

  nanomaterials-13-00197




nanomaterials-13-00197







Nanomaterials 2023, 13(1), 197; doi:10.3390/nano13010197




Article



Fabrication of Li-Doped NiO Thin Films by Ultrasonic Spray Pyrolysis and Its Application in Light-Emitting Diodes



Víctor Hugo López-Lugo 1, Manuel García-Hipólito 1, Arturo Rodríguez-Gómez 2,*[image: Orcid] and Juan Carlos Alonso-Huitrón 1,*[image: Orcid]





1



Instituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México, Ciudad Universitaria, A.P. 70-360, Coyoacán, Mexico City 04510, Mexico






2



Instituto de Física, Universidad Nacional Autónoma de México, Ciudad Universitaria, A.P. 20-364, Coyoacán, Mexico City 04510, Mexico









*



Correspondence: arodriguez@fisica.unam.mx (A.R.-G.); alonso@unam.mx (J.C.A.-H.)







Academic Editors: Gian Andrea Rizzi, Florian Ion Tiberiu Petrescu and Gang Shi



Received: 19 November 2022 / Revised: 20 December 2022 / Accepted: 23 December 2022 / Published: 1 January 2023



Abstract

:

The fabrication of NiO films by different routes is important to extend and improve their applications as hole-transporting layers in organic and inorganic optoelectronic devices. Here, an automated ultrasonic pyrolysis spray method was used to fabricate NiO and Li-doped NiO thin films using nickel acetylacetonate and lithium acetate dihydrate as metal precursor and dimethylformamide as solvent. The effect of the amount of lithium in the precursor solution on the structural, morphological, optical, and electrical properties were studied. XRD results reveal that all the samples are polycrystalline with cubic structure and crystallite sizes in the range of 21 to 25 nm, without any clear trend with the Li doping level. AFM analysis shows that the crystallites form round-shaped aggregates and all the films have low roughness. The optical transmittance of the films reaches values of 60% to 77% with tendency upward as Li content is increased. The electrical study shows that the films are p-type, with the carrier concentration, resistivity, and carrier mobility depending on the lithium doping. NiO:Li (10%) films were successfully incorporated into inorganic light emitting diodes together with Mn-doped ZnS and ZnO:Al films, all deposited on ITO by the same ultrasonic spray pyrolysis technique.
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1. Introduction


Non-stoichiometric nickel oxide (NiOx) is a wide band-gap p-type semiconductor with electrochromic, electrochemical, electrical, and optical properties adequate for a wide range of applications. Pure and doped NiO thin films can be used for the fabrication of H2 and NO2 gas sensors [1,2,3] and electrochromic devices [4,5]. NiOx thin films have also been successfully applied as hole transporting layers (HTLs) in organic and perovskite solar cells [6,7,8,9,10], and in inorganic and perovskite light-emitting diodes (LEDs) [11,12,13,14,15,16,17,18]. Various methods can be used to prepare NiO thin films, such as RF and DC magnetron sputtering [4,19,20], electron-beam evaporation [21], pulsed laser deposition [22,23], atomic layer deposition [24], metal-organic chemical vapor deposition [25], chemical bath deposition [26], spin coating [27], sol-gel process [28], SILAR [29], and Spray Pyrolysis (SP) [30,31]. Among all these methods, the SP technique has the advantage of being easy and economical because it does not need high vacuum equipment and offers the possibility for large area deposition. Other advantages of SP are the diversity of its solution precursor and the higher stability of the obtained films as compared to films deposited in vacuum [32]. For the applications as HTLs the NiOx films have been generally deposited on indium tin oxide (ITO) coated glass substrates, mostly by spin coating methods, using different nickel precursors solutions and posterior annealing processes at different temperatures and ambient conditions [12,13,14,15,18]. Recently, densely packed NiO films were prepared on pre-cleaned ITO glass substrates by using magnetron sputtering and a high-purity NiO (99.999%) ceramic target for the fabrication of high-efficiency deep-blue light-emitting diodes [16]. Since the resistivity of NiO can be decreased by doping with monovalent atoms like Li, Li-doped NiO thin films have also been deposited by techniques such as laser deposition, spin coating, and SP [33,34,35,36,37,38,39,40]. In the case of NiO:Li films deposited by SP, different precursor solutions have been used, and the transmittance and electrical properties of the films have been investigated as a function of the main deposition conditions, such as, concentration of Ni and Li precursors in the precursor solution and substrate temperature. For NiO:Li films deposited by pneumatic SP from nickel nitrate hexahydrate (Ni(NO3)2·6H2O) and lithium chloride (LiCl) dissolved in distilled water [37], the highest grain size and hole concentration (7.11 × 1015 cm−3) is obtained for films deposited with the highest concentration of the nickel precursor (0.2 M) in solution., but for this concentration the transmittance is reduced to values lower than 60% for wavelengths lower than 600 nm, and the incorporation the Ni2O3 phase in the films is observed in the diffraction patterns. The concentration of holes also increases up to 1.14 × 1018 cm−3 as the LiCl precursor concentration in solution increases up to 30%, but for higher concentrations the hole concentration and transmittance of the films is drastically decreased, and NiCl2 phases in the films are observed. A similar trend is found for NiO:Li films deposited by a modified SP method from nickel and lithium nitrate dissolved in deionized water and isopropyl alcohol and annealed at 600 °C for densification and crystallization [38]. In this case, the highest hole concentration (3 × 1018 cm−3) is obtained for films deposited with the highest concentration of the Li precursor (10%) in solution, but for this concentration the transmittance is reduced to values lower than 60% in all the visible range. A close work found that the hole concentration of NiO:Li films prepared with the same modified SP method and nitrate precursors, but with 8% of the Li precursor in solution [39], increases from 2 × 10 17 cm−3 to 1 × 1018 cm−3 after they are annealed from 400 to 600 °C, respectively, in air for three hours, and the transmittance increase to values higher than 80% for wavelengths higher than 500 nm. However, the roughness of these films is high (17 nm). NiO:Li films with very low roughness (0.33–0.5 nm) and with transmittance around 80% have also been deposited by SP using nickel and lithium chloride dissolved in redistilled water, but in this case the electrical properties were not reported [40]. It is worth mentioning that only in one of the previous works the spray deposited NiO:Li films were applied to the fabrication of a heterojunction diode, but any of these films has been applied as a hole transporting layer in an electroluminescent device.



