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Abstract
Undoped and Li-doped NiO thin films were grown on a-Al>03 (0001) substrates

by mist chemical vapor deposition. Both undoped and Li-doped NiO thin films grew bi-
epitaxially on the substrates with crystallographic orientation relationships of
NiO(111)[110]||a-Al>03(0001)[0110] and NiO(111)[110]||a-Al203(0001)[0110]. In the
Li-doped NiO thin film, a periodic structure was observed, in accordance with a mirror-
symmetrical oxygen layer on the terraces of the substrate. Both undoped and Li-doped
NiO thin films exhibited high transmittance (>80%) in the visible-light region and optical
bandgaps of 3.7-3.8 eV. The undoped NiO thin film showed insulating properties and a
resistivity of 10° Q-cm or higher. In contrast, the Li-doped NiO thin films had resistivities
of 10*-10° Q-cm, depending on the Li precursor concentration. Furthermore, they
exhibited positive Seebeck coefficients, indicating their p-type conductivity. These results

indicate that Li dopants effectively act as acceptors in NiO thin films.
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Highlights
- Epitaxial growth of NiO thin films on a-Al2O3 substrate by mist CVD was realized.
- The optical bandgap was calculated as 3.7-3.8 eV.

-Li doping realized p-type conductivity and wide-range conductivity control.



1. Introduction

Wide-bandgap semiconductors, typified by SiC (3.3 eV) and GaN (3.4 eV),
attract wide attention because they can produce devices with high output, high breakdown
voltage, high frequency, and high heat resistance. Oxide semiconductors such as Ga>,O3
(4.5-5.0 eV) allow further expansion of the bandgap, and studies on these materials are
actively conducted [1,2]. For example, a high-performance Schottky barrier diode using
Ga20s3 has been realized [3]. The expectation for wide-bandgap oxide semiconductors is
increasing, but many wide-bandgap oxide semiconductors, including Ga>0s, exhibit only
n-type conductivity. In order to realize bipolar devices such as metal oxide semiconductor
field-effect transistors, p-type conductivity control is essential. NiO (3.7 eV) has attracted
attention for this purpose, as it is a rare wide-bandgap p-type oxide semiconductor.
Furthermore, the resistivity of NiO can be controlled by the introduction of Ni vacancies
and/or monovalent atoms such as Li by doping [4].

NiO (or Li-doped NiO) has been manufactured by pulsed laser deposition (PLD)
[5,6], sputtering [7,8], thermal oxidation of Ni [9], sol-gel methods [10], and so on. In
this study, we utilized the mist chemical vapor deposition (CVD) method [2,11-17],
which enables high-quality film formation under atmospheric pressure, for the epitaxial
growth of NiO thin films on a-Al,O3 substrates. Although there are currently no reports
of NiO thin films being grown by this method, there is good possibility of it being suitable,
as it has been successfully used for the growth of high-quality n-type wide-bandgap oxide
semiconductors such as a-Ga203 [2], B-Ga203 [14], e-Ga.03 [15], and ZnMgO [16,17].
With regard to device application, it is desirable for NiO thin films to be prepared by the
mist CVD method. In addition, we consider electrical conductivity control of the NiO

thin film by Li doping.



2. Experiments

Prior to the growth of NiO, the a-Al203 (0001) substrates were annealed in air at
1050 °C for 4 h to obtain an atomically flat surface, and then washed in acetone, methanol,
and deionized water sequentially in an ultrasonic cleaner. Undoped and Li-doped NiO
thin films were grown by the mist CVD method, described elsewhere in detail [2,16,18—
20]. The growth conditions of undoped and Li-doped NiO are summarized in Table I. The
precursor used for the undoped NiO thin-film growth was nickel acetylacetonate
(Ni(acac)2), which was diluted in deionized water at a concentration of 0.020 mol/L.
Ethylenediamine (EDA) was then added, which is an additive for forming complexes with
nickel ions. For the Li-doped NiO thin films, the precursor solution was obtained by
adding either lithium acetylacetonate (Li(acac)) or lithium hydroxide (LiOH) to the
Ni(acac). aqueous precursor solution. The Li concentration was varied from 0 to 2
mmol/L, so that the concentration of Li was 0 to 10 mol.% with respect to Ni. Dry air was
used for the carrier and dilution gases, with flow rates of 4.0 and 2.0 L/min respectively.

