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ABSTRACT

NiO thin films with varied oxygen contents are grown on Si(100) and c-Al,Oj; at a substrate temperature of 300 °C using pulsed dc reactive
magnetron sputtering. We characterize the structure and optical properties of NiO changes as functions of the oxygen content. NiO with
the cubic structure, single phase, and predominant orientation along (111) is found on both substrates. X-ray diffraction and pole figure
analysis further show that NiO on the Si(100) substrate exhibits fiber-textured growth, while twin domain epitaxy was achieved on c-Al, 03,
with NiO(111) || Al05(0001) and NiO[110]| Al,05[1010] or NiO[110]|| Al,O3[2110] epitaxial relationship. The oxygen content in NiO
films did not have a significant effect on the refractive index, extinction coefficient, and absorption coefficient. This suggests that the optical
properties of NiO films remained unaffected by changes in the oxygen content.
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I. INTRODUCTION states'>'»*>*>*7*> have been investigated. The oxidation state of

Nickel oxide, NiO, has been studied extensively for its Ni is a key factor for the physical properties and the stoichiometry
magnetic,~* electronic,® thermoelectric, > and optical™'012 of NiO thin film. The effect on optical properties can be observed
properties. Bulk NiO has a cubic (NaCl) structure with a lattice already by ocular inspection; the color is an indication of the stoi-
parameter of 4,195 A It is a p-type semiconducto 3 with a chiometry of NiO thin films.!! Pure stoichiometric NiO is pale
bandgap in the range of 3.5-4.0 eV, antiferromagnetic below 523 K, green, and non.st01ch10metr1c NIO 1s.dark gray.
and remains a Mott-Hubbard insulator'” above the Néel tempera- For the thln—ﬁlm synthesis Of'I{ICkE;¥%0X1de,‘ a range of m'e.thocllg
ture. NiO is an established material in a wide range of applica- can be used: chemical vapor deposition,”” atomic layer deposition,

¢ e 35 e 34 .37
tions'® like transparent conductors in smart windows,'”® pulsed laser deposition, . solgel depOS.IthIl, thermal evapf)%*atlon,
21-23 and magnetron sputtering. In particular, sputter-deposition has

photovoltaics,'»” chemical sensors, and resistive random-

access memories,”” ™ in many cases as thin films. several advantages over other vacuum coating techniques. It is a ver-
The electrical and optical properties of NiO thin films are satile method used for the development of a large number of com-

strongly dependent on process parameters such as substrate mercial applications from microelectronic fabrication to decorative

temperature”® " and oxygen content,”** as well as the type of the coatings. Direct-current (dc)’® and radio-frequency (rf) reactive

deposition method.”' ™’ Nickel oxide thin films with varied oxygen magnetron sputtering'* as well as high power impulse magnetron

to nickel ratios (Ni;,O) and multiple nickel valence sputtering (HiPIMS)’® are sputter-deposition techniques that have
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been used for nickel oxide growth. Nevertheless, there is still a need
to determine the effects of processing parameters and growth mode
on the structural, optical, and electrical properties of NiO thin films.
In the present work, we investigate the effect of stoichiometry
of NiO thin films. We focus on the effect of deposition conditions
like oxygen flow ratio on the structure of NiO thin films grown on
Si(100) and c-plane sapphire and the effect on optical properties.

Il. EXPERIMENTAL DETAILS

Nickel oxide films were deposited on the sapphire substrate
(ALO3) (c-plane) and (100) oriented silicon substrate with a native
oxide with a size of 10 x 10 mm?. Prior to deposition, the substrates
were cleaned sequentially with acetone and isopropanol in an ultra-
sonic bath for 5min and blow-dried with nitrogen gas. After
mounting the samples on a rotatable substrate holder, the deposi-
tion chamber was evacuated to a base pressure of 3 x107°Pa.
Details of the deposition system can be found elsewhere.*’

