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Abstract

Nickel titanate (NiTiO3) is known to exhibit three types of structures which differ in terms
of cationic ordering, namely ilmenite (IL), LiNbO3 (LN), or corundum (CR) structures. In this
study, radio frequency sputtering using Ar/O, reactive plasma has been used for the in-situ
crystallization of NiTiOj5 thin films on Si(100) substrates heated at various temperatures (in the
range 400°C-650°C). The stabilization of the different NiTiO; polymorphs as a function of the
substrate’s temperature are discussed basing on X-ray diffraction, Raman spectroscopy and
high-resolution transmission electron microscopy characterizations. Depositions at 650°C
enabled to obtain IL thin films. Depositions at lower temperature (400-600°C) led to the
formation of mixture of IL/LN/CR structures. Whatever the substrate temperature, films are
grown with a [00W] fiber texture. Post Annealing of the IL/LN/CR NiTiOj thin films at 800°C
resulted in its recrystallization into the IL structure, while preserving the [00W] fiber texture.

Density functional theory (DFT) simulations aided in predicting Raman spectra for LN and
CR phase. The combination of XRD, Raman spectroscopy, and HRTEM offers a detailed
understanding of phase transitions and morphological changes, essential for optimizing the
properties of NiTiO; films for various applications.
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1. Introduction

Multiferroics are materials which combine at least two ferroic orders (magnetic, electric,
elastic...). Development of new multiferroic materials has been of great interest in the last
decade [1,2] for both fundamental [3,4] and technological [5,6] purposes. These developments
have incited extensive research efforts aimed at exploiting the potential of multiferroic materials
for a wide range of applications.

Expanding on the exploration of multiferroic materials, in a concise review, Ederer and
Fennie [7] present their latest findings on electric field switching of magnetization in
antiferromagnetic materials. Their work highlights that the Dzyaloshinskii-Moriya
interaction [8,9] is driven by a ferroelectric distortion, resulting in a canting of
antiferromagnetic moments, which gives rise to a weak ferromagnetic contribution. To achieve
this canting effect, two conditions are necessary, as elucidated by Ederer and Fennie: (i) In the
paraelectric phase, the inversion center coincides with the midpoint between two neighboring
magnetic moments, which is disrupted by the ferroelectric transition, and (ii) the absence of
symmetry operations prohibiting the system from displaying a macroscopic magnetization. [4]
These conditions are satisfied in materials with the LiNbO; (LN) type structure. FeTiOs,
isomorphous to the LN structure, serves as an illustrative example. Indeed, materials of the
general formula ATiO; with this structure, where A = Mn, Fe, and Ni, exhibit a favorable
coupling between their polarization and magnetization. Among them, NiTiO; has been
predicted to possess the largest magnetic moment (M = 0.25 uB/fu.). [4] Exploring
multiferroic materials displaying this unique order, Varga ef al. have investigated the FeTiO3
system using high-temperature/high-pressure (HT/HP) synthesis, [10] and NiTiO; thin films
through pulsed laser deposition (PLD) techniques. [11-13] In their work, Varga et. al. used
different substrates such as Al,O;, FeTi0;, and LiNbOj to induce epitaxial strain. This strain is
necessary to stabilize a structure that satisfies the criteria outlined by Ederer and Fennie. [4]

Nickel Titanate (NiTiO; or NTO), possessing the centrosymmetric ilmenite (IL) structure,
i1s an n-type antiferromagnetic semiconductor widely employed as a photocatalyst for the
degradation of organic pollutants in water and for gas sensing. [14,15] The IL structure exhibits
rhombohedral R3 symmetry which is usually described in the hexagonal system as a stacking
of layers formed by face-sharing oxygen octahedra, with Ni** and Ti*" cations occupying
two-thirds of the interstitial sites and alternating along the c-axis. [16,17] Titanates that
spontaneously adopt the IL structure undergo crystallization under high pressure into a
rhombohedral structure, isomorphous to LiNbO; (LN) compound with R3¢ symmetry. [18-21]
LN structure can be described in a hexagonal lattice where the oxygen atoms accupy atomic
positions similar to those of IL structure, while the cations arrange themselves along the three
axes of the hexagonal lattice in the sequence Ni-Ti-0-Ni-Ti (where o represents a vacant
octahedral site). At high temperatures, the cations are disordered, and the titanate assumes a
corundum (CR) structure with R3¢ symmetry which has so far been unquenchable and thus is
challenging to stabilize at room temperature. [22,23]

The deposition of NiTiOj; thin films displaying the IL structure has been reported by several
groups using various methods, including chemical solution deposition, sputtering. [24,25] In
contrary, few studies have addressed the obtention of LN and CR metastable phases. To this
aim, note that the structuration of materials in thin films represents a valuable approach to
access to high stress states on various systems, arising from epitaxial growth, [26] chemical
stress, [27] or by residual stress. [28] Regarding the NiTiO5 system, Varga et al. utilized pulsed
laser deposition for the epitaxial growth of thin films exhibiting an LN identified structure,
based on transmission electron microscopy observations and measurements of ferroic

3



properties. [29] Bratvold et al. utilized atomic layer deposition to obtain epitaxially grown
NiTiO; thin films, with reported structure being either LN or CR, given that these two
structures cannot be discriminated by X-ray diffraction, as mentioned by the authors. [22]

The present study focuses on the deposition of NiTiO; thin films on Si(100) substrates by
radio frequency (rf) magnetron co-sputtering starting from two metallic targets (Ni and Ti). RF
magnetron sputtering is a technique that enables uniform thin film deposition on a large
industrial scale [30] and Si substrates give the possibility of an easy integration into electronic
devices. [31] In our previous work, a two-step process was developed to obtain single phase IL
thin films with random orientation: i) room temperature deposition of NiTi thin films in pure
Ar plasma, i1) post-annealing at 800°C in air. [32] In the present work, the process has been
modified to obtain in a single-step the in-situ crystallization of NiTiO; polymorphs. Reactive
sputtering was used to promote the in-situ oxidation of Ni and Ti species using Ar/O, plasma.
In addition, thermal energy was supplied during the deposition process by heating the silicon
substrate. In a first part of this paper, the effect of substrate temperature on the stabilizing of
the three possible structures of NiTiOj is presented: ilmenite (IL, R3), LiNbOs-type (LN, R3c),
and corundum (CR, R3c). In order to discriminate these phases, global and local structural
characterization techniques were used by combining X-ray diffraction, Raman Spectroscopy
supported by theoretical calculation along with high-resolution transmission electron
microscopy analyses. In a second part of the paper, the effect of ex-situ annealing is presented.