In order to evaluate the film thickness and crystal structure, X-ray reflectivity
(XRR) measurements and X-ray diffraction (XRD) analyses (»-26 scans, m-scan rocking
curves, pole figure measurements, and reciprocal space mapping) were carried out using
a Panalytical X’pert PRO MPD system. The surface morphology of the films was
observed by atomic force microscopy (AFM) (SII Nano Technology, Nano Navi lls
Nanocute). Transmission electron microscopy (TEM) (JEOL, JEM-2100F) was used for
cross-sectional observations and selected area electron diffraction (SAED) pattern
observations of thin specimens prepared by focused ion beam (FIB) (JEOL, JIB-4000).
UV-Vis spectral analysis was done using a UV-Vis spectrophotometer (Shimadzu, UV-

2450). The electrical resistivity of the films was determined by the four-terminal method



using a source measure unit (Keithley, 2450 SourceMeter), taking the film thickness as

that obtained from XRR measurements. Vacuum-deposited Au was used as an electrode.



3. Results and discussion

First, the optimum growth temperature was examined. Fig. 1 shows the
temperature dependence of the growth rate of the NiO thin film. The growth rate was
calculated from the film thickness, obtained by XRR measurements, and the growth time.
Initially, the growth rate increased as the temperature increased, until it reached a
maximum at 650 °C. At higher growth temperatures, re-evaporation was enhanced, which
reduced the growth rate. Moreover, the crystallinity, which was evaluated by the full-
width half-maximum (FWHM) of the w-scan rocking curve for NiO (111) diffraction,
was best at 650 °C, and thus this was determined to be the optimum growth temperature.
In the subsequent experiments, the growth temperature was set to 650 °C unless otherwise
noted.

Fig. 2 shows the XRD pattern from the 26/6 scan of the NiO thin film.
Diffraction peaks of NiO (111) and (222) were observed in addition to the diffraction peak
of the a-Al203 (0006) substrate. In the expanded NiO (111) diffraction pattern, clear Laue
fringes were observed, suggesting that the NiO thin film was of high quality. The Laue
fringes also allowed calculation of the film thickness, which corresponded well with the
XRR results. The FWHM of the m-scan rocking curve for NiO (111) diffraction was as
small as 273 arcsec. This value is smaller than that of previously demonstrated NiO thin
films on a-Al203 (0006) substrates, grown by atmospheric pressure metal organic CVD
[21], PLD [22], and atomic layer deposition (ALD) [23], suggesting high crystallinity.

The in-plane orientation relationship between NiO and a-Al>O3 was established
by X-ray pole figure measurements for NiO {002}. The scan results are shown in Fig. 3.
Sharp peaks with six-fold rotational symmetry were clearly observed at tilting angles of

v =55° and 61°. The pole figure was measured at 20 = 43.383°, which is the diffraction



condition of NiO (002); however, this value is also very close to the condition of a-Al>0O3
(1123) diffraction (20 = 43.340°). From the known crystal structure, it is estimated that
NiO (002) diffracts at y = 54.7° and 0-Al.Os (1123) diffracts at y = 61.3°, so it can be
concluded that the obtained peaks are due to these two diffractions. Therefore, in this pole
figure, six NiO (002) peaks appeared at the same ¢ angle as the a-Al>O3 (113) peaks. This
result indicates the presence of twins with a rotation of 180° on the a-Al.O3 (0006) surface.
On the basis of these XRD measurements and as previously discussed [24], the epitaxial
relationships between NiO and a-Al203  can be  written as
NiO(111)[110]||a-Al,03(0001)[0110] and NiO(111)[110]||a-Al203(0001)[0110]. Fig. 4
shows the reciprocal space map (RSM) for the NiO (113) and a-Al2O3 (1129) reflections.
From the theoretical position of the bulk NiO reflection peak (marked as X), it is
considered that the NiO film is subjected to slight in-plane tensile strain and vertical
compressive strain under the influence of the a-Al>O3z substrate. The in-plane lattice
mismatch between NiO and o-Al2Oz is 7.5%, considering domain matching epitaxy
(DME) [24]. A film in which the lattice constant of the substrate is less than that of the
epitaxial layer is generally subjected to in-plane compressive strain and vertical tensile
strain. However, the obtained NiO film was subjected to the opposite strain. This may be
attributed to the difference in thermal expansion coefficient between a-Al>03 and NiO.
At the growth temperature of 650 °C, NiO grows in alignment with the substrate by
higher-order common multiple matching and is hardly subjected to strain. Since the NiO
film has a larger thermal expansion coefficient (14 x 10 K1) than the a-Al>Os substrate
(7 x 10 K1), it can be considered that it undergoes in-plane tensile strain on cooling to
room temperature. The change of lattice constant (4.4%) estimated from the thermal

expansion coefficients and the temperature change very closely agrees with the result of



RSM.