The NiO films were deposited using a Ni target 50 mm (2 in.) in
diameter (99.99% purity). To investigate the influence of the oxygen
flow ratio on the structure and properties of the deposited films, the
O,/(Ar + O,) gas flow ratio (i.e., the flow of O, divided by the total
gas flow) was varied from 4% to 51% for the series of depositions
with the fixed total gas flow at 45 SCCM. The partial pressure of the
total gas used for deposition corresponds to 0.3Pa (2.5mTorr).
Before each deposition, the nickel target was presputtered in an argon
atmosphere for 2min to remove any contamination on the surface
while the substrates were shielded with a shutter to prevent the depo-
sition of Ni on them. The substrates were preheated for 15 min to
obtain a stable temperature. Each deposition was carried out for
30min while keeping all parameters constant, which resulted in a
thickness ranging from ~50 to 490nm depending on the oxygen
flow. The deposition process was carried out by pulsed dc reactive
magnetron sputtering. A bipolar pulsed dc power supply with 150 W,
and a frequency of 100 KHz was used to generate plasma. The duty
cycle was varied between 90%, with 1us reverse time for the low
oxygen flow ratio, and 80% with a reverse time of 2 us for the higher
oxygen flow ratio in order to reduce arcing.

To assess the chemical composition of the films, we employed
an approach combining Rutherford backscattering spectrometry
(RBS) and heavy-ion elastic recoil detection analysis (HIERDA).
Experiments were performed by employing a 5MV 15-SDH2
pelletron accelerator at Uppsala University, as described by
Strom et al.”* For HIERDA, we employed a primary beam of
36 MeV 18" ions, which created recoils, detected in a time-of-flight
telescope terminated by an energy dispersive detector.”” The beam
incidence and the recoil detection angle were 22.5 with respect to
the sample surface, resulting in a recoil detection angle of 45°.
HIERDA revealed the films to be composed of high purity NiOy
with contaminations of H, C, and Ar not exceeding a few per mille
atomic fraction. The ratio of nickel to oxygen was furthermore
assessed by Rutherford backscattering spectrometry, employing a
primary beam of 2 MeV He" primary ions. Spectra were analyzed
using the SIMNRA simulation package."®

X-ray diffraction (XRD) 6-26 scans were carried out in
a PANalytical X’Pert PRO diffractometer system equipped with a
Cu Ko source and operated at 45kV and 40mA using a
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Bragg-Brentano configuration. The incident optics were a 0.5°
divergence slit and a 0.5° antiscatter slit, and the diffracted beam
included a 5.0 mm antiscatter slit and 0.04 rad Soller slits and a Ni
filter (to filter CuKgy radiation). The PreFIX stage was set to contin-
uous scanning and spinner mode. Step sizes and counting times
per step were 0.0084° and 15.240s, respectively. Pole figure mea-
surements were performed with an x-ray diffractometer (Malvern
Panalytical Empyrean) in a configuration using a zero setpoint
crossed slit as the primary optics and a parallel plate collimator
(0.27°) as the secondary optic. The collection time was 1.0 s/step,
and a step size of 2.50° was chosen to acquire data for pole figure
measurements along rotation (¢) and tilt (W) directions in the
range from 0° to 360° and from 0° to 85°, respectively.

A scanning electron microscope (SEM Leo 1550 Gemini,
Zeiss) operated with an acceleration voltage of 12kV and an
in-lens detector was used to observe the surface morphology.

A Mueller matrix spectroscopic ellipsometer from J.A.
Woollam Co, Inc. was used to measure samples over a spectral
range of 210-1600 nm (0.7-5.9 eV) at four angles of incidence from
45° to 75° in steps of 10°. CompleteEASE” modeling software, also
from J. A. Woollam Co., Inc., version 5.21, was used for the analysis
and model fitting of acquired optical data. The optical properties
such as the complex refractive index N(1) = n(1) + ik(1), where n
and k represent the refractive index and the extinction coefficient,
respectively, and the absorption coefficient (1) was obtained from
the model fitting of ellipsometric data, along with film thickness
and surface roughness values. The fitting procedures that were used
to extract the optical constant of the NiO film, include a general
oscillator model consisting of Cody-Lorentz and PSemi oscillators
near the bandgap region and two Gaussian oscillators at higher
photon energies.