2. Material and methods
Radio frequency magnetron sputtering:

Radio frequency (RF) magnetron sputtering was employed for the co-deposition of NiTiO;
thin films on Si (100) substrates. Prior to deposition, the Si (100) substrates underwent a
thorough cleaning process involving successive rinsing in soapy water, deionized water,
acetone, and isopropanol. The deposition chamber was evacuated to a base pressure of 1074 Pa
using a combination of a primary pump and a turbo molecular pump. The thin films were
deposited from two inches metallic targets of nickel and titanium, each one connected to its
own radio-frequency power generator. The targets were tilted in a converging configuration
towards the substrate, and the substrate-to-target distance was set to 9 cm. The depositions were
carried out in a reactive atmosphere of Ar/O,, with an Ar flux of 25 sccm and an O, flux of
1 scem. The working pressure was regulated to 1.5 Pa by adjusting the aperture between the
deposition chamber and the pumping system.

For achieving a thin film composition with an atomic ratio of Ti:Ni = 1, the radio-frequency
power was maintained at 20 W on the Ni cathode, while the power on the Ti target was adjusted
in the range of 50-100 W. The cationic composition was then adjusted using a process adapted
from previous work, which is detailed in the supplementary information. [32,33] To obtain thin
films with atomic ratios Ti:Ni = 1 for a deposition pressure of 1.5 Pa, RF powers were set as
follows: 96 W on Ti target and 20 W on Ni target. Before each deposition, the targets were
sputtered for 30 minutes to ensure homogeneous surface state. The deposition time was varied
between 120 and 180 min leading to film thickness ranging from 60 to 120 nm. During the
deposition, the substrate holder was heated and connected to a rotation system to ensure uniform
deposition.

Annealing:



After the deposition process, annealing of the NiTiO; samples is conducted on selected
samples in a tubular furnace at 600°C or 800°C during 1h under 10 sccm of O, flow. The heating
and cooling rates were set at 4°C/min.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX):

Surface morphology was examined by scanning electron microscopy (SEM), using a
TESCAN microscope equipped with a Field Emission Gun operating at 10 kV. To analyze
chemical composition, energy dispersive X-ray spectroscopy (EDX) is employed with an
acceleration voltage of 15 kV and a working distance of 15 mm. Six positions were probed for
each sample to ensure homogeneity, and the compositions were calculated through a
deconvolution of the recorded EDX spectra using Oxford Instrument AZTec software.

X Rays Diffraction (XRD):

X-ray diffraction (XRD) patterns were obtained using a Bruker D8 advance diffractometer
with Cu radiations (kal = 1.54056 A and ka2 = 1.54439 A). Bragg-Brentano 0-20 scans were
performed for phase identification, and the patterns were fitted using highScore software. [34]
Prior to each fit, sample height was corrected using Si 400 diffraction peak of the substrate as
an internal reference. The c lattice parameter of the unit cell was extracted, from the fit results,
using the 26 Bragg position of the 006 reflection.

X rays reflectometry (XRR):

Thickness measurements were determined through X-ray reflectometry (XRR) using a
parallel X-ray beam and analyzed with Bruker's Leptos software.

Raman spectroscopy:

Raman scattering measurements were conducted using a Renishaw Invia Reflex
spectrometer in the backscattering geometry, employing a non-polarized 633 nm wavelength
with a power of 2 mW. An x50 lens was used to focus and to collect the incident beam and the
scattered light, respectively.

Transmission electron microscopy:

Transmission Electron Microscopy (TEM) and Electron spectroscopy investigations were
carried out using a cold FEG JEM ARM200F microscope, operated at 200 kV, and equipped
with a CENTURIO EDX detector, ORIUS Gatan camera, and Quantum GIF. The TEM analysis
included bright-field high-resolution TEM (BF HRTEM), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), selected area electron diffraction
(SAED), and simultaneous energy-dispersive X-ray (EDX) elemental mapping experiments.
HAADF-STEM image simulations were performed using JEMS software. Cross sections TEM
samples were prepared by Focused lon Beam (FIB) technique using standard protocol.

Theoretical Calculations

Theoretical calculations were performed within Density Functional Theory (DFT) using the
Vienna ab initio Simulation Package (VASP). [35-37] The Generalized Gradient
approximation (GGA) with Perdew, Burke, and Ernzehof (PBE) functional was employed for
electron exchange and correlation. [38] Atom cores are described through the projector
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augmented wave (PAW) method. [39] The kinetic energy cutoff for plane wave expansions was
set to 550 eV, and the Brillouin zone was sampled by Monkhorst—Pack meshes of 8x8x8. [40]
Atomic positions were optimized until forces were converged to lower than 1.1072 eV/A. Since
the localized 3d states of Ni are not properly treated in DFT, a Hubbard U correction has been
added using GGA+U method [41] with U = 4.5 eV and the Hund’s coupling constant
J=0.9 eV. These parameters allow to properly describe the spin state of Ni in these systems.

The Raman spectra have been simulated using both Phonopy and Phono3py
packages, [42,43] based on Density Functional Perturbation Theory (DFPT) calculations using
VASP. Four models have been intended. The first two correspond to IL and LN phases with R
3 and R3c space groups, respectively, both treated using the primitive unit cell (a, x b, X ¢;)
corresponding to the rhombohedral setting. The remaining two models were designed to
account for the partial occupancy of the cationic site by Ni and Ti, and were described in a
2ap x bp x cp supercell.



