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Abstract

:

Zinc oxide (ZnO) nanoparticles have shown great potential because of their versatile and promising applications in different fields, including solar cells. Various methods of synthesizing ZnO materials have been reported. In this work, controlled synthesis of ZnO nanoparticles was achieved via a simple, cost-effective, and facile synthetic method. Using transmittance spectra and film thickness of ZnO, the optical band gap energies were calculated. For as-synthesized and annealed ZnO films, the bandgap energies were found to be 3.40 eV and 3.30 eV, respectively. The nature of the optical transition indicates that the material is a direct bandgap semiconductor. Spectroscopic ellipsometry (SE) analysis was used to extract dielectric functions where the onset of optical absorption of ZnO was observed at lower photon energy due to annealing of the nanoparticle film. Similarly, X-ray diffraction (XRD) and scanning electron microscopy (SEM) data revealed that the material is pure and crystalline in nature, with the average crystallite size of ~9 nm.
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1. Introduction


In materials science, the ZnO is a wide bandgap II–VI semiconductor compound, the chemical bonding of which is largely covalent but with a substantial contribution from ionic bonding [1]. The ZnO can crystallize in the wurtzite, zinc blende, and rock salt crystal structures. The compound semiconductor has a tetrahedral bonding configuration, where each anion is surrounded by four cations at the corners of a tetrahedron, and each cation is surrounded by four anions, corresponding to the sp3 covalent bonding [2]. The compound zinc oxide (ZnO) is one of the most functional materials with remarkable and unique physical and chemical properties, such as strong chemical stability [3,4,5], high electrochemical coupling coefficients [6,7], and a broad spectrum of radiation absorption [8], along with high photostability [9].



Among the diversity of materials and needs, the oxide semiconductor ZnO is of great interest and is one of the versatile materials in materials science. The research interest in ZnO is growing every year, as can be observed from the rapid growth in the number of publications about the materials [10]. The material has a non-toxic nature and is cost-effective in producing both small and large scales. ZnO is considered as a leading candidate material for the next generation of the electronics industry, and as a practical material for medical devices [11,12]. Zinc oxide has also been considered as a promising anode material for Li-ion batteries because of its high theoretical capacity, environmental friendliness, abundance, and economical nature [13,14]. ZnO is recognized as an n-type, multi-functional semiconductor material, with a direct bandgap energy of ~3.37 eV and exciton binding energy up to 60 eV, even at room temperature, which is even higher than that of GaN [2,15,16,17]. This exceptional characteristic of ZnO makes it a lucrative material for room-temperature ultraviolet lasing devices [18,19]. Other applications of ZnO include optoelectronic and spintronic devices [20], UV light emitters [21], varistors [22,23], ceramic positive temperature coefficient thermistors [24,25], transparent high-power electronics [26,27], surface acoustic wave guides [28], piezoelectric transducers [29], chemical and gas sensor [30], solar cells [31,32,33], and piezoelectric nanogenerators [34]. As a result of its high emission efficiency, it is an important material for solid-state lighting technology [35]. It also provides opportunities for the formation of effective new optical and magnetic devices, such as spin-polarized solar cells, spin light-emitting diodes, and magneto-optical switches [36].



Apart from bulk ZnO and thin films/epilayers [37], several nanostructured polymorphic shapes of ZnO are available, such as nanorods [38,39], nanowires [33,40], nanoflowers [41,42], and nanoparticles [43,44,45]. These nanostructures have proven to be important for optoelectronic devices because of their large surface-to-volume ratios [46,47]. These various structures achieved by the nanostructures of ZnO make these materials unique, with a diverse set of characteristics and prospective uses in a variety of nanotechnology disciplines. Several methods for the synthesis of ZnO nanostructures have been reported, such as microemulsion synthesis [48,49], sol-gel techniques [50,51,52], mechanochemical processing [53,54], spray pyrolysis and drying [55,56], thermal decomposition of organic precursor [57,58], RF plasma synthesis [59,60], supercritical water processing [61,62], self-assembling [63], hydrothermal processing [64,65,66], vapor transport process [67,68], microwave assisted synthesis [69,70], direct precipitation, and homogeneous precipitation [71,72].