lll. RESULTS AND DISCUSSION

The results measured by RBS for NiO on Si(100) and c-Al,O;
are summarized in Table I. The stoichiometry of NiOy=1 in the
film occurs for the lowest percentage of the O, flow ratio. By
increasing the percentage of the O, flow ratio in the overall gas
flow, the oxygen content exceeds the stoichiometric content. While
keeping the duration of deposition constant, the thickness of the
NiO film was altered by adjusting the oxygen flow in the total gas
flow, resulting in a decrease from 490 to ~50 nm as the oxygen
flow ratio was increased in the total gas flow.

A. Structural characterization

Figure 1(a) shows the 6-26 XRD patterns of the NiOx films
deposited on the Si(100) substrate at 300 °C with O content varia-
tion in the film. The Si substrate peaks are observed at 26 =32.9°
and 20 =69.3°. The diffraction pattern shows the presence of the
111 and 222 peaks of cubic NiO at 37.2° and 79.3° for all samples.
The XRD deposited the highest oxygen content (NiO,;,) only
showing the 111 and 222 peaks with 4.227 + 0.004 A. In addition to
the 111 peak and 222 with lower intensity (compared to the XRD
peak for the film at high oxygen content), the 200 peak is also
observed for intermediate oxygen composition (NiO;,s and
NiO, 15). For the films with the lower oxygen content in the film
(NiOy g6 to NiOqg9), 220 and 311 peaks are observed together with
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TABLE I. Composition and thickness of NiO, films estimated by RBS.
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Composition from RBS (%)

C—A1203

Percentage of O, (%) flow ratio Si substrate substrate Thickness (nm) Reduced name NiO,

in the total gas flow Ni (@) Ni (¢) Si c-AlL, O3 Si c-Al, O3
4 50.2 498 50.3 49.7 489 492 NiOjp 0o NiOjp og
19 483 516 493 50.7 348 348 NiO; o6 NiO o,
27 483 517 49.0 51.0 230 229 NiO, o7 NiO; o4
35 47.0 53.0 482 51.8 81 82 NiO, 1, NiO oy
43 438 56.2 47.3 52.7 54 52 NiO, 15 NiO, 1,
51 433 56.7 46.0 54.0 43 51 NiO, 30 NiO, 5

111, 222, and 200 peaks identified as the cubic NiO phase with
lattice parameters of 4.175 +0.004 A (NiOj 4¢) and 4.179 +0.004 A
(NiQg.00). See Fig. S1 in the supplementary material”” for the evo-
lution of the lattice parameter on the Si(100) substrate.

XRD patterns of films deposited with the same set of condi-
tions on c-Al,O; are shown in Fig. 1(b). Except for the substrate
peak situated at 26 =20.7° and 20 =41.7°, the XRD patterns are
dominated by the 111 and 222 diffraction peaks at 36.4° and 77.5°
with lattice parameters of 4.275+0.004 A for the films with the
highest oxygen content (NiO; ;7). The NiO 222 peak intensity
increases with decreasing the amount of oxygen for the films

NiO,, x=1.07 and is shifted to higher angles (79.90°). The strong
and sharp peaks indicate that the NiO films are highly preferen-
tially orientated regardless of the oxygen composition. For the
films with lower oxygen content, (NiO;o4) with 4.187 +0.004 A,
(NiO, o) with 4.179 + 0.004 A, and (NiOg o) with 4.189 + 0.004 A,
the 200 peak is detected where its intensity is increasing with
decreasing oxygen content. See Fig. SI in the supplementary mate-
rial” for the evolution of the lattice parameter on the c-Al,Os
substrate.

