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 Yttrium aluminum garnet (YAG: RE) rare-earth-doped phosphors have great 

photoluminescence (PL) characteristics and are commonly used in light-

emitting rectifying tubes. The RE elements used in these phosphors, 

however, are precious and in shortage. The production of phosphorus 

containing a limited amount of RE content is therefore essential. One 

solution is to manufacture Nano composite phosphors that use an 

inexpensive and more easily available content as a matrix for RE oxide. In 

this research, we developed a YAG: Ce/SiO2 Nano composite using a sol-gel 

procedure; in order to impulse micelle formation and agglomeration, poly 

(ethylene glycol) and urea have been added, respectively. X-ray diffraction, 

scanning and transmission electron microscopy (TEM) and energy-dispersive 

X-ray spectroscopy were used to characterize the Nano composites. In 

proposing an explanation for this enhancement, we defined the concentration 

of SiO2 that produced optimum PL enhancement and used geometric models 

as well as the characterization consequences. Our results demonstrated that a 

10% SiO2 concentration produced a 120% PL intensity of pure YAG:Ce. 

TEM analysis revealed that SiO2 nanoparticles filled the voids between the 

YAG:Ce crystals' single grain borders, hence inhibiting light scattering, 

resulting in increased PL. This procedure would be beneficial for the 

synthesis of low-RE and high-PL phosphors on a wide scale. 
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1. INTRODUCTION 

As one of the most significant phosphors for white-light-emitting rectifying tubes are rare-earth 

(RE)-doped yttrium aluminum garnets (YAG: RE) [1]-[3]. RE ions such as Ce and Tb are necessary as 

doping materials for the preparation of YAG: RE phosphors with strong luminescence particularities. There 

are, however, a variety of issues with the materials being used, such as the supply of RE materials being 

impacted by the increasing costs and the export limitations enforced by producing countries. Therefore, it is 

imperative to create alternative phosphors such as novel phosphors, i.e. RE-free phosphors, 7-10 or 

nanostructured phosphors (Nano composite phosphors) created to conserve resources by combining RE 

oxides with affordable materials 11 and 12. SiO2 nanoparticles are ideal candidates for the RE oxides host 

matrix towards Nano composite phosphorous materials, since SiO2 is inexpensive and clear in the visible-
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light area and has virtually no effect on the strength of photoluminescence (PL) [4]-[6]. In addition, as a 

result of the trapping of oxide particles on SiO2 nanoparticles, PL spectra can be preserved without peak 

changing. Using a spray-pyrolysis method, Wang et al. produced a Gd2O3: Eu phosphor comprising SiO2 

nanoparticles. As a result of improved crystallization, this Nano composite phosphor has high luminescence 

efficiency [7]-[9]. Via a spray-drying process, Mikrajuddin documented the synthesis of stable photo 

luminescent ZnO colloids in a SiO2 nanoparticle matrix. While SiO2 can theoretically improve the 

performance of phosphorus, the application of SiO2 nanoparticles to improve the performance of YAG: Ce 

phosphors have not yet been reported to the best of our knowledge. The first fabrication of YAG: Ce/SiO2 

Nano composite phosphors are reported in this article. The current synthesis was carried out using a modified 

sol-gel process with additives (a polymer and urea) in comparison to other documented approaches for the 

synthesis of phosphorous materials requiring specific and complex processes; this method is promising for 

industrial applications (i.e. direct synthesis and large-scale production). Poly (ethylene glycol) (PEG) induces 

the forming of micelles in this process, and urea facilitates agglomeration during particle formation [10], 

[11]. Subsequently, on a huge scale, a YAG: Ce phosphor with a spherical morphology can be directly 

generated. A thorough investigation was carried out in this research to determine the appropriate amount of 

SiO2 nanoparticles needed to achieve the full intensity of PL, and the intensity of PL was compared with that 

of pure phosphorus YAG. Relied on theoretical considerations, a mechanism for the creation of phosphor 

particles and light refraction is also proposed. 

