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Abstract 

A polymer based nanocomposite (NC) material embedded with highly luminescent 

nanopowders could be promising for replacing traditional luminescent materials from a 

technological point of view. In this study, we have successfully obtained YPO4: Sm
3+ 

/Polymer nanocomposite phosphor films by embedding YPO4: Sm
3+

 luminescent 

nanoparticles
 
(NPs) for orange-light emitting diode (LED) applications. These luminescent 

NPs were synthesized using the sol gel method in different polymer matrices i.e. polystyrene 

(PS) and poly (methyl methacrylate) (PMMA) by using direct solution mixing. The structural, 

morphological, and photoluminescence characteristics of the nano-phosphors and resulting 

NC films were examined and discussed. The emission spectra of YPO4: Sm
3+

 (x at.%) nano-

phosphors under near-UV excitation at 404 nm were dominated by orange emission attributed 

to 
6
H5/2  

4
F7/2 (601 nm) luminescence of Sm

3+
 ions. The optimum doping concentration of 

activator Sm
3+

 in YPO4 matrix was found to be 5 at.%. When the doping concentration of 

Sm
3+

 was higher than 5 at.%, concentration quenching occurred. The incorporation of YPO4: 

Sm
3+

 NPs into polymer matrices indicated that the NCs retained the original luminescence 

properties of the luminescent NPs, although a decrease in their emission intensity was 

observed for the NC films, attributable to a polymer matrix effect, which dominated in PS 



matrix. The fluorescence decay times of NPs in the NC films were measured and compared to 

those of proper YPO4: Sm
3+

 nano-phosphors. A decrease in decay time in NC film was 

observed due the effective refractive index effect. Temperature-dependent photoluminescence 

(TDPL) of PMMA NC film was studied in 100-400 K range, investigating the thermal 

stability of the film. Additionally, CIE coordinates confirmed the red-orange light emission of 

the prepared phosphors and NC films. The obtained results indicate that the synthesized 

polymer-nanophosphor NC films are promising candidates for orange-LED applications. 

 

Keywords : YPO4:Sm
3+

 NPs ; Nanophosphors, Luminescent NC films ; Photoluminescence; 

LED applications. 

 

1. Introduction 

Solid-state semiconductor lighting technology began its development in the 1960s with the 

advent of the first semiconductor diode lasers. Initially, their use was restricted to applications 

such as digital displays or light indicators due to their longer wavelengths [1]. However, in 

1993, Shuji Nakamura's major innovation changed the game with the creation of the first 

efficient blue LED devices, thus paving the way for broader commercial applications [2]. 

Since then, significant progress has been made, notably with the production of the first white 

LED in 1996 [4]. This development has spawned an extensive industrial chain, encompassing 

the growth of epitaxial films, preparation of white LEDs and packaging materials along with 

diverse range of applications such as digital displays, household lighting etc. [5], [3]. 

Over the past decade, significant advancements have been made in the design and 

development of optoelectronic systems largely attributable to innovations in light sources. 

However, there remains significant potential for the development of compact, efficient, and 

cost-effective light sources in the visible spectrum [6]. The composite materials based on 

polymers loaded with highly luminescent nanopowders could present a promising approach to 

effectively replace traditional luminescent materials. Nanocomposites (NCs) are a specific 

category of composite materials where nano- or molecular-sized particles are incorporated 

into organic polymers, metals, or ceramics [7]. This close inclusion of nanoparticles (NPs) in 

matrices can significantly alter the mechanical, electrical, and optical properties of these 

materials [8]. Currently, the demand and market for polymers are experiencing sustained 

growth, primarily due to their affordable cost and attractive physical, mechanical, and 

chemical properties [9-10]. These materials offer advantages such as ease of molding, 



strength, and inertness, which are generating great interest in industry [10]. Consequently, 

numerous theoretical and experimental efforts are focused on developing new strategies to 

optimize the properties of hybrid systems, such as polymers incorporating nanoscale 

inorganic materials. To enhance the properties of this class of materials, obtaining precise NPs 

morphology and size in the polymer matrix are essential [12]. However, controlling their 

spatial arrangement is challenging due to the immiscibility of inorganic particles, leading to 

the formation of large aggregates in polymer nanocomposites (PNCs) [11-12]. Such an 

outcome could have a degrading effect on the optical properties of the NCs, as it has been 

demonstrated that large aggregates cause light scattering, reducing the material's 

transmittance [13]. To address this issue, many approaches are explored in the literature, 

among which self-assembly stands out as a particularly powerful method for the fabrication of 

functional materials [12-14]. This approach involves manipulating the morphology of NP by 

adjusting their interactions at the molecular level. In other words, this process proposes 

modifying the surface properties of NPs by combining them with different types of ligands, 

such as small molecules and copolymers [15]. Despite its promising potential for controlling 

the distribution of NPs by adjusting their interaction modes, self-assembly faces significant 

challenges when it comes to large-scale implementation. This difficulty likely arises from the 

complexity of the organization and assembly processes of aggregates, particularly when NPs 

exhibit anisotropic morphology [12-16]. Specifically, the preparation of high-performance 

polymer/filler nanocomposites, by co-dissolving NPs and the polymer matrix in the same 

solvent, followed by rapid precipitation and drying, improves dispersibility [18]. Studies show 

that the complex interactions between polymer, NPs, and solvent affect the dispersion of NPs 

in solution. Experimental results sometimes diverge from theoretical models, highlighting the 

importance of considering all interactions in the system. Where the balance of interactions 

between the constituents is encoded at the level of a few parameters such as the size and 

concentration of NPs, the kinetics of solvent removal and dilution further unifies the 

structures of mixed PNCs in solution [17]. In this context, several scientific works have been 

carried out. For example, Khursheed et al. reported a successful synthesis of PNCs films of 

KCaVO4:Sm
3+

(1.5 mol%)/Polymethyl methacrylate (PMMA), using the solution casting 

method. The results showed characteristic luminescent emissions of Sm
3+

 ions in the orange-

red color range, as well as an increase in thermal stability and glass transition temperature 

compared to pure polymer [19]. As another example, nano-phosphors Gd2O3: Er
3+

 with a size 

of about 12 nm were mixed with polymers in PMMA and polycarbonate (PC) solution 

forming PNCs with excellent optical properties. The characterization results confirmed that 



nanocomposite films doped with Gd2O3: Er
3+

 exhibited high color stability and appreciable 

color tunability from yellow to red-orange was achieved. Therefore, these new classes of 

PNCs can be used in various lighting and photonic applications [20]. Similarly, research 

conducted by Dudek et al. aimed to study the luminescent properties of such PNCs in 

different parts of the visible spectrum (blue, green, and red) and understand how Y2O3:Pr
3+

 

and LaAlO3:Pr
3+

 NPs reacted when incorporated into a polymer matrix [21]. The ultimate 

goal is to demonstrate that these PNCs can effectively retain the optical properties of active 

NPs and offer potential for the design of new optically active polymer components, 

particularly for low-cost light sources.  

