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Abstract 

In this work, 2D-material titanium disulfide (TiS2) film was grown using 

tetrakis(dimethylamido)titanium and 1,2 ethanedithiol on 100 nm thick amorphous 

SiO2/Si substrate. The first step of the process relied on the growth of an amorphous 

film of Ti amidothiolate by hybrid Atomic Layer Deposition/Molecular Layer 

Deposition (ALD/MLD) at 50 °C. Such thiolate converted into TiS2 upon subsequent 

thermal annealing under H2(4%)/Ar(96%) at 450 °C. The final lamellar TiS2 layers 

tend to be parallel to the substrate surface as observed by transmission electron 

microscopy and confirmed at a larger scale by x-ray absorption linear dichroism at 

the Ti K-edge. The crystalline quality of the resulting films was assessed by Raman 

scattering. Angle-resolved x-ray photoelectron spectroscopy and hard x-ray 

photoelectron spectroscopy confirmed the stoichiometry of the TiS2 layer. 

Repetitive and self-limiting growth behavior on the SiO2/Si substrate was displayed 

from the early stages of the growth using in situ synchrotron radiation yielding the 

Ti and S x-ray fluorescence, in situ ellipsometry and x-ray reflectivity. Modeling the 

initial ALD and MLD half-cycles on high-surface-area silica beads afforded 

characterization by more analytical techniques and provided insights to the growth 

chemistry that agreed with observations on SiO2/Si substrate. 

Four-point probe resistivity measurements and spectroscopic ellipsometry strongly 

suggest that the thin films grown on SiO2/Si substrates behave as heavily doped 

semiconductors. 
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1. Introduction 

2D-materials, especially Transition Metal Dichalcogenides (TMDC)1, have received 

considerable attention recently since emerging as a class of exceptional materials 

with many potential applications (supercapacitors, batteries, electronics and opto-

electronics, flexible electronics, …)2–4. TMDCs show unique thickness-dependent 

properties such as the modulation of the bandgap transition value with the number 

of 2D layers.5 Titanium disulfide, TiS2, which consists of S-Ti-S layers separated by 

van der Waals gaps, is among the several interesting lamellar TMDC to be 

investigated for emerging devices: thin TiS2 is more efficient than bulk material for 

new supercapacitor electrodes,6 for low resistivity layered materials enabling the 

formation of intercalation compounds for rechargeable batteries7, or as new hybrid 

TiS2-based material to be deposited with organic intercalation8,9. The TiS2 layer 

number/thickness, along with its stoichiometry critically define its semimetal or 

semiconductor nature10. 

 To date, most investigations of TMDC, there included TiS2, are performed on 

flakes produced by mechanical exfoliation of bulk crystals. As these are not suited 

for large-scale applications, methods to deposit uniform high-quality films of 

accurately controlled thickness on large area are needed to allow full deployment 

of TMDC materials. While most strategies are based on Chemical Vapor Deposition 

(CVD), Physical Vapor Deposition (PVD) methods, or chalcogenization of metal or 

metal oxides,11,12 Atomic Layer Deposition (ALD) - a gas-phase deposition technique 

based on sequential, self-limiting surface reactions - appears better adapted to 

obtain conformal film growth with precise thickness level control, good 

reproducibility and homogeneity over the substrate area.13 ALD is already used to 
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deposit ultrathin films, but the anisotropy of TMDC coupled with the extreme 

thinness required brings about new challenges, and despite several efforts, the 

deposition of as-deposited crystalline TMDC remains difficult, possibly necessitating 

post-annealing steps or chalcogenization of ALD-grown transition metal oxides. 14–

18Among the complicating factors is the co-occurrence of growth and crystallization 

during the ALD process which becomes particularly limiting when a pre-determined 

crystal orientation is required. The use of specific crystalline substrates with 

adequate lattice parameters is a possible strategy to overcome this latter problem. 

