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Abstract

:

This paper demonstrates the high yield and cost effectiveness of a simple and ecofriendly water-based solution processing, to produce Zinc-doped Zirconia (Zn-ZrO2) composite thin films, onto glass substrates, with excellent optical properties that make them of great interest for optical and microelectronics technologies. The effect of Zn variation (given as 10, 15, 20 at.%) on the crystallization, microstructure, and optical properties of ZrO2 film was examined. The addition of Zn did not restructure the ZrO2 lattice, as the results indicated by X-ray diffraction (XRD) and Raman spectroscopy revealed neither any mixed or individual phases; rather, all the films retained the amorphousness. Nonetheless, Zn did control the grain formation at the film surfaces, thereby changing the surface morphology. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) evidenced homogeneous, compact, crack-free, and dense films with surface roughness below 2 nm indicating smooth surfaces. The films were highly transparent (>80%) with tunable optical band gap Eg (5.21 to 4.66 eV) influenced by Zn dopant. Optical constants such as refractive index (n), extinction coefficient (k), and dielectric constant (ε) were obtained from spectroscopic ellipsometry (SE), and a correlation was established with respect to the doping level. A high value of n > 2 value indicated high packing density in these films, and it decreased slightly from 2.98 to 2.60 (at 632 nm); whereas, optical losses were brought down with increasing Zn indicated by decreasing k values. The photoluminescence (PL) spectra showed UV emissions more pronounced than the blue emissions indicating good structural quality of all the films. Nonetheless, added defects from Zn had suppressed the PL emission. The technique presented in this work, thus, manifests as high performance and robust and has the potential comparable to the sophisticated counter techniques. Furthermore, the Zn-ZrO2 films are promising for a low-cost solution to processed microelectronics and optical technologies after reaching high performance targets with regards to the electrical properties.
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1. Introduction


The advent of modern transparent technology is owed to the development of metal oxide-based materials, especially semiconductors. The transparent metal oxides proffer the future prospect of low-cost microelectronics [1] and the next-generation optical displays [2,3,4] with improved characteristics such as high (>80%) transparency (due to their wide optical bandgap > 3 eV in general), large carrier mobilities, and ease of processing. Zirconia (ZrO2) is not only a wide band gap (3–7.8 eV) [5,6] and highly stable metal oxide, but it exhibits larger values of both refractive index and dielectric constant that make it aptly suitable for a great range of applications. The latter includes transistors [7,8], bio medical applications [9], sensors [10,11,12], and catalysts [13], just to name a few. Doping of ZrO2 with various materials has attracted a great deal of attention for an improved end product as compared to the pure oxide, since the former can strongly influence physical, chemical, and electronic properties producing high performance for multiple applications. ZnO doping into ZrO2 has emerged, fairly recently, as an interesting approach for customized properties and has made its ground by showing remarkable characteristics especially for sensing [12] and photocatalytic activity [6]. Among the various advantages associated with using ZnO, the most important include easy processing, wide band gap with large exciton binding energy 60 meV [14], and exceptionally high photo- and chemical stability [15]. In the following paragraph, we have given a very brief overview of previous work done on Zn-ZrO2 material system.



Nanostructure thin films of ZnO-ZrO2 fabricated by the sol gel method with molar concentration of Zn varied up to 75% [16,17,18,19] showed an improvement in microstructure, in transmittance, and in both catalytic and antibacterial activity. Interestingly, ZnO hexagonal phase could mark its appearance only after 25 mol.% of ZnO content [17,20], although a decrease in band gap and an increase in crystallite size were observed, with increasing ZnO doping level. Additionally, ZnO-ZrO2 nanoparticles [6] obtained by the impregnation method resulted in optimal photocatalytic activity for 50 wt.% of the ZnO doping level. In addition to the solution processing, vacuum-based techniques such as DC magnetron sputtering have also been employed to make thin films of the ZrO2-ZnO [12] with the purpose of investigating characteristics for humidity sensing. The nano-sized grains in these films (confirmed from SEM) were found to be the likely cause in decreasing the resistance. Most of these reports have focused mainly on sensing/catalytic applications of this material system fabricated by sol gel method using organic precursors. It is known that despite the high outturn and cost effectiveness of the solution processing, the films, thus, produced are rough, cracked, and porous [21]. These are mainly the consequence of decomposition of organic species. Additionally, the wet gel after being dried and the precipitation that occurs in sol formation, in the sol gel method, lead to voids in the films and makes the procedure very cumbersome. Adding further, and most importantly, the solution processing method results in a chemical waste that becomes noxious for the environment. To address and rectify these issues, the research interest has, therefore, shifted to a new paradigm of water-based solution processing [22], employed earlier for ZnO-based transistor applications using inkjet printing. It is quite recent that our group has successfully developed ecofriendly water-based solution processing, which need not rely on sol gel preparation to fabricate oxide-based thin films [23,24]. The same methodology has been applied in this report. Since water-based solution processing is an ecofriendly and risk free deposition route, the technology will open new horizons for next-generation transparent microelectronic technologies.



In this work, applying traditional spin coating of a simple and quickly made water-based solution, we have fabricated Zn-doped ZrO2 films and have emphasized on the understanding of the effect of doping level on the films’ properties. The films were characterized for structure and morphology by X-ray diffraction (XRD), Raman spectroscopy, atomic force microscopy (AFM), and scanning electron microscopy (SEM) and for optical properties by ultraviolet-visible spectroscopy (UV-Vis), spectroscopic ellipsometry (SE), and photoluminescence (PL). The current study probes how Zn is incorporated in the ZrO2 lattice, investigates the doping effect on the surface morphology, grain architecture, and structural phase, and finally, inspects the reason for the decrease in optical band gap energy, change in the optical constants, and luminescence after doping. It is important to mention that previous reports on Zn-ZrO2 films do not cover all of these topics, rather investigate from the perspective of catalytic applications more; therefore, the present study is presumably not a buildup on the previous studies.