In this work, p-type Li-doped NiO thin films have been prepared by ultrasonic spray pyrolysis (USP), using Nickel (II) acetylacetonate and lithium acetate dihydrate dissolved in N, N. Dimethylformamide (DMF). The choice of these precursors and solvent was based on previous reports showing that dense thin films, with excellent quality of metal oxides, such as aluminum oxide, yttrium oxide and zirconium oxide, can be deposited by SP using metal acetylacetonates and DMF as the only solvent [41,42]. DMF is considered as a universal solvent and has the advantage of having high dielectric constant and high boiling point. On the other hand, the USP method has the advantage over the pneumatic SP method of having a narrower distribution of drops with smaller size which renders in a better control of the morphology and quality of the films [32,41]. Based on these advantages we obtained NiO:Li films with low roughness, good transparency and electrical properties, which were successfully applied for the fabrication of inorganic light emitting diodes, where all the other films of this device were also deposited by the automated USP method.




2. Materials and Methods


The NiO and NiO:Li thin films were deposited by an automated USP technique at atmospheric pressure, using a low-cost homemade spray system with an Mxmoonant ultrasonic mist maker of 1.7 MHz vibration frequency. The glass bell aerosol nozzle assembly was mounted on an adapted Arduino CNC router to precisely control (with >0.1 mm accuracy) the nozzle’s trajectory and speed respect to the substrate, and the number of deposition cycles. With this system and under the deposition conditions used in this work we obtain uniform thin films deposited over substrates with 1 inch × 1 inch area. The starting solution for the deposition of the NiO thin films consisted of 0.2 M of Nickel (II) acetylacetonate (95%, Sigma-Aldrich—Merck Group, St. Louis Missouri, USA) dissolved in N, N. Dimethylformamide (99.9%, Sigma-Aldrich—Merck Group, St. Louis Missouri, USA). For the impurification with Li, lithium acetate dihydrate (98%, Sigma-Aldrich—Merck Group, St. Louis Missouri, USA) was added to the starting solution in different molar percentages (5, 10, 15 and 20%). The films were deposited at atmospheric pressure on glass substrates heated on a tin bath at a temperature of 450°C. We used high purity dry nitrogen as carrier and director gas at fixed flow rates of 6.2 l/min and 0.65 l/min, respectively. For the deposition of each film, we used the same volume (22 mL) of the starting solution. All the films were deposited in a time of 25 min. For the characterization, most of the films were deposited on 2.5 × 2.5 cm2 corning glass slices, which were cleaned before film deposition, using an ultrasonic bath, first with trichloroethylene, then with acetone and finally with methanol. For the fabrication of the heterostructure light emitting diodes, ITO coated (135 nm, 10–15 Ohm/sq) glass substrates (Biotain Hong Kong Co., Limited, Xiamen, Fujian, China) were used. For the deposition of the NiO:Li (10%) films on ITO substrates, the conditions were the same as for the case of the films deposited on glass. The structural analysis of the synthesized NiO:Li (x %) thin films deposited on glass and ITO was done using a Bragg–Brentano Rigaku ULTIMA IV diffractometer (Rigaku Corporation, Austin, TX, USA) with an X-ray source of Cu Kα line (0.15406 nm), at a grazing beam configuration (incidence angle of 1°). The surface morphology of the films was investigated by using atomic force microscopy (AFM) for this purpose JSPM-4210 scanning probe microscope and scanning electron microscopy (SEM), JEOL JSPM-4210 scanning probe microscope were used. The optical transmittance of the films was measured, in the range from 190 to 1100 nm, using a double beam PerkinElmer 35 UV-vis spectrophotometer (Waltham, Massachusetts, USA). The refractive index of some films deposited on silicon was measured using a Gaertner L117 ellipsometer equipped with a He-Ne laser (λ = 632.8 nm) at an incidence angle of 70°.




3. Results and Discussion


3.1. Structure and Morphology


Figure 1 shows the XRD patterns for a series of films deposited at different concentrations of Li (0–20%). According to the card number 01-080-5508 from pdf NiO (2022) data base the deposited films are polycrystalline and present a cubic structure. All of them show two mains diffraction peaks indicating a preferential growth in the planes: (2 0 0) and (2 2 0). Other planes such as: (1 1 1) and (3 1 1) are also present, but their intensities are very small. As observed in Figure 1 no peaks of any other phase of NiO or impurity peaks are observed, which indicates the high purity of the NiO obtained. Besides, the peaks of diffraction are sharp, narrow, and symmetrical with a low and stable baseline, suggesting that the samples are well crystallized.



Since the films present a cubic structure, the lattice parameter (a) can be obtained from the equation [43]:


  a =  d  h k l      h 2  +  k 2  +  l 2     



(1)




where  a  is the lattice parameter,    d  h k l     is the inter-plane spacing, and h, k, l are the Miller indices of the planes. The inter-plane spacing can be calculated using the Bragg formula [43]:


  d =  λ  2 sin θ    



(2)




where  λ  is the X-ray wavelength (0.1540 nm) and  θ  is the diffraction angle. The crystallite size D was calculated using the Sherrer’s formula [40,43,44]:


  D =   k λ   β cos θ      



(3)




where  k  is the correction factor equal to 0.9,  β  is the full width at half maximum (FWHM) and  θ  is the diffraction angle.



The position of the peaks associated with the (2 0 0) plane, the inter-plane spacing, the lattice parameter and the grain size for every sample are shown in Table 1.



As can be seen in this table, the lattice constant values of the nickel oxide films deposited with different lithium concentrations are very close to that reported with standard value: 0.417–0.418 nm [35,36,43]. The calculated crystallite sizes were in the range from 21.7 nm to 25.2, without any clear trend in size as the concentration of the dopant increases. This indicates that Li doping does not have any significant influence on the crystallite size, which is an expected result if the Li ions effectively substitute the Ni ions, since the effective ionic radius of Li+ (0.76  Å ) is close to the effective ionic radius of Ni2+ (0.69  Å ) [45]. This is in contrast to what has been published in other works such as [36,46] where crystalline size of the nickel oxides decreases as the lithium concentration increases. The actual Li concentration in the films was not measured. However the fact that no any traces of Li2O in the XRD patterns, and the close structural parameters of NiO:Li films, as compared with the NiO film, indicates that the incorporation of Li is at the doping level and well below the solubility limit [47]. This is consistent with some previous specific works on spray pyrolysis deposition which show that Li incorporated in NiO films is lower (~5%) than that provided in the start solution (20%) [48].



