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Amorphous organic-inorganic hybrid thin films (Ti-thiolate) deposited on thermal SiO2 substrate by Atomic Layer
Deposition/Molecular Layer Deposition (ALD/MLD) are converted into textured titanium disulphide (TiS2) ultra-thin
films, of thickness down to 5.5 nm, upon annealing under Ar/H2(5%) atmosphere at mild temperature (300 °C). Two an-
nealing strategies were investigated by in situ synchrotron X-ray fluorescence, allowing us to master the mineralization
of the amorphous Ti-thiolate into titanium disulphide. Stoichiometry and crystallinity of the thin films were character-
ized by X-ray photoelectron spectroscopies, Raman scattering and X-ray absorption at the S K-edge. Lamellar structure
parallel to the substrate surface was observed by transmission electron microscopy.

I. INTRODUCTION

Transition metal dichalcogenides (TMDCs) have attracted
great interest due to their ultimate level of miniaturization.
The interest of using TMDCs is related to its lamellar structure
which permits to reduce the layer stack to few layers or even to
a monolayer, thanks to weak van der Waals bonds between the
layers. A TMDC layer with the chemical formula MX2 con-
sists in the superposition of a plane of transition metal atoms
(M=Ti, Mo, W, Nb,. . . ) sandwiched in between two planes
of chalcogen atoms (X=S, Se and Te), with M-X covalent
bonds. TMDCs exhibit thickness-dependent physical proper-
ties, which is considered an interesting feature since its varia-
tion permits to cover a wide range of potential applications.1–3

Lamellar titanium disulphide TiS2, based on S-Ti-S stacked
layers separated by van der Waals gaps, is considered
to be integrated in emerging devices for various applica-
tions. Indeed, TiS2 can be used in new supercapacitor
electrodes for rechargeable batteries4,5, or for new hybrid
based material grown with organic intercalation6,7. TiS2 also
covers additional applications including thermoelectric5,8,
optics4, hydrogen storage9 and photovoltaic in TiS2/TiO2
heterostructures.10

The deposition of TiS2 ultra-thin films is getting more at-
tention, since ultra-thin films showed a potential employment
in high-energy density reversible lithium batteries.11 In addi-
tion, the number of TiS2 layers along with its stoichiometry,
define its semimetal or semiconductor nature.12 All the ele-
ments mentioned above emphasize the need of TiS2 thin films.
However, finding the suitable large-scale growth technique is
challenging.

Among the growth methods, the mechanical exfoliation
method of TiS2 bulk crystals is not suitable for large-scale pro-
duction, since it cannot produce high-quality uniform films.
Alternative strategies have been reported, such as Physical
Vapor Deposition (PVD), Chemical Vapor Deposition (CVD)
methods, or chalcogenization of metal oxides.13,14 TiS2 was
synthesized by different growth techniques such as CVD15–20,
chemical exfoliation method21, wet chemical synthesis22, and
to a limited extent, by ALD.1,5,23–29 The properties of the
grown material appear to be highly dependent on the sub-
strate nature whereas no high quality ultra-thin films could
be obtained.1,5,23–25

Atomic Layer Deposition (ALD) is an ideal growth tech-
nique to produce a conformal film with precise thickness level
control. This gas-phase growth technique based on sequential,
self-limiting surface reactions, ensures good reproducibility
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and homogeneity over the substrate area.30 In the case of lay-
ered TMDCs, ALD growth of ultra-thin films faces specific
difficulties: the control of the nucleation and 2D growth of
one or a few crystalline and textured MX2 layers on non epi-
taxial substrate is definitely not straightforward. As the basal
planes of the crystalline MX2 layer are chemically inert, -SH
moieties are present at structural defects and edges where fur-
ther chemical reactions with the metal precursor molecules
will occur.31,32 This leads to discontinuous poorly textured
and crystalline thin films. If possible and relevant, this effect
can be mitigated by depositing on a well-chosen crystalline
and oriented substrate surface that promotes 2D growth.33–36

A different approach, which is used herein, aims to avoid
the co-occurence of growth and crystallization, and can be ap-
plied to amorphous substrates. The use of an organic pre-
cursor (co-reactant) during a so-called Atomic Layer Depo-
sition/Molecular Layer Deposition (ALD/MLD) process per-
formed at relatively low temperature, generates an amorphous
inorganic-organic hybrid thin film.37,38 The transition from
amorphous to crystalline material requires a subsequent ther-
mal annealing treatment, during which the loss of most of the
organic moieties permits the crystallization to occur.39

This approach (ALD/MLD and post-annealing) has been
recently used by our team to grow TiS2 ultra-thin films.40

First, amorphous film (Ti-thiolate) were generated by
ALD/MLD at low temperature (Tsub= 50 °C) by alternating
tetrakis dimethylamido titanium (Ti(NMe2)4, TDMAT) and
1,2-ethandithiol (EDT) pulses on a non- epitaxial substrate
(thermal silicon oxide substrate, widely used in microelec-
tronics). Secondly, the Ti-thiolate thin film was annealed un-
der Ar/H2(4%) at 450 °C for 30 min leading to continuous,
smooth, homogeneous films. Hard X-ray Photoelectron Spec-
troscopy (HAXPES) showed that the annealed deposited film
is composed of near stoichiometric layers of TiS2. Transmis-
sion Electron Microscopy (TEM) showed TiS2 layers that tend
to be almost parallel to the substrate surface. Besides, the ob-
tained TiS2 thin films showed a semi-conductor behavior.40

However, the presence of C-containing organic fragments and
bridging sulfide (Sn)2 pairs indicates a non-complete anneal-
ing. Also, sulfur loss occurring during the annealing step
makes it difficult for obtaining ultra-thin films (≤ 10nm) of
TiS2. Therefore, finding the adequate thermal annealing con-
ditions to reach ultra-thin TiS2 films is of primary importance.