Yttrium orthophosphate (YPO4) has been recognized as an ideal structure to host rare earth 

activator ions. This has sparked research interest due to its numerous advantages: remarkable 

chemical and optical properties, reduced toxicity, and good resistance to photochemical 

degradation [24]. By doping this host material with trivalent samarium (Sm
3+

), intense red-

orange light emission in the visible range is obtained under UV excitation. This fluorescence 

arises from the electronic transition 
6
H5/2  

4
F7/2 of Sm

3+
. Thus, the idea of incorporating 

these nano-phosphors into transparent matrices such as polymers is attractive for the 

development of new cost-effective light sources suitable for a wide range of applications, 

including solid state lighting, display devices, high-definition televisions, field emission 

displays, latent fingerprint detection, medical sciences, etc. [22], [23]. However, before 

achieving this goal, it is crucial to study the behavior of YPO4:Sm
3+

 NPs in different polymers 

(ensuring good compatibility) and to understand the excitation energy transfer from the 

luminescence centers of NPs within the polymer matrix. 

The present study demonstrates a successful synthesis of flexible luminescent PNCs films, 

marking the first-time YPO4 NPs doped with samarium (YPO4: Sm
3+

) incorporated into 

PMMA and polystyrene (PS) matrix through a direct mixing process in solution followed by 

shaping into thin films. The obtained films were studied and analyzed using spectroscopic and 

microscopic techniques. The structural, morphological, and photoluminescence properties of 

the films were examined for their potential application in lighting.  

 

 

 



2. Experimental 

2.1. YPO4: Sm
3+

 nanopowders synthesis 

Nanophosphors of samarium-doped yttrium orthophosphate (YPO4:Sm
3+

) were synthesized in 

powder form using an experimental protocol based on the sol-gel method. A series of YPO4: 

xSm
3+

 (x =1, 3, 5, 8, 10 at.%) nanopowders were synthesized in similar experimental 

conditions. 

Initially, a stoichiometric proportion of Y2O3 (99.99% Sigma-Aldrich), Sm2O3 (99.99% 

Sigma-Aldrich), and (NH4)2HPO4 (>99.0%) precursors was dissolved in a suitable solvent 

(deionized water + nitric acid, 100 ml: 5 ml). The resulting mixture was stirred for 12 hours to 

dissociate the precursors, forming a homogeneous transparent solution. Then, a quantity of 

organic agents (ethylene glycol, EG) was added and stirred for 2 hours. Subsequently, the pH 

of the solution was adjusted to a value of 2 (acidic medium) by adding NH4OH. Finally, the 

resulting solution was dried at 150 °C and annealed at 900 °C for 4 hours, thus a white 

powder compound of YPO4:Sm
3+

 was obtained. The different steps of this experimental 

protocol have been detailed in our previous work [25]. 

2.2. Synthesis of YPO4: Sm
3+

/Polymer NC films  

Thin nanocomposite films NCs of YPO4: Sm
3+

/polymer were prepared by incorporation of 

YPO4: Sm
3+

 NPs in two polymers matrix PMMA and PS using the direct solution mixing 

method. 

 In this experimental protocol, 1 g of polymer crystals (granules) was dissolved in an amount 

of chloroform (CHCl3). The (polymer/chloroform) mixture was magnetically stirred until 

complete dissolution of the polymer for the formation of a homogeneous viscous solution. 

Subsequently, a quantity of YPO4: Sm
3+

 nanopowder, with a mass ratio 
  (       

  )

  (       )
    , 

was added to the obtained solution, followed by extended agitation for 12 hours to ensure the 

uniform dispersion of YPO4: Sm
3+

 nanoparticles in the solution. Finally, the YPO4: Sm
3+ 

/ 

Polymer solution was spread onto a glass substrate and dried at room temperature for 24 

hours, thus a nanocomposite film with an approximate thickness of 100 μm was obtained. Fig. 

1 illustrates the different stages of the PNC films synthesis process. 

 

 

 



 
Fig. 1 Synthesis steps of the YPO4: Sm

3+
/PNC films 

 

 

Fig. 2  Photograph of the prepared nanophosphor and films (a) YPO4: Sm
3+

 (5 at. %) 

nanopowder, (b) Pure PS, (c) Pure PMMA, (d) YPO4: Sm
3+

 (5 at. %) /PMMA, (e) YPO4: Sm
3+

 

(5 at. %) /PS       

 

 



2.3 Characterization techniques  

The crystalline structure of the YPO4:  Sm
3+

 nanopowders, as well as the NPCs films, were 

studied by using the X-ray diffraction (XRD) technique using a Rigaku Mini flex-II 

diffractometer using CuKα radiation (λ =1.54059 Å) operated at 30 kV and 15 mA exploring 

the 2θ angular range 10-80° with a scan step of 0.02° (2θ). The average crystallite sizes and 

the microstructure were refined using the Rietveld method with the MAUD software for the 

YPO4 phase based on the JCPDS data card N° 011-0254. Surface morphology and 

microstructure of the samples were investigated using a Quattro ESEM scanning electron 

microscope (SEM) and a Talos™ F200X G2 transmission electron microscope (TEM). 

Fourier transform infrared (FT-IR) spectra were recorded using a Perkin Elmer "spectrum 

two", over a range of 400 to 4000 cm
-1

 with an optimal resolution of 0.5 cm
-1

. 

Photoluminescence measurements were performed using a FL3-DFX-iHR luminescence 

spectrometer (Horiba, Jobin Yvon) equipped with continuous and pulsed xenon lamps, and 

Edinburgh Instruments - FLS1000-DD-stm for temperature-dependent photoluminescence 

measurements. 