The surface morphology of undoped and lithium doped films were studied by AFM. To evaluate the surface roughness, an area of a 1   μm    ×  1   μm   has been scanned in tapping mode. The bi-dimensional AFM images are shown in Figure 2. All the samples have a uniform distribution and dense round-shaped grains whose average size varies from ~ 150 nm to ~ 90 nm as the Li concentration is increased. The larger sizes of the grains compared with the crystallites size calculated and shown in Table 2, indicates that during the growth of the films the small crystallites aggregate to form the larger polycrystalline grains. The RMS roughness of the thin films increases from 5.47 nm for the NiO film without Li up to 6.40 nm for the NiO:Li film deposited with a 20% of the lithium precursor in the solution.



Figure 3a shows typical SEM image of the NiO: Li (10%) film deposited on glass. The film exhibits agglomerates of round and cubic shaped and well packed agglomerates, with average size 100 nm, which is consistent with that observed in the AFM images of the other samples. The regular and highly orientated structure agrees with the preferential orientation shown in the XRD diffractogram for this film. Figure 3b shows a cross section for the same film, it exhibits excellent adhesion, as well as a flat and compact surface with a thickness of 450 nm.




3.2. Optical and Electrical Properties


Figure 4 shows the optical transmittance of the NiO films deposited on glass substrates with different Li concentrations. The transmittance spectra were measured with the light beam incident by the side of the film and at the center of the samples. The transmittance of the glass substrate on which the films were deposited, it is also shown in Figure 4. The average transmittance was calculated in the range from 400 to 800 nm. As can be seen in Figure 4 and Table 2, the transmittance of the films gradually increases from 60% to about 80% in the visible region as lithium is increased. It is also observed that as the dopant increases, the number of interference fringes decrease due to a decrease in the thickness of the film.



The accurate calculation of the thickness and optical constant of a thin layer deposited on a transparent substrate, from the experimental transmittance spectrum is a very challenging problem. Some of the most accurate methods for the determination of the thickness and optical parameters of a thin film have been developed for amorphous silicon films, and these are based on the rigorous expression for the optical transmission of the system of a thin absorbing film on a thick finite transparent substrate [49,50]. In our case, the thickness and optical constants of the NiO:Li films were calculated using a similar rigorous method recently applied for transparent conducting coatings of ZnO:Al deposited on glass substrates by ultrasonic spray pyrolysis [51]. The model is based on the Drude-Lorentz model and Sellmeier expressions for the real and imaginary parts of the dielectric function and considers the Urbach- tail absorption edge at the low wavelength region, the contribution of free carrier concentration to the weak absorption in the visible and near-infrared ranges, and the effect of scattering of light originated by the surface roughness of the films. Under this model the theoretical expression for the transmittance is given by the Equation (12) in reference [51], which is:


   T  M o d e l   =  [     T 3    1 −  R 2 ’   R 3 ’     ]   (     T  1 r s    T  2 r s    e  − α d     1 − 2  R  1 r s   1 / 2    R  2 r s   1 / 2   c o s Φ +  R  1 r s    R  2 r s    e  − 2 α d      )   



(4)




where d is the thickness of the film, α is the absorption coefficient, and the subindex in the transmittance and reflectance coefficients refer to the respective interfaces (1: air-film, 2: film-substrate, 3: substrate-air). The term with the factor,   c o s Φ  , where   Φ =       4 π  λ  n  ( λ )  d  , and   n  ( λ )    the real part of the refractive index of the film, gives rise to the maxima and minima of interference. The dependence of the refractive index with wavelength is obtained from a given model, through the well know interrelationships between the respective real and imaginary parts of the complex index of refraction and the real and imaginary parts of the complex dielectric function [50]. The details of the fitting process between the theoretical transmittance and the experimental transmittance spectra are out of the scope of this work and will be published elsewhere. Here we only present in Figure 5 and Table 2, the results of the best fitting from which the thickness and energy band gap of the films were determined. The value of the mean squared error (MSE) for each fitted spectrum is also shown in Figure 5. It is worth to mention that the minimal MSE was obtained for the NiOLi (10%) film, with a calculated thickness of 194 nm, which is very close to the thickness (197 nm) measured by SEM cross section for the same film deposited onto the ITO coated glass substrate. It is also important to mention that the behavior of the modeled refractive index   n  ( λ )    used for the fitting, resulted similar to that reported in reference [23], and the value of   n  (  λ = 632   nm  )  = 2.35   is consistent with the average refractive index measured (  n = 2.3 ± 0.2 )   for some of the films deposited on silicon substrates.



Table 2 shows that the band gap increases from 3.3 to 3.7 eV with increasing lithium content in the films. High values of the band gap can be explained by the fact that the films are deposited at high temperatures as well as the increase in the concentration of lithium, two factors that contribute to the improvement in crystallinity and less stoichiometric defects as it has been reported in works as [34].



The electrical resistivity, carrier concentration and mobility of the films were measured at room temperature using Hall measurements by the four-point van der Pauw method, using an Ecopia HMS-3000 system (Ecopia Corp., Anyang City, Gyeonggi-Do, Republic of Korea). The measurements carried out on all the films exhibited a positive Hall coefficient, confirming its p-type conductivity. Table 3 shows the electrical parameters obtained for all the samples, except for the NiO: Li (0%) films which is highly resistive to be measured, since it has been reported that the resistivity of undoped NiO can reach the value of     10  6    Ohm-cm [46], indicating that there is no a significant density of electrically active defects, that is, Ni vacancies (VNi) [35]. As can be observed from the data of Table 3, the carrier concentration increases as the amount of lithium in the precursor solution increases from 5% and 20%. This is due to the increase of the hole density in the nickel oxide lattice as the   L  i +    ions occupy the   N  i  2 +     [36].



