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Abstract

:

The notable photophysical characteristics of perovskite quantum dots (PQDs) (CsPbBr3) are suitable for optoelectronic devices. However, the performance of PQDs is unstable because of their surface defects. One way to address the instability is to passivate PQDs using different organic (polymers, oligomers, and dendrimers) or inorganic (ZnS, PbS) materials. In this study, we performed steady-state spectroscopic investigations to measure the photoluminescence (PL), absorption (A), transmission (T), and reflectance (R) of perovskite quantum dots (    CsPbBr  3   ) and ethylene vinyl acetate/terpene phenol (1%) (EVA-TPR (1%), or EVA) copolymer/perovskite composites in thin films with a thickness of 352 ± 5 nm. EVA is highly transparent because of its large band gap; furthermore, it is inexpensive and easy to process. However, the compatibility between PQDs and EVA should be established; therefore, a series of analyses was performed to compute parameters, such as the band gap, the coefficients of absorbance and extinction, the index of refractivity, and the dielectric constant (real and imaginary parts), from the data obtained from the above investigation. Finally, the optical conductivities of the films were studied. All these analyses showed that the EVA/PQDs were more efficient and stable both physically and optically. Hence, EVA/PQDs could become copolymer/perovskite active materials suitable for optoelectronic devices, such as solar cells and perovskite/polymer light-emitting diodes (PPLEDs).
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1. Introduction


Perovskite was discovered in 1873 and has a basic structure of ABX3, where A and B are cations and X is an anion. The cations can adopt three types of pairing ratios: 2:4 perovskites    (   A  2 +    B  4 +      (   X  − 2    )   3   )   , 3:3 perovskites (   (   A  3 +    B  3 +      (   X  − 2    )   3   )   , and 1:5 perovskites   [ /  (   A +   B  5 +      (   X  − 2    )   3   )   . The structure of perovskite has been known since 1945. However, a major breakthrough did not come until the foremost efficient solid-state perovskite solar cell was disclosed in 2012 [1]. In the last decade, perovskites have become a common name in laboratories because of the advent of organic, organic–inorganic, and inorganic perovskites [2,3,4,5]. In particular, organometal and inorganic perovskites have been found to be very efficient sensors, X-ray imaging materials [6], lasers [7], and light-emitting and photovoltaic devices because of their long-range charge carrier diffusion lengths [8,9,10], high photoluminescence (PL), quantum yield (QY), and high absorption coefficients [11]. Organohalide perovskites were found to be an efficient solar material. The bands of organohalide perovskites can be tuned using different organic and halide compositions [12], which is useful for designing a broad range of devices. The chemical stability of organohalides was found to be lower [13].



Organic–inorganic (hybrid halides) and inorganic lead can be synthesized as bulk microcrystalline and nanocrystalline structures, such as perovskite quantum dots. Perovskite quantum dots show very good stability compared with other perovskite materials. Quantum dot-based perovskites have the advantages of wavelength tunability, a highly controllable synthesis, and an easy solution processability. Organometal halide perovskite quantum dots have been synthesized by various research teams [14,15]. Similarly, inorganic halide perovskite quantum dots with very high efficiency were synthesized by Protesescu et al. in 2015 [16]. Despite their remarkable optoelectronic properties, perovskite-based quantum dots have issues such as susceptibility to moisture due to their hygroscopic nature and their anion-exchange reactions. Moreover, they are very unstable under thermal heating or vigorous agitation (sonication). The crystal lattice formation energy is inherently low, and the migration of surface ions poses an extreme challenge to their stability.



Consequently, it is necessary to find an effective technique for enhancing the stability. Numerous protective strategies, including surface passivation, in situ shell layer development, and treatment with erosive species to generate an altered perovskite layer with low activity that insulates perovskite quantum dots (PQDs) from vulnerability and protects or even improves the desired properties [17,18,19,20,21], have been advocated to enhance the stability of PQDs.



Notably, a single-step synthesis using the doping agent Co(AC)2 on a CsPbBr3 QD surface improved the photoluminescence quantum yield (PLQY) by up to 90%, and it was maintained at over 65% for nearly two months [22]. Atomic layer deposition (ALD) was utilized to synthesize core-shell-like QD-silica luminescent spheres (CsPbBr3 QD-SLSs). The synthesis took advantage of the intrinsic reactivity differences toward the precursors; hence, the defect sites on the surface of the CsPbBr3 QDs were specifically passivated [23]. Ye Wu et al. proposed an in situ PbBr64– octahedra passivation approach for nanoplates and quantum dots of blue-emitting CsPbBr3, achieving an absolute QY of 96% [24]. The utility of organic, organometallic, and inorganic passivation has been demonstrated by many groups [25,26,27].