 3. Results and discussion  

3.1 Structural and morphological characterization 

3.1.1. XRD analysis 

The XRD patterns of YPO4: xSm
3+

 (x = 1, 3, 5, 8, 10 at.%) nanopowders annealed at 900 °C 

for 4 hours are presented in Fig. 3. The X-ray diffractograms indicate that all observed 

diffraction peaks correspond to the pure tetragonal phase of the YPO4 matrix (xenotime 

structure, space group I41/amd) according to JCPDS data files N° 011-0254. 

The introduction of Sm
3+

 ions as a dopant into the YPO4 matrix does not alter the nature of 

the obtained phase. However, the partial substitution of  Y
3+

 ions by Sm
3+ 

ions slightly 

modifies the lattice parameters. The evolution of the lattice volume, as a function of the 

concentration of Sm
3+

 ions, and the various crystallographic and microstructural parameters 

of YPO4: Sm
3+

 (x at.%) nanopowders, obtained using the MAUD software after refining the 

recorded XRD patterns, are summarized in Table 1. A slight increase in the lattice volume is 

observed with the growth of the doping level, attributed to the larger ionic radius of Sm
3+

 ions 

(0.96A
°
) [26] as compared to that of Y

3+
 ions (0.90 A

°
) [27], resulting in lattice expansion 

during substitution. This aligns with the result obtained by other authors [30]. 

 

 



 

 

 

Fig.3  (a) XRD patterns of the YPO4: Sm
3+

 (x at. %) nanopowders, (b) Calculated (lines), 

observed (dots), and difference curves after the last cycle of Rietveld refinement 

 

 

 



Table.1 Crystallographic parameters of YPO4:Sm
3+

 (x at. %) nanopowders using MAUD 

software 

 

GoF: goodness of fit 

 

Fig.4 shows the XRD analysis of PNCs films with different polymer matrices i.e. PS and 

PMMA. The X-ray diffractograms of YPO4: Sm
3+

(5 at. %)/PMMA NC and pure PMMA 

films are shown in Fig. 4 (a). Two diffraction bands are observed at 2θ=16° and 2θ=31°, 

attributed to the amorphous phase of the PMMA polymer matrix [28], [29]. The XRD 

diffractogram of PMMA NC film presents several diffraction peaks observed at 2θ = 19.56°, 

26°, 35.11°, 42.11°, and 51.77°, which are indexed to the (101), (200), (112), (301), and (312) 

diffraction planes respectively, attributed to the crystalline structure of YPO4 xenotime phase 

according to the JCPDS File No. 011-0254. Fig.4(b) illustrates the XRD patterns of YPO4: 

Sm
3+

(5 at.%)/PS NC film compared to a pure PS film. The result reveals the appearance of a 

broad band located at 2θ=20°, attributed to the amorphous phase of pure PS matrix [31]. 

Additionally, diffraction peaks attributed to YPO4 phase were observed in XRD diffraction 

patterns of PS NC film. No additional peaks or shifts were observed in the PNC films, 

however, a decrease in diffraction intensity is noticeable for PS based PNC film compared to 

PMMA based PNC film that can be explained by calculating the crystallinity degree of the 

films using the following formula [32]. 

                  ( )   
  (                             )

   (                   )
                          (1) 

The calculated crystallinity degree is presented in Table.2. 



 Table. 2 The calculated crystallinity from XRD patterns NC films 

 

 

 

 



 

 

Fig.4  XRD patterns of NCs Film, (a) YPO4: Sm
3+

 (5 at. %) /PMMA and Pure PMMA film, 

(b) YPO4: Sm
3+

 (5 at. %) /PS and pure PS film. 

 

3.1.2 FT-IR spectroscopy 

In order to identify the different chemical elements and functional groups present in the 

prepared samples, FT-IR spectra were recorded in the range of 4000 to 400 cm
-1

. 

Fig. 5(a) shows FT-IR spectrum of YPO4: Sm
3+

 (5 at.%) nanopowder calcined at 900 °C for 4 

hours. Three absorption bands are observed, an intense absorption band, ranging from 1170 to 

910 cm
-1

, corresponding to the antisymmetric stretching vibration of the (PO4)
-3

 groups 

[33,34], two other absorption bands located at 646 and 523 cm
-1

 attributed to the deformation 

of the O-P-O and Y-O or Sm-O bonds respectively [35, 36]. The analysis and results obtained 

did not reveal any residual chemical elements related to the synthesis process (solvent). This 

means that all chemical residues present in the powder were eliminated after undergoing 

thermal treatment at 900 °C. 

The FT-IR analysis results of the YPO4: Sm
3+

 (5 at.%)/PMMA PNC and pure PMMA films 

are presented in Fig. 5(b). Several characteristic absorptions bands of PMMA are observed at 



3000-700 cm
-1

range, the absorption band at 2810-3000 cm
-1

 range corresponds to the 

stretching vibrations of the C-H bond, emanating from both the methyl group of the acetone 

function and the pendant methyl groups of the main chain [38]. A decrease in transmittance is 

observed in this region in the case of PMMA based PNC films i.e. YPO4: Sm
3+

 (5 at. 

%)/PMMA. Additionally, a notable absorption band at 1722 cm
-1

 is observed, resulting from 

the stretching vibrations of the C=O bond of the acetone function [39,40]. Others 

characteristic absorption bands at 1444 cm
-1

 and 1238 cm
-1

 are attributed to various modes of 

deformation of the C-H bond of the methyl part and stretching vibrations of C-C-O 

respectively [37]. Two absorption bands are also observed at 1195 – 749 cm
-1

 range, 

corresponding to C-O-C and vibrations respectively [41]. In the region below 700 cm
-1

, only 

in the spectrum of the NC/PMMA film, two absorption bands at 640 and 523 cm
-1

 are 

observed, corresponding to the YPO4 matrix witch are attributed respectively to the O-P-O 

and Y-O deformation modes. 

Fig. 5(c) shows the FT-IR spectrum of PS based PNC i.e. YPO4: Sm
3+

 (5 at. %)/PS and PS 

films. In the PS film, an absorption band at 3110 -2800 cm
-1

 range is observed, resulting from 

the stretching vibrations of C-H in the main chain and phenyl aromatic units [42]. Absorption 

bands appearing at 1600, 1490, and 1450 cm
-1

 are attributed to C=C bond vibrations [43,44]. 