Furthermore, an additional peak is observed in the x-ray dif-
fraction patterns of NiOggy on the Si(100) substrate, appearing at

© Author(s) 2023
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FIG. 1. 6-26 XRD patterns of the NiOy films deposited with varying oxygen contents in the film on (a) Si(100) and (b) c-Al,O3, substrates at 300 °C. Substrate peaks are
marked with *.
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FIG. 2. {111} and {220} pole figures for NiO thin films on (a) and (b) Si(100)
and (c) and (d) c-Al,O3 substrates.

an angle of ~28.5°. Similarly, for the last three samples, NiO g4,
NiOj o, and NiOy o on the c-Al,O3 additional peak is observed at
angles of ~24.50° and 50.36°. These additional peaks cannot be
attributed to either NiOy or Ni metal based on the available data in

NiOo.99
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our database. This might suggest the possible presence of other
crystalline phases or impurities in these samples.

Figure 2 shows the poles figures measured for 20 =37.28°
(NiO 111 peak) and for 26 = 62.91° (220 of NiO) measured on the
films deposited with the highest oxygen content NiO,,;; in
Fig. 2(a) Si(100) and Fig. 2(b) c-Al,Os. The presence of a diffrac-
tion spot in the center of pole figure 111 and a ring at ¥ = 35° on
the {220} pole figure reveals a fiber texture growth of NiO along its
[111] direction on the Si(100) substrate. In addition to the main
pole intensity at the center of the {111} pole figure [Fig. 2(c)], both
{111} and {220} pole figures display intensity maxima with three-
fold symmetry on the c-Al,O; substrate. The presence of six peaks,
rather than three, is due to the formation of twin domains on the
c-AL,O; surface. This is evidence that NiO was grown epitaxially
on c-ALO;, with the epitaxial relation NiO(111) || AL,O3(0001)
and NiO[110]|| AL,O3[1010] or NiO[110]|| Al,05[2110].

Figure 3 shows the SEM micrographs of the films deposited
on Si(100) and c-Al,O; substrates with different oxygen composi-
tions in the film. The films deposited on the Si(100) substrate with
high oxygen content NiOj 30, NiO; 3 had smooth, uniform, and
compact surfaces with distinct grain boundaries. However, a notice-
able change in the morphology was observed in the NiO; i,
sample, where the surface became irregular, with flat and flaky
grains oriented in different directions. As the oxygen content con-
tinued to decrease, NiOj o7, NiO; g6, and NiOp g9, the growth and
the arrangement of the grains are affected, resulting in larger grains
with different structures and orientations.

A smooth, uniform, and closely packed with pyramidal shape
grains were observed for the films deposited on c-Al,O5 with high
oxygen content, NiO; 17, NiOy ;;, and NiO, ;. A significant change
started with decreasing oxygen incorporation. Films deposited with
low oxygen content NiO; g4, NiO1 g5, and NiOypgg exhibited rough
surface triangular pyramids and large grains.

FIG. 3. Scanning electron microscopy (SEM) images of NiO, films deposited with varying oxygen contents from Si(100), and c-Al,05 at 300 °C.
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B. Optical properties Figure 5 displays the existence of direct (cthv)® transition for
the as-deposited NiO, films versus photon energy (eV), and
Fig. 5(b) shows the variation in the bandgap energy (Eg) as a func-
tion of oxygen content for all NiO, samples.

The extrapolated values of the linear part for the direct
bandgap versus photon energy (eV) in Fig. 5(a) are shown in
Fig. 5(b), plotted versus the oxygen content for each NiOy film.
The results indicate that the direct bandgap energy shows only a
slight variation with changing oxygen content. Films with higher
oxygen content, such as NiO, ;;, NiO, ;;, and NiO, o, exhibit a
direct bandgap energy of around 3.65eV. As the oxygen content

In order to gain a deeper understanding of the relationship
between the oxygen composition and the optical properties of
NiO; films, spectroscopic ellipsometry was employed to investigate
the optical characteristics. The optical properties were measured on
the c-AL,O; substrate with better crystalline quality and preferred
crystallographic orientation. The optical properties of deposited
NiO; films on the c-Al,O; substrate were modeled using a general
oscillator model consisting of Cody-Lorentz and PSemi oscillators
near the bandgap region and two Gaussian oscillators at higher
photon energies. The model was able to accurately represent the
optical properties of the film within a certain range of photon ener-
gies 0.73-5.9 eV.