Small molecules, oligomers, and polymers can be used to protect perovskite quantum (CsPbBr3) dots. These molecules can facilitate energy transfer in addition to offering protection. A series of theoretically significant polymer materials, such as poly(methyl methacrylate) (PMMA), polycarbonate (PC), polystyrene (PS), polyvinyl chloride (PVC), cellulose acetate (CA), and acrylonitrile butadiene styrene (ABS), were swollen in a dimethylformamide (DMF) environment, infused with PQDs, and finally shrunk to fabricate solid-state substrates using the solvent DMF to illustrate the generality of this strategy [20]. A perovskite–polymer composite was made using ligand-assisted swelling-deswelling microencapsulation to enhance the stability of the perovskite [28]. Extremely luminescent colloidal PQDs made of MAPbX3 and CsPbX3 (MA = CH3NH3+, X = Cl, Br, I) were passivated using polyvinylidene fluoride (PVDF). The hydrophobic semi-crystalline polymer polyvinylidene fluoride (PVDF) was used as a host for highly luminescent colloidal MAPbX3 and CsPbX3 (MA = CH3NH3+, X = Cl, Br, I) quantum dots (QDs), and the stability was improved dramatically. L. C. Chen et al analyzed the influence of PMMA on PQDs. They used a sophisticated system to fabricate PMMA/PQDs [29]. Lead halide perovskite nanocrystals were blended with the polymer poly(isobutylene-alt-maleic anhydride)-graft-dodecyl (PMA) and found to be stable for a prolonged period [30]. Flexible LEDs were fabricated by encapsulating perovskite inside poly(ethylene oxide)-modified poly(3,4-ethylenedioxythiophene) polystyrene sulfonate. The LED was flexible and mechanically robust for up to 100 cycles at 40% strain. The in situ encapsulation of perovskites was achieved by combining EVA and the perovskite precursor (PbBr2 and CsBr) in toluene, and, upon supersaturation, three PQD/EVA films were formed [31].



In this report, we describe a post-synthesis encapsulation technique for green-emitting CsPbBr3 quantum dots using simple solvent dispersion and exploitation of the glass transition by mild heating. This method is not limited to thin films but can be used to form solid-state perovskite-embedded matrices of any size and shape. However, it also results in thin films of ethylene vinyl acetate/terpene phenol (EVA-TPR) both as separate layers (glass/PQDs/EVA-TPR) and as composites (glass/PQDs:EVA-TPR). To the best of our knowledge, this is the first study on PQD/EVA-TPR encapsulation.




2. Materials and Methods


Figure 1a–c illustrates the chemical structure of terpene phenol (TPR), the structure of ethylene vinyl acetate (EVA), and the CsPbBr3 crystal structure, respectively. The host material was a commercially and readily available EVA-TRP glue stick selected because of its excellent transparency. The LUMAR PQDs were obtained from Quantum Solutions, Tuwal, Saudi Arabia.



A spectrofluorometer (LS 55, from Perkin Elmer, Llantrisant, United Kingdom) was employed to evaluate the photoluminescence (PL) spectra, and a Perkin Elmer Lambda 950 spectrophotometer (Llantrisant, United Kingdom) was utilized to investigate the absorption spectra of the film samples in the range of 100 to 1100 nm. The spectral dependencies of the transmittance and reflectance of the film were obtained using a UV-vis near-infrared spectrophotometer (Cary 5000, Varian, Australia). Transmission electron microscopy (TEM) characterization of the PQDs and PQDs: EVA-TPR films was accomplished using a JEM-1011 instrument (JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV. The structural properties of the films were characterized by an X-ray diffraction system using a copper (Cu) target (λ = 1.54060 Å, 2θ = 10°–50°, Miniflex 600, Rigaku, Japan).