The last three bands identified at 756, 698, and 550 cm
-1

 are assigned to C-H group vibrations 

[45]. The FT-IR spectra of the YPO4: Sm
3+

/PS film exhibit a similar profile to the PS film 

spectrum. However, new absorption bands localized at 1000 and 640 cm
-1

 are observed in the 

FT-IR spectra of the PS based PNC film, attributed to the (PO4)
3-

 and Y-O vibration groups 

respectively [46-47]. Ultimately, it can be concluded that the absorption bands of the two 

polymer matrices, namely PMMA and PS, were not affected by the encapsulated YPO4 NPs. 

This attests to the presence of nano-phosphors at the core of the developed PNC. The results 

are consistent with the XRD analysis and suggest that the NPs were formed in pure phase and 

no parasitic phase was detected in the PNC film. These properties make them suitable for use 

as PNC phosphor films in LED applications.  

 



 

 

 

 

 



 

 



Fig. 5 FT-IR spectra of (a) the YPO4:Sm
3+

 (5 at. %) nanopowder annealed at 900 °C, (b) the 

YPO4:Sm
3+

/ PMMA PNC and pure PMMA films, (c) the YPO4:Sm
3+

/ PS PNC and pure PS 

films. 

3.1.3. Morphological analysis 

Fig.6 shows the SEM micrograph of YPO4:Sm
3+

(5 at.%) NPs which confirms the presence of 

YPO4:Sm
3+

 NPs with quasi spherical shapes with an average size of less than 50 nm.  

 

The SEM micrographs of pure PS and PMMA films are shown in Fig. 7(a-b) respectively. 

These SEM images present flat and featureless and rather clean surfaces, however, embedding 

the YPO4:Sm
3+

 nano-phosphors within polymer the matrix led to the alteration of polymer’s 

surface. Fig. 7(c) shows the surface microscopy of the PMMA based PNC films i.e. 

YPO4:Sm
3+

/PMMA film, incorporating 10 wt.% of NPs. The analysis of this image highlights 

the presence of dispersed aggregates, with an average size of approximately 350 nm, 

uniformly distributed on the surface of the PMMA polymer. The morphology of YPO4: 

Sm
3+

/PS NC (see Fig. 7(d)) generally exhibits a surface with relief textures. This could result 

from the agglomeration of YPO4:Sm
3+ 

NPs near the surface, attributed to their interconnection 

with primary NPs. Similar morphological configurations have been reported in PNC films 

incorporating ZnO:Tb
3+

 phosphors [48]. Prakash et al. noted that phosphor NPs were well 

dispersed in the polymer film, although some had agglomerated, forming protruding 

aggregates of primary NPs on the surface of the NC film [49]. 

3.1.4. EDX analysis 

The atomic and weight proportions of the elements in the PNC films of YPO4: Sm
3+

(5% at) / 

polymer have been depicted in the Fig. 8 using EDX analysis. The results of this analysis 

reveals distinct peaks attributed to the following elements: carbon (C) and oxygen (O), with 

elevated proportions associated with the organic matrix. Additionally, other chemical 

signatures are also confirmed, such as the presence of elements such as phosphorus (P), 

yttrium (Y), and samarium (Sm), suggesting the incorporation of YPO4 NPs into the polymer 

film. When excluding the high carbon concentration (from the polymer) from the EDX 

analysis, it is seen that the ratio’s of Y, P, O and Sm properly match the intended 

stoichiometry within the limits of accuracy of the EDX method.  

 

 



 

 

 

Fig.6 (a) SEM image of YPO4:Sm
3+ 

(5at.%)
 
NPs , (b) particle size distribution histogram 



 

 

Fig.7 SEM micrographs of pure (a) PS film and (b) PMMA film with corresponding PNC 

films (c) YPO4:Sm
3+

/PMMA PNC and (d) YPO4:Sm
3+

/PS PNC films 

 

 

Fig.8 EDX analysis of YPO4: Sm
3+

(5 at.%)/PS PNC film. 

 

 

 



3.2. UV-Visible spectroscopy 

An in-depth investigation of the optical properties of synthesized films was conducted using 

UV-Vis spectroscopy in absorbance mode, covering the wavelength range from 200 nm to 

800 nm. Fig. 9(a), presents the recorded spectra for an PMMA based PNC film i.e. 

YPO4:Sm
3+

 (5 at. %) / PMMA film loaded with 10 wt.% NPs, along with pure PMMA film. 

The data reveal the emergence of a strong absorption band in the range of 200 nm to 225 nm 

for both the films. The increased absorption in the ultraviolet region has been previously 

reported in several studies, corresponding to the π-π* transition of the carbonyl groups in 

PMMA [50], [51]. However, a slight increase in the intensity of this band is observed in the 

PNC film, attributed to the excitation of the charge transfer band (CTB) of the YPO4 matrix 

[52]. A notable decrease in absorption intensity is observed between 225 nm and 260 nm, 

stabilizing beyond 260 nm. Nevertheless, a difference of approximately 11% is noted in the 

absorbance intensity for the NC YPO4:Sm
3+

 (5 at. %) /PMMA film, to the scattering of light 

in the visible region by the NPs encapsulated in the polymer. It has been demonstrated that 

YPO4:Sm
3+

 NPs absorb a portion of visible light in the range of 350-550 nm, unlike the pure 

PMMA film, which remains transparent in this wavelength range [52-53]. 

In Figure 9(b), includes UV-Vis spectra of the PS based PNC film i.e. YPO4: Sm
3+

 (5 at. %) / 

PS, as well as a pure PS film. The appearance of an absorption peak in the UVB range (235-

280 nm) in both films is generally attributed to lower-energy electronic transitions, which 

often correspond to the promotion of an electron from the highest occupied orbital to the 

lowest vacant orbital of polystyrene [31], [54]. Additionally, a slight red shift of the 

absorption peak accompanied by a decrease in intensity is worth noting in the case of the PNC 

YPO4: Sm
3+

 (5 at.%)/PS. This behavior originates from the presence of YPO4:Sm
3+

 NPs in 

the polymer, thereby causing a reduction in the bandgap of the NC. 