2. Experimental Details


2.1. Materials and Thin Film Deposition


The following precursors were used in this study, bought in analytical grade purity from Sigma Aldrich: Zirconium oxychloride octa hydrate (ZrOCl2·8H2O) and Zinc nitrate hexahydrate (Zn(NO3)2·6H2O). Both host (Zr-based) and doped (Zn-based) solutions (0.3 M concentration, each) were prepared separately using deionized (DI) water without any catalytic agents. Transparent, homogenous, and stable solutions were ready after stirring for 1 h at room temperature. Four different solutions were prepared with Zn doping level varied as 0, 10, 15, and 20 at.%. All solutions were filtered through 0.22 μm PTFE syringe filters just prior to spin coating. For synthesis, the 2 × 2 cm2 microscopic glass substrates were ultrasonically cleaned first in acetone and then in IPA for 30 min at 60 °C each time and, finally, rinsed with DI water again before being dried off with a nitrogen gun.



The films deposition was carried out by spin coating method using SÜSS Micro Tec Lithography GmbH spin coater (Garching, Germany). The procedure comprised three cycles of solution coating and a final round of thermal annealing. In each cycle, the solution was dispensed onto the glass substrate followed by spin coating at 500 rpm for 6 s and then at 2000 rpm for 25 s and baking at 200 °C for 10 min in air. After three cycles, thermal annealing at 350 °C of the synthesized film was carried out for 1 h in air. The entire procedure was very simple and quick. Films, thus, fabricated were used for all subsequent analysis, whereas different samples were identified with the following scheme. The pristine and Zn (10, 15, and 20 at.%)-ZrO2 films are referred to as ZrO2, ZrZ10, ZrZ15, and ZrZ20, respectively.




2.2. Characterization and Data Analysis


The structural phase was determined from X-ray diffraction (XRD) patterns obtained using STOE Powder Diffraction System (Bruker D8 machine, Billerica, MA, USA) using Cu Kα radiation and from Raman Spectra acquired using a RamBoss Raman Spectrometer (DongWoo Optron, Gwangju-si, Korea) equipped with an argon ion laser (λ = 514 nm), in a back-scattering configuration. For XRD patterns, the detector used was a scintillation counter, and the range of 2θ was from 20.000° to 80.000° with a step size of 0.040° and an exposure of 1.5 s per step. XRD and Raman spectra for all the samples were studied using Origin (Pro), Version 2018. OriginLab® Corporation, Northampton, MA, USA. The surface topography and microstructure were analyzed by atomic force microscopy (AFM) using Agilent Technologies microscope (Santa Clara, CA, USA) and scanning electron microscope (SEM) (JSM-6490A, JEOL, Tokyo, Japan) at 10 kV accelerating voltage. Prior to SEM studies, each sample surface was covered with a thin layer of gold deposited via sputtering. AFM images were obtained from 5 × 5 µm2 area of each sample using tapping mode; surface morphology and root mean square (RMS) roughness were estimated using the Gwydion software. The optical properties of the films were assessed by UV-Vis transmission using BMS 2600 spectrophotometer (New York, NY, USA), the spectroscopic ellipsometry using Sentech instrument GmBH 850 (Berlin, Germany) fitted with Xenon lamp (incident at 70°) and by photoluminescence (PL) using RamBoss spectrometer (DongWoo Optron, Gwangju-si, Korea) fitted with argon ion laser (325 nm). The absorption coefficient (α) was determined using transmission spectra; the band gap energy Eg values were evaluated, using Tauc method, from x-intercept of the (αE)2-E graph for all thin film samples. Urbach energy Eu quantifying absorption edge tailing into the band gap was evaluated from a plot between ln(α) and E. Film thickness (t), refractive index (n), extinction coefficient (k), and dielectric constant (ε) for all the samples were determined from ellipsometry data. The PL spectroscopy was performed at −50 °C, with an exposure of 1 s for each reading, and the spectra were detector response subtracted and fitted with Lorentzian distribution to obtain the desired information, using Origin software 2018 64 bit.





3. Results and Discussions


3.1. Structure and Surface Morphology Studies


3.1.1. XRD Studies


To identify the crystalline phase in water-based solution processed ZrO2 film and the changes induced by the Zn doping, XRD was performed. Figure 1 shows the XRD patterns obtained for ZrO2, ZrZ10, ZrZ15, and ZrZ20 thin film samples.



The absence of any peaks in the spectrum, for ZrO2 film, indicate that there is no crystalline phase present in the film. Especially, the lack of distinct peaks between 28°–32° clearly indicates the lack of tetragonal (t-) and monoclinic (m-) phases [25]. The presence of a broad peak/hump near 25° confirms that the film is amorphous. This is in agreement with a recently published report about Zn-doped ZrO2 nanoparticles [19], whereby the amorphous phase has been observed for low concentration of Zn (0.25–1 at.%). It is important to mention that the amorphous phase observed in this study is attributed to the annealing temperature chosen while depositing these films. It is known that pristine ZrO2 thin films exhibit an amorphous structure when processed under 350 °C of temperature [26]. Furthermore, the result produced in the present study accord with the non-crystalline phase observed in ZrO2 after annealing at temperatures of 350 °C [27]. Lin et al. [28] had observed crystalline phase for temperatures reaching around 450 °C and above.