The surface morphology of the undoped NiO thin film was investigated using
AFM. The typical AFM image in Fig. 5 shows triangular-shaped domains on a flat surface.
The lateral sizes of the domains were in the range of 100-300 nm. It is conceivable that
each domain had the same crystal orientation as above, with regard to the orientation of
the triangle. Hence, the growth mode of the undoped NiO thin film is supposed to be the
\Volmer—Weber mode, where nucleation occurs at localized areas.

The obtained NiO thin films showed insulating properties and a resistivity of 10°
Q-cm or higher. Thus, we doped them with Li to improve their electrical characteristics.
Li(acac) and LiOH were investigated as potential dopants. Fig. 6 shows the XRD patterns
from 26/6 scans of Li-doped NiO thin films obtained with different Li precursors and
concentrations. Similarly to the undoped thin film, only NiO (111) and NiO (222)
diffraction peaks were observed. In addition, the same peak profiles were observed from
the pole figure measurement. Thus, it was confirmed that the in-plane orientation
relationship was the same as that of undoped NiO.

Interestingly, the thin film with the flattest surface was obtained from a precursor
solution of 1% Li(acac), where the root mean square surface roughness was 1.21 nm. As
shown in the AFM image in Fig. 7, this Li-doped NiO thin film had a periodic structure
with a width of about 70 nm. This width coincides with the terrace width of the a-Al>O3
substrate, suggesting that the Li-doped NiO thin film grows on each terrace of the a-Al>03
substrate, with grain boundaries at the step positions. This periodic structure has been
reported previously with regard to NiO thin films on sapphire substrates [25], where two
types of mirror-symmetrical terraces exist in accordance with the step height. It was found

that “NiO [grew epitaxially] on the 0.22-nm-high-stepped sapphire (0001) plane to match



the mirror-symmetrical oxygen layer between the adjacent substrate terraces.” [25] It is
conceivable that the periodic structure of the Li-doped NiO thin film obtained by the mist
CVD method has the same structure. Therefore, observations were conducted using TEM
to confirm whether the periodic structure was of bi-epitaxially grown NiO according to
the two types of terraces of the a-Al.Oz substrate. Fig. 8 (a) shows a cross-sectional TEM
image and Fig. 8 (b) shows a high-resolution (HR) TEM image of the Li-doped NiO thin
film. A lattice spacing of 0.24 nm, which can be readily indexed to the (111) crystal plane
of NiO, was observed from Fig. 8 (b), and epitaxial growth of the Li-doped NiO thin films
along the (111) orientation was confirmed. Figs. 8 (c) and (d) are SAED patterns obtained
from the respective regions shown in Fig. 8 (e). These SAED patterns were observed
alternately and periodically. From these SAED images, it can be confirmed that single-
crystal NiO grew according to the terraced surface of the a-Al.O3 substrate, and bi-
epitaxial growth occurred. From these results and AFM images (Fig. 7), it is suggested
that this Li-doped NiO thin film was epitaxially grown on each terrace of the stepped a-
Al>,O3 (0001) substrate, and has a structure as shown in Fig. 9 which was drawn using
Vesta software [26].

To assess the potential of the NiO thin films, the optical and electrical properties
were described. Fig. 10 shows the transmittance spectra and Tauc plot of the undoped and
Li-doped NiO thin films. In the transmittance spectra, a marked decrease in the
transmission rate occurred at wavelengths shorter than 330 nm, which is clearly due to
absorption by NiO. The bandgaps calculated from the Tauc plot [(ahv)?— hv] were almost
constant irrespective of Li doping (3.7-3.8 eV). The electrical resistivity of the Li-doped
NiO thin film obtained from each Li precursor solution is shown in Fig. 11. The obtained

undoped NiO thin film showed insulating properties and a resistivity of 10® Q-cm or



higher. In contrast, the resistivity of the Li-doped NiO thin film was 1 to 5 orders of
magnitude smaller (10'-10° Q-cm). All the Li-doped NiO thin films exhibited positive
Seebeck coefficients, indicating their p-type conductivity. These results indicated that the

Li dopant acts as an acceptor, increasing the carrier concentration.