3. Results and discussions

In a first series of experiment, the deposition temperature was varied within the range of
400°C to 650°C to determine the in-situ crystallization temperature of NiTi103 samples.

Figure 1 shows the SEM cross section of two representative samples deposited at 550°C
(Figure 1(a)) and 650°C (Figure 1(b)). Both cross sections show the columnar growth
characteristic of sputtering deposition. Nonetheless, while the sample deposited at 650°C
presents well defined columns with sharped tips, the sample deposited at 550°C appears to be
composed of more closely packed columns with flatter surface. The flatter surface of the sample
deposited at 550°C is also shown in plane view SEM images (Figure S2 in SI) exhibiting less
rugosity for the lower deposition temperature. This observation needs to be supported by other
characterization techniques with lower limit of detection as HRTEM in the following part of
this work. Regardless of deposition temperature, the thicknesses of the films were close to 120
nm (deposition time: 180 min), as also systematically confirmed by XRR on the whole series
of samples.

Figure 2(a) shows the 8-20 XRD scans of the samples deposited at different temperatures.
For some XRD patterns (e.g. 500°C and 550°C), a diffraction peak at 26 =33.15° is present.
This peak is related to the forbidden diffraction from silicon substrate. [44]

To identify the IL, LN, and CR structures, it is noteworthy to mention their respective
diffraction conditions. The IL structure has a single diffraction condition: -h + k + 1 = 3n. In
contrast, both the LN and CR structures have four identical diffraction conditions and cannot
be distinguished by XRD technique. The first diffraction condition is the same as that for the
IL structure: -h + k + 1 = 3n. The remaining three, systematic diffraction conditions, are as
follows: 0kl:1=2n, h0l:1=2n, 001:1=2n.[45] Therefore, if a sample is 00! oriented,
we expect 00! diffraction peaks with / = 3n in the case of IL structure (e.g. 003, 006, 009,
0012...) and / = 2n in the case of LN and CR structures (e.g. 006, 0012 ...).

In the XRD patterns of Figure 2(a), a weak diffraction peak at 20 = 39.02° is observed for
the sample deposited at 400°C indicating the starting of crystallization. This peak becomes
more intense above 500°C and can be attributed to the (006) planes of the NiTiO3 polymorphs
described in the hexagonal symmetry. At 650°C, the XRD pattern shows two diffraction peaks
at 20 = 19.33° et 20 = 39.24°. These peaks are assigned to the (003) and (006) atomic planes of

I

IL phase. [46] The relative intensity ﬁ = 0.33 which is comparable to the one reported for
I

NiTiO; IL bulk material (,— = 0.30). [46]

Therefore, and according to the diffraction conditions cited above, for deposition
temperature ranging from 400°C to 600°C the sample structure is either LN or CR
(noted LN/CR) or a mix of both, while for 650°C, the sample structure appears to be mainly IL.
As the diffraction patterns display solely 00! reflections, the samples consequently demonstrate
a [00W] fiber texture. This means that the ¢ axis of the lattice is perpendicular to the substrate
with a rotational degree of freedom around this axis since no in-plane ordering has been
observed (not shown here).

The out-of-plane c¢ lattice parameter, extracted from 006 peak position in 0-20 scans, is
plotted as function of substrate temperature in Figure 2(b). The two green dashed lines indicate
the ¢ parameters of bulk NiTiO; IL (13.79 A) [46] and LN-type structures (13.85 A) reported
in literature. [47] The ¢ parameter gradually decreases as the substrate temperature increases
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from 500°C to 600°C, and presents a significant reduction when the substrate temperature
reaches 650°C. In the range 500-600°C, the ¢ lattice parameter is close to that of LN-type
structure reported by Varga et al.. [47] At 650°C, this parameter becomes smaller than the bulk
value of IL NiTiOj structure and is also comparable to that of IL NiTiOj thin films (c = 13.77 A)
reported by Bellam et al.. These results support that a substrate temperature of 650°C is
necessary to obtain IL phase. Below this temperature, alternative structures are obtained (LN
and/or CR). Nonetheless, a lattice parameter reduction upon the formation of IL phase may be
surprising. Indeed, the transition from IL to LN structures was reported to be accompanied by
a decrease of the unit cell volume in bulk FeTiO;. [48] The described reduction in unit cell
volume has not been observed in either NiTiOj; thin films or in the NiTi0O; bulk phase. The unit
cell volume for the LN NiTiO; has been simulated by Varga et al. [47] and is expected to be
smaller than the IL unit cell volume. In their experiments, Varga group successfully obtained
NiTiOj thin films in the LN structure with a lattice parameter ¢ = 13.85 A. This ¢ parameter is
larger than the IL bulk value similarly to our results. This can be explained by stress resulting
from the structuration in the films. In fact, a compressive strain reduce the in-plane parameters
(a and b) and elongates the ¢ parameter. [49] Therefore, the significant reduction of the
out-of-plane lattice parameters in our results when the substrate temperature is raised form
600°C to 650°C may be the consequence of stress relaxation upon the crystallization of IL
structure.

It 1s noteworthy that the temperature required for the in situ crystallization of IL NiTiO;3 in
this work (650°C) is lower than those required for the ex sifu crystallization (i.e. sputtering
deposition at low temperature followed by annealing in air) as reported in our previous work
(800°C) or by Bellam et al. (1100°C).[32,50] Also, in situ growth induces a [00W] fiber texture
while random orientation is obtained during ex situ growth.

To provide further support for the crystallization of NiTiO; thin films in diverse structures,
additional symmetry characterizations were conducted using Raman spectroscopy. This
non-destructive technique provides vibrational modes corresponding to symmetry elements in
a crystal structure. Raman spectroscopy can differentiate between IL, LN and CR symmetries
by identifying their distinct vibrational modes. On one hand the Raman signature of NiTiO5 IL
is well-documented, [51-54] on the other hand, no experimental or theoretical Raman spectrum
has been reported for NiTiO; LN and CR phases to the best of our knowledge. Thus, DFT
Raman simulations have been performed to predict Raman spectra for every phase. The DFT
optimized cell parameters for IL and LN NiTiOj are, respectively, a=5.07 A and c = 13.91 A,
and a=5.05 A and ¢ = 13.97 A, in excellent agreement with the experimental ones (less than
1% deviation). It is interesting to notice that our calculations reproduce the 0.06 A increase of
the ¢ parameter from IL to LN structures.