In Figure 1, the spectra for the doped samples (ZrZ10, ZrZ15, ZrZ20) exhibiting protuberance similar to that of the pristine ZrO2 thin film clearly indicate that the baseline structure is not affected by the added dopant. Moreover, no diffraction peaks are, furthermore, observed in the spectra that can correspond to the characteristics ZnO structure, which suggest that the dopant was well dispersed in the matrix of ZrO2 and could not establish itself in the form of ZnO. However, it is known that solution processing can induce a large number of vacancies (o) and interstitials (i); therefore, we expect that both Zr(i) and Zr(o) would modify the Zr–O bond length. Moreover, Zr(o) antisites would have Zn ions surrounded by them. Both these cases will result in high structural disorders leading to amorphousness in these films [29]. The result also agrees with a previous finding [17], which shows that incorporation of Zn in fact inhibits crystalline phase of ZrO2. Furthermore, it is also anticipated that the lack of distinctive ZnO peaks could be the effect of Zn on ZrO2 in a way that Zn-ZrO2 films reduce the crystallite size and keep the d-spacing within the range of pristine ZrO2, which is why it has no noticeable effects on the deposited film. The results presented here are in agreement with those obtained from sol gel derived ZnO-ZrO2 films fabricated at 400 °C, with 1:1 molar ratio [30] and ZnO-ZrO2 nanoparticles [31]. The previous study [30] revealed absence of any mixed/or individual oxide phases, while the films were more of amorphous phase. Nonetheless, increased annealing temperature (750 °C) provoked better crystallization corresponding to both ZnO and ZrO2. Therefore, keeping in view the previous reports and the results obtained here, we speculate that increase in annealing temperature and dopant concentration can ultimately show the crystallites of ZnO in the matrix [32]. As the argument related to dopant concentration is supported by a recent finding [17], whereby the well-defined peak representing the ZnO phase in ZnO-ZrO2 nanocomposites were observed only when Zn concentration level reached to 25 mol.%. Therefore, the results obtained in the present study reinforce the previous finding that low doping level does not make ZnO visible in ZrO2.




3.1.2. Raman Spectroscopy Studies


The XRD patterns shown in Figure 1, although they give clear evidence of the amorphous phase in the deposited ZrO2 films, irrespective of the doping concentration of Zn but to elucidate the structural changes induced by Zn doping in ZrO2 films further, Raman spectra were obtained and analyzed. Before proceeding, it is to be noted that crystalline phases of ZrO2 can be identified with specific phonon modes designated by bands/peaks in the observed Raman spectrum. For example, Raman spectrum for t-ZrO2 would exhibit phonon bands at 150, 260, 465, 640 cm−1 [33] and for m-ZrO2, at 180, 190, 335, 380, 475, 635 cm−1 [33]; there are even more bands that can be present. However, for ZrO2 in amorphous form, these specific phonon modes rather than appearing as peaks/bands would smear away and appear more similar to a continuum as a result of structural disorders [34] and, hence, would characterize the film as amorphous.



In order to draw a link between changes observed in Raman spectra due to doping, each spectrum is background subtracted. Raman spectra obtained for all the samples are shown in Figure 2. In the first glance, Raman spectra look similar. However, there were two characteristic differences observed in the Raman spectra from Zn-ZrO2 films; the Raman spectrum shows a peak/hump at around 560 cm−1, which is completely absent in pure ZrO2 films. Secondly, the hump in pure ZrO2 film observed at 450 cm−1 is suppressed by a 560 cm−1 hump. The spectrum of pristine ZrO2 thin film sample appears to be a continuous band, with an absolute absence of distinct ZrO2 phonon peaks, throughout the given Raman shift spanning across 100–1000 cm−1. This clearly stipulates the characteristic feature of Raman spectrum identified as of an amorphous phase. Furthermore, it is clear from Figure 2 that Raman spectra for all the doped samples again represent a rather broad band, which does not alter as the doping level of Zn is changed. This result seconds our XRD result presented above and reinforces that Zn-ZrO2 films maintain the amorphous phase. These Raman results are also comparable to an earlier finding [17], whereby Raman spectra for the ZnO-ZrO2 nanoparticles show an absence of ZnO peaks and a broadening of ZrO2 peaks as the ZnO content is increased. This possibly confirms that Zn inhibit the crystalline phase and increase the structural disorder. In the present study, however, it is very interesting to know that Raman spectra representing the Zn-ZrO2 films (Figure 2) show the phonon mode at 562 cm−1, which is known as A1 (LO) mode. The latter is one of the characteristics phonon modes used to identify the crystalline phase (wurtzite) of ZnO [35] including E2(high), A1 (LO), and E1 (LO), etc. [24].



The effect of increased concentration of Zn in ZrO2 films is also indicated by the shift observed in the A1 (LO) mode, as shown in Figure 2 and Table 1. Furthermore, to our interest is full-width at half maximum (FWHM) of A1 (LO) mode, which is considered as a measure of disorder/damage in the crystal [36]. It has been found to increase from 114.98 ± 19.40 to 312.80 ± 71.25 cm−1 as the Zn doping level is increased, see Table 1. It is interesting to note from Table 1 that FWHM is reduced for the sample ZrZ15 indicating that 15 at.% is the optimal amount of Zn content, which leads to reduce the defects and, hence, disorder in the host film of ZrO2. This is contrary to the 20 at.% of Zn (sample ZrZ20) that has caused an enhancement in the disorder significantly by adding more defects in ZrO2 film.



