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Abstract

:

Here, the electrical properties of NiO thin films grown on glass and Al2O3 (0001) substrates have been investigated. It was found that the resistivity of NiO thin films strongly depends on oxygen stoichiometry. Nearly perfect stoichiometry yields extremely high resistivity. In contrast, off-stoichiometric thin films possess much lower resistivity, especially for oxygen-rich composition. A side-by-side comparison of energy loss near the edge structure spectra of Ni L3 edges between our NiO thin films and other theoretical spectra rules out the existence of Ni3+ in NiO thin films, which contradicts the traditional hypothesis. In addition, epitaxial NiO thin films grown on Al2O3 (0001) single crystal substrates exhibit much higher resistivity than those on glass substrates, even if they are deposited simultaneously. This feature indicates the microstructure dependence of electrical properties.






Keywords:


nickel oxide thin films; electrical properties; stoichiometry; energy loss near edge structure; microstructure; defect












1. Introduction


As one of the most interesting oxides with strong correlations, nickel oxide (NiO) has been extensively studied during the past two decades [1,2,3,4]. More recently, a major resurgence of interest has been paid to NiO due to its variety of potential applications, such as p-type transparent semiconductors [5,6,7], gas sensors [8], electrochromic devices [9,10] and photovoltaics [11,12].



Even today, there are still several controversial issues surrounding NiO, one of which is the electrical conduction mechanism. For a long period, NiO was described as a charge transfer insulator or Mott–Hubbard insulator with high resistivity [13,14]. However, recent investigations have shown that NiO could be a good p-type semiconductor [5,15,16], which makes it attractive as a transparent hole-transport layer in photovoltaics [11,12,17]. It is conventionally speculated that such a transition from an insulator to a semiconductor with lower resistivity is attributed to the introduction of Ni3+ ions via increasing the density of nickel vacancies [18,19,20,21,22]. In order to support this assumption, spectroscopic techniques, such as X-ray photoelectron spectroscopy (XPS), are usually employed. In these spectra, the additional satellite shoulder peaks at about a 1.5 eV higher bonding energy, with respect to the main line in the Ni 2p edge, have generally been assigned to Ni3+ species [18,21,22]. However, such spectroscopic analysis has sparked wide debate. One hypothesis suggests that these kinds of satellite peaks may originate from the surface effect, concerning on the Ni atoms with bulk-octahedral or surface-pyramidal symmetries [23]. More recently, ab initio calculations have shown that the satellite peaks are due to the complex electron configurations resulted from the atomic multiplet and molecular orbital effects, rather than the Ni3+ ions [24,25]. Controversial origins for multipeaks in the spectra make the electrical transport mechanism of NiO ambiguous.



In view of the notable interests of NiO for both fundamental research and practical applications, it is highly desirable to fill the knowledge gaps that still exist in NiO. Hence, the aim of this work was to perform a comprehensive study on the electrical properties of NiO. NiO thin films with different compositions have been grown to reveal the influence of oxygen stoichiometry on the electrical properties. Moreover, polycrystalline and epitaxial thin films were compared to understand the role of microstructure on the electrical properties.




2. Materials and Methods


NiO thin films were deposited on various substrates (glass, Al2O3 (0001) and Si (100)) by reactive magnetron sputtering in an Ar–O2 atmosphere. No intentional heating was applied to the substrates during the deposition. The substrate temperature was close to room temperature. The Ar flow rate was fixed at 25 sccm, while different O2 flow rates of 4−11 sccm were employed. A pulsed-DC supply (Advanced Energy, Denver, CO, USA) was connected to a metallic Ni target (2 inches in diameter and purity of 99.995%). The current of 0.3 A, the frequency of 50 kHz and the off-time of 4 µs on the supply were used. The detailed information on the film growth can be found in [26].