A comparison between experimental data and our DFT Raman simulation, after rescaling
the frequencies, is proposed in Figure 3 for IL phase. Calculated PBU+U frequencies deviate
from the experimental ones by about 24 cm’! in average. It should be noticed that such an
underestimation is expected using PBE functional. After applying a scaling factor of s = 1.066,
the mean deviation is reduced to 1 cm™!. The resulting spectrum is in good agreement with the
experimental data in terms of intensity and frequency. As shown in Figure 3 (green curve), the
Raman spectrum consists of 10 vibrational modes (5A,+5E,) with the main mode around
705 cm!. [51]



The PBE+U approach combined to a scaling factor of 1.066 has also been used to predict
the vibrational frequencies of LN phase (blue spectrum in Figure 3). Its spectrum should contain
13 vibrational modes (4A;+9E) according to symmetry considerations. [55] The Raman
signature of LN phase appears to be significantly different from that of IL phase, spanning from
215 cm! to 630 cm!, and the most intense peak is simulated for a Raman shift of 432 cm!,
where no intense Raman signal is expected for IL phase. This feature could thus be a good
candidate to discriminate LN and IL phases. In contrast, the second most intense peak (E mode)
has a Raman shift of 247 cm’!, very close to the A, mode of IL phase which is measured at
249 cm!. It is thus inadequate to differentiate the two phases.

Regarding the CR structure, for which the cations are disordered, the simulations of the
Raman spectrum is quite challenging. In order to efficiently consider the Ni/Ti disorder of the
CR phase within a reasonable calculation timeframe, we have created two models using a
2ap x bp x cp supercell. The resulting optimized cell parameters are closer to the IL structure
than LN ones with a = 5.05 and ¢ = 13.91 A. Figure 4 presents the schematic representation of
the primitive cell for IL (Figure 4 (a), (b)) and LN (Figure 4 (c)) phases, and two models of CR
phase (Figure 4(d), (e)) used to simulate Raman spectra. Simulated spectra of the former cells
show that high frequency modes are very sensitive to the introduction of chemical disorder.
These modes observed at 723 cm! and 785 cm!, respectively for IL and LN phases are located
at 749 cm! and 773 cm! for the model represented in Figure 4(d), and at 747 cm! and 754 cm!
for the model represented in Figure 4(e). Note that the mode of LN at 785 cm! corresponds to
A, symmetry which is an inactive Raman mode.

The introduction of Ni/Ti disorder in the cation occupation renders this mode A, Raman
active due to the modification of the second neighbors of the cations. This alteration
significantly affects the local symmetry and, consequently, the vibrational degrees of freedom.
These modes are potential candidates for the assignment of the experimental vibration mode
located at 780 cm!.

Figure 5 displays the experimental Raman spectra of NiTiO; samples deposited at various
temperatures, ranging from 400°C to 650°C. At 400°C and 500°C, the Raman spectrum is
primarily composed of silicon substrate vibration modes, along with a peak at 780 cm-!, which
can be attributed to the CR phase, as predicted by previous simulations. As the deposition
temperature is raised to 550°C and 600°C, the intensity of the CR vibration mode increases,
and a new vibration mode emerges at 705 cm-!. This newly observed mode is associated with
the main vibration mode of the IL phase. [50] In addition, two modes are detected at 435 cm’!
and 620 cm!. Both are a contribution of Si and LN phase vibrations as demonstrated by DFT
simulations (Figure 3). Upon further increasing of the deposition temperature to 650°C, an
additional mode of the IL structure becomes evident at 393 cm!, while the intensity of the CR
and LN modes decreases. This observation suggests a further enhancement of the crystallization
into the IL phase. [50]

The results obtained by XRD and Raman spectroscopy can be summarized as follows. At
400°C, a weak diffraction peak is observed on XRD scan while the Raman spectrum indicates
the initial stage of CR phase formation. Between 500°C and 600°C, XRD and Raman results
support the formation of LN/CR phases. Nonetheless, in this temperature range, Raman
spectroscopy also reveals the appearance of IL phase from 550°C. At 650°C, both techniques
indicate the formation of IL structure as the majority phase with small residue of LN/CR
structure still detected by Raman spectroscopy. In conclusion, a gradual transition from LN/CR
to IL structure as the deposition temperature increases is observed. The differences between the
two techniques are due to the fact that Raman spectroscopy is more sensitive to local ordering
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while XRD is sensitive to longer range ordering. In order to attain more local information of
phase formation, HR-TEM characterizations have been carried out.

Two representative samples were selected for TEM characterization. A sample deposited at
650°C (S1) and a sample deposited at 550°C (S2). Both samples were deposited at 1.5 Pa for
2 h. The estimation of their thickness by XRR revealed slight difference, with 80 and 60 nm for
S1 and S2, respectively.

Figure 6 presents the TEM results obtained for sample S1 deposited at 650°C. The low-
magnification bright-field TEM image (Figure 6(a)) and the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) overview image (Figure 6(b))
indicate that the NiTiOj5 thin film presents a columnar growth with appreciable roughness and
a thickness of about 80 nm, in agreement with SEM and XRR characterizations. The grain
width varies within the range of 20-50 nm.

