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Abstract

:

In this study, a voltage controlled, reproducible, scalable, and cost-effective approach for depositing zinc oxide (ZnO) nanoparticles (NPs), using electrophoretic deposition (EPD) onto p-type silicon (Si) substrates, has been researched and analyzed for its feasibility with respect to electronic device fabrication and fluorescence-based sensors. Our work presents a detailed investigation to evaluate the influence of ZnO morphology, ZnO concentration, and the method of surface treatment applied to the underlying Si substrates, because these pertain to an optimized EPD system. It has been noted that the ZnO NP structures formed directly atop the (3-aminopropyl) triethoxysilane (APTES)-treated Si substrates were more adhesive, thus resulting in a higher yield of NPs over that of comparable depositions on bare silicon. Our observation is that smaller particle sizes of ZnO will increase the energy emission for fluorescence transmission, eliminate several peak emissions, obtain higher fluorescence quantum yield (FQY) efficiency, and require less excitation energy. The results obtained are promising in relation to the integration of EPD in the fabrication of nano biosensors, PV solar cells, nano electronic devices, and thin film transistors (TFTs), where ZnO improves the reliability, affordability, and increased sensitivity needed for the next generation of nanoscale devices and systems.
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1. Introduction


Nanoparticles and nanostructures are of great interest to the advancement of science and next generation technology due to their versatility in nano applications and highly sensitive surfaces [1,2,3,4,5]. Wurtzite zinc oxide (ZnO) nanostructures are n-type, II–VI semiconductor films that are of particular interest owing to their direct wide bandgap in the range of (3.3–3.37 eV), with high exciton binding energy around (60 meV) [6], which is higher than GaN, amendable optical properties [7], thermal and chemical stability, excellent biocompatibility and biosensing properties [8], and oxygen storage. Such a high quantity of exciton binding energy would suggest that ZnO has a stable and efficient excitonic emission, even beyond room temperature (RT) [9]. Delivering high transmittance in the visible range can be achieved by high direct bandgap [10,11]. Traits such as a wide direct optical band gap semiconductor and large exciton binding energy (60 meV) make ZnO a good material candidate for optoelectronic and optical biosensor devices applications [12,13,14]. Moreover, ZnO nanoparticles are easily reducible from zinc nitride and zinc acetate for applications such as nanostructure surfaces and gas sensing [15,16,17,18,19]. Physical properties of ZnO nanoparticles can be used in sensing, ultraviolent ranges, and thin film transistor (TFT) applications. Thus, physical properties of ZnO nanostructures are exploited in various applications including optoelectronics [20], filed emitters [21], UV lasers [22], solar cells [23], sensors [24,25,26,27,28,29], biosensors [12,30,31,32], and thin film transistor (TFT) [33,34,35,36].



Deposition of ZnO nanoparticles has already been performed by physical and chemical techniques. For instance, radio frequency magnetron sputtering systems [37], pulsed laser deposition [38], plasma enriched chemical vapor deposition (PE-CVD) [39], metal-organic chemical vapor deposition (MOCVD) [40], sol–gel system [41], molecular beam epitaxy [42], and atomic layer deposition [43] have been researched for their compatibility with nanomaterials and film quality for device and sensor applications. Lately, the electrophoretic deposition method has gained increasing attention both in academia and industrial sectors because of the wide versatility of its applications with different materials and because of its cost-effectiveness requiring simple apparatus [44]. Additionally, the controllability of the surface quality accomplished by varying the deposition parameters of the electrophoretic deposition (EPD) system to optimize morphology, surface structures, and optical performance [22,23]. In our previous studies, we have shown successful and controllable deposition of thin carbon nanotubes films using electrospray and electrophoretic deposition systems at room temperature (RT) without postdeposition or predisposition annealing [45,46].



In this paper, we show the study on ZnO nanoparticles (NPs) deposited by an electrophoretic deposition system at room temperature without post or pre-deposition annealing at high temperatures. The suitability of the two different surface functionalization and the ZnO deposition yield was studied. Furthermore, the influence of the concentration levels of ZnO in the EPD host solutions were divided into 5 and 10 wt% and its dependance of the structural and optical features were researched. The novelty in our approach is that we functionalized the experimental substrates by pre-deposition surface treatment, which was (3-aminopropyl) triethoxysilane (APTES); then, we optimized the EPD colloidal suspension for minimum surface defects and better electrophoretic deposited ZnO NP structures on p-silicon substrates. We believe that this, and other steps taken in this study, differentiates our work from that of other groups using EPD. The application of the studied surface as smoothness, crystallinity, and transparent conductive electrodes was exhibited and examined.




