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    Photoluminescence (PL) materials have attracted a lot of attention in last several 

decades. Recently PL materials, which can convert low-efficiency Ultraviolet (UV) or 

Infrared (IR) light to high-efficiency visible light, have been widely applied in the 

research of improving conversion efficiency of solar cell. As one of the most common 

PL materials, YVO4:Eu3+ Down-shifting (DS) Nanoparticles (NPs) are well 

researched for improving conversion efficiency of solar cell by prior researchers. 

However, the transmittance lose due to high reflectance of YVO4:Eu3+ NPs is always 

the biggest challenge. In this thesis, antireflective materials, hollow silica NPs, are 

coated with YVO4:Eu3+ NPs for the first time to decrease the reflectance of the 

YVO4:Eu3+ NPs. Two different morphologies of YVO4:Eu3+ NPs and four DS and/or 

AR coating modules are compared respectively in this research. In addition, the DS 

and AR NPs co-coating can improve the solar cell efficiency of Si-based solar cell by 

6.54 than the efficiency of Si-based solar cell without DS and AR NPs co-coating. 
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1. Introduction 

 

1.1 Introduction of solar cell 

 

Nowadays, people are realizing the importance of clean and renewable sources of 

energy more and more than before. Solar energy, including photovoltaics (PV), is one 

of the most remarkable and potential green energy. Photovoltaics, as one of the most 

popular application of solar energy, is the phenomenon that convert light into electricity 

by semiconducting materials. Improving the efficiency is one of the greatest challenge 

of PV industry and key for its success. However, there are two serious problems with 

PV: instability and low efficiency. According to the solar cell efficiency chart of NREL, 

the best efficiency of Si-based solar cell is 27.6%, which means most of energy of solar 

light fails to generate electrical energy. The low efficiency of solar cell is mainly 

because three reasons: energy loss as thermal energy, low efficiency of infrared light 

and UV light, and reflection of top glass. Usually, the solar cells are covered by a glass 

protective layer in the well packed solar panel because the solar cells can be easily 

destroyed by outside force. But this glass protective layer will reflect 8.5% of visible 

light and more than 99% of UV light will be reflected and absorbed by glass substrate. 

This means that almost all the UV light and 8.5% of visible light cannot transmit the 

glass protective layer. 
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Normally, the efficiency of a solar cell is indicated by quantum efficiency (QE), 

the ratio of inserted photons converted to electrons. For solar cell, two types of QE are 

often considered: External Quantum Efficiency (EQE) and Internal Quantum 

Efficiency (IQE). External Quantum Efficiency (EQE) is the ratio of the number of 

charge carriers collected by the solar cell to the number of photons of a given energy 

shining on the solar cell from the outside (incident photons) (Equ. 1.1). Comparing with 

EQE, IQE does not consider the transmitted and reflected photons, but the absorbed 

photons. Therefore, IQE is the ratio of the number of collected electrons by the solar 

cell to the number of photons absorbed by the solar cell (Equ. 1.2). In this research, the 

converting efficiencies of solar cell are all indicated by the EQE.  

 

     EQE =  
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑃ℎ𝑜𝑡𝑜𝑛𝑠
                    (1.1) 

 
     IQE =  

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑃ℎ𝑜𝑡𝑜𝑛𝑠
=  

𝐸𝑄𝐸

1−𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛−𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛
        (1.2) 

 

Comparing with the wideband solar spectrum, the spectral responses of all 

developed solar cells are relatively limited. For example, the EQEs of Si wafer-based 

solar cells (c-Si, MC-Si, and Si ribbon), which occupied the absolute majority of PV 

market share, drop to almost zero for 𝛌<400nm and 𝛌>1000nm due to the high 

reflectance and absorption by the cover glass, encapsulation material (EVA), and anti-

reflective coating (ARC) [1]; both CdTe and CIS based thin film devices also show the 
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sharp cut-off of spectral response, due to the absorption in buffer layer materials (CdS 

or other), for 𝛌<515 nm and 𝛌>900 nm [2]. While DSSCs not only represent low 

spectral response in the UV and infrared light region, but also need to block ultraviolet 

(UV) light for forbidding the photo-oxidation of dyes under UV illumination [3]. Figure 

1 represented the spectral response for the different solar cells as mentioned above. 

Recently converting the incident UV light and infrared (IR) light of solar cells to visible 

light by Photoluminence (PL) materials was become a new approach to improve the 

QE of solar cells. 

 

 
Figure 1. The external quantum efficiency of the different types of photovoltaic solar 
cells considered, as measured under the global AM1.5 spectrum (1000 W/m2) at 25 °C 

(IEC 60904-3: 2008, ASTM G-173-03 global). Referred from [13] 

 

1.2 Introduction of Photoluminescence (PL) 
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1.2.1 Basic concept of PL 

    Luminescence generally is the emission of light from the materials except for hot 

bodies, which emit incandescence due to their high temperature [5]. The phenomenon 

of luminescence is sort of process of losing energy. Therefore, for the continuous 

luminescence, the luminescence materials have to absorb energy from the external 

environment [4]. Luminescence can be classified by the different energy sources. 