This work aims at understanding the transition from amor-
phous Ti-thiolate into crystalline TiS2. Two different ther-
mal annealing strategies capable of producing stoichiometric
ultra-thin layers of TiS2 were determined. The necessity of us-
ing different annealing strategies depending on the Ti-thiolate
thickness and sulfur content is demonstrated and discussed
herein. In situ monitoring by X-ray fluorescence (XRF) is
used to track the S/Ti ratio during the annealing. Additional
ex situ characterization such as X-ray Photoelectron Spectro-
scopies, elemental and structural analysis (TEM and Raman
spectroscopy) were performed on the annealed TiS2 layers to
characterize crystallinity, structure, and stoichiometry. Over-
all, this study has allowed the in-plane crystallization of ultra-
thin lamellar stoichiometric TiS2 at annealing temperature as
mild as 300 °C.

II. EXPERIMENTAL SECTION

A. Thin film fabrication

ALD/MLD growth of the hybrid organic-inorganic Ti-
thiolate was performed on 100 nm thick thermal amorphous
SiO2 on Si wafer substrates, at substrate temperature Tsub
= 50°C from tetrakis-dimethylamido titanium (TDMAT) and
1,2-ethanedithiol (EDT ), as reported previously.40 Thiolate
films were grown with 20, 40 and 60 ALD/MLD cycles.

Annealing treatments were carried out under 100 standard
cubic centimeter per minute (sccm) flow of Ar/H2(5%), with a
temperature ramp equal to 10 °C/min. Annealing temperature
profiles were set depending on the annealing strategy and are
described in part III. The reference TiS2 powder sample was
purchased from MerckT M (CAS number: [12039-13-3]).

B. Thin film in situ characterization

The two-step process, i.e. ALD/MLD growth followed by
thermal annealing, was developed in a custom-built portable
reactor designed to be installed onto the 6-axis tower of the
NewportT M diffractometer of beamline SIRIUS41 of SOLEIL
synchrotron facility. The set-up allows to use a comple-
mentary suite of in situ synchrotron x-ray techniques (re-
flectivity, grazing-incidence fluorescence, diffraction, and
absorption).42

Synchrotron radiation XRF and XRR were performed in
situ during both steps, using similar optical elements and
beam setup (energy, intensity, incident angle) than reported
previously.40

In situ X-ray Absorption Near-Edge structure Spectroscopy
(XANES) was performed at the S K-edge in fluorescence
detection mode using same optical elements and measure-
ment parameters (energy scanning mode, monochromator
and undulator movements; mirrors, geometry) as described
previously.40

C. Thin film ex situ characterization

The XPS (X-ray Photoelectron Spectroscopy) and HAX-
PES (Hard X-ray Photoelectron Spectroscopy) data were mea-
sured using a PHI Quantes at the Nanocharacterization Plat-
form (PFNC) with two different monochromatized sources,
Al Kα (hν=1486.6 eV) and Chromium Kα (hν = 5414.7 eV).
The analysis depth using Cr Kα source is about three times
deeper than with the Al Kα source.40 Benefiting from a larger
sampling depth opens opportunities to minimize the contribu-
tion of the upper surface of the sample, possibly altered by
the atmosphere, in the overall spectra. Samples were prepared
using a metallic clamp to ensure the electrical contact with
the sample holder. Measurements using Cr source have been
done at a fixed angle of θ=45° and for the Al one at differ-
ent angles using Angle-Resolved XPS (or ARXPS) (θ=15°,
45°, and 90°), where θ is the angle between the surface and
the analyzer. Using the formula d=3 λ sinθ (where λ is the
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photoelectron mean free path using TPP2M equation43), the
analysis depth were calculated to 2.3, 4.9, and 6.8 nm, re-
spectively in the case of ARXPS and to 15.7 nm with the
HAXPES. Data treatment were carried out with the CasaXPS
software. We used the relative sensitivity factors (RSF) pro-
vided by the instrument to perform the quantification of the
elements with Al source whereas theoretical RSF were used
to quantify the stoichiometry of the obtained TiS2 layers with
Cr source.44 For spectral calibration, C 1s core peak from ad-
ventitious carbon was considered with a binding energy of
284.8 eV.27 A non-linear Shirley-type background was pro-
cessed for peak fitting and the deconvolution of the peaks
was obtained using 30% Lorentzian and 70% Gaussian line
shapes.2 For the surface oxide thickness calculation, we used
the Ultra Thin Film Analysis of Multipak software devel-
oped by Physical Electronics (https://www.phi.com/surface-
analysis-equipment/system- software.html).