 

 

Fig. 9 UV-Vis absorbance spectra of (a) NC YPO4:Sm
3+

 (5 at. %)/PMMA along with pure 

PMMA films, (b) NC YPO4:Sm
3+

 (5 at. %) /PS along with pure PS 

 

 



3.3. Photoluminescence spectroscopy 

3.3.1. Photoluminescence investigation of YPO4: Sm
3+

 nanopowders 

In order to investigate the luminescent properties of YPO4: Sm
3+

 (x at.%) nanopowders, the 

excitation and emission spectra were recorded. The excitation spectra of nanopowders were 

recorded at 300 -550 nm range at room temperature for an emission wavelength λem= 601 nm. 

As observed in the excitation spectra, multiple excitation peaks appear at similar wavelength 

positions for all samples, corresponding to characteristic intra-configurational electronic 

transitions (4f
5
-4f

5
) of Sm

3+
 ions [46, 55, 26]. The respective excitation wavelengths of these 

transitions, along with their identifications, are illustrated in Fig. 10. However, it is 

noteworthy that the peak at 404 nm, corresponding to the (
6
H5/2

4
F7/2) transition, exhibits 

maximum absorption, with a more pronounced intensity for the 5 at.% Sm
3+

 doped sample. 

Beyond this concentration, the intensity begins to decrease, as seen in the 8 at.% and 10 at.% 

Sm
3+

 doped samples. This reduction in intensity may be attributed to concentration quenching 

phenomenon of the activator ions in the YPO4 matrix, this excess concentration will lead to 

exchange interactions between dopants (Sm
3+

-Sm
3+

) [56,57]. 

 

Fig. 10 Excitation spectra of the YPO4:Sm
3+

 (x at. %) nanopowders under λem = 601 nm 



The emission spectra of the YPO4: Sm
3+

 nanopowders obtained under near-UV light at λex = 

404 nm are shown in Fig. 11(a). The recorded emission spectra of nanopowders consist of 

four bands in the range of (530 – 720nm) positioned at 561, 601, 643, and 704 nm, 

corresponding to orange-red emissions witch are attributed to the fluorescence from the 
4
G5/2 

level to the 
6
HJ levels (J = 5/2, 7/2, 9/2, 11/2) [58, 59], as illustrated in the diagram presented 

by Fig. 11(b). The orange luminescence at 601 nm corresponding to 
4
G5/2

6
H7/2 transition is 

the most dominant. Fig. 12(a) depicts the variation in integrated fluorescence intensity of 

4
G5/2

6
H7/2 as a function of Sm

3+
 ion doping concentration. These results affirm that the 5 

at.% concentration corresponds to an optimal amount of Sm
3+

 ions; beyond this value, the 

intensity decreases, this is commonly called ‘’concentration quenching’’ [60,25]. In other 

words, the distance between two identical Sm
3+

 activator centers decreases (critical distance), 

leading to non-radiative energy transfer, various interaction mechanisms such as exchange 

contact, multipole-multipole interaction between Sm
3+

 ions, and the self-reabsorption of light 

emitted by neighboring dopants all collectively contribute to this extinction phenomenon. To 

understand the nature of interaction between Sm
3+

 ions, the critical distance (Rc) is estimated 

using Blasse's equation [61]. 

      [
  

       
]
   

 

               

Where xC symbolizes the critical concentration of the dopant ion, while N and V respectively 

represent the number of cations and the volume of the unit cell. In our case, these values are 

xc= 0.05, V = 287.20 Å, N = 4 [52]. The critical distance between Sm
3+

 ions doped in YPO4 

phosphor was measured to be 10.45 Å. The value of RC determines the type of interaction 

responsible for energy transfer. If RC is greater than or equal to 5 Å, then energy transfer is 

governed by electric multipolar contact [53]. 

After identifying the interaction responsible for energy transfer (multipolar interaction), the 

next step is to determine the type of dipoles involved in this interaction. To achieve this, 

Huang developed an expression relating light intensity to the doping ratio of activating ions as 

follows [62]: 

   (
 

 
)        

 

 
    ( )          ( )  



given that I and X represent the emission intensity and dopant concentration, respectively. β is 

a constant, and d is defined as equal to 3 (the compound's dimension). It is assumed that 

energy transfer occurs between Sm
3+

 ions within the NPs. Here, s represents the crucial 

parameter determining the type of dipoles involved, which can take three distinct values [62], 

[63]:     

If s =  {
                                                      
                                             
                                     

 

The value 's' is calculated by utilizing the slope of the linearly fitted curve log (I/x) as function 

log(x). The result is illustrated in the Fig. 12(b). 

 The deduced value of s, which is 6,6 and close to 6, suggests that the dipole-dipole nature of 

concentration transfer between Sm
3+

 ions in YPO4 phosphors is responsible. In conclusion, the 

investigation into the photoluminescence properties of YPO4: Sm
3+

 nano-phosphors suggests 

that it is a suitable material for use in the field of optoelectronics, specifically in orange-red 

LED display technology. 

 

 



 

 

Fig. 11 (a) Emission spectra of the YPO4:Sm
3+

 (x at. %) nanopowders under λex = 404 nm , 

(b) Explanatory diagram of observed fluorescence transition 

 

 



 

 

Fig. 12 (a) Integrated fluorescence intensity of 
4
G5/2—

6
H7/2 as a function of Sm

3+
 ion doping 

rate, (b) log(I/x) versus log(x) plot of nano-phosphors YPO4: Sm
3+

 ( x at. %) 



 

3.3.2. Photoluminescence investigation of YPO4 : Sm
3+ 

based PNC films 

Recently, the widespread use of organic materials such as PS and PMMA has expanded into 

various technological applications. 

As discussed above, PNCs films based on PMMA and PS polymers were synthesized using 

the direct blending process in solution with a 10 wt.%  content of YPO4:Sm
3+

(5 at.%)  

nanophosphors. Luminscence response study through photoluminescence characterization of 

the synthesized films was conducted, recording excitation and emission spectra. 

 Fig. 13 (a, b) shows the emission spectra of PS and PMMA polymer films recorded in the 

UV-Vis range at room temperature under UV excitation at 325 nm. The PMMA film exhibits 

a broad emission band spanning from the near UV to the visible range, from 350 to 600 nm. 