Photoluminescence is the luminescence after absorbing infra-red, visible, or ultraviolet 

(UV) light.  

At room temperature most molecules are in the lowest vibrational level of the 

ground electronic state [4]. After absorption of light, the energies of incident photons 

can be transferred to these molecules and excite the electrons of these molecules from 

grand state to excited state. But because of the excited status is unstable, the excited 

molecules always reverted back to the ground electronic state by various processes 

including the emission of luminescence [4]. This is the microscopic mechanism of 

photoluminescence. The phenomenon of nonlinear anti-Stokes optical process than 

converts the long-wavelength incident photons to shorter wavelength emitted photons 

which is defined as up-conversion [11]. In contrast, the term down-conversion describes 

the light conversion from short wavelength UV light to visible light or infra-red light. 

In this thesis, we will only focus on down conversion approaches for PV application. 

In most of modern researches, photoluminescence is also divided into fluorescence and 

phosphorescence base on the different decay time (τ). Fluorescence has very short 

decay time, which is normally less than 10 ms, while, the decay time of 
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phosphorescence can be even larger than 0.1 s [10], which is much longer than 

fluorescence. 

 

 

Figure 2. Simplified Perrin-Jablonski diagram. S0: ground electronic state of 
Potoluminence materials. S1 and T1: Excited electronic states of Potoluminence 
materials.  
 

 

 

1.2.2 PL Materials 

The substance that exhibits the phenomenon of photoluminescence, which covers 

both phosphorescence and fluorescence, is named phosphors, or luminescence 

materials [6]. Most of phosphors are inorganic solids, which are doped in a host 

crystalline structure. Usually, the host materials of phosphors play a role of sensitizer, 
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which transfer its excitation energy to the activator. However, the role of activator, 

which is hard to absorb available excitation energy effectively, is generally played by 

phosphors [7]. Therefore, the wavelength of emission light is all based on the phosphors 

(activator). The sensitizer cannot influence the emission light color or wavelength. 

Lanthanide elements, the family of 15 chemically similar elements from lanthanum (La) 

to lutetium (Lu), are the most common luminescence materials [7].  

 

 

 
Figure 3. The classification of PL by working mechanism: Down-shifting, Quantum-
cutting, and Upconversion. Referenced from [7]. 
 
 

There are two important requirements for choosing the host materials of 

luminescence materials: similar lattice with dopant phosphors and low photon energies. 

The similar lattice with dopant phosphors can help the host materials matching with the 

dopant materials. Photon energies powerfully influence the nonradiative energy 

transitions, because of the higher photon energy cause the more energy relaxation from 

higher energy level to lowest excited energy level.  

Based on the equation of exponential energy gap law [9], the nonradiative 
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relaxation rate (Κnr) can be estimated:  

             Κnr = βe1 exp(α(2ħωmax - ΔE))            (1.3) 

 

Where α and βe1 are constant of host materials, ħωmax is the maximum photon energy, 

and ΔE is the electronic energy gap between the energy levels considered. This 

equation illustrates the higher maximum photon energy causes the more 

nonradiative relaxation.  

 

1.2.3 Energy transfer (ET) 

 

There are four kinds of energy transfer process in PL (Fig. 4): (1) resonant 

radiative transfer between a sensitizer and an activator; (2) nonradiative transfer 

associated with resonance between a sensitizer and an activator; (3) multiphoton 

assisted ET; and (4) cross relaxation between two identical ions [7].  

 

 
Figure 4. A schematic diagram of four different ET processes between sensitizer and 
activator in PL: (a) resonant radiative transfer through emission of a sensitizer and re-
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absorption by an activator; (b) nonradiative transfer associated with resonance between 
a sensitizer and an activator; (c) multiphonon assisted ET; and (d) cross relaxation 
between two identical ions. S denotes sensitizer and A denotes activator. Reproduced 
from reference [7]. 
 
 

Cross-relaxation (also sometimes called self-quenching) occurs between 

two identical molecules (ions), when the first molecule (or ion) initially in an excited 

state, exchanges energy with a second molecule (ion) that is initially in its ground 

state, resulting in both molecules (ions) simultaneously changing to excited states that 

are intermediate in energy between the two initial states. The drop in energy for the 

first molecule (ion) is equal to the increase in energy for the second molecule (ion), 

thereby conserving energy in the cross-relaxation. In a common example of cross-

relaxation, the intermediate states for the two molecules (ions) have the same energy 

and are energetically halfway between the initial excited state of the first molecule 

(ion) and the ground state of the second molecule (ion). 