X-ray diffraction (XRD, Brucker D8 Advance with CuKα1 radiation (λ = 0.15406 nm), Karlsruhe, Germany) was used to check the phase structure of the thin films. UV–Vis–NIR spectrometer (Varian Cary 5000, Palo Alto, CA, USA) was used to determine the optical transmission and reflection spectra. The resistivity of thin films was measured by a four-point probing system (Keithley 237 high voltage source measure unit and Keithley 2700 multimeter, Beaverton, OR, USA) at room temperature in air. X-ray photoemission spectroscopy (XPS, Thermo ESCALAB 250XI, Waltham, MA, USA) with an Al Kα source was employed to study the stoichiometry of nickel oxide thin films. Ar+ ion etching was performed to clean the surface until there was no evolution in the C-1s core level spectra. Silver paste was applied to the corner of samples, in contact with the metallic holder. The purpose of this was to relieve the charge effect during the measurement and to calibrate “0 eV” of binding energy using the Fermi level of silver [27]. Transmission electron microscopy (TEM) investigation for the microstructure was performed with JEOL ARM 200-Cold FEG, Tokyo, Japan (point resolution 0.19 nm) apparatus equipped with a GIF Quantum ER. The electron energy loss spectroscopy (EELS) analyses were performed with TEM operating at 200 kV. More details on the characterizations of EELS can be found in [26,28]. Before these TEM and EELS analyses, the cross-sectional TEM samples of films deposited on silicon substrates were prepared in a focused ion beam (FIB)–scanning electron microscope (SEM) dual beam system (FEI Helios 600, Hillsboro, OR, USA) using the “in situ” lift-out technique.




3. Results


3.1. Oxygen Stoichiometry Dependence of Electrical Properties


X-ray diffractograms of NiO thin films on glass substrates with fixed deposition time (6 min) at various oxygen flow rates, as well as the diffractogram of NiO powder as a reference, are shown in Figure 1. No metallic nickel was evidenced by XRD, implying that all the NiO thin films were single-phase, as seen in Figure 1a. NiO thin films grown with the oxygen flow rates of 4–7 sccm seemed to exhibit the <110> preferred orientation (see Figure 1a). However, such preferred growth disappeared gradually at higher oxygen flow rates, which may have resulted from reductions in the kinetic energy of the sputtered atoms and/or enhancements of oxygen ion bombardment. The magnified (220) diffraction peaks of NiO thin films and powder are shown in Figure 1b. Gradual shifts towards lower angle values with increasing oxygen flow rates are observed in Figure 1b. The desired NiO powder was synthesized in air at very high temperature; therefore, such equilibrium conditions could produce the almost-perfectly stoichiometric NiO with a lattice constant of 0.41976 nm. Without considering the internal stress effect on the diffraction peak positions of thin films, the lattice constants of NiO thin films increased from 0.41944 nm (4 sccm O2) to 0.41950 nm (5 sccm O2), 0.41971 nm (7 sccm O2), 0.42012 nm (9 sccm O2), and 0.42040 nm (11 sccm O2). Thus, increasing the oxygen flow rate seemed to yield a larger crystal constant. In addition, the coherent scattering lengths of these NiO thin films have been evaluated from the full width at half maximum (FWHM) of (220) diffraction peaks using the Scherrer formula. Increasing the oxygen flow rate, the coherent scattering lengths decreased incrementally from 21.03 nm (4 sccm O2) to 18.76 nm (5 sccm O2), 16.29 nm (7 sccm O2), 14.49 nm (9 sccm O2) and 13.94 nm (11 sccm O2). This indicates that larger oxygen flow rates tend to reduce the coherent scattering length of NiO thin films.



In previous studies, we have shown that the phase structure, preferred orientation, and microstructure of thin films are independent of glass or Si (100) substrates, because the amorphous SiO2 layer on single-crystal Si (100) substrate was not removed [29,30,31]. Thus, the microstructures of NiO thin films grown on Si (100) substrates with various oxygen flow rates (4, 7 and 11 sccm) have been studied by TEM. Here, the bright field TEM image and its corresponding electron diffraction pattern of NiO thin film deposited at 11 sccm O2 is presented in Figure 2. The TEM image demonstrates the columnar microstructure, while the diffraction pattern confirms the single cubic phase structure.