The increase in charge carriers is explained through the mechanism of incorporation of Li into the NiO lattice that consists of two steps: first lithium enters the lattice substitutionally creating oxygen vacancies and then the lattice takes oxygen from the surroundings [36,52]. The carrier mobility also increases Li doping increases, however the maximum hole mobility (  2.9     c  m 2    V · s    ) is obtained for the NiO:Li(10%) sample, and then the further increase in lithium over the NiO:Li( 10%) sample negatively affects the carrier mobility, and it is decreased. This can be explained by the dispersion effect of the ionized impurities as well as the presence of neutral defects due to the excess of Li incorporated in the NiO lattice, which reduce the mobility of the charge carriers [53].




3.3. NiO: Li in a LED Structure


We also have investigated the suitability of our p-type NiO:Li films as a hole transporting layer by fabricating a LED structure. For this purpose, we have chosen NiO: Li (10%) because they presented the highest mobility and therefore better hole carrier injection properties. The LED fabricated was a heterojunction ITO/NiO:Li (10%)/ZnS: Mn2+ (10%)/ZnO: Al (3%), all deposited by the automated USP technique on an ITO-coated glass substrate as bottom conducting cathode. As an alternative to the LEDs that have been manufactured from (GaAs) it is proposed to incorporate more accessible materials in terms of costs and abundance on the planet. In this case NiO:Li (10%) was used as an electron blocking and hole transport interlayer with the aim of avoiding non-radiative centers by controlling the region of the recombination luminescence area. It has been reported in other works that it has significantly improved the efficiency in the emission of LEDs, hence the interest in the use of this thin film to incorporate it in this research [12,18]. The ZnO with wurtzite structure is one of the promising materials with wide band gap (3.37 eV) which has been widely considered as a high potential material for use in optoelectronic devices [54]. Specifically, light emitting diodes and laser diodes based on ZnO material have been explored for their usability. For our LED structure, an n-type ZnO:Al thin film was deposited at low temperatures ( 360 °C) using the USP technique and the same precursor solution and conditions reported in a previous work [44]. This layer was used as electron injection layer due to their low electrical resistivity    (  ∼   10   − 3     O h m − c m  )   , high concentration of charge carriers (  ∼   10   20     c  m  − 3   )   and high optical transmittance. One of the most studied materials in terms of emission properties and the possibility of including them in light-emitting diodes and other electroluminescent devices, has been manganese-doped zinc sulfide (wurtzite structure). Zinc sulfide has been suitable as a semiconductor to be used as a host matrix for a wide variety of rare earth and transition metal luminescent centers this is explained by the fact that the crystalline matrix has a wide forbidden gap of 3.77 eV [55]. In this work, the ZnS:Mn thin film for the LED structure was also deposited in the USP system under deposition conditions reported in a previous work [56]. The thickness of this film was 450 nm, as it was measured using a Dektak IIA profilometer. As it is known these thin film present a yellow-orange emission peak when Mn + 2 is incorporated substitutionally into the lattice ZnS, and whose emission is caused by the transition of levels 4   T 1   (4G) →  6   A 1   (6S), corresponding to a forbidden transition so that there is an emission more intense than that of centrosymmetric systems [57]. The schematic diagram of the fabricated light-emitting diode based on the ITO/NiO:Li/ ZnS:Mn2 + / ZnO:Al heterojunction is shown in Figure 6. The active area of our DC driven devices was determined by the radius (1 mm) of the circular Al electrodes. The aluminum (purity of 99.999%) electrodes with a thickness of 100 nm were thermally evaporated (5–6 × 10−6 Torrs) using a shadow mask.



Figure 7a depicts the SEM image for the film NiO: Li (10%) deposited on ITO substrates, in this case, it can be observed grains less rounded with some edges and larger than those observed in Figure 3a, for the same film deposited on glass. Figure 7b shows a cross section SEM micrograph of the same NiO: Li (10%) film. As can be seen the film appears well adhered to the ITO film, in addition the film shows a uniform thickness of approximately 197 nm. Figure 7c shows the diffractogram of the film deposited on the substrate covered with ITO, in which one main diffraction peak is presented indicating a preferential growth in the plane: (2 0 0 ). Other planes such as: (1 1 1), (2 2 0) and (3 1 1) are also presented but in reduced intensity, the peaks marked with * correspond to those of the ITO. The grain size associated with the plane (2 0 0) was calculated using equation 3 that corresponds to 20.21 nm a value not very far from that obtained for the case of the film deposited on glass. The value of the lattice constant was 0.4165 nm obtained from Equation (1).



To record the current voltage (I-V) characteristics of the LED, a Keithley 2450 dual channel System SourceMeter Instrument was used. Positive bias was applied to ITO electrode with respect to the top one of Al. The formation of NiO: Li /ZnO:Al p-n junction with ZnS: Mn as phosphorescent interlayer was confirmed by the I-V characteristics. As can be observed in Figure 8a the LED structure demonstrates non-linear rectifying behavior. The threshold voltage of the p-n junction, under which electroluminescence is observed, is about 4.0 V under forward bias. No electroluminescence was observed under reverse bias conditions. As shown in that figure, the fitting equation is a direct proportionality relationship between  I  and    V 2   e   (   a V   )      which is governed by the Fowler-Nordheim equation that it has been used in quantum dot based sandwiched structures to explain tunneling current [12,56]. Given the barrier for the electrons between the ZnO:Al conduction band and the ZnS:Mn conduction band, under forward biasing the conduction band of ZnS:Mn is tilted and the model of a tunneling current through a triangular barrier is well applied. Then, there is electron acceleration by the electric field inside the ZnS:Mn and impact excitation of the Mn2+ luminescent centers. The forward bias turn-on voltage of the heterostructure ITO/NiO:Li/ZnS:Mn/ZnO:Al is relatively high, which is attributed to the high barrier heights at the interfaces [58] as can be observed in Figure 8b.



Figure 9 shows the photoluminescent spectrum of the ZnS:Mn film used for the LED fabrication and the electroluminescent spectrum of the LED operated at 9.5 V.



Both, the PL and EL spectra present a peak emission around 582 nm characteristic of radiative transitions between the d levels of the Mn2+ ion. The EL spectrum presents a very narrow peak width which indicates that the emission is very localized and that the emission times could be very short, another factor that could affect the width of the EL curve is the heating of the sample, due to the fact that not all the powered energy is directed towards the displacement of the electrons but part of it is converted into phonons in the crystal lattice.