 

1.2.4 Quantum Yield of PL 

To measure the conversion efficiency of PL materials, the concept of Quantum 

yield (QY) has to be introduced. Quantum yield is defined as the fraction of the 

absorbed photons converting into the emitted photons [8]. 

 

              Q𝑌 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
               (1.4) 
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However, for solar cell, the emitted photons that can be used are the photons emitted 

toward the side of solar cell. While, the photons emitted to the other side of the solar 

cell are hard to reach the surface solar cell and cause the photoelectric 

effect.  Therefore, for the solar cell, the conversion efficiency of glass cover (η𝑔𝑙𝑎𝑠𝑠) 

is the efficiency of photons, which finally go through the glass substrate and are 

absorbed by the solar cell. The photons passed the glass substrate cover the transmitted 

photons and the effective emitted photons which are emitted toward the direction of 

solar cell. 

 

η𝑔𝑙𝑎𝑠𝑠 =  
𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 + 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑜𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
 

     =  
𝑎𝑙𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑝𝑎𝑠𝑠 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑜𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
                      (1.5) 

 

 

 

1.3 Introduction of Antireflective (AR) coating 

 

The light reflection loss of the top glass cover of the solar panel causes 

conversation efficiency reduction poses a major bottleneck. Hence, anti-reflective 

coating on the glass cover plays an important role in improving solar panels. 

Reflection is born during the light transition at the interface between two different 

mediums (glass, water, air, etc.) due to the different refractive index (n) for each 
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medium. In optics, the refractive index (n) is defined as the ratio of light speed in 

current medium (c) with respect to that in vacuum (v) [14]. 

                          𝑛 =
𝑐

𝑣
                       (1.6) 

Fresnel condition already offered the basic preliminary mathematical model of 

reflection and refraction [15]. At normal incidence, the reflectance is given by: 

R = (
𝑛𝑎𝑖𝑟𝑛𝑠−𝑛2

𝑛𝑎𝑖𝑟𝑛𝑠+𝑛2
)2                      (1.7) 

nair: Refractive index of air  

ns: Refractive index of substrate  

n: Refractive index of coating / thin film on the top of substrate 

Based on equation (1.7), to achieve zero reflectance (R=0), refractive index of thin 

film (n) should be equal to (√𝑛𝑎𝑖𝑟𝑛𝑠). The refractive index of soda lime glass 

substrate and air are reported by 1.5 and 1.0 respectively. Therefore, the refractive 

index of perfect thin film to achieve zero reflectance is 1.23. There are three 

approaches to achieve the low reflectance:   

(1) Inhomogeneous/graded refractive index (GRIN) layer 

(2) Interference-type multiple layers stack 

(3) Anti-reflective subwavelength structures 
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1.3.1 Inhomogeneous/graded refractive index (GRIN) layer 

GRIN layers have long been used for optical coatings. They achieve low 

reflectance only by the smooth reduction of their refractive index from substrate to air 

[16]. The basic idea of GRIN is reported by Lord Rayleigh in 1880 on problem of 

gradual reflection reduces when density changes in variable medium [15]. 

 
Figure 5. Incident light interacts with different surface microstructures. (a) The 
incident light is reflected by large dimension (d>>λ) structure. (b) The incident light 

get trapped by gradient RI structure (d<<λ). (c) The incident light get trapped by 

grooved surface structure (d<<λ). Referenced from [15]. 
 

1.3.2 Interference-type multiple layers stack 

    The reflectance is reduced by multi-layer anti-reflective coating (ARC) due to 

the phenomenon of thin film interference with the light waves reflected by the upper 

and lower surface of each layer of thin film interfere with each other. As shown in 

Figure 6(a), the light reflectance by lower surface (R2) can interfere with the light 



 

12 
 

reflectance by upper surface, which originally reflected along same path with R2. For 

multiple layers ARC, the anti-reflectance due to interferences exist in each interfaces 

of two different mediums. The amplitude of reflected light can be shown as: 𝑅𝑖𝑗 =

𝑛𝑖−𝑛𝑗

𝑛𝑖+𝑛𝑗
. The reflectance from interface ij after multi interferences can be expressed as: 

                    𝐑𝐢𝐣 = 𝑅𝑖𝑗 𝑒𝑥𝑝[−2(𝛿𝑖 + 𝛿𝑗)]            (1.8) 

                    𝛿𝑖 = 2π𝑛𝑖 cos 𝜃𝑖 𝑑𝑖/𝜆                 (1.9)  

Where, Θi is the angle of refraction, di is the thickness of the layer, and λ is the light 

wavelength. As shown in Figure 6(b), the whole reflectance by this model is: 

𝑅𝑠𝑢𝑚 = 𝑅01 + 𝑅12 + 𝑅23 + 𝑅34 + 𝑅4𝑆             (1.10) 

 

Figure 6. The optical path of incident light through the substrate with (a) a single 

layer thin film and (b) multilayers thin film. Referenced from [15]. 

