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We present the results of a full quantitative analysis of X-ray absorption spectroscopy (XAS) performed
in situ during the growth of ultrathin titanium disulfide (TiS,) films via an innovative two-step process, i.e.
atomic layer deposition/molecular layer deposition (ALD/MLD) followed by annealing. This growth strat-
egy aims at separating the growth process from the crystallization process by first creating an amorphous
Ti-thiolate that is converted later to crystalline TiS; via thermal annealing. The simultaneous analysis of Ti
and S K-edge XAS spectra, exploiting the insights from density functional theory calculations, allows us to
shed light on the chemical and structural mechanisms underlying the main steps of growth. The nature of
the bonding at the base of the interface creation with the SiO, substrate is disclosed in this study.
Evidence of a progressive incorporation of S in the amorphous Ti-thiolate is given. Finally, it is shown that
the annealing step plays a critical role since the transformation of the Ti-thiolate into nanocrystalline TiS,
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and the loss of S are simultaneously induced, validating the two-step synthesis approach, which entails
distinct growth and crystallization steps. These observations contribute to a deeper understanding of the
bonding mechanism at the interface and provide insights for future research in this field and the gene-

rsc.li/nanoscale ration of ultra-thin layered materials.
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Introduction

Transition metal dichalcogenides (TMDs) have been receiving
great interest over the past few years due to their potential
future applications in super-capacitors, batteries, electronics,
and optoelectronics.’”” Lamellar titanium disulfide TiS,, which
consists of S-Ti-S layers separated by van der Waals gaps, is
also considered to be integrated into emerging energy devices
such as rechargeable batteries due to its kinetically favorable
insertion reaction with alkali metals.>® The good electrical
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conductivity, high energy density and rapid cycling rate of TiS,
make it a strong contender as an electrode in lithium-ion bat-
teries as well as for applications in high-power systems.”*°
However, ultra-thin films of TiS, are technologically challen-
ging to prepare on a large scale for device applications. The
top-down approach (mechanical exfoliation) for generating
ultrathin or monolayer TiS, is ineffective for scalable appli-
cations due to a lack of precise control over the number of
layers, crystal quality, and lateral dimension of grains.'*
Among the various bottom-up growth methods, atomic
layer deposition (ALD) could produce high-quality thin films
of TiS, in a controlled manner.”*” The ultrathin films pre-
pared by ALD bring about new challenges due to the an-
isotropy of TMDs coupled with extreme thinness. Various
efforts have been made such as post-annealing or chalcogen-
ization of ALD-grown transition metal oxides;"*™*>'® however,
controlling the reaction parameters to obtain the pre-
determined crystal structure remains a challenge due to the
co-occurrence of growth and crystallization during the ALD
process. This can be controlled to some extent using specific
crystalline substrates with adequate lattice parameters.'® The
alternative approach, which has a larger substrate scope and
has been successfully demonstrated by some of us for MoS,, is
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to completely dissociate deposition and crystallization by
using organic precursors during the ALD process.>® Two
parent gas-phase thin-film techniques, ALD for inorganic
materials (metal oxides, sulfides, and nitrides)** and its
counterpart, molecular layer deposition (MLD) for purely
organic thin films (e.g., polyimides and polyamides),”*?* have
been combined as ALD/MLD.***® The bridging of flexible
organic chemical residues between the layers prevents crystalli-
zation during the growth of the hybrid inorganic-organic thin
film at low temperatures and a post-treatment ensures the
removal of the organic part, which leads to the crystallization
of the required phase.”*?*” This ALD/MLD + annealing strategy
has been used to produce atomically thin MoS,-based layers
oriented parallel to the substrate.>® Very recently, we have
proved the controlled growth of TiS, ultra-thin films by a two-
step process composed of (i) the ALD/MLD step using in-
organic and organic precursors (tetrakis-dimethylamido tita-
nium (TDMAT) and 1,2-ethanedithiol (EDT)) and (ii) annealing
under an Ar/H, atmosphere.?®

The continuous development of the preparation of ultrathin
films of TiS, with controlled size and structure relies on a deep
understanding of ALD/MLD and requires multi-characteriz-
ation. The kinetics of every conceivable growth reaction and
side reaction for a given system should be evaluated for better
understanding and control of the process. Clearly, this is
rarely possible looking at the complexity of the reactions, but
fortunately, some of the initial and final steps can be deconvo-
luted using various structural and chemical techniques.
Understanding some of the selected key reaction steps may be
sufficient to answer specific questions about a process. A
notable chemical technique involves simulating experimental
conditions on high-surface area silica beads to serve as a repre-
sentative model for a flat wafer substrate.”*** Due to the simi-
larities in the chemical nature of the reactive sites and site
density between the two, the silica bead model has been effec-
tively utilized by our group in employing spectroscopic and
analytical tools to demonstrate the analogy beyond the first
pulse and successfully model the whole ALD/MLD growth
process of TMD phases.>**® Besides, synchrotron radiation
has emerged as a valuable tool for facilitating in situ X-ray-
based studies during ALD/MLD, particularly for examining the
growth process from its initial cycles. This is due to the brilli-
ance of the X-ray flux provided by synchrotrons and their
exceptional capability to tune the photon energy to match
specific experiments and material systems.>%373>

In situ X-ray absorption spectroscopy (XAS) is a powerful
tool for studying ALD/MLD processes due to several key advan-
tages. One of the most important advantages is its element
specificity, allowing it to provide detailed information about
the local structure surrounding probe elements such as tita-
nium and sulfur. Unlike some other techniques, XAS is well-
suited for characterizing non-crystalline or poorly crystalline
samples, which is crucial in ALD/MLD processes where well-
defined crystalline structures are often lacking, especially
during growth. In situ XAS is highly sensitive and capable of
detecting trace amounts of probe elements. This sensitivity is
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particularly valuable for monitoring the early stages of ALD/
MLD growth when only a few probe elements are present on
the substrate surface. Additionally, it can track changes in the
oxidation state of the probe elements during the deposition
process, and it is sensitive to the entire thickness of the de-
posited layers.

