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Abstract. Quality polycrystalline NiO films are very attractive materials for different
applications. The effect of substrate temperature on the structure, morphology, and optical
properties of NiO films deposited on glass substrates by using magnetron sputtering in the
layer-by-layer growth regime has been considered. XRD pattern showed reflection from
(111), (200), and (220) planes of cubic NiO. It has been demonstrated that the O/Ni
stoichiometric ratio tends to 1.0 with increasing the substrate temperature. The optical
transmittance of the deposited NiO films is within the range of 20 to 35%, while the optical
band gap varies from 2.76 up to 2.98 eV. AFM analysis of the surface morphology revealed
that the average grain size of the NiO films varied from 25 to 30 nm and surface roughness
from 1.1 to 1.5 nm, respectively.
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1. Introduction

Nickel oxide (NiO) is a wide and direct band gap (Eq is
in the range of 3.7 to 4.5 eV at room temperature) p-type
semiconductor oxide crystallizing in a face-centered
cubic lattice [1, 2]. The p-type conduction in NiO is
related to the presence of the native point defects
including nickel vacancies Vy; and oxygen interstitial O;
[3, 4]. Due to stable structural and excellent chemical/
weather stability [5, 6], NiO films and nanostructures
have been extensively studied in the recent few years
because of their perspective for applications in smart
windows [7], electrochromic coatings [8-10], perovskite
solar cells as a p-type hole-transporting layer exhibiting
high transparency and appropriate conductivity [11, 12],
light-emitting diodes [13] and UV detectors [14, 15],
energy-efficient coatings based on transparent heat
mirrors [16], in gas sensors [17, 18], and in lithium-ion

batteries as an anode material [19], etc. Therefore, the
development of technology for NiO films growth with
high structure and optical quality having required
conductivity is needed.

There are many technologies for NiO films deposi-
tion, namely: plasma-enhanced chemical vapour deposition
[20], magnetron sputtering [21], pulsed laser deposition
[22], electron beam evaporation [23], electrochemical
deposition [24] and spray pyrolysis [25, 26]. Among
these mentioned growth methods, reactive magnetron
sputtering (MS) is considered to be the most widely used
due to good film adhesion, high deposition rates, film
uniformity over large areas of the substrates and easy
control over the composition of the deposited films [27].

It is clear that the improvement of NiO film
properties can be reached by the optimization of
their deposition parameters as well as applications of
new technological approaches for films condensation.
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Early, we proposed the layer-by-layer growth method for
magnetron sputtering undoped and doped ZnO films
[26, 28, 29]. This approach allowed us to improve film
crystal quality as compared to that of films deposited in
traditional single-stage magnetron sputtering. In this
paper, we consider the effect of substrate temperature on
the structure and optical properties of NiO films
deposited on glass substrates by using the layer-by-layer
growth method at magnetron sputtering.

2. Experimental
2.1. Sample preparation

NiO thin films were grown on glass and Si substrates
employing the layer-by-layer growth regime at reactive
magnetron sputtering of nickel metallic target with purity
99.99% in the oxygen-argon atmosphere. Vacuum
equipment VS350 operating with a turbomolecular pump
and separate gas inlets were used. The layer-by-layer
NiO film growth consists of three stages of this growth
with technological stops between them (when the
magnetron is turned off). The total time of film
deposition was 6 min (i.e., three stages lasting two
minutes of growth). The magnetron power, argon and
oxygen pressures were fixed as 250 W, 1.0 Pa, and
0.7 Pa, respectively. We changed the substrate
temperature as follows: 150, 250 and 350 °C.

2.1. Characterization

The crystal structure of deposited NiO films was
investigated with X-ray diffraction (XRD) by using
the DRON-4 diffractometer utilizing Cu-K, radiation
(A =0.1542 nm). The elemental analysis of NiO films
was realized with ZEISS EVO 50 XVP SEM by using
energy dispersive X-ray spectroscopy (EDX) furnished
by INCA 450 (OXFORD Instruments). The surface
morphology of the deposited films was analyzed using
the atomic force microscope (AFM) NanoScope Illa
Dimension 3000 (Digital Instruments/Bruker, USA)
operated in tapping mode. The AFM measurements were
performed using silicon tips with a nominal tip apex
radius of 10 nm. Transmittance of NiO films deposited
onto glass substrates was investigated by Shimadzu UV-
Visible Spectrophotometer UV-2600i (Japan). The FTIR
reflectance measurement has been performed with the
vacuum Fourier transform spectrometer Bruker Vertex
70V at room temperature. For each spectrum, the number
of scans was 64, the spectral resolution — 1 cm™. For
reflectance measurements, as a reference a gold mirror
was used. The resistivity of NiO films was studied using
the Van der Pauw method in the dark with Keithley-236
Source Measure Unit.