4. Conclusions


P-type Li doped NiO thin films were obtained by the ultrasonic spray pyrolysis technique. The use of nickel acetylacetonate and lithium acetate dihydrate as metal precursor and dimethylformamide as solvent, allowed the fabrication of smooth and flat polycrystalline NiO:Li films with good optical transmittance in the visible range and good electrical properties for its application as hole transporting layer in an optoelectronic device. The sample NiO:Li (10%) with the highest hole mobility was used to be incorporated into an LED structure serving as a hole-transporting and electron-blocking layer at the same time. The I vs V curve for the ITO/NiO:Li/ZnS:Mn/ZnO:Al structure was obtained showing a non-linear rectifying behavior. The EL and PL spectra were obtained and compared; in both cases they presented an emission around 585 nm due to the transitions between the d states of the Mn+2 ions. It should be noted that most of the elements used in the incorporation of the LED are abundant elements on earth and are non-toxic.







Author Contributions


V.H.L.-L. Investigation, Methodology, Visualization, Software, Writing—original draft, Writing—review & editing. M.G.-H.; Supervision, Methodology, Writing—review, A.R.-G.; Investigation, Supervision, Validation, Formal analysis, Writing—review & editing. J.C.A.-H.; Conceptualization, Supervision, Methodology, Formal analysis, Resources, project administration, funding acquisition, writing—original draft preparation, Writing—review & editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research work received partial financial support from the projects: (a) PAPIIT-UNAM, project number: IN111022, (b) PAPIIT-UNAM, project number: IN109020, (c) PAPIIT-UNAM project number: IN111723, and (d) CONACYT—Apoyos para Adquisición y Mantenimiento de Infraestructura en Instituciones y Laboratorios de Investigación Especializada 2019, project number: 299881.




Data Availability Statement


Not applicable.




Acknowledgments


We want to thank the technical assistance of A. Tejeda, O. Novelo, L. Bazan, R. Reyes, C. García, A. Pompa, and C. Gonzalez from IIM-UNAM. Thanks are extended to Samuel Tehuacanero Cuapa and Juan Gabriel Morales Morales from IFUNAM, for technical assistance in SEM, and sample preparation, respectively. We acknowledge Jesús Uriel Balderas Aguilar for the implementation of the Arduino CNC router system. First author is grateful for the support received by the Mexican Council for Science and Technology (CONACyT-México) through the Ph.D. scholarship No.818566.




Conflicts of Interest


All authors have read and agreed to the published version of the manuscript.




References


	



Tan, G.; Tang, D.; Wang, X.; He, L.; Mu, T.; Li, G. Preparation of NiO Thin Films and Their Application for NO2 Gas Detection. Int. J. Electrochem. Sci. 2022, 17, 220551. [Google Scholar] [CrossRef]

	



Gomaa, M.M.; Sayed, M.H.; Patil, V.L.; Boshta, M.; Patil, P.S. Gas Sensing Performance of Sprayed NiO Thin Films toward NO2 Gas. J. Alloys Compd. 2021, 885, 160908. [Google Scholar] [CrossRef]

	



Garduño-Wilches, I.; Alonso, J.C. Hydrogen Sensors Fabricated with Sprayed NiO, NiO:Li and NiO:Li, Pt Thin Films. Int. J. Hydrogen Energy 2013, 38, 4213–4219. [Google Scholar] [CrossRef]

	



Zhao, X.; Zhang, X.; Yin, Z.; Li, W.; Yang, C.; Sun, W.; Zhang, H.; Yao, L. Enhanced Electrochromic Performance of All-Solid-State Electrochromic Device Based on W-Doped NiO Films. Coatings 2022, 12, 118. [Google Scholar] [CrossRef]

	



Parmar, K.H.; Manjunath, V.; Bimli, S.; Chikate, P.R.; Patil, R.A.; Ma, Y.R.; Devan, R.S. Stable and Reversible Electrochromic Behaviors in Anodic NiO Thin Films. Chinese J. Phys. 2022, 77, 143–150. [Google Scholar] [CrossRef]

	



Steirer, K.X.; Chesin, J.P.; Widjonarko, N.E.; Berry, J.J.; Miedaner, A.; Ginley, D.S.; Olson, D.C. Solution Deposited NiO Thin-Films as Hole Transport Layers in Organic Photovoltaics. Org. Electron. 2010, 11, 1414–1418. [Google Scholar] [CrossRef]

	



Liu, M.-H.; Zhou, Z.-J.; Zhang, P.-P.; Tian, Q.-W.; Zhou, W.-H.; Kou, D.-X.; Wu, S.-X. P-Type Li, Cu-Codoped NiOx Hole-Transporting Layer for Efficient Planar Perovskite Solar Cells. Opt. Express 2016, 24, A1349. [Google Scholar] [CrossRef]

	



Islam, M.B.; Yanagida, M.; Shirai, Y.; Nabetani, Y.; Miyano, K. NiOx Hole Transport Layer for Perovskite Solar Cells with Improved Stability and Reproducibility. ACS Omega 2017, 2, 2291–2299. [Google Scholar] [CrossRef]

	



Zhumagali, S.; Isikgor, F.H.; Maity, P.; Yin, J.; Ugur, E.; De Bastiani, M.; Subbiah, A.S.; Mirabelli, A.J.; Azmi, R.; Harrison, G.T.; et al. Linked Nickel Oxide/Perovskite Interface Passivation for High-Performance Textured Monolithic Tandem Solar Cells. Adv. Energy Mater. 2021, 11, 2101662. [Google Scholar] [CrossRef]

	



Haider, M.I.; Fakhruddin, A.; Ahmed, S.; Sultan, M.; Schmidt-Mende, L. Modulating Defect Density of NiO Hole Transport Layer via Tuning Interfacial Oxygen Stoichiometry in Perovskite Solar Cells. Sol. Energy 2022, 233, 326–336. [Google Scholar] [CrossRef]

	



Caruge, J.; Halpert, J.E.; Bulovic, V. NiO as an Inorganic Hole-Transporting Layer in Quantum-Dot Light-Emitting Devices. Nano Lett. 2006, 6, 2991–2994. [Google Scholar] [CrossRef] [PubMed]

	