Kara et al. highlighted this emission across a wide spectrum for PMMA following UV 

excitation at 349 nm in their paper, stating that it is attributed to π*--π or n*---- π intra-ligand 

charge transfer transitions [64]. The emission spectrum of the PS revealed a broad and intense 

emission band in the UVA region (340-400 nm) as shown in Fig. 12 (b). This emission band 

is attributed to the presence of organic impurities acting as luminescence activators, such as 

2,5-Diphenyloxazole (PPO) and POPOP (1,4-bis(5-phényloxazol-2-yl) benzene)  , embedded 

in the polystyrene composition, serving as a luminescence booster in the plastic films [65-66]. 



 

Fig. 13 Emission spectra under UV excitation at 325 nm of pure (a) PMMA and (b) PS films 

 



The excitation and emission spectra of the PNCs films were recorded under the same 

wavelength conditions as used for the spectra of the YPO4:Sm
3+

 nanopowders. 

Fig. 14(a, b) illustrates the excitation spectra of PMMA based PNCs i.e. YPO4: Sm
3+

/PMMA 

and PS based PNCs i.e. YPO4: Sm
3+

/PS NC films recorded at room temperature under 

         . The obtained emission spectrum of PNC films presents the same profiles as 

the YPO4:Sm
3+

 (5 at.%) nanopowder (see Fig.10 ). All observed excitation band are 

characteristic to 4f
5
 (

6
H5/2)4f

5
 transitions of Sm

3+
 ions [53]. However, no excitation peaks 

were observed for pure PS and PMMA films in the 350-500 nm range given that these 

polymers are transparent in the near-UV-Vis region. 

 

 

 

 

 

 

 



 

Fig. 14 Excitation spectra of (a) YPO4: Sm
3+

/PMMA and pure PMMA films (b) YPO4: 

Sm
3+

/PS and pure PS films. 

The emission spectra of PNCs films were recorded under near-UV excitation at 404 nm, Fig. 

15(a,b). The emission peaks observed at 561 nm, 601 nm, 643 nm, and 704 nm are attributed 

to the interconfigurational luminescence of the Sm
3+

 ions   from the radiative transitions from 

the 
4
G5/2 level to the 

6
Hj series (j = 5/2, 7/2, 9/2, 11/2) [56]. These emission peaks of YPO4: 

Sm
3+

 NPs kept their position in YPO4: Sm
3+

/PMMA and YPO4: Sm
3+

/PS PNCs films.  

It should be noted that the luminescence transition from the 
4
G5/2 level to the 

6
H7/2 level at 601 

nm (orange emission) exhibits optimal intensity in the visible region. However, no intrinsic 

luminescent signature associated with the polymer matrix was detected, confirming the results 

predicted by the previously mentioned UV-Vis analysis. As for the relative emission 

intensities of the two nanocomposites, the YPO4: Sm
3+

/PMMA film stands out more 

significantly. This difference could be attributed to the crystalline quality of the 

nanocomposite films, which could be influenced by the distribution and the charge ratio of 

NPs within the polymer matrix. It has been demonstrated that in hybrid systems involving the 

interface between polymers and nanoparticles, it is possible to observe exchange of energy 

and charge carriers, which can influence the luminescence properties of the resulting material 



[67-68]. In summary, the photoluminescence properties and UV-Vis spectroscopy of both 

polymers indicates that PS and PMMA matrices provide an ideal environment for fabrication 

of  YPO4:Sm
3+

 /polymer nanocomposite phosphors films. 

 



 

 



Fig. 15 Emission spectra of (a) YPO4: Sm
3+

/PMMA PNC and pure PMMA films, (b) YPO4: 

Sm
3+

/PS PNCs and pure PS films, (c) Comparison of the emission intensity of PNC films 

with the emission of the YPO4:Sm
3+

 nano-phosphor under excitation at 404 nm. 

 

Moreover, referring to the results reported in Fig. 15(c), the incorporation of YPO4:Sm
3+

 into 

the polymer matrix led to a decrease in emission intensity of approximately 32% when 

incorporated into the PMMA matrix, and 68% in the PS matrix. This behavior has been 

observed in several similar research studies [21-69], indicating that this loss of intensity refers 

to two common phenomena in NCs: the bathochromic effect and the hypochromic effect due 

to the lower refractive index of the polymers compared to that of the incorporated NPs [21]. 

In some cases, a higher refractive index can increase the probability of reabsorption and 

reemission in the PNC film, affecting the spectral purity and overall intensity of 

photoluminescence. Part of the emitted light is reabsorbed and may not be reemitted, which 

can also lead to non-radiative losses. 

 

3.3.3. Temperature-dependent photoluminescence (TDPL) 

Given that the thermal stability of phosphors is recognized as crucial for their practical 

applications, particularly in high-power lighting and displays, it presents a key technical 

parameter. With this in mind, the thermal stability of nano-phosphor YPO4: Sm
3+

 (5 at. %) in 

its solid-state and subsequently in PMMA polymer film was evaluated. Fig. 16(a) shows the 

emission spectra of nano-phosphor YPO4: Sm
3+

 (5 at. %) recorded under excitation at 404 nm 

at different temperatures ranging from 100 K to 400 K. The initial observation reveals that the 

position and shape of the peaks remain unchanged. However, the emission intensities slightly 

change with temperature variation. This change is illustrated in Fig. 16(b). Over the 

temperature range from 100 K to 400 K, the relative emission intensities show a general trend 

of decreasing with increasing temperature. Specifically, from 100 K to 300 K, the emission 

intensities gradually increase as the temperature decreases. At 200 K and 100 K, they are 13% 

and 46% higher, respectively, than the emission of YPO4: Sm
3+

 (5 at. %) nanophosphor at 

room temperature. Then, from 300 K to 400 K, the emission intensities decrease with 

increasing temperature, with a decrease of 8% at 350 K and 23% at 400 K compared to the 

luminescence of the nanophosphor at room temperature. This reduction in light intensity is 

often associated with a phenomenon of thermal quenching induced by temperature, this 



property is crucial for numerous phosphor applications, where thermal quenching is only 

supposed to be significant above 300 K to maintain effectiveness at room temperature [70]. In 

modern LED lighting, phosphors like Ce
3+

 doped garnet Y3Al5O12 typically function at 

temperatures near 100 °C, avoiding early degradation. For high-power white light-emitting 

phosphors (WLEDs), thermal stability of at least 200 °C is essential. Moreover, this thermal 

decrease in emission intensity and/or decay time is employed in thermometry as well [71, 72]. 

