1 Background 
Deep ultraviolet (UV) light plays a critical role in applications such as sterilization, 
phototherapy, and environmental purification (Song et al., 2016). Conventional deep UV 
light sources, including mercury-based lamps and excimer lamps, have been widely used 
but face significant limitations. Mercury-based lamps, while efficient, rely on toxic 
elemental mercury, posing health and environmental risks. Excimer lamps, though 
mercury-free, suffer from operational instability, low efficiency, and high costs. These 
challenges have spurred global efforts to phase out mercury-containing devices under 
the Minamata Convention (United Nations Environment Programme (UNEP), 2013) and 
to develop more sustainable alternatives. 

Currently, rare-earth-based phosphors and gallium-containing semiconductor deep 
UV light-emitting diodes (UV-LEDs) are the primary alternatives. However, these 
technologies depend on critical raw materials such as rare earth elements (REEs) and 
gallium [3], which are subject to supply constraints, geopolitical risks, and environmental 
concerns. This highlights the critical need for sustainable deep UV light sources that are 
free of mercury and rare earth elements, and instead rely on abundant, non-toxic 
components. 

To address these challenges, rare-earth-free wide band gap materials have emerged 
as promising alternatives. Among potential matrices, zinc silicate (Zn2SiO4) is particularly 
advantageous due to its wide band gap, making it an effective candidate for deep UV 
emission. Furthermore, the raw materials required for the synthesis of Zn2SiO4, such as 
zinc (or zinc oxide) and silica are not classified as critical raw materials in the latest 
European Union assessment (European Union, 2024), reflecting a low supply risk.  

Zn2SiO4 may therefore represent an interesting target for exploration as a sustainable 
alternative to conventional and emerging deep UV technologies. While previous studies 
have demonstrated that doped Zn2SiO4 exhibits strong visible light emission, research on 
its undoped deep UV light properties remains limited. This thesis focuses on the synthesis 
and luminescent properties of undoped Zn2SiO4, aiming to develop a sustainable, 
rare-earth-free, and mercury-free deep UV-emitting material. 

1.2 Review of the Literature 
This section reviews state-of-the-art in deep UV light sources, their applications, 
challenges, and emerging alternatives. Particular emphasis is placed on Zn2SiO4 as a 
sustainable, rare-earth-free, and mercury-free material, as a promising candidate for the 
next generation of UV technologies. The review covers the structural and electronic 
properties, applications, and synthesis methods of Zn2SiO4, providing a foundation for its 
development as a deep UV emitter. 

1.2.1 Deep UV and Its Applications 
Deep UV, covering both UV-C (100–280 nm) and UV-B (280–315 nm), plays a crucial role 
in modern applications. UV-C is particularly significant for its germicidal properties, 
making it an essential tool for disinfection and sterilization processes (Song et al., 2016). 
The COVID-19 pandemic highlighted the necessity of efficient, safe, and sustainable 
disinfection technologies, further driving interest in deep UV sources. UV-B, on the other 
hand, is utilized in medical treatments such as phototherapy for skin conditions like 
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psoriasis and vitiligo (Lee et al., 2025), as well as in enhancing vitamin D synthesis (W. Liu 
et al., 2024), supporting bone health (Guo et al., 2018; W. Liu et al., 2024), and preventing 
osteoporosis (Ochiai et al., 2021). Beyond healthcare, UV-B-emitting materials hold 
promise for disinfection and sterilization (X. Lin et al., 2024), serving as eco-friendly 
alternatives to harmful agricultural chemicals and pesticides (Hidalgo-Sanz et al., 2024), 
and enabling advanced applications such as bright-field stress sensing (X. Yang et al., 2023). 

The widespread use of deep UV light highlights the urgent need for sustainable 
alternatives, as current technologies rely on toxic or scarce materials that pose 
environmental and economic challenges. 

1.2.2 Conventional Deep UV Sources and Their Challenges 
Traditional deep UV sources, as illustrated in Fig. 1, primarily include mercury-based 
lamps and excimer lamps. Mercury lamps, particularly low-pressure (LP) variants, have 
been widely used for over 90 years due to their efficient emission at 254 nm, which aligns 
with the peak germicidal effectiveness curve (Sharma & Demir, 2022). However, their 
reliance on toxic elemental mercury has led to significant health and environmental 
concerns, prompting global restrictions under the Minamata Convention. These lamps 
also face practical limitations, such as large physical size, long warm-up times, and 
inefficiency in certain applications (Sharma & Demir, 2022).  

Fig. 1 Size comparison (on the same scale) and schematics of the following (a) Mercury lamp (Wu 
et al., 2014) and (b) Excimer lamp (Florez et al., 2012). 

Excimer lamps, on the other hand, offer a mercury-free alternative and can emit 
far-UV-C wavelengths (e.g., 222 nm with Kr-Cl gas mixtures). Their limited penetration 
depth in human tissue makes them potentially safer for use in occupied spaces. However, 
excimer lamps exhibit operational instability, low efficiency (~8%), and high costs 
(Rajkhowa, 2020). 

The limitations of both mercury and excimer lamps demonstrate the necessity for new 
deep UV emitters that combine efficiency, environmental safety, and long-term viability. 
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1.2.3 Alternatives Based on Critical Materials 
In response to these challenges, deep UV-LEDs have emerged as next-generation 
alternatives, offering mercury-free operation, energy efficiency, and extended operational 
lifetimes (Muramoto et al., 2014). A comparative analysis of conventional UV lamps and 
UV-LEDs (Table 1) highlights their key advantages and limitations. 

Table1: Comparison of UV lamps and UV-LEDs features (Muramoto et al., 2014). 

Feature UV Lamps UV-LEDs 
Structure Bulky Compact 

Power Consumption High Low 
Standby Time Long Short 

Heat Generation High Low 
Environmental Burden Mercury used No mercury used 

Spectrum Broad Narrow 

However, deep UV-LEDs rely on gallium (X. Liu et al., 2024, 2025; Z. Zhang et al., 2025; 
Zhou et al., 2024) which is classified as a critical raw material by the European 
Commission due to its limited availability and extraction challenges (European Union, 
2024). Similarly, rare-earth-based phosphors, such as SrAl12O19:Ce, Lu2SiO5:Pr, 
Ca2P2O7:Pr, CaLa4Si3O13:Gd, and YPO4:Gd, show potential for deep UV emission (Kikuchi 
et al., 2024; T. Lin et al., 2024; X. Lin et al., 2024; Singh, Bajaj, et al., 2021; Yan et al., 2021) 
but also face significant limitations.  

The next section will delve into rare earth elements and their associated challenges. 

1.2.4 Rare Earth Elements: Challenges and Opportunities 
Rare earth elements are not only highly used in phosphors but are also essential to 
high-tech industries due to their unique magnetic, luminescent, and catalytic properties, 
driving advancements in electronics, renewable energy, and medical technologies 
(Balaram, 2019). Global production of rare earth oxides (REOs) has tripled since 2015, 
reaching an estimated 390,000 metric tons per year by 2024 (Fig.2) (Mineral Commodity 
Summaries 2025, 2025).  

However, this growth is accompanied by significant geopolitical risks, as REO production 
is heavily concentrated in a few countries. China dominates the global supply, accounting 
for 68.81% of production in 2024, while the United States and Burma contribute only 
11.47% and 7.9%, respectively (Fig.2, inset) (Mineral Commodity Summaries 2025, 2025). 
This concentration heightens supply chain vulnerabilities, increases price volatility, and 
reinforces strategic dependencies, posing challenges to global technological and economic 
stability. 

Additionally, the environmental impact of REE extraction and processing raises 
concerns. Inadequate waste management contributes to soil degradation, freshwater 
contamination, and marine ecosystem disruption, necessitating stringent regulatory 
measures to mitigate ecological damage (Ramprasad et al., 2022). To address these 
challenges, policy initiatives such as the European Critical Raw Materials Act aim to 
promote alternative materials and reduce reliance on REEs (Guillaume, 2024). This aligns 
with the goals of this thesis, which seeks to develop sustainable, rare-earth-free 
materials for deep UV emission. 
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Fig.2 Mine production of rare earth oxides from 2015 to 2024. The inset pie chart indicates each 
country’s share of REO production in 2024 (data obtained from USGS Mineral Commodity 
Summaries 2025 (Mineral Commodity Summaries 2025, 2025). 

1.2.5 Rare-Earth-Free Wide-Bandgap Materials: A Dual Solution  
The transition to mercury-free deep UV technologies presents a sustainability paradox. 
While deep UV LEDs eliminate toxic mercury, they often rely on critical raw materials 
such as gallium and REEs. Rare-earth-free wide-bandgap materials offer a dual solution 
by addressing both mercury toxicity and critical-material supply risks. These materials 
achieve deep UV luminescence through mechanisms such as host-lattice transitions or 
defect-mediated processes, thereby eliminating the reliance on REEs. For example, 
ZnAl2O4 spinel, with a bandgap of ~7 eV (Ishinaga et al., 2015; Kominami. H et al., 2011), 
has demonstrated UV-C to UV-B emission (Rojas-Hernandez et al., 2022, 2024), while 
K2ZrSi2O7, with a bandgap of 5.6 eV, exhibits UV-C emission (Gerdes et al., 2018). 

Rare-earth-free wide-bandgap materials align with global sustainability goals by 
decoupling UV technologies from geopolitically sensitive resources, thus addressing both 
environmental and supply chain challenges. 

1.2.6 Zn2SiO4 as a Promising Alternative 
Among these materials, Zn2SiO4 stands out as a strategically significant candidate due to 
its composition of abundant, non-critical elements. Its inherent abundance, environmental 
sustainability, and cost-effectiveness position Zn2SiO4 as a viable alternative to  
rare-earth-dependent systems. With a wide bandgap of 5.5-6.2 eV (Essalah et al., 2020; 
Karazhanov et al., 2009; Ramakrishna et al., 2014; Tripathi et al., 2015), Zn2SiO4 exhibits 
intrinsic electronic properties suitable for deep UV emission, addressing the dual 
challenges of mercury toxicity and critical-resource dependency. 

Despite this potential, deep UV emission in Zn2SiO4 remains understudied. Only a 
handful of studies have reported UV-B emission in Zn2SiO4 films, nanotubes, and 
nanocables (Dierre et al., 2010; Feng et al., 2005; Furukawa et al., 2015; C. Li et al., 2010), 
with proposed mechanisms including radiative recombination within the Zn2SiO4 
lattice (C. Li et al., 2010) or indirect emission (Furukawa et al., 2015). However, these 
investigations lack rigorous mechanistic analysis, offering limited insight into the origins 
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of UV emission or strategies for performance optimization. This leaves a significant gap 
in understanding its full potential as a sustainable deep UV emitter.  

Given its promising attributes and the need for further exploration, the following 
sections will review its structural properties, electronic structure, applications, and 
synthesis methods, based on the existing literature. 

1.2.6.1 Structural Properties of Zn2SiO4

Zinc silicate, first identified in the early 19th century (Takesue et al., 2009), belongs to 
the phenakite-type mineral family Be2SiO4 (Bessadok et al., 2024). It exhibits multiple 
polymorphic forms, with the α-phase (willemite) being the most thermodynamically 
stable. The α-phase crystallizes in a rhombohedral structure (space group R-3) with unit 
cell parameters: a = b = 13.938 Å, c = 9.310 Å) (Masjedi-Arani & Salavati-Niasari, 2016). 
In willemite, both Zn2+ and Si4+ ions adopt tetrahedral coordination, forming isolated 
ZnO4 and SiO4 tetrahedra as structural building blocks (R. Dai et al., 2022). These 
tetrahedra interconnect via corner-sharing oxygen atoms, creating a three-dimensional 
framework as shown in Fig. 3. The metastable β-phase, tentatively assigned to either 
triclinic or orthorhombic systems, deviates structurally from the α-phase due to partial 
octahedral coordination of Zn2+ ions (Taylor. H. F. W, 1962). This altered geometry 
disrupts the tetrahedral network, likely contributing to its reduced thermodynamic 
stability. 

Fig. 3 Crystal structure of willemite Zn2SiO4, visualized using VESTA software. 

To date, no precise refinement of the β-phase crystal structure has been reported, 
reflecting ongoing uncertainty regarding its exact symmetry (triclinic vs. orthorhombic) 
and atomic positions.  

Additional polymorphs form under high-pressure conditions and exhibit distinct 
crystallographic behaviours, though their structural details remain less explored compared 
to the α- and β-phases.  
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The α-phase structure is well-characterized by its distinctive tetrahedral framework of 
ZnO4 and SiO4 units. Understanding this structural arrangement is crucial for controlling 
and optimizing the luminescent properties of zinc silicate, particularly for deep UV 
applications. This structural foundation provides context for examining the electronic 
properties that govern its optical behaviour. 

1.2.6.2 Electronic Structure of Zn2SiO4 

Willemite exhibits a direct band gap (R. Dai et al., 2022; Karazhanov et al., 2009). 
The valence band (VB) is dominated by Zn 3d and O 2p orbitals, while the conduction 
band (CB) consists of hybridized Zn 4s/4p, Si 3p, and O 2p states (R. Dai et al., 2022). 
Using Density Functional Theory (DFT) with the Generalized Gradient Approximation 
(GGA), Dai et al. calculated a band gap of 2.75 eV (R. Dai et al., 2022), as shown in Fig. 4a, 
significantly smaller than experimental values. This underestimation arises because 
semilocal functionals like GGA fail to properly account for strong on-site electron 
correlations, particularly in Zn 3d states (Essalah et al., 2020). 