3. Results and discussion

X-ray diffraction patterns (Fig. 1) reveal the XRD
reflection from (111), (200) and (220) crystallographic
planes of cubic NiO films (in accord with JCPDS card
no: 78-0643), deposited in the layer-by-layer growth
regime of magnetron sputtering onto glass substrates
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Fig. 1. X-ray diffraction patterns of NiO films grown on glass
substrates at various substrate temperatures.

at various substrate temperatures. Therefore, NiO films
deposited by magnetron sputtering are polycrystalline
single-phase materials with NaCl-type structure.

For a more detailed analysis of the structure of NiO
films, the Gauss approximation of the most intensive
XRD (111) peak was performed, and its peak position
and the full width at half maximum (FWHM) values
were found (Table). The lattice parameter a for the cubic
structure of NiO can be calculated from XRD data by
using the equation [28]:

1
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where dyq is the interplanar distance between adjacent
planes in the set (hkl), a is the lattice parameter, and h, k
and | are the indices of the planes. NiO has a face-
centered cubic (Fm-3m) structure [31]. Lattice constants
a calculated from (111) reflexes are larger than the
reference value for NiO single crystal with the lattice
parameter ap =0.4177 nm. The stress developed in the
films was calculated using the X-ray diffraction data in
accord with the following relation [32]:
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where E is the Young modulus of the NiO (200 GPa),
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Table. The results of XRD analysis of NiO films.

Substrate Position of FWHM of Interplanar Lattice Stress, Size c_)f
temperature, °C u%j?gfseak, (1(1jlezgf::k, spacrzllrr:]g d, pag'j\r:r(:er GPa crys:ﬁ:]lltes,
150 36.91 0.77 0.2435 0.4218 -3.15 11
250 36.74 0.70 0.2446 0.4237 -4.61 12
350 36.90 0.32 0.2436 0.4219 -3.24 26

a and ay is the lattice parameter of the film and bulk
material, respectively, and v is the Poisson ratio (0.31)
[33]. The grain size (D) was evaluated using the Scherrer
formula [34]:

09
Bcos6

@)

where D is the size of crystallites, A equals X-ray
radiation wavelength, B is FWHM of diffraction peak,
and 0 is the Bragg angle.

The results of calculating the size of crystallites in
the NiO films as a function of the substrate temperature
are shown in Table. It can be seen that with an increase in
the substrate temperature, the size of crystallites
increases from 11 to 26 nm, which is obviously caused
by the crystalline quality of NiO films being enhanced
and the reduction of the concentration of native defects
and dislocations. Hence, with increasing the substrate
temperature, the crystallinity of the films is improved and
the size of crystallites becomes larger. The stress of NiO
films grown on glass substrates was in the range of —-3.15
to —4.61 GPa. These large values of stress obviously
were related to the amorphous nature of the glass
substrate as well as to different thermal expansion
coefficients between film and glass substrate, which
leads to formation of native defects and dislocations in
NiO films [35]. The XRD data and calculated values of
lattice parameters, film stresses and size of crystallites
are summarized in Table.

1354 I
o [N
©
Z 125
Z
o
1.204
(1]
1.15 T T T T T
150 200 250 300 350

The substrate temperature, °C

Fig. 2. Variations of the O/Ni ratio in NiO films as a function of
substrate temperature.

Fig. 2 displays variations of the O/Ni ratio in NiO
films as a function of substrate temperature. The EDX
measurements confirm that NiO film samples contain
no other elements except nickel and oxygen [36].
No additional peaks of impurities are revealed. It can be
seen that the O/Ni ratio tends to 1.0 with increasing the
substrate temperature, which is consistent with the results
of XRD studies, when we also observed an enhancement
of size of crystallites in NiO films with increasing the
temperature of glass substrate.

Fig. 3a shows the transmission spectra of NiO films
as a function of substrate temperature. The absorption
spectra in Tauc coordinates of the deposited NiO films
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Fig. 3. Optical transmittance (a) and absorption spectra in Tauc
coordinates (b) of the NiO films deposited on glass substrates
as a function of substrate temperature. (Color online)

levtushenko A.1., Karpyna V.A., Bykov O.l. et al. The influence of substrate temperature on the structure ...