Bhaumik, S.; Pal, A.J. All-Inorganic Light-Emitting Diodes Based on Solution-Processed Nontoxic and Earth-Abundant Nanocrystals. IEEE J. Quantum Electron. 2013, 49, 325–330. [Google Scholar] [CrossRef]

	



Lee, S.; Kim, D.B.; Hamilton, I.; Daboczi, M.; Nam, Y.S.; Lee, B.R.; Zhao, B.; Jang, C.H.; Friend, R.H.; Kim, J.S.; et al. Control of Interface Defects for Efficient and Stable Quasi-2D Perovskite Light-Emitting Diodes Using Nickel Oxide Hole Injection Layer. Adv. Sci. 2018, 5, 1801350. [Google Scholar] [CrossRef]

	



Wang, Z.; Luo, Z.; Zhao, Z.; Guo, Q.; Wang, Y.; Wang, F.; Bian, X.; Ahmed, A.; Tasawar, H.; Tan, Z. Efficient and Stable Pure Green All-Inorganic Perovskite CsPbBr 3 Light-E Ffi Cient and Stable Pure Green All-Inorganic Perovskite CsPbBr 3 Light-Emitting Diodes with a Solution-Processed NiO x Interlayer. J. Phys. Chem. C 2017, 121, 28132–28138. [Google Scholar] [CrossRef]

	



Gangishetty, M.K.; Hou, S.; Quan, Q.; Congreve, D.N. Reducing Architecture Limitations for Efficient Blue Perovskite Light-Emitting Diodes. Adv. Mater. 2018, 30, 1706226. [Google Scholar] [CrossRef]

	



Wang, L.; Shi, Z.; Ma, Z.; Yang, D.; Zhang, F.; Ji, X.; Wang, M.; Chen, X.; Na, G.; Chen, S.; et al. Colloidal Synthesis of Ternary Copper Halide Nanocrystals for High- E Ffi Ciency Deep-Blue Light-Emitting Diodes with a Half-Lifetime above 100 H. Nano Lett. 2020, 20, 3568–3576. [Google Scholar] [CrossRef]

	



Jeong, J.E.; Park, J.H.; Jang, C.H.; Song, M.H.; Woo, H.Y. Multifunctional Charge Transporting Materials for Perovskite Light-Emitting Diodes. Adv. Mater. 2020, 32, 2002176. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Yuan, H.; Yu, J.; Zhang, C.; Li, K.; You, M.; Li, W.; Shao, J.; Wei, J.; Zhang, X.; et al. Boosting the Efficiency of NiOx-Based Perovskite Light-Emitting Diodes by Interface Engineering. ACS Appl. Mater. Interfaces 2020, 12, 53528–53536. [Google Scholar] [CrossRef]

	



Salunkhe, P.; Muhammed, M.A.; Kekuda, D. Structural, Spectroscopic and Electrical Properties of Dc Magnetron Sputtered NiO Thin Films and an Insight into Different Defect States. Appl. Phys. A Mater. Sci. Process. 2021, 127, 390. [Google Scholar] [CrossRef]

	



Nandy, S.; Saha, B.; Mitra, M.K. Effect of Oxygen Partial Pressure on the Electrical and Optical Properties of Highly (200) Oriented p-Type Ni1−xO Films by DC Sputtering Effect of Oxygen Partial Pressure on the Electrical and Optical Properties of Highly (200) Oriented p-Type Ni 1. J. Mater. Sci. 2007, 42, 5766–5772. [Google Scholar] [CrossRef]

	



Sahu, D.R.; Wu, T.J.; Wang, S.C.; Huang, J.L. Electrochromic Behavior of NiO Film Prepared by E-Beam Evaporation. J. Sci. Adv. Mater. Devices 2017, 2, 225–232. [Google Scholar] [CrossRef]

	



Hameed, M.A.; Ali, O.A.; Al-Awadi, S.S.M. Optical Properties of Ag-Doped Nickel Oxide Thin Films Prepared by Pulsed-Laser Deposition Technique. Optik (Stuttg) 2020, 206, 164352. [Google Scholar] [CrossRef]

	



Franta, D.; Negulescu, B.; Thomas, L.; Richard, P.; Mistrı, J.; Guyot, M.; Ohlı, I. Optical Properties of NiO Thin Films Prepared by Pulsed Laser Deposition Technique. Appl. Surf. Sci. 2005, 244, 426–430. [Google Scholar] [CrossRef]

	



Raza, M.H.; Movlaee, K.; Wu, Y.; El-Refaei, S.M.; Karg, M.; Leonardi, S.G.; Neri, G.; Pinna, N. Tuning the NiO Thin Film Morphology on Carbon Nanotubes by Atomic Layer Deposition for Enzyme-Free Glucose Sensing. ChemElectroChem 2019, 6, 383–392. [Google Scholar] [CrossRef]

	



Kondrateva, A.S.; Mishin, M.V.; Alexandrov, S.E. TOF MS Investigation of Nickel Oxide CVD. J. Am. Soc. Mass Spectrom. 2017, 28, 2352–2360. [Google Scholar] [CrossRef]

	



Yu, J.H.; Nam, S.H.; Gil, Y.E.; Boo, J.H. The Effect of Ammonia Concentration on the Microstructure and Electrochemical Properties of NiO Nanoflakes Array Prepared by Chemical Bath Deposition. Appl. Surf. Sci. 2020, 532, 147441. [Google Scholar] [CrossRef]

	



Abdelghani, L.; Said, L.; Said, B.; Okba, B. Spin Coating Method Deposited Nickel Oxide Thin Films with Various Film Thicknesses. J. Chem. Res. 2022, 46, 17475198211066535. [Google Scholar] [CrossRef]

	



Ivanova, T.; Harizanova, A.; Shipochka, M.; Vitanov, P. Nickel Oxide Films Deposited by Sol-Gel Method: Effect of Annealing Temperature on Structural, Optical, and Electrical Properties. Materials 2022, 15, 1742. [Google Scholar] [CrossRef]

	



Akaltun, Y.; Çayır, T. Fabrication and Characterization of NiO Thin Films Prepared by SILAR Method. J. Alloys Compd. 2015, 625, 144–148. [Google Scholar] [CrossRef]

	



