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osition of NiOx: harnessing the
potential of new precursor combinations for
photoelectrochemical water oxidation

Vyshnav Kannampalli, a Marcel Schmickler, bc Bruno Fabre, d

Ludovic Largeau, e Antoine Seyeux, f José Alvarez, gh Simon D. Elliott, i

Anjana Devi bcj and Lionel Santinacci *a

This work presents the first report of thermal atomic layer deposition (ALD) of NiOx using two nickel

precursors – Alanis™ and [Ni(ipki)2] – in combination with two different oxygen sources (H2O and O3),

over a temperature range of 75–250 °C. The Alanis/O3 composition exhibited one of the highest growth

rates per cycle (1.1–1.4 Å) and a broad ALD window between 100 and 200 °C. In contrast, the Alanis/

H2O and [Ni(ipki)2]/O3 combinations yielded lower growth rates of 0.74 Å at 150 °C and 0.40 Å at 250 °C,

respectively. Comprehensive structural, morphological, optical, and chemical characterisation revealed

that the choice of precursor combination and the reaction temperature significantly impact the film

composition, thereby strongly influencing its suitability for various applications. Notably, those

parameters closely determined the photoelectrochemical performance and the stability of the Si/NiOx-

based photoanode towards the oxygen evolution reaction (OER). Photoelectrodes fabricated with Alanis/

O3 at 200 °C demonstrate stability exceeding 24 hours and exhibit a remarkable OER onset potential of

1.15 V vs. RHE for a photocurrent density of 1 mA cm−2.
1 Introduction

Over the past decade, semiconductor oxides have achieved
signicant advancements, leading to their widespread applica-
tion in various elds, including electronic devices such as
photovoltaics, sensors, thin-lm transistors, LEDs, and
nonvolatile memory devices, as well as in catalysis, solar fuels
and other emerging technologies.1–6 Their stable electronic
properties, combined with the ability to fabricate high-quality
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lms at low temperatures,1,6–8 make them highly attractive for
diverse applications.

The studies of oxide electronics have largely focused on n-
type semiconductors for both exible and rigid devices,2,5 but
p-type oxides are gaining more and more attention due to their
crucial role in next-generation technologies. These include
protective and catalytic layers in photoelectrochemical (PEC)
systems, transparent complementary metal-oxide semi-
conductors (CMOSs) for integrated circuits, hole transport
layers (HTLs) in photovoltaics, and exible p–n junctions.9–12

Among p-type oxides, tin monoxide (SnO), cuprous oxide
(Cu2O), and nickel oxide (NiO) are currently themost extensively
studied.13 However, SnO and Cu2O are metastable at room
temperature and they tend to undergo phase transformation
into n-type tin dioxide (SnO2) or lower-band gap (Eg) cupric
oxide (CuO), respectively.5 In contrast, NiO exhibits excellent
stability under ambient conditions, making it a promising
candidate for various applications. For instance, in addition to
its chemical and thermal stability, NiO's wide direct band gap,
excellent optical transparency, and deep valence band edge (Ev)
make it highly advantageous for electrocatalytic applications.

Defects are generally detrimental to many systems, particu-
larly electronic devices. However, they can be benecial in other
elds, such as sensors or electrochemical systems for the
oxygen evolution reaction (OER).14,15 In the case of NiO, it is
generally accepted that charge compensation of nickel vacan-
cies ðV ��

NiÞ is the main driving mechanism leading to p-type
J. Mater. Chem. A
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Fig. 1 Chemical formula of the Ni precursors: (a) Alanis™ (with R, R1

and R2 standing for hydrocarbon ligands consisting of only C and H),
(b) [Ni(ipki)2] and (c) [Ni(EtCp)2].
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conductivity, since they are very easy to form as compared with
oxygen vacancies.16–19 Considering that aws play an essential
role in the properties of NiO and that it is oen produced in
non-stoichiometric compositions, it is referred to as NiOx in the
following. Radinger et al.20 investigated the role of defects by
comparing the electrochemical activity of a highly defective
amorphous material with that of a single crystal. Their ndings
revealed that lattice defects promote the formation of Ni(OH)2,
facilitating its oxidation to active Ni-(oxy)hydroxides (NiOOH),
which thereby signicantly enhances the electrocatalytic
performance.

Surface defects also have a strong inuence. Weidler et al.21

demonstrated that an increased surface concentration of
hydroxide moieties lowers the overpotential (h) for the OER
process by accelerating the Ni(OH)2/NiOOH phase transition at
the surface. This demonstrates the critical inuence of the NiOx

surface on the expected functional properties. Moreover, it
exhibits distinct surface conditions in aqueous and aprotic
electrolytes, which signicantly impact the OER response of the
system.22

Since the electronic and electrochemical properties of NiOx

can be tuned by adjusting bulk and/or surface defects, it has
been successfully used for water photosplitting. Recent studies
have reported efficient and highly stable photoanodes by
growing catalytic NiOx layers onto silicon.23–25 Previously, TiO2

was deposited prior to Ni islands to protect n-Si,26 but NiOx is
highly valuable since it acts as both a protection layer and
a catalyst.

NiOx layers can be synthesised using a wide range of tech-
niques that potentially lead to different properties. Physical and
chemical methods include pulsed laser deposition,27 sputter-
ing,28 thermal evaporation,29 sol–gel processing,30,31 chemical
bath deposition,32 spray pyrolysis,33 and atomic layer deposition
(ALD).34–36 The latter, in particular, offers exceptional control on
a sub-nanometric scale, resulting in uniform, high-quality thin
lms with excellent surface coverage.37 As a chemical method,
ALD operates through a sequence of self-limited reactions,
enabling the deposition of pinhole-free conformal coatings over
micro- or nanostructured surfaces that can exhibit enhanced
optical absorption. Such an approach has been demonstrated,
for the OER, by deposition of TiO2 on porous Si resulting in
a longer electrode's lifetime and a better electrochemical
response.38 The precise control and reproducibility of ALD allow
for ne-tuning of the chemical, optical, and electronic proper-
ties, ensuring consistent stoichiometry, material density, and
controlled doping.39,40 The synthesis parameters play, however,
a crucial role. In previous studies, we have shown that both
precursor chemistry and deposition temperature (TALD) have
a critical inuence on the physico-chemical and electro-
chemical properties on TiO2 thin lms.41,42 In the case of NiOx,
a signicant variation in lateral resistivity and electrochemical
activity has recently been demonstrated in layers grown
according to two different ALD processes.43 A threefold increase
in activation is reported for NiOx grown by plasma-assisted
compared to thermal ALD.

Despite the numerous benets offered by ALD, growing NiOx

via this technique remains challenging. Over the past two
J. Mater. Chem. A
decades, various ALD processes have been pursued to synthe-
size NiOx lms using different nickel and oxygen precursor
combinations. These include Ni(Cp)2,44–46 Ni(MeCp)2,34,36

Ni(EtCp)2,47 Ni(dmamp)2,48 Ni(dmamb)2,49,50 Ni(acac)2,51

Ni(apo)2,52 Ni(dmg)2,52 Ni(thd)2,52 and Ni(amd)2,53 frequently
paired with O3, H2O, H2O2, or O2 plasma. However, like most
metal-based ALD processes, these approaches generally result
in a low growth per cycle (GPC), oen less than 1.0 Å.54–58

Recently, Holden et al.59 reported ALD of NiO with a GPC of 1.2 Å
using Ni(tBu2DAD)2 with O3 as the co-reactant. However, the
requirement of a large amount of metallic precursor with
a narrow ALD window further limits the usage of this precursor
for wide applications.

In recent years, there has been growing interest in the
development and evaluation of heteroleptic precursors for ALD.
Such compounds are characterized by a metal atom bonded to
two or more distinct ligands. The appeal of this approach lies in
the potential to engineer a precursor that combines advanta-
geous properties, such as enhanced vapor pressure (Vp), opti-
mised reactivity, and improved thermal stability by integrating
the desirable characteristics of the individual homoleptic
parent compounds. For ALD of NiO, the heteroleptic complex
[Ni(acac)2(TMEDA)] is the only reported precursor, exhibiting an
impressive GPC of 2 Å, along with superior volatility and
thermal stability compared to Ni(acac)2.54 However, its bulky
ligands necessitate a higher Ni precursor dose to reach satura-
tion, potentially limiting reaction kinetics. Despite promising
material properties, the NiO with a large TALD range starting at
a relatively low temperature (TALD < 150 °C) is still challenging
due to various factors such as lower GPC, poor reaction kinetics
or even the poor reactivity of the co-reactant.49,60,61

In this work, we report for the rst time the use of two
precursors in thermal ALD processes—Alanis™ (Fig. 1a), a nickel
heteroleptic amidinate, and bis(4-(isopropylamino)-pent-3-en-2-
onato)nickel(II), [Ni(ipki)2], a b-ketoiminate complex (Fig. 1b). This
precursor has previously been employed in both chemical vapour
deposition (CVD)62 and spatial-ALD.63 In Alanis, R and R1 represent
CH groups restricted to alkyl chains, while R2 refers to a substit-
uent consisting solely of C and H atoms. Such compounds form
relatively weak Ni–C bonds that are O3 and H2O-sensitive. Alanis
shows a signicantly higher vapor pressure and lower temperature
stability (see the thermogravimetric analysis in Fig. S1a) with
a tunable reactivity due to its heteroleptic ligand moieties, which
further helps optimise the ALD process carried out at lower
temperatures. On the other hand, b-ketominates are the inter-
esting complexes having two different types of atoms (N and O)
This journal is © The Royal Society of Chemistry 2025
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bonded to the central metal atom with tunable reactivity and
stability64 (Fig. S2).