Out of all these deposition methods, hydrothermal, precipitation, colloidal, and sol-gel belong to the main category of the liquid-phase method of synthesis of nanomaterials. These methods are important because of their convenient operation procedures, simple synthetic route, and controllable particle size distribution. Hydrothermal synthesis can be used to fabricate nanomaterials at all temperature ranges and is considered one of the best methods for high-temperature synthesis. Similarly, the precipitation method is used to generate a pure and homogeneous nanomaterial. Product separation is necessary after precipitation and constant product quality throughout the precipitation process is sometimes challenging.



In the chemical vapor deposition (CVD) method, solid material is deposited using vapors obtained from the chemical reaction of the materials occurring on or in the locality of a normally heated substrate’s surface [73]. The generated thin film has uniform thickness with low porosity, even on a substrate with a complicated shape. This method is important to fabricate selective deposition, even on patterned substrates, and provides a pure material with economical production. On the other hand, CVD requires an expensive high-vacuum deposition system, making this deposition method not appropriate for all users.



In this work, we investigate the structural, morphological, and optical properties of ZnO nanoparticles obtained from the solvothermal synthesis route. The solvothermal method helps to speed up the reaction among the reactants and to enhance the crystal growth, resulting in self-assembly of nanoparticles in the solution. The synthesis is completed using zinc acetate and potassium hydroxide in the presence of methanol (Section 2). ZnO nanoparticles obtained from this method have already been used in quantum dot solar cells [74,75]. However, the authors realize that a detailed characterization, including a spectroscopic ellipsometry study, is necessary to further investigate its applications. We found this method to be a cost-effective and facile method for the synthesis of ZnO nanoparticles. The structure, morphology, and optical properties of the nanoparticles were investigated using XRD, SEM, SE, and a UV/Vis spectrophotometer.




2. Materials and Methods


2.1. Materials


Zinc acetate (ZnAc2, 99.99%, Sigma Aldrich, St. Louis, MO, USA), potassium hydroxide (KOH, certified ACS pellets, Fisher Scientific, Waltham, MA, USA), chloroform (anhydrous, 99+%, Sigma Aldrich), and methanol (MeOH, anhydrous, 99.8%, Sigma Aldrich) were purchased and used as received.




2.2. Nanoparticle Synthesis


Synthesis of ZnO nanoparticles was conducted using a modified form of the solvothermal method described elsewhere [74,75,76]. Two solutions were prepared in separate containers: solution 1 was prepared by dissolving 0.55 g of zinc acetate (Zn(CH3COO)2) in 25 mL of methanol (MeOH). The solution was stirred for an hour at a hot plate temperature of 60 °C. Solution 2 was similarly prepared by dissolving 0.28 g of potassium hydroxide (KOH) in 12.5 mL of methanol by stirring at the same hotplate temperature as for solution 1. Solution 2 was added to solution 1 using a titration process with the help of a burette and the reaction was left to run for 2 h at 60 °C for the nucleation and growth of the nanoparticles. After 2 h, the solution mixture was centrifuged to extract nanoparticles and re-suspended in methanol. This process was repeated three times, and finally, dry ZnO nanoparticles were suspended in chloroform for characterization in solution and thin films. The synthesis of ZnO nanoparticles was summarized using the following balanced equation:


   Zn       CH  3  COO    2  + 2 KOH → Zn     OH    2  + 2   CH  3  COOK    Zn     OH    2    →    ZnO  +  H 2  O   












2.3. Thin Film Fabrication


ZnO nanoparticles thin films were fabricated using the spin coating process. A ZnO nanoparticle solution of the desired concentration was prepared in chloroform. The obtained solution was spin-coated on the Fisher brand borosilicate glass and soda lime glass substrates at 1000 rpm for 10 s and 4000 rpm for 25 s at room temperature (23 °C). The prepared films were annealed at different hotplate temperatures for different times.