2. Materials and Methods


We dedicate this section to show steps, materials and procedures that were taken during the pre-deposition stage. The Chemical and Material Section addresses the materials and from where they were obtained. In Section 2.2, we mainly explain our design of the EPD system and what concentrations of ZnO NPs in the EPD solutions were used in our experiment for deposition. Electrodes play an important role in the EPD processes, thus Section 2.3 shows cleaning and treatment procedures of the silicon substrates and platinum electrodes. In Section 2.4, we describe the APTES treatment processes performed on several substrates. Then, we show our microfabrication overview of the EPD system for depositing a ZnO NP layer on p-Si and p-Si/APTES substrates. In the Synthesizing EPD ZnO Solution Section, we demonstrate the EPD host solution’s synthesizing and weight distribution. Finally, we specify the characterization instruments and studying aspects that we are researching.



2.1. Chemical and Material


The chemicals used for the electrodeposition of the ZnO structures were zinc oxide nanopowder (<50 nm particles, catalog number 677,450) and Poly(ethylene glycol) (H(OCH2CH2)nOH, catalog number 202,398), which were purchased from Sigma-Aldrich (Dongguan, China). The substrates used for electrophoretic deposition were p-type doped silicon wafers (boron dopant; resistivity = 10−20 ohm-cm; <100> orientation) from Shin-Etsu Handotai (SEH) (Tokyo, Japan). The electrodes for the EPD setup consisted of a 2 × 1 cm2 platinum (Pt) anode and a 2 × 1 cm2 p-type silicon cathode. Ethanol (C2H5OH) was used for preparation of the EPD ZnO NP solution. For cleaning purposes, we used nitric acid (HNO3), hydrochloric acid (HCl), and acetone, which were obtained from Fisher Scientific Lab Supplies (Fair Lawn, NJ, USA).




2.2. EPD Deposition Setup


Undoped 1 wt%, 5 wt%, and 10 wt% ZnO nanoparticle solutions were deposited by the electrophoretic method using the vertical set-up presented in Figure 1. The frame (6) was a 3D-printed glass-filled polyamide with dimensions of 50 × 50 × 50 cm3 and the substrate (3) was a platinum (Pt) plate heated at 200 °C by the thermo-controlled heater (6). The platinum to silicon samples distance was 2 cm and a voltage of 30 V was applied via a DC power supply (Applied Kilovolts, Sussex, UK). The EPD solvent was placed in a 20 mL beaker (2) positioned in the middle of the EPD setup (Figure 1). The Pt electrode (3) and Si substrates (4) were placed into the EPD solution (2) and connected to a DC voltage source (1).




2.3. Electrodes Preparation


Prior to the deposition of ZnO NP onto the electrodes via EPD, we cleaned the substrates thoroughly by sonication in an acetone bath for 2 h followed by cleaning with HCl and isopropyl alcohol (IPA) sequentially. Next, substrates were treated in a heated piranha suspension (H2SO4:H2O2) for 1 h to ensure removal of any organic material, followed by soaking and a wash in deionized (DI) water for 1 min. Finally, the substrates were dried by nitrogen gas. It is worth mentioning that the previous procedure of substrate cleaning was conducted only for silicon samples. However, for electrodes, platinum (Pt) and steel, we soaked these items for 10 min in warm HNO3 to remove impurities, followed by 10 min in warm KOH and a soak in DI water for 20 min (Figure 2c). The electrophoretic deposition of ZnO NPs was carried out in a two-electrode deposition setup, where the metal electrode serve as the anode and the target substrates serve as the cathode.




2.4. 3-Aminopropyl-Triethoxysilane (APTES) Surface Functionalization Treatment of ZnO Substrates


It has been shown in the literature that 3-aminopropyl-triethoxysilane (APTES) surface functionalization can be used to increase surface adhesion, improve film quality, and immobilize material on substrates for biomaterial sensors [25,26]. In our work, we immersed p-type silicon samples in a heated solution of APTES and ethanol (volume ratio 1:5) for 45 min. Thereafter, we dried these samples in a standard electronics laboratory oven for 50 min. Figure 2c shows the Si substrate surfaces after APTES treatment. From Figure 2d, it is clear that a new layer of APTES is on the substrate. Figure 2c, captured after the piranha cleaning, introduced a soft and clean layer of hydroxyl groups onto the p-type Si substrates by hydroxylation procedure. Afterwards, we continued the salinization procedure with the hydrolysis of ethoxy (–C2H5) groups from the APTES molecules, continuing to the creation of a silanol rough layer (Si–O–H) which enhanced the adhesion of nanomaterials structures [47].