The refractive index (n) and extinction coefficient (k) of the

investigated films are extracted from the spectroscopic ellipsometry 3.4

data ¥ and A, which yield the complex of refraction, 32 (a)

N =n +ik. (1) 3,01

The absorption coefficient (o) varies with the extinction coef- 2,81

ficient (k) through the following formula: 2,6

c
o = 4nk/A, 2,4
2,21

where A is the wavelength of the incident light. The optical energy
gap (Eg) is determined using the Tauc and Davis-Mott relation, 2,01
given by the following equation:

1,8 - >
=z
ohv = A(hV - Eg)n’ 1,6 T T T T T T T T ?:)'
05 10 15 20 25 30 35 40 45 50 g
where h is the Planck constant, v is the incident photon’s fre- =
quency, and A is an energy-independent constant. The exponent n Photon Energy (eV) §
depends on the type of electron transition in the bandgap region, 1,6 S
taking a value of 1/2 for allowed direct and 2 for allowed indirect (b)
interband transitions. See Fig. S2 in the supplementary material”’ 1,41
for the plots providing detailed information and analysis of each
individual sample of NiO, films deposited on the c-Al,O; substrate 1,21
with different oxygen contents. The optical direct bandgap is esti- 10-
mated by linearly extrapolating"the Tauc plot and determining its ’ X in NiOX
intersection with the (hv)-axis.”’ ~ 084 117
The optical constants n and k of NiOy on the c-ALO; ’ ’
substrate, as a function of photon energy, are shown in Figs. 4(a) 06 1.11
and 4(b). The refractive index (n), as depicted in Fig. 4(a), indicates ‘ ——1.07
a slight variation within the range of approximately ~2.39-~2.36 044 [ 1.04
as the oxygen content decreases in the NiO, films on the c-ALO; ——1.02
substrate. See Fig. S3(c) in the supplementary material’® for the 024 |——0.098
variation in the refractive index at 630 nm and the extinction coeffi-
cient at 630 nm with varying oxygen contents. This change in the 0,0  ====== T T T T T T
refractive index (n) at 2 eV photon energy aligns well with the pre- 05 10 15 20 25 30 35 40 45 50
viously re.:portedlz refractive index value of 2.37 for the NiO film Photon Energy (eV)
on the Si substrate at the same photon energy. Furthermore, the
film with intermediate oxygen content, NiO; o7, exhibits the highest
refractive index, which may correspond to the film’s optical density FIG. 4. (a) Refractive index (n) and (b) extinction coefficient (k) vs photon
and structure. The extinction coefficient (k) for the NiOy films on energy (eV) [and see Figs.S3(a) and S3(b) in supplementary material® for (a)
the c-AlLO= substrate remains close to zero showing onlv a slight Refractive index (n) and (b) extinction coefficient (k) vs wavelength (nm)] for
23 X n— & Y g NiOx films deposited on the c-Al,05 substrate with varying oxygen contents.
change from 0.06 to 0.01 as depicted in Fig. 4(b).
J. Vac. Sci. Technol. A 41(6) Nov/Dec 2023; doi: 10.1116/6.0002914 41, 063402-5
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FIG. 5. Plots (a) show the linear extrapolation of (athv)? for the direct bandgap energy vs photon energy (eV), and (b) is the variation in the extrapolated direct bandgap

values with varying oxygen contents for NiOy films deposited on c-Al,05 at 300 °C.

decreases, the bandgap energy slightly increases, up to 3.85¢eV for
films such as NiOj g4, NiOj ¢, and NiOg og,. However, it is important
to note that the change in the bandgap is not significant despite the
variation in oxygen content. The reported bandgap energy value for
nickel oxide falls within the range of 3.4-4.0 eV,'>"” which is consis-
tent with our findings.