 

1.3.3 Anti-reflective subwavelength structure (ARSWS) 
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Anti-reflective subwavelength structure is totally different from the former two 

kinds of anti-reflective approaches. ARSWS is a type of biomimicry from the cone 

arrays structure of moth’s eyes (Figure 6). As shown in Figure 5 (c), when wavelength 

of incident light is bigger than the dimensions of the rough surface structure (d<<λ), 

the incident light can be trapped in the crevices of grooved or rough surface due to 

multiple internal reflections. 

 
Figure 7. The eye of the moth (left) and the microscopic surface morphology (SEM) 
of moth eye (right). 

 

In this research, hollow silica nanoparticles (NPs) are chosen as the material of 

AR coating due to the low refractive index (1.2) of the hollow silica NPs. The synthesis 

and size control methods of hollow silica NPs are well developed. In this research, 

hollow silica NPs were synthesized from Tetraethoxysilane (TEOS), absolute ethanol, 

and ammonia hydroxide under the control of poly acrylic acid (PAA). This method was 

reported by reference [20] and improved by my lab partner, Yujuan He.  

In the past several decades, the DS NPs and AR NPs materials are widely 

researched, and a large number of researcher focused on improving conversion 

efficiency of solar cell by DS or AR NPs coating recently. However, according to the 
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prior art searching, few people really resolved the high reflectance problem of DS NPs. 

And no researchers reported applying DS NPs coating combined with AR NPs coating 

on the top protective glass layers of solar panels. In this thesis, a DS&AR co-coating, 

which successfully resolve the high reflectance problem of DS coating, is reported.  

 

 

2. Experiment 

 

2.1 Preparation of YVO4:Eu3+ nanoparticles  

 

The preparation process of YVO4:Eu3+ nanoparticles are previously reported in 

reference [19]. All the YVO4:Eu3+ nanoparticles were prepared via the hydrothermal 

method with or without polyvinyl pyrrolidone (PVP) as surfactant in N,N-

dimethylformamide (DMF) solvent or distilled water. Firstly, 0.1 mol/L Yttrium nitrate 

(Y(NO3)3·5H2O) and 0.01 mol/L europium nitrate (Eu(NO3)3·5H2O) were dissolved in 

10 mL DMF. PVP were added in this solution with stirring until PVP totally resolved. 

Then 1 mL 2 mol/L HCL aqueous solution was added and stirred 10 minutes. After that 

0.1 mol/L Sodium citrate (Na3VO4·5H2O) was added and stirred this solution for 

another 12 hours. Then the homogeneous solution was heated in a Teflon-lined stainless 

steel autoclave at 150 ºC for 24 hours. After that cool down the autoclave in room 

temperature. Then the YVO4:Eu3+ precipitates were collected by high speed 
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centrifugation (15000 RPM) and washed 3 times with ethyl alcohol. Then the 

YVO4:Eu3+ nanoparticles were resolved in ethyl alcohol of same volume with 

YVO4:Eu3+ precipitates solution before centrifugation.  

 

Nanoparticles Surfactant Solvent 

Dispersed YVO4:Eu3+ NPs No surfactant DMF 

Aggregated YVO4:Eu3+ NPs PVP DI water 

Table 1. The different of recipes between dispersed and aggregated YVO4:Eu3+ NPs. 

 

2.2 Preparation of DS and AR coating 

 

Both the solutions of YVO4:Eu3+ NPs and hollow silica NPs were spin coated on 

soda lime glass substrate (VWR Micro Slides) in size of one square inch. For multiple-

layers spin coating, there was 20 seconds time interval with spinning between each 

coating operation for making sure the solutions of YVO4:Eu3+ NPs and hollow silica 

NPs on substrate was totally volatilized.  

 

2.3 Characterization  
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    The crystalline structure and purity of the DS sample were characterized by X-ray 

diffraction (XRD). The emission spectra were detected by a spectrophotometer. The 

surface morphology of all the samples are recorded using a scanning electron 

microscope (Quanta 600 FEG SEM) operating at an acceleration voltage of 10-15 kV. 

The integrated transmittance are measured with UV-VIS spectrophotometer (JASCO 

V-670) equipped with a BaSO4 integrated sphere (JASCO ISN-723). The Si-based solar 

cell were obtained from Hangzhou Astronergy Solar. In the measurement of 

photoelectric/conversion efficiency of solar cells, the data is collected by KEITHLEY 

2000 Digital Multimeter under the Solar simulator with light source of Xenon Lamp 

(Newport 67005) (lamp power 50-500 W). 

 

 

3. Result and Discussion: 

 

3.1 DS nanoparticle coating 

 

3.1.1 Characterization 

    The X-ray diffraction patterns of the YVO4:Eu3+ nanoparticles were expressed in 

Fig 8(a). The positions of XRD diffraction peaks, which is totally same with the 
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reference of PDF cards No. 17-0341, indicate it is a Wakefieldite-(Y)-tetragonal phase 

of YVO4, and no any other phase was detected. 

