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Abstract: Rock-salt CoO is a p-type semiconductor and its Néel temperature is close to room
temperature. CoO-based compounds are known as promising systems for renewable energy harvest
with high efficiency. CoO with catalytic and exchange bias properties can be widely used for industrial
applications. In this paper, we report high-quality stable CoO(111) and (100) films epitaxially grown
on c-cut (0001) and r-cut (1012) 0-ALOs substrates, respectively, using radio-frequency sputtering
deposition. X-ray diffraction (XRD) measurements revealed that the CoO films had a rock-salt structure
(Fm3m) with lattice constants of 4.2477 A and 4.2617 A for film grown on (0001) and (1012) a-ALOs
substrates, respectively. CoO films with the best crystal quality were grown at a substrate temperature
of ~700 °C. XRD measurements of CoO(111) films indicated a lack of structural residual strain, whereas
CoO(100) films had substantial amounts of structural strain. X-ray reflectivity (XRR) and transmission
electron microscopy measurements showed neither oxygen vacancy nor defects in both CoO(111) and
(100) films. XRR revealed that the mean electron density of the CoO films was nearly identical to a

pure CoO and that the films were considerably stable under the atmosphere.
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1. Introduction

CoO is an attractive material for fundamental academic research as well as practical applications. CoO
can form two different stable structures of rock-salt (Fm3m) and wurtzite (P63mc) space groups [1].
Bandgaps of rock-salt and wurtzite CoO are approximately 2.6 eV [2] and 1.6 eV [3], respectively.
Rock-salt CoO is known as a direct transition p-type semiconductor. It is more stable than wurtzite CoO
[4]. Rock-salt CoO is antiferromagnetic and paramagnetic below and above the Néel temperature of

approximately 293 K, respectively [5,6]. The Néel temperature can be lowered to 225 K by reducing



the particle size of CoO [8] and raised up to 525 K by substituting Ni atom Co sites [7]. Prior studies
have reported that CoO experiences an insulator-to-metal transition (MIT) at high pressures, which is
accompanied by a magnetic collapse [6,9]. The antiferromagnetic phase of a rock-salt CoO is collapsed
and the bandgap is closed at high pressures because an external pressure causes delocalization of 3d
electrons of Co. The MIT of CoO, like other transition-metal oxides, such as NiO, MnO, and FeO [10]
has been understood in terms of the Mott insulator, whereas it is somewhat different from that of VO,,
which is related to the alignment of V atoms at T > T, [11,12]. Co/CoO bilayers show the specific
magnetic properties of exchange bias [13-16]. CoO layers with antiferromagnetic properties are known
to play a key role in the exchange bias of magnetic layer/CoO systems, which can be used for the

applications of memory devices [17-20].

Recently, several research groups have reported that CoO-based compounds could be promising
materials as catalysts for renewable energy production [21-27]. Precious catalysts including Pt, Ru, and
Rh have been widely used for practical applications to various systems. Since low cost, long-lived time,
and stability of catalysts are essential for practical applications, transition-metal-based binary and
ternary materials have been widely explored to replace precious catalysts [21]. Particularly, transition-
metal oxides have attracted considerable attention for applications as photocatalysts because their
catalysis can be activated by visible lights [28,29]. Jiang et al. have reported that CoO nanoparticles on
nitrogen doped graphene hollow microspheres show the best performance in both oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) [22]. Li-CoO-based materials have also been
extensively studied for applications in rechargeable batteries [30-33], particularly air-metal batteries,

because they are relatively safe and environmentally-friendly [34].

Although CoO has decent electrochemical properties and magnetic properties for practical applications,
it is considerably difficult to synthesize high-quality CoO crystals with stable and reproducible
properties because cobalt oxides can be easily formed into amorphous or Co3O4 [24]. Nanoparticles and
meso-porous structures of CoO have been synthesized and characterized [8,22,27,34]. However, CoO
is often mixed with Co304 because both CoO and Co304 have the same cubic structure with lattice
constants of these two structures being quite similar to each other [2]. Various fabrication methods have
been employed to synthesize CoO films, including pulsed-laser deposition [2], metal-organic-chemical-
vapor deposition [24], chemical vapor deposition [35], and reactive sputtering deposition [36]. However,
it is still a laborious task to synthesize single-phased CoO films with a uniform thickness and high
quality. In this paper, we first report the synthesis of epitaxially-grown CoO(111) and (100) films with
high-quality using radio-frequency (RF) sputtering deposition. We characterized the structural



properties, including oxygen vacancy, defects, and interfacial disorder, of CoO films using X-ray
diffraction (XRD), glancing incidence X-ray reflectivity (XRR), and scanning transmission electron

microscope (TEM) measurements.