In general, luminescence excitation occurs through two main mechanisms: multiphonon 

relaxation, which depends on the nature of the host matrix and the type of emitting center 

(RE), or through a crossing mechanism. In our case, the energy gap between the 
4
G5/2 

fluorescent level and the lower 
6
F11/2 level of Sm

3+
 ions is approximately 7421 cm

-1
[73], 

nearly six times the phonon energy of the YPO4 matrix, which is around 1080 cm
-1

. 

Consequently, excitation via multiphonon relaxation generally cannot occur. Therefore, the 

main reason for thermal quenching in this material is due to the crossing process, and the 

overall variation in luminescence intensity with temperature can be explained by the 

following Arrhenius formula [73], [74]: 

  
  
 [       (       ]

              ( ) 

Where I0 and IT are luminescence intensity of YPO4: Sm
3+

 (5 at. %) at room temperature and 

the testing temperature respectively.   is a constant, kB is Boltzmann constant (8.62 x10
-5

 eV 

/K). The obtained result (Fig. 16(c)), reveals an activation energy ΔE of 0.296 eV. This 

relatively high activation energy suggests that YPO4: Sm
3+

 (5 at. %) exhibits promising 

thermal stability at a temperature of 400 K, our nanophosphor demonstrates  an emission 

intensity that is 77% of the original emission intensity at room temperature. 



 

 



 

 

Fig. 16 (a) Emission spectra of YPO4: Sm
3+

 (5 at. %) under excitation at 404 nm at different 

temperatures, (b) The integrated emission intensity as a function of temperature (100-400 K), 

(c) Plot of ln[(I0/I) - 1] versus 1/(kT) of YPO4: Sm
3+ 

(5 at. %) nano-phosphor 

We also explored the thermal stability of the YPO4:Sm
3+

 nanophosphor within a PMMA 

polymer. Thus, we have depicted in Fig. 17(a) the photoluminescence spectra of YPO4: Sm
3+

 

(5 at.%) /PMMA PNC film under excitation at 404 nm at different temperatures ranging from 

75 K to 400 K. The results revealed no shift in the position of emission peaks, indicating that 

the YPO4:Sm
3+

 NPs maintain their luminescence purity within the polymer. However, a 

change in intensity was observed as the temperature varied as shown in Fig. 17(b). Over the 

temperature range from 75 K to 400 K, the luminescence intensity consistently decreases as 

the temperature increases. Specifically, from 75 K to 300 K, the luminescence intensity 

increases with decreasing temperature, showing a notable rise of approximately 36% at 150 K 

and 65% at 75 K compared to the luminescence intensity of the NC film at room temperature 

(300 K). In the temperature range between 300 K and 400 K, the emission intensities decrease 

with increasing temperature due to the thermal quenching effect, with a decrease of 9% at 350 

K and 22% at 400 K compared to the luminescence intensity at room temperature. We 



maintain that the PMMA polymer exhibits no reactions that could compromise the emission 

properties of the YPO4:Sm
3+

(5 at. %) /PMMA film when subjected to temperature variations, 

demonstrating its excellent performance in terms of thermal stability. Thus, offering the 

promising support for luminescent nanomaterials. 

 



 

Fig. 17 (a) Emission spectra of YPO4: Sm
3+ 

(5 at. %) / PMMA under excitation at 404 nm at 

different temperatures, (b) The integrated emission intensity as a function of temperature (75-

400 K) 

 

3.3.4. Luminescence decay curves 

Fluorescence lifetime (decay lifetime) is one of the important parameters to study the 

properties of phosphors. The PL decay curves for both YPO4:Sm
3+

 nanopowders and 

YPO4:Sm
3+

/PNC films were measured at room temperature, under emission wavelength at 

601 nm and excitation at 404 nm, as illustrated in Fig.18. The emission decay curves were 

fitted with mono-exponential decay equation [75]: 

            ( 
 

 
  )          ( ) 

where It and (I0+  ) are the PL intensity at time t and at t = 0, respectively.    represents the 

magnitude of the emission intensity at t = 0 and I0 is the detector background signal, while   

signifies the decay lifetime. 



   The values of    for each of the nano-powders YPO4:Sm
3+

 and NCs films have been 

estimated and compiled in Table. 3. 

 

Table. 3 Luminescence decay lifetime of 
4
G5/2

6
H7/2  

 

It is observed that the fluorescence lifetime of the 
4
G5/2 level decreases as the concentration of 

Sm
3+

 increases in YPO4 nanopowder as shown in Fig. 18(a) and Fig.19. This decrease could 

be attributed to the reduction in distance between Sm
3+

-Sm
3+

 ions, thereby favoring an energy 

transfer mechanism and consequently shorter luminescence durations. Furthermore, the 

fluorescence decay from 
4
G5/2 → 

6
H7/2 in the nanocomposite films (Fig. 18(b-c)) is shorter 

than that in the original YPO4 nanopowder (with 5 at. % Sm
3+

), likely due to some weak 

interaction with the polymer matrix [77]. However, encapsulating the active Sm
3+

 ions in the 

nanocrystalline environment of YPO4 should shield the ions against parasitic interaction with 

the highly energetic phonons of the polymer host, while this decrease in decay time is more 

likely due to an increase in effective refractive index [31,76], as the refractive index of PS and 

PMMA is higher than that of air. R. Meltzer et al. [78] observed similar behavior in their 

study on the dependence of fluorescence lifetimes of Y2O3:Eu
3+

 NPs on the surrounding 

medium. They noted that when the particles are much smaller than the wavelength of light, 

the local electric field suffered by RE
3+

 is influenced by both the medium inside the NPs and 

the surrounding medium. 



 



 

Fig. 18 Decay time curves of: (a)YPO4:Sm
3+

 nanopowders, (b) YPO4:Sm
3+

/PMMA NC film, 

(c) YPO4:Sm
3+

/PS NC film. 



 

Fig. 19 Decay time versus Sm
3+

 concentration. 

