[image: image1]Properties and Configurations of B-N Co-Doped ZnO Nanorods Fabricated on ITO/PET Substrate

		ORIGINAL RESEARCH
published: 16 June 2021
doi: 10.3389/fenrg.2021.700901


[image: image2]
Properties and Configurations of B-N Co-Doped ZnO Nanorods Fabricated on ITO/PET Substrate
Jianchao Jiang1, Liyun Jiang1*, Ping Rong1, Kechen Wu2, Qingqing Yang1 and Qi Yu1
1School of Physics and Telecommunication Engineering, School of Materials Science and Engineering, Shaanxi University of Technology, Hanzhong, China
2Fujian Key Laboratory of Functional Marine Sensing Materials, Minjiang University, Fuzhou, China
Edited by:
Yong Zhang, Harbin Institute of Technology, China
Reviewed by:
Shaoheng Cheng, Jilin University, China
Hong-Ying Zhuo, Tsinghua University, China
* Correspondence: Liyun Jiang, lyjiang2014@126.com
Specialty section: This article was submitted to Solar Energy, a section of the journal Frontiers in Energy Research
Received: 27 April 2021
Accepted: 26 May 2021
Published: 16 June 2021
Citation: Jiang J, Jiang L, Rong P, Wu K, Yang Q and Yu Q (2021) Properties and Configurations of B-N Co-Doped ZnO Nanorods Fabricated on ITO/PET Substrate. Front. Energy Res. 9:700901. doi: 10.3389/fenrg.2021.700901

Based on flexible materials, optoelectronic devices with optoelectronic technology as the core and flexible electronic devices as the platform are facing new challenges in their applications, including material requirements based on functional electronic devices such as lightness, thinness, and impact resistance. However, there is still a big gap between the current preparation technology of flexible materials and practical applications. At present, the main factors restricting the more commercial development of flexible materials include preparation conditions and performance. In this work, B-N co-doped ZnO nanorod arrays (NRAs) were successfully synthesized on the polyethylene terephthalate (PET) substrate coated with indium tin oxide (ITO) by the hydrothermal method. Based on the density functional theory, the effect of B-N co-doping on the electronic structure of ZnO was calculated; the incorporation of B and N led to an increase in the lattice constant of ZnO. The B-N co-doped ZnO has obvious rectification characteristics with the positive conduction voltage of 2 V in the I–V curve.
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INTRODUCTION
Flexible electronics was once recognized as one of the top ten scientific and technological achievements in the world, and it is very likely to bring a new generation of information technology revolution. Different from traditional electronic devices, flexible electronic characters have higher flexibility, better stretch, and greater bendability without damaging the performance of electronic devices. Therefore, it currently has broad application prospects in the fields of information, medical treatment, and energy. Based on this background, flexible semiconductor materials have exhibited high flexibility and strain sensitivity, which were an ideal choice for flexible optoelectronics (Du et al., 2020; Wang et al., 2017). As a transparent conductive oxide film, indium tin oxide (ITO) is mainly characterized by its conductivity and optical transparency and is widely used in various electronic devices. Polyethylene terephthalate (PET) is a saturated thermoplastic polymer with good physical and chemical properties, including high impact strength, corrosion resistance, transparency, and safety. As a good flexible transparent electrode material, ITO/PET is obtained by sputtering ITO-conductive film coating on the PET base material and annealing at high temperature. With high light transmittance and conductivity, ITO/PET has been a perfect choice for optoelectronic materials, such as flexible solar cells and flexible transparent circuit boards (Marciel et al., 2021). ZnO is one of the most attractive semiconductor materials in the past decade. It has a theoretical specific volume as large as 2.3 times that of graphite, a wide band gap up to 3.75 eV, and an exciton binding energy up to 60 meV (Klingshirn, 2010).