The electrical properties of NiO thin films have been investigated. Figure 3 shows the room temperature resistivity of NiO thin films deposited on glass substrates with various oxygen flow rates (4, 5, 7, 9 and 11 sccm). It was seen that the resistivity of NiO thin films strongly depends on the oxygen flow rate. Increasing the oxygen flow rate from 4 to 7 sccm, the average resistivity increased from 155 to 47,724 Ω cm. Continuing to increase the oxygen flow rate to 11 sccm, the resistivity reduced to 2.6 Ω cm. Once the oxygen flow rate exceeded 11 sccm, the deposition rate was extremely low. In addition, Seebeck coefficients of NiO thin films grown with 4, 7 and 11 sccm O2 have also been checked. In the case of thin films deposited with 4 and 11 sccm O2, the Seebeck coefficients were 334 and 277 V/K, indicating their p-type conduction. However, the Seebeck coefficient of NiO thin film grown with 7 sccm O2 could not be determined precisely, probably due to its relatively high resistance.



In order to study the mechanism behind the dependence of oxygen flow rate on resistivity, the compositions of NiO thin films deposited with 4, 7 and 11 sccm O2 were determined by XPS, as shown in Table 1 (see the Supplementary Material for the details of XPS analyses). It is seen that the oxygen contents identified by XPS increased continuously when raising the oxygen flow rate. Low oxygen flow rates, such as at 4 sccm, produced the oxygen sub-stoichiometric NiO thin films. However, higher oxygen flow rates (e.g., 11 sccm) yielded the oxygen over-stoichiometric NiO thin films. Intermediate oxygen flow rates, such as 7 sccm, are susceptible to form stoichiometry much closer to the perfect structure. Although the chemical composition of NiO1.02 attained in NiO thin film grown with 7 sccm was slight oxygen over-stoichiometry, this was the closest to perfect stoichiometry. Such a tendency is also in accordance with the hysteresis effect which occurred in this reactive sputtering process (see Figure S1 in the supplementary information). In addition, the composition of the NiO thin film grown with the oxygen flow rate of 11 sccm was also checked by Rutherford backscattering spectrometry (RBS) at Helmholtz-Zentrum Dresden-Rossendorf, which gave the stoichiometry of NiO1.13 (see Figures S2 and S3 in the supplementary information). Such a composition from RBS was close to that from XPS. Therefore, it is believed that the resistivity of NiO can be tuned by the stoichiometry. Oxygen off-stoichiometry, especially oxygen over-stoichiometry, gives rise to lower resistivity. In contrast, NiO thin films with stoichiometry close to perfect possess relatively high resistivity.



Furthermore, energy loss near edge structure (ELNES) spectra of NiO thin films with discrepant resistivity and compositions have been studied. Figure 4 shows the ELNES spectra of Ni L3 edges attained from our NiO thin films grown with 4, 7 and 11 sccm O2, as well as the theoretical spectra of NiO and LiNiO2 calculated by Ikeno et al. [32]. Examining the experimental spectra in Figure 4, two peaks are clearly visible in the Ni L3 ELNES, labeled as A (852.5 eV) and B (854.4 eV). Traditional hypotheses assume that peak B would correspond to Ni3+ species, and the change in resistivity is explained by the variation of relative integral intensity between peak A and B [22,33,34]. Referring to this hypothesis, NiO thin films with low resistivity (4 or 11 sccm oxygen flow rate) in this work should possess much more Ni3+. Thus, a stronger intensity of peak B is expected. However, such an assumption is contrary to our experimental results. As seen in Figure 4, Ni L3 ELNES spectra of NiO thin films with different resistivity exhibit almost the same features, which seems to indicate that the multipeaks in Ni L3 are the intrinsic characters. This agrees well with the report by Peck et al., that a small change exists in the XAS spectra of bulk and nanoscaled NiO prepared by different methods [35]. Similarly, the Ni 2p3/2 XPS spectra of these thin films also exhibited little difference with each other (see Figure S4 in the supplementary information).