These investigations clearly lead to the finding that all the ZrO2-based films (pristine and Zn-doped) have an amorphous phase in common; however, Zn has marked its presence without bringing a clear change in the nature of underlying structural phase. Although not a significant effect of Zn on Raman spectra of doped samples is evident, but increasing disorder can be attributed to surface defects such as oxygen vacancies [31], as shown in the optical studies given below. No trace of crystallization with the added dopant has been observed, although an increased amount of dopant may lead to change in the phase structure as evidenced from previous report [17].




3.1.3. AFM Studies


To investigate the effect of Zn doping on surface morphology of ZrO2 films, AFM images were used to examine grain growth and surface roughness. Figure 3a–d shows 3D AFM images, for all the samples of ZrO2, whereby the change in surface morphology can be clearly seen. The simple water-based solution processing used in this work is found to produce dense, crack-free, and smooth film for each sample. The grain growth and a minimal increase in already low surface roughness values are the outcome of Zn doping into ZrO2 films.



It can be seen from Figure 3a that ZrO2 thin film shows a noticeable lack of undulations indicating a rather smooth film surface having good adhesion to the substrate. However, as the Zn dopant is added, we can observe from Figure 3b that the homogeneous surface now has grains that are distributed all over the area. A further increase in the doping level (Figure 3c,d) influences the grain growth strongly, as can be seen for ZrZ20 film, where larger and fewer grain islands dispersed rather periodically in the matrix are evident. However, an intermediate level of doping (Figure 3c) demonstrates a rather analogous surface morphology to that of the pristine ZrO2 (Figure 3a) except for fewer grains added. Quantitative analysis of these images validates these findings, as found from the observed trend in the grain size as well as in surface roughness of ZrO2 films with an increasing doping level. The information is listed in Table 1, which represents an overall increase in grain size, given as 23.25, 15.50, and 38.09 nm for ZrZ10, ZrZ15, and ZrZ20 samples, respectively.



The mean roughness (Ra) and root mean square roughness (Rq), indicators of the surface deviations/imperfections from the median plane found from AFM image of each sample, are listed in Table 1. On the length scale of 5 × 5 µm2, the surface roughness value, for each sample, is of the order of ≤2 nm, which is a relatively low surface roughness indicating rather smooth film and is comparable to those obtained for ZrO2 films fabricated by sputtering [37]. This again adds to the aptness of this low-cost water-based solution processing and makes it a robust and reliable method for future technologies. Moreover, with the added dopant, the ZrO2 films exhibit nominal increase in the roughness values, as shown in Table 1. This trivial change is attributed to the minor decrease in density of nucleation centers and to the grain’s configuration [38], as the doping concentration is varied in ZrO2 films. It is important to mention that the surface roughness of the gate dielectric used in devices plays an important role to achieve high mobilities [39] by reducing the carrier scattering. Moreover, a smooth surface is useful for current stability in a transistor operation leading to high on–off current ratios. Therefore, a lower surface roughness value obtained in this study makes ZrO2 film more promising as a dielectric candidate to attain high performances for low-cost, ecofriendly device applications.




3.1.4. SEM Studies


To confirm a smooth and crack-free surface morphology in ZrO2 film at different doping levels of Zn, the samples were further characterized by SEM. Low-magnification (×10,000) SEM images for all the samples are shown in Figure 4a–d. They reveal that all the film samples are uniformly deposited onto the glass substrates. Moreover, all the films are macroscopically flat and free of voids and cracks, which again complements to the AFM results and also approve the appropriateness of this low-cost water-based solution processing method for large area production.



Figure 4a shows a ZrO2 film sample, which represents highly homogeneous, dense, and a mostly flat surface with no surface imperfections. From Figure 4b–d, it can be seen that Zn-ZrO2 films are homogeneous with grains that are dispersed non-uniformly and that grow in number, as the doping level is increased. These results are in agreement with the AFM studies.



Summarizing the structural data, it must be noted that after adding Zn to ZrO2 (in 0, 10, 15, and 20 at.% concentrations), the films maintain the amorphous phase, although ZnO inhibits the formation of any structural phase and adds more disorder to the Zn-ZrO2 films. Surface of all of the film samples is dense, showing an absence of any defects (voids/cracks); the roughness of the films is incredibly low, although it increases slightly with an increase in Zn concentration. The result proves their excellent performance for low-cost and ecofriendly device applications.





3.2. Optical Properties


3.2.1. UV-Vis Optical Transmittance Analysis


The optical transmittance (T) spectra of Zn-ZrO2 thin film samples measured across the spectral regime (200–1000 nm) revealed highly transparent films with average percent transmittance ≥ 81%, as shown in Figure 5a, demonstrating that the films produced are suitable for transparent technologies. All the films clearly exhibit a complete and uninterrupted transmittance (T), with no sign of fringes, across the measured spectral region. This indicates that films are not only thin but are potential candidates for optical applications for being able to transmit the major portion of the incident light. The transmittance calculated over the entire wavelength region for all the samples is given in Table 2, and we can notice that Zn doping in ZrO2 films actually do not affect the transmittance adversely. However, it changes nominally such that it increases for samples ZrZ10 (86%) and ZrZ20 (85%) but decreases for the sample ZrZ15 (81%) when compared with pristine ZrO2 film (83%). We expect the phenomenon is more likely an interplay of scattering from surface defects and from grain boundaries. A relatively smoother surface and regular grain boundaries as obtained for the samples in the present case normally lead to enhanced transmittance. Nonetheless, defects induced by both added dopant and by the deposition environment, which was air in this case, can increase the surface scattering, thereby decreasing the transmittance. Based on these arguments and the increase and decrease observed in transmittance for Zn-ZrO2 samples, we speculate that an uncontrolled deposition environment does not allow us to establish a clear relationship between doping level and transmittance.



