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ABSTRACT

Nickel oxide (NiO) thin films are of great importance for a variety of technological applications, especially in (photo)electrocatalysis for clean
energy production and pollutant degradation. In this field, various research efforts are devoted to the preparation of thin films with controllable
chemicophysical properties. In the framework of our research activities, we have recently fabricated NiO thin films by means of chemical vapor
deposition (CVD) using a series of closely related Ni(II) B-diketonate-diamine molecular precursors. In the present work, the attention is
focused on the x-ray photoelectron spectroscopy (XPS) analysis of a representative NiO film grown at 400 °C in an O, + H,O reaction atmo-
sphere. Besides the wide scan spectrum, high resolution spectra for C 1s, O 1s, and, in particular, Ni 2p are reported and discussed in detail.
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Accession#: 01869 Major Elements in Spectra: C, O, and Ni

Technique: XPS Minor Elements in Spectra: None

Specimen: NiO Published Spectra: 4

Instrument: SPECS EnviroESCA Spectral Category: Comparison

INTRODUCTION doping, allowing for efficient utilization of a broader solar spetrum

range (Ref. 5). Furthermore, surface modification techniques such
as metal cocatalyst deposition and nanoparticle loading have been
explored to enhance the photocatalytic activity and charge separa-
tion efficiency of NiO thin films. As electrocatalysts, the latter have

Nickel oxide (NiO) thin films have gained significant attention
in recent years due to their attractive photocatalytic and electrocata-
Iytic properties (Refs. 1-4). These systems exhibit a unique combi-
nation of semiconducting behavior and excellent stability, making

them promising candidates for various applications, particularly in demonstrated remarkable performances in electrochemical water
the fields of energy conversion and environmental remediation. As ~ splitting systems, for the oxygen evolution reaction, and energy
photocatalysts, NiO thin films have shown great potential in har- storage devices, such as supercapacitors. Their high electrochemical
nessing solar energy for water splitting, pollutant degradation, and stability, excellent charge transport properties, and abundant active
CO, reduction, offering a sustainable approach to address the sites contribute to their outstanding catalytic performances. In this
global energy and environmental challenges. The bandgap of NiO regard, advances in synthetic techniques, including atomic layer
thin films can be engineered by controlling their thickness and deposition, sol-gel methods, and electrodeposition, have enabled
Surf. Sci. Spectra, 30(2) Dec 2023; doi: 10.1116/6.0003008 30, 024028-1
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precise control over the composition, morphology, and nanostruc-
turing of NiO thin films, enabling to boost and tailor their func-
tional activity as a function of the specific end-use (Ref. 6).

In the framework of our recent research projects, we have ded-
icated various efforts to chemical vapor deposition (CVD) of NiO
films from diketonate-diamine adducts. In this study, we present
and discuss the outcomes of an XPS investigation on a representa-
tive specimen performed using an Al K, x-ray source, analyzing
the C 1s, O 1s, and Ni 2p spectral regions.

SPECIMEN DESCRIPTION (ACCESSION # 01869)

Specimen: NiO thin film supported on Si(100)

CAS Registry #: 1313-99-1

Specimen Characteristics: Homogeneous; solid; polycrystalline;
semiconductor; inorganic compound; thin film

Chemical Name: Nickel(II) oxide

Source: Sample deposited on Si(100) by CVD

Composition: C, O, and Ni

Form: Supported thin film

Structure: The film x-ray diffraction (XRD) pattern displayed two
signals due to (111) and (200) crystallographic planes of cubic
NiO (26 =37.2° and 43.3°, respectively) (Ref. 7). A comparison
of the actual relative intensities with the ones of the reference
patter highlighted the occurrence of a (100) preferential orienta-
tion. The average crystallite dimensions were estimated to be
18 nm by means of the Scherrer formula. Scanning electron
microscopy (SEM) analyses revealed the formation of a
columnar-type film uniformly covering the substrate surface,
with a mean thickness of 170 nm.