In addition, to investigate the effect of the Ni precursors on
NiOx deposition, the inuence of two co-reactants, O3 and H2O, is
studied because they can induce different properties in the grown
layers. Water proceeds via deprotonation, but its reactivity is
limited by the steric effects of the Ni precursor and is less
favourable at lower reactor temperature (TALD), resulting in slower
or incomplete reactions. Using higher TALD might cause precursor
desorption (limiting the growth) or thermal decomposition
(resulting in CVD and poor lm quality). Water adsorbs strongly,
elongating the purge step, and might induce the incorporation of
hydroxyl into the layer, resulting in low-quality material. However,
water is an easy-to-handle, harmless compound that exhibits high
vapour pressure. Conversely, O3 is toxic but muchmore reactive. It
may even damage the surface, introduce defects, and result in
a rough deposit. A stable O3 concentration is always required for
the continuous run of ALD cycles, and high TALD can lower the O3/
O2 ratio. It reacts with the amidinate backbone and decomposes
the organic via a radical mechanism. In many examples, C
incorporation occurs due to the formation of metal-carbonates
from the reaction between O3 and the ligands. Although O3

might lead to a higher GPC at lower TALD, both reaction pathways
exhibit detrimental effects, including ligand-fragment incorpora-
tion, stoichiometric defects, and rough layers. It is therefore
difficult to predict which oxygen source is best. Consequently, it is
relevant to study the process using both oxygen sources to assess
their effects on the nal layer properties and to select the most
suitable one for the intended application.

ALD reactions are initially optimised with Alanis/O3, Alanis/
H2O and [Ni(ipki)2]/O3 precursor combinations, while
[Ni(EtCp)2]/O3 (Fig. 1c), studied previously,65 is used as a refer-
ence. A comprehensive comparative study is subsequently
conducted on the morphological, structural, and chemical
characteristics of the NiOx layers, alongside their optical and
photoelectrochemical properties. It is shown that the nature of
the precursors and the deposition temperature drive the phys-
icochemical and functional properties of the lms.

2 Experimental
2.1 Materials

2.1.1 Sample preparation. The NiOx deposition was per-
formed on various substrates such as n-type silicon (Siltronix, 1–10
U cm, 525 ± 25 mm, single-side polished), p+-Si (Siltronix, 0.0011–
0.017 U cm, 255–295 mm, single-sided polished), uorine-doped
tin oxide (FTO, TEC10, from Solems), and fused-silica (FS, 150
mm, double-side polished from Neyco).

All the silicon substrates were cleaned according to the RCA
cleaning protocol, consisting of initial 10 min sonications in
acetone, isopropanol, and methanol, successively. The samples
were then dipped in SC-1 solution for another 5 min (SC-1 is
prepared by mixing H2O, NH3 (28%), and H2O2 (30%) in a volume
ratio of 5 : 1 : 1 and heated at 75 °C) aer rinsing thoroughly with
deionized water (a resistivity of 18.2 MU cm). Aer, they were
immersed, for 10 min, in SC-2 (H2O, HCl (37%), and H2O2 (30%)
in a volume ratio of 6 : 1 : 1, heated at 75 °C), followed by a HF
This journal is © The Royal Society of Chemistry 2025
(10%) dip for another 30 s to etch the SiO2 layer. The Si wafers were
rinsed with deionized water and immersed in SC-1 solution
a second time. This process is repeated three times. The samples
were nally rinsed with deionized water and dried under a N2

stream. This preparation leads to a uniform SiO2 layer with
a thickness of 1–2 nm on the Si surfaces. The fused silica was
cleaned using the same procedure by skipping the HF etching
step. The cleaning process was performed before the deposition.
The FTO substrates were cleaned initially by sonication in deion-
ized water, followed by organic solvents such as acetone, ethanol,
and isopropanol, and the substrate is kept in the isopropanol
solution and taken out just before the ALD reaction.

2.2 ALD of NiOx

NiOx lms were grown by thermal ALD in a shower-head hot-wall
reactor Fiji 200 (Veeco/Cambridge Nanotech) equipped with a 10 g
h−1 solid state O3 generator (Plasma Technology Inc., USA) and an
in situ M2000V spectroscopic ellipsometer (J. A. Woollam Inc) for
monitoring the growth in real time. The Tauc–Lorentz oscillator
model, reported earlier,65,66 was used in CompleteEASE soware
(v4.72) for extracting both layer thickness (tNiO) and the refractive
index (n).

As mentioned above, the deposition was performed using
three different Ni precursors: [Ni(EtCp)2] (98% from Strem
Chemicals), Alanis™ (98.4% from Air Liquide Advanced Mate-
rials67) and [Ni(ipki)2] synthesised according to a previously re-
ported study.62 Two O-sources were used with Alanis: O3 and
H2O. The rst one was produced from O2 (99.999%, Linde
Electronics) leading to an O3 concentration of around
150 mg L−1. Freshly produced deionized water was stored in
a canister at room temperature in the second case. Ar (99.999%,
Linde Electronics) served as the vector gas.

During the processes, TALD was varied from 75 to 250 °C. Its
inuence on the deposition is described below in Section 3. The
temperature of the canister (Tc) containing the Ni precursors
was adjusted to optimise Vp. Fig. S3 shows the evolution of the
chamber's pressure against time. The pressure increase (DP)
corresponding to the precursor pulse is assessed while Tc is
stepped for Alanis and [Ni(ipki)2] and compared to [Ni(EtCp)2].
Tc was set accordingly to 80, 150 and 90 °C for Alanis and
[Ni(ipki)2] and [Ni(EtCp)2], respectively, to deliver a sufficient
number of molecules into the reactor (i.e. DP in the range of
0.01 torr).

The ALD cycle consisted of sequential pulse, exposure and
purge steps of the Ni precursor and O source, successively. The
exposure step was implemented to achieve uniform deposits
and to be compatible with three-dimensional substrates. The
reaction recipes of the [Ni(EtCp)2] and O3 combinations are
reported earlier.65,68 The ALD sequences for the new precursor
combinations have been optimised within the present work and
are reported hereinaer in Section 3. The thickness of the lms
was then tuned by adjusting the number of cycles (NALD).

2.3 Characterisation methods

2.3.1 Morphology and thickness of the lms. The
morphology of the NiOx layers was studied by transmission
J. Mater. Chem. A
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electron microscopy (TEM) using a Titan Themis 200 (Thermo
Fisher Scientic). TEM lamellae were fabricated by focussed ion
beam (FIB) micro-machining using a SCIOS FIB-SEM dual beam
(Thermo Fisher Scientic). Chemical imaging was performed by
energy dispersive spectroscopy (EDS) using a SuperX 4-quadrant
(Bruker) mounted on a TEM.

In addition to ellipsometry, the thickness was conrmed by
X-ray reectivity (XRR) using an X'Pert Pro MPD diffractometer
(Malvern PANalytical Inc). The incident radiation was Cu Ka (l=
0.15418 nm) and the operating power was 45 kV and 35 mA. For
the incident beam, (1/32°) and (1/16°) slits were used as diver-
gence and cleaning slits, and a 5 mm mask was used for the
lateral size of the beam. For the detection beam, a PPC (parallel
plate collimator) with a 0.18° slit was used. A 0.1 mm Cu
attenuator was used to measure the data until 1° in 2q, in order
to avoid the saturation of the detector. Data were tted using
GenX soware (v3.7) to extract the lm thickness, density and
roughness.

Non-contact atomic force microscopy (AFM) was also used to
measure the lm roughness using an XE-100 microscope (PSIA).
Root mean square roughness (Rrms) was determined using
Gwyddion soware (v2.63).

2.3.2 Crystalline structure. The crystalline structure of the
NiOx layers was determined by X-ray diffraction (XRD) using
a high brilliance rotating anode (Rigaku, RU-200BH) equipped
with a Fox3D Cu 12_INF mirror (Xenocs) and an image plate
detector (Rayonix, Mar345). The radiation used was Cu Ka, and
the beam size was 0.5 × 0.5 mm2. The experimental resolution
was about 0.3° in 2q. In addition, selected area diffraction
(SAED) was carried out using the TEM to conrm the crystalline
nature of the material.

2.3.3 Chemical composition. Asmentioned in Section 2.3.1,
EDS was used to carry out cross sectional chemical mapping
during TEM observations. X-ray photoelectron spectroscopy
(XPS) was also performed at various incident angles using
a NEXSA G2 (Thermo Fisher Scientic) equipped with a mono-
chromatic Al Ka source (1486.6 eV). The take-off angle (TOA) was
varied from 30 to 90° to probe either the top surface or deeper
within the lm, respectively. The binding energy (BE) was cor-
rected using the C 1s peak at 284.8 eV as an internal standard.
Data processing was performed with CasaXPS analysis soware
(v2.3.26) using a Shirley-type background subtraction. The
component peaks are dened by their EBE, full width at half
maximum (FWHM) and Gaussian–Lorentzian envelope ratio.