In this present work, we introduce two novel cross-talking
analysis elements to gain deeper insight into the chemistry
and structure of selected steps of the TiS, ALD/MLD: a full
quantitative analysis of the X-ray absorption spectroscopy
(XAS) data collected in situ and modelling of the ALD/MLD
process using density functional theory (DFT). DFT modeling
allows one to calculate the pathways for precursor adsorption,
ligand migration, and by-product formation on the surface,
yielding reaction energies and activation energies for each step
and indicating whether the reaction is thermodynamically or
kinetically favorable at the temperature of interest.*®*” It also
provides us with possible structures from which XAS spectra
can be simulated and compared with the in situ experimental
results, determining the bonding behavior of the precursor
with the surface in the early stages.>® XAS, being an element-
selective and local structure technique, allows us to probe the
evolution of each ALD/MLD growth cycle in real time. It pro-
vides detailed information about local ordering, bond dis-
tances (with resolution of the order of the hundredth of A),
and coordination numbers. The combination of in situ X-ray
characterization and DFT calculations provides a unique means
to determine the atomic arrangement and bonding in mole-
cules deposited at a surface and, more precisely, the initial
surface reaction mechanism.?****° Based on these chemical
and structural analysis tools, this paper sheds new light on
three distinct phases of the ALD/MLD of TiS, ultrathin layers:
the reaction of the precursors with the substrate and the cre-
ation of the interface, the growth of non-crystalline intermediate
thiolates, and the crystallization upon the annealing step.

Experimental section
Thin film fabrication and post-annealing treatment

The detailed process for sample preparation has been reported
previously.”® Briefly, ALD/MLD growth of the hybrid organic-
inorganic Ti-thiolate had been performed on a 100 nm thick
thermal SiO, substrate using alternate pulses of precursors
TDMAT and EDT in a controlled manner. Prior to deposition,
the substrates were pretreated at 200 °C in a 100 sccm nitrogen
flow for 30 minutes. The temperature of the substrate was
50 °C during the sample growth. The growth of 40 ALD/MLD
cycles was followed by continuous thermal annealing and
cooling under a 100 sccm flow of H,(4%)/Ar(96%) gas at a
ramp rate of 10 °C min~" up to 500 °C.

Synchrotron experiment setup

In situ XAS measurements have been carried out at the SIRIUS
beamline of SOLEIL synchrotron, France, using a custom-built
portable ALD/MLD reactor.*"** This undulator-based beamline

This journal is © The Royal Society of Chemistry 2024
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utilizes two different monochromators, the double crystal
monochromator (DCM) and the multilayer grating monochro-
mator (MGM), and operates in the energy range of 1.2 to 13
keV with high energy resolution.**** The beamline is
equipped with a large and accurate 7-circle Newport diffract-
ometer to host cumbersome dedicated sample environments
for in situ characterization of samples by X-ray scattering, spec-
troscopy, and reflectivity. The ALD/MLD reactor was mounted
on the heavy-duty tower of a six-axis Newport diffractometer at
the SIRIUS beamline. The experimental setup allowed perform-
ing multiple complementary in situ X-ray techniques i.e., XAS,
X-ray diffraction (XRD), X-ray reflectivity (XRR), and X-ray fluo-
rescence (XRF). Fluorescence from the sample was measured
using a four-element silicon drift detector (Bruker XFlash
QUAD 5040) (SDD) mounted at one of the flanges of the
reactor with provisions for varying distances from the sample.
A collimator focused on the center of the sample was used at
the detector nose with a 20-micron Kapton window to protect
it from the precursor/reactants of the reactor. The SDD detector
was coupled with a four-channel xMAP DXP electronics provided
by XIA. All XRF and fluorescence-XAS data were corrected by
non-linearity prior to their analysis.*” The scattered X-rays were
measured using a 2D hybrid pixel detector (PILATUS 1M by
Dectris) placed at one of the arms of the six-axis diffractometer.
The path between the reactor and pixel detector was connected
through a He filled tube with 20-micron Kapton windows.

In situ X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) measure-
ments were carried out at the Ti (4966 eV) and S (2472 eV)
K-edges in fluorescence mode during the inorganic-organic
film growth and the annealing/cooling process. The incidence
angle at the sample was kept at 1.2°, which is above the critical
angle of Si at 5 keV; this choice helps to minimize the sub-
strate background, preserving bulk sensitivity at the same
time. The DCM synchronized with the undulator gap in con-
tinuous mode was used to measure the spectra in a faster way.
The higher-order harmonics at the S K-edge were rejected
using B,C-coated mirrors, and Pt-coated mirrors were used at
the Ti K-edge for the same purpose. A reference TiS, powder
sample (purchased from Merck™) was measured with the
same beamline setup during the experiment.