2.4. Characterization Methods


A field emission scanning electron microscope (Hitachi S-4800, Japan) was used to acquire SEM images of ZnO surface. The XRD patterns of the ZnO films were taken using a Rigaku Ultima III X-ray diffractometer (Rigaku, USA) fitted with a small-angle X-ray scattering at 40 kV accelerating voltage and 44 mA current. Dielectric functions were obtained using a spectroscopic ellipsometry study. To obtain SE data, a rotating-compensator ellipsometer J. A. Woollam Co., (St. Lincoln, NE, USA) M-2000 DI was used. Unpolarized absorbance and transmittance spectra of the films were taken using a Shimadzu UV 2401PC Spectrophotometer. Spectroscopic ellipsometry data were taken to identify their dielectric functions. It is important to note that all these measurements were conducted at room temperature.





3. Results and Discussions


3.1. Phase Analysis and Surface Morphology


To understand the purity and crystallinity of the ZnO thin films, XRD data were collected from as-synthesized film and an annealed film using Cu Kα radiation (λ = 1.54059 Å) in focused beam geometry. The XRD patterns obtained from the as-synthesized film are shown in Figure S1. Figure 1 shows XRD spectra of ZnO film annealed at 300 °C for 30 min. By comparing Figure 1 and Figure S1, it can be seen that the annealed film is more crystalline as compared to the as-synthesized film. All XRD peaks are indexed by the hexagonal wurtzite structure (#PDF 98-000-0483) of ZnO matching exactly with the standard peaks for the wurtzite phase represented by vertical lines, as shown in Figure 1. These standard reference peaks were obtained from MDI JADE (JadeTM computer software from Materials Data Inc., St. Livermore, CA, USA). There is no evidence of traces of any other materials and sharp diffraction peaks are indicative of the good crystallinity and phase purity of the materials. The intense and sharp peaks of the XRD pattern indicate phase purity of ZnO nanoparticles. Further analysis of the material was done using Bragg’s law to identify the lattice constants, lattice spacing, and crystallite sizes.



The equation representing Bragg’s law of diffraction [77] is


  2  d  h k l   s i n θ = n λ  



(1)




where  n  is the order of diffraction,  λ  is X-ray wavelength, and    d  h k l     is the lattice interplanar spacing. For hexagonal structure, the plane spacing    d  h k l     is related to the lattice constants   a = b  ,  c  and the Miller indices ( h ,  k ,  l ) by the relation [77]:


   1   d    h k l    2    =  4 3       h 2  + h k +  k 2     a 2      +    l 2     c 2     



(2)







Using Bragg’s law for n = 1, Equation (3) reduces to


  s i  n 2  θ =    λ 2    4  a 2       4 3     h 2  + h k +  k 2    +      a c     2   l 2     



(3)







The above equation for   ⟨ 100 ⟩   and   ⟨ 002 ⟩   planes, for example, becomes   a =  λ   3  s i n θ     and   c =  λ  s i n θ    . Using λ = 1.54059 Å and   2 θ   for two planes 31.767° and 34.419°, lattice constants were calculated as   a = b = 3.2499   Å and   c = 5.2070   Å, respectively. These values match very well with the previous work calculated by Bindu et al. [78]. The interplanar spacing    d  h k l     were calculated using Bragg’s law from XRD patterns for some major XRD peaks corresponding to   ⟨ h k l ⟩   planes and were compared with reference data, as shown in Table 1.



The crystallite size (D) was also calculated in accordance with the Debye–Scherrer formula [44,79]:


  D =   k λ   β c o s θ    



(4)







In the above formula,  k  is a dimensionless shape factor (~0.90),  λ  is the wavelength of the incident X-ray, D is the crystallite size,  θ  is the Bragg’s angle, and  β  is the full width at half maxima (FWHM) of the corresponding peak. The β values were calculated using IGOR-Pro 9 Scientific data analysis software by Wave Metrics. The crystallite size was rounded to closest whole number in nanometer, as shown in Table 1. The average crystallite size for synthesized ZnO nanoparticle is 9 ± 2 nm. The average crystallite size calculated in this work is one of the smallest sizes obtained for ZnO nanoparticles [80,81,82]. The crystallite size is assumed to be the size of the smallest crystal, whereas the particle size indicates size of nanoparticle.



Figure 2 shows SEM results of as-synthesized ZnO nanoparticles deposited on glass substrate at two different magnifications. As shown in Figure 2, these nanoparticles have very small sizes with no clear shapes but in terms of sizes they are larger than their crystallite sizes estimated by the Debye–Scherrer equation, as nanoparticles are an agglomerated form of crystallite. All these images were taken at 5.0 kV accelerating voltage using a lower SE detector to minimize charging resulting from the low carrier concentration of undoped nanoparticles.