In addition, our experimental Ni L3 ELNES spectra were compared with the reported computational spectra of NiO and LiNiO2 (Ni is in the form of Ni3+ with low or high spin states) calculated by multielectron wave functions [32], as shown in Figure 4. A side-by-side comparison between our experimental and the theoretical spectra of NiO shows a consistent picture (see Figure 4), because the relative intensities and positions of peak C and D mimic the experimental peaks of A and B well. This confirms that peak B in our experimental spectra is the inherent character of NiO, rather than the existence of Ni3+. In contrast, the calculated Ni L3 ELNES spectra of Ni3+ with low or high spin states in LiNiO2 exhibited much more discrepancy than the experimental spectrum of NiO. As shown in Figure 4, the first predominant peaks (E and G) of Ni3+ with low and high spin states are shifted to low-energy losses of 851.9 and 853.6 eV, respectively. However, no significant shift was observed in peak A in our experimental spectra, which also demonstrates the non-existence of Ni3+ in our NiO thin films, Moreover, the ELNES spectra of the O K edge of NiO thin films with tunable resistivity were investigated. Similarly to the Ni L3 ELNES spectra, few differences were observed in the O K edges of NiO thin films (see Figure S5 in the supplementary information).



The non-existence of Ni3+ in NiO thin films evidenced by our ELNES spectra makes the traditional assumptions on tuning the electrical properties of NiO by Ni3+ doubtful. Indeed, the theoretical defect mechanism of NiO does not imply the existence of Ni3+ either [36]. The point defect calculations show that Ni vacancies with negative charges are the predominant defects in non-stoichiometric NiO due to their low formation energy, which produces holes for p-type conduction [36]. Moreover, the formation energy of Ni vacancies in O-rich conditions is much lower than that in O-poor conditions, indicating that there may be a higher density of hole carriers in O-rich conditions [36]. Thus, the resistivity of NiO as a function of oxygen flow rate (or oxygen stoichiometry) (see Figure 3 and Table 1) can be qualitatively understood from the theoretical defect mechanism; NiO thin films grown with an intermediate oxygen flow rate of 7 sccm possess stoichiometry close to perfect. Consequently, the density of Ni vacancies is low, giving rise to high resistivity. In contrast, low oxygen flow rates (such as 4 sccm) and high oxygen flow rates (such as 11 sccm) are O-poor and O-rich conditions, respectively, which could introduce more Ni vacancies. Especially for the oxygen over-stoichiometric NiO thin films grown at high oxygen flow rates (11 sccm), the much lower formation energy of Ni vacancies will produce more hole carriers, yielding smaller resistivity. Here, it is worth noting that the roles of O defects cannot be neglected. For instance, the theoretical calculations show that O vacancies with positive or neutral charges have the lowest formation energy in O-poor conditions (even lower than Ni vacancies) [36]. Thus, certain amounts of O vacancies also exist in NiO thin films with oxygen-poor composition, but they do not generate hole carriers. The dominant source of hole carriers in oxygen-poor compositions is still Ni vacancy.




3.2. Microstructure Dependence of Electrical Properties


As discussed before, the 11 sccm oxygen flow rate produced the lowest resistivity of NiO thin films with oxygen over-stoichiometry on non-matched glass substrates. Thus, the same deposition conditions are used to grow NiO thin films on Al2O3 (0001) substrates. Figure 5a shows the θ–2θ scan diffractogram of NiO thin films on Al2O3 (0001). Intensive {111} diffraction peaks of NiO are clearly detected, indicating the high <111> orientation along the c-axis. Additionally, ϕ-scan diffractogram of the (200) (ψ = 54.7) plane shows six peaks with intervals of 60° (see Figure 5b), which indicates the epitaxial growth of NiO thin films [37]. Epitaxial NiO thin films exhibit much stronger diffraction intensity and smaller full width at half maximum (FWHM) values than those on non-matched glass or Si substrates (see Figure 1), even though they are deposited at the same time. This demonstrates better crystallization in epitaxial thin films, which agrees well with the microstructure analyses by high-resolution TEM (HRTEM). As seen in Figure 6a, the uniform crystal orientation, the sharp interface between film and substrate, as well as the fine spots of the fast Fourier transform (FFT) pattern (see the inset of Figure 6a) demonstrate the good crystallization of these epitaxial thin films. In contrast, the HRTEM image of polycrystalline NiO thin films on Si substrate shows the smaller grains with various orientations and a high density of structural defects (such as grain boundaries). Moreover, the FFT pattern of such a polycrystalline thin film does not exhibit the fine spots, indicating some kind of disorder (see the inset of Figure 6b).