Fig 8(b) shows the photoluminescence spectra under 275 nm excitation of the 

YVO4:Eu3+ nanoparticles. The main emission peaks, which are caused by the relaxation 

processes of Eu3+, is in the region between 500 and 750 nm. The major emission peaks 

at 595nm and 619nm can be attributed to 5D0-7F1 magnetic dipole transition and 5D0-

7F2 electric dipole transition respectively [17]. The emission peak at 619nm is split into 

two peaks at 615nm and 619nm because of the change of ligand field of Eu3+ [18].  

 

 

Figure 8. (a) The XRD experimental data (red) of YVO4:Eu3+ (DS) nanoparticles and 
YVO4:Eu3+ XRD target (JCPDS No. 17-0341); (b) Photoluminescence spectra of 
YVO4:Eu3+ synthesized by hydrothermal method  
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3.1.2 Optical conversion efficiency of glass cover 

In this work, the integrated transmittance is used for testing the optical conversion 

efficiency of glass cover. The integrated transmittance is measured by UV-VIS 

spectrophotometer. The following sketch shows the measuring process of the UV-VIS 

spectrophotometer. Firstly, the incident light goes through the optical grating, which 

can permit the monolight with specific wavelength passing each timing. Then, the 

incident monolight arrived the surface of sample. For the DS coated sample, if the 

incident monolight is UV light (250-380 nm), some of incident photons will be 

absorbed by DS particles and some other photons will directly pass the sample. Because 

the re-emitted light will be scattered, the integrating sphere is applied for collecting the 

scattered emitted photons. Therefore, the transmitted photons and the emitted photons, 

which pass through the glass substrate and collected by the integrating sphere, can be 

tested by the detector.  

 

 
Figure 9. Mechanism of optical path of light in integrated sphere assisted 
transmittance test.  
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Because of no monochromator in front of the detector, the detector cannot 

distinguish the wavelength of the detected photons. In other words, the detector will 

assume the wavelengths of all detected photons are same with the wavelength of 

incident mono-wavelength photons. Therefore, in the figure of transmittance spectrum, 

the x-axis represents the wavelength of incident light which pass the optical grating. 

This wavelengths are different with the wavelengths of photons go out of the integrating 

sphere. Therefore, the integrated transmittance (T %) actually represent the optical 

conversion efficiency of glass cover under each specific wavelength. 

 

Integrated T% =  
𝑎𝑙𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑝𝑎𝑠𝑠𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑜𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
 

                                  = 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦       (3.1)       

 

 
Figure 10. The integrated transmittance of glass substrates coated (blue) or uncoated 
(red) DS NPs. 
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Figure 10. shows the EQE of glass substrate with and without DS coating. In most 

of visible light region (450nm-800nm), the conversion efficiency of glass with DS 

coating on top (T10) is similar with the conversion efficiency of glass without DS 

coating (T_glass). However, the T10 sample expresses much better conversion 

efficiency than bare glass sample. At the peak conversion efficiency value of T10, the 

DS coating increased 58% more photons passing through the glass substrate. 

The peak value of the integrated transmittance is higher than 100% due to the 

baseline setting during the integrated measurement. The interface of integrated sphere 

is coated by barium sulfate (BaSO4). The incident light is reflected by BaSO4 coating 

many times before the light is detected. However, the reflectance rates of BaSO4 coating 

at different wavelengths of light are various. As shown in Figure 10, the reflectance of 

BaSO4 coating at 350nm of wavelength is obviously lower than the reflectance of 

BaSO4 coating at 620nm of wavelength. Therefore, for same number of photons of 350 

nm and 620 nm, the detector will received more photons of 620 nm than the photons of 

350 nm. After the incident light is converted by the DS NPs layer, the amount of 

detected photons at 350 nm will be more than the amount of baseline value of photons 

at 350 nm due to part of photons of 350nm is converted to 620 nm. This is also explain 

why the detected integrated transmittance value can be higher than 100%.  
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Figure 11. The reflectance spectrum of Avian Technologies LLC’s barium sulfate 
(BaSO4) coating. Referenced from [21]. 
 
 

3.2 Comparison between Dispersed Nanoparticles and Aggregated 

Nanoparticles Coating: 

 

3.2.1 Comparison of Surface Morphologies: 

 

The SEM results of both dispersed NPs and aggregated NPs are shown in Figure 

12(a, b). The particle sizes of dispersed NPs are around 150-300 nm and the 

interspaces of different particles are large, which means the part of incident light will 

directly path through the coating at the interspace between particles. In contract, the 

particles sizes of aggregated NPs (20-30 nm) are much smaller than the particle sizes 

of dispersed NPs and all particles are aggregated together. The surface of the 
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aggregated NPs is rough and the structure looks like mound, which is conform with 

the subwavelength AR approach. 