Figure 6(c) shows a high-resolution HAADF-STEM image along [110] zone axis of a well-
defined single column. In this image, the representation of the ¢ axis of the IL structure (same
as fiber axis) perpendicular to the substrate surface confirms the texture growth supported by
XRD data. In addition, the surface of this grain is faceted by {014} and {015} planes, as
evidenced by the white lines (Figure 6(c)). Note that the {104} planes have the lowest surface
energy in IL structure and are therefore, the most stable. [58—60]

Figure 6(d) and (e) shows high resolution HAADF-STEM images of S1 along two most
informative [100] and [210] zone axis. According to image simulation performed on IL (NiTiO;
ilmenite, rhombohedral R3 SG a=5.044, c=13.814 ICSD1544718) structure, and LN (NiTiO3,
rhombohedral R3c) structures (Fig S1, supplementary information), only the HAADF-STEM
images along [100] and [210] zone axis allows to distinguish the two closely related structures
due to difference in particular contrast of atomic columns. The HAADF-STEM images (Figure
6 (¢), (d)) reveal a good crystalline quality, free of defects and stacking faults. Performed image
simulations (Figure 6(c), (d) insert) based on IL structure shows perfect fitting with the
experimental image confirming the obtained XRD and Raman spectroscopy results for sample
deposited at substrate temperature of 650°C.

Figure 7 and Figure 8 depict TEM results for S2 sample deposited at 550°C. In the low
magnification cross-section HAADF-STEM image, along with simultaneously acquired EDX-
STEM elemental mapping ((Figure 7(a)), we observe a uniform contrast, flat NiTiO; film with
a typical thickness of approximately 60 nm. All elements are homogeneously distributed over
the film. In the high resolution HAADF-STEM in (Figure 7(b)), it can be seen that the film
consists of grain widths ranging from 15 nm to 30 nm separated by low angle grain boundaries.
In contrast to the S1 film, Figure 7 reveals that no faceting is observed in the S2 film. The
surface appears flat and sharp, in line with the SEM observations (Figure 1). Additionally, the
high resolution HAADF-STEM image of S2 (Figure 7(b)) depicts a region consisting of three
NiTiO; [210]-oriented grains separated by thin intermediate layers appearing at the grain
boundaries (GBs). The width of these intermediate layers is approximately 5 nm and exhibit
epitaxial local intergrowth between the grains.

To determine the structure of the film, both in the grains or in intermediate layers at the grain
boundaries, a meticulous analysis of HAADF-STEM images was conducted. Owing in mind
homogeneous distribution of all elements (Figure 7(a)) with accordance to the nominal
composition, this analysis involved image simulations based on potential structures, including
IL, LN, and CR. The contrast within NiTiO; grains is not uniform, unlike the case of the S1
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film, (Figure 7(b)). According to the simulation of the [210] HAADF-STEM image (Fig S1),
the Ni/Ti atomic columns display equivalent intensity bright contrast, and this type of contrast
predominates throughout the image (Figure 8). The performed image simulation of LN structure
along [210] zone axis shows good agreement with experiment (Figure 8(b)). Therefore, most
of these grains belong to the LN structure. Nevertheless, the typical contrast of the IL structure
along the [210] projection, where atomic column brightness alternates (one out of two, as shown
in S1), is also locally observed. This observation leads to the conclusion that the film in the S2
sample contains a mixture of LN and IL phases, as previously deduced from X-ray diffraction
(XRD) and Raman characterizations. In the same time, the contrast of the GBs intermediate
layers in HAADF-STEM images cannot be fitted with LN or IL structures but could
corresponds to CR domains. Keeping in mind the growth conditions and considering the
available literature reports, we conducted a thorough analysis of specific contrasts in the image
and their corresponding Fourier transform (FT) patterns. When taking all the data into
consideration, it becomes apparent that the corundum-type NiTiO; structure may provide an
explanation for these contrasts, as previously reported in the literature. [22] The structure file
was generated using corundum structure (rhombohedral Al,O3) where Ni and Ti randomly
occupy the same position. The simulated HAADF-STEM image and ED pattern of this
corundum NiTiO; structure along [301] zone axis shows good agreement with obtained
experimental image (Figure 8(c)).

In conclusion, HRTEM corroborates XRD and Raman spectroscopy characterization.
Sample S1 is confirmed to be an ilmenite (IL) NiTiOj3 thin film, while S2 is a mixture of IL and
LN grains with CR grain boundaries (GBs). It appears that the CR grain boundaries represent
a mechanism for strain relaxation from LN domains to IL. domains within the film. When the
sample is mostly IL, the columnar structure is exhibited. When the sample is a mix of LN, CR
and IL, an intergrowth between phases is observed and leads to a flat surface of the sample.

Finally, the influence of post-deposition annealing on the structural features of NiTiO; thin
films was investigated. To this end, a set of 3 NiTiOj; thin films were simultaneously deposited
in the same conditions as S2: deposition duration of 2 h at a substrate temperature of 550°C.
After the deposition, one sample was kept as-deposited while the two others were annealed
under O, flux for 1 h at 600°C and 800°C. Figure 9(a), (b) and (c) show SEM images of the as-
deposited and post-annealed samples at 600°C and 800°C, respectively. Figure 9(a) and (b) are
alike and present thin films with a granular surface. This indicates that no morphology change
occurs during an annealing at 600°C. In a different way, Figure 9(c) shows that an annealing
temperature of 800°C promotes a grain coarsening.

Figure 9(d) shows XRD patterns of the as-deposited and post-annealed samples. The
as-deposited sample produces an XRD pattern owning a unique diffraction peak due to (006)
atomic plane of NiTiO; phase as obtained in the previous section. The sample has LN/CR
structure with a [00W] fiber texture. No significant change in XRD pattern is recorded after
annealing at 600°C. Therefore, this temperature preserves the LN/CR structure and crystal
orientation of the sample. After annealing at 800°C a 003 diffraction peak is detected, revealing
that the crystalline structure of the sample changed to IL. The c lattice parameters and relative

. L. 1 .
intensities ﬁ for the as-deposited and annealed samples are extracted from XRD patterns

showed in Figure 9(d). The c lattice parameter of the as-deposited sample at 550°C is 13.85 A.
This parameter decreases with increasing annealing temperature to 13.81 A at 600°C and 13.76
A at 800°C, in agreement with the formation of relaxed IL structure. In addition, the relative
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intensity 7 = 0.27 is comparable to the one found for NiTiOs IL bulk material -/ = 0.30
Too6 Tooe

). [46]

Figure 10 shows Raman spectra of samples deposited at 550°C and post-annealed. The
as-deposited samples at 550°C exhibit CR, LN and Si substrate vibration modes. The CR and
LN vibration modes relative intensity decreases after annealing at 600°C and disappear after
annealing at 800°C. After this annealing, only IL vibration modes are detected. Raman spectra
corroborates XRD results. At a deposition temperature of 550°C, a mix of IL and LN/CR phases
are formed. Annealing at 600°C results in a reduction of the LN/CR phase contribution, with a
shift in favor of the IL phase. At 800°C, pure IL phase is observed in the limit of detection of
the technique.