History and Significance: A cold-wall, horizontal custom-built
apparatus, equipped with a resistively heated metal susceptor
and a quartz chamber, was used for the CVD of NiO thin films.
In a typical deposition experiment, the Ni(dpm),TMEDA pre-
cursor (Hdpm = 2,2,6,6-tetramethyl-3,5-heptanedione, TMEDA =
N,N,N',N' -tetramethylethylenediamine), synthesized as previously
reported (Ref. 6), was heated in a glass vaporizer at 120 °C by
means of an external oil bath, and its vapors were delivered into
the reactor chamber by means of an electronic grade O, flow
[100 standard cubic centimeters per minute (SCCM)]. The gas
lines connecting the precursor vessel and the reaction chamber
were heated at 140 °C by means of external tapes to avoid detri-
mental precursor condensation. An additional electronic grade
oxygen flow (100SCCM) was separately introduced into the
reactor after passing through a water reservoir maintained at 35°
C. Growth processes were carried out at a total pressure of
10.0 mbar and a temperature of 400°C on Si(100) substrates
(MEMC Electronic Materials S.p.A, Merano (BZ), Italy), pre-
cleaned by sonication in isopropylic alcohol, dichloroethane, and
final etching in a 2% HF solution.

As Received Condition: As grown

Analyzed Region: Same as the host material

Ex Situ Preparation/Mounting: Sample crimped on a metal stub
accessory and introduced into the analysis chamber.

In Situ Preparation: None

ARTICLE pubs.aip.org/avs/sss

Charge Control: No flood gun was used during the analysis. For
further details on the charging correction procedure, see Data
Analysis Methods, Energy Scale Correction.

Temp. During Analysis: 298 K

Pressure During Analysis: <1 x 10™* Pa

Preanalysis Beam Exposure: 180 s

INSTRUMENT DESCRIPTION

Manufacturer and Model: SPECS EnviroESCA
Analyzer Type: Spherical sector

Detector: Other 1D delay line detector (1D-DLD)
Number of Detector Elements: 25

INSTRUMENT PARAMETERS COMMON TO ALL
SPECTRA

Spectrometer

Analyzer Mode: Constant pass energy
Throughput (T = EY):N=0

Excitation Source Window: Silicon nitride
Excitation Source: Al K, monochromatic
Source Energy: 1486.6 eV

Source Strength: 56 W

Source Beam Size: 250 x 250 um”

Signal Mode: Multichannel direct

Geometry

Incident Angle: 55°

Source-to-Analyzer Angle: 55°

Emission Angle: 0°

Specimen Azimuthal Angle: 0°
Acceptance Angle from Analyzer Axis: 22°
Analyzer Angular Acceptance Width: 44°

DATA ANALYSIS METHOD

Energy Scale Correction: Binding energy (BE) values were cor-
rected for charging by assigning to the adventitious C 1s peak a
BE of 284.8 eV (Ref. 8).

Recommended Energy Scale Shift: —0.042 eV

Peak Shape and Background Method: Gaussian-Lorentzian sum
functions with a Shirley background were used for peak fitting.

Quantitation Method: Atomic concentrations were calculated by
peak area integration using sensitivity factors provided by
SPECS software (SpecsLab Prodigy Version 4.94.2).
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SPECTRAL FEATURES TABLE

Spectrum ID Element/ Peak Peak Width Peak Area Sensitivity Concentration

# Transition Energy (eV) FWHM (eV) (eVxcts) Factor (at. %) Peak Assignment
01869-02° Ci1s 284.8 13 4593.6 1 29.0 Adventitious surface contamination
01869-02* C1s 286.4 13 510.6 1 32 C-0 species from precursor residuals
01869-02° Cis 288.3 13 490.7 1 3.1 Chemisorbed carbonates
01869-03" 01s 529.9 1.3 7236.1 248 18.4 Lattice oxygen in NiO
01869-03° O1s 531.5 18 5833.2 248 14.9 Surface-chemisorbed hydroxyls/carbonates
01869-03" O1s 533.0 1.8 968.5 248 25 Adsorbed water

01869-04° Ni 2p 74074.1 16.18 289

01869-04" Ni 203, 853.8 NiO (1)

01869-04 Ni 2p3 855.3 NiO (2)

01869-04 Ni 2psp 860.7 NiO (3)

01869-04°° Ni 2ps, 872.0 NiO (4,5)

01869-04 Ni 2p12 879.4 NiO (6)

Comment to Spectral Features Table:

#The sensitivity factor is referred to the whole C 1s signal.

®The sensitivity factor is referred to the whole O 1s signal.