  

 

(a) 

 

(b) 
Figure 12. SEM spectrum for the as-prepared YVO4:Eu3+ coatings with different 
morphologies. (a) Dispersed nanoparticles. (b) Aggregated nanoparticles. 

 
 

3.2.2 Comparison of Optical Conversion Efficiency:  

Because of the irregular morphologies and particle shapes of aggregated 
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YVO4:Eu3+ coating, it is hard to accurately measure and control the thickness of the 

YVO4:Eu3+ coating. Therefore, the measurement of concentration of YVO4:Eu3+ 

coating is replaced by the spin coating time, due to the concentration of both dispersed 

and aggregated YVO4:Eu3+ coatings will not be increased linearly as the improvement 

of spin coating times. Figure 13 (a, b, c) express the change of optical conversation 

efficiency of DS coated glasses and bare glasses in the different times of spin coating. 

Figure 13 (a) shows the optical conversation efficiency of dispersed YVO4:Eu3+ coated 

glass substrates is improved by higher coating times until arriving the maximum value 

at 15 times coating. Then the optical conversation efficiency drops slowly until the 20 

times coating. Similarly, optical conversation efficiency of aggregated YVO4:Eu3+ 

coated samples arrives the maximum value at 15 times coating, then drops slowly. It 

means the emission of both dispersed and aggregated YVO4:Eu3+ nanoparticles will not 

be improved ceaselessly as the increasing of YVO4:Eu3+ concentration. 

After reaching the maximum optical conversion value, the integrated 

transmittance will be decreased as coated with higher concentration of YVO4:Eu3+ 

nanoparticles due to the following 2 possible reasons: Higher reflectance and 

concentration-quenching effect [22]. The higher concentration of YVO4:Eu3+ 

nanoparticles can cause fewer spaces or porosities between YVO4:Eu3+ nanoparticles. 

Therefore for both dispersed and aggregated YVO4:Eu3+ nanoparticles, the refractive 

index of DS layers, which is made of DS materials and air (low refractive index), is 

increased. The concentration-quenching, which is caused by high concentration of 

photons acceptor and donor, leads to energy quenching during the energy transfer.  
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    Hence, the optical conversation efficiency of dispersed and aggregated 

YVO4:Eu3+ nanoparticles can be contrasted by comparing the maximum values for 

both of them. Figure 12 (c) clearly shows the contrast between dispersed and aggregated 

YVO4:Eu3+ nanoparticles. The peak optical conversion efficiency value of 

YVO4:Eu3+ nanoparticles of aggregated sample is maximally 45% higher than the 

peak optical conversion efficiency value of dispersed sample, which means the 

maximum PL emission of aggregated YVO4:Eu3+ nanoparticle coating is obviously 

higher than the maximum PL emission of dispersed YVO4:Eu3+ nanoparticle coating. 

At the same time, the bottom optical conversion efficiency value of dispersed and 

aggregated sample are similar. Therefore, the conclusion of the comparison is the 

aggregated sample has much better performance of optical conversion efficiency than 

the optical conversion efficiency of dispersed sample. It is possibly due to the following 

two reasons: larger cover areas and subwavelength surface structure of aggregated 

sample. Firstly, the cover area of dispersed YVO4:Eu3+ nanoparticle coating is always 

smaller than the cover area of aggregated YVO4:Eu3+ nanoparticle coating due to the 

large space between the dispersed particles. Secondly, the anti-reflective phenomenon 

of aggregated nanoparticles coating (ANC) is due to the light trap of rough/grooved 

surface structure. This light trap phenomenon is one of the most popular strategies of 

achieving anti-reflection discussed in the part of “anti-reflective subwavelength 

structure (ARSWS)” in this thesis. The theory of ARSWS is the light can be trapped 

when it falls on structures that have dimensions (indicated as “d”) less than its 

wavelength (λ) [12]. Fig. 4 (a) shows the incident light is reflected when the dimensions 
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of surface structure is larger than the light wavelength. While, the Fig. 4 (b, c) indicate 

the anti-reflective interacts when light incident on surface structure with small 

dimensions (d<<λ). Fig. 4 (b) expresses the light gets trapped by microstructure with 

gradient reflective index (RI). The phenomenon of light be trapped in the crevices of 

grooved or rough surface due to multiple internal reflections is shown in Fig. 4 (c). 
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Figure 13. Optical conversation efficiency (η) and tendency. (a) Optical conversation 
efficiencies of dispersed YVO4:Eu3+ nanoparticles by 1, 5, 10, 15, and 20 times of spin 
coating respectively. (b) Optical conversation efficiencies of aggregated YVO4:Eu3+ 

nanoparticles by 1, 5, 10, 15, and 20 times of spin coating respectively. (c) The tendency 
char of (a) and (b), measured by the peak values and bottom values of each curve from 
(a) and (b). 
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Figure 14. The comparison of integrated transmittances of dispersed DS NPs sample 
(blue), aggregated DS NPs sample (green), and bare glass sample (red). 
 