2. Experimental details

CoO films were synthesized on c-cut (0001) and r-cut (1012) 0-ALOs substrates using a radio-
frequency (RF) sputtering deposition system at the Center for Nanoscale Materials (CNM) of the
Argonne National Laboratory. The base pressure of the growth chamber was kept below 10 Torr. After
loading the substrates from the loading-lock chamber, to remove water and impurities, the substrates
were heated and the temperature was maintained at 700 °C for ~30 minutes before starting the
deposition of films. Argon gas with the purity of 99.999% with a flow rate of ~25 sccm was used and
the pressure of the growth chamber was maintained at ~5 X 10~ Torr during deposition. A 2 inch-
diameter CoO target with a purity of 99.95 % was commercially obtained from Kurt J. Lesker and it
was sputtered at an RF power of 125 W. The a-Al,03(0001) and (1012) substrates were placed side by
side and simultaneously coated under the same growth conditions. The substrates with an area of 1 x 1
cm’ were tightly held on a thick metal disk with a diameter of ~10 inch and a thickness of 0.5 inch to
maintain a uniform temperature. We examined the CoO grown at various temperatures in the range of
400 °C — 780 °C. The crystal properties of CoO films were characterized using XRD measurements
with a tube X-ray source of Cu K, radiation under the atmosphere. XRR measurements with the tube
X-ray source under the atmosphere were performed to determine the mean thickness and surface
roughness of CoO films. XRR can determine the mean electron density of a film, which provides
information about the oxygen vacancy and the additional oxygen atoms existing at the CoO/AlO;
interfaces as well as inside CoO films. The microstructural characterization of CoO films and
Co0O/Al, O3 interfaces were done using TEM measurements with a JEOL ARM 200CF model under the
atmosphere. X-ray absorption near edge structure (XANES) measurements of CoO films were
conducted at the Co K edge (7,709 eV) under the atmosphere to determine the chemical valence state
of the Co ions in the CoO films. XANES measurements were performed at 20BM of Advanced Photon
Source (APS) at Argonne National Laboratory and 8C of Pohang Light Source (PLS-II) at Pohang

Accelerator Laboratory.

3. Results and Discussion

A crystal growth is a non-equilibrium phenomenon. Spatial gradient of temperature at the surface of

growth is the most essential factor, although the growth of a crystalline film on a substrate is mainly



influenced by three parameters of substrate temperature, chamber pressure, and flow ratio of gases
during deposition. A crystallization of a material on a substrate is considerably sensitive to the
temperature of the substrate [37,38]. To determine the optimum growth conditions for CoO films with
high quality, we deposited the CoO films at temperatures in the range of 400 — 780 °C. Figure 1 shows
the XRD by a low resolution (LRXRD) of CoO(111) films grown on c-cut a-Al,O3 substrates at
different temperatures. No XRD peaks were observed from films grown at substrate temperatures below
400 °C. This contrasts with previous reports on CoO films fabricated at room temperature using PLD
and MOCVD [2,24], at 120 — 190 °C using CVD [35], and at ~100 °C using reactive sputtering
deposition [36]. The inset of Fig. 1 shows XRD measurements with a high resolution (HRXRD) from
CoO(111) films grown at different temperatures. The CoO(111) diffraction peak at 26 = 36.620° at the
substrate temperature of 400 °C corresponds to the lattice constant of 4.2469 A. When the substrate
temperature is increased from 400 °C, the position of the CoO(111) peak moves slightly towards higher
angles, indicating that the lattice constant of the CoO crystal decreases. The positions and the full width
at half maximum of 0-28 scans (FWHM-20) of XRD peaks are accurately determined by fitting the data
using a Gaussian function. The peak positions and FWHM-26 values of XRD from CoO(111) films
grown at different substrate temperatures are listed in Table 1. As shown in the inset of Fig. 1, the
intensity of the (111) peak increases and the FWHM-26 decreases up to 700 °C, denoting improvement
in the crystal quality when the substrate temperature is increased up to 700 °C. At a substrate
temperature of 780 °C, the (111) peak intensity decreases and the FWHM-28 value increases implying
a degradation of crystal quality. XRD results suggest that a CoO film with the best quality on Al,O3
substrates can be fabricated using a RF-sputtering deposition at a substrate temperature of