Fig. 4 Electronic structure of Zn2SiO4. (a) Band structure and total DOS calculated with GGA (R. Dai 
et al., 2022). (b) total DOS calculated with GGA+ mBJ approximation of Zn2SiO4 (Essalah et al., 
2020). Partial DOS near the Fermi energy for a Zn-centered 40-atom cluster. The band gap is 
marked with an arrow (Chang et al., 1999). 

To address this limitation, Essalah et al. employed GGA combined with the modified 
Becke-Johnson (mBJ) exchange potential, which improves the description of localized 
d-orbital interactions (Essalah et al., 2020). This approach yields a band gap of 5.54 eV
(Essalah et al., 2020), as illustrated in Fig. 4b, closely aligning with experimental results.
Separately, Chang et al. applied the embedded-cluster Discrete Variational (DV)-Xα
method and reported a band gap of 6 eV (Chang et al., 1999), as shown in Fig. 4c.

The agreement between theoretical calculations and experimental measurements 
validates the wide band gap nature of Zn2SiO4 (Chang et al., 1999; Essalah et al., 2020; 
Tripathi et al., 2015), reinforcing its potential for deep UV emission applications. 

1.2.6.3 Applications of Zn2SiO4

Given its properties, Zn2SiO4 demonstrates utility in diverse fields, including UV detectors, 
gas sensors, toxic ion adsorption, bioimaging, energy storage, and optoelectronic devices 
(Basavaraj et al., 2015; Bharti et al., 2023; Cheepborisutikul et al., 2025; P. Dai et al., 
2015; Effendy et al., 2019; Hsu et al., 2023; Pan et al., 2024; Y. Yang et al., 2010). 
While Zn2SiO4 exhibits multifunctionality, research has predominantly focused on its 
luminescence properties, particularly in manganese-doped Zn2SiO4, which is widely 
studied for its strong green emission resulting from the Mn2+ d-d transition (Rakov et al., 
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2024). In addition to manganese, Zn2SiO4 serves as a host for various rare earth 
(Azman et al., 2018; Basavaraj et al., 2015; Bharadwaj et al., 2023; Effendy et al., 2019; 
Jacob et al., 2019; Jiang et al., 2025; Mbule et al., 2021; Portakal-Uçar, Dogan, et al., 2021; 
Singh et al., 2024; Sivakumar et al., 2024; Vařák et al., 2023) (Eu3+, Er 3+, Sm3+, Dy3+, Nd3+, 
Tm3+, Tb3+, Pr3+, and Gd3+) and transition metal ions (Z. Peng et al., 2008; Sohn et al., 1999; 
Wahab et al., 2023; Wang et al., 2024) (Co2+, Ni2+, Ti4+, and Hf4+), enabling tunable 
emissions across the ultraviolet, visible, and infrared spectra, as illustrated in Fig. 5 
(Takesue et al., 2009). This adaptability has led to its extensive use in LEDs, displays, and 
sensors, further highlighting its significance as a phosphor material (Takesue et al., 2009). 

Fig. 5 Emission peaks and ionic radii of guest ions for α-phase Zn2SiO4 host crystals (Takesue et al., 
2009). 

Despite the substantial research on doped Zn2SiO4, studies on its undoped 
counterpart remain limited. In particular, the emission mechanisms in undoped Zn2SiO4, 
especially in the deep UV range, are not yet fully understood. Addressing this knowledge 
gap is crucial for evaluating its potential as a sustainable deep UV emitter. Advancing 
research in this area would support the global transition toward rare-earth-free and 
mercury-free technologies contributing to the broader development of environmentally 
sustainable materials. 

1.2.6.4 Zn2SiO4 Synthesis Methods 
Zn2SiO4 can be synthesized in various forms using different methods, each presenting 
specific advantages and challenges. Understanding these limitations is crucial for 
optimizing synthesis strategies for deep UV applications.  

The solid-state reaction method remains widely used for Zn2SiO4 powder synthesis 
due to its simplicity and scalability (Vien et al., 2019). It forms through the solid-state 
diffusion of ZnO into SiO2: 

2ZnO +  SiO2 → Zn2SiO4       (1) 

However, this approach often requires high temperatures, long reaction times, and 
often can result in inhomogeneous product with poor control over particle size and 
morphology, commonly producing agglomerated and irregular particles ranging from 20 
to 100 μm in diameter (Rojas-Hernandez, Rubio-Marcos, Enríquez, et al., 2015).  
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Alternative synthesis routes such as hydrothermal synthesis, gel combustion, spray 
pyrolysis, combustion synthesis, and sol-gel processing have been developed (Bhatkar 
et al., 2002; Diana et al., 2024; Portakal-Uçar, Oglakci, et al., 2021; Singh, Prasad, et al., 
2021; Sivakumar & Lakshmanan, 2014; Yi et al., 2024). While these methods offer 
better control over particle characteristics, enabling the formation of more uniform 
and smaller particles often in the nanometer size range, they also face challenges 
including complex processing conditions, limited scalability, and potential compositional 
inhomogeneities. 

For thin film fabrication, techniques such as sol-gel-derived spin coating, radio frequency 
magnetron sputtering, chemical vapor deposition, and vacuum-sealed vapor deposition 
have been employed (Afandi et al., 2024; Kang et al., 2006; Minho et al., 2022; Park & 
Kim, 2021). While these methods offer precise thickness control, they typically require 
complex equipment, high operational costs, and face significant challenges in scaling up 
for large-area production. 

For consolidated Zn2SiO4 into dense pellets, most reports have utilized conventional 
sintering methods (F. Liu et al., 2024; Yue et al., 2009), typically employing pressureless 
sintering. This process involves cold pressing the powder into a disk or pellet shape, 
followed by a high-temperature sintering step to densify the material. While these 
approaches offer advantages in simplicity, they require high temperatures and long 
processing times, leading to challenges in controlling microstructure and consequently, 
the functional properties. The potential of advanced sintering techniques for Zn2SiO4 
remains largely unexplored. 

This thesis explores both established and emerging synthesis methods, including 
traditional techniques like sol-gel and solid-state reactions, as well as advanced 
approaches such as molten salt synthesis, screen-printing assisted by molten salt 
strategy, and spark plasma sintering (SPS). These methods enable precise control 
over microstructure and phase composition, which are critical for optimizing Zn2SiO4’s 
structural and optical properties, particularly its deep UV emission characteristics. 

1.3 Motivation and Research Problems 
Deep UV light sources are essential for sterilization, phototherapy, and environmental 
purification. However, current technologies rely on either toxic mercury-based lamps or 
critical materials like gallium and rare earth elements, which pose environmental, health, 
and supply chain risks. This highlights the urgent need for a sustainable, scalable, and 
non-toxic deep UV emitter. Zn2SiO4, with its wide bandgap, non-toxic composition, and 
earth-abundant availability, presents a promising alternative. Despite its potential, 
several critical challenges remain unaddressed: 

• Limited studies exist on UV-B-emitting Zn2SiO4, primarily focused on complex
nanostructure synthesis (nanotubes, nanocables). The need for precise
control over experimental conditions in these approaches hinders practical
applications, necessitating the exploration of more straightforward and
scalable synthesis methods.

• The influence of material form (particles, films, consolidated materials) and
size on UV-B emission remains unexplored. Understanding how morphology
and phase composition affect luminescent properties could unlock new
strategies for enhancing Zn2SiO4’s UV-B emission performance.
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• Only one study by (Furukawa et al., 2015) reports Zn2SiO4 thin films for UV
applications, using costly radio frequency magnetron sputtering. There is a
need to develop cost-effective, scalable deposition methods as well as a
deeper understanding of film-substrate interactions to enable broader
practical implementation.

• The development of consolidated Zn2SiO4-based deep UV emitters remains
largely unexplored. While conventional sintering has been reported,
understanding the relationships between consolidation parameters,
microstructure, and functional properties requires further investigation,
particularly for applications demanding robust bulk materials.

• The origin of UV-B emission in Zn2SiO4 remains unclear, with existing studies
proposing only simplified mechanisms based solely on cathodoluminescence
measurements. A comprehensive spectroscopic investigation using multiple
techniques is needed to elucidate the underlying emission mechanisms.

• A thorough understanding of the correlations between structural,
microstructural, and functional properties is essential for material design.
However, an integrated study encompassing all these aspects is currently
absent in the scientific literature.

1.4 Research Objectives and Hypotheses 
The primary aim of this thesis is to establish Zn2SiO4 as a sustainable, mercury-free, and 
rare-earth-free deep UV emitter by advancing the fundamental understanding of its deep 
UV luminescence mechanisms. Through a systematic investigation of diverse synthesis 
routes, this study seeks to elucidate the relationships between synthesis parameters, 
structural and microstructural properties, and luminescence response, with the ultimate 
goal of optimizing Zn2SiO4’s performance for practical deep UV applications.   

The specific research objectives are as following: 
• RO1: To explore alternative processing routes for the synthesis of Zn2SiO4 in

powder form. Molten salt and sol-gel techniques have been proposed, both
routes are compared to conventional solid-state methods, evaluating their
formation mechanisms, phase evolution processes, and ability to stabilize
different polymorphs (α and β phases).

• RO2: To establish fundamental correlations between synthesis parameters
(precursor reactivity, temperature, processing method) and the resulting
structural, morphological, and luminescent properties of Zn2SiO4 in powder
form, focusing on how these relationships can be leveraged to enhance deep
UV emission.

• RO3: To develop direct synthesis strategies for producing Zn2SiO4 in form of
films suitable for technological applications.

• RO4: To consolidate densified ceramics based on Zn2SiO4 via conventional
and advanced techniques such as Spark Plasma Sintering.

• RO5: To investigate the underlying nature of the luminescence responsible
for deep UV emission in Zn2SiO4 materials through comprehensive evaluation
using multiple luminescence characterization techniques, identifying excitation
mechanisms and emission centers.
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• RO6: To perform a comparative evaluation of conventional versus alternative
synthesis approaches for Zn2SiO4 across different material forms, assessing
their influence on phase purity, microstructure, interface characteristics, and
deep UV emission properties, with the ultimate goal of establishing Zn2SiO4

as a viable rare-earth-free alternative for sustainable UV applications.

This thesis tests the following hypotheses: 
• H1: Undoped Zn2SiO4 exhibits deep UV emission, demonstrating its potential

as a rare-earth-free and mercury-free phosphor.
• H2: The deep UV emission in Zn2SiO4 originates from intrinsic electronic

transitions and defect states, both of which can be tuned through synthesis
parameters to enhance luminescent properties.

• H3: The phase composition, crystallinity, and morphology of Zn2SiO4 are
strongly influenced by precursor type, synthesis temperature, and processing
conditions, enabling structural tailoring for optimized functionality.

• H4: Applying novel synthesis routes, such as molten salt synthesis,
screen-printing, and SPS, to Zn2SiO4 enables precise control over its
structural, microstructural, and optical properties, enhancing its potential as
a rare-earth-free deep UV emitter for next-generation applications.

1.5 Research Tasks and Contributions 
To achieve the research objectives and validate the hypotheses outlined in Section 1.4, 
the following tasks were performed: 

(i) To develop and investigate novel molten salt synthesis as alternative
route for Zn2SiO4 powder, evaluating its influence on phase formation
temperature and particle morphology.

(ii) To synthesize Zn2SiO4 powders via the sol-gel method and compare its
phase evolution with conventional solid-state methods.

(iii) To study the impact of silica precursor reactivity (crystalline vs.
amorphous) on Zn2SiO4 phase formation, morphology, and luminescent
properties via solid-state and molten salt routes, and to evaluate the role
of synthesis temperature across all three methods (including sol-gel) on
material properties.

(iv) To establish a screen-printing method assisted by molten salt flux for
Zn2SiO4 films and study the effect of ink formulation and thermal
treatment on film structure, morphology, and luminescent properties.

(v) To synthesize dense Zn2SiO4 ceramics using both conventional sintering
and spark plasma sintering (SPS), comparing their densification
behaviour, microstructural development, and luminescence response.

(vi) To demonstrate Zn2SiO4 as a rare-earth-free deep UV emitter through
investigation of the origin and mechanisms of deep UV emission using
comprehensive spectroscopic analysis to identify excitation processes
and emission centers.

(vii) To perform a systematic comparative analysis of all synthesis methods
across different material forms, evaluating their effects on structural,
microstructural, and luminescent properties.
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This work significantly advanced the understanding of Zn2SiO4’s deep UV luminescence 
mechanisms, demonstrating its potential as a rare-earth-free emitter. Three distinct 
synthesis approaches for powders (solid-state, molten salt, and sol-gel), along with 
methods for films and consolidated materials, were systematically developed to produce 
Zn2SiO4 with tailored properties. The established correlations between processing 
conditions and material performance enabled optimization of UV-B emission across 
different material forms. These contributions position Zn2SiO4 as a viable alternative to 
rare-earth-based UV emitters, advancing the development of sustainable deep UV 
technologies. 
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2 Materials and methods 
This chapter outlines the materials, synthesis methods, and characterization techniques 
used in this thesis. 

2.1 Precursors 

2.1.1 Zinc Oxide Source 
Two zinc precursors were selected based on the synthesis method. Zinc nitrate 
hexahydrate (Zn(NO3)2·6H2O, Lachner, 99%) was used for sol-gel synthesis, while zinc 
oxide (ZnO, Symrise GmbH, 99.5%, d50 ≈ 400 nm) was employed for solid-state reactions, 
molten salt synthesis, screen-printing assisted by molten salt strategy, conventional 
sintering, and SPS. 