Another approach, which has a larger substrate scope, and is presented herein, is 

to completely dissociate deposition and crystallization. Such possibility can be 

accessed by combining the use of organic precursors during the ALD process (such 

as for example, alcohols, ROH -R being a generic organic fragment- rather than H2O 

as oxygen source). The presence of the organic chemical residues prevents the 

crystallization during the growth of the hybrid inorganic-organic thin film 

(metalcones in the examples just mentioned 13,19) at low temperatures. A 

subsequent treatment (typically annealing which induces loss of most of the organic 

fragment) leads to the crystallization of the mineral phase.20,21 For instance, the 

combination of such organic precursor-based ALD approach  which is called 

herein Atomic Layer deposition/Molecular Layer Deposition (ALD/MLD)19  and 

post-annealing step allowed to control the porosity of Al2O3 thin films,22 as well as 

the crystallinity, composition, and electrochemical properties of SnO/SnO2,23 TiO2, 

and V2O5.24 In the field of TMDC, the authors have demonstrated the value of 

replacing H2S, the usual molecule used for sulfide phases growth by ALD, with the 

MLD precursor 1,2-ethanedithiol (EDT, HSCH2CH2SH) to obtain, after annealing, 

atomically thin MoS2– based layers oriented parallel the substrate, 25 with residual 
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carbon content similar to an organic precursor-free plasma-enhanced-ALD (PE-ALD) 

process to MoS2.  

The material of interest here is TiS2. In the literature, TiS2 has been 

synthesized by different growth techniques such as Chemical Vapor Deposition 

(CVD),26–31 chemical exfoliation method32, wet chemical synthesis33
, and the ALD 

reports remain scant.2,7,33-37 The first ALD growth of TiS2, reported in 2007 by Pore 

et al., was grown from TiCl4 and H2S as titanium and sulphur precursors.7 Since then, 

alternative Ti (tetrakis(dimethylamido)titanium, TDMAT)35 and S (H2S plasma) 38 

sources have been considered as well as two-step strategy (sulfurization of PEALD-

TiN thin films).37 In all cases, the material growth and properties appear strongly 

dependent on the nature of the substrate and no high-quality ultrathin layered 

materials could be obtained.2,7,34–36 Besides, only few applications of ALD TiS2 thin 

films are reported (photo-harvesting material, Li+/Na+ intercalation, CO2 reduction 

reaction), and the challenge of producing ultrathin lamellar TiS2 remains. 

Herein, we consider a novel approach to generate ultrathin lamellar TiS2-

based thin films even on a non-epitaxial substrates such as thermal silicon oxide, 

which is widely used in microelectronics. The novel approach corresponds to 

combining an ALD step from TDMAT with a MLD step from EDT (as a safer 

alternative to highly toxic H2S) to generate an amorphous hybrid organic-inorganic 

Ti-thiolate material, with a subsequent annealing treatment at a mild temperature 

(lower than 450 °C), which leads to a successful in-plane crystallization (see Scheme 

1). The self-limiting nature of the surface reactions that are necessary to ensure the 

uniformity, conformality, scalability, and repeatability of the process, are assessed 

by several advanced techniques coupling, inter alia, in situ X-ray based monitoring 
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of the process and chemical modeling on high-surface area silica that collectively 

lead to a deep understanding of the process. 

 

Page 6 of 61

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 
 

 

 

Scheme 1: Schematic overview of the ALD/MLD step (blue background) and annealing step (pink background) of the 

overall process to TiS2 reported here and numbering scheme adopted for the silica-supported solids of the modeling 

studies. 
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 1 

2. Experiments 2 

 3 

2.1. Starting chemicals 4 

Tetrakis(dimethylamido)titanium (IV), TDMAT (CAS number: 3275-24-9, 99.999% 5 

purity) and ethylenedithiol, EDT (CAS number: 540-63-6, assay greater than 99%) 6 

were purchased from MerckTM. The reference TiS2 sample was purchased from 7 

MerckTM (CAS number: [12039-13-3]). All reactions among molecular precursors or 8 

between molecular precursors and silica beads were carried out under a controlled 9 

argon atmosphere using Schlenk glassware and glovebox. General preparing 10 

procedure and materials as well as equipment are detailed in the Supplementary 11 

Information (SI). 12 

 13 

2.2. Modeling of ALD/MLD growth on silica-terminated silicon wafers by 14 

surface chemistry on silica nanobeads  15 

Chemical experimental modeling on high surface area silica beads is explored to 16 

identify the appropriateness of the chosen precursors to lead to molecularly-17 

precise ALD/MLD cycles. Selected growth steps of the proposed ALD/MLD process 18 

(see scheme 1) were carried out on silica nanobeads as a substrate (loose powder, 19 

200 m²/g), following an experimental molecular modeling strategy outlined 20 

elsewhere.25 21 

 22 
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Silica was treated at 700 °C under dynamic vacuum before ALD/MLD cycles (see 1 