The composition of the lms was determined by Rutherford
backscattering spectrometry (RBS) in combination with nuclear
reaction analysis (NRA) experiments performed at the 4 MV
accelerator facility of RUBION/Ruhr-University Bochum. RBS
measurements were performed with a 4He+ ion beam of 2.0
MeV. With high sensitivity to O, C, and N, NRA was performed
using a 1.0 MeV deuteron ion beam. The SIMNRA program was
used for the processing and analysis of RBS and NRA raw data.

Depth proling was performed by time-of-ight secondary
ion mass spectrometry (ToF-SIMS) using a TOF-SIMS 5 spec-
trometer (IonToF GmbH, Germany) operated at a pressure of
10−9 mbar. Analyses were performed by applying a 2 keV Cs+

sputter beam over a 500 × 500 mm2 area with 100 nA target
J. Mater. Chem. A
current. It was interlaced with analyses performed using
a pulsed 25 keV Bi+ primary ion source, delivering a current of
1.1 pA over a 100 × 100 mm2 area. Negative ion depth proles
were acquired.

In addition to in vacuo chemical analyses, surface chemistry
was also assessed via static contact angle (SCA) measurements
using an OCA 20 instrument (DataPhysics). The experiments
were conducted with 9 mL of deionised water, and contact
angles were determined using SCA20 soware by averaging the
le and right SCAs from multiple trials.

2.4 Optical investigations

In addition to the ellipsometric investigations, the optical
properties of the thin lms were measured using a Cary 5000
UV-Vis-NIR spectrophotometer (Agilent) connected to an
external diffuse reectance accessory (DRA) system consisting
of aB150 mm integrating sphere. To probe the bulk absorption
of the material, 50 nm-thick lms were grown on the fused silica
substrates, which were used as a baseline for the
measurements.

2.5 Electronic properties

The work function (Wf) of the NiOx layers was measured with
a Kelvin probe using a KP020 system (KP Technology) equipped
with a B2 mm tungsten probe and a freshly exfoliated graphite
sample as the reference. The experiments were conducted in
a controlled humidity atmosphere (40%).

2.6 Electrochemical investigations

Electrochemical and photoelectrochemical investigations were
carried out in a three-electrode conguration. The sample was
used as a working electrode. Contact was established at the rear
by placing it on a copper plate. Ohmic contact was achieved by
smearing InGa eutectic on the backside of silicon. A Pt wire and
a mercury/mercuric oxide electrode (Hg/HgO, 1 M KOH, E° =

0.098 V vs. SHE) respectively, served as counter and reference
electrodes. All potentials in the following are referenced to the
reversible hydrogen electrode (RHE) to account for pH effects.
The samples were pressed against the O-ring of the electro-
chemical cell, leaving an area of 0.28 cm2 exposed to deoxy-
genated electrolyte (N2 bubbling) containing 1 M KOH (Sigma-
Aldrich, analytical grade). The electrochemical cell was con-
nected to an SP-200 potentiostat (Biologic SAS), and the setup
was placed in a dark room to avoid any uncontrolled
photoelectrochemical effects. Photoelectrochemical investiga-
tions were performed using a HAL-320 solar simulator (Asahi
Spectra). AM1.5G illumination was directed onto the sample
through a transparent quartz window.

The Mott–Schottky (MS) experiments are carried out in the
dark, in a three-electrode conguration with a Pt wire as a counter
electrode and a silver/silver chloride reference electrode (Ag/AgCl,
3 M KCl, E° = 0.212 V vs. SHE). Capacitance was measured as
a function of applied voltage in the depletion region. A 10 mV-
amplitude sinusoidal potential perturbation at a frequency (f) in
the range of 12 kHz was overlaid on the DC bias. All the analyses
were carried out in a monobasic phosphate buffer prepared from
This journal is © The Royal Society of Chemistry 2025
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an aqueous solution of 1MNa2SO4 and 0.1MNaH2PO4. The pH of
this buffer was adjusted to 11.96 by adding 1 M NaOH dropwise.
Fig. 2 The optimised ALD window of NiOx using different precursor
combinations: (a) Alanis/O3, Alanis/H2O, [Ni(ipki)2]/O3, and [Ni(EtCp)2]/
O3. (b) The evolution of the film thickness with the number of ALD
cycles for Alanis/O3 and Alanis/H2O combinations. N*

ALD is referenced
in the text.
3 Results and discussion
3.1 Optimisation of the ALD processes

Asmentioned above, Alanis exhibits interesting properties since
it allows for depositing at relatively low temperature. Optimi-
sation of ALD processes using this heteroleptic precursor in
combination with O3 and H2O is compared to [Ni(ipki)2],
a stable b-ketoiminate. The [Ni(CpEt)2]-based process has been
studied previously,65,68 and it is taken as a reference (the opti-
mised recipe and GPC are indicated in Table 1).

3.1.1 Alanis/O3. The ALD sequence for the Alanis/O3

combination is based on the process using Ni(EtCp)2/O3, which
was optimised previously.65,68 The study started, therefore, with
pulse, exposure, and purge durations of 2 : 15 : 30 s and 0.4 : 12 :
33 s for Alanis and O3, respectively. The purging steps were le
long while optimising the Alanis and O3 pulse times to to
suppress their effect. As seen on GPC vs. pulse time curves at
TALD = 150 °C (Fig. S4a and c), saturation is reached aer 1.5
and 0.3 s for Alanis and O3, respectively. For shorter injections,
deposition does not achieve the highest GPC, while longer
pulses lead to a constant value, resulting in waste of precursors.

The purge times were then assessed using these pulse times.
GPCs decrease rapidly with purge time (Fig. S4b and d),
reaching plateaus near 1.2 Å aer 20 s. This suggests a CVD
contribution for short purge times, whereas the process is self-
limited aer 20 s. The optimised ALD recipe is achieved with
pulse, exposure, and purge sequences of 1.5 : 15 : 20 s and 0.3 :
12 : 20 s for Alanis and O3, respectively, resulting in a GPC of 1.2
Å (see Table 1).

Aer such optimisation at TALD= 150 °C, saturation of the Ni
precursor's pulse was assessed on the whole temperature range
while keeping other parameters at maximum (see Fig. S5a). The
GPC vs. TALD evolution could therefore be plotted with opti-
mised sequences in Fig. 2a. It exhibits a nearly constant growth
rate over a broad temperature range (100 to 175 °C) with a GPC
of 1.1 to 1.2 Å. This corresponds to the so-called ALD window,
where self-limited deposition occurs and thereby conformality
is achieved.

At TALD = 75 °C, GPC is signicantly higher (z1.4 Å). It
continuously increases with Alanis pulse time and no saturation
could be observed for purge durations as long as 60 s. This
behaviour can be attributed to the condensation of the Ni
precursor onto the substrate. It leads to a non-self-limiting
process and the composition of the lm is no longer
controlled (Fig. S6).
Table 1 The optimised ALD sequences for NiOx using different precurs

Alanis/O3

ALD sequence for the Ni precursor (s) 1.5 : 15 : 20
ALD sequence for the O source (s) 0.3 : 12 : 20
GPC (Å) 1.2
Deposition duration for 50 nm (h) 10

This journal is © The Royal Society of Chemistry 2025
At TALD = 200 °C, GPC is also higher than the ALD window
(z1.4 Å). Such GPC improvement is usually ascribed to either
precursor decomposition associated with a CVD contribution or
reaction enhancement due to greater amount of energy trans-
ferred to the system. Since GPC exhibits the expected saturation
trend when increasing Alanis's pulse time (Fig. S6), precursor
decomposition does not seem to occur (note that Alanis's purge
time was adjusted accordingly for the longest pulse time to
ensure removal of physisorbed molecules). To further validate
this, the ALD reaction was conducted without injecting an
oxygen source. The evolution of the GPC against Alanis's pulse
time (Fig. S7) indicates that no deposition occurs up to TALD =

200 °C. Weak growth is measured at higher temperatures, but it
becomes signicant only above 250 °C. This indicates that the
or combinations

Alanis/H2O [Ni(ipki)2]/O3 [Ni(EtCp)2]/O3

1.5 : 15 : 30 1.0 : 18 : 35 2.0 : 15 : 30
1.0 : 12 : 60 0.4 : 12 : 35 0.3 : 12 : 33
0.74 0.40 0.15
23 38 98

J. Mater. Chem. A
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precursor is decomposing, which induces a CVD contribution to
the deposition process. The latter high temperature has there-
fore not been considered for the Alanis/O3 combination to avoid
an uncontrolled growth process. In addition, the XRD trend
indicates that the crystallinity of the as-deposited layer
enhances with reaction temperature (see Fig. 4b), which further
rules out the possibility of the decomposition below TALD = 200
°C.