2.1.2 Silica Source 
Different silicon precursors were used depending on the synthesis method. Tetraethyl 
orthosilicate (TEOS, VWR, 99%) was used for powder synthesis via the sol-gel method. 
For solid-state and molten salt synthesis, crystalline silica (SiO2, Alfa Aesar, 99.5%, 
d50 ≈ 1.21 µm) and amorphous silica (Thermo Fisher Scientific, 99.9%, d50 ≈ 500 nm) were 
employed. Amorphous silica was also used for bulk ceramics in conventional sintering 
and SPS. For film fabrication via screen printing, single-side polished quartz single-crystal 
substrates (SiO2 (0001), Biotain Crystal Co.) served as both the substrate and silicon source. 

2.1.3 Molten Salt Medium 
A eutectic mixture of sodium chloride (NaCl, VWR, 99.5%) and potassium chloride (KCl, 
VWR, 99.5%) served as the molten salt medium. This mixture was chosen for its low 
melting point, which facilitates controlled crystal growth, enhances ion diffusion, and 
lowers reaction temperatures. It was employed in molten salt synthesis for powder 
preparation and film fabrication via the screen-printing assisted by molten salt strategy. 

2.1.4 Organic Vehicle 
For film fabrication via screen-printing, an organic-based vehicle was formulated for 
optimal printability and adhesion. The formulation included α-terpineol (Thermo Fisher 
Scientific) as the solvent, ethyl cellulose (Acros Organics) as the binder, 2-(2-butoxyethoxy) 
ethyl acetate (Alfa Aesar) as the plasticizer, and DuPontTM 8250 as the thinner. 

2.2 Processing Routes 

2.2.1 Powders Processing 

2.2.1.1 Solid-State Synthesis 
Stoichiometric quantities of ZnO and SiO2 powders (crystalline or amorphous) were first 
mixed using an agate mortar and pestle to achieve initial homogeneity. The mixture was 
then subjected to planetary ball milling (Model YKM-1) at 250 rpm for 8 h, using yttria-
stabilized zirconia (YSZ) balls and zirconia jars under dry conditions. The homogenized 
powder mixtures were subsequently heat-treated in air at temperatures ranging from 
700 to 1300 °C for 2 h. After heat treatment, the products were manually ground and 
sieved using a 37 μm nylon sieve.  
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Samples prepared with crystalline silica are designated as crystalline silica-based 
samples, while those prepared with amorphous silica are referred to as amorphous 
silica-based samples. 

2.2.1.2 Molten Salt Synthesis 
The molten salt synthesis followed a procedure similar to solid-state synthesis, with the 
key difference being the addition of a molten salt medium. The medium consisted of a 
eutectic mixture of NaCl and KCl in a 0.5:0.5 molar ratio, with a salt-to-Zn2SiO4 molar ratio 
of 3:1. After mixing the stoichiometric amounts of ZnO and SiO2 (crystalline or amorphous) 
with the molten salt medium, the mixture underwent the same homogenization and heat 
treatment steps as described for solid-state synthesis. A schematic of the molten salt 
synthesis process is provided in Fig. 6. 

Fig. 6 Schematic representation of the molten salt synthesis process for Zn2SiO4. 

2.2.1.3 Sol-Gel Synthesis 
The sol-gel process involved the partial hydrolysis of TEOS in ethanol and distilled water. 
Zinc nitrate was dissolved in the pre-hydrolyzed TEOS solution, and the mixture was 
stirred at room temperature until fully dissolved. 

The solution was then heated to 60 °C to accelerate hydrolysis and polycondensation, 
with nitric acid added as a catalyst. After stirring for an hour, the solution was dried at 
85 °C for 24 h to produce a densified powder. The resulting xerogel was heat-treated in 
air at temperatures ranging from 600 to 1300 °C for 2 h, with a heating rate of 5 °C min-1. 
A schematic of the process is shown in Fig. 7. 
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Fig. 7 Schematic of the sol-gel synthesis process for Zn2SiO4. 

2.2.2 Films Processing 
Zn2SiO4 films were synthesized using a screen-printing technique assisted by a molten 
salt flux. Inks were prepared with varying ZnO concentrations (0.5Zn, 1Zn, 1.5Zn, and 
2Zn), incorporating a 0.5NaCl-0.5KCl eutectic mixture (3:1 ratio to ZnO) and an organic 
vehicle (Section 2.1.4). The mixture was homogenized via planetary ball milling for 8 h 
and further processed in a three-roll mill (Dermamill 100SP Ointment Mill), repeated 
three times for optimal consistency. The ink was screen-printed onto single-side polished 
quartz single-crystal substrates and dried using a multi-step procedure. Final thermal 
treatments were conducted at 1100 and 1200 °C in air for 4 h. A schematic of the process 
is shown in Fig. 8. 

Fig. 8 Schematic of the screen-printing assisted by molten salt process for Zn2SiO4 films. 

2.2.3 Bulk Processing 
Bulk Zn2SiO4 materials were processed through powder synthesis followed by sintering 
using two distinct methods: conventional sintering (CS) and SPS. For powder synthesis,  
a mixture of ZnO and amorphous silica was ball-milled in ethanol for 8 h, dried at 60 °C 
for 10 h, and calcined at 1100 °C for 2 h. The calcined powders were then subjected to 
an additional 8 h milling session to ensure homogeneity. 

 For CS, the calcined powders were pressed into disks under approximately 300 MPa 
for 5 min and sintered at 1300 °C for 4 h to achieve dense ceramics.  
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For SPS, the powder mixture was pre-shaped into green bodies by pressing at 100 MPa 
and sintered in a commercial SPS system (Type KCE-FCT HP D 10 BG, FCT Systeme GmbH, 
Frankenblick, Germany) at 1300 °C under a uniaxial pressure of 75 MPa and a dwell time 
of 20 min in vacuum conditions. 

2.3 Characterization Methods 

2.3.1 Thermoanalysis 
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 
performed using a Perkin-Elmer DSC-7 calorimeter under an air atmosphere, with a 
heating rate of 10 °C min-1 from room temperature to 1200 °C. These techniques were 
employed to study the thermal stability, decomposition behaviour, and phase transitions 
of the synthesized materials. 

2.3.2 Structural and Microstructural Characterization 
The structure, phase composition, and microstructure of the synthesized materials were 
analyzed using complementary techniques. 

X-ray diffraction (XRD) (Rigaku SmartLab SE) with a D/teX Ultra 250 1D detector was
employed for phase analysis at room temperature, providing insights into crystallinity 
and phase purity. For powders prepared by sol-gel synthesis, in-situ high-temperature 
XRD (HT-XRD) was conducted using an HTK1200N Anton Paar oven chamber to monitor 
phase evolution under thermal treatment. 

Raman spectroscopy was performed using a Horiba LabRAM HR800 system with a 
532 nm Nd-YAG laser to identify vibrational modes and confirm phase composition. 
For films, confocal Raman microscopy was utilized with a WITEC Alpha 300R system, 
equipped with a 100x objective lens (NA = 0.9) and 0.5 mW laser power, enabling 
high-resolution spatial mapping of phase transformations and chemical interactions at 
the film-substrate interface. The system provided a resolution of 200 nm laterally and 
500 nm vertically, with spectra processed using Witec Control Plus software.  

Microstructural and morphological features were examined using a field emission 
scanning electron microscope (FE-SEM, Zeiss ULTRA-55), allowing for detailed analysis of 
particle size, shape, and surface morphology. 

2.3.3 Luminescent Characterization 
Luminescent properties of rare-earth-free Zn2SiO4 materials were investigated using 
three complementary techniques: X-ray-excited optical luminescence (XEOL), 
cathodoluminescence (CL), and synchrotron-excited photoluminescence (PL) (Fig. 9).  

These techniques were selected to comprehensively characterize the emission 
properties of the materials, providing insights into their optical behaviour across 
different excitation energies, penetration depths, and temperature conditions. 

XEOL measurements were performed at room temperature using an Edinburgh 
Instruments FLS980 spectrometer equipped with a Hamamatsu R298P photomultiplier. 
X-rays were generated using a Neptune 5200 X-ray tube (Oxford Instruments) operating
at voltages ranging from 10 to 50 kV. XEOL is particularly useful for studying materials
that convert absorbed X-ray energy into light in the optical region (UV to NIR), offering
insights into both surface and bulk luminescent properties due to its greater penetration
depth compared to other techniques.
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Fig. 9 Luminescence characterization setups: (a) XEOL, (b) CL, and (c) synchrotron-excited PL under 
synchrotron radiation excitation. 

CL analysis was conducted using an electron gun (Kimball Physics EGG-3101) 
producing an electron beam with an energy of 10 keV. Emission spectra were recorded 
through an ARC Spectra Pro 2300i monochromator equipped with a Hamamatsu 
photon-counting head H8259. Low-temperature measurements were enabled by an ARS 
closed-cycle helium cryostat. CL provided detailed information on luminescence 
properties and defect-related emissions under controlled temperature conditions, 
complementing the XEOL results with its intermediate penetration depth. 

Synchrotron-excited PL was conducted at the FinEstBeAMS beamline, MAX IV Lab, 
Lund, Sweden. This technique allowed for precise control over excitation energy, 
enabling the study of excitation mechanisms and the origin of observed emission bands. 
Luminescence was detected using an Andor Shamrock SR-303i spectrometer equipped 
with a Hamamatsu H8259-01 photon-counting head. To minimize the effects of 
higher-order incident light, MgF2 or fused silica filters were used depending on the 
excitation energy range. Excitation spectra were normalized to the incident photon 
flux, and emission spectra were transformed into energy space using the Jacobian 
transformation procedure. 

Together, XEOL, CL, and synchrotron-excited PL provided a comprehensive 
understanding of the luminescent properties of Zn2SiO4, combining insights into emission 
mechanisms, excitation processes, and depth-dependent behaviour. 
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3 Results and Discussion 
The comparative analysis of Zn2SiO4 synthesis methods reveals distinct strategies for 
tailoring both structural and luminescent properties. This chapter examines how 
precursor selection, synthesis conditions, and material form (powders, films, and 
consolidated specimens) influence phase evolution and deep UV emission characteristics, 
establishing fundamental correlations for developing rare-earth-free UV phosphors. 

This chapter is organized into three sections based on material form: 
• Zn2SiO4 powders: Investigating synthesis-dependent properties through

solid-state, molten salt, and sol-gel methods.
• Zn2SiO4 films: Developing screen-printing assisted by molten salt strategy for

direct film fabrication.
• Consolidated Zn2SiO4: Comparing conventional and spark plasma sintering

approaches.
Each section provides a detailed examination of phase evolution, structural 

development, morphological characteristics, and luminescent properties, demonstrating 
clear correlations between processing conditions and final material performance for 
each form of Zn2SiO4. 

3.1 Zn2SiO4 Powders: Synthesis Methods, Structural and Microstructural 
Evolution, and Luminescence Response 
Zn2SiO4 powders were synthesized using solid-state reaction, sol-gel, and molten salt 
methods, each offering specific advantages. The solid-state method serves as a baseline, 
highlighting the challenges of high-temperature diffusion. In contrast, the sol-gel process 
allows for lower-temperature synthesis with fine, homogeneous powders, while molten 
salt synthesis reduces the reaction onset temperature, enhancing precursor diffusion. 

To understand how these different synthesis approaches influence deep UV emission 
properties, this section presents our findings on Zn2SiO4 powders in three parts: First,  
analysis of synthesis-dependent phase evolution and formation mechanisms. Second, 
examination of the resulting morphological features across different preparation 
methods. Finally, investigatation of luminescent properties through complementary 
spectroscopic techniques, establishing structure-property relationships crucial for deep 
UV emission. 

3.1.1 Thermal Analysis 
Understanding the formation mechanisms of Zn2SiO4 through different synthesis routes 
requires detailed analysis of thermal behaviour and precursor reactivity. While 
conventional solid-state reactions are well-established, requiring temperatures above 
800 °C due to limited diffusion between ZnO and SiO2 (Synkiewicz-Musialska et al., 2020), 
alternative routes such as molten salt and sol-gel synthesis may offer distinct 
transformation mechanisms. Thermal analysis provides crucial insights into these 
mechanisms, particularly for the previously unexplored molten salt synthesis of undoped 
Zn2SiO4. 

The DSC-TG-DTG curves (Fig. 10) reveal distinct thermal evolution profiles for the 
alternative synthesis methods. In molten salt synthesis, the formation of a NaCl-KCl 
eutectic liquid phase at 662 °C (Rojas-Hernandez et al., 2015) fundamentally transforms 
the reaction mechanism from solid-state diffusion to liquid-phase-assisted transport. 



27 

The samples synthesized using amorphous silica precursor exhibit a higher mass loss 
(49%) compared to those with crystalline silica (47%) between 25–1053 °C, indicating 
enhanced reactivity of the amorphous silica in the reaction medium, which directly 
influences the subsequent phase formation process. 