Due to the similar thermal expansion coefficients of ITO and ZnO, ZnO grown on ITO can effectively avoid cracks caused by stress changes and compensate for defects in the growth process (Zhang et al., 2017; Sima et al., 2013). In order to enhance the p-type electrical properties of ZnO, some studies have begun to explore the influence of doped heteroatoms on the electrical properties of ZnO. It is found that N-doping can change the conduction type of ZnO, but high resistivity is not conducive to its application in the field of optoelectronics. Since 2004, Al-N, In-N, Ga-N, Ag-N, and Sn-N have also been studied to improve the electrical properties of ZnO films besides B-N co-doping (Zhang et al., 2017; Xu et al., 2017; Farooq et al., 2020; Siva et al., 2020; Kaur et al., 2021). It is found that co-doping of B-N can effectively reduce the resistivity and further increase the carrier concentration. The Burstein–Moss effect increases the energy gap of the B-N co-doped film, thereby increasing the light utilization efficiency by stacking absorbers with different energy gaps (Nripasree et al., 2017). At present, co-doping ZnO with group III and V elements can be utilized to improve the acceptor solubility so as to enhance the electrical properties of the ZnO film (Yamamoto et al., 2001; Bian et al., 2004). If these technologies can be applied more efficiently to potential semiconductor structure (SCS) devices including biosensors, electrical equipment, and gas sensors, it is quite promising and has huge economic benefits (Sun et al., 2015; Beitollahi et al., 2020; Hwang et al., 2020; Ra et al., 2020; Zhang et al., 2020). Based on this, we devote to promoting the application of ZnO nanorod array (NRA) SCSs by adjusting the structures and properties.
B-N co-doped ZnO is mainly achieved by radio-frequency magnetron sputtering and pulsed laser deposition. Liu et al. used pulsed laser deposition technology to grow B-N co-doped ZnO on a sapphire substrate (Liu et al., 2008). Datta et al. reported on the observation of stable p-type conductivity in B-N co-doped epitaxial ZnO thin films grown by pulsed laser deposition (Sahu et al., 2016). Soudi et al. used radio-frequency magnetron sputtering to prepare a ZnO film on an ITO-coated PET substrate. The film has good optical confinement properties and has shown great applications in non-linear optical devices, including optical switches and optical storage (Soudi et al., 2021). Wang et al. proposed a low-cost ITO/ZnO memory device/TaN sandwich structure with excellent bipolar resistance switching characteristics and ultra-low and uniform operating voltage. Its application prospects in neuromorphological calculations are very broad (Wang et al., 2020). However, due to the limitations of the deposition rate, output energy, equipment cost, and deposition scale of pulsed laser deposition technology, industrial production and application are facing huge challenges. The magnetron sputtering technology with the advantage of strong adhesion, high speed, and low temperature and damage is worth exploring to prepare B-N co-doped ZnO on the ITO/PET substrate.
In this work, the ZnO seed layer was grown on the ITO/PET substrate by magnetron sputtering technology. On this basis, the B-N co-doped ZnO NRAs were further prepared by hydrothermal technique. According to the establishment of the model, we attempt to understand the atomic configuration of B-N co-doped ZnO. In addition, we further investigate the influence of B-N co-doping on ZnO by examining different doping sites via first-principle calculations. Finally, the current–voltage (I–V) characteristics of the constructed B-N co-doped ZnO on the ITO/PET flexible substrate were tested in order to analyze system carrier transport mechanisms and further study the electrical performance.
MATERIALS AND METHODS
All reagents used in the experimental process were analytically pure. In order to hydrothermally grow ZnO nanostructures, zinc nitrate hexahydrate (Zn (NO3)2·6H2O) and hexamethylenetetramine (HMT, C6H12N4) were exactly weighed using an analytical balance with an accuracy of 10–4 g and were dissolved in deionized water, producing precursor solution of 40 ml at a concentration of 0.05 M. Boric acid (H3BO3) and ethylenediamine (C2H8N2), at a concentration of 0.15  M, which provided the source of boron, were mixed with the as-prepared solution and stirred with a magnetic mixer for 30 min. Moreover, using a small ion-sputtering apparatus, a thin seed layer of ZnO was sputtered onto the surface of the as-treated PET–ITO substrate with the size of 6  cm × 8 cm to reduce the lattice mismatch between ZnO and the substrate. Among that, the surface resistivity of the PET–ITO flexible substrate is 30 Ω/sq (19), which is lower than that of pure PET (60 Ω/sq) but higher than that of the ITO substrate (14 Ω/sq) (20). The process parameters were as follows: sputtering time, 5  min; sputtering current, 6–8 mA; and vacuum pressure, 0.1 mbar. With that, PET–ITO coated with the seed layer was dipped into the as-obtained aqueous solution and sealed by means of plastic wrap. Finally, the device was transferred to an electric oven and heated at a constant temperature of 90°C for 5 h, so as to develop the B-N co-doped ZnO nanostructure. After cooling to room temperature (20–25°C), the product was gradually washed with distilled water and then dried naturally in air.