“The sensitivity factor, peak area, and concentration are referred to the whole Ni 2p signal.

9For the attribution of spectral features 1-6, refer to Footnote to Spectrum 01869-04.

®Components (4) and (5) are partially overlapped and give rise to the band located at 872.0 eV.

Footnote to Spectrum 01869-02: The C 1s signal was characterized by the presence of three contributing bands. The most intense one (82.1% of the total carbon
amount), located at BE =284.8 eV, was related to adventitious contamination arising from air exposure and sample manipulation prior to the analysis. The band centered at
BE =286.4 eV, corresponding to 9.1% of the total carbon content, was related to C-O species from Ni precursor residuals, whereas the peak at BE = 288.3 eV was due to
the presence of chemisorbed carbonates (Refs. 8-11). This assignment is in line with O 1s peak fitting results (see comments to Spectrum 01869-03).

Footnote to Spectrum 01869-03: Three components contributed to the O 1s signal. The one centered at a BE of 529.9eV (~50.0% of the total oxygen) was due to
lattice oxygen in the NiO network (Refs. 12-18), whereas the band at BE=531.5eV was ascribed to the presence of both hydroxyl and C-O moieties, such as
chemisorbed carbonates (Refs. 9—11 and 19-22). The third band, centered at 533.0 eV, was due to adsorbed H,O (Refs. 10, 23, and 24). The presence of the latter two
bands, arising from the use of water vapor as coreactant during the growth process, was responsible for a O/Ni atomic percentage ratio slightly higher than the
stoichiometric value.

Footnote to Spectrum 01869-04: The Ni 2p photopeak, featuring a shape and energy position in agreement with previous data for NiO (Refs. 10, 12, 13, 19, and 25-30),
displays a much more complex profile than the simple doublet expected on the basis of the sole spin-orbit splitting. In figure 01869-04, 1, 2, and 3 labels (located at 853.8,
855.3, and 860.7 eV, respectively) refer to the 2ps;, spin-orbit split component features, whereas 4 and 5 (partially overlapped, yielding the feature at 872.0eV) and 6 (at
879.4 V) labels mark the 2p;,, ones. The correct assignment of these features is still controversial, and indeed contrasting interpretations are available in the literature so
far. In different works, the doubly peaked main line was related to the occurrence of Ni(lll) centers at the system surface (Refs. 14, 15, and 31-38), and in various cases,
Ni(lll) contents comparable, or even higher, than Ni(ll) ones (Refs. 31, 33, 35, and 36), or the formation of a Ni,O5 subsidiary phase along with NiO (Refs. 15, 32, 37, and
39-41) has been claimed basing on the sole XPS data. Nonetheless, this interpretation contradicts not only experimental results obtained by x-ray absorption spectroscopy
(XAS), but also the presence of the same spectral features even for NiO single crystals freshly cleaved in vacuum, indicating that the target satellite structure is unique to
NiO (Refs. 12 and 13). Hence, a realistic understanding of Ni 2p signal shape should not take into account variations in the metal center oxidation state, but rather a
contribution of the coordinated O electronic states to Ni 2p spectral features (Ref. 25).

One of the explanations proposed for the overall Ni 2p signal shape in NiO, with a 3d® configuration of metal centers, is as follows. The formation of a hole in the Ni2p core
level upon photoionization is accompanied by a strong Coulomb repulsion with the holes present in 3d orbitals. Although the ground state features a predominant 3d®
character, the lowest energy will be corresponding to a 93d99 state [1 and 4 peaks (Ref. 26)], where ¢ and O indicate a hole in the 2p core level and the O band,
respectively. 3 and 6 structures, which have generally been regarded as “shake-off’ satellites, can be attributed to unscreened ¢3c® final states (Ref. 26). Nonetheless, this
model does not provide an explanation for features 2 and 5. In this regard, a valuable explanation was proposed by Sawatzky et al., who argued that the 2p core-level line
shape is significantly affected not only by nearest-neighbors, but also by next-nearest-neighbor configurations (Ref. 12). According to this nonlocal screening mechanism,
which involves at least two sites, a core hole can also be screened by an electron coming from a neighboring NiOg unit and not necessarily from O atoms bonded to the
emitting Ni site. The validity of this nonlocal screening process is highlighted by the fact that even inclusion of multiplet effects cannot reproduce the Ni 2p NiO spectrum if
one uses a single-Ni-site model (Ref. 13). The nonlocal screening process accounts for a general consensus on the assignment of the above features. The satellite
intensity is directly dependent on the local environment and is hence very sensitive to material crystallinity and defectivity (Ref. 12).