All solvents are procured from Sigma Aldrich, St. Louis, MO, USA. The substrates were cleaned with a non-ionic surfactant liquid, acetone, ethanol, and deionized (DI) water at least 3 times for 5 min each cycle. Next, the CsPbBr3 QDs were dissolved in toluene to obtain a concentration of 20 mg/mL. Similarly, EVA-TRP was dissolved in toluene to a concentration of 50 mg/mL. To homogenize the solution, it was heated and stirred constantly for 10 min and then allowed to cool to room temperature. The two solutions were mixed at a ratio of 1:1 to form the final composite (EVA-TRP/PQD) solution. For spin coating, the cleaned substrate was loaded on a spin coater holder (KW-4A Spin Coater, Chemat Technology, Inc., Northridge, CA, USA), and 75 µL of the EVA-TRP/PQDs were dropped onto the substrate, which was spun at a low speed for 5 s and at 2000 rpm for 20 s to create a highly uniform thin film. The film was annealed at 80°C for 3 min and then vacuum-dried for 30 min to give a thin film. The thickness of the films was assessed using a Dektak XT stylus profilometer (Billerica, MA, USA).




3. Results and Discussion


3.1. Structural Characteristics of the Pure PQDs and the EVA-TPR/PQD Composite


Figure 2a,b presents the structural (TEM) characteristics of the pure PQDs and the EVA-TPR/PQD composite. The average sizes of the pure PQDs and the EVA-TPR/PQD composite were 11.3 nm and 9.3 nm, respectively. The size of the composite was smaller than that of the pure PQDs because of the compression force exerted by the EVA-TRP copolymer; additionally, mild sonication was used, which damaged a few scattered PQDs, as shown in Figure 2a,b. Figure 2a shows closely compacted, well-arranged PQDs, whereas Figure 2b shows that the addition of EVA-TPR increased the distortion, and the spacing between adjacent PQDs also increased. Furthermore, the TEM images also showed that the interplanar distance corresponding to adjacent cesium atoms was 0.52 nm. Figure 2b shows the presence of EVA-TPR at the boundary of ligands.



The XRD patterns shown in Figure 2c also corroborate the TEM analysis. The calculated results for the pure PQDs and EVA-TPR/PQD composite were 9.7 nm and 7.89 nm, respectively. The XRD patterns exhibited peaks at 2θ = 15.33°, 21.70°, 30.87°, 34.45°, 37.90°, and 43.93° correlated to diffractions from the (100), (110), (200), (210), (211), and (220) planes of the pure PQDs and EVA-TPR/PQDs. The peaks did not shift but appeared to broaden (full-width half-maximum) owing to the adherence between EVA-TPR and the PQDs. The XRD patterns of both samples had similar features, and the XRD patterns of the sample with the EVA-TPR/PQD surface did not exhibit an additional peak because the pure EVA peak at 15.8° coincided with the PQD peak, and polymers tend to be amorphous, resulting in the broadening of the band at this peak location. All these observations from the experimental analysis show that the addition of EVA does not interfere with or result in detrimental changes to the PQDs, and EVA has good compatibility with them. The diameter of the crystallite size (D), the dislocation density (δ), and the microstrain (ε) in the film can be assessed using the XRD results and the following formulas:


   D =     K λ   β   · c o s θ     ,   δ =    1   D 2      ,   and   ε =     β   · c o s θ  4                                    



(1)




where k, which corresponds to the shape factor, has a typical value of approximately 0.9; the wavelength of the incident X-ray source λ is 0.154 nm; β is the full-width at half-maximum (FWHM) in radians; and θ is Bragg’s angle. The dislocation density (δ) and the number of crystallites per unit area (N) were estimated using Equation (1) [32,33,34]. It was observed that the CsPbBr3-PQD film had a grain size of 9.7 nm, which was consistent with the measurements attained from the TEM analysis (Figure 2a). Table 1 consolidates the structural factors for all samples.




3.2. Optical Properties of the Pure PQDs and the EVA-TPR/PQD Composite


Optical properties are a manifestation of the electronic transitions and the band gap of a nanomaterial. Fundamental optical properties such as absorption, photoluminescence, reflectivity, transmission, and refraction provide insights into the band structure, the electron-hole excitation, and the recombination efficiency. To compare the optical performances of the pure PQDs and the EVA-TPR/PQDs, the above experiments were performed for both samples. The photoluminescences (PL) of the pure PQDs and EVA-TPR/PQDs are shown in Figure 3, with film thicknesses of 305 nm and 352 nm, respectively. The peak emissions of the pure PQDs and EVA-TPR/PQDs occurred at 522 nm and 520 nm, respectively, with FWHMs of 17 nm and 21 nm, respectively. The PL intensity of the EVA-TPR/PQDs was twice that of the PQDs at the same spin speed. The reason for this improvement could be fully understood by studying the absorption, transmission and reflectance, which enables a clear reason for the improved optical properties to be determined.