XAS analysis

The XAS analysis was carried out using the Demeter package,
which includes Athena and Artemis subroutines for data pro-
cessing and analysis.*® The standard data analysis procedure
includes background reduction and Fourier transform to
derive the y(R) versus R spectra from the absorption spectra
(using Athena software), generation of the theoretical EXAFS
spectra starting from an assumed crystallographic structure,
and finally fitting of experimental data with the theoretical
spectra using the Artemis software. The k-ranges used in
Fourier transforms were 3-10 A™" and 2-8 A™" at the Ti K-edge
and S K-edge, respectively. The R-ranges used for fitting the
data at the Ti K-edge and S K-edge were 1-3.0 A and 1-3.5 A,
respectively. The amplitude reduction factors were obtained

This journal is © The Royal Society of Chemistry 2024
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from the EXAFS fitting of the TiS, spectra. The coordination
numbers, bond lengths and disorder factors were kept variable
during the fitting. The linear combination fitting (LCF)
method was also carried out using the Athena software.
Further details are given in the ESL.¥

XANES simulations

The XANES simulations were carried out using the finite differ-
ence method near edge structure (FDMNES) code. It is a fully
relativistic DFT-LSDA code and can be used in finite difference
method (FDM) mode to solve the Schrodinger equation in
which the shape of the potential is free and avoid the muffin-
tin approximation.*” We used the FDMNES program to simu-
late the XANES spectra, taking as an input several realistic
atomic arrangements at the surface calculated by DFT,
as detailed in the next paragraph. The simulations of the
Ti K-absorption edge were performed using the finite difference
method. The simulation cluster used in this study consisted of
over 200 atoms surrounding the central Ti, with a dimension
of 9.0 A. The cluster radius was optimized by progressively
increasing its size until convergence was achieved. The simu-
lated intensity entirely resulted from electric dipole tran-
sitions. The convolution parameters of the simulation were
optimized interactively using the PyFitit software tool.”® The
final optimized convolution parameters were a maximum
width of 18 eV, a center of 50 eV, and a width of 18 eV for the
arctangent function, with E¢..,; at 4972 eV and theoretical core
hole widths from Krause et al.*®

DFT simulations

To study the initial stage of the ALD/MLD growth process, self-
consistent DFT calculations were performed using the Vienna
ab initio simulation package (VASP).>’ The revised Perdew-
Burke-Ernzerhof functional for solids (PBEsol)’" within the
generalized gradient approximation (GGA) were used in these
calculations. The plane wave cutoff energy was set to 450 eV
and the Gaussian smearing was 0.05 eV. The total energy and
atomic force convergence thresholds were defined as 107™* eV
and 107 eV A™'. The substrates were cleaved from a totally
relaxed alpha-SiO, crystal along the (0001) plane. A five-layered
slab expanded to a 3 x 3 x 1 supercell together with 24 A
vacuum was enough to describe the reaction surface and avoid
the spurious interaction between neighboring layers. The use of
the alpha-SiO, crystal structure helps to reduce computational
costs thanks to its smaller unit cell.*>>* Although the use of
crystalline substrates has found widespread use in modeling the
surface structure in various atomistic force field and DFT com-
putational studies,>>® it is important to note that this rep-
resents a theoretical model of silicon dioxide and may not per-
fectly replicate the actual amorphous SiO, structure. While our
simulations offer valuable insights into the initial growth cycle,
there might be some variations when compared to amorphous
SiO,. The Brillouin zone was sampled with the Monkhorst-Pack
division scheme. The 8 x 8 x 8 and 1 x 1 x 1 k-point meshes
were applied to the bulk alpha-SiO, primitive cell and the super-
cell. In all these calculations, the bottom 2 layers were fixed.
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Results
The creation of the interface

The optimal ALD/MLD growth process aims to achieve the for-
mation of a monolayer of a well-defined unique metallic
species on the hydrogenated thermal SiO, surface during the
first half-cycle. However, bonding with the substrate remains
dependent on various process parameters, noticeably the sub-
strate pretreatment temperature, which can favor, as exempli-
fied in the case of silica beads, the formation of a monopodal
(one substrate-metal bond per deposited metal atom) and a
bipodal (two metal-substrate bonds per deposited metal atom)
coordination mode or a mixture of the two.>® The in situ ana-
lysis of the first half-cycle growth on a silicon wafer pretreated
at 200 °C carried out during the present experiment allowed us
to unveil the bonding of TDMAT with the surface. DFT simu-
lations were performed for a monopodal model where the
TDMAT molecules were connected with the SiO, surface

View Article Online
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through one oxygen atom. The simulated XANES spectra at the
Ti K-edge are shown in Fig. 1a for the two different models
along with the experimental spectrum of the first half-cycle.
The simulated XANES spectrum from the mono-podal model
was able to generate the pre-edge and post-edge features (a
and e in Fig. 1); however, the doublet peak points ¢ and d
could not be reproduced. Moreover, the mono-podal simu-
lation shows an additional shoulder at the edge (b), which is
not observed in the experimental spectrum. The calculated
bond lengths from the monopodal model for different poten-
tials and configurations are reported in ESI Table S1.}

The calculated bond lengths, especially the Ti-O bond, are
far more distant from the experimental Ti-O and Ti-N bond
distances obtained from the EXAFS analysis of the half-cycle.
This observation motivated us to try other configurations of
the bonding and we found the bi-podal model to be the most
suitable one. The bipodal model connects the TDMAT mole-
cule with the SiO, substrate using two Ti-O bonds and these