 

 

2. EXPERIMENT  

2.1.  Preparation of SiO2-embedded structure 

To investigate the effect of SiO2 nanocomposite on the photoluminescence of YAG:Ce in the LED 

package, the comparison between our proposed SiO2-embedded LED configuration and a traditional LED 

structure (without SiO2) was conducted. Figure 1 provides the physical model of the simulated WLED. The 

preparation of SiO2-embedded WLED structure can be detailed as follows: First, it is necessary to grow an 

unintentionally doped GaN layer on the original patterned sapphire substrate of the LED. Then, the metal 

organic chemical vapor deposition (MOCVD) was applied to conventionally develop a GaN layer without 

doping SiO2 nanoparticles (u-GaN) on the c-plane PSS. It is noted that this u-GaN layer has a thickness of 3 

µm. An interlayer with a thickness of 100 nm using SiO2 NPs was placed on the u-GaN using plasma-

enhanced chemical vapor deposition to create nano-pillars in the GaN film. Before creating the SiO2 

nanopillars into the u-GaN, an etch mask of Ni dot should be prepared by depositing a Ni layer on SiO2 layer 

by e-beam evaporation and subsequently 1-minute rapid thermal annealing the combination of Ni, SiO2 and 

GaN with N2 flows at 850oC. After that, the etching method of inductively coupled plasma was used to etch 

down the SiO2 layer into the GaN by 1.5 m with O2, CF4 and Cl2 gases, respectively [12]-[15]. Then after, 

buffered oxide etchants eliminated the remaining Ni nano-dots on SiO2 nano-pillars. As a consequence, a 

GaN prototype was prepared with Nano-pillars arranged vertically. The SiO2 nanoparticles, which have 

colloidal diameter of 100 nm, were subsequently filled in the air-void among the pillars on GaN using  

5000-rpm spin-coating for 30s. Then, another GaN layer was firmly regrown on these SiO2 pillars, followed 

by developing 3-µm thick n-GaN sheet doping silicon. In sequence, a multiquantum-well (MQW) area and a 

sheet of Mg-doped p-GaN whose thickness is 200 nm were grown [16]-[18]. Here, the Mg-doped p-GaN 

layer plays a role as a top contact layer of the structure. Also, the traditional u-GaN grown on PSS without 

using SiO2 nanocomposite was fabricated for reference and comparison. 

 

 

  
(a) (b) 

 

Figure 1. The physical model of the simulated WLED; (a) photograph of WLEDs sample, (b) the simulated 

WLEDs model 
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A field emission scanning electron microscopy (FE-SEM) was used to achieve the cross-section 

images of the SiO2 NP LED. The measurements of photoluminescence were carried out at the room 

temperature, with the excitation source of a 25 mW He-Cd laser at 325 nm line. Indium contact on-wafer 

testing was applied to determine the properties of current-voltage (I-V) and optical output (L-I). The attained 

results of the SiO2 nano-pillar embedded structure were compared with those from the reference model, given 

that these structures were produced under the same growth conditions. In addition to that, the experimental 

findings were put into comparison with the results from simulation for a more in-depth analysis. Since the 

configuration of this experiment and PSS was designed to increase the performance of light extraction for 

different LED structural designs, the plan is to learn how to achieve better enhancement in the efficiency of 

the simulation, ensuring that geometric variations are consistent and complementary to each other even 

though the functions are overlapping.  