Ukoba, K.O.; Eloka-Eboka, A.C.; Inambao, F.L. Review of Nanostructured NiO Thin Film Deposition Using the Spray Pyrolysis Technique. Renew. Sustain. Energy Rev. 2018, 82, 2900–2915. [Google Scholar] [CrossRef]

	



Sharma, R.; Acharya, A.D.; Shrivastava, S.B.; Shripathi, T.; Ganesan, V. Optik Preparation and Characterization of Transparent NiO Thin Films Deposited by Spray Pyrolysis Technique. Opt.—Int. J. Light Electron Opt. 2014, 125, 6751–6756. [Google Scholar] [CrossRef]

	



Rahemi Ardekani, S.; Sabour Rouh Aghdam, A.; Nazari, M.; Bayat, A.; Yazdani, E.; Saievar-Iranizad, E. A Comprehensive Review on Ultrasonic Spray Pyrolysis Technique: Mechanism, Main Parameters and Applications in Condensed Matter. J. Anal. Appl. Pyrolysis 2019, 141, 104631. [Google Scholar] [CrossRef]

	



Ohta, H.; Kamiya, M.; Kamiya, T.; Hirano, M.; Hosono, H. UV-Detector Based on Pn-Heterojunction Diode Composed of Transparent Oxide Semiconductors, p-NiO/n-ZnO. Thin Solid Films 2003, 445, 317–321. [Google Scholar] [CrossRef]

	



Dutta, T.; Gupta, P.; Gupta, A.; Narayan, J. Effect of Li Doping in NiO Thin Films on Its Transparent and Conducting Properties and Its Application in Heteroepitaxial P-n Junctions. J. Appl. Phys. 2010, 083715, 083715. [Google Scholar] [CrossRef]

	



Zhang, J.Y.; Li, W.W.; Hoye, R.L.Z.; Macmanus-driscoll, J.L.; Budde, M. Electronic and Transport Properties of Li-Doped NiO Epitaxial Thin Films. J. Mater. Chem. C 2018, 6, 2275–2282. [Google Scholar] [CrossRef]

	



Arunodaya, J.; Sahoo, T. Effect of Li Doping on Conductivity and Band Gap of Nickel Oxide Thin Film Deposited by Spin Coating Technique. Mater. Res. Express 2019, 7, 016405. [Google Scholar] [CrossRef]

	



Azimi Juybari, H.; Bagheri-mohagheghi, M.; Shokooh-saremi, M. Nickel—Lithium Oxide Alloy Transparent Conducting Films Deposited by Spray Pyrolysis Technique. J. Alloys Compd. 2011, 509, 2770–2775. [Google Scholar] [CrossRef]

	



Chia-Ching, W.; Cheng-Fu, Y. Investigation of the Properties of Nanostructured Li-Doped NiO Films Using the Modified Spray Pyrolysis Method. Nanoscale Res. Lett. 2013, 8, 33. [Google Scholar] [CrossRef]

	



Yang, C.F.; Wu, C.C. Effect of Annealing Temperature on the Characteristics of the Modified Spray Deposited Li-Doped NiO Films and Their Applications in Transparent Heterojunction Diode. Sol. Energy Mater. Sol. Cells 2015, 132, 492–498. [Google Scholar] [CrossRef]

	



Dawood, M.O.; Chiad, S.S.; Ghazai, A.J.; Habubi, N.F.; Abdulmunem, O.M. Effect of Li Doping on Structure and Optical Properties of NiO Nano Thin-Films by SPT. AIP Conf. Proc. 2020, 2213, 020102. [Google Scholar] [CrossRef]

	



Falcony, C.; Aguilar-Frutis, M.A.; García-Hipólito, M. Spray Pyrolysis Technique; High-K Dielectric Films and Luminescent Materials: A Review. Micromachines 2018, 9, 414. [Google Scholar] [CrossRef] [PubMed]

	



Jung, K.Y.; Kang, Y.C.; Park, Y.K. DMF Effect on the Morphology and the Luminescence Properties of Y2O3:Eu3+ Red Phosphor Prepared by Spray Pyrolysis. J. Ind. Eng. Chem. 2008, 14, 224–229. [Google Scholar] [CrossRef]

	



Menaka, S.M.; Umadevi, G. Concentration Dependent Structural, Morphological, Spectral, Optical and Electrical Properties of Spray Pyrolyzed NiO Thin Films. Silicon 2018, 10, 2023–2029. [Google Scholar] [CrossRef]

	



Rivera, M.J.; Ramírez, E.B.; Juárez, B.; González, J.; García-León, J.M.; Escobar-Alarcón, L.; Alonso, J.C. Low Temperature-Pyrosol-Deposition of Aluminum-Doped Zinc Oxide Thin Films for Transparent Conducting Contacts. Thin Solid Films 2016, 605, 108–115. [Google Scholar] [CrossRef]

	



Shannon, R.D. Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides. Acta Cryst. A 1976, 32, 751–767. [Google Scholar] [CrossRef]

	



Sta, I.; Jlassi, M.; Hajji, M.; Ezzaouia, H. Structural, Optical and Electrical Properties of Undoped and Li-Doped NiO Thin Films Prepared by Sol-Gel Spin Coating Method. Thin Solid Films 2014, 555, 131–137. [Google Scholar] [CrossRef]

	



Iida, Y.; Hayashi, N. A Note on the Solid Chemisty of the NiO-Li 2 O Solid Solution. Bull. Chem. Soc. Jpn. 1964, 37, 659–662. [Google Scholar] [CrossRef]

	



Garduño, I.A.; Alonso, J.; Bizarro, M.; Ortega, R.; Rodríguez-Fernández, L.; Ortiz, A. Optical and Electrical Properties of Lithium Doped Nickel Oxide Films Deposited by Spray Pyrolysis onto Alumina Substrates. J. Cryst. Growth 2010, 312, 3276–3281. [Google Scholar] [CrossRef]

	



Swanepoel, R. Determination of the Thickness and Optical Constants of Amorphous Silicon. J. Phys. E Sci. Instrum. 1983, 16, 1214–1222. [Google Scholar] [CrossRef]

	



Márquez, E.; Ruíz-Pérez, J.J.; Ballester, M.; Márquez, A.P.; Blanco, E.; Minkov, D.; Fernández Ruano, S.M.; Saugar, E. Optical Characterization of H-Free a-Si Layers Grown by Rf-Magnetron Sputtering by Inverse Synthesis Using Matlab: Tauc–Lorentz–Urbach Parameterization. Coatings 2021, 11, 1324. [Google Scholar] [CrossRef]