Normalised pu(E)

- . (@)

?Simu.: Bi-podal

iSimu.: Mono-podal

Ti K-edge

I I
5050 5100

Energy (eV)

1 I
4950 5000

I
5150

Fig. 1 (a) Experimental (middle) and theoretical simulated XANES spectra (top and bottom) of the ALD/MLD first half-cycle during the growth of
metal-organic films. The two DFT optimized structures named the bi-podal model and the mono-podal model used for XANES simulations are
shown in (b) and (c), respectively. The mono-podal model connects the TDMAT molecule to the substrate surface using one bridging oxygen while
the bi-podal model connects TDMAT through two substrate oxygen atoms. The colors of the atoms in the model structures signify the following:
red = oxygen, blue = Si, brown = carbon, sky blue = titanium, pink = hydrogen, and light-blue = nitrogen.
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two oxygen atoms belong to two different Si atoms of the sub-
strate. The simulated XANES spectrum was able to reproduce
all the spectral features; however, the peak intensity is reversed
compared to the experimental one. This discrepancy could be
attributed to the various approximations employed during
the simulations or the influence of the selected surface. To
provide a more intuitive character of the stability of two struc-
tural configurations, the formation energy has been calculated
using the following equation:

Econt — Z N;E;
i

Eform = W
i

where E . is the total energy of two surface configurations, E;
is the energy per atom of the stable phase of each element and
N; is the number of elements in the super cell. The formation
energy is —2.71 eV per atom and —3.06 eV per atom for the
mono-podal and bi-podal models, respectively, indicating that
the bi-podal configuration is more stable than the mono-podal
one. The simulated XANES spectrum for the bi-podal model
shown in Fig. 1a is able to generate all the major features (a-e)
visible in the experimental spectrum of the half-cycle deposit.
We took care to define the ~OH groups per nm” at the surface
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before the calculation to mirror the experimental conditions
(pre-annealing of the SiO, surface at 200 °C).*°

The bipodal model for the first half-cycle was in excellent
agreement with the observed preference for bipodal coordi-
nation on silica beads dehydroxylated at 200 °C, rather than
the monopodal coordination observed for the same grafting
reaction performed on silica beads dehydroxylated at higher
temperatures. With the increasing pretreatment temperature
of the substrate, the surface silanol reactive sites became iso-
lated and sparse, therefore favoring monopodal over bipodal
grafting.” Simulation of the MLD (second half) cycle is very
challenging due to the involvement of large precursor mole-
cules, interacting weakly and strongly with the three-dimen-
sional partially known surface. These aspects are problematic
for DFT due to the requirement of large simulation cells, weak
chemical interactions, and unknown substrate surfaces.
Therefore, we limited our work to the ab initio modeling of the
first half-cycle.

The ALD/MLD growth

The normalized XANES spectra at the Ti K-edge during the
growth of the metal-organic film are shown in Fig. 2a. The
XANES spectra show two interesting changes as a function of
the ALD/MLD cycle number. The first change can be observed

1.2 cy30
c _ ——LCFfit
o 1.04 i
I S
3 0.8 cy40
Ke)
[\
T 06
I
g 04-
(e}
cy0.5
Z 021 y
: Ti
0.0 = iS,
4980 5000 5020 5040

Energy (eV)

Fig. 2 (a) Normalized XANES spectra of the ALD/MLD cycles at the Ti K-edge. (b) Fourier transform EXAFS spectra recorded at various ALD/MLD
cycles at the Ti K-edge. The Fourier-transformed spectra shown here are phase uncorrected and show coordination peaks at relatively lower dis-
tances than the actual bond lengths. (c) S/Ti ratios of the initial ten ALD/MLD cycles, calibrated using the XPS results. (d) Representative LCF of

XANES spectra and the contribution of different components.
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at the pre-edge at around 4972 eV. The pre-edge features of the
K-edge XANES spectra of 3d transition-metal compounds were
assigned to the electric dipole (1s - np) and quadrupole (1s —
3d) transitions. However, the intensity contribution of the
quadrupole transitions was minor due to the orbital symmetry
restrictions,®! and the pre-edge features were therefore in most
cases assigned to 1s electron excitation into p-d hybridized
orbitals. The pre-edge feature intensity depended mainly
on coordination, symmetry, and bond angles.®® It has been
observed that centrosymmetric coordination i.e., octahedral
coordination shows less hybridization compared to non-
centrosymmetric coordination (tetrahedral coordination). A
systematic decrease in the pre-edge intensity can be observed
when the deposition proceeds from the first cycle to cycle 40.
The initial intense pre-edge is related to the tetrahedrally
coordinated TDMAT molecule grafted to the substrate. The
optimized model for the first half-cycle corroborates this
observation. As the ALD/MLD cycles proceed, more sulfur or
carbon species surround the Ti atoms, which leads to an
increase in the average coordination number and coordination
symmetry of the Ti atoms, hence the pre-edge peak intensity
decreases.