2.5. Microfabrication Processes


Figure 3 shows a schematic of the deposition steps for depositing our ZnO NPs from substrate cleaning to surface treatment to deposition. Three main fabrication steps are presented. Firstly, the substrate chosen for this work was p-type Si cleaned with acetone and piranha (see Section 2.2 for further details). Next, we functionalized one substrate, shown on the left, with a layer of APTES deposited by immersion (see Section 2.3 for further details). The substrate (on the right) was cleaned as described but not functionalized. The EPD of the ZnO NP process was the final processing step for both substrate samples as shown.




2.6. Synthesizing EPD ZnO Solution


To synthesize the composition of the host solution of ZnO NPs in the EPD system, ZnO NPs were dispersed in a mixture by weight of 10% ethylene glycol, 10% ethanol, and 80% deionized water. The solution was heated at 60 °C while being stirred by a magnetic stirrer (800 rpm) and was then sonicated for 3 h at ambient temperature. This solution was optimized to promote uniform thickness growth on substrates. By controlling the EPD solvent solution, not only might we minimize the structural coffee ring effect but also, we can obtain a higher boiling point of the EPD solvent with minimum surface tension. We used ethylene glycol as a solvent to create a uniform deposition of layered nanoparticles due to offset outward convective flow [27]. This composition was also used by Garcia-Ferrera et al. [22] with the nonionic surfactant Triton X-100. However, in our experiment we studied the growth of different concentrations of ZnO deposited onto Si without the use of a surfactant by EPD (Figure 4).




2.7. ZnO Nanostructure Characterization


We studied the surface morphology by atomic force microscopy (Veeco Dimension 3100 AFM, Gaithersburg, MD, USA), fluorescence emission and excitation spectra of ZnO determined from Fluorolog®-3 spectrofluorometer system by Horiba at an excitation wavelength of 315 nm, and wavelength excitation range 200–600 for excitation and emission.





3. Results


We started our study by optimizing the EPD chemical solutions of ZnO precursor in order to obtain smooth, flat microstructures and surfaces with good electrical characteristics and minimum elastic deformation. Three different concentrations of ZnO were used in this investigation: 1, 5 and 10 wt% of ZnO nanoparticles, where the solvent consisted of ethanol and DI water (see Table 1). A 50 nm and 100 nm BET (Brunauer–Emmett–Teller) instrument was used to study the influence of the nanoparticles’ diameters on the surface morphology and nanoelectronics device performance.



3.1. Fluorescence Spectra for Sensing ZnO Microparticles and Nanoparticles in DI Water


We investigated the impact of particle size on the photoluminescence of ZnO mixed with DI water and the sensitivity of ZnO nanoparticles. We analyzed the fluorolog emission and excitation spectra of the EPD suspension. Figure 1 shows normalized fluorescence emission and excitation spectra of ZnO microparticles mixed with DI water by using a Fluorolog®-3 spectrofluorometer system for a fixed excitation wavelength (λf = 315 nm). The strong intensity emission peak wavelength and the full width at half-maxima (FWHM) are 383 nm (energy equivalent to E peak-ems-micro = 3.2 eV blue range) and 32 nm, respectively. Additionally, there were other weak UV deep-level emissions whose peak wavelength were 355 nm (3.4925 eV) and 337 nm (3.679 eV). On the excitation spectrum, the highest intensity excitation peak wavelength recorded and the full width at half-maxima (FWHM) were 312 nm (energy equivalent to EPeak-ext = 3.9739 eV) and 43 nm, respectively. We obtained the integral over the whole emission spectrum to evaluate the fluorescent quantum yield (FQY) of ZnO NPs immersed in H2O (pure water) which was 0.35. We used the following relationship [48]:


   Φ F  =    ∫ 0 ∞    F  λ f       ( λ )  d λ  



(1)




where ΦF is the fluorescence quantum yield of ZnO and Fλf (λ) is the emission spectrum of ZnO obtained from the Fluorolog®-3 spectrofluorometer system.