3.1.2 Alanis/H2O. H2O is a user-friendly O-source for metal
oxide synthesis via ALD. However, due to its lower reactivity, the
metal precursor chemistry plays a crucial role in the reaction.
Regarding Alanis, the high reactivity of the amidinate moiety53,69

enables the investigation of its reaction with H2O. Similar to the
previous precursor combination, the ALD process is optimised
at 150 °C by analyzing the GPC vs. pulse and purge time curves.
According to the saturation curves (Fig. S8), the optimised
sequence is then set to 1.5 : 15 : 30 s and 1 : 12 : 60 s for Alanis
and H2O, respectively, achieving a GPC of 0.74 Å. The process is
then optimised within the Alanis stability temperature range, as
shown in Fig. 2a. A lower GPC is observed until TALD = 175 °C,
where it becomes close to Alanis/O3. This lower deposition rate
is in line with the lower reactivity of water compared to ozone.
The H2O-based process requires a longer purge step as water
usually sticks more onto the surfaces. However, the deposition
proceeds according to a self-limited reaction up to TALD = 200 °
C (Fig. S5b). No clear ALD window can be dened, however,
since GPC continuously increases up to 225 °C where thermal
decomposition of the Ni precursor leads to stabilisation.

In addition to the lower GPC, a signicant difference is
observed between the O3- and H2O-based recipes. Fig. 2b
compares tNiO vs. NALD curves when using H2O and O3 at TALD =

150 °C. In the case of O3, a linear increase crossing the x-axis at
0 is observed. Conversely, for H2O, the growth rate is initially
very low (NALD # 40 cycles), and it follows the expected linear
evolution only for higher numbers of cycles (NALD $ 40 cycles).
This retarded deposition is called nucleation delay (N*

ALD = 40
cycles). The GPC is deduced from the slope of the linear part of
the curve (i.e. for NALD $ N*

ALD). It is slightly lower than for O3.
This comparison clearly demonstrates the critical effect of the O
source on the ALD of NiO. Since the difference between the two
processes is the O source, the nucleation delay observed with
water could be explained by its lower reactivity. Retarded
nucleation can result from a different surface termination of the
substrate and/or by the preferential adsorption of the liberated
ligands on the substrate.70

Contact-angle measurements were performed to probe the
surface state before ALD and aer O3 or H2O exposures (Fig. S9).
In the case of the as-prepared surfaces (RCA cleaned), an angle
of 62° is measured. This low wettability reects a low density of
surface hydroxyl groups. Aer 30 pulses of O3, the contact angle
drops down to 32° while it remains at 63° aer being exposed to
30 pulses of H2O. This shows that the SiOx surfaces achieved
aer preparation are covered with a large number of hydroxyl
functions during the Alanis/O3 process, whereas their concen-
tration is lower for Alanis/H2O. This might cause the nucleation
delay in the latter combination.
J. Mater. Chem. A
The precursor's chemical nature also contributes. In both
processes, the hydrocarbon ligand of Alanis likely reacts readily
with protons on the SiOx–OH surface and is eliminated, thereby
anchoring the remaining precursor fragment to the surface,
with the amidinate ligand still bound to Ni. According to liter-
ature reports,71–73 the amidinate ligand does not detach from
the Ni atom at these temperatures in the absence of a co-reac-
tant and thus is not expected to transfer intact to the silica
surface. Consequently, the observed nucleation delay unlikely
results from substrate poisoning due to ligand release, as
previously proposed by Goldstein et al.70 The amidinate ligand
might decompose so as to transfer N or NH to the silica surface,
producing some form of silicon nitride (Si–N–H) that could be
inert towards further adsorption, while at the same time
allowing the Ni cation to extract O from Si. However, the
chemical analyses of Section 3.2.2 below rule out the formation
of silicon nitride, since the CN− proles (ToF-SIMS) are similar
for both precursor combinations. Nitride formation is therefore
also an unlikely reason for the nucleation delay. Decomposition
of the amidinate into a carbonaceous residue (involatile C or
CHx) is another reason for the nucleation delay. H2O might not
be able to remove such a residue and it could accumulate as a H-
rich carbide of silicon or of nickel (or both), resisting precursor
adsorption and causing the nucleation delay. By contrast, O3

can be expected to efficiently burn off any CHx residue and
restore the SiOx–OH surface, ready for the next Ni pulse. The
ToF-SIMS analyses in Section 3.2.2 conrm the presence of
carbonaceous residue when Alanis is used in combination with
O3 and H2O (RBS). The carbon content, however, is larger with
water. ToF-SIMS proles (Fig. 8a and b) also indicate a larger
amount of C with water, with a slight accumulation at the
interface. These data support the hypothesis that, while the
hydrocarbon ligand of Alanis is eliminated efficiently, the
amidinate ligand decomposes and coats SiOx with an involatile
carbonaceous residue that is incompletely removed by H2O
until the surface is fully covered by NiOx (i.e. for tNiO $ 4 Å).

3.1.3 [Ni(ipki)2]/O3. The excellent thermal stability of
[Ni(ipki)2] prompted us to investigate the ALD reaction at higher
temperature (TALD = 250 °C). The reaction is initiated with O3 as
a co-reactant, and the saturation curve is shown in Fig. S10.
Since the regeneration of the vapour inside the canister is
challenging for this precursor, the ALD cycle duration was
increased to 100 s by slightly adjusting the exposure and purge
times of the recipe. The optimised ALD recipe consists of pulse,
exposure, and purge durations of 1 : 18 : 35 s and 0.4 : 12 : 35 s
for [Ni(ipki)2]/O3, respectively, resulting in a GPC of 0.4 Å at TALD
= 250 °C (Fig. 2a). In addition to the O3-based reactions, the
process was also attempted using H2O as the co-reactant.
However, no deposition was observed under these conditions,
which could be attributed to the lower reactivity of the oxygen
source.
3.2 Characterization of the lms

3.2.1 Morphology and crystalline structure. Fig. 3 shows
TEM cross-sectional observations of NiOx layers grown using
the four precursor combinations. EDS maps (Fig. S11) conrm
This journal is © The Royal Society of Chemistry 2025
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the chemical nature of the three areas observed on the micro-
graphs. In all cases, NiOx covers the Si substrate uniformly and,
due to the surface preparation method, an ultra-thin SiOx lm is
always present at the interface. The NiOx thicknesses indicated
in Fig. 3 are in agreement with the ellipsometric measurements
and validate, therefore, the Tauc–Lorentz model.

A close observation of the NiOx lms reveals their poly-
crystalline structure. This is conrmed by SAED, presented in
Fig. S12, where the indexed rings correspond to the main inter-
reticular distances (d) of polycrystalline NiOx while the spots are
ascribed to the single-crystalline Si substrate.

The X-ray diffraction patterns presented in Fig. 4a are in
agreement with SAED. The expected cubic rock- salt structure of
NiOx (Fm�3m space group) is indeed identied. The main
reections corresponding to (111), (200), and (220) planes are,
respectively, located near the expected angles of 37.279°,
43.311°, and 62.934° listed in the reference PDF card #00-047-
1049. Their relative intensity is consistent with the simulated
powder XRD pattern, indicating no lm texturing. The lattice
parameter (a), crystalline size (D), strain (3), and dislocation
density (d) for all the lms were determined from the position
and full width at half maximum (FWHM) of the (200) plane and
are reported in Table S1 using equations given in the SI.

All NiOx exhibit a lattice parameter close to the expected
4.1771 Å reported in the PDF card #00-047-1049. It conrms the
bunsenite-like structure of the deposited lms. [Ni(ipki)2]/O3

yields the best-crystallised lm, as it exhibits the largest D and
the lowest d and 3. A slightly lower lm quality is obtained with
Fig. 3 TEM cross sections of NiOx films grown using the different precur
[Ni(EtCp)2]/O3. (e) and (f) Are higher magnifications of the interface for Ala
NALD = 450, 650, 1250, and 3600 cycles in (a), (b), (c), and (d), respectiv

This journal is © The Royal Society of Chemistry 2025
[Ni(EtCp)2]/O3. The Alanis-based processes exhibit smaller
crystallite sizes and higher defect concentrations, as well as
more strain. This could be ascribed to the high GPC observed
for these precursor combinations that induces numerous
nucleation sites and small crystallites. However, the nucleation
delay, occurring when H2O is used, gives rise to larger crystal-
line domains (D = 11.1 nm) than with O3 (D = 9.5 nm).

Table S1 also indicates that TALD plays a signicant role in
the crystalline quality of the lms. The largest D and lowest
d and 3 are indeed measured for [Ni(ipki)2]/O3 and [Ni(EtCp)2]/
O3 used at 250 °C. Fig. 4b presents the evolution of the X-ray
diffraction pattern for Alanis/O3 for TALD ranging from 75 to
200 °C. At low temperature (TALD < 125 °C), the layers are
amorphous while they crystallise above. As shown in the inset in
Fig. 4b, the intensity of the reection corresponding to the (200)
planes increases linearly with TALD, while the FWHM simulta-
neously narrows. This reects a progressive enlargement of D
from 12.5 to 38.8 nm, accompanied by reductions in d and 3

from 0.6 to 0.1 × 1012 cm−2 and from 7.5 to 2.4 × 10−3,
respectively (for the sake of clarity, 3 is plotted in Fig. S13a). It
demonstrates the critical effect of TALD on the crystalline
structure of the lms. The effect of TALD is similar to that
observed with Alanis/H2O. Fig. S13b shows an XRD pattern of
a well-crystallised lm grown at TALD = 200 °C. However, if the
temperature is increased to 250 °C, the degradation of the Ni
precursor, described above, leads to poorer crystallisation
because a larger amount of impurities is embedded.
sor combinations: (a) Alanis/O3, (b) Alanis/H2O, (c) [Ni(ipki)2]/O3, and (d)
nis/O3 and Alanis/H2O, respectively (arrows are referenced in the text).
ely.