The second notable variation as a function of the ALD/MLD
cycle number is shown by a spectral feature (a shoulder at
4980 eV) on the rising part of the absorption edge, which
keeps growing during the deposition. This shoulder is attribu-
ted to the transition of Ti 1s electrons to unoccupied Ti 4p/S
3d hybridized orbitals.®* This feature (which becomes a peak
in crystalline materials) is characteristic of transition metal
chalcogenides and is normally absent or negligible in titanium
oxides.®*®* The increase in the intensity of the shoulder with
increasing cycle number further confirms the progressive
increase of sulfur around the Ti atoms, as the ordered distri-
bution of sulfur contributes to the constructive interference in
multiple scattering, resulting in its higher amplitude.®*

The contribution of the sulfur around the Ti atoms can also
be seen in the Fourier transformed EXAFS spectra as a func-
tion of the ALD/MLD cycle number in Fig. 2b. The coordi-
nation peak at 1.5 A in the Fourier transform spectrum corres-
ponds to the first neighbor’s shell. The Fourier transform spec-
trum of a TiS, standard is also included to better index the
coordination peaks from the different neighboring shells in
the sample spectra. The first peak for the half cycle, which is
absent in TiS,, originates from the contribution of two oxygen
atoms at 1.90 A coordinated with the substrate and two nitro-
gen atoms at 1.91 A coordinated with the -NMe, group of the
TDMAT precursors. The coordination peak related to the Ti-S
bonds at around 2 A starts appearing after a few ALD/MLD
cycles only. One can see that the coordination peak related to
the Ti-S bonds is continuously increasing in amplitude while
the Ti-O/N peak is decreasing. The metal-organic film (cy40)
shows a significant contribution of S around Ti. The absence
of a coordination peak corresponding to the next nearest
neighbor (Ti-Ti) at around 3 A (Fourier transform spectrum of
TiS,) for all the ALD/MLD cycles indicates the very short-range
character of atom ordering in the metal-organic film.
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The (S/Ti) ratio obtained from the XRF measurements
during the ALD/MLD cycles for the initial 10 growths is shown
in Fig. 2c. The ratio was calibrated using X-ray photoelectron
spectroscopy (XPS/HAXPES) data of the reference stoichio-
metric TiS, sample.®® The absence of Ti-S coordination peaks
during the very first cycles in the Ti K-edge Fourier transform
EXAFS spectra can be understood through Fig. 2c, where the
ratios of the initial 10 cycles are shown, while the ratios of the
full growth up to 40 cycles are presented in ESI Fig. S3.f A
similar S/Ti ratio has been previously reported for the growth
of 60 cycles of ALD/MLD.®® The small S/Ti ratio for the initial
few cycles indicates a very small number of sulfur back scat-
terers; therefore, the Ti-S bonds are below the detection limit
of the technique at the Ti K-edge.

We also note that the first Ti-O/N peak is always present up
to the highest cycles, even if its intensity decreases with the
cycle number. This suggests the presence of a fraction of Ti
atoms not reacting or interacting with S in the metal-organic
film, which does not yield a covalent or a dative bond between
S and Ti, respectively, and remains in the local structure
similar to the one of the first cycles. The presence of a fraction
of such titanium atoms is in agreement with the incomplete
surface reaction advancement during the ALD/MLD process
modeled in our previous work.>®

The LCF method involves fitting a linear combination of
reference spectra of known chemical species to the experi-
mental XANES spectrum in order to determine the relative
contributions of each species.*® LCF was used to identify the
contributions of the different chemical species present in the
samples during growth and annealing. The representative LCF
for ALD/MLD cycle 30 is shown in Fig. 2d, with the contri-
butions of the different components. The reference com-
ponents used for LCF were able to reproduce the XANES
spectra. The selection of the different components for LCF is
described in the Discussion section.

The normalized XANES spectra at the S K-edge for the
different ALD/MLD cycles are shown in Fig. 3 along with that

Normalized p(E)

T T T
2470 2480 2490 2500
Energy (eV)

Fig. 3 The initial few cycles show small contamination (at around
2490 eV) of residual sulfur in the growth chamber. The XANES
spectrum obtained prior to the growth cycles was used to remove this
contamination.
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of the reference spectrum of crystalline TiS,. Here, we can
detect a S signal and acquire a spectrum from cycle 1 (cy1),
although this signal is very low in the first cycles (the differ-
ence in amplitude cannot be appreciated in the figure since
the spectra are normalized; however, one can observe higher
noise for the first cycles). The absorption spectra without nor-
malization at the S K-edge are shown in ESI Fig. S4.1 The two
peaks A and B in TiS, are induced by the strong hybridizations
between the Ti 3d and sulfur 3p states and can be assigned to
the transitions to the t,, and e, bandlike states.®* The broad
feature C is induced by the hybridization between the sulfur
3p states and Ti 4s and 4p states.®” The t,, and e, bandlike
states are formed in crystalline TiS, due to the formation of
narrow bands. It is evident from the figure that the XANES
spectra of the metal-organic films are completely different
from those of TiS,. It has been previously reported that in
metal-organic films, the S K-edge energy moves to higher ener-
gies as the sulfide bonding environment shifts from metallic/
covalent to ionic.®® In addition, the absence of a doublet peak
similar to that of TiS, indicates a lack of long-range ordering
in the metal-organic film. A systematic increase of the white
line peak intensity at around 2477 eV is observed with increas-
ing ALD/MLD cycle number. The increase in the white line
intensity is related to the availability of more partially/unoccu-
pied allowed states for the electron transition.**®” Apart from
this clear difference in the white line, the shapes of all the S
K-edge spectra were similar from cycle 1 to cycle 40, suggesting

1.2 (a)
m
-
E 0.8
T
£ ——cy40
£ —— cy40T500
0.4 cy40Tcool
—TiS,
0‘0_ T T T
4960 4980 5000 5020 5040
Energy (eV)
1(c)
o] TiS,
—_
el .
N
= ] cy40Tcool
g
S
z ] cy40T500
- cy40
2470 2480 2490 2500
Energy (eV)
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a similar S bonding and local environment of S and rather
different from that of TiS,. A minor change can also be
observed at the right of peak C for some of the initial growth
cycles (cyl and cy2) with a peak at around 2487 eV probably
due to surface contamination of the substrate; however, the
contribution of the signal from this contamination is small
(<1%) as can be seen in Fig. S4 and S5.}

We note here that the quantitative analysis of both the Ti
K-edge and S K-edge spectra shown in this paragraph brings
about new information on the ALD/MLD growth of these
metal-organic films, which was not available before nor acces-
sible via other techniques.