approximately 700 °C, much higher than the temperatures reported previously [2,24,35,36].

Figure 2 shows HRXRD data of CoO(111) films with different thicknesses. These films were grown at
700 °C for different durations of deposition of 10, 20, 30, and 60 minutes. The mean thickness of the
CoO films determined using XRR measurements is proportional to the deposition duration. For a
deposition duration of 60 minutes, the film thickness is approximately 112 nm. Exact thicknesses of
these films are listed in Table 2. As shown in Fig. 2 (b), the CoO(111) peak position varies somewhat
with the thickness, implying that the lattice constant depends on the thickness. HRXRD peaks are fitted
with a Gaussian function to accurately determine peak positions and FWHM-20, as shown in Fig. 2 (b).
Results of the best fits are listed in Table 2. The lattice constant of the CoO(111) with a thickness of
~17 nm is 4.2384 A. It increases to 4.2641 A for the film thickness of ~35 nm, then the lattice constant
slightly decreases for thicker films. It is 4.2477 A when the film thickness is ~112 nm. The lattice
constants of the films are comparable to previous reports of 4.26 A for the thickness of 13 nm [2]. The
inset of Fig. 2 (a) shows FWHM-20 as a function of film thickness. The FWHM-20 is mainly affected



by the structural residual strain and thickness of a crystalline film [39]. The contribution of a crystalline

film to the broadening of an XRD peak can be explained by the Scherrer equation as follows [40]:

20, =505 (D)} O

cos@

where K is a dimensionless shape factor, 4 is the wave length of incident X-rays, L is the film thickness,
and 0 is the Bragg angle. Assuming a structural residual stain (Ad) with a Gaussian distribution, the

broadening of an XRD peak due to structural residual strain can be described as follows [41]:
86 = tand (%), (2)

where d is the mean distance between atomic planes. Since the thickness and the residual strain of a
crystal independently contribute to the broadening of an XRD peak, total broadening of an XRD peak

can be obtained by summing squares of independent contributions with Egs. (1) and (2) [39] as follows:

20 = 250 + o ()

The relation between FWHM-26 and the standard deviation of a Gaussian function is A8 =

FWHM-26
V2in2

The solid line in the inset of Fig. 2 (a) is the best fit using Eq. (3). The best fit showed the shape factor
K =0.73 + 0.02 and residual strain Adcooqi1y = 0.0073 + 0.0001 A. K = 0.73 is comparable to a good
approximation value of 0.9 [40]. Adcooq11) is only ~0.3 % of d = 2.4525 A. A small Adc.oq11y indicates
that structural strain in the CoO(111) films is negligible. This finding likely suggests a lack of residual
strain in any directions of films because the (111) direction of rock-salt structured CoO is equally
contributed by x-, y-, and z-directions. XRD measurements indicate a lack of structural defects,
including oxygen vacancies and additional oxygen atoms in the CoO(111) films, independent of the
film thickness. Figure 2 (c) shows 6-rocking curves of the CoO(111) diffraction of films with different
thicknesses. The peak intensity and the FWHM of the 8-rocking curve (FWHM-0) increase and decrease,
respectively, as film thickness increases. 0-rocking curves are fitted well using a Gaussian function, as
shown in Fig. 2 (c). A 8-rocking curve is mainly contributed by the mosaicity (direction distribution)
and the thickness of crystals. FWHM-0s are nearly half the values of those of FWHM-26 for the four
films, as shown in the inset of Fig. 2 (a). This finding indicates that broadening of 8-rocking curves is
also mainly influenced by film thickness and that the contribution of the mosaicity of films to the
broadening is negligible. FWHM-0 values correspond well to the FWHM-20 values of the films,

strongly implying no structural defects due to grain boundaries on the films.