400



SPQEO, 2023. V. 26, No 4. P. 398-407.

25%~75%
Range within 1.51QR)
— Median Line
= Mean
+ Outliers

Grain Diameter, nm
30 nm

T
350C

(b)

0.20 |- .
015 | 4 - 4
i\
010 | // \‘ .
0.05 - - A\ .
J | \\
0.00 |- L - 1 It 1 : ; L ]
0 2 4 6 8 10 12
Height, nm

©

Fig. 4. AFM height images (a), boxplots for grain diameters and corresponding distributions (b), height histograms (over
1.2x1.2 pm) (c) of NiO films, all as a functions of substrate temperature. (Color online)

are shown in Fig. 3b. For the direct transition, the optical
band gap (Eg) can be obtained by using the Tauc
relationship:
2
(g J* "
hv

where o is the absorption coefficient, A is the constant,
and hv is the photon energy. The band gaps obtained by
extrapolating the straight-line portion of (ahv)? vs hy
plots to the x-axis are depicted with inserts in Fig. 3b.

As can be seen in Fig. 3, the substrate temperature
affects the average transmittance which increases from
20 to 35% in the visible part of the spectrum
400...800 nm with the substrate temperature increase
from 150 up to 350 °C. It is important that the trans-
mittance of NiO films correlates with changing the
values of crystallite sizes, namely, the highest trans-
parency and, accordingly, a smaller number of scattering
centers (defects) are observed in oxide films grown at the
highest substrate temperatures. With an increase in the
substrate temperature from 150 to 350 °C, the optical
band gap increases from 2.76 to 2.98 eV, respectively
(Fig. 3b). In Ref. [31], it was shown that the optical band

=A

gap of NiO films depends on the method of deposition
and its parameters. Hence, the observed increase of
optical band gap with substrate temperature is due to an
improvement in the NiO film structure (decreasing native
defects — nickel wvacancies, which correlated with
elemental composition for the oxide films as well as
dislocations density).

Fig. 4 presents the AFM images of the surface mor-
phology, along with an analysis of the distribution of grain
diameters and surface heights of the deposited NiO films,
as a function of substrate temperature. In Fig. 4b, for
each value of substrate temperature, a boxplot is shown.
This boxplot includes data with an interquartile range
(IQR, 25%...75%), whiskers drawn within the 1.5 IQR
value, the mean/median grain diameter, data in bins (repre-
sented as black dots), and corresponding normal distribu-
tions. Fig. 4¢c displays the heights histograms and the
root-mean-square roughness (RMS) values for each film.

The surfaces are composed of densely packed
nanosized grains. The surface of the film deposited at the
substrate temperature 150 °C is uniform, with grain
diameters ranging within 10...45 nm (range with outliers
removed), as depicted in Fig. 4b. The mean grain
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diameter is 25 nm, and the surface height varies from 1 to
8 nm across a 1.2x1.2 um area, peaking at 4 nm, with the
RMS value close to 1.1 nm (Fig. 4c). The grain sizes on
the surface of the film deposited at the substrate
temperature 250 °C have slightly increased (the range has
shifted to 15...47 nm, with a mean value close to 30 nm).
Here is the smallest interquartile range, while RMS of
1.5 nm is the highest. The surface of the film deposited at
the substrate temperature 350 °C is most distinctive:
although the mean grain diameter remains 30 nm, the
surface is heterogeneous, with grain sizes ranging from 5
up to 60 nm. The interquartile range of the grain diameter
distribution is maximal, the peak of the surface height
distribution is the smallest at 3.5 nm (RMS of 1.3 nm),
but the asymmetric tail is presented from the side of
higher values. An analysis of the type of grain
distribution by their diameter (Fig. 4b) revealed that the
distribution in the film obtained at the substrate
temperature 250 °C is closest to the normal one. In the
films corresponding to the substrate temperatures 150
and 350 °C, the distribution is close to the log-normal
one with deviation of surface grain diameters towards
larger sizes from the mean value.

Fig. 5 presents the infrared absorption spectra for all
the prepared NiO films in the range 100 to 1000 cm ™.
The IR spectra of NiO films showed the presence of
two asymmetrical broad absorption maxima — one at
~386 cm™, which corresponds to transverse optical
phonon (TO), and the other at 570 cm* may be assigned
to longitudinal optical phonon (LO) of NiO that related
to the oscillations of the Ni** ions sublattice at the angle
180° opposite to the O® ions sublattice [37]. The small
absorption maxima of about 540 cm™* were identified as
a surface mode (SM) [38]. With increasing the growth
temperature, the IR band of Ni-O stretching vibration
broadened and shifted to the short-wave range due to the
guantum size effect [39]. Strong absorption is observed
for the NiO films deposited at higher substrate tempera-
tures, which implies better crystalline structure (higher
values for the size of crystallites in NiO films) as compared
to the ones deposited at low substrate temperatures.