Post-growth annealed samples have been characterized by
Raman Spectroscopy using a Renishaw In-Via spectrome-
ter, equipped with a Peltier cooled (CCD) detector and 1800
groove.mm−1 grating. Raman spectra were recorded in the
backscattering geometry. A 532 nm laser diode was used an
excitation source with a typical laser power of 0.07 mW. The
light was focused onto the sample surface by a 100 x (0.85 nu-
merical aperture) short working objective. The resulting spot
diameter was around 0.7 µm. The acquisition time of each
spectrum was 30s and the number of accumulations was equal
to 5. Raman spectrum were analysed using the LabSpec5T M

software (HORIBA). Raman spectra were normalized to the
intensity of the A1g mode and fitted with Lorentzian func-
tion for A1g mode, and with a Gaussian-Lorentzian function
(GL(30%)) for the Eg and Sh modes.

Transmission electron microscopy (TEM) observations
were carried out at 200 kV with a Tecnai Osiris TEM (Thermo
Fisher Scientific) and equipped with a high brightness X-FEG
gun and a Super-X Energy Dispersive x-ray (EDX) system
comprising four detectors; Note that the analyzed sample was
coated with a carbon protective layer.

XANES at the S K-edge were also carried out after transfer-
ring the samples inside SIRIUS High Vacuum (HV) diffrac-
tometer by means of a glove box.45 XANES spectra were
recorded by scanning the incoming energy step-by-step and
measuring the sample fluorescence with the four-element Sil-
icon Drift Detector (SDD). The beamline optics setup was the
same as described above for the in situ XANES at the S K-
edge.

D. Study on silica beads

ALD/MLD experiments were performed on silica powder
(AEROSIL® 200 fumed silica; 15-20 nm particles; 200 m2/g
surface area (BET method)) previously dehydroxylated at
700°C, as reported in our previous work.40 Thiolate films were
grown with 2 ALD/MLD cycles of TDMAT and EDT fol-
lowing the procedure described elsewhere.40 Annealing treat-
ments of the ensuing thiolate were carried out in an integrated
system enabling in situ DRIFT coupled GC-MS analysis of

the gaseous by-products (See supplementary material at [URL
will be inserted by AIP Publishing] for Figure S1)

III. RESULTS AND DISCUSSION

The synthesis proceeds with the growth of an amorphous
Ti-thiolate at substrate temperature Tsub=50°C, followed by
annealing. To gain insights into the transition from amorphous
to crystalline and control it, in situ experiments using the syn-
chrotron X-ray radiation were performed and combined with
ex situ characterization (XPS/HAXPES). The evolution of the
[S]/[Ti] ratio during both steps was insightful to explore two
new annealing strategies.

A. In situ monitoring of thiolate ALD/MLD growth by x-ray
Fluorescence (XRF)

To quantify the amounts of Ti and S deposited on the sur-
face of the sample, in situ analyses were obtained by moni-
toring the Ti and S by XRF during each ALD/MLD cycle.40

Note that in situ measurements are necessary as the Ti-thiolate
is not stable in ambient conditions. The evolution of Ti and S
Kα fluorescence intensity as a function of ALD/MLD cycle
number during the growth of a 60-cycle ALD/MLD Ti thio-
late was recorded (See supplementary material at [URL will
be inserted by AIP Publishing] for Figure S2).

FIG. 1. XRF [S]/[Ti] ratio (calibrated from XPS/HAXPES data of
a reference stoichiometric TiS2 sample) during the growth of a 60
ALD/MLD cycles Ti-thiolate.

The existence of a transient regime at the early stage of
the process is due to the interaction of the thermally grown
100 nm SiO2 substrate active surface with the first precursor
pulses. Beyond, a steady XRF intensity increase of both XRF
signals could be observed.
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Figure 1 shows the evolution of the calibrated XRF [S]/[Ti]
ratio. The raw XRF intensity ratio S/Ti was calibrated with the
total XRF [S]/[Ti] ratio of a stoichiometric reference sample.
The reference sample was prepared from 80 ALD/MLD cy-
cles and annealed under Ar/H2(4%) at 450 °C for 30 min; its
total thickness obtained by XRR was equal to 30 nm. For such
thickness, the contribution of the oxidized regions present on
the top of the TiS2 and at the SiO2/TiS2 interface, is small.
Indeed, XPS/HAXPES data confirmed that the S/Ti ratio, cor-
responding to the S bound to Ti, was very close to 2 (2.1), as
expected for TiS2 layers. One observes that [S]/[Ti] XRF in-
tensity ratio does not stay constant and range from 0.8 (early
stage) to 5.5 (higher cycle number). After 60 ALD/MLD cy-
cles, the Ti-thiolate thickness was found to be 42±3 nm from
the XRR curve fit measured in situ.