Figure 3 shows LRXRD results of CoO films grown on a-Al,O3;( 1012) substrates. LRXRD

measurements show only the (200) peak of a rock-salt CoO, indicating that the CoO films were grown



in the (100) direction on the substrates. Figure 3 (b) shows HRXRD patterns of CoO(100) peaks from
films with various thicknesses. Peak positions remain at near the same angle. Meanwhile, the
broadening of the peak varies with the film thickness. XRD peaks were fitted using a Gaussian function.
Fit results are listed in Table 2. For a film with a thickness of ~109 nm, the CoO(100) diffraction peak
is observed at 20 = 42.385°, which corresponds to the lattice constant of a = 4.2617 A. The lattice
constant is somewhat larger than 4.2477 A of CoO(111) film but is similar to those of previous reports
[2,5]. The FWHM-20 of the film with a thickness of ~18 nm is 1.27°, which is approximately 2.6 times
larger than that of CoO(111) film with a thickness of ~17 nm. The FWHM-20 value suddenly drops to
below 0.6° for film thickness > 30 nm, as shown in the inset of Fig. 3 (a). The FWHM-20 values of the
Co0O(100) films with different thicknesses were fitted with a single variable of Ad using Eq. (3) with K
=0.73. FWHM-20 values of CoO(100) films are reasonably fitted except for a film with the thickness
of ~18 nm. The best fit shows Adcoo(i00) = 0.043 + 0.007 A and a substantial amount of extra structural
defects existing in the film with thickness of ~18 nm. The value of Adcoo(100) is ~2% of the mean distance
of the CoO (200) planes, indicating that CoO (100) films have a substantial amount of residual stain.
Furthermore, the CoO film with a thickness of ~18 nm has a significant amount of extra strain,
compared to that of thicker films. This result is greatly different from those of CoO(111) films, which
show a lack of residual strain, as seen in Fig. 2. Figure 3 (¢) shows 0-rocking curves of CoO(100) peaks.
The mosaicity of CoO(100) films is considerably larger than that of CoO(111) films. For a thickness of
~109 nm, the FWHM-0 of the CoO(100) peak is ~4.76° which is approximately 100 times larger than
~0.046° of the CoO(111) peak with a thickness of ~112 nm. We could not obtain a satisfactory fit of the
6-rocking curves of CoO(100) films with a Gaussian function except for the film with a thickness of
~109 nm. The large mosaicity of CoO(100) films can be related to large values of FWHM-20s that
correspond to a disorder of interatomic distances. Due to lattice mismatch, CoO(100) crystals might
barely form on the A,O3(1012) substrate at the initial growth stage. The FWHM-20s and the FWHM-
0s of the CoO(100) films indicate that the structural strain and the somewhat-random direction of the
(100) crystals on the a-Al,03(1012) substrate gradually reduce when the film becomes thicker. The
FWHM-6 and FWHM-26 of the films suggest that there might be oxygen vacancies and/or additional
oxygen atoms at the interface of the film/substrate and grain boundaries. XRD measures the only
crystalline region of a specimen, meanwhile XRR can detect the microstructural properties of an entire

specimen.

The mean interfacial structural properties and the mean electron density of the films were examined
using XRR measurements. Figure 4 shows the XRR measurements of CoO films with different
thicknesses. XRR is sensitive to thickness and interfacial structural properties as well as the electron

density of films [39]. The interference of reflected X-rays from the surface of a film and the buried