4. Conclusion

In conclusion, this study sheds light on the crucial role of thermal energy in the in-situ
crystallization process of NiTiOj; thin films deposited by multitarget reactive RF magnetron
sputtering. Through meticulous examination of deposition temperatures, the research discerns
a clear correlation between temperature variations and resultant crystalline phases. Lower
temperatures foster the formation of layered (LN) and corundum (CR) structures due to surface
defect trapping of ad-atoms, while higher temperatures facilitate the diffusion of ad-atoms,
promoting the crystallization of the more stable ilmenite (IL) phase.

The comprehensive multi-scale structural characterization, encompassing X-ray diffraction
(XRD), Raman spectroscopy, and transmission electron microscopy (TEM), allows for the
differentiation of LN, CR, and IL structures. While XRD analysis relies on diffraction
conditions and lattice parameters, Raman spectroscopy, complemented by density functional
theory (DFT) calculations, proves instrumental in discriminating LN and CR structures.
Furthermore, simulations of high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images enable the distinction between IL and LN structures
based on contrast variations.

The findings elucidate a systematic transition from LN/CR phases to IL structure as the
deposition temperature increases. This transition is observed to be gradual, with LN/CR phases
coexisting within grains, while CR phases predominantly reside at grain boundaries, facilitating
strain relaxation. Notably, this study marks the first observation of LN/CR structures and
achieves in-situ IL texture growth on silicon substrates, holding significant implications for
electronic device integration.

In essence, this research contributes to a deeper understanding of the intricate interplay
between thermal energy, deposition conditions, and resultant crystalline phases in NiTiO; thin
films. Such insights are pivotal for the tailored synthesis of materials with desired properties,
thereby paving the way for advancements in electronic device technologies
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List of figures

Figure 1: SEM cross section of NiTiO3 thin films deposited for 3 h at 550°C (a) and 650°C
(b). The scale is indicated by the white bar. The thickness for each sample is estimated at 120
nm

Figure 2: (a) XRD diffraction patterns of NiTiOj; thin films, deposited at different
temperatures (film thickness: 120 nm), (b) Out-of-plane lattice parameters c of the thin films
of NiTiO3 as a function of substrate temperature.

Figure 3: DFT simulations of the Raman spectra of both IL (R3) and LN (R3c) phases of
NiTiO;. The experimental Raman spectrum of the IL phase is given for comparison. [56] The
irreducible characters are provided. A scaling factor of 1.06 has been applied to the PBE+U
values reducing the exp./theo. deviation from 24 to 1 cm! for IL phase. It allows to propose a
prediction of the Raman shifts for LN phase. The calculation of the scaling factor was done

. 2 .
using s = ¥;(wew ™) /%, (wsee)”, with wie and wi™ the calculated and experimental
frequencies, respectively, expressed in cm™!. [57]

Figure 4: (a) Schematic representation of the primitive cell NiTiO; in the IL phase along a
axis. Views along c axis of (b) the IL phase, (c) the LN phase, and (d & ¢) the two CR models
(oxygen atoms are not shown for simplicity).

Figure 5: Raman spectra of thin films of NiTiO; deposited at different substrate temperatures
(from 400°C to 650°C). A broken axis is used for the sake of clarity in order to suppress the
very intense peak of Si substrate located at 520 cm™.

Figure 6: TEM images of S1: NiTiOj; thin film deposited on Si(100) substrate at 650°C.

(a) Cross-section bright field overview of the thin film, (b) low magnification cross-section
HAADF-STEM image of NiTiOj; film, (c) High resolution HAADF-STEM image of the
surface of single NiTiO; grain viewing along [110] zone axis. Noticed faceting of the grain
along {014} and {015} planes, (d) high resolution HAADF-STEM image of the single grain
along [100] zone axis. Magnified image together with overlapping simulated image and
structural model are given in the insert. (¢) high resolution HAADF-STEM image of the
single grain along [210] zone axis. Magnified image together with overlapping simulated
image and structural model are given in the insert. Image simulation was done based on IL
structure.

Figure 7: TEM images of S2: NiTiOj; thin film deposited on Si(100) substrate at 550°C and
1.5 Pa. (a) Low magnification HAADF-STEM image and simultaneously acquired EDX-
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STEM elemental maps for Ti K, Ni K, Si K. O K and overplayed color image. (b) high
resolution [210] HAADF-STEM image of selected by black box in (a) area of NiT10O; film.
The intergrowth secondary phase at NiTi0O; grains boundaries marked by red arrows.

Figure 8: TEM images of S2: NiTiOs; thin film deposited on Si(100) substrate at 550°C.

(a) High resolution HAADF-STEM image of grain boundary region of NiT1O; film deposited
at a pressure of 1.5 Pa and a substrate temperature of 550°C on Si substrate viewed along
[210] zone axis. Red arrows depict the GBs (b) high resolution [210] HAADF-STEM image
of NiTiO; grain and corresponding FT pattern. Simulated image based on LN structure is
given in the insert in magnified image (left panel) (c) high resolution HAADF-MSTEM image
of GB and corresponding FT pattern. The simulated image of GB structure based on NiTiO;
CR is given in the insert. FT pattern is superposition of [210] NiTiO; LN (white rectangle)
and [301] NiTiO;5 CR structure (red box).