 

Even through the ARSWS is applied in the aggregated YVO4:Eu3+ NPs coating, 

the high reflectance problem of DS coating is not completely resolved. As shown in 

Figure 13, in region of visible light with wavelength of 400-800nm, the integrated 

transmittance of both dispersed and aggregated YVO4:Eu3+ NPs coated samples are 

smaller than the integrated transmittance of the bare glass. To better resolve the high 

reflectance problem of DS coating, anti-reflective materials is applied in the following 

part of this thesis.   

 

3.3 AR and DS Co-Coating  
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3.3.1 Structure 
 

As a well-developed antireflective material, hollow silica was reported to 

maximally increase the transmittance by 6%. The refractive index of hollow silica is 

1.20, which is very close to the theoretical no-reflectance refractive index, 1.23. To 

evaluate how the YVO4:Eu3+ NPs coating and hollow silica NPs coating effect the light 

transmittance of the solar panel’s top glass protective layer, four different materials (DS 

only, AR only, DS over AR, and AR over DS) coated soda lime glass layers are detected 

and compared with the bare glass layer (Figure 15(1-4)). Five times repeated 

experiments for each sample (bare glass sample and four coated glasses samples) was 

did to reduce the error. Figure 15 (1) expresses the sample made by pure hollow silica 

NPs coated soda lime glass substrate. Figure 15 (2) shows the irregular surface structure 

of the YVO4:Eu3+ NPs coated glass substrate. Figure 15 (3) and Figure 15 (4) 

represents the hollow silica NPs coated under and up of the YVO4:Eu3+ NPs 

respectively. 
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Figure 15. Side view diagram of 4 different structures of AR and/or DS coating. Blue 
spheres and white spheres indicate AR NPs and DS NPs respectively. (1) Sample AR: 
AR NPs coated on the top of glass substrate. (2) Sample DS: Aggregated DS NPs 
coated on the top of glass substrate. (3) Sample DS_AR: DS and AR NPs co-coated 
on the top of glass substrate and DS layers on the top. (4) Sample AR_DS: DS and 
AR NPs co-coated on the top of glass substrate and AR layers on the top. 
 
 

    Figure 16 shows the SEM results of the DS_AR sample and AR_DS sample. The 

particle size of both DS NPs and AR NPs are 20-30 nm. As shown in the diagram of 

DS_AR sample and AR_DS sample, the ups and downs are occur due to the topography 

of aggregated DS NPs. The particle sizes of both DS and AR NPs are much smaller 

than the light wavelength and the surface structure are rough, which conform to the 

structure of subwavelength AR approach.  



 

30 
 

 
(a) 

 
(b) 

Figure 16. SEM images of morphologies of (a) Sample DS_AR: DS and AR NPs co-
coated on the top of glass substrate and DS layers on the top, (b) Sample AR_DS: DS 
and AR NPs co-coated on the top of glass substrate and AR layers on the top. 

 

 

3.3.2  I-V test 

In order to evaluate the silicon solar cell efficiency enhancement due to coating 

with downshifting and AR materials, a solar simulation system for solar cell is 
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submitted as shown in Figure 17. A solar simulator (Xenon lamp) is placed over the flat 

substrate and the light of solar simulator vertically shine on the flat substrate. A one 

square inch sized silicon solar cell is fixed on the flat substrate and a same-sized soda 

lime glass is covered on the top of solar cell. Under the direct light of solar simulator, 

the electrical data generated from the solar cell can be collected by the I-V detector. The 

result of this comparison is shown in Figure 18. Figure 18 shows the mean values, and 

error bars with maximum and minimum values of the five repeated experiments for 

each sample. 

 

 

Figure 17. Solar simulation system for solar cell I-V test. 

 

The efficiency of the solar cell (η) is normally indicated as the incident photons-

to-electrons conversion efficiency. The efficiency of solar cell (η) is defined as the 



 

32 
 

useful output power of solar cell divided by the total radiant power received by the solar 

cell. The equations (1-3) express the process of calculation of efficiency of solar cell. 

In these equations, 𝑃𝑖𝑛 indicates the radiant power of solar cell and 𝑃𝑜𝑢𝑡 means the 

output power of solar cell. 𝐼𝑚𝑎𝑥 and 𝑉𝑚𝑎𝑥  represent the maximum output current and 

voltage of solar cell respectively.  In this experiment, the data of 𝐼𝑚𝑎𝑥 and 𝑉𝑚𝑎𝑥  can 

be detected by the I-V detector, and the value of total radiant power (𝑃𝑖𝑛 ) can be 

calculated by multiplying the irradiance of solar simulator (𝐸𝑒) by the area of solar cell 

(A), due to the fixed irradiance of solar simulator, which is same with the solar radiation. 