interface of a film/substrate generates oscillations when XRR is measured as a function of the incident
angle, as shown in Fig. 4. The period of the oscillations is inversely proportional to the film thickness.
The critical angle of XRR is directly related to the mean electron density of a film, from which oxygen
vacancies and additional oxygen atoms existing in a film can be estimated. To quantitatively determine
the structural properties of the CoO films, XRR data were fitted to theoretical XRR with a Gaussian
convolution of a surface roughness [39,42]. We obtained goodness fits of XRR data measured from
CoO films, as shown in Fig. 4. The best fits showed that the mean electron density of the CoO films
was ~0.4 % lower than ~1.827 electrons/A* of a pure CoO crystal with a lattice constant of 4.2477 A.
The electron densities of the films were uniform. The difference in the electron density of the films from
that of a pure CoO crystal is negligible, indicating a lack of oxygen vacancies and additional oxygen
atoms in the films. This finding strongly suggests an absence of grain boundaries in the films, in which
imperfect and/or amorphous phases exist. This corresponds to the XRD measurements which showed
the CoO films having high crystalline quality. The thickness and the roughness of the films, which are
determined by the best fits, are listed in Table 2. The thicknesses of both CoO(111) and (100) films are
linearly proportional to the duration of the film deposition. The surface roughness (c) of CoO(111) films
is approximately 27 A and nearly independent of the film thickness. The uniform surface roughness of
CoO(111) films, independent of the thickness, strongly suggests that the films grew on an atomic scale
in a step-by-step manner and that structural defects, including vacancy and structural strain, in the films
are negligible. On the other hand, the 6 of CoO(100) films for film thickness < ~460 A is nearly half
the o value of CoO(111) films. When the thickness of CoO(100) films is larger than ~460 A, the ¢ value
suddenly increases. The XRD and XRR results suggest that a CoO(100) film grew in a fill-in way on
a-Al,03(1012) substrate, overcoming a large lattice mismatch between the film and substrate. As a
result, CoO(100) grains have a somewhat random orientation and the film surface becomes smooth at
the initial stage of film growth. The crystals of CoO(100) film become more oriented and the structural

strain reduces when the film is thicker.

Interfaces of both CoO(111)/A1,0; and CoO(100)/Al,05 are very clean with roughness less than 3 A.
The clean interfaces strongly suggest neither impurities nor water molecules existing on the substrate
surface at the initial stage of the film growth. Although XRR cannot detect hydrogen atoms due to the
limit of its sensitivity, the clean interfaces of both CoO(111) and (100) films on the substrates indicate
a lack of hydrogen atom bonding at the interfaces. XRR results reveal that an extra layer with thickness
of approximately 4 nm develops at the top of the (100) film with a thickness of ~38 nm. This extra layer
increases to ~8 nm for the CoO(100) film with a thickness of ~109 nm. The electron density of the extra
layer is approximately half of the electron density of a pure CoO. This is quite different from CoO(111)

films on which no extra layers are observed. The extra layers existing near the surface of CoO(100)



films might be related to the surface roughness of films. Since XRR detects the mean density of films
in the direction of thickness, it can perceive the region of a film, in which substantial amounts of
structural defects and/or surface roughness exist, as a layer with a different electron density [39,43].
CoO(111) films with a high quality indicate that the influence of impurities such as water molecules in
the growth chamber on CoO crystal growth is negligible. It is noted that the CoO(111) and (100) films
were simultaneously deposited under the same growth conditions of base pressure of 10 Torr and
substrate temperature of 700 °C. The substantial amounts of structural defects in CoO(100) films can
be ascribed to the lattice mismatch between the film and the substrate. Although XRR can measure the
microstructural properties of an entire specimen, it can describe the only average properties of the
specimen in the direction of film thickness. The microstructural details can be seen using TEM

measurements.

Figure 5 (a) presents a scanning TEM (STEM) image of the CoO(111) film with a thickness of ~112
nm, that shows a clean interface of CoO(111)/Al,03(0001) and some roughness on the film surface.
Energy dispersive spectroscopy (EDS) measurements confirm uniformly-distributed O and Co atoms
in the CoO film, as shown in Figs. 5 (b)-(c). The sharp interface of Co/substrate indicates a lack of
interdiffusion of Co atoms at the interface. TEM measurements reveal two or three disordered atomic
layers existing near the surface of the Al,Os3 substrate and several disordered atomic layers of CoO
developing at the interface, as shown in Fig. 5 (e). These disordered layers of the CoO(111) film at the
interface are attributed to a lattice mismatch between CoO and Al,O3 and surface roughness of the
substrate. Both planes of a-Al,O3(0001) and rock-salt CoO(111) have hexagonal shapes with lattice
constants of Al,O3 a = 4.875 A and CoO a = 4.2477 A, respectively. Figures 5 (f) and (g) show TEM
images of middle and top parts of the CoO film, in which neither structural disorder nor lattice distortion
is visible. A lack of interatomic distance disorder at the surface of the CoO(111) film indicates that the
CoO is quite stable under the atmosphere. Figure 5 (h) shows an image of small angle electron
diffraction (SAED) from the CoO film. SAED shows neither extra phases nor amorphous parts existing
in the measured region of the film. The TEM characterization results are in good agreement to XRD

and XRR measurements.