The impact of precursor reactivity on phase evolution is particularly evident in the 
crystallization behaviour. With amorphous silica, the enhanced reactivity facilitates 
β-Zn2SiO4 formation at 765 °C before transforming to α-Zn2SiO4 at 830 °C. In contrast, 
crystalline silica-based synthesis proceeds directly to α-Zn2SiO4 formation at 822 °C. 
This variation in crystallization temperature and phase transformation sequence 
demonstrates how the precursor’s intrinsic nature and corresponding chemical 
environment fundamentally influence the thermodynamically favourable formation of 
different polymorphs. The complete salt evaporation is indicated by broad DTG peaks at  
1020 °C (amorphous) and 1053 °C (crystalline) (Rojas-Hernandez et al., 2015), reflecting 
these distinct reaction dynamics. 

Sol-gel synthesis reveals complementary aspects of precursor interactions during 
Zn2SiO4 formation. The process shows a systematic mass reduction of 48% between 
25–600 °C, proceeding through four sequential thermal events: hydration water removal 
(133 °C), organic decomposition (220 °C), nitrate elimination (302 °C), and ZnO 
crystalization (395 °C). These sequential decomposition steps create specific chemical 
conditions for Zn2SiO4 crystallization at 785 °C, intermediate between the formation 
temperatures observed in molten salt synthesis. 

Fig. 10 Comparative thermal analysis of Zn2SiO4 formation: molten salt synthesis using (a) crystalline 
and (b) amorphous silica precursors, and (c) sol-gel route (TGA: green; DSC: red; DTG: blue). 

The comparative thermal analysis establishes clear correlations between synthesis 
method, precursor characteristics, and formation mechanisms. The molten salt synthesis 
with amorphous silica achieves the lowest formation temperature (765 °C) through 
enhanced precursor mobility in the liquid phase, while sol-gel processing enables 
phase formation at intermediate temperatures (785 °C) through sequential precursor 
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decomposition. Both methods demonstrate enhanced thermal efficiency over 
conventional solid-state reactions, evidenced by lower formation temperatures and 
controlled reaction mechanisms. These fundamental differences in thermal behaviour  
influence the material’s structural evolution and phase composition, as will be examined 
through XRD and Raman analyses in the following sections. 

3.1.2 Phase Evolution and Formation Mechanisms 
Following the thermal analysis findings, complementary XRD and Raman spectroscopy 
investigations (Figs. 11-13) reveal the phase evolution and formation mechanisms in 
Zn2SiO4. These analyses demonstrate how synthesis routes and processing conditions 
influence phase development across different preparation methods. 

In solid-state synthesis (Fig. 11), phase evolution is strongly influenced by temperature 
and precursor reactivity.  

Fig. 11 Phase composition and structural evolution of Zn2SiO4 via solid-state synthesis: XRD data 
using (a) crystalline and (b) amorphous silica, with corresponding Raman spectra (c, d) at different 
temperatures. 

At 700 °C, XRD results reveal primarily unreacted components. The crystalline 
silica-based samples show quartz reflections (JCPDS No. 33-1161) with the main peak at 
26.64° attributed to (101) plane, alongside wurtzite-structured ZnO phase (JCPDS 
No. 36-1451) with main reflections at 31.77°, 34.43°, and 36.24° corresponding to (100), 
(002), and (101) planes, respectively, while amorphous silica-based samples exhibit only 
ZnO diffraction peaks. Raman spectroscopy confirms this initial state with characteristic 
ZnO modes (𝐸2

ℎ𝑖𝑔ℎ
− 𝐸2

𝑙𝑜𝑤at 333 cm-1, 𝐴1(𝑇𝑂) at 381 cm-1, 𝐸2
ℎ𝑖𝑔ℎat 438 cm-1, and 𝐸1(𝐿𝑂)

at 586 cm-1 (Cuscó et al., 2007)) and additional quartz vibrations at 131, 206, 268, 361, 
464, and 803 cm-1 assigned to the 𝐸(𝑇𝑂 + 𝐿𝑂), 𝐴1, 𝐸(𝑇𝑂 + 𝐿𝑂), 𝐴1, 𝐸(𝑇𝑂), and 𝐸(𝐿𝑂) 
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modes, respectively, in crystalline samples (Scott & Porto, 1967). By 900 °C, the precursor 
type critically influences phase transformation. Amorphous silica enables the concurrent 
formation of rhombohedral α-Zn2SiO4 (space group R-3, JCPDS No. 37-1485) with main 
reflections at 25.54°, 31.65°, and 34.12° corresponding to (200), (113), and (410) planes, 
alongside orthorhombic β-Zn2SiO4 (JCPDS No. 014-0653) with characteristic peaks at 
21.88°, 24.89°, and 36.24° attributed to (202), (009), and (023) planes, respectively. 
The phase identification is further confirmed by Raman spectroscopy, where β-Zn2SiO4 
exhibits characteristic vibrational mode at 865, 922, and 965 cm-1 (Loiko et al., 2018), 
while α-Zn2SiO4 shows distinctive peaks at 871 cm-1 (Si-O(υ1) symmetric stretching), 908 
and 948 cm-1 (Si-O(υ2) asymmetric stretching) (Czaja et al., 2021). In contrast, crystalline 
silica yields primarily the α-phase with residual precursors. At higher temperatures 
(1100-1300°C), both systems lead to the predominant formation of α-Zn2SiO4, with more 
complete transformation in amorphous silica-based samples. More detailed analysis of 
these structural properties can be found in paper 1. 

The introduction of a molten salt medium significantly alters Zn2SiO4 formation 
dynamics. Fig. 12 shows that at 700 °C, shortly after the NaCl-KCl eutectic melting at 
662 °C, both systems exhibit early crystallization of α- and β-Zn2SiO4 phases, alongside 
NaCl (JCPDS No. 78-0751) and KCl (JCPDS No. 41-1476). This enhanced reactivity results 
from the liquid phase-assisted transport of ions, enabling Zn2SiO4 formation at 
temperatures significantly lower than in solid-state synthesis. 

Fig. 12 Phase composition and structural evolution of Zn2SiO4 via molten salt synthesis: XRD data 
using (a) crystalline and (b) amorphous silica, with corresponding Raman spectra (c, d) at different 
temperatures. 
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 The influence of precursor type becomes evident in the phase distribution, with 
amorphous silica promoting higher β-Zn2SiO4 content, confirmed by XRD reflections and 
Raman peaks at 865, 922, and 968 cm-1. In contrast, crystalline silica samples show a 
more complex phase mixture, including the formation of silica polymorph tridymite for, 
suggesting phase evolution depending on the initial silica precursor. By 900 °C, α-Zn2SiO4 
becomes dominant in both systems, with amorphous silica-based samples showing notably 
reduced ZnO content. The progressive disappearance of salt-related peaks with increasing 
temperature confirms the transient nature of the molten salt medium. For a more detailed 
exploration of these findings, refer to paper 2.  

Fig. 13 Structural and phase evolution of Zn2SiO4 via sol-gel synthesis: (a) XRD data and (b) Raman 
spectra at different temperatures. 

Sol-gel processing demonstrates a distinct phase evolution characteristic, as evidenced 
by complementary XRD and Raman analyses (Figs. 13). XRD data (Fig. 13a) at 600 °C 
reveal primarily ZnO reflections with an amorphous background, while corresponding 
Raman spectra (Fig. 13b) confirm this through characteristic ZnO modes at 332, 381, 438 
and 588 cm-1. A significant phase transformation occurs at 800 °C with the emergence of 
β-Zn2SiO4, clearly visible in both XRD reflections and corresponding Raman peaks. 
This preferential formation of the β-phase at intermediate temperatures distinguishes 
sol-gel synthesis from both solid-state and molten salt routes, suggesting unique 
nucleation and growth mechanisms enabled by homogeneous precursor distribution.  

The progression to higher temperatures, monitored by both techniques, shows 
systematic evolution toward α-Zn2SiO4, with increasing crystallinity and minimal residual 
ZnO content at 1300 °C. Further details on these structural properties are available in 
paper 3. 

The formation mechanisms across these synthesis routes reveal distinct reaction 
sequences and kinetic processes for Zn2SiO4 development (Fig. 14). In conventional 
solid-state synthesis, the reaction proceeds through interfacial diffusion between ZnO 
and SiO2 particles, requiring elevated thermal energy owing to diffusion-limited kinetics. 
The enhanced reactivity of amorphous silica stems from its disordered atomic structure, 
providing more accessible reaction sites and reduced activation energies for atomic 
migration. The molten salt medium creates a distinct reaction environment, where the 
liquid phase facilitates cation transport and reduces activation energies at reactant 
interface. The eutectic melt functions as both a flux and a reactive medium, enabling 
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enhanced mass transport and phase formation at reduced temperatures. This mechanism 
accounts for the early formation of both α- and β-Zn2SiO4 polymorphs, as the liquid phase 
increases nucleation sites and facilitates crystallization through improved cationic 
mobility and interface-driven growth. 

Fig. 14 Comparative illustration of formation mechanisms for different synthesis routes: (a) solid-
state synthesis, (b) molten salt synthesis, and (c) sol-gel synthesis. 

Sol-gel processing operates through hydrolysis and condensation reactions, resulting 
in the dispersion of the precursors within the sol and ensuring intimate contact and 
uniform composition throughout the gel network. The use of metal alkoxides as 
precursors promotes the formation β-Zn2SiO4 at comparatively low temperatures, with 
subsequent transformation to thermodynamically stable α-phase upon further heating. 
This systematic phase evolution demonstrates the advantages of solution-based 
synthesis for achieving controlled crystallization and phase selectivity. 

These distinct formation mechanisms directly influence not only phase development 
but also particle morphology and surface characteristics. The following section examines 
how these synthesis-dependent processes are reflected in the morphological evolution 
of Zn2SiO4, providing further insights into structure-property relationships that are crucial 
for its development as a deep UV phosphor. 

3.1.3 Microstructural Evolution 
Microstructural investigations by SEM of Zn2SiO4 synthesized via different routes reveal 
how reaction mechanisms fundamentally influence particle development and 
morphological evolution, providing valuable insights for optimizing structural and 
microstructural features relevant to deep UV emission applications. 

In solid-state synthesis, restricted particle mobility and slow diffusion-controlled 
reaction kinetics limit the rate of phase formation and yield distinct morphological 
transformations. Fig. 15 illustrates the temperature-dependent evolution of particle 
characteristics. At 700 °C, crystalline silica-based samples exhibit a heterogeneous 
distribution of smaller ZnO and larger SiO2 particles, reflecting restricted diffusion 
between precursors. The onset of Zn2SiO4 formation at 900°C results in the appearance 
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of smaller, spherical particles alongside the original precursor morphologies. At 1100 °C, 
sub-micron α-Zn2SiO4 particles (≤ 800 nm) adopt a rounded morphology and display a 
pronounced agglomeration. Further heating to 1300 °C, the particles develop irregular 
shapes with sharp edges and increase in size, reaching up to 2 µm in diameter. 
In contrast, synthesis using amorphous silica as precursor exhibits enhanced reactivity 
and follows a different morphological evolution, owing to the initially uniform spherical 
morphology of the precursor (d ≈ 500 nm). This promotes the early emergence of 
homogeneous Zn2SiO4 material at 900 °C, characterized by spherical, discrete and 
well-dispersed particles. As the temperature increases, these particles tend to aggregate, 
driven by the thermodynamic tendency to minimize surface free energy, and grow to 
diameters around 1 μm at 1100 °C. At 1300 °C, significant sintering occurs, leading 
to interconnected structures with evident necking between particles, particularly in 
amorphous silica-based samples. 

Fig. 15 Microstructural analysis via low-resolution SEM micrographs of solid-state synthesized 
Zn2SiO4: Morphological evolution using (a) crystalline and (b) amorphous silica (700–1300 °C). 

The incorporation of a molten salt medium induces a unique morphological evolution, 
primarily by improving mass transport and enabling more frequent interactions between 
Zn2+ and Si4+ cations within the liquid phase. As shown in Fig. 16, the formation of 
distinctive rod-like structures occurs following eutectic melting at 662 °C. The dimensions 
of these rod-like particles exhibit clear precursor dependence: crystalline silica produces 
structures with lengths of 1.52–10 μm and diameters of 0.37–1.31 μm, while amorphous 
silica yields more uniform rods (0.72–8.33 μm length, 0.31–0.91 μm diameter). Control 
experiments with individual components in the molten salt medium elucidate the 
formation mechanism: ZnO independently develops rod-like features (Fig. 16f), while 
silica shows primarily particle growth (Fig. 16g), establishing ZnO’s role as a structural 
template. The schematic in Fig. 16h illustrates how the liquid phase facilitates directional 
growth through enhanced cation diffusion. Notably, amorphous silica-based samples 
retain their rod-like morphology at elevated temperatures, correlating with their 
enhanced phase purity observed in XRD analysis. 
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Fig. 16 Low-resolution microstructural analysis by FE-SEM of molten salt synthesized Zn2SiO4: 
Morphological evolution using (a) crystalline and (b) amorphous silica (700–1300 °C); characterization 
of precursors: (c) ZnO, (d) crystalline silica, (e) amorphous silica; effect of molten salt treatment at 
900 °C on (f) ZnO and (g) amorphous silica; (h) schematic representation of rod formation mechanism. 

Sol-gel synthesis demonstrates distinct particle evolution characteristics. Fig. 17 reveals 
the temperature-dependent growth: at lower temperatures (600–800 °C), small spherical 
particles with relatively smooth surfaces form, corresponding to initial ZnO crystallization 
within an amorphous matrix. The emergence of β-Zn2SiO4 at 800 °C coincides with more 
defined particle shapes. 