SI for further details on the silica beads pre-treatment procedure). Between each 2 

half-cycle (that is a reactant pulse followed by the purge step), modified silica beds 3 

were sampled and stored separately in an argon-filled glovebox for elemental 4 

analyses, to determine chemical composition, and for spectroscopic analyses by 5 

infrared and solid-state Nuclear Magnetic Resonance  (NMR). 6 

TDMAT pulses: The TDMAT pulses were performed by connecting the TDMAT-7 

containing bulb to the glass-tube containing the silica-based powder substrate 8 

under static vacuum (typically 10-5 Torr). The glass-tube under vapor pressure of 9 

TMDAT was then closed and placed in an oven at 70 °C for 4.5 hours. The glass-10 

reactor was shaken every 30 minutes to facilitate the homogeneous exposure of 11 

the silica beads to the vapor. During the first pulse, the white silica-beads turned 12 

pale yellow.  13 

EDT pulses: The EDT-containing flask was connected to the glass-tube containing 14 

the substrate under static Ultra-High Vacuum (UHV) at room temperature. After 15 

closure of the valve, the glass-tube was left under vapor pressure of EDT for 20 16 

minutes at room temperature. For the first cycle, upon reaction with EDT, the 17 

powder gradually changed color from yellow to red. The glass-reactor was shaken 18 

every 5-10 minutes to homogenize the powder.  19 

Purge steps: The purge steps were carried out to remove excess precursor 20 

vapors and by-products from the substrate after each TDMAT or EDT pulse. The 21 

steps were performed by placing the glass-tube under dynamic UHV for 30 minutes 22 

while heated in a tubular oven at 70 °C. 23 
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Analysis of the volatile by-products. At the end of each pulse and before the 1 

purge step, the volatiles were condensed in an NMR tube containing D2O and MeOH 2 

(as internal standard). 3 

2.3. ALD/MLD on silica-terminated silicon wafers and thermal annealing 4 

conditions 5 

 ALD/MLD experiments were performed on a 100 nm-thick thermally grown 6 

amorphous SiO2 layer on Si wafers (herafter denoted 100 nm-SiO2). Prior to 7 

deposition, the substrate surface was pre-treated at 200 °C in a 100 sccm of N2 flow 8 

for 30 minutes. The sample holder temperature was 50°C during the ALD/MLD 9 

growth. The pre-treated substrate was sequentially exposed to TDMAT. TDMAT was 10 

carried by a 50 sccm flow of Ar gas. TDMAT/Ar bubbler was maintained at room 11 

temperature (25 °C). EDT evaporator was heated at 40 °C to maintain enough 12 

pressure value (PEDT = 12 mbar at the beginning of the injection). Both precursors 13 

were sequentially injected into a closed reactor chamber. Between each precursor 14 

pulse, the reactor chamber was purged out with a 100 sccm flow of N2 to remove 15 

reaction by-products. 16 

ALD/MLD growths of 40 or 80 cycles were followed by thermal annealing at 450 °C 17 

for 30 min under 100 sccm flow of H2(4%)/Ar(96%)with a ramp rate equal to 10 18 

°C/min when increasing or decreasing the temperature. 19 

2.3.1. In situ characterization 20 

The two-step process on silica wafers -ALD/MLD followed by thermal annealing -, 21 

was developed in a custom-built portable reactor which mounts onto the 6-axis 22 

tower of the NewportTM diffractometer installed at the beamline SIRIUS39 of SOLEIL 23 

synchrotron facility (see Figure 1). The set-up allows to use a complementary suite 24 
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of in situ synchrotron x-ray techniques (reflectivity, grazing-incidence fluorescence, 1 

diffraction, and absorption).40 The SIRIUS beamline39 has unique characteristics to 2 

work in the tender x-ray range [1.2-5] keV, such as a variable-polarization HU36 3 

undulator source and two monochromators. Experiments with the synchrotron 4 

radiation were carried out with the direct Drive double Crystal Monochromator 5 

(DCM), which allows both step and continuous energy scanning modes with high 6 

energy resolution. 7 

 8 

 9 

Figure 1: ALD/MLD reactor built for surface sensitive (grazing incidence) in situ synchrotron x-10 

ray studies, installed on the tower of the diffractometer of SIRIUS beamline (SOLEIL synchrotron). 11 
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As shown, the reactor has x-ray transparent windows for x-ray scattering (cylindrical 400 m thick 1 

beryllium window) and spectroscopy (20 m thick Kapton foil) with the sample in horizontal 2 

scattering geometry. The chamber maintains several ports for ALD gas injection, fluorescence and 3 

optical measurements (ellipsometry). 4 

 5 

Synchrotron radiation XRF and XRR have been performed in situ during the 6 

sample growth and subsequent thermal annealing. A four-element Silicon Drift 7 

Detector (SDD) manufactured by Bruker (XFlash QUAD 5040) was used to measure 8 

the XRF and a 2D hybrid pixel detector (PILATUS 1M by Dectris) was used to 9 

measure the XRR (and, incidentally, the x-ray scattering). The SDD was mounted on 10 

a dedicated flange of the reactor which allows to optimize the sample-detector 11 

distance; the detector nose (located into the reactor chamber) was equipped with 12 

a collimator directed at the center of the sample surface and a 20 micron-thick 13 