Figure 6 shows the TEM images of CoO(100) film on the Al,O3(1012) substrate. The STEM image
indicates that the surface of the CoO(100) film is rougher than that of the CoO(111) film. The rough
surface might correspond to the extra layer observed in XRR measurements, as discussed above. EDS
analyses for O, Co, and Al elements reveal a lack of interdiffusion at the interface of the film and the

substrate, as shown in Figs. 6 (b)-(d). Both TEM and SAED images suggest that the CoO film is



epitaxially grown in the (100) direction on the A1,O3(1012) substrate. This corresponds well to XRD
measurements. The TEM image near the interface of the CoO film and the substrate shows two or three
disordered atomic layers developing on a smooth surface of the Al,O; substrate due to lattice mismatch,
as shown in Fig. 6 (). The disordered atomic layer at the interface of CoO(100)/A1,05(1012) is smaller
than that at the interface of CoO(111)/A1,05(0001). The unit cell area of the A1,O3[1012] plane is nearly
twice that of the CoO [100] plane. A lattice mismatch between the two planes likely causes structural
strain of CoO crystals on the substrate surface. The TEM image of the middle region of the CoO(100)
film shows no visible structural disorder, while there are substantially-disordered atomic layers existing
near the surface of the film, as shown in Figs. 6 (f) and (g). This might correspond to the rough surface
of the film, as shown in the STEM image of Fig. 6 (a). These disordered atomic layers were likely
developed when the film was exposed to the atmosphere because they were observed only near the
surfaces, irrespective to film thickness. This suggests that the CoO(100) surface is less stable than the
CoO(111) surface under the atmosphere. The SAED image further confirms neither structural disorder
nor the second phase in the middle of the film. TEM results are somewhat different from XRD
measurements which show a substantial amount of structural strain and a broad crystal orientation of
the CoO(100) film. This disagreement is due to the facts that XRD measures the average crystalline
structure of a large area, meanwhile TEM shows microstructural properties of a small region. The
combination of XRD and TEM measurements for CoO(100) films suggest that a CoO(100) film is
initially crystallized on Al,03(1012) in a pattern of small patches with slightly-different orientations.
Subsequently, the film is gradually oriented in the (100) direction, when the film becomes thicker. A

crystal growth in this manner has also been observed in ZnO nanorods on Al,Os substrates [44].

The chemical properties of Co ions in the CoO films were examined using XANES measurements at
the Co K edge, as shown in Fig. 7. The XANESs of both CoO(111) and (100) films were directly
compared to those of a CoO powder, Co304 powder, and a Co foil. The main absorption edge of XANES
is sensitive to the chemical valence state of the probing atoms. The main absorption edge of the films
was 7,720 eV, which is identical to that of CoO powder. It is very different from the absorption edge of
Co304, in which Co ions have the mixed chemical valence state of 2+ and 3+. The XANES
measurements of the CoO films clarify that the chemical valence state of the Co ions in the films is
mostly 2+, indicating a lack of extra phases and/or amorphous in the films. This corresponds well to the
XRD, XRR, and TEM measurements. There is a slight variation in the absorption edge, in particular, of
the CoO(111) films. It is well known that the XANES is contributed by the chemical valence state of a
probing atom and the local structural properties of the nearest neighboring atoms [45,46]. XRD
measurements of the CoO(111) films showed somewhat different lattice constants, as shown in Fig. 2

(b). The variation of the XANES signals of the CoO(111) films is ascribed to a slight difference in inter-



atomic distances rather than the chemical valence state of the Co ions in the films.