J. Mater. Chem. A
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Fig. 4 (a) XRD patterns of NiOx thin films depending on the precursor
combinations (indicated on the plot). For better comparison, tNiO = 18
nm in all cases. (b) Evolution of the XRD pattern with TALD for Alanis/O3

(NALD has been adjusted according to each GPC to achieve tNiO = 18
and 30 nm for (a) and (b), respectively).

Fig. 5 Roughness of the NiOx films measured by AFM (hatched bars)
and XRR (light bars) depending on the precursor combinations: Alanis/
O3, Alanis/H2O, [Ni(ipki)2]/O3, and [Ni(EtCp)2]/O3. Grey squares
correspond to the film densities depending on the precursor combi-
nations (TALD is indicated on the plot for each value). NALD has been
adjusted according to each GPC to achieve tNiO = 18 nm.
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Aside from marked grain boundaries in the case of Alanis/
H2O, Fig. 3 shows mainly that the deposited lms are compact
and uniform. XRR was used to assess the density of the layers (r)
and tNiO. Similarly to TEM observations, XRR data validate the
ellipsometric measurements of tNiO and verify, therefore, the
Tauc–Lorentz model. Fig. 5 reports r depending on precursor
recipes (raw XRR data and ttings are shown in Fig. S14).
[Ni(ipki)2]/O3 exhibits the highest density (r = 6.46 g cm−3),
which is close to the theoretical value of 6.62 g cm−3 for NiO.
This little discrepancy is expected for polycrystalline deposits
since they are disordered and usually less dense.74 Using Alanis,
the layers show a lower density. This appears to be primarily due
to the reduced TALD. When NiOx is deposited at a higher
temperature (TALD = 200 °C), r increases, indeed, from 5.76 to
6.11 g cm−3 (Fig. 5).

In addition to r, XRR tting also gives access to the rough-
ness of the layers. These values are also plotted in Fig. 5, where
they are compared to root mean square roughness (Rrms)
extracted from AFM imaging. Such surface topography was
carried out on 18 nm-thick NiOx lms grown on Si (AFM images
are presented in Fig. S15).

AFM studies revealed the formation of smooth lms, with
roughness comparable to values reported previously.59,75 Among
the various precursor combinations, O3-based reactions
J. Mater. Chem. A
produced notably smooth lms, with Rrms ranging from 0.42 to
0.64 nm, regardless of the precursor type or TALD, as shown in
Fig. 5. Rougher surfaces are observed in the H2O-based
processes. It may result from the initial nucleation delay
pointed out above that led to the larger crystallites observed in
Fig. 3b. This is also why we obtain smoother lms with O3,
whereas we would normally expect to see the opposite. The
roughness trends are consistent with the values obtained from
XRR measurements. However, the roughness values measured
by AFM are lower than those derived from XRR. The root mean
square roughness is generally higher than the average rough-
ness, Ra (see the SI for denitions), and thus the discrepancy
between AFM and XRR is not due to differences in roughness
calculation.

Rather, it may stem from the inclusion of an additional
parameter – the interface roughness between the lm and the
substrate. While AFM is only sensitive to the outermost surface
of the lm, XRR provides comprehensive information about the
entire Si/SiOx/NiOx system. Fig. 3e and f compare the interlayer
for Alanis/O3 and Alanis/H2O which looks rougher in the latter
case (see white arrows on Fig. 3f) than for the Alanis/O3

combination (Fig. 3e) that is the smoothest. This can again be
ascribed to the nucleation delay leading to a columnar
morphology when using water (Fig. 3b).

In addition to tNiO, ellipsometric investigations have also
given access to the refractive indices of the layers depending on
the precursor combinations. Fig. 6 presents the evolution of n
against l in the visible range. In this region, n is in the range of 2
to almost 2.3 for all combinations except for [Ni(ipki)2]/O3 which
displays higher values (2.1 to 2.4). The current n values are lower
than those reported for single-crystalline NiO.76 This is expected
since polycrystalline lms are disordered and their density is
lower.74 The discrepancy between the Ni b-ketoiminate and the
other compounds could, therefore, arise from the higher crys-
tallinity observed for this precursor combination by XRD
(Fig. 4a) as well as the higher density deduced from XRR. Note
that the roughness does not have a signicant inuence on n.
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Refractive index of NiOx depending on the precursor combi-
nations: Alanis/O3, Alanis/H2O, [Ni(ipki)2]/O3, and [Ni(EtCp)2]/O3. NALD

has been adjusted according to each GPC to achieve tNiO = 18 nm.

Fig. 7 XPS analysis of the NiOx layers grown on Si depending on the
precursor combinations: Alanis/O3, Alanis/H2O, [Ni(ipki)2]/O3, and
[Ni(EtCp)2]/O3. (a) Survey spectrum, (b) C 1s, (c) Ni 2p3/2 and (d) O 1s.
Full and dashed lines correspond to a TOA of 90° and 30°, respectively.
Inset in (d) shows the Ni–OH/Ni–O ratios. (The Roman numbers and
letters in (b–d) identify photoemission contributions referenced in the
text.) NALD has been adjusted according to each GPC to achieve tNiO =
18 nm.
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Refractive indices are not as high as those of other poly-
crystalline lms,74,77 because it is known that n increases with
the thickness of the lms74 or, more specically, with the size of
the crystalline domains making up the layer.78 In the present
work, the explored deposits are thin (tNiO # 20 nm). This may
therefore explain these lower values. It could also be due to
impurities. This aspect is studied below.

3.2.2 Chemical composition. The chemical composition of
the lms was investigated by XPS, RBS/NRA and ToF-SIMS. XPS,
in particular, is a valuable tool for understanding the chemical
state of the materials. The survey spectra (Fig. 7a) indicate the
presence of C, Ni, and O. When the precursor contains nitrogen
(Alanis and [Ni(ipki)2]), a low-intensity N 1s peak is detected,
indicating slight inclusion of ligands in the deposit. The
substrate is not detected since there is no Si peak in the spectra.
It indicates uniform surface coverage for samples analysed by
XPS.

The C 1s peak is studied because it serves as a calibration
and carbonaceous compounds from the precursors can be
included into the lms. In our system, its signal is deconvoluted
into three distinct components (Fig. 7b). The primary peak at
284.8 eV corresponds to C–C bonds (Band I), while another peak
at 286.4 eV is attributed to C–O species, which result from
adventitious carbon contamination due to air exposure (Band
II).79 Additionally, a peak at 288.3 eV is associated with adsorbed
carbonates and carbonyl groups from the ligand moieties of the
precursor (Band III) as shown in Fig. 7b.79 Notably, the C 1s peak
diminished to the noise level aer 30 s of Ar+ sputtering, indi-
cating that carbon is mainly conned to the surface and
underscoring the purity of the target samples. ToF-SIMS
proling also indicates high C− and CN− ion concentrations
at the surface that decrease quickly with sputtering time Fig. 8.
In the case of [Ni(EtCp)2], the carbon content remains low
throughout the lm, with a slight increase observed at the top
surface. The CN− ion signal is even with the background,
further supporting the conclusion that the detected nitrogen in
both analyses likely originates from the ligands of the nitrogen-
containing precursors.
This journal is © The Royal Society of Chemistry 2025
In the case of Ni, interpreting and quantifying its chemical
states from the 2p doublet peak is challenging, owing to
complex, extended multiplet structures, shake-up satellites,
plasmon-loss features, and overlapping chemical states, all of
which introduce signicant uncertainty.80,81

The main XPS peak for Ni is the 2p1/2 and 2p3/2 doublet with
a spin–orbit splitting (SOS) of 17.4 eV for Ni0 and slightly larger
for Ni2+.82 Curve tting is typically performed on the Ni 2p3/2
region in which the Ni0 peak is expected at 853.2 eV. When the
metal is oxidised, the complex line shape in the XPS spectrum
primarily arises from the overlap between Ni 3d and O 2p
orbitals. The primary peak, centred at 853.8 eV (Band A), is
assigned to the Ni2+ corresponding to the Ni–O bond. A broad
satellite peak at 860.9 eV (Band C) comes from the oxygen band
bending effect, and a small peak at 866 eV (Band D) is attributed
to the intersite charge transfer screening.83 In addition to these
peaks, there is another important shoulder peak at 855.8 eV
(Band B). The origin of this peak is still debated. However, most
of the literature reports attribute it to a chemical shi of Ni3+

species due to V ��
Ni and associate it with nickel hydroxides

(Ni(OH)2) or nickel oxyhydroxides (NiOOH) present on NiOx

surfaces.43,80,84–86 Some reports suggest that this peak could also
be related to nickel trioxide (Ni2O3) or result from non-local
screening effects as well as surface effects.