Figure 4a shows that both samples (the PQD and the EVA/PQD films) have a broad optical absorption profile, with a primary shoulder band at 506 ± 1 nm, and the absorbance continuously upsurges with decreasing wavelength in the shorter wavelength region before the shoulder (500–350 nm). This trend is typical of QDs because of their quasi-continuous higher-order band gaps in the conduction band. In the case of the EVA-TPR/PQDs, the primary shoulder band appeared at 507 nm, and the absorption profile was similar to that of the pure PQDs. However, a tail was observed after the primary shoulder, which could be the result of the amorphous nature of the EVA-TPR polymer, but its absorbance was higher than that of the pure PQDs, which was attributed to the higher transparency, higher reflectivity, and smoother surface (glass transition) of the EVA-TPR polymer. The absorption improvements at the band edge are due to resonant exciton creation, which plausibly explains the primarily steep rise in the absorption coefficient [16].



Figure 4b illustrate the transmittance (T) of pure PQDs and EVA-TPR/PQD films with thicknesses of 305 nm and 352 nm, respectively. At shorter wavelengths, the transmittance increased linearly up to the transparency transition point at 510 nm; specifically, it increased from 20% at 300 nm to approximately 55% at 510 nm. At 510 nm, the transmittance rose sharply from 62% to 79%, which indicates a band gap transition corresponding to a band gap value of 2.43 eV. However, this information does not provide details about whether the band gap is direct or indirect, which was further investigated in this study. For the composite, a similar trend was observed, with the transition occurring from 59% to 71%. The transmittance changed distinctively and linearly with increasing transmission from 75% to 85% at wavelengths longer than 525 nm, which could be due to the amorphous nature of EVA.



Figure 4c(i) illustrates the experimentally measured reflectance spectra (R) of the pure PQD and the EVA-TPR/PQD films with thicknesses of 305 nm and 352 nm, respectively. The spectral profile of the reflectance of the pure PQDs exhibited a peak at 522 nm, and the reflectance increased linearly from 350 nm to 600 nm and beyond. The spectral profile of the pure PQDs was wavy and had two peaks at 426 nm and 522 nm, which corresponded to the reflectance originating from the discontinuity in the conduction band and the PQDs, respectively. The variations in the pure PQDs could be attributed to surface roughness-induced scattering. Figure 4c (ii) demonstrates the experimentally measured reflectance (R) spectrum of the EVA-TPR/PQD films. The EVA-TPR/PQDs generated a reflectance spectral profile with very smooth features and a clear surge in the transition band. Two plateaus were observed before and after the transition band. The spectral profile of the EVA-TPR/PQDs had two shoulders at 430 nm and 530 nm corresponding to the reflectance originating from the ligands and the PQDs, respectively. EVA did not interfere with the reflectance profile, indicating that EVA smoothed the surface, reducing the roughness and thus the scattering.



Next, the Tauc relationship was used to obtain the band gap information by identifying the fundamental absorption edge as follows:


     (  α h ν  )   n  =    B S    ( h υ −    E g  )  



(2)




where    B S    is a constant, Eg is the band gap, and the values of n are 2 and 1/2 for direct and indirect transitions, respectively [35,36]. The complete profiles of the direct and indirect band gaps as a function of energy (vis-a-vis wavelength) could be obtained from a Tauc analysis using the optical absorbance information from Equation (2). Plotting (αhν)n versus hν is a direct method for defining the nature of the optical transition. The natures of the direct and indirect allowed transitions can be compared using n = 2 and n = ½, respectively, and n = 3 and n = 3/2 can be used to compare indirect and direct forbidden transitions, respectively [37]. The direct and indirect allowed transitions are explored in Figure 5. Figure 5a compares the direct band gap of the pure PQDs with that of the EVA-TPR/PQDs. The intersection of the transition slopes at α = 0 gave a band gap of 2.33 eV for the latter, and the former had an energy gap of 2.38 eV (difference = 0.05 eV). Similar behavior was observed in the indirect band gap calculations for the pure and composite PQDs; the calculated band gaps were 2.202 eV and 2.304 eV, respectively, as depicted in Figure 5b. We can infer that the plot of (αhν)2 vs hν has a steeper slope near the absorption edge of the optical spectra than the (αhν)1/2 vs hν plot; moreover, there is a high degree of proximity between the allowed direct and indirect transitions, resulting in an improved direct resonant excitonic transition and thus improved photoluminescence efficiency. We can deduce that the direct band gap of the composite PQDs was steeper than that of the pure PQDs because of the improved surface emission and quantum efficiency.