 

2.2.  Scattering computation 

According to Mie-scattering theory [19]-[25], the scattering coefficient μsca(λ), anisotropy factor 

g(λ), and reduced scattering coefficient δsca(λ) can be computed by the expressions (1), (2), and (3): 

 

𝜇𝑠𝑐𝑎(𝜆) = ∫ 𝑁(𝑟) 𝐶𝑠𝑐𝑎(𝜆, 𝑟)𝑑𝑟 (1) 

 

 𝑔(𝜆) = 2𝜋 ∫ ∫ 𝑝(𝜃, 𝜆, 𝑟)
1

−1
𝑓(𝑟)𝑐𝑜𝑠𝜃𝑑 𝑐𝑜𝑠𝜃𝑑𝑟 (2) 

 

𝛿𝑠𝑐𝑎 = 𝜇𝑠𝑐𝑎(1 − 𝑔) (3) 

 

where N(r) indicates the distribution density of diffusional particles (mm3), 𝐶𝑠𝑐𝑎 is the scattering cross 

sections (mm2), p(θ,λ,r) is the phase function, λ is the light wavelength (nm), r is radius of diffusional 

particles (µm), θ is the scattering angle (°C), and f(r) is the size distribution function of the diffusor in the 

phosphorous layer, which can be calculated as (4), (5): 

 

 𝑓(𝑟) = 𝑓𝑑𝑖𝑓(𝑟) + 𝑓𝑝ℎ𝑜𝑠(𝑟) (4) 

 

𝑁(𝑟) = 𝑁𝑑𝑖𝑓(𝑟) + 𝑁𝑝ℎ𝑜𝑠(𝑟)  

 = 𝐾𝑁 . [𝑓𝑑𝑖𝑓(𝑟) + 𝑓𝑝ℎ𝑜𝑠(𝑟)] 
(5) 

 

N(r) consists of Ndif(r) and Nphos(r), which are densities of the diffusive particles and the phosphor particles, 

respectively. fdif(r) and fphos(r) indicate the size distribution function data of the diffusive and phosphor 

particles, in turn. KN means the number of the diffusor unit for one diffusor concentration which can be 

expressed by (6): 

 

 𝑐 = 𝐾𝑁 ∫ 𝑀(𝑟)𝑑𝑟 (6) 

 

where M(r) is the mass distribution of the diffusive unit, proposed by (7): 

 

𝑀(𝑟)
4

3
𝜋𝑟3[𝜌𝑑𝑖𝑓𝑓𝑑𝑖𝑓(𝑟) + 𝜌𝑝ℎ𝑜𝑠𝑓𝑝ℎ𝑜𝑠(𝑟)] (7) 

 

where ρdiff(r) expresses the diffusor’s density while ρphos(r) shows the phosphor crystal’s density.  

As demonstrated in Mie-scattering theory, the calculation of Csca can be performed as (8): 

 

𝐶𝑠𝑐𝑎 =
2𝜋

𝑘2
∑ (2𝑛 − 1)(|𝛼𝑛|2 + |𝑏𝑛|2)∞

0  (8) 

 

where k = 2π/λ, with an and bn are computed by (9), (10): 

 

𝛼𝑛(𝑥, 𝑚) =
�́�𝑛(𝑚𝑥)𝜓𝑛(𝑥)−𝑚𝜓𝑛(𝑚𝑥)�́�𝑛(𝑥)

�́�𝑛(𝑚𝑥)𝜉𝑛(𝑥)−𝑚𝜓𝑛(𝑚𝑥)�́�𝑛(𝑥)
 (9) 

 

𝑏𝑛(𝑥, 𝑚) =
𝑚𝜓́ 𝑛(𝑚𝑥)𝜓𝑛(𝑥)−𝜓𝑛(𝑚𝑥)�́�𝑛(𝑥)

𝑚𝜓́ 𝑛(𝑚𝑥)𝜉𝑛(𝑥)−𝜓𝑛(𝑚𝑥)�́�𝑛(𝑥)
 (10) 

 

where 𝑥 = 𝑘. 𝑟, 𝑚 indicates the index of refraction, while 𝜓𝑛(𝑥) and 𝜉𝑛(𝑥) demonstrate the Riccati-Bessel function.  