ZnO nanoparticles can have different shapes and sizes based on the adoption of precursors and experimental procedures. The formation of nanoparticles usually takes place through the nucleation and growth processes. According to the Gibbs–Curies–Wulff theorem, the shape of a crystal depends on the surface free energy of individual crystallographic faces and the final shape of the nanoparticles is determined in such a way that the total free energy of the system is minimized [83]. In general, spherical nanoparticles are expected as the spherical shape, has the minimum surface energy for a given volume. By adjusting the reaction time, amount of precursors, temperature and pH, and the type of material used for the synthesis, nanostructures with a controlled size and shape, such as nanorods, nanowires, nanobelts, and nanostars, can be synthesized [84,85].




3.2. Optical Properties Using Spectroscopic Ellipsometry


Through careful analysis of XRD and SEM results, we see that ZnO nanoparticles can be considered as a suitable material for photovoltaic (PV) applications. Another way of finding the suitability of these ZnO nanoparticles in PV applications is to study their optical properties using dielectric functions. Optical responses of nanocrystalline ZnO thin films, in the form of energy-dependent complex dielectric functions,   ϵ  E  =  ϵ 1   E  + i  ϵ 2   E  ,   enables findings of optical and morphological properties applicable to PV and other electronic devices. To find dielectric constants at room temperature, external spectroscopic ellipsometry (ex-situ SE) data were collected from a ZnO thin film deposited on soda lime glass using the spin coating method. The ZnO thin film was annealed at a hot plate temperature of 300 °C for 30 min before taking the SE data. The SE spectra were collected ex situ at a 70° angle of incidence using a M2000 SE system with a back-side tape collecting 635 data points over a spectral range from 0.734 to 4.00 eV.



The complex dielectric functions for the ZnO thin film were parameterized by using two critical point parabolic bands (CPPB) and one Tauc-Lorentz [86] oscillator, with the detailed procedure described elsewhere [87]. Similarly, the film surface roughness layer was modeled using a Bruggeman effective medium approximation (EMA) [88,89]. From the SE analysis, the surface roughness and bulk layer thickness of the nanoparticle thin film sample are    d s    = 57 ± 1 nm and    d b    = 339 ± 1 nm, respectively. Similarly, total effective thickness of the film and bandgap energy of the material are    d  e f f     = 380 ± 1 nm and 3.22 ± 0.01 eV, respectively.



After finding thicknesses from the parametric models, numerical inversion [90] was used to extract dielectric constants at each spectral point for the sample over the measured spectral range. The complex dielectric response function   ϵ  E    in the spectral range of 0.734 eV to 4.00 eV for the thin film of ZnO nanoparticles, as obtained from fitting the model, is shown in Figure 3. The dielectric function shown is comparable to the previously published work [91,92,93]. The imaginary part of dielectric function    ϵ 2    shows a characteristic peak at ~3.22 eV, with an onset of energy at ~3.0 eV for the nanoparticle film. The onset of absorption corresponds to the absorption edge of ZnO, a direct bandgap semiconductor, which matches well with the values calculated in Figure 4. The onset of energy found in this work is ~0.36 eV smaller than Girish Lakhwani et al. [91] for a similar ZnO nanoparticle film, but the value is similar to the single crystalline ZnO [92]. Even though the onset of absorption was expected to be higher for nanoparticle thin film due to the quantum confinement effect, it is smaller and similar to the bulk value due the annealing effect. The    ϵ 1   E    and    ϵ 2   E    spectra of the ZnO nanoparticle thin film calculated in this work are also slightly smaller in magnitude than that in the work of Girish Lakhwani et al. [91], as shown in Figure 3. At higher temperatures, nanoparticle thin films behave like a bulk material.