As temperature increases, controlled and uniform particle growth occurs, contrasting 
with the rod-like structures observed in molten salt synthesis and the precursor-dependent 
features of solid-state reaction. The controlled evolution results from the initial 
homogeneous reaction between TEOS and metal nitrate precursors, which facilitates 
the uniform distribution of constituent elements in solution during sol-gel preparation. 
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Fig. 17 Morphological assessment by SEM of sol-gel synthesized Zn2SiO4: Growth particle evolution 
from 600 °C to 1300 °C. 

These distinctive morphological developments reflect the specific reaction mechanisms 
identified through structural analysis: diffusion-controlled growth in solid-state synthesis, 
template-directed development in molten salt processing, and uniform reaction evolution 
in sol-gel route. Understanding how these structural and morphological features 
influence Zn2SiO4’s luminescence response is crucial for optimizing its performance as a 
deep UV emitter. 

3.1.4 Evaluation of Luminescence Response Via Different Spectroscopic 
Techniques 
The development of sustainable deep UV emitters requires thorough understanding of 
their luminescence mechanisms. Previous studies of UV-B emission in Zn2SiO4 have relied 
primarily on single-technique approaches, limiting mechanistic insights and leaving 
fundamental questions about emission origins unanswered. 

To address this critical gap, a multi-technique spectroscopic approach was 
applied, combining X-ray excited optical luminescence, cathodoluminescence, and 
synchrotron-excited photoluminescence. Each technique offers complementary 
information: XEOL probes bulk luminescent properties through deep X-ray penetration, 
CL offers surface-sensitive analysis under controlled thermal conditions, and 
synchrotron-excited PL enables precise investigation of electronic transitions through 
selective excitation.  

This comprehensive methodology directly addresses the research objective of 
elucidating the underlying nature of deep UV emission in Zn2SiO4 and reveals correlations 
between synthesis parameters and luminescent properties. In addition, the findings 
provide a foundation for understanding deep UV emission mechanisms, essential for the 
practical development of Zn2SiO4 in film and consolidated material forms. 

3.1.4.1 XEOL Analysis: Initial Evidence of Deep UV Emission 
Initial investigation of Zn2SiO4's luminescent properties was conducted through XEOL 
measurements, providing the first evidence of deep UV emission capability in this material. 

Fig. 18 presents the XEOL spectra recorded at room temperature, illustrating the 
evolution of luminescent centers during phase formation for each synthesis route. 

For solid-state synthesis with crystalline silica (Fig. 18a), initial spectra at 700 °C show 
ZnO-dominated emission with a characteristic near-band-edge transition at 3.19 eV 
(388 nm) (Baratto et al., 2013), reflecting the predominant presence of unreacted 
precursors. As temperature increases to 900 °C, multiple emissions emerge: Mn2+ 
emission at 2.38 eV (521 nm) from 4T1→ 6A1 transitions (Rakov et al., 2024) correlates 
with the initial formation of α-Zn2SiO4. This Mn2+ emission, arising from trace impurities 
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in the starting materials, appears consistently across all synthesis methods, reflecting the 
well-known sensitivity of the Zn2SiO4 structure to Mn incorporation, as demonstrated in 
commercial green phosphors. 

Fig. 18: Room temperature XEOL spectra of Zn2SiO4 synthesized via: solid-state using (a) crystalline 
and (b) amorphous silica, molten salt using (c) crystalline and (d) amorphous silica, and (e) sol-gel 
at different temperatures. (f) Normalized spectra comparison of all synthesis routes at 1300 °C. 

Additional features include zinc-related defect emissions at 2.74 eV (452 nm) and 
2.98 eV (416 nm) (Ahn et al., 2009; Kaur et al., 2018), and silica defect bands at 3.04 eV 
(408 nm) (Nishikawa et al., 1992). Most significantly, the appearance of weak deep UV 
transitions at 3.93 eV (315 nm) and 4.36 eV (284 nm) at 1100°C correlates with the 
dominance of α-Zn2SiO4 phase identified through XRD and Raman analyses. 

Amorphous silica-based samples (Fig. 18b) demonstrate distinctly different 
behaviour. At 1100 °C, these samples show stronger Mn2+ emission and a characteristic 
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band at 3.60 eV (344 nm) from non-bridging oxygen hole centers (He et al., 2003), 
evolving into a broad emission profile (2.1-4.7 eV) at 1300°C. This enhanced emission 
development aligns with the improved phase formation kinetics observed with amorphous 
precursors. 

The influence of synthesis method on emission characteristics becomes evident in 
molten salt and sol-gel routes. Molten salt synthesis (Fig. 18c,d) shows accelerated 
Zn2SiO4 formation through early Mn2+ emission at 700 °C, with UV-B emissions (3.93 eV 
(315 nm) and 4.36 eV (284 nm)) emerging at elevated temperatures alongside typical 
defect-related features. Sol-gel derived samples (Fig. 18e) demonstrate systematic 
evolution from ZnO-dominated transitions to well-crystallized α-Zn2SiO4 emission 
features at higher temperatures. 

The normalized spectra comparison at 1300 °C (Fig. 18f) reveals synthesis-dependent 
variations in emission characteristics across all preparation methods. While Mn2+ 
emission dominates the room temperature spectra, the consistent observation of weak 
but distinct deep UV bands across all synthesis routes establishes the fundamental 
capability of Zn2SiO4 as a deep UV emitter. These room temperature measurements, 
however, are influenced by thermal quenching effects, necessitating low-temperature 
studies to reveal intrinsic emission features. 

To gain deeper insights into the emission mechanisms, cathodoluminescence 
spectroscopy was performed at both room temperature and cryogenic conditions (6 K). 
This dual-temperature approach, coupled with CL’s surface sensitivity, reveals critical 
aspects of the luminescence response. 

3.1.4.2 Room Temperature Cathodoluminescence 
Following the identification of UV-B emission potential through XEOL, selected samples 
were investigated using cathodoluminescence spectroscopy. Room temperature CL 
spectra, presented in Fig. 19, reveal how synthesis methods fundamentally influence the 
formation and distribution of emission centers in Zn2SiO4. 

For solid-state synthesis with crystalline silica, Fig. 19a demonstrates the evolution 
from a dominant emission at 3.11 eV (399 nm) at 1100°C to a broader, shifted band at 
3.20 eV (388 nm) at 1300 °C. This spectral evolution reflects the diffusion-limited nature 
of solid-state reactions, where incomplete phase transformation and structural 
heterogeneities contribute to emission broadening. The emission spectra of amorphous 
silica-based samples, displayed in Fig. 19b, reveal a more complex electronic structure, 
with multiple emission bands at 1100 °C including UV-B features, evolving into a broad 
band centered at 3.15 eV (394 nm) at 1300 °C. 
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Fig. 19: Room temperature CL spectra of Zn2SiO4 synthesized via: solid-state using (a) crystalline 
and (b) amorphous silica, molten salt using (c) crystalline and (d) amorphous silica, and (e) sol-gel 
at different temperatures. (f) Normalized spectra comparison of all synthesis routes at 1300 °C. 

The molten salt synthesis, shown in Fig. 19c and 19d, demonstrates distinct emission 
behaviour based on precursor type. Crystalline silica samples show broad emission 
features with UV-B contribution, while amorphous silica samples exhibit predominantly 
Mn2+ emission with temperature-dependent modifications in emission center distribution. 

Sol-gel derived samples display systematic emission behaviour, as shown in Fig. 19e. 
Three main features evolve with temperature: Mn2+ emission, ZnO-related emission at 
3.10 eV (400 nm), and a UV-B band. The UV-B band systematically shifts from 4.17 eV 
(297 nm) to 4.23 eV (293 nm) to 4.10 eV (302 nm), correlating with the transformation 
from an initial ZnO-dominated structure to well-crystallized α-Zn2SiO4. Significantly, 
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at 1200 °C, the comparable intensities of Mn2+ and UV-B emissions suggest an optimal 
condition for UV-B emission center formation. 

The comparative spectra at 1300 °C, presented in Fig. 19f, reveal crucial insights into 
UV-B emission across synthesis methods. The varying spectral distributions and relative 
intensities of the deep UV bands demonstrate synthesis-dependent emission 
characteristics, with sol-gel samples showing more resolved UV-B features compared to 
solid-state and molten salt syntheses. 

While room temperature measurements establish the presence of UV-B emission 
across all synthesis routes, thermal quenching effects may mask intrinsic features.  
To reveal these fundamental characteristics, low-temperature measurements were 
performed. 

3.1.4.3 Low Temperature Cathodoluminescence 
Cathodoluminescence spectra recorded at 6K, presented in Fig. 20, reveal remarkably 
distinct emission profiles for each synthesis route. 

Samples prepared with crystalline silica via solid-state synthesis, shown in Fig. 20a, 
exhibit multiple well-resolved emissions at 1100 °C: a weak Mn2+ band at 2.38 eV (521 nm), 
silica defect-related transitions at 3.04 eV (408 nm) and 3.60 eV (344 nm), ZnO-related 
features at 3.22 eV (385 nm) and a sharp peak at 3.31 eV (375 nm) corresponding to 
excitons bound to neutral donors (D0X) in ZnO (Dumcenco et al., 2012), and a prominent 
UV-B emission at 4.25 eV (292 nm). The 1300 °C treatment leads to broader, less intense 
features, suggesting thermal modification of these emission centers.  

In contrast, amorphous silica-derived samples shown in Fig. 20b display a remarkably 
different emission profile dominated by an intense, well-defined UV-B band at 4.31 eV 
(288 nm) at 1100 °C, with minimal contribution from other emission centers. The UV-B 
emission intensity notably decreases at 1300 °C while maintaining its spectral position. 
This spectral purity correlates with the enhanced phase homogeneity and uniform 
microstructure achieved through amorphous precursor reactivity. 

The molten salt synthesis route demonstrates distinct temperature-dependent 
behaviour (Fig. 20c,d). Crystalline silica-based samples show strong UV-B emission at 
4.25 eV (292 nm) at 1100 °C, with significant intensity decrease at 1300 °C, while 
amorphous silica samples exhibit a blue-shifted UV-B band at 4.31 eV (288 nm) with 
enhanced intensity retention at elevated temperatures. This behaviour correlates with 
the uniform rod morphology and improved phase purity previously observed.  

Sol-gel derived samples, shown in Fig. 20e, demonstrate a remarkable temperature 
dependence of emission features. The UV-B emission at 4.31 eV (288 nm) shows 
maximum intensity at 1200°C, alongside Mn2+ emission at 2.38 eV (521 nm) and  
ZnO-related emission at 3.16 eV (392 nm). The UV-B emission intensity at 1000 °C and 
1300 °C is notably lower but maintains a similar spectral position, suggesting that 1200 °C 
provides optimal conditions for the formation of deep UV emission centers. 

The comparative low-temperature spectra at 1300 °C (Fig. 20f) highlight fundamental 
differences in UV-B emission across synthesis routes. Solid-state synthesis with 
crystalline silica shows the most complex spectral structure, reflecting multiple radiative 
processes arising from heterogeneous phase development. In contrast, amorphous 
silica-based samples from both solid-state and molten salt routes exhibit more resolved 
UV-B profiles, indicating enhanced emission efficiency. Sol-gel samples achieve a balance 
between spectral purity and emission intensity, demonstrating the advantages of 
controlled structural evolution. 
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Fig. 20: CL spectra at 6 K of Zn2SiO4 synthesized via: solid-state using (a) crystalline and (b) 
amorphous silica, molten salt using (c) crystalline and (d) amorphous silica, and (e) sol-gel at 
different temperatures. (f) Normalized spectra comparison of all synthesis routes at 1300 °C. 

A significant finding emerges from these low-temperature investigations: the most 
intense UV-B emission occurs at intermediate processing temperatures (1100 °C for 
solid-state and molten salt synthesis, 1200 °C for sol-gel processing). These optimal 
temperatures do not correspond to conditions yielding maximum phase purity in Zn2SiO4. 

The concurrent presence of ZnO-related emissions (3.16–3.31 eV) suggests that UV-B 
emission characteristics are influenced by the complex interplay between phase 
composition and structural features. 

Having established the temperature dependence of UV-B emission through CL studies, 
precise investigation of the underlying electronic transitions requires selective excitation 
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capabilities. Synchrotron-excited photoluminescence measurements enable systematic 
probing of specific electronic states, offering detailed insights into the fundamental 
mechanisms of UV-B emission. 

3.1.4.4 Deep UV Emission Under Synchrotron Excitation 
Building on the temperature-dependent behaviour revealed by CL measurements, 
synchrotron-excited PL studies at 6 K provide deeper insights into the electronic 
transitions responsible for UV-B emission.  

Fig. 21 presents the emission spectra under selective excitation at 6 eV (207 nm), 
chosen to probe transitions near the fundamental absorption edge of Zn2SiO4 (Chang 
et al., 1999). 

The synthesis method significantly influences the emission characteristics. Solid-state 
synthesis with crystalline silica (Fig. 21a) shows a dominant deep UV band at 4.45 eV 
(279 nm) alongside residual ZnO-related features (3.15-3.31 eV), reflecting complex 
phase evolution. In contrast, amorphous silica-based samples (Fig. 21b) achieve 
well-resolved UV-B emission at 4.43 eV (280 nm), correlating with improved phase 
homogeneity. 