B. Thermal annealing strategies

Ar/H2(5%) was selected as annealing gas because of the
capability of H2 to facilitate sulfur extrusion from sulfur-rich
TiS2+x compounds46 (for instance, less S-S pairs were de-
tected in the case of Ar/H2(5%) comparing to N2). The tem-
perature ramp value was 10°C/min, as it prevents major sul-
fur loss during annealing or in other words, the formation of
sub-stoichiometric layer.47,48 Two annealing strategies, herein
noted A and B, were optimized by tracking the evolution of
the XRF [S]/[Ti] atomic ratio aiming to produce ultra-thin sto-
ichiometric TiS2 films. Strategy A consists in increasing the
temperature by steps while monitoring the XRF [S]/[Ti] ratio.
Strategy B is a unique low temperature plateau, deduced from
strategy A.

1. Thermal annealing strategy A

a. Strategy description
The as-grown Ti-thiolate sample was annealed in situ under

Ar/H2(5%) flow, starting from thiolate substrate temperature
(Tsub=50 °C). Figure 2 shows the evolution of the calibrated
XRF [S]/[Ti] ratio along with the annealing temperature pro-
file. The temperature plateau were decided live by checking
the rate of decay of the [S]/[Ti] atomic ratio. The temperature
plateau duration corresponds to the time necessary for the ac-
quisition of Extended X-Ray Absorption Fine Structure (EX-
AFS) spectra (not presented in this publication) explaining the
absence of experimental points in these regions.

From Tsub = 50 °C to 260 °C a large decrease of the [S]/[Ti]
ratio was observed ([S]/[Ti]= 5.8 to 4.0). It keeps decreas-
ing from Tsub = 260 °C to 315 °C ([S]/[Ti] = 4.0 to 2.6) to
reach at Tsub = 350°C a [S]/[Ti] ratio slightly above 2. To
quickly achieve a stoichiometric sample, the annealing tem-
perature was risen up to 385 °C. Finally, after cooling down
to room temperature, the [S]/[Ti] ratio remained very close to
2.

When applying this annealing strategy, an important behav-
ior was noticed, i.e. a major decrease of the ratio before reach-
ing 315 °C, by about a factor of 2. This can be explained by

FIG. 2. Calibrated XRF [S]/[Ti] atomic ratio as a function of time
and substrate temperature, during the annealing under Ar/H2(5%)
of a 60-cycle ALD/MLD Ti-thiolate. This annealing is referred as
strategy A.

two main reasons. A first one is likely related to the annealing
atmosphere (Ar/H2(5%)), since H2 is known to improve the
sulfur extrusion from sulfur-rich TiS2+x phases.46

The second one is provided by chemical experimental mod-
eling carried on high surface area silica beads 3D substrate,
herein called silica nanobeads.40,49 Figure 3 shows the in
situ Diffuse Reflectance Infrared Fourier Transform (DRIFT)
spectra of silica powder nanobeads acquired during the an-
nealing treatment (Tannealing = 20 °C to 500 °C) of a 2-cycle
ALD/MLD Ti-thiolate. The evolution of IR absorbance of the
solid over temperature (see Figure 3) showed mineralization
of the solid, which is the intensity decrease of all bands asso-
ciated with thiolate organic fragments starting below 100 °C
leading to a fully inorganic sample by 300 °C. Indeed, sig-
nals at around 2700-3000 cm−1, assigned to organic moieties
CHx stretching vibration modes, are almost completely dis-
appeared at 300 °C, confirming that the loss of organic moi-
eties occurs below 300 °C. Over the annealing procedure, the
IR component centered at 3650 cm−1 assigned to the vibra-
tion mode of surface hydroxyl groups, substantially increases.
This datum is coherent with the fact that annealing induces
densification of the phase (as expected for the thiolate to sul-
fide transition). As shown elsewhere, the starting amorphous
thiolate achieves maximum chemical coverage.40 The densi-
fication of such a thiolate to sulfide can thus lead to discon-
tinuous layers and hence hydroxyl regeneration. Concomi-
tant analysis of the gas phase (see supplementary material
at [URL will be inserted by AIP Publishing] for Figure S3)
showed the release of various gaseous fragments such as H2S,
ethylene, hydrogen disulfide, methylisocyanide, thiirane, and
ethanethiol. Possible mechanistic pathways for the mineral-
ization of the surface sites to titanium disulfide and sulfide,
and fragmentation of some part of the ligands to ethylene,
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H2S, thiirane, methylisocyanide are also presented (see sup-
plementary material at [URL will be inserted by AIP Publish-
ing] for Figure S4). In summary, the obtained results on silica
nanobeads corroborated the datum acquired on silicon wafer
where the major decay of the [S]/[Ti] ratio is observed from
50 °C to 315 °C, and provide possible mechanistic pathways.