3.3. Unpolarized Absorbance and Transmittance


The optical absorbance spectrum of synthesized ZnO nanoparticles dispersed in chloroform was obtained using UV/Vis/NIR absorption spectroscopy, as shown in Figure 4A. The spectrum displays the first exciton absorption peak at a 334.5 nm (3.7 eV) wavelength, much below the bulk bandgap wavelength of 368 nm [2]. The first exciton absorption peak attributes the approximate intrinsic bandgap of ZnO due to the electron transitions from the valence band to the conduction band (   O  2 p   → Z  n  3 d    ) [94]. In addition, the sharp absorption at the band edge and narrow peak position reveal that the size distribution of the nanoparticles is small. The absorbance peak position (334.5 nm) obtained in this work lies at smaller wavelength than from previous research, where it was in the range of 355 nm to 380 nm [44,95,96,97,98,99]. The weak absorption area range includes the whole visible spectrum region (400 nm to 700 nm) and some part of the infrared spectrum (>700 nm) in the measurement range. After the first exciton peak, a monotonical increase in the absorption of light continues until the effect of glass at the middle ultraviolet (MUV) region breaks at 248.5 nm, as shown in Figure 4A. Another experiment was conducted where all KOH solution was mixed into the ZnAc2 solution simultaneously at once instead of via dropwise addition. The poly-dispersed ZnO nanoparticles obtained are shown in the Supplementary Information Figure S2.



At the absorbance edge, absorbance is contributed by the largest size nanoparticles, whereas at the region of absorbance maximum, absorbance contribution is from all particles. There must be a threshold value of wavelength where absorption just begins and is called threshold wavelength (   λ S   ). The threshold wavelength is 354.6 nm, only 20 nm higher than first exciton absorption peak, as shown in the Figure S3.



Transmittance % spectra of the ZnO nanoparticles of thin films of ~100 nm before and after annealing are shown in Figure 4B. In the Figure 4B, the red line represents transmission from as-synthesized film and other data represent transmission from annealed films. Five films of approximately similar thicknesses were prepared and four films were annealed at 300 °C for different times, as shown. The optimized annealing temperature of 300 °C was estimated based on the transmission measurement of four ZnO thin films at different temperatures, as shown in Figure 4C. When the film is annealed, traces of solvent and other byproducts evaporate, and defect states in the films are minimized or removed. The film becomes more crystalline which may be responsible for scattering the incident light and lowering the transmission. The small change in transmission in the visible range of the spectrum may be due to the slightly different thicknesses of the films. As shown in Figure 4B, in the visible range of spectrum, all films present a high average transmittance greater than 60%, indicating low absorbance and low reflectance, which confirms that these ZnO thin films can be used as antireflection coating in solar cells working mainly in the visible region, such as silicon solar cells [31,100]; in a large spectrum, such as GaN-based concentration solar cells [101]; or as a window layer in quantum dots solar cells [74].



The optical absorption measurement near the fundamental absorption edge is a standard method for the assessment of the bandgap energy. The variation of the optical absorption coefficient with incident wavelength (or energy) helps to explain the band structure and the type of transition of electrons. The optical absorption coefficient (  α  λ   ) of the ZnO thin films were calculated using Beer–Lambert’s relation [102]:


  I =  I 0   e  − α  λ  x   → α  λ  = 2.303  A t   



(5)




where  A  represents the absorbance, and  t  represents film thickness. The basic procedure for absorption coefficient analysis is to obtain optical absorbance (A) data from transmittance of ZnO thin films taken from UV/Vis/NIR spectrophotometer by the relation:   A = 2 − l o  g  10     T %    . As shown in Figure 4D, there is only a small change in optical absorption coefficient with respect to the temperature but at the band edge, the absorption coefficient is sharply increased with respect to as-synthesized film. This increase in α at the band edge may be attributed to the onset of interband transitions, which is more efficient in the case of annealed (crystalline) films than as-synthesized (less crystalline) ones. The absorption coefficient depends on the material’s extinction coefficient (  κ :   how strongly a material absorbs light of a particular wavelength) and the wavelength of light ( λ ) being absorbed by the relation:   α =   4 π κ  λ   . The  κ  value depends on the type of bandgap (direct vs. indirect) and the  λ  depends on the bandgap of the material.



The optical bandgap of the ZnO is estimated using Tauc’s relation [103]:


  α h ν = A     h ν −  E g     n   



(6)




where A is a constant,   h ν   incident photon’s energy, and    E g    is the bandgap of the material to be determined. The factor  n  depends on the nature of the electron transition and is equal to ½ and 2 for the direct and indirect bandgap transitions, respectively.