Molten salt synthesis reveals the impact of liquid-phase transport on electronic 
transitions (Fig. 21c,d). Enhanced cationic mobility in crystalline silica samples enables 
UV-B emission at 4.39 eV (282 nm) with minimal secondary contributions. Amorphous 
silica samples exhibit highly resolved emission at 4.43 eV (280 nm), benefiting from the 
combination of reactive precursor and liquid-phase transport. 

Sol-gel derived samples (Fig. 21e) display systematic emission behaviour with a 
well-defined UV-B band at 4.37 eV (284 nm). The emission intensity reaches its maximum 
at 1200 °C, then decreases significantly at 1300 °C and shows a notably weaker emission 
at 1000 °C, indicating a narrow processing window for optimal UV-B emission. 
The evolution of spectral features correlates with the temperature-dependent 
morphological development observed in microstructural analyses. 

The normalized emission spectra comparison at 1300 °C (Fig. 21f) reveals systematic 
variations in UV-B emission energy (4.37–4.45 eV) across synthesis methods, suggesting 
that processing conditions fundamentally influence the final electronic structure of 
Zn2SiO4. While all methods demonstrate UV-B as the dominant emission, confirming its 
intrinsic nature, the spectral resolution vary significantly with both synthesis route and 
precursor type. 

While the emission spectra under 6 eV (207 nm) excitation suggest the intrinsic nature 
of UV-B emission in Zn2SiO4, understanding the complete excitation mechanism is crucial 
for elucidating the emission process.  
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Fig. 21: PL spectra under synchrotron excitation at 6 K of Zn2SiO4 synthesized via: solid-state using 
(a) crystalline and (b) amorphous silica, molten salt using (c) crystalline and (d) amorphous silica, 
and (e) sol-gel at different temperatures. (f) Normalized spectra comparison of all synthesis routes 
at 1300 °C.

3.1.4.5 Excitation Mechanisms and Electronic Transitions 
The excitation spectra recorded at 6 K for the UV-B emission, presented in Fig. 22, provide 
fundamental insights into the absorption processes and energy transfer mechanisms in 
Zn2SiO4.  

Three characteristic excitation regions are identified: the onset at approximately 6 eV 
(207 nm) corresponds to the Zn2SiO4 bandgap, as predicted by partial densities of states 
(PDOS) calculations (Chang et al., 1999). Features at 7.31 eV (170 nm) and 7.22 eV (172 nm) 
are attributed to excitation of [SiO4]4- tetrahedral clusters (Hao & Wang, 2007; Kortov 
et al., 2017; Mishra et al., 1991), while the band at 10.44 eV (119 nm) corresponds to 
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[ZnO4]6- cluster excitation (Hao & Wang, 2007; Kortov et al., 2017; Mishra et al., 1991; 
S. Zhang et al., 2012), both assignments supported by first-principles calculations of the
electronic band structure.

Fig. 22: Excitation spectra monitored at UV-B emission at 6 K of Zn2SiO4 synthesized via: solid-state 
using (a) crystalline and (b) amorphous silica, molten salt using (c) crystalline and (d) amorphous 
silica, and (e) sol-gel at different temperatures. (f) Normalized spectra comparison of all synthesis 
routes at 1300 °C. 

For solid-state synthesis with crystalline silica (Fig. 22a), these three excitation regions 
show strong temperature dependence, with features maximizing at 1100 °C before 
decreasing at 1300 °C. Amorphous silica-based samples (Fig. 22b) demonstrate similar 
excitation bands but with notably better preservation of features at high temperatures, 
reflecting the enhanced structural stability achieved through more reactive precursors. 
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The stronger intensity of the 10.44 eV (119 nm) band in amorphous silica-based samples 
correlates with their well-resolved UV-B emission profiles. 

Molten salt synthesis reveals the influence of liquid-phase transport on excitation 
features. Crystalline silica-based samples (Fig. 22c) show modified [ZnO4]6- cluster 
excitation intensity distribution compared to solid-state synthesis. Amorphous silica-based 
samples (Fig. 22d) achieve significantly enhanced excitation intensity through the 
combined effects of precursor reactivity and efficient cation transport, as evidenced by 
accelerated phase formation and distinct morphological development. 

Sol-gel derived samples (Fig. 22e) reveal distinct temperature-dependent evolution of 
excitation features. The excitation spectra show three characteristic regions: the bandgap 
absorption at 6.02 eV (206 nm), [SiO4]4- excitation at 7.22 eV (172 nm) (slightly shifted 
from 7.31 eV (170 nm) observed in other synthesis routes), and [ZnO4]6- cluster excitation 
at 10.44 eV (119 nm). The intensity of these features reaches its maximum at 1200 °C and 
decreases significantly at both 1000 °C and 1300 °C, demonstrating a narrow temperature 
window for optimal excitation efficiency. This temperature dependence correlates with 
the evolution of UV-B emission observed in both CL and PL measurements. 

The normalized excitation spectra comparison at 1300 °C (Fig. 22f) reveals synthesis-
dependent variations in electronic structure across preparation methods. While all 
samples show the characteristic three-region excitation profile, their relative intensities 
vary significantly with synthesis route and precursor type. Amorphous silica consistently 
enables stronger [ZnO4]6- excitation, while sol-gel processing achieves the most uniform 
feature distribution. 

A systematic comparison of synthesis-dependent properties, derived from multiple 
characterization techniques, is presented in Table 2, encompassing phase evolution, 
morphological development, and luminescence characteristics. 

Table 2: Synthesis-dependent characteristics of Zn2SiO4. 

Parameter Solid-state 
(crystalline SiO2) 

Solid-state 
(amorphous 

SiO2) 

Molten salt 
(crystalline 

SiO2) 

Molten salt 
(amorphous 

SiO2) 
Sol-Gel 

Phase 
evolution 

700 °C: 
ZnO+quartz 

900 °C: early α 
> 1100 °C: 

dominant α

700 °C: ZnO 
900 °C: early α+β 

>1100 °C: 
dominant α

700 °C: early 
α+β 

>900 °C:
dominant α 

700 °C: early 
α+β 

>900 °C: 
dominant α 

600 °C: ZnO 
800 °C: β 
>1000 °C: 

dominant α

Morphology 

700 °C: 
heterogeneous 
900–1100 °C: 

spherical 
1300 °C: sintered 

700 °C: 
heterogeneous 
900–1100 °C: 

spherical 
1300 °C: 

interconnected 

700–1100 °C: 
non-uniform 

rods 
1300 °C: 
irregular 

Uniform rods 

600–800 °C: 
aggregates 

1000–1300 °C: 
gradual 
growth 

RT UV-B 
resolution Broad overlap Shoulder Shoulder Shoulder Most 

resolved 
UV-B energy 4.45 eV 4.43 eV 4.39 eV 4.43 eV 4.37 eV 

Optimal T 
for UV-B 1100 °C 1100 °C 1100 °C 1100 °C 1200 °C 

[ZnO4]6- 
excitation Strong Strong Moderate Strong Strong 
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The comparative analysis establishes clear correlations between synthesis conditions 
and material properties, demonstrating the critical influence of precursor selection 
and processing temperature on both structural and microstructural development, 
as well as UV-B emission characteristics. These established relationships, combined with 
comprehensive spectroscopic investigations, provide the foundation for elucidating the 
fundamental nature of deep UV emission in Zn2SiO4. 

3.1.4.6 Nature and Origin of Deep UV Emission in Zn2SiO4

The fundamental nature of UV-B emission in Zn2SiO4 is established through multiple 
spectroscopic observations. The excitation onset at 6 eV (207 nm), corresponding to the 
material’s bandgap, indicates direct excitation of the host lattice. This intrinsic character 
is evidenced by the systematic occurrence of UV-B emission across all synthesis 
methods, with its enhancement at low temperature where thermal effects are 
minimized. The characteristic spectral features suggest that the luminescence originates 
from host excitons, which can exist in the lattice either as self-trapped states or become 
modified through interaction with structural defects, notably oxygen vacancies, a common 
phenomenon in wide bandgap oxide materials. 

The synchrotron spectroscopy results reveal crucial excitation mechanisms, particularly 
the strong correlation between [ZnO4]6- cluster excitation at 10.44 eV (119 nm) and 
UV-B emission efficiency. The systematic variations in excitation band intensities with 
synthesis conditions reflect modifications in the local environment of emission centers, 
supporting their host-related nature rather than impurity-related transitions. 

The synthesis-dependent emission energies (4.37–4.45 eV) and varying excitation 
efficiencies can be understood through the different structural development processes. 

Notably, amorphous silica-based synthesis achieves enhanced performance through 
improved phase formation kinetics and structural uniformity, as evidenced by stronger 
[ZnO4]6- excitation and more stable UV-B emission. 

The spectroscopic observations suggest a possible mechanism for deep UV emission 
in Zn2SiO4: 

1. Initial excitation creates host excitons following bandgap absorption at 6 eV.
2. These excitons can become self-trapped in the lattice or interact with

structural defects, particularly oxygen vacancies.
3. The strong correlation with [ZnO4]6- excitation suggests these tetrahedral

units play a key role in localizing the excited states.
4. Radiative recombination of these localized excitons results in deep UV

emission, with energies modulated by the local structural environment
(4.37–4.45 eV).

However, confirmation of this proposed mechanism would require additional 
spectroscopic and structural investigations to fully elucidate the detailed energy transfer 
processes and the role of local environments in the emission mechanism. 

These findings have significant implications for the development of Zn2SiO4 as a 
sustainable deep UV emitter. The identification of host excitons as the source of UV-B 
emission, rather than impurity or defect-related transitions, establishes Zn2SiO4 as an 
intrinsic UV-B phosphor. This characteristic is particularly valuable as it eliminates the need 
for rare-earth dopants or other critical materials typically required for deep UV emission. 

The understanding that emission properties can be modulated through synthesis 
conditions provides clear strategies for material optimization. The correlation between 
structural development and emission efficiency suggests that synthesis methods 
promoting uniform phase formation and controlled structural evolution, such as those 



45 

achieved through amorphous precursors or solution-based processing, offer advantages 
for enhancing UV-B emission. Moreover, the identification of optimal processing 
temperatures for each synthesis method establishes practical guidelines for material 
preparation. 

Building on these fundamental insights from powder studies, the next section examines 
the translation of these principles to film fabrication. 

3.2 Innovative Fabrication: Controlled Synthesis of Zn2SiO4 Films via 
Screen-Printing Assisted by Molten Salt Strategy 
While powder studies established the potential of Zn2SiO4 as a deep UV emitter, practical 
technological applications require film architectures with precise structural control. 

Conventional film deposition methods, such as RF magnetron sputtering, face 
limitations in complexity, energy consumption, and scalability (Furukawa et al., 2015). 
Moreover, these techniques often yield inconsistent UV emission results (K.-C. Peng et al., 
2013), underscoring the need for more reliable and practical fabrication approaches. 

This study introduces an innovative strategy that combines screen printing assisted by 
molten salt strategy. Screen printing offers inherent advantages as a solution-based 
technique, enabling straightforward fabrication under ambient conditions (Kuo et al., 
2016; Rojas-Hernandez et al., 2020; Yao et al., 2016). The integration of molten salt 
media, previously demonstrated in powder synthesis, enhances mass transport and 
controls crystallization, addressing key challenges in film fabrication. 

3.2.1 Structural and Interface Dynamics: Phase Transformation and 
Morphological Evolution 
The synthesis strategy systematically investigated composition-temperature relationships 
using four ZnO concentrations (0.5-2Zn) relative to stoichiometric Zn2SiO4, processed at 
1100 °C and 1200 °C. XRD analysis, as shown in Fig. 23a and Fig. 23b, demonstrated 
efficient Zn2SiO4 crystallization across all compositions, with trace ZnO detected only in 
zinc-rich samples. This confirms the effectiveness of the molten salt medium in promoting 
phase formation in films. 

A distinctive feature of the films was the pronounced preferential orientation along 
the (300) crystallographic plane. This texturing, quantified through Lotgering factor 
analysis (Lotgering, 1959) (Figs. 23c and 23d), showed strong dependence on both 
composition and processing temperature. At 1100 °C, LF values demonstrated remarkable 
optimization: 0.47 (0.5Zn), 0.94 (1Zn), 0.83 (1.5Zn), and 0.29 (2Zn). The exceptional 
texturing in 1Zn samples suggests optimal epitaxial matching between the growing film 
and substrate surface. 

Processing at 1200 °C produced a distinct evolution pattern, with LF values 
converging across compositions (0.76–0.64). This behaviour suggests a transition 
from interface-controlled growth at 1100 °C to bulk diffusion-dominated processes at 
higher temperatures, where enhanced atomic mobility reduces the influence of local 
composition variations. 

Depth-resolved Raman spectroscopy identified three distinct phases: Zn2SiO4, 
cristobalite, and the quartz substrate.  

The interface structure showed systematic evolution with both composition and 
temperature, as illustrated in Figs. 24a-d and 25a-d, enabling precise control over film 
properties. 
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Fig. 23: Structural and phase evolution of Zn2SiO4 films for different ZnO concentrations (0.5Zn, 1Zn, 
1.5Zn, and 2Zn) processed at 1100°C (a,c) and 1200°C (b,d): XRD data (a,b) and Lotgering factor 
analysis (c,d).  

At 1100 °C, the interface evolution demonstrated a complex interplay between 
salt-mediated phase transformation and direct Zn2SiO4 formation. The emergence of 
cristobalite in 1Zn films and its development into a continuous interlayer in 1.5Zn samples 
reflects the increasing effectiveness of the salt-mediated transformation (W. Li et al., 
2021). 