4. Conclusions

NiO thin films were epitaxially grown on a-Al.O3 substrates by mist CVD.
Undoped and Li-doped NiO thin films grew bi-epitaxially on the substrates with
crystallographic orientation relationships of NiO(111)[110]||a-Al>03(0001)[0110] and
NiO(111)[110]||o-Al.03(0001)[0110]. The optical bandgap calculated by the Tauc plot
obtained from the transmittance spectra was 3.7-3.8 eV. The electrical resistivity of the
NiO thin film, which was higher than 10® Q-cm in the undoped sample, was improved to
10'-10° Q-cm by Li doping. The positive Seebeck coefficient shows the p-type
conductivity of the Li-doped NiO thin films, indicating that Li can be doped effectively

into NiO thin films.
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Figure captions

Fig. 1 Temperature dependence of the growth rate of NiO thin film grown by mist CVD
method.

Fig. 2 XRD pattern from the 26/6 scan of the NiO thin film grown at 650 °C. The inset
is an expanded view of the NiO (111) diffraction peak.

Fig. 3 XRD pole figure for {002} planes of the NiO thin film measured at 26 = 43.383°.
Diffraction of a-Al203 {1123} plane (20 = 43.340°) is also observed in this pole figure.
Fig. 4 XRD reciprocal space map for NiO (113) and a-Al,03 (1129) reflection. x
represents the theoretical position of bulk NiO reflection peaks.

Fig. 5 AFM image of undoped NiO thin film grown at 650 °C.

Fig. 6 XRD patterns from 26/6 scans of Li-doped NiO thin films obtained with each Li
precursor and Li concentration.

Fig. 7 AFM image of the Li-doped NiO thin film obtained from Li(acac) 1% source
solution.

Fig. 8 (a) TEM and (b) HRTEM images of the Li-doped NiO thin film. (c), (d) SAED
images obtained from the respective regions in () TEM image.

Fig. 9 Schematic atomic structure for Li-doped NiO thin film grown on an atomically
stepped a-Al203 substrate. NiO and twined-NiO were epitaxially grown on each terrace
of stepped a-Al203 substrate.

Fig. 10 Transmittance spectra and Tauc plot of the undoped and Li-doped NiO thin
films.

Fig. 11 Electrical resistivity of Li-doped NiO thin films obtained from precursor
solutions with different concentrations of Li.

Table I. Growth condition of NiO thin films.

Source, concentration Ni(acac)z, 0.020 mol/L
Complexing agent, concentration EDA, 0.040 mol/L

Dopant, concentration Li(acac) or LiOH, 0-0.002 mol/L
Solvent Deionized water

Carrier gas, flow rate Dry air, 4 L/min

Dilution gas, flow rate Dry air, 2 L/min

Growth temperature 500-750 °C

Growth time 10 min

Substrate, size a-Al>03, 10 mm x 10 mm
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Fig. 1 Temperature dependence of the growth rate of NiO thin film grown by mist CVD
method.
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Fig. 2 XRD pattern from the 26/6 scan of the NiO thin film grown at 650 °C. The inset
is an expanded view of the NiO (111) diffraction peak.
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Fig. 3 XRD pole figure for {002} planes of the NiO thin film measured at 26 = 43.383°.
Diffraction of a-Al,O3 {1123} plane (26 = 43.340°) is also observed in this pole figure.



Fig. 4 XRD reciprocal space map for NiO (113) and a-Al,03 (1129) reflection. x
represents the theoretical position of bulk NiO reflection peaks.
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Fig. 5 AFM image of undoped NiO thin film grown at 650 °C.
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Fig. 7 AFM image of the Li-doped NiO thin film obtained from Li(acac) 1% source
solution.



Fig. 8 (a) TEM and (b) HRTEM images of the Li-doped NiO thin film. (c), (d) SAED
images obtained from the respective regions in the TEM image in (e).



atomically stepped a-Al,O; substrate

Fig. 9 Schematic atomic structure for Li-doped NiO thin film grown on an atomically
stepped a-Al203 substrate. NiO and twined-NiO were epitaxially grown on each terrace
of the stepped a-Al>O3 substrate.
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