The fundamental absorption edge is found to be near the UV region, for all the samples, where the optical transmittance drops, and since it is within 220 nm, therefore, it allows these films to be used as UV-filters. As the doping level is varied, a red shift in the absorption edge is observed, which also identifies the corresponding decrease in the band gap energy (Eg). The direct band gap energy (Eg) values, listed in Table 2, were assessed using the well-known Tauc method by extrapolating the linear segment of the (αE)2 versus the E curve for each sample, as shown in Figure 5b. The absorption coefficient (α) was calculated from the following expression, for each sample.


  α =  1 t  ln    1 T     



(1)







Here, t represents the film thickness, which was evaluated from spectroscopic ellipsometry measurements and has been given for each sample in Table 2. From this investigation, we have observed that pristine ZrO2 film sample exhibit Eg = 5.21 eV, which clearly falls in the wide-band gap materials’ range (3–7 eV). Hojabri et al. [40] reported that magnetron sputtered ZrO2 film in amorphous phase exhibited a band gap of 5.34 eV. Ibrahim et al. [6] recently reported Eg = (3.16, 4.61 eV) value for pure ZrO2 thin films fabricated via impregnation method. The Eg value for pristine ZrO2 films obtained in this work using a simple water-based solution processing is, therefore, comparable to the previously reported value acquired for ZrO2 films fabricated via techniques better known as futuristic and intricate.



In case of Zn-ZrO2 films, we observe a decrease in Eg value down to 4.66 eV acquired for the maximum level of doping (sample ZrZ20), as shown in the Figure 5b. It has been established that crystal order/disorder and defects [41] play a strong role in the electronic structure of ZrO2, which can change the Eg. The observed decrease in Eg, in this work, has been attributed to the impurity levels added by incorporating Zn into the intrinsic bandgap of ZrO2, which then allows electrons to make inter-band (valence to the conduction band) transitions requiring less energy [42]. Our finding is also in accordance with the previously reported trend observed for ZnO-ZrO2 nanoparticles [6], whereby a maximum doping level of 70 wt.% was achieved.



Another interesting feature observed in Figure 5b is with regards to the Urbach tails, which are associated with the degree of structural disorder present especially in amorphous systems [43]. Urbach tails occur in a region where absorption coefficient α tails off exponentially due to the optical transition near the band edges, as a consequence of defects added in this region. This is quantified by the Urbach energy EU using the following equation.


  α =  α o  exp   (   E   E U     )  



(2)







It can be clearly seen from Figure 5b that pristine ZrO2 film shows a relatively narrow tail as compared to the long tail obtained for Zn-ZrO2 films. This indicates that, although the film was deposited in air ambience, however, the band edge states that may come from defects, such as oxygen vacancies, are not added significantly, and the film is clean with minimal defects. It can be expected that controlled deposition environment may reduce this tail further. On the other hand, doping of Zn extends the band tail further into the bandgap of ZrO2 by adding more defect states, which makes the band edge more blurred, indicated by Figure 5b. This is further confirmed by implementing Equation (2), in order to evaluate EU, for each sample, to investigate the formation of band tailing into the energy gap of ZrO2 as a result of Zn doping. The value of EU was calculated as 1/m where m is the slope of linear fit obtained from ln(α) against E curve plotted in close proximity to the fundamental absorption region. The values of EU are given in Table 2, which justifies the finding given above as a significant increase in EU from 0.69 to 3.36 eV is observed when Zn is added to ZrO2. This demonstrates indirectly that the addition of Zn has contributed in increasing the disorder in ZrO2 films, consistent with Raman studies presented above. Therefore, the increased disorder with adding more Zn into ZrO2 has disturbed defects’ distribution from band to tail leading to a change in the band edge transitions. It is to be noted that the EU value, 0.69 eV, corresponding to pristine ZrO2 film is greater than the previously reported value, 0.43 eV, of sputtered zirconia film [44] and could still predict a good quality of our films produced by a simple water-based solution processing.




3.2.2. Spectroscopic Ellipsometry (SE) Analysis: Optical Constants


SE is a powerful technique that, without a need of a specific environment, can provide valuable information regarding the optical response of materials and can simultaneously measure the thickness and the optical constants of a multilayer system [45].



In SE, the quantities known as Ψ (amplitude) and Δ (phase angle) corresponding, respectively, to the perpendicular (p) and the parallel (s) components of the light after reflection are measured as a function of wavelength. SE characterization is then carried out with the right choice of the model (based on the reasonable film structure) along with an appropriate optical dispersion oscillator used to fit the spectra. In this study, we opted a three-layer model given as air–ZrO2–glass to simulate the results using widely known Tauc–Lorentz and Cauchy dispersion oscillators with the goal to minimize a mean square error (MSE) function for the best fit between models generated and experimental data. The above-mentioned procedure had been adopted for each sample, and the best fitted data were used to extract thickness (t) (listed in Table 1), optical constants such as refractive index (n) and extinction coefficient (k), and dielectric constant (ε). Moreover, the MSE obtained was ≤1.5, indicating the goodness of the fit obtained for each film sample.