The profiles of the absorption coefficients of both films are shown as a function of wavelength in Figure 6 and were calculated using    (  α =   2.303 x A  l   )    [38,39,40], where A is the absorbance and l is the thickness of the film. The features of α(λ) are closely related to the absorbance spectra. At longer wavelengths (510 nm), α(λ) is very low for the pure film and increases linearly for the composite film. Then, α(λ) surges sharply from 0.21 to 1 for the pure film and less sharply from 0.76 to 1.2 for the composite film at 508 ± 2 nm. This indicates that the optical properties of the PQD composite were improved. The high absorption coefficient values and inherently protective passivation by EVA clearly demonstrate that EVA is capable of being an active layer in solar cell optoelectronic devices. The high α(λ) is evidence of high excitonic creation in the excited states, and the excitons have the potential for high conversion to charge carriers, which is crucial for the effective light harvesting of the materials [35,41,42].



The complex refractive index (N = n + ik) is a function of two parts, real and imaginary, where n is the real part of the refractive index and k is the imaginary part. The k value can be determined from experimentally measured parameters such as α(λ) using the equation k = αλ/4π, and the n(λ) value can be calculated in terms of R using n = (1+√R)/(1−√R) for the perpendicular incidence of light with respect to the film plane [43]. The wavelength-dependent functions k(λ) and n(λ) are presented in Figure 7a,b, respectively, for the pure and composite thin films. The profiles were identical to those of the absorption coefficient, with a shoulder at 506 ± 2 nm (508 nm for pure and 504 nm for composite), and k(λ) increased with increasing photon energy (decreasing wavelength). The value of k(λ) at the shoulder was approximately 0.039 and 0.049 for the pure and composite PQDs, respectively, which shows that the extinction efficiency of the EVA-TPR/PQDs was 25.6% higher than that of the pure PQDs; hence, EVA-TPR/PQDs are an attractive option for optoelectronic devices such as solar cells. Moreover, if proper pumping is applied, it could also serve as a laser material. The electric field (EF) of the incoming photons interacting with the EF of a medium results in a slowing down of the photons. This phenomenon depends on the energy of the photon and is thus inversely dependent on the wavelength and is called the refractive index. The refractive index is an important parameter for identifying the efficiency of the medium and is used in all geometric optical designs of optical devices. The calculated refractive index n(λ) of the pure PQDs exhibited a distinct peak at 506 nm with a value of 1.70 and a range from 1.67 to 1.71, indicating that a large amount of light will not enter the medium and that pure PQDs would result in low-efficiency devices (e.g., solar cells and PQLEDs). On the other hand, the PQDs embedded in the EVA-TPR copolymer films had a reduced refractive index with a value of approximately 1.29 ± 0.01 at shorter wavelengths of up to 508 nm (transition region) and 1.34 ± 0.01 at longer wavelengths, and the features were smooth; therefore, the photons enter at a more oblique angle, making this material suitable for light-harvesting devices.



The polarizability of a medium is a function of its dielectric constant. For all optoelectronic devices, the relative permittivity is an important factor that determines the performance, and it is a complex value composed of real (εr) and imaginary (εi) relative permittivities, as given in Equation (3) below [44].


  ε =    ε r  +    ϵ i   



(3)






   ϵ r  =    n 2  −    k 2   










   ϵ i  =   2 n k  











The real part of the relative permittivity is plotted vs the wavelength (nm) in Figure 8a,b. At shorter wavelengths, that is, in the 350–650 nm region,    ε r    was high. However, for the composite, the value was similarly lower at shorter wavelengths of up to 506 nm and increased at longer wavelengths. The imaginary part of the dielectric constant is given in Figure 8b. Its profile is similar to the absorption spectra with transitions at 508 and 506 nm for the pure PQDs and the composite. This result indicates that the composite PQD films are suitable for device fabrication, especially for optically and electrically pumped devices.