This transformation is facilitated by the alkali ions in the molten salt, which weaken 
Si-O bonds in the quartz, promoting the reorganization of SiO4 tetrahedra necessary for 
cristobalite formation (W. Li et al., 2021). 

SEM analysis revealed systematic evolution of surface morphology correlating with 
these interface dynamics. Figs. 24e-l and 25e-l show distinct morphological regimes, with 
1Zn films at 1100 °C displaying well-defined prismatic structures corresponding to 
maximum texturing (LF = 0.94). The 1.5Zn films exhibited a transition to ovoid-prismatic 
morphologies, indicating the onset of competing growth mechanisms.  
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Fig. 24: Interface and microstructural characterization of Zn2SiO4 films with varying ZnO 
concentrations (0.5Zn, 1Zn, 1.5Zn, and 2Zn) processed at 1100 °C: (a-d) Raman depth-resolved 
images showing phase distribution, (e-h) SEM micrographs of film surface morphology, and (i-l) 
schematic representations of morphological evolution at different compositions.

At 1200 °C, the presence of cristobalite across all compositions indicates enhanced 
alkali cation diffusion and accelerated quartz transformation, independent of zinc 
content. These observations highlight the critical role of the molten salt in mediating 
both atomic transport and crystal growth processes. 

Fig. 25: Interface and microstructural characterization of Zn2SiO4 films with varying ZnO 
concentrations (0.5Zn, 1Zn, 1.5Zn, and 2Zn) processed at 1200 °C: (a-d) Raman depth-resolved 
images showing phase distribution, (e-h) SEM micrographs of film surface morphology, and (i-l) 
schematic representations of morphological evolution at different compositions. 

3.2.2 Luminescence Response: Structural Influences and Emission Mechanisms 
The luminescent properties of Zn2SiO4 films were investigated using complementary 
spectroscopic techniques, providing insights into the emission mechanisms and their 
relationship to structural characteristics. 

 This analysis builds on the foundational understanding of Zn2SiO4’s deep UV emission 
established in powder form, while highlighting the unique aspects of film form. 
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3.2.2.1 Room Temperature Luminescence: XEOL and CL 
Figs. 26a and 26b present the room temperature XEOL spectra for Zn2SiO4 films 
synthesized at 1100 °C and 1200 °C, respectively, with varying ZnO concentrations.  

Fig. 26: Room temperature luminescence of Zn2SiO4 films: XEOL spectra for different ZnO 
concentrations (0.5Zn, 1Zn, 1.5Zn, 2Zn) processed at (a) 1100 °C, (b) 1200 °C, (c) CL spectra for 1.5Zn 
films at 1100 °C and 1200 °C.  

The spectra reveal multiple emission features, with a dominant band centered at 
2.38 eV (521 nm), characteristic of Mn2+ transitions, similar to the behaviour observed in 
powders. A weak but distinct deep UV emission at 4.43 eV (280 nm) is observed, with the 
highest intensity in the 1.5Zn films. This suggests that the processing conditions and 
resulting structural characteristics, such as crystallographic texturing, play a role in 
enhancing deep UV emission. 

For the CL analysis, shown in Fig. 26c, we focused on films with 1.5Zn concentration 
processed at both 1100 °C and 1200 °C, as this composition exhibited the most promising 
deep UV emission characteristics in the XEOL study. The CL spectra further highlight the 
influence of processing conditions on emission properties. Films processed at 1100 °C 
exhibit enhanced deep UV emission compared to those at 1200 °C, correlating with 
higher crystallographic ordering and the presence of a continuous cristobalite interlayer. 
These structural characteristics provide an optimized environment for radiative 
recombination, similar to the enhanced emission observed in powders with optimal 
phase purity and morphology.  

3.2.2.2 Low Temperature Luminescence and Excitation Mechanisms 
Figs. 27a and 27b present the 6 K CL and synchrotron-excited PL emission spectra of films 
with 1.5Zn concentration processed at both 1100 °C and 1200 °C. The selection of the 
1.5Zn films for low-temperature analysis was based on their superior deep UV emission 
performance observed in room temperature studies.  

At low temperatures, the emission spectrum transforms to display a dominant peak 
at 4.28 eV (290 nm), with significantly suppressed Mn2+ emission. The enhanced deep UV 
emission in the 1100 °C films suggests that the structural characteristics achieved at this 
temperature provide favourable conditions for radiative recombination, paralleling the 
temperature-dependent behaviour observed in powders. 

Fig. 27c illustrates the PL excitation spectra, monitored at the deep UV emission 
energy of 4.43 eV (280 nm). The spectra reveal two primary excitation channels: bandgap 
excitation at 6 eV (207 nm) and electronic transitions within [ZnO4]6- tetrahedral clusters 
at 10.44 eV (119 nm). 
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Fig. 27: Low-temperature luminescence of Zn2SiO4 films with 1.5Zn concentration processed at  
1100 °C and 1200 °C: (a) CL spectra, (b) Synchrotron-excited emission spectra under 6 eV excitation, 
(c) Excitation spectra monitored at 4.43 eV.

These excitation features were also identified in powder studies, confirming the
intrinsic nature of deep UV emission in Zn2SiO4. The enhanced intensity of the high-energy 
excitation band in the 1100 °C films suggests that ordered crystal growth promotes 
effective energy transfer through the tetrahedral network. 

3.2.3 Correlating Structure and Emission in Zn2SiO4 Films 
The investigation of Zn2SiO4 films reveals key correlations between processing conditions, 
structural development, and deep UV emission characteristics. The screen-printing 
assisted by molten salt strategy enables precise control over crystallographic texturing, 
interface quality, and processing temperature effects, directly influencing emission 
properties.  

Optimal conditions (1.5Zn composition, 1100 °C processing) produce films combining 
high crystallographic ordering, well-defined interfaces, and enhanced UV emission. These 
relationships provide practical guidelines for developing Zn2SiO4-based UV emitting devices 
while maintaining the advantages of rare-earth-free composition. 

In summary, the luminescence analysis demonstrates that the screen-printing assisted 
by molten salt strategy effectively controls structural, microstructural, and optical 
properties, influencing deep UV emission characteristics. The findings underscore the 
importance of crystallographic texturing and processing conditions in optimizing 
luminescent performance, providing a robust foundation for developing Zn2SiO4-based 
UV emitting devices. This work extends the potential of Zn2SiO4 as a sustainable UV 
emitter from powder form to practical device applications, reinforcing insights from 
powder studies and establishing a framework for next-generation UV technologies. 

The next section explores consolidation techniques for bulk ceramic forms, addressing 
a new range of potential applications through advanced sintering methods. 

3.3 Consolidated Zn2SiO4: Advancing Densification Through Spark 
Plasma Sintering 
Building upon the insights gained from powder and film studies, this section explores the 
development of densified Zn2SiO4 ceramics through advanced consolidation techniques. 
While previous sections demonstrated successful UV-B emission in powder and film 
forms, consolidation allows shaping into defined geometries for functional applications. 
This investigation introduces spark plasma sintering as a novel approach for Zn2SiO4 
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densification, comparing its performance with conventional sintering methods to 
establish fundamental correlations between processing conditions, microstructural 
evolution, and deep UV emission characteristics. 

3.3.1 Phase Evolution and Densification Behaviour 
The processing temperature of 1300 °C was selected based on powder studies, which 
demonstrated that complete α-phase formation and optimal structural stability are 
achieved at this temperature. XRD results presented in Fig. 28a-b confirm the successful 
formation of α-Zn2SiO4 (JCPDS No. 37-1485) as the primary phase in both CS and SPS 
samples processed at 1300 °C.  

The comparative analysis highlights significant differences between the two methods: 
SPS-processed samples shown in Fig. 28b display notably sharper and more intense 
reflections compared to CS samples in Fig. 28a, indicating enhanced crystallization 
kinetics under the combined influence of pressure and pulsed current heating. While 
both techniques produce minor residual ZnO, identifiable through characteristic 
reflections marked in the diffractograms, the SPS approach yields reduced secondary 
phase content, suggesting more complete phase transformation. 
The consolidation behaviour differs markedly between the two sintering methods. 
Archimedes-based density measurements show that the CS sample reaches 
approximately 91% relative density, whereas SPS achieves 98%, approaching near-full 
densification. According to Chaim (Chaim, 2007), this improvement stems from the 
synergistic effects of the SPS process, including pressure-induced particle rearrangement, 
enhanced grain boundary diffusion, and current-assisted mass transport. 

3.3.2 Microstructural Characteristics of Sintered Ceramics 
Microstructural characterization by SEM reveals that grain growth and porosity in 
Zn2SiO4 ceramics are governed by distinct thermodynamic and kinetic mechanisms, 
depending on the sintering route employed.  
The polished and thermal etched surface of the CS sample, shown in Fig. 28c displays 
well-defined grain boundaries and triple junctions.  

ZnO secondary phase is evident at grain boundary triple points, indicating 
non-equilibrium conditions during the conventional sintering. Intergranular porosity is 
primarily observed at triple junctions, localized near 120° angles, which is consistent with 
the minimization at local interfacial energy. The microstructure exhibits a heterogeneous 
grain size distribution, with grains ranging from 400 nm to 1 µm. These features result 
from the extended sintering duration of 4h, which permits partially uncontrolled grain 
growth while achieving nearly full densification (91% of the theoretical density). 

In contrast, the SPS-consolidated sample shown in Fig. 28d presents a uniform 
microstructure with well-defined grain boundaries and minimal porosity, attributed to 
localized Joule heating and pulsed current effects during sintering. Some intragranular 
porosity is observed, which could be related to close porosity from trapped gases or from 
differences in the thermal expansion coefficients of the constituent phases during the 
SPS process. Residual ZnO appears as smaller and more isolated inclusions, visible as 
bright contrast regions in the micrograph. The homogeneous grain distribution stems 
from the significantly shorter processing duration (20 min), which effectively suppresses 
excessive grain growth while maintaining effective densification. This optimization of the 
microstructure directly influences the material’s luminescent response. 
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Fig. 28:  Zn2SiO4 Structural and luminescence characterization of Zn2SiO4 ceramics processed by CS 
and SPS: XRD data for (a) CS and (b) SPS Zn2SiO4 based material; SEM micrographs showing 
microstructural features of (c) CS and (d) SPS Zn2SiO4 based material; low-temperature (6 K) 
synchrotron-excited (e) emission spectra under 6 eV excitation and (f) excitation spectra monitored 
at 4.43 eV. 

3.3.3 Comparative Study of Deep UV Emission in CS and SPS Samples 
Low-temperature (6 K) synchrotron-excited photoluminescence measurements provide 
detailed insight into the emission characteristics. The emission spectra shown in Fig. 28e 
reveal UV-B emission centered at 4.43 eV (280 nm) in both samples, maintaining the 
characteristic emission energy observed in powder and film forms. 

 Notably, the SPS Zn2SiO4 based material demonstrates approximately threefold 
higher emission intensity compared to its CS counterpart, correlating with its improved 
crystallinity. 

Excitation spectra monitored at 4.43 eV (280 nm) presented in Fig. 28f demonstrate 
enhanced absorption across all characteristic regions in the SPS sample compared to the 
CS counterpart. The spectra reveal three distinct excitation bands previously identified 
in powder and film forms: bandgap excitation at 6 eV (207 nm), [SiO4]4- tetrahedral 
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transitions at 7.20 eV (172 nm), and [ZnO4]6- cluster-related absorption at 10.30 eV  
(120 nm). Most significantly, the [ZnO4]6- cluster-related excitation band shows 
pronounced enhancement in the SPS Zn2SiO4 based material, reinforcing the critical role 
of these tetrahedral units in deep UV emission mechanisms. 

The successful application of SPS for Zn2SiO4 consolidation, demonstrated here for the 
first time, achieves near-theoretical density (98%) with enhanced UV-B emission intensity. 
The threefold improvement in emission compared to conventional sintering, combined 
with significantly reduced processing time (20 min vs. 4h), establishes SPS as an efficient 
approach for fabricating high-performance UV-emitting ceramics. The optimized 
microstructure and enhanced [ZnO4]6- cluster excitation in SPS-processed samples 
demonstrate the advantages of rapid densification under controlled pressure and 
temperature conditions. 

The systematic investigation of Zn2SiO4 across multiple material forms has established 
clear relationships between synthesis approaches, structural development, and deep UV 
emission properties. The complementary nature of the various characterization techniques 
revealed how processing conditions fundamentally control material performance 
through their influence on phase formation, microstructural evolution, and emission 
center development. Notably, the successful demonstration of UV-B emission in powders, 
films, and consolidated ceramics, combined with the elucidation of the underlying 
emission mechanisms, validates the potential of Zn2SiO4 as a sustainable alternative to 
current deep UV technologies. 

The key processing-structure-property relationships identified in this work provide a 
robust foundation for future development of rare-earth-free UV emitting materials. 
These findings demonstrate that careful control of synthesis conditions can enable the 
development of environmentally sustainable materials that maintain high performance 
while eliminating dependence on critical raw materials. 
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4 Conclusions 
A novel rare-earth-free and mercury-free deep UV emitter based on Zn2SiO4 has  
been developed by systematically investigating synthesis-property relationships.  
A comprehensive experimental approach combining multiple synthesis routes, enabled 
the formation of Zn2SiO4 in various forms (powders, films, and bulk ceramics). Detailed 
structural and spectroscopic characterization established the fundamental mechanisms 
of deep UV emission, and processing conditions were optimized for enhanced 
luminescent performance. 