We have chosen pristine ZrO2 film to demonstrate the comparison of model chosen and the experimental data, as indicated by the graph (Ψ (amplitude) and Δ (phase angle) versus wavelength) shown in Figure 6. The fit is excellent for both quantities, as also indicated by MSE = 1.12, confirming the validity of the model. Figure 6 shows that Ψ and Δ have their data features (peak and valley) near shorter wavelength regions, indicating that the film deposited is a thin film [46]. More of these graphs representing the doped samples can be found in the Supplementary Material (Figures S1–S3).



Figure 7 represents the wavelength dispersion of the complex refractive index (n, k), as derived from SE data for ZrO2 and Zn-ZrO2 films, for comparison. One can observe that in general for any selected doping level of Zn, the (n) reveals the same tendency, within two distinct regions of wavelengths from 400 to 800 nm and from 300 to 400 nm. The (n) displays a near plateau in the former region and a slight increase in the latter region. The effect of increasing Zn content on the n values of ZrO2 films, as seen from Figure 7, is quite clear, and we observe that n exhibits a fall as indicated by the values 2.98, 2.89, 2.68, and 2.60 found at 632 nm for ZrO2, ZrZ10, ZrZ15, and ZrZ20 samples, respectively (see Table 2). These values are in agreement with sol-gel-derived ZrO2 films [47]. It is now known that the optical constants of thin films are strongly governed by the film microstructure, which is also subjected to variations induced by deposition/doping parameters. Film microstructure is a combination of morphology and the structure. The former is governed mainly by the porosity and the roughness of the films, and the latter links more with the composition of the materials chosen. Following the structural investigations in these films (discussed above) and these considerations, we can suggest that the structural disorder presumably preponderate over the morphological considerations. Moreover, since addition of Zn creates more defects in ZrO2 films, the observed decrease in n can also be linked with decreasing packing density. This is also in accordance with an earlier finding [48] that the refractive index of zirconia decreases when the lattice defects increase.



The absolute values of n (2.8–3.5), observed for pristine ZrO2 film in this study, are greater than those (2–2.75) reported previously for amorphous ZrO2 films fabricated via sputtering [40,49]. The amorphous film tends to exhibit relatively low values of n when compared with their crystalline counterparts, mainly due to lower packing density in the amorphous state. The amorphous ZrO2 films produced in this work display a relatively higher n, which shows that the film already has a high packing density as well as a low concentration of scattering centers. This again proves that the technique presented in this work is high performance. However, previous reports (which are not many) on Zn-ZrO2 have studied the films for applications specific characteristics, which somehow do not allow for comparisons with their results. Moreover, the n (>2.15) obtained for such low-cost and ecofriendly ZrO2 film make it highly attractive for applications such as high index contrast broadband mirrors and stack coating designs for narrow-band filters [50,51].



A wavelength dispersion of k exhibit a similar trend to n, as indicated in Figure 7 (left side). The k values in the spectral region (300–800 nm) are of the order of 10−1, which indicates good surface homogeneity of the films produced. These values measured at 632 nm are 0.21, 0.19, 0.17, and 0.16 for ZrO2, ZrZ10, ZrZ15, and ZrZ20 samples, respectively (see Table 2) and are higher than the 0.14 value observed for yttrium-doped ZrO2 film [52], and sputtered ZrO2 film [53]. The higher values of k observed for Zn-ZrO2 films in this study are attributed to the high packing density and scattering losses. Scattering may be a result of increased grain size upon increasing Zn content. However, we are not sure which of these reasons dominates over the other. These findings demonstrate that the optical properties of ZrO2 thin films are influenced by the doping level of the Zn, and also, these properties are no less in performance than those obtained through sophisticated deposition technique making water-based solution processing a reliable technique for future technologies.



The dielectric constant of a material is analyzed in two parts, real εr and imaginary εi. Figure 8 represents both parts as derived from ellipsometry data, for all the films. Real part εr for the pristine ZrO2 film remains in the range of 10–11 over the entire spectral range. For example, the value of εr at 400 nm is 8.69 and is greater than the previously reported value observed for amorphous ZrO2 films deposited by atomic layer deposition [54,55]. The absence of any specific feature in the εi spectra is an indication that the films apparently have no crystalline phase present whatsoever.



The results acquired so far in this study are sufficient for us to make the following statement: (i) for dielectric design, in addition to the high dielectric constant the film should be smooth and homogeneous. ZrO2 films produced by using a relatively simple and ecofriendly water-based solution processing are not only fairly smooth over a large area but also exhibit a justly reasonable value of the dielectric constant, so one can make the most of this study by enhancing it further towards optimization for optimal performance. (ii) Moreover, our results imply that doped films are predominantly amorphous but have a smaller band gap than the pristine film; this leads us to consider the potential of these films as smooth channel layers that could produce smooth interfaces to the gate insulator in device applications and should, therefore, be considered a subject of electrical investigations in future studies.




3.2.3. Photoluminescence (PL) Studies


The emissions observed in PL spectra are generally categorized as UV emission and visible emission associated with near band edge emission and defects mediated emissions, respectively. The luminescence mechanism in ZrO2 [56] characterize emissions that mainly come from F&F+-center defects, which not only depend upon the deposition procedure but on the dopant as well. In this context, it is now known that solution processing [57] can possibly introduce a large number of defects known as vacancies and interstitials in oxides films, which introduce the gap states in the host lattice. These defect states together with those introduced by the dopant, such as Zn in ZrO2 in this case, can modify the emissions in PL spectra and characterize the defects/disorder present in the film.