The annealing and cooling step

As mentioned above, the annealing step was expected to trans-
form the metal-organic amorphous film into a crystalline film.
The Ti-thiolate films were annealed under Ar/H,(4%) gas to a
moderate temperature (500 °C). The XANES and EXAFS
measurements were carried out during the annealing and
cooling of the sample to understand the process of transition
from amorphous Ti-thiolate to crystalline TiS,. The annealing
was performed inside the ALD/MLD reactor directly after the
growth, avoiding any contact with air (and spectrum contami-
nation) related to sample transfer. The selective XANES and
Fourier transform EXAFS spectra at the Ti and S K-edges for
40-cycle ALD/MLD are shown in Fig. 4 for the metal-organic
film (cy40), annealed at 500 °C (cy40T500) and after cooling

*! (b)

—cy40
——cy40T500
| cy40Tcool
- 12 —TiS,
@
=
3
=

—cy40
cy40Tcool
—TiS,

0.94

0.6

2(R) (A%)

0.3

0.0 T T T T

R(A)

Fig. 4 Normalized XANES spectra of the Ti-thiolate (cy40), the Ti-thiolate film annealed at 500 °C (cy40T500), and the spectrum recorded after
cooling (cy40Tcool) along with that of the standard TiS; at the (a) Ti K-edge and (c) the S K-edge. The respective Fourier transform EXAFS spectra

are shown in (b) and (d).
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(cy40Tcool). The XANES and Fourier transform EXAFS spectra
of TiS, recorded in the same experimental setup are also
included in Fig. 4.

In the Ti K-edge XANES spectra shown in Fig. 4a, the pre-
edge peak at around 4972 eV is relatively higher for the Ti-thio-
late and annealed samples in comparison with that of TiS,;
however, the annealed sample shows a relatively higher inten-
sity of the pre-edge peak compared to the Ti-thiolate. It has
been previously mentioned while discussing the growth results
that the intensity of the pre-edge peak depends on the coordi-
nation, symmetry, and bond angles. The relatively higher
intensity of the annealed sample was due to the relatively large
thermal vibrations at higher temperatures (500 °C).*® However,
the pre-edge peak intensity remained the same even after
cooling. This higher intensity after the cooling of the sample
was due to the loss of sulfur after the annealing, which prob-
ably distorted the local coordination of Ti from perfect octa-
hedral in TiS, to distorted octahedral.®® A more substantial
change can also be observed in the absorption edge shoulder/
peak at around 4980 eV. This feature is due to the presence of
S around the Ti atoms in an octahedral configuration and
increases upon annealing. In crystalline TiS,, the shoulder
becomes a peak. The intensity of the shoulder also depends
on the thickness (or the ALD/MLD cycle), as has been reported
previously when comparing the cy40 and cy80 ALD/MLD
samples.”® However, this shoulder decreases in amplitude
while cooling the samples inside the reactor, which is probably
due to the loss of sulfur. Direct evidence of sulfur loss is given
in Fig. S4 of the ESI,{ where the non-normalized S K-edge
X-ray absorption spectra reveal a reduction in the intensity of
the annealed spectrum (cy40T500) and a further decrease in
the intensity of the cooled spectrum (cy40Tcool). The loss of
sulfur can also be observed in Fig. S61 through the recorded S/
Ti ratio during the annealing and cooling processes. It has
been observed that the samples removed immediately from
the chamber after annealing show a relatively higher shoulder
peak compared to the one kept inside the reactor to cool.*®

The observations made through the XANES spectra are also
mirrored in the Fourier transform spectra shown in Fig. 4b.
The Ti-thiolate sample shows two coordination peaks at 1.4 A
and 2.1 A (phase uncorrected spectra) corresponding to Ti-
O/N at 1.90 A and Ti-S at 2.45 A coordination shells, respect-
ively. The decrease in the coordination peak at 1.4 A and the
increase in the coordination peak at 2.1 A can be seen after the
annealing and give a direct indication of the crystallization of
TiS,, or at least of the creation of a local environment with
TiS, symmetry, where the bonds between Ti and elements
different from S are minimized. The Fourier transform spec-
trum of the cooled sample again shows a decrease in Ti-S
coordination and an increase in Ti-O/N coordination, possibly
attributed to the loss of sulfur from the sample. The fitting
results at the Ti K-edge are shown in Table S2 of the ESI{ and
bond lengths are plotted in Fig. S7.}