It is well known that each facet of a crystal has considerably different structural, chemical, and electrical
properties with different behaviors in catalysis and sensitivity to gases [47-50]. Previous studies have
demonstrated that the ORR of the CoO(111) surface is higher than that of the CoO(100) surface using
density functional theory (DFT) calculations [51]. Other research groups have reported that the polar
oxide (111) surface of CoO is thermodynamically unstable and strongly bonded with hydroxyls, and
that termination Co ions of CoO(111) surfaces have a mixed chemical valence state of 3+ and 2+ [52-
54]. Meyer et al. have suggested that a superstructure at the termination of CoO(111) surfaces might be
due to the switch from a rock-salt phase to a wurtzite phase of CoO [55]. In the present study, TEM and
XRR measurements reveal that both (111) and (100) surfaces of rock-salt CoO films are quite stable
under the atmosphere, although some disordered layers develop near the surface of CoO(100) films.
These stable surfaces of CoO(111) and (100) films suggest that their surfaces are likely to be terminated
with oxygen atoms because an oxygen polar surface of transition metal oxides is known to be more
stable than a metal polar surface [52,55,56]. This study implies that the crystallographical orientation
of a CoO film can be controlled by selecting the proper facet of a substrate. The crystalline direction of
a film is properly determined by the minimization process of surface energy during growth, reducing
structural stress due to a lattice mismatch between a film and a substrate. Previous studies have also
shown that crystal phases (rock-salt and wurtzite) of CoO could be selectively fabricated by controlling
external parameters, including growth temperature and particle size [57-59]. When the size of a particle
is small, CoO is likely to form a rock-salt structure. CoO will have a wurtzite structure with an increase
in size. This study shows that CoO film keeps its initial structure phase as well as the crystalline
direction, when the impurity level in the growth chamber is sufficiently low. Furthermore, once a CoO
film forms with oxygen termination, the surface as well as the inside is considerably stable under the
atmosphere. This study suggests that a CoO film in a specific crystalline direction with a large area and
high quality can be fabricated on a proper substrate in a high vacuum chamber using RF-sputtering

techniques.

4. Conclusions

This study shows that a CoO film in a specific crystalline direction with a large area and high quality
can be fabricated on a proper substrate in a high vacuum chamber using RF-sputtering techniques.
CoO(111) and (100) films with high quality were epitaxially-grown on a-ALO3(0001) and (1012)
substrates, respectively, using RF-sputtering deposition at 700°C. XRD measurements showed a lack

of structural residual strain in CoO(111) films, meanwhile CoO(100) films had a substantial amount of



strain. XRR measurements revealed that both CoO(111) and CoO(100) films were considerably stable
under the atmosphere, although some disordered layers existed near the surfaces of CoO(100) films.
TEM images further confirmed the highly crystalline order of both CoO(111) and (100) films in the
middle of the films. XANES conformed that most of the Co ions in the CoO films had the chemical
valence state of 2+, implying the absence of extra phases and/or amorphous phase in the films. This
study showed that the epitaxially grown CoO film orientation can be tailored through the selection of
the single-crystal substrate orientation in a high vacuum chamber. Epitaxially-grown CoO films with a
high quality and a large area can be widely used as multifunctional materials, such as photocatalysts

and electrode materials for water splitting.
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Temperature 400°C 500°C 600°C 700°C 780°C

20(°) of 36.620 £ 0.001 | 36.508 +0.001 | 36.518 £0.001 | 36.582+0.001 | 36.682 + 0.001
CoO(111)
FWHM-20(°)- | 0.359+0.003 | 0.173+0.002 | 0.158+0.002 | 0.153+0.001 | 0.173+0.002