Figure 5A gives the Tauc plot for ZnO, where α times the   h ν   to the second power is plotted versus the   h ν  . The second power of   α h ν   is used as ZnO is well known to have a direct allowed transition. The characteristic features of Tauc plot are evident: at low photon energies, the absorption approaches insignificant—the material is transparent; near the bandgap value, the absorption gets stronger and shows a region of linearity in this squared-exponent plot. The linear fit applied at the linear region is extrapolated to the x-axis intercept to find the bandgap value. The direct bandgap values decreased from 3.40 eV at room temperature to 3.33 eV when the film was annealed for 15 min at 300 °C. The bandgap continued decreasing and saturated after 30 min at 3.30 eV. Temperature variation of the energy gap in semiconductors is known to be due to the effects of lattice dilation (expansion) and electron–phonon interaction or phonon-induced atomic vibrations [104,105,106]. Both experimental and theoretical studies conducted by Zhang et al. and others [107] have shown that bandgap decreases as temperature increases. The phenomenon is more prevalent in ionic compounds, such as ZnO, than covalent compounds due to stronger lattice expansion with temperature. The bandgap of the annealed sample matches very well with some of the previous results [99,108].



An obvious redshift in the absorption edge was observed for the ZnO film with respect to the exciton peak observed in the solution, as shown in Figure 4A. This might be due to the increased dielectric constant and substantial electronic coupling when the nanoparticles come close together after the evaporation of the solvent. In addition, in thin films, effects due to interference might occur that not only lead to unexpected absorbance values but also to peak shifts.



Figure 5A displays lower and upper deviations from the region of linear behavior. On the lower energy side, the deviation from the linear region can be associated with defect absorption states located near the band edge. This phenomenon was first investigated by Urbach [85] in silver halides, and in subsequent years, was applied to a large number of other crystals, therefore, it is known as an “Urbach Tail”. These defect absorption states exhibit an exponential energy dependence corresponding to a typical distribution of density of states. On the higher energy side, saturation of available density of states is responsible for a leveling out of absorbance strength [103].



Modification of band structure, which may be due to the introduction of defects in the material, can be recognized by measuring the material’s Urbach energy. It was found that the absorption coefficient near the band edge shows an exponential dependence on photon energy given by [109,110]


  α   h ν   =  α 0  exp     h ν −  E 0     E U       



(7)




where    E 0    and    α 0    are characteristic parameters of the material, and    E U   , an inverse logarithmic slope of absorption coefficient, is the Urbach energy interpreted as the width of the tails of localized states, associated with the amorphous state, in the bandgap. To calculate the Urbach energy, a plot of   l n α   versus photon energy was made, as shown in Figure 5B. Then, the value of    E U    was calculated by taking the reciprocal of the slopes of the linear portion in the lower photon energy region of the curve. The minimum Urbach energy of 0.91 eV was found from a film heated at 300 °C for 30 min and maximum Urbach energy of 1.24 eV was found from the as-synthesized film. The higher    E U    from the as-synthesized film is due to the impure state of the material. Factors governing the Urbach energy are structural disorder, imperfection in stoichiometry and unpassivated surface state. Structural disorder may be higher in the as-synthesized nanoparticle thin film. Imperfection in stoichiometry may be caused by residual materials left after synthesis. In addition, dangling bonds disappear from the surface of the nanoparticles when the film is annealed.