The dependence of resistivity for the NiO films on
the O/Ni ratio is shown in Fig. 6. With increasing the
substrate temperature as well as with decreasing the O/Ni
ratio, the electrical resistivity of NiO films increases
from 0.43 up to 3.7 Ohm-cm. The type of conductivity of
grown NiO films was examined by the heat probe method.
It was shown that all the NiO film deposited in the sub-
strate temperature range 150...350 °C demonstrated p-type
conductivity. As shown in [40], the resistivity of NiO
films depends on the concentration of Ni vacancies (Vy;),
which determines the hole conductivity of NiO [41].
Also, Ni** ion corresponds to the nickel vacancy and the
acceptor in the NiO lattice [42]. The enhancement of the
resistivities of NiO films deposited with the rise in the
substrate temperatures could be explained by reducing
the concentration of Ni vacancies (concentrations of hole
carriers) due to the improvement of the O/Ni ratio (Fig. 6).
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Fig. 5. Infrared absorption spectra of deposited NiO films as a
function of substrate temperature. (Color online)
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Fig. 6. Resistivity of NiO films versus O/Ni ratio. The value of
the temperature of the substrate is included into the figure.

The resistivity values (0.43 to 3.7 Ohm-cm) of NiO films
are comparable to those reported by Lu et al. [43] and
Lei Ai et al. [44].

The SEM image of NiO/glass profile shown in
Fig. 7 demonstrates the uniformity of three-layered NiO
film grown on the glass substrate at 350 °C. The
thickness of NiO films was close to 460 nm. As we can
see, the NiO film surface is flat, and the columnar growth
of NiO films was observed. It should be noted that the
application of the layer-by-layer regime at NiO film
deposition does not lead to appearance of cracks and
pores as can be seen in the cross-section view (Fig. 7).

Hence, for the first time, we applied the layer-by-
layer regime in rf magnetron sputtering to deposit the NiO
films onto amorphous glass substrates. All the grown
NiO films deposited at the varied substrate temperature
between 150 and 350 °C were polycrystalline single-
phase materials with NaCl-type structure with a preferred
orientation of NiO crystallites (111). With increasing the
substrate temperature, the intensity of the XRD peak
of NiO (200) gradually increases, while the intensity
of the XRD peak (111) practically does not change.
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Fig. 7. SEM cross-section image of NiO film/glass substrate
with the inset of an enlarged image.

Our obtained results indicate that the preferred
orientation of crystallites in NiO films slightly changes
with increasing substrate temperatures (the texture
coefficient (111) becomes less pronounced). Lei Ai et al.
[44] observed a transition from amorphous to
polycrystalline  structures with different preferred
orientations of NiO (100) and (111) for the NiO films
grown on crystalline Si substrates at increasing the
substrate temperatures from the room one up to 400 °C.
As compared with our results, Lin-Yan Xie et al. [45]
obtained a completely different behaviour of the
diffraction peaks of the thin NiO films with increasing
the substrate temperature, namely: the diffraction peak of
NiO (111) becomes intense, however, the diffraction
peak of NiO (100) weakens with increasing the substrate
temperature. Thus, with increasing the substrate
temperature, orientation of crystallites in NiO films along
the (111) becomes more pronounced.

In general, crystallography of a NaCl-type structure
of NiO films is influenced by localization of oxygen ions,
when the active species are nickel and oxygen, which are
formed during the sputtering process [46]. When the
substrate temperature increases, the surface reactivity of
the reactant species is enhanced, thus promoting
nucleation and growth of NiO grains. Also, the
crystallographic texture of the NiO film is usually
affected by the arrangement of O ions (depending on
oxygen pressure in the deposition chamber) [46]. At a
lower substrate temperature, the sputtering process may
result in formation of fewer reactive oxygen species due
to plasma decomposition of O, molecules than at a higher
temperature. In an oxygen-deficient environment, the
(200) plane is the most densely packed plane among the
planes composed of both Ni** and O* for the NiO crystal
structure, indicating that the (200) orientation reduces the
surface free energy of growing nickel oxide films
[44, 46]. At higher deposition temperatures, there is a
sufficient amount of reactive oxygen species, the (111)