Figure 9: SEM micrographs of thin films deposited simultaneously for 2 h at 1.5 Pa and
550°C :(a) as deposited and post-annealed under oxygen flow at (b) 600°C and (c) 800°C.
(d)Diffraction patterns of these thin films

Figure 10: Raman spectra of thin films simultaneously deposited for 2 h at 1.5 Pa and 550°C
and annealed under oxygen flow at 600°C and 800°C. A broken axis is used for the sake of
clarity in order to suppress the very intense peak of Si substrate located at 520 cm™!.
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Figures

Figure 1: SEM cross section of NiTiOj thin films deposited for 3 h at 550°C (a) and 650°C (b).
The scale is indicated by the white bar. The thickness for each sample is estimated at 120 nm
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Figure 2: (a) XRD diffraction patterns of NiTiOj thin films, deposited at different temperatures
(film thickness : 120 nm), (b) Out-of-plane lattice parameters c of the thin films of NiTiO; as a
function of substrate temperature.
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Figure 3: DFT simulations of the Raman spectra of both IL (R3) and LN (R3c) phases of
NiTiO;. The experimental Raman spectrum of the IL phase is given for comparison. [56] The
irreducible characters are provided. A scaling factor of 1.06 has been applied to the PBE+U
values reducing the exp./theo. deviation from 24 to 1 cm™! for IL phase. It allows to propose a
prediction of the Raman shifts for LN phase. The calculation of the scaling factor was done
using s = Zi(wf“lcwfxp) /2 (Wfalc)z, with w4 and wi? the calculated and experimental
frequencies, respectively, expressed in cm™. [57]
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Figure 4: (a) Schematic representation of the primitive cell NiTiOj; in the IL phase along a axis.

Views along c axis of (b) the IL phase, (c) the LN phase, and (d & e) the two CR models (oxygen
atoms are not shown for simplicity).
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Figure 5: Raman spectra of thin films of NiTiO; deposited at different substrate temperatures
(from 400°C to 650°C). A broken axis is used for the sake of clarity in order to suppress the
very intense peak of Si substrate located at 520 cm™'.
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Figure 6: TEM images of SI1: NiTiOj; thin film deposited on Si(100) substrate at 650°C.
(a) Cross-section bright field overview of the thin film, (b) low magnification cross-section
HAADF-STEM image of NiTiO; film, (c) High resolution HAADF-STEM image of the surface
of single NiTiOj; grain viewing along [110] zone axis. Noticed faceting of the grain along {014}
and {015} planes, (d) high resolution HAADF-STEM image of the single grain along [100]
zone axis. Magnified image together with overlapping simulated image and structural model
are given in the insert. (e) high resolution HAADF-STEM image of the single grain along [210]
zone axis. Magnified image together with overlapping simulated image and structural model
are given in the insert. Image simulation was done based on IL structure.
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Figure 7: TEM images of S2: NiTiOj thin film deposited on Si(100) substrate at 550°C and
1.5 Pa. (a) Low magnification HAADF-STEM image and simultaneously acquired EDX-STEM
elemental maps for Ti K, Ni K, Si K. O K and overplayed color image. (b) high resolution [210]
HAADF-STEM image of selected by black box in (a) area of NiTiOj; film. The intergrowth
secondary phase at NiTiOj; grains boundaries marked by red arrows.
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Figure 8: TEM images of S2: NiTiOj; thin film deposited on Si(100) substrate at 550°C. (a) High
resolution HAADF-STEM image of grain boundary region of NiTiOj; film deposited at a
pressure of 1.5 Pa and a substrate temperature of 550°C on Si substrate viewed along [210]
zone axis. Red arrows depict the GBs (b) high resolution [210] HAADF-STEM image of NiTiO;
grain and corresponding FT pattern. Simulated image based on LN structure is given in the
insert in magnified image (left panel) (c) high resolution HAADF-MSTEM image of GB and
corresponding FT pattern. The simulated image of GB structure based on NiTiO; CR is given
in the insert. FT pattern is superposition of [210] NiTiO; LN (white rectangle) and [301]
NiTiO; CR structure (red box).
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Figure 9: SEM micrographs of thin films deposited simultaneously for 2 h at 1.5 Pa and
550°C :(a) as deposited and post-annealed under oxygen flow at (b) 600°C and (c) 800°C.
(d)Diffraction patterns of these thin films
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Figure 10: Raman spectra of thin films simultaneously deposited for 2 h at 1.5 Pa and 550°C
and annealed under oxygen flow at 600°C and 800°C. A broken axis is used for the sake of
clarity in order to suppress the very intense peak of Si substrate located at 520 cm™'.
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Figure 5: Raman spectra of thin films of NiTiO; deposited at different substrate temperatures
(from 400°C to 650°C). A broken axis is used for the sake of clarity in order to suppress the
very intense peak of Si substrate located at 520 cm™.

Figure 6: TEM images of S1: NiTiO; thin film deposited on Si(100) substrate at 650°C.
(a) Cross-section bright field overview of the thin film, (b) low magnification cross-section
HAADEF-STEM image of NiTiO; film, (c¢) High resolution HAADF-STEM image of the
surface of single NiTiO; grain viewing along [110] zone axis. Noticed faceting of the grain
along {014} and {015} planes, (d) high resolution HAADF-STEM image of the single grain
along [100] zone axis. Magnified image together with overlapping simulated image and
structural model are given in the insert. (¢) high resolution HAADF-STEM image of the single
grain along [210] zone axis. Magnified image together with overlapping simulated image and
structural model are given in the insert. Image simulation was done based on IL structure.
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Figure 7: TEM images of S2: NiTiO; thin film deposited on Si(100) substrate at 550°C and
1.5 Pa. (a) Low magnification HAADF-STEM image and simultaneously acquired EDX-
STEM elemental maps for Ti K, Ni K, Si K. O K and overplayed color image. (b) high
resolution [210] HAADF-STEM image of selected by black box in (a) area of NiTiOj; film. The
intergrowth secondary phase at NiTiO; grains boundaries marked by red arrows.