Table 1. Peak positions (20) and FWHM-20s of HRXRD from CoO(111) films grown at different

temperatures.
Growth duration 10 min 20 min 30 min 60 min
20(°) of CoO(111) | 36.696 £+ 0.001 36.467 £ 0.001 36.471 £0.001 36.613 £ 0.002
FWHM-26 (°) 0.487 £0.004 0.237 £ 0.002 0.170 £ 0.003 0.0943 + 0.0004
a(A) 4.2384 +£0.0001 42641 £ 0.0001 4.2637 £ 0.0001 4.2477 £ 0.0002
Thickness (A) 165.4+0.5 352.3+0.5 5140+ 1.0 1120.0+4.0
Roughness 6 (A) | 28.33 £0.05 26.52 +£0.05 26.00 £ 0.05 27.90 £ 0.02
Growth duration 10 min 20 min 30 min 60 min
20(°) of CoO(200) | 42.384 £0.011 42.395+£0.017 42.434 £0.013 42.385+£0.005
FWHM-26 (°) 1.265 £0.031 0.600 + 0.047 0.553 £0.035 0.459 +£0.013
a(A) 4.2618 £0.0014 4.2607 £ 0.0021 4.2570 £ 0.0016 4.2617 £ 0.0006
Thickness (A) 182.7+0.1 380.4+0.5 4654+1.3 1093.3+£2.6
Roughness 6 (A) | 12.75+0.07 12.1+£0.1 282+0.3 247+0.2

Table 2. Structural properties of (top) CoO(111) and (bottom) CoO(100) films determined using
HRXRD and XRR measurements. HRXRD peak positions (20) and FWHM-26s of CoO(111) and (200)
diffractions are shown; Thickness and surface roughness (o) of films were determined using XRR as

discussed in the text.
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Figure 1. LRXRD from CoO(111) films on a-Al,03(0001) substrates grown at different temperatures. The inset
shows HRXRD of CoO(111) peaks. Black-solid lines are the best fits with a Gaussian function.
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Figure 2. (a) HRXRD from CoO(111) films with different thicknesses grown on a-Al,O3(0001) substrates. The
data was vertically shifted for clarity. (b) Horizontal expansion near the CoO(111) peak of the HRXRD. (c) 6-
rocking curves of CoO(111) diffractions. Solid lines in (b) and (c) are the best fits using a Gaussian function. Red
dots and blue squares in the inset of (a) show FWHMs of 6-28 scans and 8-rocking curves of CoO(111) diffractions
shown in (b) and (c), respectively, as a function of film thickness. The solid line in the inset of (a) is the best fit

using Eq. (3).
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Figure 3. (a) LRXRD from CoO (100) films with a thickness of 109.3 nm on the 0-Al,O3(1012)
substrate. (b) and (c) 6-20 scans and 8-rocking curves, respectively, of the CoO (200) peak of films with
different thicknesses. Solid lines in (b) and (c) are the best fits with a Gaussian function. Inset of (a)
shows FWHM-20s of CoO (200) diffractions in (b) as a function of film thickness. Solid line is the best
fit using Eq. (3).
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Figure 4. XRR from (a) CoO(111)/Al,05(0001) and (b) CoO(100)/A1,03(1012) with different
thicknesses of the CoO film as a function of 26. Data is vertically shifted for clarity. Open symbols and

solid lines are measured data and the best fits, respectively.



Figure 5. (a) STEM and EDS images of (b) O, (c) Co, and (d) Al distributions from CoO(111) film with
a thickness of 81.9 nm. (e), (f), and (g) are TEM images of CoO(111)/a-Al,03(0001), near the interface,
in the middle, and near the surface of the film, respectively. (h) SAED is of middle part of the film.
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Figure 6. (a) STEM and EDS images of (b) O, (c) Co, and (d) Al from CoO(100) film with a thickness
of 109.3 nm. (e), (), and (g) are TEM images of CoO(100)/a-Al,03(1012), near the interface, in the
middle, and near the surface of the CoO film, respectively. (h) SAED is of the middle of the film.
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Figure 7. Normalized total X-ray absorption (ut) from (a) CoO(111) films and (b) CoO(100) films with
different thicknesses, and CoO powder, Co3;04 powder, and Co foil at the Co K edge as a function of
the incident X-ray energy.



Highlights

® (111)- and (100)-oriented CoO films are epitaxially synthesized in a high vacuum
chamber using RF-sputtering techniques.

® The crystallinity and structural properties of the films are quantitatively analyzed
using X-ray diffraction, X-ray reflectivity, and TEM measurements.

® The films are considerably stable under the atmosphere.

® High quality CoO films in a specific crystalline direction with a large area can be
fabricated in a high vacuum chamber using RF-sputtering techniques.
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