                 ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 11, No. 6, December 2021 :  4833 - 4839 

4836 

Therefore, the relative refractive indices of diffusive grains (mdif) and phosphor crystals (mphos) 

included in the silicone are computed via the following expression: 𝑚𝑑𝑖𝑓 = 𝑛𝑑𝑖𝑓 𝑛𝑠𝑖𝑙⁄  and 𝑚𝑝ℎ𝑜𝑠 =

𝑛𝑝ℎ𝑜𝑠 𝑛𝑠𝑖𝑙⁄ . Then the phase function can be expressed as (11): 

 

𝑝(𝜃, 𝜆, 𝑟) =
4𝜋𝛽(𝜃,𝜆,𝑟)

𝑘2𝐶𝑠𝑐𝑎(𝜆,𝑟)
 (11) 

 

where 𝛽(𝜃, 𝜆, 𝑟), 𝑆1(𝜃) and 𝑆2(𝜃) are the angular scattering amplitudes calculated by (12): 

 

 𝛽(𝜃, 𝜆, 𝑟) =
1

2
[|𝑆1(𝜃)|2 + |𝑆2(𝜃)|2] (12) 

 

𝑆1 = ∑
2𝑛+1

𝑛(𝑛+1)
[

𝛼𝑛(𝑥, 𝑚)𝜏𝑛(𝑐𝑜𝑠𝜃)

+𝑏𝑛(𝑥, 𝑚)𝜏𝑛(𝑐𝑜𝑠𝜃)
]∞

𝑛=1  (13) 

 

𝑆2 = ∑
2𝑛+1

𝑛(𝑛+1)
[

𝛼𝑛(𝑥, 𝑚)𝜏𝑛(𝑐𝑜𝑠𝜃)

+𝑏𝑛(𝑥, 𝑚)𝜏𝑛(𝑐𝑜𝑠𝜃)
]∞

𝑛=1  (14) 

 

To encapsulate the hydrophobic CdSe-ZnS core-shell QDs with SiO2, we have established a simple 

two-step processing path. With this method, Silica-Nano composites containing multiple QDs at incredibly 

high concentrations have been produced. As a first stage, the spay-drying method was utilized for assembled-

QDs preparation. The spray-drying method has also been used to the colloidal nanoparticles' evaporation-

assisted self-assembly. During the operation of spray-drying, solvent evaporation causes shrinkage of 

droplets comprising nanoparticles which are then assembled inside droplets due to capillary force. The 

aerosol spray method, in particular, significantly enhances solvent evaporation and limits the self-assembly 

of nanoparticles within the droplet. In reality, different nanoparticles were self-assembled using the aerosol-

based spray process to form mesosphere. In this analysis, toluene-dispersed QDs were sprayed ultrasonically 

at 250 uC for solvent evaporation and hydrophobic QD assembly. The aggregates with high porosity and 

complex shapes were shaped by the sprayed QDs, and eventually being distributed into hydrophilic ethanol. 

After being heated at 250 uC for a few seconds, the QDs still retained the surface's hydrophobic quality and 

could be readily dispersed in toluene. The subsequent adding solution of TEOS and aqueous ammonia 

resulted in the formation of SiO2 thin films around spray-dispersed QD aggregates. It is demonstrated that a 

hydrolytic reaction of TEOS and ammonia attributes to the direct formation 15-nm thick SiO2 layers on the 

QDs after a reaction time of 2 hours. 

As can be seen in Figure 2, continued response expanded the amount of QD-silica Nano composite 

particles up to a few micrometers. The temporal evolution of photon emission spectra throughout the growing 

process of silica nano particles could be seen in Figure 3. Only after the incorporation of TEOS/NH4OH, the 

QD-silica nano-composite emission intensity was strongly minimized. Some groups have reported that after 

the formation of QD-silica Nano composite particles, the emission intensity of QDs decreased considerably. 