RESULTS AND DISCUSSION
Figure 1A shows the photograph of the flexible B-N ZnO fabricated on ITO/PET under the illumination of white fluorescent light. In order to estimate the transparency properties of vertically aligned ZnO NRAs on ITO/PET, the transmittance was calculated via the rigorous coupled-wave analysis simulation that could accurately predict the transmittance of nanostructures by solving the Maxwell equation with spatial harmonics (Chiu et al., 2008). The optical transmission efficiency was acquired from the transmitted diffraction elements through diffraction electro-magnetic energy, which were concluded through satisfying the fringe conditions from the specific region face (Lee et al., 2011). Figure 1B shows the contour plot of calculated transmittances as a function of the height of ZnO nanorods and the corresponding three-dimensional (3D) modeling of ZnO NRAs. In the wavelength range of 300–400 nm, whether ZnO NRAs are deposited on the ITO/PET surface has almost no effect on the light transmittance, showing a low transmittance of about 65%. ITO/PET without ZnO NRAs (i.e., the height of ZnO nanorods is zero) exhibited low transmittances <80% over a wavelength range of 450–760 nm. For the ZnO seed–coated ITO/PET, the transmittance was slightly increased as compared to that of bare ITO/PET. This would be caused by the fact that the deposited ZnO thin film (30 nm) could decrease the difference in refractive index between air and ITO, the phenomenon that reduced the Fresnel reflections. Meanwhile, the ZnO height was enhanced and the transmittance was grown. Indeed, this increase in transmittance is due to the effective refractive index (neff) of ZnO NRAs which relaxes the difference in refractive index between air and the ITO/PET substrate, thus leading to an antireflection property (Yan et al., 2007; Tian et al., 2009). Based on the effective medium theory, the neff can be obtained by neff = [fZnOnZnO2/3 + fairnair2/3]3/2, where nZnO/nair and fZnO/fair are the refractive index and volume fraction of ZnO/air, respectively. When the height of ZnO nanorods was increased, somewhat fluctuations of transmittance were caused by the fact that the ZnO NRAs serve as an interference layer with an effectively graded refractive index profile. Figure 1C shows a schematic diagram of hydrothermal growth of ZnO NARs on ITO/PET. From the XRD patterns of ZnO NRAs on ITO/PET, as shown in Figure 1D, the dominant XRD peak of ZnO (002) appeared at 34.44°. The two broad XRD peaks of PET were also observed at 46.83 and 53.74°.
[image: Figure 1]FIGURE 1 | (A) Photograph of B-N ZnO on the ITO/PET substrate, (B) ZnO contour plot of transmittances and 3D modeling of ZnO, (C) schematic diagram of the complex, and (D) XRD patterns of the sample.
Based on the density functional theory, the interstitial B (Bi) and the substitutional B defect at the Zn site (BZn) and the interstitial B (Bi) and the substitutional N defect at the O site (NO) are optimized and calculated by using the CASTEP code in Materials Studio (Segall et al., 2002). The 2 × 2 × 2 supercell model and periodic boundary conditions are used. The ion−electron interaction was described by the projected augmented wave (PAW) method (Blöchl et al., 1994), and the electron exchange–correlation was represented by the Perdew−Burke−Ernzerhof (PBE) functional (Perdew et al., 1998). The calculated mass is hyperfine, the plane wave truncation energy is E0 = 600 eV, the convergence accuracy is 1 × 10–5 eV · atom−1, the force acting on each atom is not more than 1 × 10–6 eV · atom−1, and the internal stress is less than 0.05 GPa.
Figures 2A,B show the atomic configuration of ZnO of Bi-BZn and DOS for pure ZnO and Bi-NO ZnO, respectively. ZnO (Bi-BZn) has a similar distribution of DOS to pure ZnO. Figures 2D,E show the atomic configuration of Bi-NO ZnO and DOS for pure ZnO and Bi-BZn ZnO. In order to determine the effect of B-N co-doping on the structure of ZnO, the supercell structures of ZnO, Bi-BZn ZnO, and Bi-NO ZnO were optimized. The lattice parameters of ZnO are a = 0.3250 nm and c = 0.5206 nm, which are in good agreement with the experimental values, and the error ratio c/a is less than 1%, indicating that the calculation method and parameter setting are reasonable and the calculation results are reliable (Keskenler et al., 2014). In addition, the lattice parameters of Bi-NO ZnO are a = 0.6499 nm and c = 1.0411 nm, which indicates that the lattice parameters of doped ZnO increase in the direction of a and c axes, resulting in the lattice stretching of ZnO and lattice distortion causing internal dipole, hindering the electron–hole recombination, which can effectively separate the hole–electron pairs, thus affecting the photoelectric properties of ZnO (Prakash et al., 2015). The DOS of ZnO Bi-BZn shifted to the left compared with that of pure Zn, which means that the structure of ZnO Bi-BZn was stable.