This comprehensive experimental approach across multiple material forms 
demonstrates the following findings: 

(i) Alternative routes of molten salt and sol-gel were successfully developed  
for the synthesis of Zn2SiO4 powders. Molten salt synthesis resulted in  
the formation of rod-shaped particle morphology at temperatures below  
700 °C, demonstrating accelerated phase formation due to improved  
mass transfer via liquid-phase mediation. Sol-gel processing facilitated  
the controlled evolution of both α- and β-Zn2SiO4 polymorphs with optimal 
UV-B emission at 1200 °C. For comparison, the solid-state reaction served  
as a starting point for assessing structural and optical properties. 

(ii) Clear correlations were established between the synthesis parameters and 
the properties of the material synthesized in powder form. Amorphous silica 
precursors consistently produced materials with a higher phase purity and 
improved UV-B emission properties as compared to the crystalline 
counterparts across molten salt and solid-state synthesis methods. Optimal 
processing temperatures of 1100–1200 °C were identified to yield maximum 
UV-B emission intensity, with enhanced [ZnO4]6- excitation consistently 
correlates with improved emission efficiency. 

(iii) A novel screen-printing method assisted by molten salt was developed as a 
direct synthesis route to obtain Zn2SiO4 in film form, achieving highly 
textured films (Lotgering factor up to 0.94) with peak UV-B emission at 1.5Zn 
composition processed at 1100 °C. 

(iv) For bulk ceramics, spark plasma sintering made it possible to achieve a density 
close to theoretical density (98%) with a threefold increase in emission 
intensity compared to conventional sintering. 

(v) The fundamental nature of deep UV emission in Zn2SiO4 was elucidated 
through a comprehensive spectroscopic analysis. Intrinsic deep UV emission 
was demonstrated for the first time, with characteristic emission energies 
between 4.37–4.45 eV (280–284 nm). The emission originates from host 
excitons interacting with [ZnO4]6- tetrahedral units, supported by the 
identification of three distinct excitation mechanisms: bandgap absorption, 
[SiO4]4- tetrahedral transitions, and [ZnO4]6- cluster excitation. 

(vi) Systematic comparison across different material forms demonstrated unique 
advantages of structural and luminescent properties for specific applications. 
Sol-gel derived powders exhibited the most resolved UV-B emission at room 
temperature, molten salt synthesis produced the superior phase purity and 
controlled morphology, screen-printing assisted by molten salt strategy 
enabled the oriented growth with an enhanced interface quality, and spark 
plasma sintering achieved optimized microstructure in bulk ceramics.  
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These findings establish Zn2SiO4 as a viable rare-earth-free alternative for 
deep UV applications, with each material form offering specific advantages for 
different technological requirements.  
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5 Future Research 
This thesis establishes Zn2SiO4 as a promising rare-earth-free deep UV emitter and 
demonstrates multiple synthesis strategies for producing materials in various forms.  
To advance the practical implementation and deepen the scientific understanding of 
these sustainable deep UV technologies, several research directions merit further 
exploration: 

(i) Defect state characterization through electron paramagnetic resonance (EPR) 
spectroscopy could elucidate the specific contributions of oxygen vacancies 
and other defects to the observed deep UV emission mechanisms, enabling 
precise defect engineering for optimized performance. 

(ii) Quantitative photoluminescence quantum yield determination through 
collaboration with specialized vacuum ultraviolet facilities capable of 207 nm 
excitation would provide absolute emission efficiency measurements across 
different synthesis routes and processing conditions. 

(iii) Transparent ceramic development via optimized consolidation parameters 
and advanced sintering techniques would minimize optical losses through 
light scattering reduction, enabling high-performance bulk optical components 
for deep UV applications. 

(iv) Strategic incorporation of dopants into the proven deep UV-emitting Zn2SiO4 
host could achieve simultaneous deep UV and visible emissions, expanding 
functionality for multifunctional applications. 
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Abstract 

Development of Rare-Earth-Free Zinc Silicate as a Novel Deep 
UV Emitter: Synthesis Strategies and Luminescent Properties 
Deep ultraviolet light sources are essential for sterilization, phototherapy, and 
environmental purification applications. Current technologies rely primarily on  
mercury-based lamps, which pose significant environmental and health risks, or  
rare-earth based-phosphors, which face critical supply chain challenges. This situation 
has created an urgent need for sustainable alternatives that are both mercury-free and 
independent of rare earth elements. While previous research has explored various 
alternative materials, most approaches still depend on either toxic components or critical 
raw materials, limiting their long-term sustainability. 

This thesis investigates undoped zinc silicate (Zn2SiO4) as a novel solution for deep UV 
emission, representing the first comprehensive study of its intrinsic luminescence 
properties and synthesis-structure relationships. The choice of Zn2SiO4 is strategically 
significant due to its composition of abundant, non-critical elements and its wide band 
gap of 5.5-6.2 eV, which theoretically enables deep UV emission.  

Previous studies have focused primarily on Zn2SiO4 as a host for rare earth dopants, 
with only limited investigation of its intrinsic emission capabilities, particularly in the 
deep UV range. 

The research employed a systematic investigation using multiple scalable processing 
methods: conventional solid-state reaction, molten salt synthesis, sol-gel processing, 
screen-printing with molten salt flux for film fabrication, and spark plasma sintering for 
ceramic densification. The influence of precursor type, synthesis temperature, and 
processing route on phase formation and microstructure was elucidated through 
complementary analytical techniques, including X-ray diffraction, Raman spectroscopy, 
and electron microscopy. 

Multi-technique luminescence characterization, employing X-ray-excited optical 
luminescence, cathodoluminescence, and synchrotron-excited photoluminescence at 
both room and cryogenic temperatures, revealed consistent intrinsic UV-B emission in 
the energy range of 4.37–.45 eV (280–284 nm) across all material forms. Detailed 
mechanistic analysis established that this emission originates from host excitons 
interacting with [ZnO4]6- tetrahedral units, demonstrating the intrinsic nature of the 
luminescence without requiring extrinsic dopants. 

Optimization of synthesis conditions, particularly using amorphous silica precursors 
and controlled thermal processing (1100–1200 °C), enabled enhanced phase formation 
kinetics, uniform microstructures, and increased luminescence intensity. The molten 
salt-assisted approach facilitated the formation of highly ordered rod-like Zn2SiO4 
morphologies at significantly reduced temperatures (700 °C), while sol-gel processing 
enabled the most resolved UV-B emission characteristics. Novel screen-printing with 
molten salt flux achieved direct growth of oriented films with exceptional (300) texturing 
(Lotgering factor up to 0.94), with optimal UV-B emission obtained using 1.5Zn 
stoichiometry processed at 1100 °C. Spark plasma sintering produced bulk ceramics with 
near-theoretical density (98%) and threefold enhancement in UV-B emission intensity 
compared to conventional sintering methods. 
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The established correlations between synthesis parameters, structural features, and 
emission properties demonstrate the potential of Zn2SiO4 as a sustainable deep UV 
emitter, free from both rare-earth elements and mercury. These findings not only 
advance the understanding of wide band gap silicate luminescence mechanisms but  
also provide a framework for developing other rare-earth-free optical materials.  
The methodologies developed herein establish a foundation for environmentally 
sustainable UV technologies in sterilization, phototherapy, and environmental 
purification. 
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Lühikokkuvõte 

Haruldaste muldmetallide vaba tsinksilikaadi kui uue süva-UV 
kiirguri arendus: sünteesistrateegiad ja luminestsents 
omadused 
Süvaultraviolettkiirguse allikad on hädavajalikud steriliseerimisega, fototeraapiaga ja 
keskkonnapuhastusega seotud rakendustes. Kaasaegsed tehnoloogiad põhinevad 
peamiselt elavhõbeda baasil lampidel, mis kujutavad endast märkimisväärset ohtu 
keskkonnale ja  tervisele, või haruldaste muldmetallide põhistel luminofooridel, mis 
seisavad silmitsi kriitiliste tarneahelatega seotud probleemidega. See olukord on loonud 
tungiva vajaduse jätkusuutlike alternatiivide järele, mis oleksid nii elavhõbedavabad kui 
ka sõltumatud haruldastest muldmetallidest. Kuigi varasemate uurimuste raames on 
uuritud erinevaid  alternatiivseid materjale, sõltub enamik lähenemisviise endiselt kas 
toksilistest komponentidest või kriitilistest toormaterjalidest, piirates seeläbi pikaajalist 
jätkusuutlikkust. 

Käesolev doktoritöö uurib lisandivaba tsinksilikaat (Zn2SiO4) kui potentsiaalselt uudset 
alternatiivi süva-UV kiirguse tekitamiseks, olles esimene põhjalik uuring selle materjali 
omakiirguslike luminestsentsomaduste ja seoste kohta sünteesimeetodi ning struktuuri 
vahel. Zn2SiO4 valik on strateegiliselt oluline tänu selle koostisele, mis koosneb laia 
levikuga, mitte-kriitilistest elementidest, ning selle laiale keelutsoonile 5.5–6.2 eV, mis 
teoreetiliselt võimaldab süva-UV kiirguse teket. 

Varasemad piiratud uuringud on keskendunud peamiselt erinevate lisanditega 
(haruldaste muldmetallidega) Zn2SiO4 luminestsentsomaduste uurimisele, jättes seega  
omakiirguslikud luminestsentsomadused suuresti tähelepanuta, eriti süva-UV 
piirkonnas.  

Käesolevas uurimistöös kasutati süstemaatilist lähenemist, kasutades selleks mitmeid 
skaleeritavaid töötusmeetodeid: tavapärane tardfaasreaktsioon, sulasoolasüntees,  
sool-geel meetod, siiditrükk sulasoola-baasil räbustiga  kilede valmistamiseks ning  
säde-plasma paagutus keraamika tihendamiseks. Lähteainete tüübi, sünteesimise 
temperatuuri ja töötlemisviisi mõju faasimoodustumisele ja mikrostruktuurile selgitati 
täiendavate analüütiliste meetodite abil, sealhulgas röntgendifraktsioonanalüüs,  
Raman-spektroskoopia ja elektronmikroskoopia. 

Erinevad luminestsentsi karakteriseerimise meetodid nagu röntgen- ja  
katoodluminestsents ning sünkrotronkiirgusega ergastatud fotoluminestsents nii 
toatemperatuuril aga ka krüogeensetel temperatuuridel, kinnitasid UV-B kiirguse 
eksisteerimist kõigis uuritud proovides energiavahemikus 4.37–4.45 eV (280–284 nm). 
Üksikasjalik mehhanistlik analüüs kinnitas, et see kiirgus pärineb põhiaine eksitonide 
interaktsioonist [ZnO4]6- tetraeedriliste kompleksidega, kinnitades sellisel viisil lisandite 
vaba  luminestsentsi omakiirguslikku olemust. 

Sünteesitingimuste optimeerimine, eelkõige amorfse ränidioksiidi ja kontrollitud 
termilise töötlemise (1100–1200 °C) kasutamine, võimaldas parandada faasi 
moodustumise kineetikat, mikrostruktuuri ning suurendada luminestsentsi intensiivsust. 
Sulasoola meetodi rakendamine viis kõrge korrapärasusega niitjate Zn2SiO4 niitkristallide 
moodustumiseni märkimisväärselt vähendatud temperatuuridel (700 °C). Samal ajal  
sool-geel töötlusmeetodi rakendamine  võimaldas saavutada kõrge eristatavusega  UV-B 
emissioonikarakteristikuid. Uudne siiditrüki meetod  sulasoola baasil räbustit kasutades 
võimaldas saavutada erakordse (300) tekstuuriga orienteeritud kilesid (Lotgeringi tegur  
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kuni 0.94), kusjuures optimaalse UV-B kiirguse saamiseks kasutati 1.5Zn stöhhiomeetriat  
töötlemistemperatuuri 1100 °C rakendades. Säde-plasma paagutus võimaldas saada 
peaaegu teoreetilise tihedusega (98%) keraamilise materjali saavutades, võrreldes 
tavapäraste paagutusmeetoditega, kolm korda intensiivsema UV-B kiirguse. 

Kindlaks tehtud seosed sünteesiparameetrite, struktuursete omaduste ja 
kiirgusomaduste vahel näitavad Zn2SiO4 potentsiaali jätkusuutliku süva-UV kiirgurina, mis 
on nii haruldastest muldmetallidest kui ka elavhõbedast vaba. Need tulemused mitte 
ainult ei paranda arusaama laia keelutsooniga silikaatide luminestsentsi mehhanismidest, 
vaid loovad samuti raamistiku ka teiste haruldaste muldmetallide vabade optiliste 
materjalide arendamiseks. Käesoleva töö raames välja töötatud metoodikad loovad aluse 
keskkonnasäästlike UV-tehnoloogiatele arendamiseks steriliseerimise, fototeraapia ja 
keskkonnapuhastuse rakendustes.
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Appendix 

Publication I 
Necib, J., Hussainova, I., & Rojas-Hernandez, R.E. (2025). Effect of silica precursor on the 
synthesis of Zn2SiO4-based material. Proceedings of the Estonian Academy of Sciences, 
74(2), 217–221. https://doi.org/10.3176/proc.2025.2.24. 
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(2025). Investigation of deep UV emission of rare-earth-free Zn2SiO4 micropowders: the 
correlation of structural and luminescence properties. Journal of Luminescence, 280, 
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