The depletion of photoluminescence intensity after the formation of silica layer on the QDs’ surface has 

generally been viewed as the creation of the non-radiative recombination channel. In the synthesis of the QD-

SiO2 nano composite particles, the ligand exchange of silane primer or hydrolyzed TEOS occurred and 

increase the surface defects, and the non-radiative recombination channel was consequently formed. In 

general, this partially-hydrolyzed-TEOS rapid ligand exchange caused the TEOS distributed on the surface of 

QDs to be in a disordered arrangement. Additionally, OH2 ions can remove the organic ligands on the surface 

of QDs in aqueous ammonia solution for the TEOS condensation, probably via the creation of hydroxide 

complexes along with the incomplete surface passivation. Thus, for high photoluminescence pressure, it is 

advisable to avoid the aqueous ammonia solution’s direct reaction. However, since we used an aqueous 

ammonia solution for the TEOS hydrolysis, as stated by several studies, a gradual decline in emission 

intensity seems unavoidable. 

Several paths, such as initial salinization, and the formation of several shells on QDs, were proposed 

in an attempt to reduce the photoluminescence-intensity degradation of QDs during the process of forming 

SiO2 shell, see Figure 4. The original salinization technique, in specific, has been shown to be successful in 

maintaining the quantum yield of the original QDs after being encapsulated with SiO2 Nano composite. 

Hence, we decided to implement an initial salinization technique in this analysis to reduce the substantial 

decrease in the intensity of photoluminescence after the creation of SiO2 layers. In a spray-dispersed QD 

mixture, 3-aminopropyl-triethoxysilane (APS) was added and reacted for 10 minutes to salinize the QDs 

under stirring. To thicken the SiO2 layers, the TEOS and aqueous ammonia solution were added in sequence. 

Here, after APS addition, the photon emission intensity of the spray-dispersed QD solution was maintained, 

as shown in Figure 5. And after the addition of TEOS/NH4OH, the rate of PL displayed only a small 
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reduction until the reaction time was 1 h. Photoluminescence was weakened by 15-20% as the reaction 

proceeded further. This result, in fact, is much smaller in comparison with that of the APS-free synthesis. 

After TEOS/NH4OH addition, the decrease in PL intensity probably suggests inadequate passivation of the 

QD surface by APS. 

 

 

  
  

Figure 2. Scattering coefficients of SiO2 particles at 

450 nm and 550 nm 

Figure 3. The phase function of SiO2 particles at 450 

nm and 550 nm 

 

 

  
  

Figure 4. The reduced scattering coefficient of SiO2 

particles at different sizes and wavelength at;  

(a) 450 nm and (b) 550 nm 

Figure 5. The scattering cross section of SiO2 particles 

at different sizes and wavelength at; (a) 450 nm and 

(b) 550 nm 

 

 

3. RESULTS AND DISCUSSION 

The luminescence changes in connection with different SiO2 doped contents in the white LEDs 

packaging structure estimated at 120 mA are shown in Figure 6. Similar forward voltages of all testing 

instruments are about 3.05 V at 20 mA. Since there are no used antireflection coatings being found in the 

current paths, there is no effect on the associated electrical properties. Although an anti-reflection covering 

could be used to widen the critical angle, the reduction in Fresnel reflection was possible to achieve [19]. 

Moreover, the scattering effect may also be enhanced as the surface of the hybrid SiO2 

microsphere/nanosphere was roughened due to antireflection coating. So, it is possible to further enhance the 

luminous efficiency of the LED packages. As can be seen from Figure 6, the concentration of used SiO2 

affects the luminous flux of the packages, in which the higher concentration of SiO2 the better the luminous 

efficiency. To understand more the luminous property of the SiO2-doped packages, we utilized the 

transmission-absorption and haze anlysises to characterize the effects of SiO2-phosphor-silicone combination 

for further study. It was pointed out that the enhnacement in the absorption percentage of the SiO2-intergarted 

configuration was about 10% (from 32% to 42% approximtely) at 460 nm wavelength, compared to that of 

the undoped SiO2 structure. This improvement led to the increase in yellow-light portion in the SiO2-

embbeded packages, thus increasing the lumen output. In this analysis, the effective index would change with 

the different SiO2 nanoparticle concentrations after doping the SiO2 nanoparticle in the phosphorus sheet. In 

comparison, the silicone, phosphorus and SiO2 nanoparticle refractive indices (RI) are 1.4, 1.8 and 2.23. The 