The PL spectra of all the samples in Figure 9 show a sharp peak in the UV region at 344 nm and broad visible emissions around 450 nm. These emissions were de-convoluted using Lorentz distribution function, and we observe that they exhibit nearly similar shape with little variations in positions, intensity, and in full width at half maximum (FWHM), when comparison is being made between pristine and Zn-doped ZrO2 films. This information is listed in Table 3. De-convolution of spectra, as shown in Figure 9, produce three peaks such as peak (1) at 344 nm (3.60 eV) in the UV region, peak (2) at 431 nm (2.87 eV), and peak (3) at 478 nm (2.59 eV) in the visible region. The UV peak, which represents the near band edge emissions sometimes loses its intensity to the trap states near the band edges formed by the defects and vacancies in the oxides films. However, the existence of a sharp UV emission obtained in this study, thus, manifests a fewer trapping centers in the films and being prominently intense than the visible emissions represents the good structural quality [58] in terms of fewer defects/ traps in the synthesized films whether pristine or doped. Therefore, the specific solution processing adopted to fabricate Zn-ZrO2 thin films holds the potential to produce strong UV emitting ZrO2 films. The UV/Vis PL peak intensity, calculated for all the samples, is given in Table 3. It can be noted that the sample ZrZ10 has the highest UV/Vis ratio in all the samples. However, this ratio decreases only for the sample with maximum level of Zn doping, which allows us to draw the conclusion that the doping of Zn in ZrO2 has not only destroyed the surface states/defects that are characterized as emission centers but has also caused activation of the non-radiative defects that become detrimental for PL emission.



The visible peaks designated as peak (2) at 431 nm (2.87 eV) and peak (3) at 478 nm (2.59 eV), as seen in Figure 9, lie in the blue region of visible spectrum and, therefore, are assigned to the electronic transitions from singly ionized oxygen vacancy (F-F+) defect states to the ground state [59]. We can speculate that as a result of excitation, the electron is trapped by the F+ center changing it into an F center and a hole. Subsequently the recombination of F center (with hole) via mid gap levels leads to emission of light. Nonetheless, as a result of Zn doping in ZrO2 films, we have observed that the peak (2) became broader as well as blue shifted and went less pronounced as compared to that for pristine ZrO2 film (see Table 3). The blue shift may be attributed to new defect states introduced by doping, and the peak broadening may be ascribed to the absorptions that take place with charge transfer within the F centers when the doping level of Zn in ZrO2 is increased. Peak (2) observed in this work is comparable to the 434 nm (2.85 eV) PL emission band observed for ZrO2 thin film prepared by the sol gel dip coating technique [26] and the peak shift, as a result of doping, towards 428 nm can be regarded comparable to the peak observed at 425 nm in manganese-doped ZrO2 thin films [60]; the latter has been linked with transitions emanating from defect states related to oxygen vacancies and Zr interstitials. Peak (3) at 478 (2.59 eV) nm observed for ZrO2 film is blue shifted to 474 nm with an increasing doping level of Zn doping (see Table 3). This is comparable to the 471 nm peak observed for Ti-doped ZrO2 thin films prepared via solid state method [57]. The results produced here are, therefore, in agreement with the reported literature and also comparable with the energy range (2.08 and 4.19 eV above the valence band) reported for optical transitions that involve F centers in ZrO2 thin films [61].



Figure 9 further indicates that PL intensity of ZrO2 thin film is reduced when doped with Zn, although when the doping is maximum (sample ZrZ20), it increases but stays below that of the pristine ZrO2. The quenching of the PL intensity in Zn-doped ZrO2 is a clear manifestation of enhanced density of non-radiative recombination centers. The introduction of Zn into the ZrO2 host matrix lifts the defect density/structural imperfection as supported by our structural analysis of these films as well. However, our solution processing method has produced films with minimal defects as indicated by the presence of a sharp UV emission.






4. Conclusions


Until now, Zn-ZrO2 nanoparticles and films have been investigated mostly from the view point of catalytic applications and have in fact outdone their pristine parts with their promising performance; but a complete grip on their properties induced by amount of dopant is missing. This report presents successful implementation of an ecofriendly water-based solution processing to produce Zn-ZrO2 thin films on simple glass substrates, avoiding the sol gel route completely. The correlation developed between doped and pristine film samples has given a good comprehension of how structural and optical behavior of ZrO2 films alter when incorporated with Zn.