The calculated optical conductivity is perhaps the most important indicator for determining the feasibility of employing a film in devices such as PQLEDs, solar cells, and optoelectronic devices. The photoconductivity is important because it reveals information about the optical carrier generation, transport, and recombination processes within a device. The optical conductivities of the pure and composite PQDs are compared in Figure 9 and were calculated using    σ  p h   =   α n c   4 π     [43]. The composite had a higher optical conductivity at all photon excitation energies, except for a small difference above 3.00 eV in the UV region. The improved optical conductivity shows that EVA-TPR/PQD films can increase the mobility of excitons and free charge carriers. The potential gradient at the surface interface between the PQDs and the EVA-TPR could enhance charge separation (splitting of electrons and holes from tightly bound excitons). However, increasing the quantity of EVA-TPR or any polymer matrix may not always improve the optical performance because the EVA-TPR material has an inherently low conductivity.



The optical stability of the pure PQD and the EVA-TPR/PQD films was measured by exposing the films to nanosecond pulses (355 nm, 2 mJ, 10 ns pulse width). The EVA-TPR/PQD withstood more than 1000 pulses without significant loss in the output fluorescence, but pure PQD started degrading after 200 pulses, and output fluorescence dropped to 10%.





4. Conclusions


In this study, we compared the optical performances of thin films made of pure CsPbBr3 and EVA-TPR/(PQDs-CsPbBr3). The optical performances of the pure CsPbBr3 and the EVA-TPR/PQDs were experimentally determined by measuring the photoluminescence, absorption, transmission, and reflectance. The PL intensity of the EVA-TPR/PQDs was twice that of the PQDs. The absorbance spectrum of the EVA-TPR/PQDs exhibited a primary shoulder band at 507 nm with a long tail because of the amorphous nature of the EVA-TPR polymer. Calculations showed that the direct band gap of the EVA-TPR/PQDs (2.202 eV) was lower than that of the pure PQDs (2.304 eV). Similarly, the indirect band gap was 2.33 eV for the composite and 2.38 eV for the pure PQDs. The transition slope occurred at almost the same place for the direct and indirect band gaps, indicating an efficient radiative transition. The addition of EVA did not deteriorate the performance of the PQDs but, rather, improved it. This study was extended to the analysis of the absorption and extinction coefficients and confirmed the improved performance of the EVA/PQDs. Next, we investigated the refractive index and the dielectric constant (real and imaginary), which showed that the EVA/PQD composites are suitable for solar cells and other photonic devices. Finally, the optical conductivity of the films was studied. All the above analyses showed that the EVA/PQDs were more efficient and stable both physically and optically. Hence, the EVA/PQDs could be suitable copolymer/perovskite active materials for optoelectronic devices, such as solar cells and perovskite/polymer light-emitting diodes (PPLEDs).
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Figure 1. The molecular structures of (a) terpene phenol (TPR) and (b) ethylene vinyl acetate (EVA) obtained using the MarvinSketch 20.4 software and (c) the crystal structure of a unit of cesium lead tribromide (    CsPbBr  3   ) drawn with the VESTA software. 
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Figure 2. TEM images of (a) pure perovskite quantum dots (PQDs) and (b) PQDs: ethylene vinyl acetate/terpene phenol (EVA-TPR) at a scale of 20 nm. (c) XRD patterns of the pure EVA, the pure PQDs, and the PQD: EVA-TPR films. 
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Figure 3. PL spectra of the EVA-TPR/ PQD surface and the pure PQD thin films. The excitation wavelength was 355 nm. 
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Figure 4. (a–c) Comparison of the absorbances, transmittances, and reflectances of the pure PQD and the EVA-TPR/PQD films. 
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Figure 5. (a) Direct and (b) indirect band gaps of the pure PQD and the EVA-TPR/PQD films. 
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Figure 6. Absorption coefficients of the pure PQD and the EVA-TPR/PQD films. 
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Figure 7. Computed (a) extinction coefficients k(λ) and (b) refractive indices n(λ) of the pure PQD and the EVA-TPR/PQD films. 
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Figure 8. (a) Real and (b) imaginary parts of the complex dielectric constant of the pure PQD and the EVA-TPR/PQD films. 
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Figure 9. Optical conductivity of the pure PQD and the EVA-TPR/PQD films. 
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Table 1. Structure of the EVA-modified PQD and the pure PQD thin films in the (110) plane.
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	PQDs
	Full-Width Half-Maximum (deg)
	D (nm)
	Lattice Strain € × 10−3
	Dislocation Density × 10−2 (nm)−2





	EVA
	3.16
	2.55
	13.59
	15.38



	PQD
	0.83
	9.70
	3.57
	1.061



	EVA/PQD
	1.02
	7.89
	4.39
	1.604
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