In the present case, the SOS slightly exceeds 17.4 eV, and the
characteristic Ni0 peak at 852.3 eV is absent, indicating the ex-
pected oxidised form of Ni. Fig. 7 presents Ni 2p3/2 depending
J. Mater. Chem. A
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Fig. 8 ToF-SIMS profiling of NiOx layers grown on Si depending on the
precursor combinations: (a) Alanis/O3, (b) Alanis/H2O, (c) [Ni(ipki)2]/O3,
and (d) [Ni(EtCp)2]/O3. The O/Ni signal ratio is plotted below each
profiling. NALD = 150, 350, 500 and 4500 cycles in (a), (b), (c), and (d),
respectively.

Table 2 O/Ni ratios of the NiOx layers for the different precursor
combinations calculated from AR-XPS at two TOAs (TOA = 30° and
90° correspond to grazing (top surface) and normal (bulk) incidence)

TOA Alanis/O3 Alanis/H2O [Ni(ipki)2]/O3 [Ni(EtCp)2]/O3

30° 2.04 1.17 1.07 1.04
90° 1.54 1.06 1.06 0.99
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on the precursor combinations. The low energy peak located at
854 eV corresponds to Band A, i.e. it originates from Ni–O bonds
in NiOx. The two peaks centered at 861.1 and 864 eV are allo-
cated to Bands C and D, respectively. As described above, the
shoulder at 855.8 eV is ascribed to Band B arising from Ni3+

related to Ni2O3, Ni(OH)2 and NiOOH. Ni2O3 can be excluded
because its signature on the O 1s peak is different from Ni(OH)2.
It is generally expected at 528.9 eV 87 whereas the hydroxide
appears at 530.6 eV.88 Fig. 7d shows no contribution corre-
sponding to nickel trioxide. Furthermore, no signal of its
hexagonal crystal structure is detected in XRD. This is expected
because the formation of Ni2O3 through dehydration or de-
hydroxylation necessitates temperatures above 250 °C.89

Consequently, it is difficult to clearly assign Band B to a single
contribution since it could come from Ni(OH)2, NiOOH,
nonlocal screening effects, or surface effects without any
possible distinction. It is therefore necessary to analyse the O 1s
region because it provides information that can be used to
discriminate between the various possibilities mentioned
above.87

Fig. 7d presents the XPS region corresponding to O 1s for the
different NiOx lms. The peak centered at 529.3 eV (Band E)
conrms the octahedral bonding of Ni–O, while peaks at
531.0 eV (Band F) and 532.3 eV (Band G) are ascribed to the
presence of the hydroxyl group due to either Ni(OH)2 or NiOOH
and H2O.89

In previous studies, surface Ni–OH groups are shown to
strongly inuence the OER activity.21 To study this, the evolu-
tion of Bands A and B was compared as a function of TOA that
J. Mater. Chem. A
shows whether some species are more exhibited at the top
surface. Although Fig. 7c indicates a slight enhancement of
Band B at the top surface (TOA = 30°), dashed lines across all
precursor combinations, it is challenging to draw denitive
conclusions from these data, as the peak at 855.8 eV arises from
multiple overlapping contributions. The Ni–OH/Ni–O ratio is
therefore calculated from the O 1s region (Fig. 7d) as it
decomposes into three peaks: Ni–Omain peak, Ni–OH owing to
the presence of Ni(OH)2 and NiOOH, and the high energy
component due to the adsorbed water. In all cases, the intensity
of the peak at 531.2 eV is enhanced when analyses are per-
formed at grazing incidence compared with perpendicular
incidence. The Ni–OH/Ni–O ratio is thus calculated by dividing
the areas of Bands E and F, respectively. It is reported in the
inset of Fig. 7d for two TOA and the four precursor combina-
tions. It shows a higher value of the Ni–OH/Ni–O ratio at TOA =

30° indicating, therefore, that the surface of the layers has
a higher hydroxyl concentration than the bulk. Among the four
samples, Alanis/O3 has a signicantly higher hydroxyl concen-
tration, and its value remarkably increases on the surface (inset
in Fig. 7d).

The O/Ni ratio was also investigated. It is reported in Table 2
for TOA = 30° and 90°. At normal incidence, with the exception
of Alanis/O3 for which it is close to 1.5, this ratio is very close to 1
for [Ni(EtCp)2]/O3 or slightly greater for the other combinations.
This could be ascribed to V ��

Ni: The O content is larger when the
analysis is carried out using grazing incidence. This higher O/Ni
ratio can be attributed to the elevated Ni–OH contribution at the
surface which might be advantageous for OER activity.

Since XPS is a surface-sensitive technique, it tends to over-
estimate the O/Ni ratio because the surface of NiOx becomes
more oxidised when it exposed to air.43 To gain a deeper
understanding of the bulk composition of the material, XPS
depth proling was initially performed by in situ Ar+ sputtering.
However, in the case of NiOx, the Ar+ source has the ability to
reduce Ni2+ to Ni0,90,91 which limits the study of the bulk
composition of the lm. RBS/NRA and ToF-SIMS analyses give
a better view of the composition and distribution of the
elements in the lms.

The RBS/NRA study revealed that lms based on [Ni(EtCp)2]/
O3 and [Ni(ipki)2]/O3 exhibit an O/Ni ratio close to unity. In
contrast, lms derived from Alanis/O3 or H2O exhibit a ratio of
around 1.1 (Table 3). This is in line with the XPS quantication.
It indicates that the NiOx layers grown using [Ni(EtCp)2]/O3 and
[Ni(ipki)2]/O3 contain fewer defects than with Alanis. As an
excess of oxygen is observed in the latter, the aws are most
likely V ��

Ni: When TALD is increased to 200 °C for Alanis/O3,
a stoichiometric oxide is observed, indicating a lower defect
This journal is © The Royal Society of Chemistry 2025
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Table 3 RBS/NRA analysis of the NiOx films for the different precursor combinations and TALD

Prec. combinations TALD (°C) Ni (at%) O (at%) C (at%) N (at%) O/Ni

Alanis/O3 150 44.99 49.85 3.56 1.60 1.11
175 45.94 52.44 0.00 1.62 1.14
200 48.50 48.89 1.53 1.07 1.01

Alanis/H2O 150 42.47 48.57 7.59 1.38 1.14
[Ni(ipki)2]/O3 250 47.64 49.70 2.50 0.16 1.04
[Ni(EtCp)2]/O3 250 49.96 49.53 0.51 0.00 0.99

Fig. 9 UV-Vis NIR spectra: (a) transmission, (b) reflectance, (c)
absorptance, and (d) Tauc plot. All the measurements are performed
by using air as the baseline. The linear extrapolations (dashed lines) in
(d) give the E values indicated on the plot. N has been adjusted
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concentration. This is in line with the increase in density (r =

6.1 g cm−3) observed by XRR when the Alanis/O3 process is
carried out at 200 °C (Section 3.2.1).

As mentioned above, when the nickel precursor contains
a nitrogen function, the lm has a very low nitrogen content.
Except for [Ni(EtCp)2]/O3, which appears relatively pure, the
other lms contain a small amount of carbon. This contami-
nation is slightly higher for Alanis/H2O. As mentioned above, it
is likely due to the weaker water reactivity compared to ozone,
resulting in less efficient ligand elimination during the process.
For Alanis/O3, increasing TALD appears to reduce contamina-
tion. Note that the zero carbon concentration observed at TALD
= 175 °C is attributed to the very low thickness of the analysed
lm, which placed the carbon content below the detection limit.

The concentration proles obtained by ToF-SIMS are in
agreement with the results obtained by XPS and RBS/NRA. Fig. 8
presents the composition proles for the different precursor
combinations. As revealed by XPS, the high C content at the
surface is ascribed to adventitious contamination. Impurity
levels (C and N) in the bulk lms are also consistent with the
RBS/NRA results. No N is detected for [Ni(EtCp)2] as it does
not contain a nitrogen atom. Similarly, the C level is qualita-
tively higher for Alanis/H2O than for the others because H2O is
not sufficiently reactive to remove the residues. The nitrogen
detected in Alanis- and [Ni(ipki)2]-based processes is evenly
spread over the whole NiOx layer. The surface oxygen enrich-
ment spotted by XPS is not easily discernible from the Ni− and
O2− signals. Thus, the O/Ni ratio is plotted below each analysis.
It conrms a higher oxygen concentration at the top surface
while remaining constant across the rest of the lm. In the case
of [Ni(EtCp)2]/O3, the Si− signal increases in steps as the anal-
ysis progresses in depth. This can be attributed to non-uniform
deposition, which allows the substrate signal to appear earlier
in some locations. Deposits made with Cp-based precursors are
indeed less reproducible than those made with other
precursors.