Kapton entrance window which separates the SDD from the chemicals in the 14 

reactor. The four-element SDD was coupled to a four-channel xMAP DXP electronics 15 

provided by XIA. For in situ reflected beam intensity measurement, the x-ray beam 16 

energy was equal to 5 keV and the incident angle i was equal to 1.2°, that is above 17 

the critical angle c for Si (c=0.35° at 5 keV). For monitoring the Ti and S XRF yields, 18 

the incoming x-ray beam energy was equal to 5 keV, i.e. above the Ti and S K-edges 19 

(4966 and 2472 eV respectively).  20 

ALD/MLD was monitored by in situ multi-wavelength ellipsometry (MWE), using a 21 

4-wavelengths (465 nm, 525 nm, 580 nm, and 635 nm) Film Sense FS-1™ Banded 22 

Wavelength Ellipsometer and FS-1 software for thickness calculation. The refractive 23 

index as a function of wavelength of the Ti-thiolate could not be measured ex situ, 24 

therefore we used the ellipsometry model for the calculation of TiO2 film 25 

thicknesses.41 Although the fit gave reasonable values during ALD/MLD, the latter 26 
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are not taken as definite in the present paper. The actual thicknesses were 1 

measured by x-ray Reflectivity (XRR). 2 

In situ x-ray Absorption Near-Edge structure Spectroscopy (XANES) at both 3 

the Ti and S K-edges was performed in fluorescence detection mode using the four-4 

element SDD described above. The incident angle was 1.2°. All XANES experiments 5 

were performed using a DCM monochromator equipped with Si (111) crystals, and 6 

changing the beamline HU36 undulator gap simultaneously with the 7 

monochromator Bragg angle during the continuous energy scan. A continuous 8 

energy scanning mode was used, synchronizing the speed of monochromator and 9 

undulator movements; this minimizes the acquisition deadtime and take spectra in 10 

a faster way. For Ti K-edge XANES, a couple of Pt-coated mirrors were used in order 11 

to reject high-order harmonics and focus the beam in vertical, while C-coated 12 

mirrors were used for S K-edge XANES. Grazing incidence geometry was used for all 13 

scans to limit the x-ray penetration in the substrate. 14 

2.3.2. Ex situ characterization  15 

 XANES at the Ti K-edge were carried out after transferring the samples inside 16 

SIRIUS High Vacuum (HV) diffractometer by means of a glove box.42 XANES spectra 17 

were recorded by scanning the incoming energy step-by-step and measuring the 18 

sample fluorescence with the four-element Silicon Drift Detector (SDD). The 19 

beamline optics setup was the same as described above for the in situ XANES at the 20 

Ti K-edge. For the Ti K-edge x-ray Linear Dichroism (XLD) spectra, selection of the 21 

linear vertical polarization was obtained by changing the phase of the HU36 22 

undulator: this allows us to change from linear vertical to linear horizontal 23 
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polarization without changing the sample position and preserving the grazing 1 

incidence mode in all measurements.  2 

 Post-growth annealed samples have been characterized by Raman 3 

Spectroscopy using a Renishaw In-Via spectrometer, equipped with a Peltier cooled 4 

(CCD) detector. Raman spectra were recorded in the backscattering geometry. The 5 

light was focused onto the sample surface by a 100 x (0.85 numerical aperture) 6 

short working objective. The resulting spot diameter was around 0.7 µm. A 532 nm 7 

laser diode was used as a light source with a typical laser power of 1 mW. 8 

Transmission electron microscopy (TEM) observations were carried out at 9 

200 kV with a Tecnai Osiris TEM (Thermo Fisher Scientific) and equipped with a high 10 

brightness X-FEG gun and a Super-X Energy Dispersive x-ray (EDX) system 11 

comprising four detectors. 12 

Elemental chemical components and stoichiometry were examined by XPS 13 

(x-ray Photoelectron Spectroscopy) and HAXPES (Hard x-ray Photoelectron 14 

Spectroscopy) using a PHI Quantes with two different monochromatized sources, 15 

either Al Kα (hν=1486.6 eV) or Chromium Kα (hν = 5414.7 eV). The use of the novel 16 