Researchers use ΦF to calculate the efficiency of the fluorescence process. There are other methods (relative [49,50,51,52,53,54,55,56] and absolute [51,57,58,59] measurement of quantum yields and the MATLAB [60] toolbox) proposed by several researchers. We used the absolute measurement with standardized procedure mentioned in sample preparation and wavelength [55]. It is worth mentioning that the fluorescence spectrum (emission spectrum) in Figure 5A reflects the ZnO microparticle distribution of the probability of the various transitions from the lowest energy an electron can occupy when it gains energy (photon or phonon) S1 to various energy levels in the ground state (original position of an electron) S0. It illustrates that the probability of an electron transitioning on a wavelength at 383 nm which corresponds to (ENP = 3.24 eV) is the highest on the wavelength spectrum. The calculated energy loss of electrons transitioning from the excited state (excitation spectrum) to the ground state (emission spectrum) is 0.7367 eV by using Strokes shift (wavelength) [61].


  Δ λ =  λ f  −  λ a   



(2)




where λf is the maximum wavelength of the fluorescence emission, and λa is the maximum wavelength of the absorbed spectrum.



We repeated the aforementioned processes with ZnO nanoparticle samples immersed in DI water (30 mL) under similar conditions to present a comparison analysis of particle size effects on the ZnO fluorescence spectrum. Figure 5B shows one strong intensity emission peak wavelength, the full width at half-maxima (FWHM), fluorescent quantum yield, and Stroke shift energy are 399 nm (energy equivalent to EPeak-ems-nano = 3.1074 eV (blue range)), 60 nm, 0.5182, and 0.971 eV, respectively. On the excitation spectrum of ZnO NPs, the highest fluorescence intensity excitation peak wavelength recorded and the full width at half-maxima (FWHM) were 304 nm (energy equivalent to EPeak-ext-nano = 4.0784 eV) and 27 nm, respectively. Table 2 shows highlighted results from the emission and excitation spectra of different ZnO particle sizes.



We explain the observed emission mechanisms of ZnO NP fluorescence as the following. The 399 nm (3.1 eV) ultraviolent range emission might relate to the inter-band radiation sequence of photogenerated electrons and holes. Typically, light is emitted by an electron carry energy equal to or slightly higher than the direct bandgap energy. According to Li et al. [62], the fluorescence emissions of ZnO quantum dots, synthesized at the [LiOH]/[Zn21] ratio of 1:3 and dispersed in water, were 525 nm (less than ZnO energy bandgap emission) with low intensity (fraction of 104) when it was excited by UV light at 302 nm. A fluorescence emission with energy higher than the bandgap was reported. Zhang et al. [63] deposited ZnO films by using a sputtering system onto an Si substrate and reported a 290 nm emission peak.



In Figure 5C,D, we highlighted the differences of the waveform patterns of ZnO nanoparticles and microparticles. Our observation is that smaller particle sizes of ZnO will increase the energy emission for fluorescence transmission, eliminate several peak emissions, obtain higher FQY efficiency, and require less excitation energy. Although ZnO particles do not show remarkable changes from the water Raman emission peak, the possibility of controllable peak emission shifting, and higher fluorescence, is greater when using ZnO.



The results in Table 2 show, in general, a greater sensitivity of ZnO NPs in fluorolog detection, particularly in the emission peak wavelength, fluorescence quantum yield, and Stokes shift, as compared to the other ZnO microparticles, highlighting the role of ZnO particle sizes in attaining strong emission and excitation spectrum.



When the fluorescence-based sensitivities of ZnO NPs and ZnO µPs are compared, a higher sensory response to the fluorolog spectrum is found for ZnO NPs; for peak wavelength emission, the results also slightly favor the ZnO NPs sensors, while for the emission energy a higher energy (3.24 eV) was observed for ZnO µPs. A higher Stoke shift was observed for ZnO NPs, compared to the ZnO µPs, which can also be seen from the inset of Table 2.



A photoluminescence emission of light with energy larger than the bandgap has also been observed. For instance, sputtering deposition and pulsed laser deposition of ZnO films with a 290 nm and 302 nm wavelengths emissions by Zhang et al. [63] and Ohshima et al. [64], respectively. In this study, high-energy photoemission can be explained as quasi-Fermi level shifts in the conduction band, which is explained by ZnO being an intrinsically n-type material [65].