4. Conclusions


In this work, we have reported the synthesis of monodispersed ZnO nanoparticles with a hexagonal wurtzite structure via the solvothermal synthesis method using ZnAc2 as zinc precursor and KOH as oxygen precursor. The nanoparticles were confirmed using XRD, SEM micrograph analysis, SP, and UV/Vis/NIR spectroscopy study. The SEM images showed identical morphology of ZnO nanoparticles with uniform particle size distribution. The XRD analyses proved the crystalline structure of the particles. The average crystallite size obtained from Scherrer’s equation was ~9 nm, one of the smallest for ZnO nanoparticles. Optical and morphological properties of ZnO nanoparticle film were also studied using ellipsometry in the spectral range from 0.734 eV to 4.00 eV. The measured spectra revealed the distinct band edge structures at 3.22 eV, ~0.1 eV smaller than found in another method. The sharp first exciton peak revealed that the ZnO nanoparticle size in these samples were nearly monodisperse. The first exciton peak in solution measurement dispersed in chloroform was at 334.5 nm (~3.7 eV), with threshold absorption wavelength of 354.6 nm (~3.5 eV). The first exciton peak was found red shifted in thin film measurement relative to nanoparticles in solution with a value of 350 nm (~3.5 eV). The red shift in the first exciton peak was due to the increased dielectric constant and substantial electronic coupling of nanoparticles. As expected, the bandgap energy transition of ZnO nanoparticles was found to be directly allowed, with values of 3.40 eV and 3.30 eV, respectively, for as-synthesized and annealed films. Our investigation revealed that the nanoparticles fabricated in this work have a wide range of applications, especially in the electro-technological industries, such as photoelectronics, field emitter, sensors, UV lasers, and solar cells.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano13111795/s1, Figure S1: XRD patterns of as-synthesized ZnO thin film. The film was deposited by using a spin coating process. The material is less crystalline because the peak intensities are comparatively lower; Figure S2: Absorbance spectrum of ZnO nanoparticles dispersed in chloroform. Synthesis was done by mixing all KOH solution in methanol at once into all ZnAc2 solution in methanol; Figure S3: (A/λ)2 vs. 1/λ of ZnO nanoparticles dispersed in chloroform. References [111,112] are cited in the Supplementary Materials.
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Figure 1. XRD patterns of annealed film of ZnO nanoparticles deposited on borosilicate glass substrate (Fisher brand microscope slide). The film was heated at 300 °C for 30 min. 
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Figure 2. Scanning electron microscopy (SEM) images of ZnO nanoparticles. The nanoparticle thin film was spin-coated and SEM images were taken without the prior heat treatment. 
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Figure 3. Dielectric function spectra for ZnO nanoparticle thin film measured by SE at room temperature. The red curve represents ε1 plotted to the left y-axis and is represented by an arrow with a circle and black curve represents ε2 as shown by a circle with an arrow to the right. 
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Figure 4. VU/Vis/NIR spectroscopy results: (A) Absorbance spectrum of as-obtained ZnO nanoparticles dispersed in chloroform. (B) Transmission % of ZnO thin film of ~100 nm before and after annealing the films. (C) Temperature-dependent transmission of ZnO thin films annealed for 30 min. When temperature is increased, transmission in infrared and visible regions is increased, whereas it is decreased in the band edge absorption regions. (D) Absorption coefficients (α, cm−1) of thin films of ZnO with respect to wavelength in nm. Small changes in α were observed when the films were annealed for different time intervals. 
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Figure 5. (A) Plot of       α h ν    2    vs.   h ν   of ZnO nanoparticles’ thin films. The red curve is from the as-synthesized film with y-axis to the right and the rest are from the heated films with y-axis to the left. Yellow circles and arrows represent directions of y-axes for respective curves. (B) Urbach energy calculation of ZnO nanoparticles. Low    E u    indicates that annealed films are pure & crystalline. More defect states are present in the as-synthesized film, as depicted by higher    E u   . 
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Table 1. Interplanar spacing from XRD, reference for corresponding   ⟨ h k l ⟩   planes, FWHM, and crystallite size. The average crystallite size is ~9 nm.
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	    ⟨ h k l ⟩    
	     d  h k l     Å    
	     d  R e f     Å    
	    F W H M ,   β    °     
	    D      n m       





	   ⟨ 100 ⟩   
	2.8028
	2.8146
	1.003
	8



	   ⟨ 002 ⟩   
	2.5894
	2.6035
	0.714
	12



	   ⟨ 101 ⟩   
	2.4686
	2.4760
	0.793
	11



	   ⟨ 102 ⟩   
	1.9058
	1.9112
	0.935
	9



	   ⟨ 110 ⟩   
	1.6221
	1.6250
	1.041
	9



	   ⟨ 103 ⟩   
	1.4745
	1.4774
	0.981
	10



	   ⟨ 112 ⟩   
	1.3734
	1.3785
	1.632
	6



	   ⟨ 201 ⟩   
	1.2369
	1.3598
	1.290
	8
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