On the basis of the above observations, 2 and 5 features originate from screening by an electron that does not come from O orbitals around the Ni(ll) center bearing the
core hole but from an adjacent NiOg unit. In particular, after the creation of a core hole (3d® — g3d8), the system energy can be lowered thanks to screening electrons from
neighboring sites, yielding ¢3c® — ¢3d°0 states. According to the nonlocal screening mechanism, an electron is transferred from a neighboring NiOg unit: ¢3d?;
3c® — ¢30%30%0. This yields a main 2p°3d® character for the local configuration at the emitting Ni site (Ref. 13) and an extra-hole 3¢®0 in a neighboring unit (Ref. 12).

In spite of this explanation, it is worthwhile noticing that the matter is still subject of debate, since quantum chemical calculations on NiO using a variety of approaches
suggest a Ni ground state charge lower than 2, and, in particular, ranging from 1.33 to 1.68, as resulting from density functional calculations. In line with this interpretation,
in the ground state, no ¢ is present and the initial state electron configuration is better written as SdMQ‘8 (Ref. 27).
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ANALYZER CALIBRATION TABLE

Spectrum ID Element/ Peak Energy Peak Width Peak Area Sensitivity Concentration Peak
# Transition (eV) FWHM (eV) (eVxcts) Factor (at. %) Assignment
22 Ag 3ds) 368.2 0.7 732294 Ag(0)

2The peak was acquired after Ar* erosion.
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GUIDE TO FIGURES

Spectrum (Accession) # Spectral Region Voltage Shift” Multiplier Baseline Comment #

01869-01 Survey +0.042 1 0

01869-02 C1s +0.042 1 0

01869-03 0 1s +0.042 1 0

01869-04 Ni 2p +0.042 1 0

#\loltage shift of the archived (as-measured) spectrum relative to the printed figure. The figure reflects the recommended energy scale correction due to a calibration

correction, sample charging, flood gun, or other phenomenon.
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Accession # 01869-01
Il Specimen NiO
H Technique XPS
Il Spectral Region Survey
Instrument SPECS EnviroESCA

Excitation Source
Source Energy

Source Strength

Source Size

Analyzer Type

Incident Angle
Emission Angle
Analyzer Pass Energy
Analyzer Resolution
Total Signal Accumulation Time
Total Elapsed Time
Number of Scans
Effective Detector Width

Al K., monochromatic
1486.6 eV

56 W

0.250 x 0.250 mm?
Spherical sector analyzer

55°

OO
100 eV
1.0eV
651.6s
844.0s

2
1.0eV
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Il Accession #: 01869-02
Hl Specimen: NiO
Bl Technique: XPS
I Spectral Region: C 1s

Instrument: SPECS EnviroESCA
Excitation Source: Al K,, monochromatic
Source Energy: 1486.6 eV

Source Strength: 56 W

Source Size: 0.250 x 0.250 mm?
Analyzer Type: Spherical sector
Incident Angle: 55°

Emission Angle: 0°

Analyzer Pass Energy: 40 eV
Analyzer Resolution: 0.4 eV

Total Signal Accumulation Time: 1387.5s
Total Elapsed Time: 1982.5s

Number of Scans: 15

Effective Detector Width: 0.4 eV
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Il Accession #: 01869-03
Hl Specimen: NiO
Il Technique: XPS
M Spectral Region: O 1s

Instrument: SPECS EnviroESCA
Excitation Source: Al K,, monochromatic
Source Energy: 1486.6 eV

Source Strength: 56 W

Source Size: 0.250 x 0.250 mm?
Analyzer Type: Spherical sector
Incident Angle: 55°

Emission Angle: 0°

Analyzer Pass Energy: 40 eV
Analyzer Resolution: 0.4 eV

Total Signal Accumulation Time: 1327.5s
Total Elapsed Time: 1896.0 s

Number of Scans: 15

Effective Detector Width: 0.4 eV
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