lab-based hard x-ray sources (HAXPES) was required to investigate the oxidation of 17 

the TiS2 layer at the surface and the in-depth distribution, this was possible thanks 18 

to the increase of the inelastic mean free path of electrons with increasing photon 19 

energy (Chromium Kα, hν = 5414.7 eV) 20 

Samples were prepared using a metallic clamp to ensure the electrical contact with 21 

the sample holder. Measurements using Cr source have been done at fixed angle of 22 

θ=45° and for the Al one at different angles using Angle-Resolved XPS (or ARXPS) 23 

(θ=15°, 45°, and 85°), where θ is the angle between the surface and the analyzer. 24 

Page 14 of 61

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15 
 

The thickness was calculated using the formula d=3 λ sin θ where λ is the 1 

photoelectron mean free path using TPP2M equation.43 Data treatment of the 2 

measured spectra were analyzed using CasaXPS software. For spectral calibration, 3 

C 1s core peak from adventitious carbon was considered with binding energy at 4 

284.8 eV.38 A non-linear Shirley-type background was processed for peak fitting and 5 

the deconvolution of the peaks was obtained using the weighted least-squares 6 

calculation method of 30% Lorentzian and 70% Gaussian line shapes and Full Width 7 

at Half Maximum (FWHM) constraints.3 8 

 9 

2.3.3  Four-point resistivity Measurements 10 

Four-point probe resistivity measurements were carried out at room temperature 11 

using the Lucas-Signatone Labs Pro4 and a Keithley 2400 on 15 and 30 nm thick 12 

TiS2/100 nm-SiO2 thin films synthesized from 40 and 80 ALD/MLD cycles and 13 

annealing in Ar(96%)/H2(4%) for 30 min at 450°C. Five acquisitions were performed 14 

on different spots of the film surface and substrate to check the homogeneity and 15 

calculate an average of the resistivity. The mean resistivity was obtained by 16 

multiplying the sheet resistance value (.sq-1) by the thickness of the deposited 17 

layer. The resistivity value of the bare 100 nm-SiO2 on silicon was too high to be 18 

measured with the equipement.44 19 

 20 

2.3.4. Spectroscopic Ellipsometry 21 

Spectroscopic ellipsometry (SE)45 measurements were performed using two 22 

Woollam ellipsometers (RC2 in the 210-2500 nm wavelength range and IR-VASE in 23 

the mid-infrared range). The complex refractive indexes of 15 and 30 nm thick 24 
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TiS2/100 nm-SiO2 thin films obtained from 80 ALD/MLD cycles and annealed in 1 

Ar(96%)/H2(4%) for 30 min, was derived from the ellipsometric measurement using 2 

a sum of 9 Gaussian oscillators. The complex refractive index was described as 𝑁 =3 

𝑛 + 𝑖𝑘, where n and k are the real and imaginary part of N. The imaginary part is 4 

related to the absorption coefficient α by the formula 𝛼 = 4𝜋𝑘/𝜆, where λ is the 5 

wavelength. The bandgap of the samples were calculated using the Tauc-Plot46 6 

which is a representation of the function (αh)n versus the photon energy (h, 7 

where h is the Planck constant). 8 

  9 
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3. Results 1 

3.1. Molecular study of ALD/MLD process on silica beads substrate 2 

3.1.1 Chemical reactions between the two molecular precursors in absence of 3 

substrate 4 

Exposure of TDMAT to EDT leads to the immediate formation of an orange 5 

precipitate in pentane, while each molecule separately is soluble in pentane at the 6 

given concentrations with no formation of solid. The formation of the orange 7 

precipitate shows the existence of a thermodynamically favorable and kinetically 8 

facile pathway reaction between the two precursors. The analysis of the orange 9 

precipitate by solid-state 13C NMR (see Fig. S1) displayed resonances compatible 10 

with the presence of organic moieties originating from EDT residues. The solid 11 

displays a weak Electron Paramagnetic Resonance (EPR) signal at g=1.98 (see Fig. 12 