3.2.3 Optical properties. Since NiOx is a p-type semi-
conductor, it absorbs light with energy greater than Eg. There-
fore, measuring its optical properties is essential to
understanding the photoconversion mechanisms at the n-Si/
NiOx/electrolyte interface. This is particularly important given
that the precursor combination appears to signicantly inu-
ence the lm's properties, as demonstrated above. Fig. 9 pres-
ents transmittance (T), reectance (R) and absorptance (A)
depending on the wavelength of the incident beam. Note that A
is calculated by subtracting R and T from 100%.
This journal is © The Royal Society of Chemistry 2025
In all cases, T is greater than 60% for l $ 375 nm (Fig. 9a).
When comparing T with R and A (Fig. 9b and c), it appears that
the main optical loss arises from the reectance since absorp-
tance is very low. This is expected, as the material's bandgap is
in the UV range. While lms formed using most precursor
combinations at different temperatures are highly transparent,
the Alanis/O3 combination behaves differently. In this case, an
absorptance tail in the visible range is measured. This can be
attributed to energy states located in the bandgap. It is further
conrmed by the Tauc plot presented in Fig. 9d, where Eg is
calculated according to the Tauc relation (eqn (1)) by consid-
ering a direct optical transition in NiOx (i.e., g = 1

2).

(ahn)1/g = A(hn − Eg) (1)

Except for Alanis/O3 for which Eg = 3.71 eV, it is around
3.85 eV for the other precursor combinations. This is in line
with the literature where values ranging from 3.1 to 4.3 eV are
found92,93 with 3.7 to 3.8 eV being the commonly accepted
range.76,94

[Ni(ipki)2]/O3-based lms exhibit the highest transparency
with lower absorption (Fig. 9a and c). This can be attributed to
g ALD

according to each GPC to achieve tNiO = 50 nm.
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Fig. 10 Mott–Schottky plots of NiOx layers deposited from (a) Alanis/
O3 at 150 °C, (b) Alanis/H2O at 200 °C, (c) [Ni(ipki)2]/O3 at 250 °C and
(d) Alanis/O3 at 200 °C. Ufb and Na are indicated on the plots.
Capacitance measurements are performed with an AC voltage of
10 mV in 1 M Na2SO4 + 0.1 M NaH2PO4 at f = 12 kHz. NALD has been
adjusted according to each GPC to achieve tNiO = 50 nm.
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their well-crystallised structure, which reduces the grain
boundary surface area, as well as to their near-unity O/Ni ratio
and low contamination level (Tables 2 and 3).

Temperature can also play a critical role in transparency.
Annealing above 200 °C shows higher transparency by reducing
defect concentration.95 In the present work, lower TALD, which
results in a higher concentration of NiOOH surface states and
defects, likely contributes to the lower transmittance observed
in the Alanis/O3-based layers when they are grown at 150 °C,
while they become transparent at 200 °C. The absorption tail
observed for Alanis/O3 at TALD = 150 °C can thus be ascribed to
energy states within the bandgap. Such behaviour is commonly
observed for transition-metal oxides because achieving precise
stoichiometry is inherently challenging. For NiOx, this difficulty
is primarily due to the prevalence of defects, particularly V ��

Ni;

which cause Eg to vary.94,96,97 Temperature appears to be a crit-
ical factor inuencing the optical properties, as increasing TALD
leads to better-crystallised lms with fewer defects and impu-
rities and an O/Ni ratio approaching unity.

3.2.4 Mott–Schottky analysis. Chemical analyses have
shown that the lm composition varies with the precursor
combination or the deposition temperature. Among the defects
mentioned, V ��

Ni can have a signicant effect on the doping of
NiOx layers. Mott–Schottky analyses have thus been performed
in monobasic phosphate buffer with a pH = 11.96 on layers
grown on FTO (Fig. 10). According to eqn (2), it is possible to
determine the doping and the at band potential (U) of the
layers.

1

C2
¼ 2

A2330eNa

�
U �Ufb � kT

e

�
(2)

where 3 is the relative dielectric constant of the semiconductor
(3NiO = 12),98 30 is the permittivity of free space, Na is the carrier
concentration (positive for holes), A is the area of the electrode,
U is the applied potential, k is the Boltzmann constant, T is the
temperature, and e is the unit charge.

In all cases, a linear evolution is observed in the depletion
region. The negative slopes conrm the p-type behaviour of the
material. NiOx lms deposited using Alanis exhibit high doping
levels on the order of 1020 cm−3, whereas those grown from the
b-ketoiminate precursor are signicantly less doped, with
concentrations around 1018 cm−3. This is consistent with the
stoichiometric composition of the lm (O/Ni = 1) when the Cp-
based precursor is used. In contrast, Mott–Schottky analyses
conrm that, in the other cases, the doping originates from Ni
deciency in the NiOx matrix. A slight decrease in Na was
observed with increasing TALD for the Alanis/O3 combination
(Fig. 10d). Here again, the reduced doping is attributed to
a more balanced O/Ni ratio.

As indicated by eqn (2), the x-intercept of the linear t gives
U that ranges from 0.70 to 1.03 V vs. RHE depending on the
ALD processes. Although these values span approximately
300 mV, they remain within the range generally reported for this
material at pH = 11.96 (0.65 to 1.15 V vs. RHE).36,53,99,100 Varia-
tions in U can arise from many factors, but as previously re-
ported in the case of NiOx ALD, the precursors53 and TALD101

appear to be critical. Fig. 10 shows that the Alanis/O3
J. Mater. Chem. A
combination at 150 °C has the lowest U (0.70 V vs. RHE). XPS
analyses have indicated that this precursor combination leads
to a high concentration of surface hydroxyls. According to the
literature,101 this causes a negative U shi at the NiOx/elec-
trolyte interface, and this is oen considered to contribute to
a higher OER activity. The other precursor combinations show
more positive results for U (0.93 and 1.03 V for Alanis/H2O and
[Ni(ipki)2]/O3, respectively) because they have lower surface
hydroxyl concentrations. In addition, NiOx grown from Alanis/
O3 at TALD = 200 °C leads to a more positive U (0.86 V). This is
probably due to a lower concentration of –OH on the surface.
3.3 Electrochemical activity toward the OER

As mentioned in the Introduction, NiOx layers have been
proposed as protective layers and catalysts for Si-based photo-
anodes.23 Section 3.2 demonstrated the signicant inuence of
the precursor combination and deposition temperature on the
physicochemical properties. In the following, the
photoelectrochemical response of the anodes is investigated as
a function of their synthesis parameters. The Si therefore drives
the electrode/electrolyte interface.

The inuence of tNiO on the OER response was rst studied
using the Alanis/O3 combination. Although the interface
consists of a double junction, n-Si/p-NiOx/electrolyte, potenti-
ometry performed in the dark and under illumination
(Fig. S16a) reveals a negative photopotential (Uph z −450 mV).
This indicates that the interface behaves like an n-type
semiconductor/electrolyte junction. It is conrmed by the MS
plot (Fig. S16b), which shows a linear trend with a positive slope
between 1.5 and 3.0 V, indicating that Si drives the electrode/
electrolyte interface. This is expected, since holes (h+) have to
be photogenerated in the Si to feed the OER, while NiOx has to
act as a catalyst and protection against corrosion.
This journal is © The Royal Society of Chemistry 2025
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Fig. 11a shows cyclic voltammograms (CVs) recorded on
layers with tNiO ranging from 10 to 50 nm. As expected for such
n-type Schottky junctions, CVs recorded in the dark exhibit
a negligible anodic current. In contrast, under illumination, the
curves display signicant photocurrent (jph) with a steep
increase starting around 1.05 V—corresponding to water
oxidation—and a plateau (jph z 27 mA cm−2) starting near
1.8 V. It is consistent with the U of 0.7 V (Fig. S16b), which is
expected at a slightly more cathodic potential than the jph
initiation. While tNiO does not affect the level of the current
plateau, it inuences the onset potential. By comparing the
overpotential (h10) at jph = 10 mA cm−2, a 450 mV negative shi
is measured for NiOx layers grown on n-Si with respect to those
deposited on p+-Si (i.e. a degenerated semiconductor that is not
light-sensitive). Additionally, h10 shis negatively, from 1.61 to
1.41 V, as tNiO increases from 10 to 20 nm, respectively, but it
remains almost constant from 20 to 50 nm (h10 = 1.42 V). This
conrms that NiOx acts as a hole-trapping co-catalyst, facili-
tating water oxidation.

The thickness-dependent performance underscores the
balance between catalytic activity and charge-carrier mobility in
NiOx. For layers thicker than 20 nm, one can consider that bulk
properties are observed.

As predicted by the previous characterisation, the
photoelectrochemical responses of NiOx layers should vary
Fig. 11 CVs of NiOx films deposited on Si performed in 1 M KOH in the
dark and under illumination (AM1.5G). (a) NiOx grown using Alanis/O3

at 150 °C on n-Si exhibiting increasing thicknesses (tNiO = 10, 20 and
50 nm) and on p+-Si (tNiO = 50 nm). (b) Initial CVs of the NiOx grown
using three precursor combinations (indicated on the plot). (c)
Comparison of initial (full lines) CVs recorded on NiOx deposited using
Alanis/O3 at 150 and 200 °C with CVs (dashed lines) after 100 cycles
and after a CA experiment for 24 hours, respectively (tNiO = 50 nm). (d)
Comparison of initial CVs (full lines) recorded on NiOx deposited using
Alanis/H2O at 150 and 200 °C with CVs (dashed lines) after 100 cycles
and after a CA experiment for 24 hours, respectively (tNiO = 50 nm).