plane being the most densely packed plane of oxygen
ions, resulting in a (111)-textured structure [44, 46]. It is
important that Lei Ai et al. [44] deposited NiO films at
the relative oxygen partial pressure O,/(Ar + O,) of 60%
and magnetron power of 250 W. In our investigation, the
relative oxygen partial pressure O,/(Ar + O,) was about
41%, and magnetron power of 250 W. Unfortunately, in
the work of Lei Ai et al. [44] the O/Ni ratio of NiO films
was not determined. Therefore, we can suppose that the
observed increasing intensities of crystallites along (200)
in NiO with increasing the temperature were caused
by the oxygen-deficient environment in a deposition
chamber.

In summary, application of the layer-by-layer
regime in magnetron sputtering allows us to grow uni-
form polycrystalline single-phase NiO films on amorphous
glass substrate even at low substrate temperatures. We
proposed that the positive role of interruptions consists in
the possibility of Ni and O adatoms to take up their true
positions in forming crystal NiO structure. It leads to
decreasing the number of NiO surface defects and favors
homoepitaxial growth of NiO layer on NiO [27, 28]. In
other words, the proposed layer-by-layer regime allows
for the improvement of the structure of films by reducing
lattice misfit between growth films and substrate by
applying the process “interruption — homoepitaxy”.

4, Conclusions

This study enables to ascertain the impact of substrate
temperature on the structure, morphology, and optical
properties of NiO films deposited using the magnetron
sputtering in the layer-by-layer growth regime. The
optical transmittance of the deposited NiO films with the
thickness close to 460 nm lies within the range from 20
up to 35%, and the optical band gap varies from 2.76 to
2.98 eV. Our AFM analysis has revealed that the mean
grain size and surface roughness of the NiO films vary
from 25 to 30 nm and from 1.1 to 1.5 nm, respectively. It
has been shown that NiO films deposited using the layer-
by-layer magnetron sputtering exhibit appropriate
structure and optical properties for various applications.
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Bniue TemmepaTypM mIKJAJAKM Ha CTPYKTYPY Ta ONTHYHI BJacTHBOCTI TOHKHX MiIiBok NiO, ocagkeHHMX
MeTOA0M MATHeTPOHHOI'0 PO3NUJIeHHS B PesKHMi MOIIAPOBOI0 POCTY

Al €Brymenko, B.A. Kapnuna, O.I. Bukos, M.B. JIpanuyk, O.®. Konxomuc, /I M. Ma3zsp, B.B. Crpeabuyk,
C.IIL. Crapuk, B.A. Barypun, O.10. Kapnenko, O.C. Jlurpun

Anoranis. SkicHi momikpuctaniuHi Bk NiO € myke mpuBaOIMBHMH MaTepialaMd ISl Pi3HUX 3aCTOCYBaHb.
Po3risiHyTO BIUIMB TeMmIlepaTypu MiOKIAAKK Ha CTPYKTYpY, MOpPQOJOTi0 Ta ONnTH4YHI BiacTHBOCTI miiBok NiO,
OCa/UKEHMX Ha CKISHI HigKIAIKH METOJOM MAarHETPOHHOTO PO3IMICHHS B PEXHMi ImomapoBoro pocry. Ha
peHTreHorpami BusiBiieHo BinoutTsa Big (111), (200) i (220) miomun kyoiunoro NiO. I[IpomemoHcTpoBaHO, MO
crexiomerpuune criBBigHOomeHHs O/Ni HabmmwkaeTsest 10 1,0 3 miABUIIEHHAM TeMIepaTypH migkiaankd. OnTHaHuA
KoedilieHT mpomyckaHHs ocapkeHuxX IrBok NiO OyB y mexax 20-35%, a onTnyHa mupuHa 3a00pOHEHOI 30HU
3MiHIOBajacs Bix 2,76 no 2,98 eB. ACM anani3z mopdoJiorii noBepxHi Nokasas, 10 CepelHId po3Mip 3epeH IIIBOK
NiO 3mintoBaBcs Bix 25 no 30 HM, a mopcTKicTs oBepxHi Bix 1,1 mo 1,5 HM BimnmoBimHO.

Kirouosi cioBa: mriBku NiO, MaraeTpoHHe po3mwieHHs, POA, TemnepaTypa migkiIaaki, KoedilieHT TpOIrycKaHHs,
ATOMHO-CHJIOBA MIKPOCKOITISL.
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