FIG. 3. In situ infrared spectra of the silica nanobeads-supported
Ti thiolate obtained by 2 ALD/MLD cycles recorded upon thermal
treatment from 20 °C to 500 °C

The annealing strategy A gives insights on the process to
apply en route to stoichiometric TiS2 layers. Nevertheless,
additional analyses were required to validate its efficiency.
Hence, elemental and structural analyses were performed on
the annealed TiS2 films to characterize their stoichiometry,
crystallinity and structure.

b. TiS2 layer chemical composition: Photoelectron Spec-
troscopy analyses

In order to confirm the atomic ratio determined in situ
by XRF (Figure 2) and obtain further information on chemi-
cal bonding, ARXPS experiments were carried out on the an-
nealed 60-cycle ALD/MLD films. Figure 4 shows the XPS
spectra of Ti 2p, S 2p, and C 1s core peaks. TiS2 is known
to convert to TiOx by exposure to air.50 For this reason the
Ti 2p XPS spectra (Figure 4 (a-d-g)) present two different Ti
2p3⁄2:2p1⁄2 spin-orbit doublets. The most intense at high bind-
ing energy (458.8 eV and 464.5 eV) corresponds to titanium
oxysulfide (TiOxSy).51–54 The less intense doublet (457.0 eV
and 462.7 eV) is assigned to TiS2.53–55. The TiS2 contribution
significantly increases as the depth analysis increase, confirm-
ing that the oxide is mainly located at the topmost surface of
the deposited film. Assuming that the oxidized top layer TiOx
is homogeneous, non-porous, and covering the TiS2 film with
an average composition, a simple model allows to estimate its
thickness at around 2nm.56

The S-2p XPS spectra shown in Figure 4 (b-e-h) present
also two S 2p3⁄2 :2p½ components. The intense doublet (161.2
eV and 162.3 eV, spinorbit doublet of S2p species) corre-
sponds to TiS2.51,54 The weak doublet signal (162.8 eV and

164.0 eV) could be attributed to different species such as a
S-S pair and/or to C-S bonds. Based on the widening of this
weak peak component, we could also assign this environment,
to a combination of (Sn)

2− bridging sulphur (where n=2,4).57

In addition, it could be referred to titanium oxysulfide envi-
ronment in connection with the oxidized part already detected
on the surface of the TiS2 film.27,52,58,59 ARXPS data shows a
large amount of carbon inside the thin films (see Figure 4 (c-f-
i)) and not only at the top surface of the layer. Indeed, the C 1s
core level spectra exhibit three components originating from
different sources, which do not decrease with the thickness
analysis. The main, which corresponds to C-H/C-C bond-
ing, could originate from adventitious carbon but also from
the incomplete reaction of TDMAT.24 Note that the presence
of graphitic carbon is not to be excluded, as observed in MoS2
and WS2 thin films obtained by similar methods.49 In addi-
tion, the C1s core spectrum shows the presence of oxidized
carbons (C-O and C=O) coming from surface contamination27

(peaks at 286.2 and 288.8 eV respectively). Importantly, the
component at 286.6 eV could also be assigned to C-S bonds
indicating an incomplete reaction of EDT.

Binding energies (BE) and atomic concentrations (at.%) of
the different chemical environments identified by XPS are re-
ported for better clarity (see supplementary material at [URL
will be inserted by AIP Publishing] for Table S1). The quan-
titative results permit to calculate the atomic ratio of [S]/[Ti]
considering the Ti2p and S2p doublets attributed to TiS2. It is
equal to 1.9, confirming that the deposited film is composed
of quasi-stoichiometric TiS2.

The small depth analysis of XPS remains a major limit-
ing factor to study buried interfaces, since the obtained TiS2
thin films are oxidized in ambient conditions. For this reason,
HAXPES measurements were conducted to investigate the in-
depth chemical composition of the TiS2 film. Both Ti2p and
S2p spectra are presented in Figure 5. Binding energies (BE)
and atomic concentrations (at.%) of the different chemical en-
vironments identified by HAXPES are also reported (see sup-
plementary material at [URL will be inserted by AIP Publish-
ing] for Table S2). The doublets position and attribution are
the same as those previously discussed in the ARXPS study.
Noticeably, the most intense doublet in Figure 5-a is assigned
to TiS2; thus HAXPES measurements limits the contribution
of oxidized layer at the surface of the TiS2 and leads to an
accurate deconvolution of the titanium spectra. Concerning
the S-2p XPS spectrum presented in Figure 5-b, the amount
of bridging sulphur and sulphur residues from EDT charac-
terized by components at higher binding energy does not de-
crease meaning that the mentioned sulfur species are located
throughout the thickness of the film. Similarly, the carbon
content is not assigned only to surface contamination. With
chromium source, the atomic ratio of [S]/[Ti] obtained is equal
to 2.3. Since the obtained value is actually the same for a ref-
erence crystalline stoichiometric TiS2 powder, this indicates
that the deposited film of TiS2 is close to the stoichiometric
one.

Both XPS and HAXPES confirm that the annealing strat-
egy A, under Ar/H2(5%) applied on 60-cycle ALD/MLD
thiolate, is efficient to generate a film composed of quasi-
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FIG. 4. XPS spectra of Ti 2p, S 2p and C 1s core measured at different angles (θ= 90° (a-c), 45° (d-f) and 15° (g-i)) with respect to the surface
normal for the annealed 60-cycle ALD/MLD Ti-thiolate sample using annealing strategy A.