3.2. Atomic Force Microscopy Charachtrization of EPD ZnO on p-Type Si


The comprehensive morphology and surface roughness results of voltage controlled EPD ZnO NP films were analyzed by Veeco Dimension 3100 atomic force microscopy (AFM). The AFM images were taken from five different samples, and we standardized the scanning area to be 1 × 2 μm. Figure 6A–D indicate the 2D AFM measures acquired for the ZnO NP structures with different applied voltages (0–60 V) and surface functionalization of p-silicon substrates. The outcomes show that variation of applied voltage deposition of the EPD ZnO NP system strongly influences the morphology, uniformity, and roughness characterization of the ZnO nanostructure. The AFM graph (Figure 6A) showed limited uniform distribution of a ZnO grain structure, high roughness ratio, and high ZnO concentration in the central area. The AFM surface profile (Figure 6B) showed that roughness dramatically changes from 0 to 1 µm surface area between 62 nm and −24 nm. It is important to mention that the negative sign of thickness-level means that there was a hole with respect to the reference surface level that was chosen automatically by AFM. On the AFM micrograph (Figure 6C), however, we observed a better uniform distribution with minimum grains of a ZnO structure, which was steady with a high-quality ZnO thin film nanostructure with minimum pin-hole structures, and a smooth and crack-free surface [66,67]. The surface profile (Figure 6D), for the blue line on Figure 6C, shows a successful uniformity rate of the EPD system with minimum granular structures, which indicates the influence of applying higher voltage and using functionalized silicon surfaces. The hole at the edge (0.8 µm) of the surface area indicates that the increased thickness with 60 V applied voltage was 4 nm thicker on average.



Figure 7A–F shows 3D images of EPD ZnO nanoparticles on p-type silicon samples and the influence of applying different EPD voltages. When the applied EPD system voltage increased in the EPD solution from 5 to 60 V, the average thicknesses of the thin film on the p-type substrate were also increased. Figure 7A–F also shows that when a higher voltage was applied on the ZnO thin film, the overall surface roughness and surface uniformity increased. The surface structure associated with 60 V (Figure 7C) was smoother than 10 V EPD applied voltage (Figure 7A) with fewer grains on the surface and less ZnO NP agglomeration. The grain size and thickness increased as the applied voltage increased. Thus, an increase in the EPD applied voltage on the ZnO NPs surface improves the overall crystalline structure of deposited ZnO NPs on P-type silicon substrates. This is confirmed by the AFM analysis. The improved uniformity with applied voltage may be due to the increase in zeta potential in the EPD setup which leads to a higher diffusivity of ZnO particles in the EPD solution [45,68]. The formation of a large island structure associated with higher applied voltage may be due to the EPD ZnO NPs, which coalesced with the bipolar ZnO thin film. Figure 7D shows the influence of depositing a heated APTES layer as a functionalization surface layer on bare p-type silicon substrates before depositing a ZnO layer. We observed that APTES-treated surfaces showed better results in terms of uniformity, fewer grains, and controllable ZnO thickness. With increasing the grain size, the surface of the thin structures on p-type silicon substrate formed island-shaped structures that led to rougher surfaces [69,70].





4. Discussion


In this communication, our present investigation has demonstrated that morphology controlled ZnO nanoparticles (NPs) can be successfully deposited via a system of electronic deposition with synthesized organic solvent as the EPD solution and be exploited as fluorescence-based sensors for the detection of ZnO particle sizes. This study was carried out through synthesizing EPD solvent, microfabricating samples, functionalizing substrates, characterizing with fluorologs and AFM, and sensing particle sizes via fluorolog spectra. The fluorolog photoluminescence properties of the ZnO NPs and microparticles mixed with DI water highly influence the energy emission for fluorescence transmission, eliminate several peak emissions, obtain higher FQY efficiency, and require less excitation energy. Hence, compared with other EPD solutions, ZnO NP surfaces synthesized by using a minimum surface tension solvent such as ethylene glycol obtain a better-quality grain size, higher transmittance of fluorescent emission associated with small particle sizes, and better crystallite quality. It was observed that there was a strong influence of the applied voltage, ZnO concentration, and APTES-treated substrates on the overall morphology, coverage, thickness, and flatness of deposited nanostructures. We observed that APTES-treated surfaces showed better results in terms of uniformity, fewer grains, and controllable ZnO thickness. We showed that increasing the EPD applied voltage can improve the coverage, adhesion, and the uniformity of ZnO NP nanostructures. Our work in this direction will focus on reproducibility tests, depositing ZnO NPs onto p-type doped direct bandgap semiconductors, such as GaAs, as well as sapphire substrates to test the performance of ZnO/substrate heterojunctions. We will take current–voltage characteristics of our current samples. Other experimental possibilities include introducing channels in our substrates by using lithography to ensure the accumulation of ZnO nanoparticles in designated areas and examining our samples by atomic force microscopy (AFM) to study sample topology. We will also experiment with introducing variation to the EPD system via changing the distance between electrodes, length of contact with electrolytes, electrode materials, and electrolyte composition. A device performance study based on the EPD of ZnO on p-silicon is also in progress.