Figure 8: TEM images of S2: NiTiO; thin film deposited on Si(100) substrate at 550°C.
(a) High resolution HAADF-STEM image of grain boundary region of NiTiOs film deposited
at a pressure of 1.5 Pa and a substrate temperature of 550°C on Si substrate viewed along [210]
zone axis. Red arrows depict the GBs (b) high resolution [210] HAADF-STEM image of
NiTiO; grain and corresponding FT pattern. Simulated image based on LN structure is given in
the insert in magnified image (left panel) (c) high resolution HAADF-MSTEM image of GB
and corresponding FT pattern. The simulated image of GB structure based on NiTiO; CR is
given in the insert. FT pattern is superposition of [210] NiTiO; LN (white rectangle) and [301]
NiTiO; CR structure (red box).

Figure 9: SEM micrographs of thin films deposited simultaneously for 2 h at 1.5 Pa and
550°C :(a) as deposited and post-annealed under oxygen flow at (b) 600°C and (c) 800°C.
(d)Diffraction patterns of these thin films

Figure 10: Raman spectra of thin films simultaneously deposited for 2 h at 1.5 Pa and 550°C
and annealed under oxygen flow at 600°C and 800°C. A broken axis is used for the sake of
clarity in order to suppress the very intense peak of Si substrate located at 520 cm-!.
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Figures

Figure 1: SEM cross section of NiTiOj thin films deposited for 3 h at 550°C (a) and 650°C (b).
The scale is indicated by the white bar. The thickness for each sample is estimated at 120 nm
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Figure 2: (a) XRD diffraction patterns of NiTiOj thin films, deposited at different temperatures
(film thickness : 120 nm), (b) Out-of-plane lattice parameters c of the thin films of NiTiO; as a
function of substrate temperature.
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Figure 3: DFT simulations of the Raman spectra of both IL (R3) and LN (R3c) phases of
NiTiO;. The experimental Raman spectrum of the IL phase is given for comparison. [56] The
irreducible characters are provided. A scaling factor of 1.06 has been applied to the PBE+U
values reducing the exp./theo. deviation from 24 to 1 cm™! for IL phase. It allows to propose a
prediction of the Raman shifts for LN phase. The calculation of the scaling factor was done
using s = Zi(wf“lcwfxp) /2 (Wfalc)z, with w4 and wi? the calculated and experimental
frequencies, respectively, expressed in cm™. [57]
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Figure 4: (a) Schematic representation of the primitive cell NiTiOj; in the IL phase along a axis.

Views along c axis of (b) the IL phase, (c) the LN phase, and (d & e) the two CR models (oxygen
atoms are not shown for simplicity).
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Figure 5: Raman spectra of thin films of NiTiO; deposited at different substrate temperatures
(from 400°C to 650°C). A broken axis is used for the sake of clarity in order to suppress the
very intense peak of Si substrate located at 520 cm™'.
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Figure 6: TEM images of SI1: NiTiOj; thin film deposited on Si(100) substrate at 650°C.
(a) Cross-section bright field overview of the thin film, (b) low magnification cross-section
HAADF-STEM image of NiTiO; film, (c) High resolution HAADF-STEM image of the surface
of single NiTiOj; grain viewing along [110] zone axis. Noticed faceting of the grain along {014}
and {015} planes, (d) high resolution HAADF-STEM image of the single grain along [100]
zone axis. Magnified image together with overlapping simulated image and structural model
are given in the insert. (e) high resolution HAADF-STEM image of the single grain along [210]
zone axis. Magnified image together with overlapping simulated image and structural model
are given in the insert. Image simulation was done based on IL structure.
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Figure 7: TEM images of S2: NiTiOj thin film deposited on Si(100) substrate at 550°C and
1.5 Pa. (a) Low magnification HAADF-STEM image and simultaneously acquired EDX-STEM
elemental maps for Ti K, Ni K, Si K. O K and overplayed color image. (b) high resolution [210]
HAADF-STEM image of selected by black box in (a) area of NiTiOj; film. The intergrowth
secondary phase at NiTiOj; grains boundaries marked by red arrows.
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Figure 8: TEM images of S2: NiTiOj; thin film deposited on Si(100) substrate at 550°C. (a) High
resolution HAADF-STEM image of grain boundary region of NiTiOj; film deposited at a
pressure of 1.5 Pa and a substrate temperature of 550°C on Si substrate viewed along [210]
zone axis. Red arrows depict the GBs (b) high resolution [210] HAADF-STEM image of NiTiO;
grain and corresponding FT pattern. Simulated image based on LN structure is given in the
insert in magnified image (left panel) (c) high resolution HAADF-MSTEM image of GB and
corresponding FT pattern. The simulated image of GB structure based on NiTiO; CR is given

in the insert. FT pattern is superposition of [210] NiTiO; LN (white rectangle) and [301]
NiTiO; CR structure (red box).
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Figure 9: SEM micrographs of thin films deposited simultaneously for 2 h at 1.5 Pa and
550°C :(a) as deposited and post-annealed under oxygen flow at (b) 600°C and (c) 800°C.
(d)Diffraction patterns of these thin films
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Figure 10: Raman spectra of thin films simultaneously deposited for 2 h at 1.5 Pa and 550°C
and annealed under oxygen flow at 600°C and 800°C. A broken axis is used for the sake of
clarity in order to suppress the very intense peak of Si substrate located at 520 cm™'.
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Highlights

e Deposition and growth conditions monitor the crystallographic structure of NiTiO3
thin films structure via multitarget reactive RF magnetron sputtering

e First simulation of NiTiO3 isomorphous to LiNbOs;-type Raman spectrum

e Multiscale characterization of NiTiO; enabled the differentiation between the three
polymorphs of NiTiO3 (LiNbOs-type, Corundum, and IL)

e Post-annealing at 800°C transforms Corundum/LiNbOs-type structures into IL
structure
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