S2), assigned to titanium(III) centers.47 13 

 14 

3.1.2 Successive reactions at the gas-solid interphase between the two molecular 15 

precursors and silica beads surface  16 

Further insight in the ALD/MLD steps of the process was obtained by reacting 17 

the precursors with silica beads, a pertinent model for studying the reaction 18 

occurring at the gas /solid interphase between precursors and substrates such as 19 

silicon-covered wafers.25 The modeling hereafter describes the evolution during the 20 

second ALD/MLD cycle as well as during the sixth ALD/MLD cycle to show the 21 

repeatability of the surface chemistry (see Scheme 1). 22 

3.1.2.1. Metal pulses on silica beads.  23 
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The in situ infrared (IR) spectra of solids 1, 2, and 3 (that is at the beginning, 1 

during, and at the end of the second ALD/MLD cycle, see scheme 1) are presented 2 

in Figure 2. The most relevant feature of the IR spectrum of sample 1 in the context 3 

of the ALD/MLD mechanism studied here is the presence of a band at 2412 cm-1 4 

assigned to (S-H). The broad band between 2600 and 3200 cm-1 is assigned to 5 

hydrogen-bonded thiol moieties. Signals around 2700-3000 cm-1 correspond to C-H 6 

stretching vibrations arising from organic ligands. After the metal pulse, the 7 

spectrum of the resulting solid 2 showed an increase of the IR absorption band 8 

between 2700 and 3000 cm-1 (see blue Diffuse Reflectance Infrared Fourier 9 

Transform (DRIFT) spectrum, curve 2 in Figure 2), together with the reduction of 10 

the broad S-H stretching signals. Similar though shallower changes can be observed 11 

in spectra of 9 and 10 (see SI Fig. S3). Indeed, the analytic changes from one early 12 

cycle to the next are expected to be sharper than from a later cycle to the next, 13 

even if the surface chemistry remains similar, given the larger relative change that 14 

one single pulse is expected to bring to an early deposit than to a later one. 15 

Furthermore, in agreement with the other analytic data presented below, and as 16 

lengthily discussed in the next section (see § 4.1.3), the metal coverage is less 17 

efficient in the later cycles, leaving more unreacted thiols after the metal pulse  thus 18 

explaining  the large feature at 2412 cm-1 assigned to S-H, in spectrum 10 (Fig. S3) 19 

with respect to its almost complete absence in spectrum 2 (Figure 2). 20 
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 1 

 2 

Figure 2: IR absorbance spectra recorded during the second ALD/MLD cycle on silica 3 

nanobeads SiO2-700 (spectrum of 1, red); after the ALD pulse of TDMAT (spectrum 2, 4 

blue); after the subsequent MLD pulse of EDT (spectrum 3, green), see Scheme 1 for 5 

numbering.  6 

 7 

The chemical composition of solids was determined by elemental analysis (see 8 

Table 1). The elemental analyses of the solids resulting from the metal pulses of the 9 

2nd and 6th ALD/MLD cycles, i.e. 2 and 10, show substantial increase in the metal 10 

content, indicating a successful metal grafting in both cases. 11 

 12 
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Table 1: Results of elemental analyses (expressed in weight percent, %wt) of the solids obtained 1 

during the 2nd and 6th ALD/MLD cycles using TDMAT and EDT alternating pulse on SiO2-700 2 

nanobeads. See Scheme 1 for numbering scheme.  3 

 Elemental analysis (wt%) Atomic ratios 

 Ti C N S H C/Ti N/Ti S/Ti 

1 1.7 2.2 0.9 2.6 0.5 5.3 1.9 2.3 

2 3.0 3.9 1.8 2.8 0.9 5.3 2.0 1.4 

3 2.8 5.15 1.3 7.7 1.1 7.2 1.5 4.1 

…         

9 4.9 9.8 2.2 15.8 2.2 8.0 1.5 4.8 

10 5.5 10.3 2.4 16.1 2.3 7.4 1.5 4.3 

11 5.3 10.8 2.3 17.8 2.4 8.1 1.5 5.0 

 4 

During the 2nd metal pulse, the volatiles released upon TDMAT addition to 1 5 

were collected and analysed. Dimethyl amine was observed as the sole volatile by-6 

product of the reaction (see 1H NMR study of the condensed volatile by-products in 7 

Fig. S4), corroborating the successful reaction of the amido precursor TDMAT at the 8 

gas-solid interphase of the growing thiolate layer. 9 

 10 

3.1.2.2. EDT pulses on silica beads. 11 

The sulphur pulse has been modelled by analysing the addition of EDT to the 12 

metal-terminated silica beads, 2 and 10, followed by a purging step, leading to solids 13 

3 and 11, that is during the second halves of the second and sixth cycle, respectively 14 