We observe that all the variations in the dopant concentration (0, 10, 15, and 20 at.%) bring no change to the structural phase of ZrO2 films; which retains the amorphous phase (found from XRD and Raman studies), whereas Zn plays an important role in changing the surface morphology and optical properties. From the Raman studies, despite the amorphous phase observed in all the doped films, ZnO is recorded by its signature phonon mode present. Studying the surface morphologies using AFM and SEM, it is seen that all the film samples are apparently compact and crack free, exhibiting mean roughness below 2 nm reflecting smooth surfaces; the addition of Zn results in controlling the grains’ configuration in the produced films. All the films are highly transparent (T ≥ 80%) and the Zn doping induces a red shift of the absorption edge of about 1.21 eV in 5.21 eV band gap of pristine ZrO2. The addition of Zn contributes to enhanced defects in these films, which in turn, leads to change in the optical constants such as refractive index and PL intensity. The former is indicated by the Raman spectra, by the band edge states tailing the absorption near the band edges, and by the reduced PL intensity. A high value of refractive index > 2 observed for all the films indicates high packing density of these films obtained from a low-cost solution processed method. Conferring to the PL spectra, we speculate that the blue emissions emerging from oxygen vacancy F+ centers and the emission-intensity dependence on the doping level are characterized by the changes in the concentrations of oxygen vacancies and non-radiative defects brought about by Zn into ZrO2 films. More interestingly, UV emissions remain more intense than visible emissions, indicating the good quality of the films. The study, therefore, shows that this simple ecofriendly deposition route has the potential to produce Zn-ZrO2 films with qualities on a par with those produced from sophisticated techniques, thereby making them suitable for a variety of applications for low-cost ecofriendly technologies and that the control of the precursor ratios in Zn-doped ZrO2 thin films can influence the properties such as grain size and the oxygen vacancies significantly. Therefore, the Zn-ZrO2-based films studied in the present work need to be investigated in more detail with respect to their dielectric and electrical properties for high-quality device applications.
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Figure 1. The XRD patterns of pristine and Zn-ZrO2 films are shown here. A clear broad band appearing around 25° depicts amorphous phase observed in all the films irrespective of the doping level. 
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Figure 2. Raman spectra of ZrO2 thin films at different doping level of Zn are shown here. Absence of distinct phonon band indicates the presence of amorphous phase but the phonon band occurring around 562 cm−1 indicates the presence of Zn in the doped samples only. 
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Figure 3. 3D-AFM images for pristine ZrO2 film (a) and for Zn-doped samples (b–d). The films indicate the appearance and reconfiguration of grains as the dopant concentration is varied. 
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Figure 4. SEM images of (a) ZrO2 thin films at different doping level of Zn: (b) 10 at.%, (c) 15 at.%, and (d) 20 at.%. The white scale bars at the bottom covers 1 µm thereby indicating a large area of the film viewed. 
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Figure 5. (a) Optical transmittance (T) spectra, obtained for all the samples, is plotted against the incident wavelength. Films are highly transparent in the visible region and a change in optical band gap is also evident from the fall observed in T, in the UV region. (b) The set of Tauc plots, for all the samples, used to evaluate the band gap energy Eg of each film. 
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Figure 6. Experimental and fitted SE data for both phase (Δ) and amplitude (Ψ) for pristine ZrO2 sample. Similar fitting with mean square error below 1.5 was obtained for doped samples as well, which have been provided in the Supplementary information. 
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Figure 7. Refractive index (n) on left and extinction coefficient (k) on right are plotted against wavelength for all the samples. 
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Figure 8. Both parts of dielectric constants (real εr on left and imaginary εi on right) are plotted against wavelength for all the samples. 
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Figure 9. PL spectra (plotted against wavelength) for various levels of Zn dopant in ZrO2 films. Pronounced UV emission as compared to blue emission indicates a good structural quality of all the films. The spectra for samples ZrZ10 and ZrZ15 are overlapped. 
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Table 1. Sample identification scheme, grain size, surface roughness, and other parameters (obtained from Raman spectroscopy) for pristine and Zn-doped ZrO2 thin films.
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Sample ID

	
Zn Content

(at.%)

	
Grain Size

(nm)

	
Roughness

	
ZnO-A1 LO

Raman Mode (cm−1)

	
Fwhm-A1 LO Mode (cm−1)




	
Rq(nm)

	
Ra(nm)






	
ZrO2

	
0

	
-

	
1.59

	
1.15

	
-

	
-




	
ZrZ10

	
10

	
23.25

	
1.97

	
1.26

	
562.78

	
114.98 ± 19.40




	
ZrZ15

	
15

	
15.50

	
1.88

	
1.32

	
561.90

	
16.02 ± 4.82




	
ZrZ20

	
20

	
38.09

	
2.18

	
1.53

	
576.93

	
312.80 ± 71.25











[image: Table] 





Table 2. Optical parameters obtained for pristine and Zn-doped ZrO2 thin films.






Table 2. Optical parameters obtained for pristine and Zn-doped ZrO2 thin films.





	Sample ID
	Thickness

(nm)
	Transmittance

T (%)
	Eg

(eV)
	Eu

(eV)
	n

at 632 nm
	k

at 632 nm





	ZrO2
	68.64
	83
	5.21
	0.69
	2.98
	0.21



	ZrZ10
	70.00
	86
	4.27
	1.91
	2.88
	0.19



	ZrZ15
	71.50
	81
	4.00
	3.04
	2.67
	0.17



	ZrZ20
	71.52
	85
	4.66
	3.36
	2.60
	0.16
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Table 3. Peaks positions, FWHM, and ratio of UV to visible emission obtained from PL analysis of all samples.
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Sample ID

	
Peak 1 (nm)

FWHM (nm)

	
Peak 2 (nm)

FWHM (nm)

	
Peak 3 (nm)

FWHM (nm)

	
UV/Vis Ratio






	
ZrO2

	
344

	
431

	
478

	
4.92 ± 0.48




	
12.5 ± 0.1

	
52.5 ± 2.5

	
92.8 ± 5.5

	
-




	
ZrZ10

	
343

	
428

	
474

	
5.33 ± 0.5




	
13.1 ± 0.1

	
53.8 ± 2.5

	
87.7 ± 4.9

	
-




	
ZrZ15

	
343

	
430

	
474

	
5.00± 0.47




	
13.1 ± 0.1

	
52.9 ± 2.4

	
84.9 ± 1.9

	
-




	
ZrZ20

	
343

	
430

	
474

	
4.25 ± 0.5




	
12.9 ± 0.1

	
54.32 ± 2.1

	
80.37 ± 4.2

	
-
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