The electrical properties of epitaxial NiO thin films have also been studied. Surprisingly, the room temperature resistivity of epitaxial thin film is about 16 Ω cm, which is almost six times larger than that of film on non-matched glass or Si substrates (2.6 Ω cm). These thin films were deposited simultaneously; therefore, their stoichiometries were expected to be close. Thus, the oxygen stoichiometry was not responsible for such different resistivity. Due to significant discrepancy in the microstructure, it is believed that the electrical properties of NiO thin films may also depend on the microstructure. According to the electrical transport mechanism of NiO investigated by Bosman et al. [38], it is shown that NiO possesses almost small polaron characteristics, where a Ni vacancy and the lattice distortion induced by this vacancy can be regarded as a polaron. Typically, in small-polaron transport materials the carrier is slow; it can be imagined that it becomes self-trapped in its own polarization field generated in the lattice, and thus to become localized at a certain site. Moreover, the lattice distortion in small polarons extends to smaller than the lattice constant, yielding a small interaction range for this localized carrier [38]. Therefore, there are much more perfectly periodic lattices between two polarons in epitaxial NiO thin films with less density of structural defects (such as grain boundaries and dislocations), which will reduce the probability of hopping conduction, giving rise to higher resistivity. In contrast, a larger density of structural defects in polycrystalline NiO thin films will facilitate the small polaron transport by reducing the distance between two polarons, giving rise to enhanced conductivity.





4. Conclusions


NiO thin films have been deposited on various substrates (such as glass, Si (100) and Al2O3 (0001)) at room temperature by reactive magnetron sputtering from a metallic Ni target. The electrical properties of NiO thin films have been investigated, revealing the notable dependence of resistivity on oxygen stoichiometry and microstructure. NiO thin films with nearly perfect stoichiometry possess extremely high resistivity, whereas off-stoichiometry induces much lower resistivity, especially for oxygen rich-compositions. ELNES spectra of the Ni L3 edge in these NiO thin films with different resistivity were compared with reported theoretical spectra of NiO and LiNiO2, which ruled out the existence of Ni3+ in NiO thin films. Epitaxial NiO thin films on Al2O3 (0001) substrates exhibited much higher resistivity than films on non-matched glass substrates, demonstrating the influence of microstructure on electrical properties. In epitaxial NiO thin films with a reduced density of structural defects, there were much more perfectly periodic lattices between two polarons, which may reduce the probability of hopping conduction, yielding the higher resistivity.
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Figure 1. (a) θ–2θ scan diffractograms of NiO thin films (200–390 nm) deposited on glass substrates with different oxygen flow rates. The deposition time was fixed at 6 min. The diffractogram of NiO powder is plotted at the bottom as a reference. (b) Magnified (220) diffraction peaks of NiO. 
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Figure 2. Bright field TEM image (a) and the electron diffraction pattern (b) of NiO thin films deposited with 11 sccm O2 on Si (100) substrates. 
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Figure 3. Room temperature resistivity of NiO thin films deposited on glass substrates with different oxygen flow rates. 
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Figure 4. Ni L3 edge ELNES spectra of NiO thin films with different oxygen flow rates. The theoretical spectra of NiO and LiNiO2 calculated by Ikeno et al. [32] are presented for comparison. The intensity has been normalized by the height. 
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Figure 5. (a) θ–2θ scan diffractograms of NiO thin films (about 200 nm thick) deposited on Al2O3 (0001) substrates with 11 sccm oxygen flow; (b) θ–2θ scan diffractogram of the (200) plane. 
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Figure 6. HRTEM images of an epitaxial NiO thin film on Al2O3 substrate (a) and polycrystalline thin film on Si substrate (b). These films were deposited at the same time. Insets show the FFT patterns of selected regions marked by red frames. 
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Table 1. Resistivity and compositions of NiO thin films.
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	O2 Flow Rate (sccm) to Grow NiO
	Resistivity (Ω cm)
	Composition by XPS





	4
	155
	NiO0.96



	7
	47,724
	NiO1.02



	11
	2.6
	NiO1.12
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