(see Scheme 1). 15 
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The DRIFT spectrum for 3 (Figure 2, green line) exhibits a characteristic S−H 1 

bond stretching (2413 cm-1) which had all but disappeared in the spectrum of 2 2 

(Figure 2, blue line) and broadening of the bands between 2700 and 3000 cm-1, 3 

which indicates a successful chemisorption of the thiol. 1H NMR analysis of the 4 

trapped volatile by-products displayed a typical resonance corresponding to methyl 5 

protons of HNMe2 (see Fig. S5). The changes in elemental analysis are reported in 6 

Table 1. The sulphur-containing solids are also EPR active (see Fig. S2). 7 

3.2.  ALD/MLD growth followed by annealing crystallization process 8 

on silica-terminated silicon wafers and monitoring with 9 

operando x-ray studies 10 

The ALD/MLD growth process is based on alternating additions of TDMAT and EDT 11 

pulses to the wafer, followed by a subsequent thermal annealing of the ALD/MLD 12 

grown layer inside a dedicated reactor. This reactor, permits to control a full 13 

understanding of the atomistic mechanisms during process, as it was observed by 14 

previous work done in our research group. 40,48–52 15 

 16 

3.2.1 ALD/MLD growth by alternate TDMAT and EDT pulses  17 

3.2.1.1. In situ monitoring of titanium thiolate MLD growth by MWE and XRR 18 

Figure 3(a) shows thickness evolution during 40 growth cycles recorded by in 19 

situ ellipsometry and fitted using a TiO2/100 nm-SiO2/Si thin film model41. Though 20 

such a crude model prevents a quantitative analysis of the data, the thin film final 21 

thickness value measured by in situ XRR (13.3 nm) is compatible with the one 22 

estimated by MWE (18.2 nm). Besides, the ellipsometry data allow to ensure that 23 
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the process is robust and reproducible under SOLEIL x-ray experimental conditions. 1 

The periodic changes and saturation of the signal during the purge testify to self-2 

limiting alternating surface reactions that insures an ALD/MLD process, as 3 

highlighted by the inset of Figure 3(a) showing the as-calculated total film thickness 4 

increase during a single full cycle. 5 

Monitoring the reflected x-ray intensity provides more quantitative insights 6 

on the growth. Provided that the film roughness is not too high, the specular 7 

reflected beam intensity recorded during the deposition, at a fixed incident angle, 8 

oscillates as a function of cycle number (time) due to the film thickness evolution. 9 

A maximum (resp. minimum) of intensity corresponds to constructive (resp. 10 

destructive) interference of the beams reflected at the growing film surface and at 11 

the film/SiO2 interface. Then, knowing the thickness oscillation period in the steady 12 

growth regime, it is possible to relate the increase of intensity inside one half an 13 

oscillation period to the film thickness increase. Figure 3(b) shows the increase in 14 

film thickness with the number of cycles in the range [11-17]. 15 

3.2.1.2. In situ monitoring of titanium thiolate ALD/MLD growth by XRF 16 

Element-specific in situ analyses during the growth were obtained by 17 

monitoring Ti and S X-ray Fluorescence (XRF) during each successive ALD and MLD 18 

step, respectively, to quantify the Ti and S amount deposited on the sample surface. 19 

Figure 3 (c,d) shows Ti and S Kα fluorescence intensities normalized to the incoming 20 

x-ray beam intensity, respectively, as a function of ALD/MLD cycle number. The 21 

filled circles correspond to the fluorescence mean intensity at the end of each cycle 22 

(that is after the EDT purge). Overall, each fluorescence appears to increase linearly 23 
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after a short transient regime of growth (see linear regression fits calculated over 1 

the last 15 cycles, in the steady linear regime of growth). 2 

The inset of Figure 3(c) and Figure 3(d) show the XRF intensity variation 3 

during the 30th to 34th cycle, representative of cycles in the steady state regime of 4 

growth, giving an insight in chemical reactions occurring at the gas-solid interphase 5 

during each pulse in the steady state. In both cases, an overall fluorescence increase 6 

is observed suggesting a successful grafting at each pulses. Some differences are 7 

also visible between the TDMAT and the EDT pulse. As for the Ti fluorescence, an 8 

initial decrease of intensity during the injection of TDMAT is observed. This drop in 9 

intensity is assigned to the presence of the TDMAT carrier gas (Ar), which leads to 10 

a significant absorption of the Ti K XRF because the Ti K energy (4509 eV) is a bit 11 