This journal is © The Royal Society of Chemistry 2025
depending on the precursor combinations. Fig. 11b compares
the initial CVs recorded under AM1.5G illumination for Alanis/
O3, Alanis/H2O, and [Ni(ipki)2]/O3. The three CVs exhibit,
indeed, different behaviours. The comparison of the curves
indicates that the highest photoresponse is observed for lms
deposited from Alanis/O3, followed by [Ni(ipki)2]/O3, and nally
Alanis/H2O. The expected constant photocurrent (jph z 27 mA
cm−2), starting at 1.9 V, is proportional to the illumination ux.
Conversely, lower currents and no plateau are observed for the
other precursor combinations. The jph uctuations that can
appear on the plateau are attributed to O2 bubbles formed
during the OER. This effect is even stronger in Fig. 11d. Simi-
larly, the values of h10 are 2.15, 1.78, and 1.42 V for lms
prepared using Alanis/H2O, [Ni(ipki)2]/O3, and Alanis/O3,
respectively.Wf values are listed in Table 4 with the Eg measured
above. The combinations of precursors lead to values of Wf and
Eg that are very close to each other. It is therefore difficult to
explain the differences observed in Fig. 11b by a different band
structure of the electrode/electrolyte junction.

This can be attributed to the higher surface hydroxyl
concentration observed when using Alanis/O3. Hydroxylation of
the NiOx surface indeed plays a critical role in the catalytic
activity.21 During cyclic polarisations, phase transformations
between different hydroxides (a- and b-Ni(OH)2) and oxy-
hydroxides (b- and g-NiOOH) occur, which drive the OER
kinetics.20,43 The chemical analyses presented above show high
O/Ni (Table 2) and high Ni–OH/Ni–O (Fig. 7d) ratios for this
precursor combination. These values are lower and close for
both [Ni(ipki)2]/O3 and Alanis/H2O but the latter leads to amuch
more contaminated layer (Table 3) that could hamper the
electrochemical reaction. The surface hydroxyl concentration
can also be monitored by MS analysis, as a high –OH termina-
tion density typically induces a negative shi of U.102 U for
Alanis/O3 is accordingly the lowest (0.7 V) compared to the
others (U = 1.03 V and 0.93 V) and conrms also the effect of
hydroxyls on the photoelectrochemical responses observed in
Fig. 11b.

The photoelectrode stability was investigated for the three
precursor combinations. Fig. 11c and d present the CV evolu-
tion for Alanis associated with O3 and H2O, respectively. Similar
CVs for [Ni(ipki)2]/O3 are shown in Fig. S17a, though no
signicant electrochemical changes were detected in this latter
system. In the case of Alanis/O3 (Fig. 11c), a minor jph decrease
and a positive h shi are observed when comparing the initial
and the 100th CVs. The anodic and cathodic waves associated
with oxidation (Ni2+ / Ni3+ + e−) and reduction (Ni3+ + e− /

Ni2+) reactions, centred at 1 and 0.6 V, respectively, are
considerably enhanced aer 100 cycles. These electrochemical
peaks usually reect the Ni(OH)2 and NiOOH phase
Table 4 Wf and Eg of the NiOx layers depending on the precursor
combination

Alanis/O3 Alanis/H2O [Ni(ipki)2]/O3

Wf (eV) 4.68 4.57 4.86
Eg (eV) 3.71 3.84 3.85
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Fig. 12 (a) CAs at U = 2 V of NiOx layers grown on n-Si under AM1.5G
illumination for Alanis/O3, Alanis/H2O and [Ni(ipki)2]/O3 combinations.
TALD values are indicated on the plot. (b) XRD analysis of NiOx before
and after photoelectrochemical testing (Alanis/O3 at 150 °C). The *

signs are referenced in the text. (c) O 1s XPS peak of NiOx before and
after photoelectrochemical testing (Alanis/O3 at 150 °C).
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transformations mentioned above. This is clearly visible in
Fig. S17b where the progressive decrease of the current plateau
correlates with the gradual enhancement of the peaks while
cycling. This phenomenon is not observed when the lms are
grown with Alanis/O3 at 200 °C. This might be ascribed to the
lower V ��

Ni concentration (Table 3) that also leads to better
stability.

In contrast, the Alanis/H2O sample (Fig. 11d) exhibits a lower
initial jph that further decreases signicantly aer 100 CV cycles.
This reduced performance likely stems from elevated organic
impurities in the lm, which cause a tiny permeability and
enable direct contact between the silicon substrate and elec-
trolyte. The jph degradation may also be attributed to layer
contamination, leading to subsequent delamination or disso-
lution of the lms. A similar phenomenon has been reported for
NiOx grown by pulsed laser deposition.24

When depositions are carried out at TALD = 200 °C, the rst
CV for Alanis/O3 remains almost unchanged, while it exhibits
a signicant enhancement of jph for Alanis/H2O. The current
plateau is then at the same level for both oxygen sources. Aer
polarisation at U = 2 V under illumination for 24 hours, no
change was observed for O3, whereas the response for H2O
decreased by half. The consistent behaviour observed for O3 is
probably due to the negligible change in its properties, as sug-
gested by the MS plot (Fig. 10d) and the better stability can arise
from a higher density of the lm shown by XRR measurements
(Fig. 5). The jph enhancement of the lm formed at TALD = 200 °
C with H2O probably comes from a higher density and lower
impurity concentration.

The corresponding chronoamperograms (CAs) at U = 2 V
under illumination are shown in Fig. 12a (the full timescale plot
is shown in Fig. S18 for clarity). Aer an initial drop, the
photocurrent remains stable for all three precursor combina-
tions. Although the initial jph is lower for [Ni(

ipki)2]/O3, it shows
a long-lasting stability (48 hours). In the case of Alanis/O3,
a stable jph is measured up to approximately 24 hours with
almost no loss. As expected from the CVs of Alanis/H2O, jph is
reduced by half aer 17 hours of polarisation. The stability is,
however, signicantly better at 200 °C (Fig. 11d). This can be
attributed to their higher density and an O/Ni ratio that is closer
to stoichiometry when the layers are produced at elevated
temperatures. The degradation of NiOx is further conrmed by
XPS analysis performed aer the electrochemical investiga-
tions. The delamination is indicated by the intense Si and SiOx

signals observed in the Si 2p XPS peak region (Fig. S19).
Given the different photoelectrochemical responses of the

NiOx layer, it is essential to investigate the possible chemical
and crystalline modications. Comparison of the XRD patterns
collected before and aer the electrochemical studies (Fig. 12b)
shows the emergence of two new reections at 33° and 59.4°,
corresponding to the (101) and (300) planes of a-Ni(OH)2,
respectively (highlighted by * in the gure).103,104 This conrms
the phase transformations that occur during CVs. It should be
noted that a-Ni(OH)2 is detected a posteriori because it is the
most stable phase. b-Ni(OH)2 can be generated in solution but is
unstable in air. In situ studies (XRD or XPS) are necessary to
accurately identify it and clarify which compound induces the
J. Mater. Chem. A
excellent catalytic activity. XPS analyses conducted before and
aer the PEC studies are consistent with CVs and XRD results.
As shown in Fig. 12c, the O 1s peak shis toward higher binding
energies, corresponding to hydroxyl and water signatures. This
indicates that the surface of the photoanode becomes hydrox-
ylated, providing further evidence for the formation of Ni(OH)2
or NiOOH.
4 Conclusion

In this study, NiOx thin lms were successfully deposited via
thermal ALD using two novel precursors across three different
precursor combinations. It demonstrates that combining the
precursors with different co-reactants signicantly inuenced
the lm properties, including density, crystallinity, composi-
tion, surface roughness, and growth rate. Among them, the
Alanis/O3 combination exhibited the highest growth rate and
a broad temperature window at relatively low deposition
temperatures. It is one of the highest GPC values ever reported
at TALD # 200 °C. Comprehensive structural, crystallographic,
andmorphological characterisation conrmed the formation of
uniform, high-quality lms with well-controlled growth behav-
iour. Optical and photoelectrochemical analyses further
revealed that these lms possess favorable properties for effi-
cient water oxidation, demonstrating their potential in
photoelectrochemical applications. These ndings emphasise
not only the viability of the new precursors for ALD but also the
critical inuence of precursor selection on the functional
performance of NiOx thin lms. The present results are highly
promising, as the onset potential for Alanis/O3 is signicantly
This journal is © The Royal Society of Chemistry 2025
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low (U = 1.15 V vs. RHE for jph = 1 mA cm−2), ranking among
the best reported in the literature (see the benchmark in
Fig. S20). Moreover, optimisation of the ALD process has
resulted in 50 nm-thick lms exhibiting long-lasting stability
when other methods, such as PLD, require almost twice the
thickness to be comparable.24 These electrochemical perfor-
mances seem to be correlated with the high O concentration
and, more particularly, with OH at the surface of the lm.
Future work will focus on further optimising deposition
parameters (e.g. post-deposition thermal treatments) and
applying such processes to micro- or nano-structured Si to
further improve the OER and assess the practical applicability
of n-Si/NiOx in solar-driven water splitting technologies.
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