	



Juárez-García, B.; González-Gutiérrez, J.; Rivera-Medina, M.J.; García-Valenzuela, A.; Alonso-Huitrón, J.C. Requirements and Applications of Accurate Modeling of the Optical Transmission of Transparent Conducting Coatings. Appl. Opt. 2019, 58, 5179. [Google Scholar] [CrossRef] [PubMed]

	



Chakrabarty, D.K.; Raju, V.B. Solid State Properties of Lithium Doped Nickel Oxide and Its Catalytic Activity towards Dehydrogenation of Isopropanol. Proc. Indian Acad. Sci.—Sect. A Chem. Sci. 1978, 87, 133–139. [Google Scholar] [CrossRef]

	



Matsubara, K.; Huang, S.; Iwamoto, M.; Pan, W. Enhanced Conductivity and Gating Effect of P-Type Li-Doped NiO Nanowires. Nanoscale 2014, 6, 688–692. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.; Fang, G.; Mo, X.; Long, H.; Wang, H.; Li, S.; Li, Y.; Zhang, Y.; Pan, C.; Carroll, D.L. Improved and Orange Emission from an N-ZnO/p-Si Heterojunction Light Emitting Device with NiO as the Intermediate Layer. Appl. Phys. Lett. 2012, 101, 223504. [Google Scholar] [CrossRef]

	



Fang, X.; Bando, Y.; Gautam, U.K.; Ye, C.; Golberg, D. Inorganic Semiconductor Nanostructures and Their Field-Emission Applications. J. Mater. Chem. 2008, 18, 509–522. [Google Scholar] [CrossRef]

	



Ramírez, E.B.; Bizarro, M.; Alonso, J.C. Synthesis and Characterization of Thin Film Electroluminescent Devices All-Prepared by Ultrasonic Spray Pyrolysis. Thin Solid Films 2013, 548, 255–258. [Google Scholar] [CrossRef]

	



Kang, T.W.; Park, K.W.; Deressa, G.; Kim, J.S. Drastic Enhancement of Blue-to-Orange Color Conversion Efficiency in Heavily-Doped ZnS:Mn2+ Phosphor and Its Application in White LEDs. J. Lumin. 2018, 194, 551–556. [Google Scholar] [CrossRef]

	



Jung, B.O.; Kwon, Y.H.; Seo, D.J.; Lee, D.S.; Cho, H.K. Ultraviolet Light Emitting Diode Based on P-NiO/n-ZnO Nanowire Heterojunction. J. Cryst. Growth 2013, 370, 314–318. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 00197 g001 550] 





Figure 1. XRD patterns of NiO:Li films deposited with different lithium concentrations in the precursor solution. 
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Figure 2. AFM images of undoped and lithium doped NiO thin films. (a) NiO: Li (0%); RMS = 5.47 nm, (b) NiO: Li (5%); RMS = 5.97 nm, (c) NiO: Li (15%); RMS = 6.29 nm and (d) NiO: Li (20%); RMS = 6.40 nm. 
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Figure 3. (a) SEM micrograph for NiO: Li (10%) deposited on glass. (b) SEM Cross section image of the same film. 
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Figure 4. Optical transmittance spectrum for NiO:Li (x%) films deposited at different lithium concentrations. The spectrum at the top is the transmittance of the glass substrate. 
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Figure 5. Experimental transmittance spectra and the best modeled transmittance for the NiO films with the different concentrations of Li in the precursor solution. 
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Figure 6. Schematic diagram of fabricated LED. 
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Figure 7. SEM images and XRD pattern of NiO: Li (10%) film deposited on ITO coated glass substrate. (a) SEM image. (b) Cross section SEM micrograph. (c) XRD pattern, it shows a cubic structure and preferential orientation in the plane (2 0 0). The diffraction peaks marked with * correspond to ITO. 
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Figure 8. (a) I-V curve of the device with NiO:Li intermediate layer. (b) Band diagram of ITO/NiO:Li/ZnS:Mn/ZnO:Al sandwiched structure. 
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Figure 9. On the left side (a), the photoluminescent spectrum is shown whose emission peak corresponds to about 582 nm. On the right side (b) the electroluminescent spectrum of the LED device under an operating voltage of 9.5 V is shown. The inset shows a photograph of the light emitted by the device. 
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Table 1. Structural parameters of undoped and lithium doped NiO thin films.
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	Film
	    2 θ  ( ° )     
	   d   Value   ( Å )   
	Grain Size (nm)
	   a   ( Lattice   Constant )   ( Å )   





	NiO (20%)
	43.446
	2.081
	24.3
	4.162



	NiO (15%)
	43.450
	2.081
	21.7
	4.162



	NiO (10%)
	43.442
	2.081
	22.6
	4.163



	NiO (5%)
	43.475
	2.080
	25.2
	4.160



	NiO (0%)
	43.540
	2.077
	22.1
	4.1538
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Table 2. Average transmittance in the visible region, and thickness and band gap energy of the films determined from the transmittance fitting model.
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	Film
	Average Transmittance (%)
	Thickness (nm)
	Eg(eV)





	NiO:Li (20%)
	77.6
	140
	3.7



	NiO:Li (15%)
	67.1
	170
	3.6



	NiO:Li (10%)
	65.4
	194
	3.7



	NiO:Li (5%)
	63.8
	282
	3.7



	NiO:Li (0%)
	60.9
	487
	3.3
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Table 3. Electrical properties of NiO:Li films correspond to different concentrations of Li in the precursor solution.
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	Film
	ρ (Resistivity)

[Ohm—cm]
	

     n p   [  c  m  − 3    ]     








	

    μ  [    c  m 2    V · s    ]     













	NiO: Li (0%)
	---------------
	-------------------
	--------------------



	NiO: Li (5%)
	2.5 × 103
	3.3 × 1014
	1.6



	NiO: Li (10%)
	4.4 × 102
	4.9 × 1015
	2.9



	NiO: Li (15%)
	2.8 × 102
	2.1 × 1018
	1.1



	NiO: Li (20%)
	2.3 × 102
	1.4 × 1017
	0.2
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