FIG. 5. HAXPES spectra measured with the Cr Kα source for the
annealed 60-cycle ALD/MLD Ti-thiolate using annealing strategy A:
Intensity as a function of the electron binding energy a) Ti-2p core
peaks (doublets) and (b) S-2p core peaks (doublets).

stoichiometric TiS2.
The atomic ratio [S]/[Ti] using the Cr source (equal to 2.3,

see Deep blue column in Figure 6), is in agreement with the

Al source (equal to 1.9, see Red column in Figure 6). The dif-
ference in values can be explained by the large sampling depth
variation between the two sources (minimizing the contribu-
tion of the upper surface of the sample using the Cr source
and decreasing the uncertainty on the Ti2p spectra fitting). To
compare in situ XRF and HAXPES results, the total amount
of S over the total amount of Ti, determined by HAXPES,
was calculated (Light blue column in Figure 6), since XRF
cannot identify the elemental composition and attribution of
each element. Additional quantitative details are presented
(see supplementary material at [URL will be inserted by AIP
Publishing] for Table S2). In Figure 6, both the HAXPES
(blue columns) and in situ XRF (Yellow column) [S]/[Ti] ratio
are almost the same confirming the calibration method of the
XRF [S]/[Ti] ratio by the ratio calculated by XPS/HAXPES
with a thicker stoichiometric crystalline TiS2 reference film.
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FIG. 6. Stoichiometry study and correlation of results obtained by
HAXPES, XPS and in situ XRF for 60-cycle ALD/MLD Ti-thiolate
annealed under Ar/H2(5%) using the annealing strategy A. Black
brackets present the measurement error bars.

c. Microstructural-crystallinity analysis of the 60-cycle
and 40-cycle ALD/MLD annealed samples: Raman scatter-
ing spectroscopy and Electron microscopy

Since the thermal annealing strategy A succeeded to give
quasi-stoichiometric TiS2 layers from a 60-cycle ALD/MLD
thiolate, the capacity of obtaining ultra-thin TiS2 thin films
using this strategy was explored. Hence, 40-cycle ALD/MLD
thiolate were grown and annealed with strategy A.

After annealing, the thickness of the 60-cycle and 40-cycle
ALD/MLD films determined by the fitting of XRR curves,
were 19.4±0.4 nm and 13.3±0.2 nm, respectively (see sup-
plementary material at [URL will be inserted by AIP Publish-
ing] for Figure S5-(a,b)). The Raman spectra of these two
samples are shown in Figure 7-a,b), respectively. The Eg,
A1g and Sh- characteristic modes of 1T-TiS2

21,40,55,60–64 are
observed at around 218.2 cm−1, 336.8 cm−1 and 375.0 cm−1,
for the 60-cycle, and at around 224.3 cm−1, 337.6 cm−1 and
378.0 cm−1 for the 40-cycle sample one. The observed Ra-
man shift in the position of the Eg mode is assigned to the
thickness variation of the thin film.21 By comparison with the
results found in the literature and obtained with a reference
TiS2 powder, the overall spectra indicate the good crystalline
quality of the samples with likely some defaults in between the
layers as corroborated by the presence of the Sh mode.21,27

TEM images (Figure 8-a) reveal a continuous thin film,
with low surface roughness. The nanoscale structure shows
the presence of textured nanodomains made of a few TiS2 lay-
ers, in agreement with the Raman data discussed above. The
interlayer distance between TiS2 layers is equal to 5.8±0.1 Å
close to the bulk 1T-TiS2 c-parameter, 5.7 Å (PDF 01-070-
6204, and65). The lamellar sulfide is covered by an amor-
phous 2 nm-thick top layer, which presumably results from
the hydrolysis and oxidation of the material exposed to air, and
should therefore probably be titanium oxysulfide. This could
be corroborated with the ARXPS results related to surface ox-
ide thickness estimation. At the bottom, the sulfide film/SiO2

FIG. 7. Raman spectra (dots) of samples resulting from a) 60-
cycle and b) 40-cycle ALD/MLD Ti-thiolates after annealing under
Ar/H2(5%) using annealing strategy A. Raman spectra were normal-
ized to the intensity of the A1g mode. Lorentzian function was used
to fit the A1g mode and Gaussian-Lorentzian function to fit the Eg
and Sh modes (solid lines in a) and b) panels).

interface is not sharper. The interface regions, about 2 nm
thick, are likely to be oxysulfides resulting from chemical re-
action with oxygen from the air on one hand; and precursors
with the silicon oxide substrate surface on the other.

EDX element mapping in Figure 8 b-e shows the distribu-
tion of the elements inside the thin film. The oxidized layer is
evidenced by the difference in thickness of the Ti and S maps
(Figure 8 b and c, respectively) and the O mapping (Figure 8
d). C elemental mapping (Figure 8 e) suggests an important
carbon content inside the thin film, which is in agreement with
HAXPES analysis (about 25% of carbon content). In addi-
tion, to protect the thin film integrity during TEM preparation
a Carbon film was deposited on top of the sample. Concerning
the stoichiometry, HAXPES study of the annealed 40-cycle
ALD/MLD sample still shows an atomic ratio [S]/[Ti] close to
2.3 in agreement with the value obtained for the 60-cycle one
the elemental chemical component and attribution are listed
(see supplementary material at [URL will be inserted by AIP
Publishing] for Table S3). All those confirm the global stoi-
chiometry of the obtained TiS2 layers, even for a film as thin
as 13.3 nm.