The connection between light and nanophosphors heavily hinges on the refractive index of 

these materials. Here, we have determined the refractive index of YPO4:Sm
3+

 (x at. %) 

nanoparticles in both air and polymer mediums, employing the methodology outlined by 

Krsmanovic et al. [79]. The radiative lifetime of electric dipole (ED) transitions for an ion 

within a medium can be represented as [78]: 

   
 

 (  )
 

  
 

[ (     )⁄ ]  
          ( ) 

 

Where  (  ), is the oscillator strength for the ED transition,    is the wavelength in vacuum and 

n is the refractive index of the medium. 

When the NPs surrounded by the medium with a refractive index     , it is necessary to 

introduce an effective refractive index for the medium     , which is given by [78]: 

 

    ( )         (   )           ( ) 

 

 



Where   is the optical filling factor given by [78]: 

 

        
             

          
         ( ) 

 

For instance, nsamples denote the effective refractive index of nanoparticles (NPs) submerged in 

a medium with a refractive index nmed. This value can be calculated using the equation 

provided in reference [78]: 

     
       

(     
   )              

          
                (  ) 

Using the reported 
4
G5/2 → 

6
H7/2 lifetime value by   Enrico Cavalli τ(bulk) = 2.125 ms [81], 

measured under conditions similar to the current study for YPO4: Sm
3+

 (5 at.%) in bulk, we 

calculated the effective refractive index (neff) for YPO4: Sm
3+

 (5 at.%) nanoparticles 

surrounded by air, both in the case of nanopowder, with nmed=nair=1, and in the case of YPO4: 

Sm
3+

 (5 at.%) /PMMA and YPO4: Sm
3+

 (5 at.%) /PS films, with nmed=nPMMA=1.49 or 

nmed=nPS=1.67 [80, 82], knowing that the bulk refractive index (nbulk) for YPO4 is 1.72 [83]. 

The values of neff are determined and presented in Table. 4. 

Table. 4 Effective refractive index (neff) of YPO4:Sm
3+

 NPs 

 

 

 

 

 



3.3.5. Chromatic coordinates and correlated color temperature 

Chromaticity, color temperature and purity are fundamental concepts in the field of visual 

perception, describing respectively the position and hue of a color, the characteristic warmth 

or coolness of a light source, as well as the purity of the emitted light [85]. The chromatic 

coordinates (CIE), correlated color temperature (CCT), and color purity (CP) of YPO4: Sm
3+ 

(5 at.%) nanopowder and PNC films were calculated for λex = 404 nm at room temperature to 

assess their potential utility for lighting or display applications. CCT measures the blue or 

yellow character of light emitted by a bulb and typically falls between 2200 and 6500 K. CIE 

coordinates were calculated according to CIE 1931 and CIE 1976 (Table. 5) and are shown in 

Fig. 20(a) and (b), respectively. Detailed calculation procedures for the parameters 

represented in Table. 5 can be found in references [84-86]. 

 

Table. 5 CIE coordinates and color purity calculated for YPO4: Sm
3+ 

(5 at.%) nanopowder 

and YPO4: Sm
3+

/PS, YPO4: Sm
3+

/PMMA NC films for λext = 404 nm. 

 

 

Based on the data presented in Table 5, all samples have CCT values ranging between 1700 K 

and 1800 K, which can be described as orange-reddish, similar to that of fire [87]. Compared 

to the nanopowder sample, the CCT values of NC film samples were close, indicating that 

YPO4: Sm
3+

 nano-phosphors retain their original color in the polymer matrix. It was also 

observed that the CP values of the samples varied within the range of 84.74-91.82 % under λex 

= 404 nm, which is close to red-orange light sources like AlGaInP LED [88]. Ultimately, the 

study of the chromaticity of composite polymer films loaded with YPO4:Sm
3+

 nanoparticles 

demonstrate a beneficial potential for red-orange lighting applications such as display panels, 

environmentally friendly light sources, microbeam radiotherapy, cathode ray tubes (CRTs), 

and plasma screens. [87,89]. 



 

 

Fig.20 (a) CIE 1931 and (b) CIE 1976 diagrams of YPO4: (5 at.%) Sm
3+ 

nanopowder            

and YPO4: Sm
3+ 

/PS, YPO4: Sm
3+ 

/PMMA NC films under λex = 404 nm. 

 

 



4. Conclusion 

In summary, YPO4: Sm
3+

/Polymer flexible luminescent polymer films have been successfully 

synthesized via the direct mixing method in solution with micrometric thickness. YPO4: Sm
3+

 

(x %. at, x=1, 3, 5, 8, 10) nanophosphors were synthesized using a sol-gel-based experimental 

protocol. XRD analysis of the nanopowders revealed that all samples crystallized in a pure 

tetragonal structure, with I41/amd space group, and no other phases were observed. The 

average crystallite size of the nano-phosphors was estimated to be around 45 nm through 

Rietveld refinement of the XRD data. The obtained NCs films were subjected to various 

characterization techniques to examine their structure, morphology, and photoluminescence 

properties. XRD analysis revealed the characteristics diffraction peaks of YPO4: Sm
3+

  NPs 

and polymer matrices.  SEM analysis showed the uniform dispersion of luminescent NPs 

within the surfaces of PMMA and PS polymer films, with more notable dispersion in the 

PMMA film.. The emission spectra of NPs were recorded under near-UV excitation at 404 

nm and are dominated by orange emission (at 601nm) attributed to 
6
H5/2  

4
F7/2 fluorescence 

of Sm
3+

 ions. The optimal doping concentration of Sm
3+

 was found to be 5 at.%. The 

photoluminescence spectra of PNC films indicate that the luminescent NPs retain their 

luminescence behavior while a decrease in luminescence intensity has been observed which is 

very pronounced in PS based NC film; diminution of 68% (PS NC film) and 32% (PMMA 

NC film) compared to the proper luminescence intensity of YPO4: Sm
3+

  NPs. The decay time 

of luminescent NPs in NC films is shorter than the isolated NPs which due the effective 

refractive index of NC films effect. The thermal stability of YPO4: Sm
3+

 (5 at.%) 

nanophosphor in PMMA was evaluated using TDPL in the 100-400 K range, showing that the 

nanophosphors retain their luminescent purity at different temperatures, with decreased 

intensity at high temperatures due to thermal quenching. Color coordinates and correlated 

color temperature confirmed the red-orange light emission of the prepared phosphors and 

films. Overall, these results indicate that the obtained luminescent PNC films hold great 

potential for photonic applications such as orange-LEDs. 
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