[image: Figure 2]FIGURE 2 | (A) Atomic configuration of Bi-BZn ZnO, (B) DOS for pure ZnO and Bi-NO ZnO, (C) band structure for pure ZnO and Bi-NO ZnO, (D) atomic configuration of Bi-NO ZnO, (E) DOS for pure ZnO and Bi-BZn ZnO, and (F) band structure for Bi-NO ZnO.
Figures 2C,F show the band structure for ZnO Bi-BZn and Bi-NO ZnO, respectively. Compared with the band gap of pure ZnO (0.74 eV), the band gap for Bi-BZn ZnO is 0.14 eV. The band gap for Bi-NO ZnO is 0.44 eV. The calculated band gap of ZnO is quite different from the experimental value (3.37 ev). The main reason is that GGA is jellium-based XC energy functionals that suffer from i) an incomplete cancellation of the artificial Hartree self-interaction and ii) the lack of the integer discontinuity in the exchange and correlation energy upon adding an electron. In addition, the overestimation of the pd repulsion and, hence, too high position of the VBM in energy are due to the too shallow d bands in GGA (Wróbel et al., 2009). By analyzing the energy band structure and density of states of Bi-NO, it can be found that compared with those of intrinsic ZnO, because the Fermi level is in the impurity level, the band gap is reduced and the conductivity is enhanced. Moreover, these impurity levels can effectively separate the photogenerated carriers produced by ZnO and affect the photoelectric properties.
Compared with those of pure ZnO, the impurity levels with lower density of states are formed near the Fermi level. These impurity levels can effectively separate the photogenerated carriers produced by ZnO and enhance the effective utilization of visible light in ZnO. Based on the theoretical analysis, the system of non-metal co-doped ZnO has a smaller band gap and produces impurity energy levels. Therefore, less energy is required for ZnO electronic transitions. Combining the co-doped ZnO with the flexible material ITO/PET provides more applications in optoelectronic devices.
Figure 3A illustrates the I–V characteristics of the B-N co-doped ZnO ITO/PET substrate, and the illustration shows a schematic diagram of the diode. PET and ITO on the top of ZnO NRAs are used as the anode and cathode, respectively. Conductive silver paste is used to connect the copper wire with the two electrodes of the diode, which can be used as the Schottky contact to form a closed circuit. As shown in Figure 3A, the asymmetry of the I–V curve indicates that the diode has a certain rectification characteristic, and the positive conduction voltage is 2 V. From the I–V characteristic results, when the bias voltage is increased to 5 V, the current can reach ∼1.7 ma. At −5 V, the reverse leakage current is only 0.1 mA, so the rectification ratio is 17. In the negative direction, it is observed that the reverse current is small and almost saturated, which indicates that the heterojunction has good rectifying characteristics.
[image: Figure 3]FIGURE 3 | (A)I–V characteristics of B-N ZnO on the ITO/PET substrate; the inset is the device structure schematic diagram; (B) log–log I–V curve of the system.
Figure 3B shows the log–log I–V curve of the device. The plot exhibits three distinct regions depending on the junction bias voltage. At low forward voltages in region I (< 0.55 V), the power law of I∼V1.2 was observed, suggesting a transport mechanism obeying the ohmic law. The exponent of 1.2 greater than 1 could be attributed to the presence of defect states in the interfaces, which might lead to some additional current at forward voltages. For region II (0.55 V < V < 2.42 V), the current followed an exponential relation I∼exp (αV), and this relation was usually proposed for the wide band gap p–n diodes related to a recombination–tunneling mechanism. In region III beyond 2.42 V, the current conduction was attributed to the space-charge–limited current (SCLC) generally observed in wide band gap semiconductors (Ghosh et al., 2007). In the present case, the SCLC is mainly for a single-carrier (hole) injection because the concentration of holes is larger than that of electrons.
CONCLUSION
In conclusion, B-N co-doped ZnO was prepared on the ITO/PET substrate by the hydrothermal method. Based on light transmittance for ZnO NRA ITO/PET used in optoelectronic devices, the average light transmittance is 85% in the range of 850–1,000 nm. In addition, through the first-principle calculation, doping of B and N leads to the lattice distortion of ZnO and further results in the generation of dipole, which hinders the electron–hole recombination and effectively separates the hole–electron pairs, thus affecting the photoelectric properties of ZnO. Compared with those of intrinsic ZnO, the band gap of B-N co-doped ZnO is reduced and the conductivity is enhanced. In addition, the photogenerated carriers are effectively separated, thus enhancing the photoelectric effect of ZnO. The rectification characteristics of B-N co-doped ZnO ITO/PET in the I–V curve are also studied in detail.
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