The normalized XANES spectra at the S K-edge are shown
in Fig. 4c for Ti-thiolate (cy40), annealed (cy40T500), and after
cooling (cy40Tcool) along with that of standard TiS,. The spec-
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trum of the sample after annealing shows important changes
with respect to the one of the Ti-thiolates and presents close
similarity with TiS, and its line shape remains the same even
after cooling. A small difference can be observed in the widths
of the t,, and e, peaks, possibly due to a lower degree of long-
range ordering or the effect of the polarized beam due to the
preferred orientation in the samples compared to polycrystal-
line TiS,. The Fourier transform spectra at the S K-edge shown
in Fig. 4d corroborate the XANES observations. The Ti-thiolate
shows a relatively broad first coordination peak at 1.9 A, con-
tributed by S-C, S-S, and S-Ti coordination. However, the
spectrum of the annealed and cooled sample (cy40Tcool)
shows complete similarity with TiS, in the position of the
peaks, with reduced coordination peak intensity. The Fourier
transform of the EXAFS spectrum for cy40T500 is absent in
Fig. 4(d) due to the time constraints of the beamtime.
Nevertheless, the close similarity of the XANES profiles shown
in Fig. 4(c) for the cy40T500 and cy40Tcool spectra indicates a
comparable coordination geometry between the two and
suggests minor local changes upon the cooling step for the S
atoms remaining in the sample. The S K-edge Fourier-trans-
formed XAS spectrum for the cy40Tcool sample shows that at
least two coordination shells around S are well distinguishable,
suggesting that the material is not any more amorphous, but it
shows some ordering beyond the nearest neighbors. It is
however interesting to note that the amplitude difference of
the two coordination peaks at 2.0 A and 3.0 A corresponding
to S-Ti and S-S coordination, respectively, is small in the TiS,
standard, while it is much bigger in the cy40cool sample. This
observation corroborates the formation of a partly ordered
crystalline atomically thin stack of TiS, observed through
TEM.>® Additional DFT calculations based on molecular
dynamics and XANES simulations were also performed to
evaluate possible variations in the spectra line shapes in amor-
phous TiS, and to address the degree of ordering in our
annealed samples (see the ESIT). The result is that the crystal-
line TiS, structure is more effective than the amorphous ones
in simulating the XANES spectra for the annealed samples.

Noteworthily, the S K-edge XANES spectrum, after anneal-
ing, shows a close similarity with TiS, while this is less true at
the Ti K-edge. This observation suggests that all the remaining
S atoms after the annealing have local coordination, as in crys-
talline TiS,; however, not all the Ti atoms have local coordi-
nation like TiS,. The chemistry underlying this observation
will be further addressed in the Discussion section.

Fig. S6 in the ESIT shows the S/Ti ratio alongside the indi-
vidual fluorescence from the Ti and S Ka lines during the
annealing and cooling processes. The ratio distinctly illustrates
the loss of sulfur during the annealing process. Furthermore,
a smaller decrease can be observed after cooling, which corro-
borates the XANES observations discussed earlier. Similar be-
havior was also reported for 80 ALD/MLD cycles in our pre-
vious report, where the loss of S was also observed using
diffuse reflectance infrared Fourier transform spectroscopy
through chemical modeling on silica beads during the anneal-
ing treatment of a 2-cycle ALD/MLD Ti thiolate.®®

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3nr04222g

Published on 13 December 2023. Downloaded by INIST - CNRS (Chemistry) on 2/6/2024 9:02:04 PM.

View Article Online

Nanoscale Paper

Discussion Ti thiolate, and annealing) and to confirm the observations

made based on the EXAFS and XANES quantitative analyses,
In order to summarize the results obtained in the three steps we revisit here the whole process in the light of the LCF
of sample growth (creation of the interface, deposition of the approach discussed in the ESL} This approach aims at
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Fig. 5 LCF results during the growth and heat treatment at (top) the Ti K-edge and (bottom) the S K-edge. The annealing and cooling regions
correspond to different temperatures under a 100 sccm flow of H,(4%)/Ar(96%). (middle) The schematic overview of the whole ALD/MLD + anneal-
ing process interpreted through the XAS studies is reported here. The first step shows the first ALD pulse, where the Ti precursor connects to the
hydrogenated SiO, substrate through a bi-podal coordination. The second step shows the potential structure after the complete growth of the thio-
late film, which has contributions from oxygen in the initial cycle, an intermediary thiolate film with short-range ordering. The third step presents a
simplified version of the final film, which is a TiS, film with the presence of an oxygen interlayer at the interface between the film and substrate.
Additionally, there is a possibility of Ti coordination with nitrogen, apart from the targeted TiS, structure.
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offering a comprehensive understanding of the growth process
and the chemical reactions taking place at the various stages.
It successfully validates the two-step synthesis approach,
which entails distinct growth and crystallization steps. LCF
was carried out at the Ti- and S-K edges on the XANES and
EXAFS spectra using three components, which were sufficient
to fit the spectra recorded during the growth and annealing
followed by cooling. As we have seen from the fitting results of
the Fourier transform, the Ti and S atoms have Ti—O/N, Ti-S,
and S-Ti coordination; therefore, the XAFS spectra of the
initial cycle (half ALD/MLD cycle (cy0.5) at the Ti K-edge and
the first ALD/MLD cycle (cyl) at the S K-edge) and the final
target structure, TiS,, are the best suited to be used as LCF
components. It is noted here that the initial cycle chosen for
the Ti K-edge is a half ALD/MLD cycle (cy0.5) where the contri-
bution of S is absent and for which the DFT optimized struc-
ture is available. The Ti-thiolate (cy40), an intermediate phase,
is chosen as the third component for LCF, representing the
amorphous character before the annealing step. The results of
the LCF at the Ti and S K-edges for all growth steps are shown
in Fig. 5 (top and bottom, respectively). A scheme of the
chemical reactions underlying the whole process is shown in
the same figure. The evolution of the components’ weight
during the growth process is similar for Ti and S with the con-
tinuous decrease of the initial ALD/MLD cycle corresponding
to Ti-O/Ti-N coordination for Ti and S-C coordination around
S, and the continuous increase of cy40 (Ti-thiolate) corres-
ponding to the formation of the metal-organic film. The
absence (values within the error limits) of any TiS, contri-
bution was already observed before the annealing. This obser-
vation is in line with the XANES and EXAFS results shown in
the previous section. The appearance of TiS, starts abruptly
with the annealing of the sample with a slightly different be-
havior at the Ti and S K-edges. The LCF at the S K-edge shows
that about 80% of the sulfur is in the TiS, phase and there is a
small component that remains in a configuration like the one
in the initial cycle. This is in good agreement with the XPS
results reported in the previous paper (76% of the sulfur was
incorporated in the TiS, phase).”® However, at the Ti K-edge,
about 60% of the total Ti coordination is similar to that of
TiS,, and a large amount of Ti still remains coordinated with
oxygen or nitrogen, which corroborates the previously reported
HAXPES results. In fact, HAXPES analysis carried out on
samples after annealing showed that part of the titanium
(45%) was still bonded to oxygen (not to nitrogen, which was
not detected). This amount corresponds to the titanium oxides
formed at the interface with SiO, and at the top surface after
exposure to air (we note here that the Ti-O and Ti-N coordi-
nation could not be distinguished using XAS only, but they are
distinguishable using HAXPES).