The refractive index, extinction coefficient, and absorption
coefficient are interconnected with the electronic structure and
optical properties of a material. The refractive index is influenced
by factors such as the density of the material, changes in compo-
sition, impurities, and defects. Modifying the oxygen content can
lead to changes in the material’s electronic structure, thus affect-
ing its optical properties. The refractive index NiOy films show
only a slight change corresponding to the oxygen content, with
no significant influence from the oxygen stoichiometry. Notably,
among the NiOy film samples, the film with intermediate oxygen
content (NiO, o7) shows a relatively higher refractive index com-
pared to the other samples. This observation aligns with surface
morphology, where the film’s appearance transitions from
uniform and closely packed small grains to a rough surface char-
acterized by triangular and larger grains. This change in the
surface appearance might suggest a decrease in the film density as
the oxygen content decreases, contributing to a change in the
refractive index.**

The refractive index at 2 eV (630 nm) for the films with the
highest oxygen content exhibits nearly similar values, while the
film with intermediate oxygen content experiences a slight
increase. As the oxygen content decreases further, the refractive
index decreases accordingly. The observed higher increases in the
refractive index for the film with intermediate oxygen content
may be attributed to its better crystallinity, contributing to

improved optical properties. On the other hand, the observed
decrease in the refractive index for higher oxygen content could
result from the structural defects and broadening of peaks
observed in the XRD analysis. These defects may be induced by
an excess of oxygen in the films.”” NiO generally has a low and
nearly zero extinction coefficient, indicating minimum light

absorption. It is observed that varying the oxygen content does :

not lead to a significant change in the extinction coefficient as
well. The bandgap energy of the NiOx samples is estimated by
analyzing the plot of the absorption coefficient versus photon
energy. The bandgap energy value corresponds to the point
where a significant increase in the absorption coefficient occurs,
indicating the onset of band-to-band transition. The nature of
the bandgap in the material is determined by its electronic band
structure, which, in turn, is influenced by the crystal structure
and chemical composition. In the case of NiO with a rock salt
crystal structure, with a relatively wide bandgap, its electronic
structure is strongly influenced by the hybridization between the
Ni 3d® and O 2p° orbitals, as well as the strong Coulomb interac-
tion among the Ni 3d electrons. Extensive theoretical and experi-
mental studies have already investigated the electronic band
structure of NiO in more detail.’’~? In this study, the estimated
bandgap of NiOy, as defined by the oxygen composition, indi-
cates that the oxygen content does not significantly affect the
bandgap of NiOy. There is only a slight change observed in the
direct bandgap of NiO, when the oxygen content is varied. This
observation could be attributed to the presence of oxygen vacan-
cies or other available defects in the material. These defects may
trap electrons or holes, making them unavailable for the
band-to-band transitions and resulting in the alteration of the
effective bandgap.
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V. CONCLUSIONS

NiO thin films were synthesized using pulsed dc reactive mag-
netron sputtering with different oxygen flow ratios (4%, 19%, 27%,
35%, 43%, and 51%) and corresponding changes in the oxygen
content. Cubic NiO, is obtained on both Si(100) and c-Al,O3 sub-
strates with dominant 111 orientation. On the Si(100) substrate, the
NiOy films exhibited fiber-textured growth, with the [111] direction
being orthogonal to the substrate surface. On the c-Al,O; substrate,
epitaxially grown NiOy films were observed with epitaxial relation-
ships of NiO(111) || Al,05(0001) and NiO[110]| Al,03[1010] or
NiO[110]| Al,05[2110].

The morphology of the film was also affected by the variation
in the oxygen content. The films exhibited changes from rough
pyramidal shapes to smooth and uniform surfaces with distinct
grain boundaries on both substrates as the oxygen content
changed. However, the optical properties of the films, including the
refractive index, extinction coefficient, and absorption, were not
influenced by the oxygen composition in the film.
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