5. Conclusions


APTES functionalized silicon surfaces perform better with EPD of ZnO NPs than non-functionalized substrates in terms of adhesion, uniformity, and surface roughness. We used the fluorolog properties for distinguishing and sensing the ZnO particle sizes. The energy emission was highly influenced by the ZnO particle size. The results obtained can enhance the integration of EPD of ZnO NPs in the microfabrication of sensors, materials for nano electronics devices, and thin film transistors (TFTs), where ZnO NPs improve the reliability, affordability, and increased sensitivity needed for the next generation of nanoscale devices and systems.
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Figure 1. Schematic diagram of the EPD system set-up: 1—DC voltage source; 2—EPD ZnO solution; 3—Platinum (2 × 1 cm2 electrode); 4-silicon substrate; 5—connectors; 6—EPD base; 7—adjustable contact length of electrodes within the electrolyte; 8—adjustable distance between electrode and substrate. 
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Figure 2. (a) Cleaned silicon sample and platinum sample (electrode). (b) ZnO nanopowder as-purchased from Sigma-Aldrich (catalog number 677450). (c) Substrate treated by warm piranha solution and (d) Silicon substrate treated by APTES solution prepared for ZnO electrophoretic deposition. 
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Figure 3. Three fabrication steps (a–c) from cleaning to depositing ZnO NPs by electrophoretic deposition. 






Figure 3. Three fabrication steps (a–c) from cleaning to depositing ZnO NPs by electrophoretic deposition.



[image: Chemosensors 09 00005 g003]







[image: Chemosensors 09 00005 g004 550] 





Figure 4. After heating while magnetic stirring, and then sonication of the three different ZnO concentrations. 
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Figure 5. (A) microparticles emission and excitation spectrum of ZnO, (B) ZnO NPs emission and excitation spectrum, (C) ZnO particle size fluorescent emission contrast, and (D) ZnO particle size fluorescent excitation contrast. 
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Figure 6. Structure study of electrophoretic deposited ZnO NPs. We examined the surface uniformity and roughness by atomic force microscopy (AFM). 2D AFM images of the ZnO thin films EPD with different applied voltage: (A) 10 V; (B) Surface profile of the blue line on (A); (C) 60 V with APTES; and (D) Surface profile of the blue line on (C). 
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Figure 7. AFM 3D thickness measurements of ZnO structures with different applied voltage EPD system. ZnO surfaces deposited with different voltages: (A) 10 V; (B) 30 V; (C) 60 V; (D) APTES functionalized substrate with 10 V; (E) APTES functionalized substrate with 60 V; and (F) thickness profile of (E). 
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Table 1. Description of EPD solution samples used.
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	Zinc Weight Percentage to EPD Solution (%)
	C2H6O2 Weight Percentage to EPD Solution (%)
	DI Water Weight Percentage to EPD Solution (%)
	Average Particle Diameter (nm)





	1 (0.22 g)
	19
	80
	50



	5 (1.1 g)
	15
	80
	50



	10 (2.2 g)
	10
	80
	50



	10 (2.2 g)
	10
	80
	100










[image: Table] 





Table 2. Summary of ZnO NPs fluorescence of EPD solution samples. Fluorescence spectrometer of ZnO particles immersed in DI water under fixed wavelength (λ = 315 nm).
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Emission

	
Excitation

	
Stoke Shift




	

	
Point of Study

	
Peak Wavelength (nm)

	
Energy (eV)

	
FWHM (nm)

	
FQY

	
Peak Wavelength (nm)

	
Energy (eV)

	
FWHM (nm)

	
Energy (eV)




	
Particles Sizes

	






	
ZnO nanoparticles

	
399

	
3.10

	
60

	
0.52

	
304

	
4.08

	
27

	
0.971




	
ZnO microparticles

	
383

	
3.24

	
32

	
0.35

	
312

	
3.98

	
43

	
0.74
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