                          η =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
                           (3.2) 

                 𝑃𝑜𝑢𝑡 = 𝐼𝑚𝑎𝑥 ∗ 𝑉𝑚𝑎𝑥                      (3.3) 

                      𝑃𝑖𝑛 = 𝐸𝑒 ∗ 𝐴                       (3.4) 

 

3.3.3  Comparison  

By comparing the AR, DS, DS_AR, and AR_DS samples with the bare glass 

sample, it is easy to measure the percentages of efficiency improvement of solar cell 

due to the additional coatings on glass protective layer. According to the result of this 

I-V test, the sample coated AR NPs above the DS NPs (AR_DS) can maximally lead 

to 6.80% (6.54% on average) efficiency improvement of Si-based solar cell. However, 

the sample coated DSNPs above ARNPs only causes 3.92% efficiency improvement 

on average. The sample coated ARNPs and sample coated DSNPs show 3.14% and 

3.13% efficiency improvement respectively.  
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Figure 18. Percentages of solar panel efficiency improvement of different coating 
comparing with bare glass protective layer. The four points indicate the mean values of 
the five repeated experiments for each sample. And the error bars of each point are 
labeled.  

 

Comparing with AR_DS sample, DS_AR samples has worse performance due to 

the higher reflectance of the DS nanoparticles. For the DS_AR sample, the DS layer, 

which has high refractive index, is on the top of AR layer. Therefore, the high 

reflectance of DS top layer cause to more light loss.  

There are two reasons lead to the better performance of AR_DS sample than 

DS_AR sample. Firstly, the AR_DS sample leads to a refractive index gradient 

structure which gradually decrease RI from air to the surface of glass substrate. As 

shown in the side-view of AR_DS coating (Figure 21) in supporting infromation, the 

concentration of DS nanoparticles (high RI) is gradually increased from top to bottom 

of the coating, while the concentration of low RI materials (AR nanoparticles and air) 
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is decreased from top to bottom of the coating. This structure result in the ultimately 

results in the RI gradient of AR_DS coating. The second reason is “light trapping” 

phenomenon due to the rough surface of AR_DS coating. 

 

 
Figure 19. Comparison of integrated transmittance of sample AR, DS, AR_DS, 
DS_AR, and bare glass.  

 

 

4. Conclusion and Future Work 

 

4.1  Conclusion 

In this research, the antireflective materials, hollow silica nanoparticles, are firstly 

applied in solving the problem of high reflectance problem of downshifting materials, 

YVO4:Eu3+ nanoparticles. And this solution is proved by the result of I-V test and 

integrated transmittance test. 6.54% of conversion efficiency improvement of Si-based 
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solar cell is detected in I-V test. The integrated transmittance of DS and AR co-coated 

sample is not only better than the integrated transmittance of DS coated sample, but 

also slightly better than the integrated transmittance of AR coated sample in region of 

visible light (450nm-800nm) without any reemitted light.  

 

4.2  Future work 

In the next step of research, our research will focus on the fabrication methods for 

controlling the morphologies of DS and AR NPs and coatings. Recently, the 

computational models of DS and AR co-coating has been built by transfer matrix 

method (TMM) and finite difference time-domain (FDTD) to predict the optical 

conversion efficiencies of different surface morphologies of DS and AR co-coating. 

These computational models, built in our group by Yujuan He and Dr. Jie Liu, show the 

effects of different sizes, interspaces, numbers of layers, and structures and will be 

reported by Yujuan He in the future.  

Based on the predicted structure of DS and AR co-coating with best performance, 

the inkjet printing will be applied as the fabrication method of DS and AR co-coating. 

Inkjet printing is known as the technology to exactly fabricate the coating by propelling 

droplets of ink as pre-designed structure. As shown in figure 18, a gradient RI coating 

with smooth surface morphology and tunable thickness is proposed to be fulfilled by 

inkjet printing. The concentrations of DS and AR NPs of each layer is proposed to be 

will controlled. And the homogeneous interspaces of particles in each layers are 

expected. In addition, from the air to the surface of glass substrate, the concentration of 
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AR NPs is decreased, while the concentration of DS NPs is increased. The gradient 

refractive index of coating is approached due to the high refractive index of DS NPs 

(2.0) and low refractive index of AR NPs (1.2).  

 

 
Figure 20. Side-view structure of gradient DS and AR co-coating 
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(a) 

 



 

41 
 

(b) 

Figure 21. SEM result of hollow silica nanoparticles co-coated with YVO4:Eu3+ 
nanoparticles on the top of glass substrate.  

 

 

Figure 22. Cross section side view of aggregated YVO4:Eu3+ nanoparticles 

 

 

 

 