This result confirms the difference observed between the Ti
K-edge XANES and the S K-edge XANES in the previous
section. The overall data suggest the following interpretation
of the results.

Upon annealing and following cooling, the evolution of the
material can take two parallel and simultaneous paths: (1) for-
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mation of TiS,, as clearly shown by the S K-edge data, (2) loss
of S and formation of “S-free” Ti compounds similar (but prob-
ably not identical) to the one present at the beginning of
the growth. The Ti K-edge data show that, finally, the material
is a mixture of TiS, and these “S-free” Ti compounds. These
“S-free” compounds also include the 2 nm thick interlayer
observed in TEM between the wafer substrate and the deposit,>®
which is around 13% of the total thickness of the film, as
well as undercoordinated titanium centers, which include
the nitrogen-bearing species, also observed in the modeling
studies performed on silica beads.”® During the cooling, a
marginally small decrease in TiS, contribution was observed
in the S environment compared to a significant variation in
the Ti environment, resulting from the loss of sulfur while
annealing and cooling.

The values and trend of the bond lengths and interatomic
distances extracted from the quantitative analysis of the EXAFS
data (see the ESI and ESI Fig. S7-S97) agree with our picture of
the whole growth process. All these quantitative considerations
and key insights achieved on the ALD/MLD of TiS, would not
have been possible by using alternative in situ techniques. In
fact, the method used needs to simultaneously possess chemi-
cal selectivity, sensitivity to weak and short-range order, bulk
sensitivity, capacity of penetration in a gas environment, and
high resolution in measuring atom correlations and intera-
tomic distances.

Conclusions

We performed a full quantitative analysis of the Ti and S
K-edge XAS data collected in situ during the ALD/MLD growth
and annealing procedure aimed at producing TiS, ultra-thin
films. The results of this analysis shed new light on the chemi-
cal and structural mechanisms underlying the different steps
of this innovative growth strategy.

As for the interface formation, coupling XAS analysis with
DFT simulations allowed us to unveil that the bonding of the
TDMAT molecule with the surface in the initial half cycle is
preferentially bipodal for typical substrate pre-annealing temp-
eratures. Understanding the interactions with the substrate
since the very first metal pulse of the ALD process is key
because ultrathin film growth requires productive and chemi-
cally controlled reactions at the interface between the substrate
and the growing phase to quickly obtain full coverage. Our
results show that the growth mechanism complies with the
models at its earliest stage.

The quantitative in situ monitoring of the ALD/MLD growth
allowed us to validate the principle of the 2-step synthesis, sep-
arating growth and crystallization. In fact, an amorphous Ti-
thiolate, characterized by a local structure clearly different
from the one of TiS,, is formed at the end of the deposition
process. We also found out that S incorporation is strongly
reduced during the first cycles and progressively increases
with deposition. Moreover, a fraction of Ti atoms not fully co-
ordinated to S (e.g., not in octahedral coordination) and co-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3nr04222g

Published on 13 December 2023. Downloaded by INIST - CNRS (Chemistry) on 2/6/2024 9:02:04 PM.

Nanoscale

ordinated with N or O is present at any stage of the ALD/MLD
process even with decreasing concentration.

As for the annealing step, we gave quantitative evidence of
the pursued transformation of the Ti-thiolate into TiS,. Virtually
all S atoms, after the annealing, were incorporated into a TiS,
structure which showed a nanocrystalline characteristic, with
atomic ordering at least up to the second neighbor’s shell of S,
despite the growth on an amorphous silica top layer. This can
be considered an essential token of the success of the approach
employed. Nonetheless, we showed that annealing is a critical
step because it induces concomitant crystallization and S loss,
and that the final product of the 2-step growth process is a
mixture of nanocrystalline TiS, and of a S-free compound,
suggesting avenues of improvement to produce an “ideal” two-
dimensional crystalline TiS, without any other by-products.
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