RI of the SiO2 nanoparticle phosphorous layer is then determined by:  
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RI = V1RI1 + V2RI2 + V3RI3 

 

In which, V1, V2 and V3 indicate the concentrations of each materials, including the silicone, the 

phosphor and SiO2 nano particle. It is noted that these concentration values are calculated in the weight ratio 

of the materials. The ratio of SiO2 concentration to phosphor concentration in the package was 1% wt. and 

3% wt. Consequently, the phosphor layer RIs is 1.428 and 1.445 in each layer. A TFCalc32 simulation was 

used to address the effect of the various refractive index layers. The light extraction value of the SiO2-

nanoparticle dispersed structure is quite close to that of the traditional one, without SiO2 particle, because of 

the almost equal refractive index. Therefore, the enhancement of SiO2 nanoparticle dispensing structure 

lumen flux could be credited solely to the SiO2 nanoparticle's dispersing impact. Hence, the scattering effect 

of SiO2 particles should be analyzed, and a simulation based on the Mie-scattering theory was conducted for 

that purpose. In this experimental model, we did not use the yellow phosphor particles, just only the SiO2 

nanoparticles were presented in the packages. This is to reduce the complexity of the structure and the 

fabrication process. At a wavelength of 460 nm, the refractive index of the SiO2 with silicone was determined 

at 2.23. The SiO2 particle size was roughly 300 nm and the doped concentration of SiO2 were about 1% and 

3% wt., respectively. Before exceeding 500 nm, the haze amplitude of the virtual system structure with a 

lower SiO2 dopant content was almost 100 percent and decreased steadily when the wavelength surpassed the 

mark of 500 nm. We also observed a similarity of the scattering effect of SiO2 between the experimental 

results and the simulated results. The haze intensity for doping with a higher SiO2 content was about the 

same as for wavelengths ranging from 300 to 700 nm. 

The agular correlated color temperature (CCT) deviations of LED packages containing various 

quantities of SiO2 nanoparticles were analyzed, and the results were presented in Figure 7. As the instruments 

were doped with SiO2 nanoparticles, the consistency of the angle-dependent CCTs was markedly improved. 

This observation reveals that the increase of the dopant's SiO2 nanoparticle concentration created a greater 

scattering impact. The consistency of CCTs in general is indentified as follows: The greatest CCT minus the 

lowest CCT. The reference CCT was placed at a high level (approximately 5319 K) without doping with 

SiO2 nanoparticles, and a higher CCT indicated a higher blue light extraction, which induced a higher CCT 

variance. The CCT differential found at 00 and 700 was effectively removed when the instruments were 

doped with SiO2 nanoparticles. There was a clear impact of SiO2 doping on phosphorus and silicone on the 

output of the packed unit.  

 

 

  
 

Figure 6. Luminous fluxes of SiO2 particles with 

different concentrations 

 

Figure 7. CCT deviations of SiO2 particles with 

different concentrations 

 

 

4. CONCLUSION 

In this analysis, by inserting SiO2 nanoparticles into the precursor solution, the improvement of the 

PL intensity of a YAG:Ce phosphor was accomplished. The inclusion of SiO2 nanoparticles decreased the 

use of costly materials such as Y and Ce, and the composite phosphorus' PL efficiency was higher than that 

of the pure phosphorus YAG:Ce. The maximum PL intensity at 530 nm was raised to 120% that of a pure 

YAG:Ce sample by raising the volume of SiO2. TEM analysis of the YAG:Ce/SiO2 sample cross-section 

revealed that SiO2 filled the voids in the phosphorus sample and blocked the absorption of light at the YAG 

and SiO2 interface. We believe that this approach would start to open new and exciting strategies for the 

synthesis of novel phosphors using lower quantities of costly materials, especially RE materials such as Ce 

and Y. We also assume that integrating nanoparticle technology with the synthesis of materials would allow 

RE materials to be used more effectively. 
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