2. Thermal annealing strategy B

a. Strategy description
While annealing strategy A has allowed to synthesize thin

films composed of good quality TiS2 layered domain, the de-
posit is however composed of a significant quantity of carbon
and of bridging sulfur which probably hinder a large scale
crystallization and explain the presence of amorphous areas
in the film (observed in TEM). Several questions are pending:

• At which temperature does the transition from amor-
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FIG. 8. a) Cross section TEM images and b-e) element mappings (EDX) of b) Ti, c) S, d) O and e) C elements of a sample obtained from 40
ALD/MLD cycles and annealed under Ar/H2(5%) using the annealing strategy A.

phous to crystalline occur?

• Does the time of annealing play an important role in
terms of enhancing the quality of the annealed film?

• Strategy A has allowed to obtain good quality of TiS2
at 385 °C, compared to 450 °C in the previous study.40

Is it necessary to anneal at temperature as high as 385
°C ?, or is it possible obtain TiS2 by annealing at even
lower temperature?

To answer these questions, a second annealing strategy, re-
ferred to annealing strategy B, was applied.

In section III B 1, the fast decrease of the [S]/[Ti] ratio in
the temperature range of 50 °C-315 °C confirms that the loss
of organic moieties occurs below 300°C and a fully inorganic
sample is reached by 300°C (Figure 3). For this reason, the
annealing temperature was kept at 300 °C, and the evolution
of the [S]/[Ti] ratio determined by in situ XRF (Figure 9).

Annealing strategy B was applied on a Ti-thiolate thin film
obtained from 40 ALD/MLD cycles. Its thickness, determined
by fitting an XRR curve measured in situ before annealing,
was equal to 32±3 nm. The [S]/[Ti] ratio rapidly decreased
while the annealing temperature reached 300 °C at the rate of
10 °C/min. After 135 min at 300 °C, the [S]/[Ti] ratio stabi-
lized near the value of 2. Then the sample was cooled down
to room temperature. After annealing, the sample thickness
as determined by XRR was equal to 13.9±0.3nm (see supple-
mentary material at [URL will be inserted by AIP Publishing]
for Figure S5-c) and the XRF [S]/[Ti] ratio was about 2.

b. Toward ultra-thin thin films: A major challenge
The same strategy (B) was applied to anneal a 20-cycle

FIG. 9. Calibrated XRF [S]/[Ti] atomic ratio as a function of time
and substrate temperature during the annealing under Ar/H2(5%) of
a 40-cycle ALD/MLD Ti-thiolate. This annealing is referred as strat-
egy B.

ALD/MLD Ti-thiolate aiming to lower even further the num-
ber of TiS2 layers. After annealing, the thickness of the sam-
ple as determined by XRR was 5.5±0.4 nm (see supplemen-
tary material at [URL will be inserted by AIP Publishing] for
Figure S5-d). Then, the efficiency of the annealing was fur-
ther evaluated by elemental and structural characterizations
of the thin film. Raman spectra were performed on both an-
nealed 40- and 20-cycle ALD/MLD thiolates to evaluate their
crystallinity (Figure 10-a&-b, respectively). It shows the pres-
ence of Eg, A1g and Sh- characteristic modes of 1T-TiS2 at
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FIG. 10. Raman spectra (dots) of a) 40-cycle and b) 20-cycle
ALD/MLD Ti-thiolates annealed under Ar/H2(5%) using annealing
strategy B. Raman spectra were normalized to the intensity of the
A1g mode and fitted with Lorentzian function (A1g and *Si modes)
and Gaussian-Lorentzian function (Eg and Sh modes) (solid lines
panels). The inset in b) show Raman spectrum of Silicon substrate.

222.7 cm−1, 337.7 cm−1 and 376.0 cm−1, for 40-cycle, and at
around 234.0 cm−1, 336.7 cm−1, and 390.0 cm−1 for 20-cycle
one. In case of 20-cycle, the spectrum shows the contribution
of the silicon-substrate at ∼ 300 cm−1 (corresponding to the
2nd order mode of silicon) (see inset in Figure 10-b).

The presence of the signal of the underlaying substrate at-
tests that the penetration depth of the excitation laser (532 nm)
is higher than the thickness of the thin film. In other words,
this confirms the ultra-thin thickness of the annealed 20-cycle
ALD/MLD sample.

TEM image of the annealed 20-cycle ALD/MLD sample
annealed is shown in Figure 11-a, reveals a continuous thin
film with low surface roughness. TiS2 layers are not visible,
which seems contradictory to Raman observations. This could
be due to the presence of oxygen or electron beam damage,
since the sample is only few nanometers thick (5.5 nm).

Elemental distribution inside the ultra-thin film was pro-
vided by EDX mapping as shown in Figure 11 b-e. The Ti and
S mappings (Figure 11 b and c, respectively) show a Ti con-
taining thin film with an upper S depleted region. The latter,
was also confirmed by the O mapping in Figure 11-d, demon-
strating the presence of an oxidized region. The evidence of an
upper oxide thin film is in agreement with the EDX observa-
tions performed on the 40-cycle ALD/MLD sample annealed
with strategy A (see Figure 8-b-c).

HAXPES measurements were performed on both films to
check their chemical composition. Binding energies (BE) and
atomic concentrations (at.%) of the different chemical envi-
ronments identified by HAXPES are reported (see supplemen-
tary material at [URL will be inserted by AIP Publishing] for
Table S4 and Table S5). As reported above, the atomic ra-
tio [S]/[Ti] considering the Ti2p and S2p doublets attributed
to TiS2 were calculated and found equal to 2.3 for both sam-
ples, confirming the synthesis of quasi-stoichiometric TiS2.
Although the annealed 20-cycle ALD/MLD sample is very
thin, (less than 6 nm thick), a significant carbon content is
still detected (around 15% according to HAXPES). Finally,
the thickness of the oxidized layer on the top of TiS2 is almost
the same (about 2 nm), no matter what annealing strategy was

FIG. 11. a) Cross section TEM images and element mapping (EDX)
of b) S, c) Ti, d) O and e) C elements of a 20-cycle ALD/MLD sample
annealed under Ar/H2(5%) using thermal annealing strategy B.

applied (also in agreement with our previous work40).
To obtain additional information about the local structure of

the annealed samples, as a function of annealing treatment and
film thickness, we measured XANES spectra at the S K-edge
(2742 eV) with the X-ray beam polarization vector parallel to
the sample surface. Some of them are represented in Figure
12.

Note that the contribution to the XANES spectra of the
oxidized regions, which are present at the sample surface
and sulfide/SiO2 interface, must be small at the sulfur K-
edge, because sulfur atoms were mostly removed out of these
ill-ordered regions (see Figure 8a, 11b). On contrary, the
XANES spectra recorded at the Ti K-edge are sensitive to
these regions, the thinner the film the more these regions con-
tribute to the XANES spectra.

In a previous XANES study at the Ti K-edge, we demon-
strated that the XANES spectra of the 40-cycle and 80-cycle
ALD/MLD samples annealed at 450 °C for 30 min, showed
close similarities (features) with the reference XANES spec-
trum of a TiS2 powder.40 The same behavior is observed at the
S K-edge (see (b), (c) and (d) spectra in Figure 12).

Figure 12 (a) and (e) show the XANES spectra measured
at the S K-edge of a 20-cycle ALD/MLD Ti-thiolate after
two different annealing: at 450 °C for 30 min (Ar/H2(4%)
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FIG. 12. XANES spectra recorded at the S K-edge of Ti-thiolate thin
films further annealed under Ar/H2(4%) gas at 450 °C for 30 min-
utes, obtained from (a) 20-cycle ALD/MLD, (b) 40-cycle ALD/MLD
and (c) 80-cycle ALD/MLD; (d) XANES spectrum of a reference
TiS2 powder recorded in fluorescence mode; (e) XANES spectrum
of a 20-cycle ALD/MLD thin film annealed under Ar/H2(5%) gas
using thermal annealing strategy B.

gas, temperature ramp 10°C/min), and using thermal anneal-
ing strategy B (Ar/H2(5%) gas, temperature ramp 10°C/min).
The thicknesses of the two films were 8 and 5.5 nm, respec-
tively. The XANES spectrum of the sample annealed with
strategy B presents close similarities to the spectrum of TiS2
powder reference, while that of the sample annealed at 450 °C
is very different.

These XANES results allows us to conclude that the ther-
mal annealing strategy B led to atomic local order which tends
to the one of TiS2 layers. Also, it confirms that the strategy to
adopt for the mineralization of the Ti-thiolate and obtain the
desired crystalline phase depends on the target film thickness.
The quantitative simulations of these spectra is out the scope
of this article and will the subject of another one.

IV. CONCLUSIONS AND PERSPECTIVES

The main challenge of this study was to understand and
control the transition from amorphous Ti-thiolate thin films to
ultra-thin TiS2 films. Two different thermal annealing strate-
gies were optimized using in situ XRF that allows a monitor-
ing of the [S]/[Ti] ratio during the annealing step.

This work highlighted the importance of the annealing step
for the synthesis of ultra-thin layered films. In situ X-ray syn-
chrotron measurements performed during the annealing and
ex situ characterizations carried out by XPS, HAXPES, TEM,
XANES, and Raman scattering confirmed that appropriate an-
nealing conditions allow to reach an ultra-thin TiS2 film of
thickness down to 5.5 nm. However, the formation of a thin
oxide on top of the TiS2 film at air ambient (which was found

to be a constant coverage layer regardless of the annealing
strategy) was also evidenced. In the future, an appropriate
method to etch the top oxide layer without affecting the qual-
ity of the TiS2 thin film or to protect it from oxidation will be
required.

This hybrid ALD/MLD process seems very well adapted
to explore other TMDs and opens new possibilities for the
synthesis of 2D materials in general. Additionally, the suc-
cessful growth of an ultra-thin stoichiometric crystalline TiS2
over an amorphous SiO2 layer at mild temperature (300 °C)
could presents a major advantage toward the integration of
such process for back-end-of-line (BEOL) technologies in
microelectronics.66
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