larger than the Ar K edge (3206 keV) ; upon removal of argon through the nitrogen 12 

purge the effective increase in titanium fluorescence is observed, confirming 13 

titanium enrichment of the ALD growing phase. No change in Ti fluorescence is 14 

observed after the EDT pulse, as expected since no change in titanium content is 15 

expected in the second half pulse of each cycle. As for the S fluorescence, the 16 

aforementioned drop in intensity due to the presence of argon is also observed 17 

during the TDMAT pulse but the net effect after the nitrogen pulse is null on the S 18 

fluorescence as expected. In this case, the net fluorescence increase is observed 19 

only after the EDT half-cycle. Noteworthy, the spikes of XRF intensities at the S edge, 20 

notably at low cycle number, evidence the desorption of S-containing molecules, 21 

including EDT, from the surface, suggesting that physisorbed and chemisorbed EDT 22 

are present after the EDT purge and the physisorbed excess EDT (and possibly other 23 

gaseous by-products), can be correctly removed by the nitrogen purge step. To sum 24 
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up, the XRF data shown in Figure 3 (c,d), also evidence a well-behaved self-limiting 1 

alternating deposition by ALD/MLD of a titanium-containing thiolate layer. 2 

 3 

 4 

Figure 3: Film thickness evolution measured by (a) multiwavelength ellipsometry (b) XRR at fixed 5 

angle. Ti Kα XRF intensity (blue line, c) and S Kα XRF intensity (red line, d); in both cases, the mean 6 

intensity value at the end of the EDT purge is shown for each cycle (closed black circles) together 7 

with the regression line calculated in the linear steady state regime of growth (black lines, R²= 8 

0.998 and 0.992, respectively). All data were recorded in situ as function of the number of cycles 9 

during the Ti-thiolate deposition (Tsubstrate = 50 °C). The insets in (a), (c) and (d) show the raw data 10 

obtained during cycle numbers 30, 31, 32, 33 and 34, the curves were rescaled to be superposed. 11 

 12 

Page 24 of 61

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25 
 

3.2.1.3. X-ray Absorption Near Edge Structure (XANES) of Ti-thiolate sample 1 

grown by ALD/MLD 2 

The XANES spectra recorded at the Ti K-edge of the as-deposited Ti-thiolate 3 

thin film is reported in Figure 4(a). The incoming x-ray beam linear polarization was 4 

set parallel to the growth surface. Its pre-edge peak position is at slightly lower in 5 

energy (E=1 eV), with respect to the  pre-edge peak position of the XANES spectra 6 

of the annealed samples  (Figure 4 (b,c,d)); these overlap with the pre-edge peak  7 

position in the XANES spectrum of the reference TiS2 powder, Figure 4(e). The latter 8 

is a spectrum averaged over the beam polarization orientation with respect to the 9 

hexagonal crystallographic frame of the lamellar 1T-TiS2 structure because the 10 

sample is a powder. The higher energy pre-edge peak, observed  in the energy range 11 

[4972-4973] eV (A1 feature in Figure 4) , is well understood with regard to the 1T-12 

TiS2 structure.53. While the detailed analyses of the XANES data are beyond the 13 

scope of this paper, the energy difference between the feature of the as deposited 14 

thiolate sample (Figure 4a) and the one of TiS2 (Figure 4e) corroborates the 15 

presence of the Ti(III) centers in the as-deposited material, as anticipated by the 16 

modeling studies reported above.  17 
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 1 

Figure 4: In situ XANES spectra at the Ti K-edge of (a) as-deposited Ti-thiolate sample obtained 2 

after 40 cycles of ALD/MLD growth and (b) after annealing under H2(4%)/Ar(96%) gas at 375°C for 3 

30 minutes. Ex situ XANES spectra of Ti-thiolate samples, obtained after (c) 40 cycles and (d) 80 4 

cycles of ALD/MLD growth and annealing at 450°C for 30minutes ; (e) ex situ XANES spectrum of 5 

a reference TiS2 powder recorded in fluorescence mode. The linear polarization of the x-ray beam 6 

was parallel to the growth surface. 7 

 8 

3.2.2 Characterization of TiS2 nano domains obtained by annealing the Ti-thiolate 9 

grown by ALD/MLD  10 

Two Ti-thiolate samples obtained by 40 and 80 ALD/MLD cycles, respectively, 11 

were annealed at 450 °C for 30 min under H2(4%)/Ar(96%) gas, H2 being known to 12 

facilitate sulphur extrusion from sulphur-rich TiS2+x phases.54  The resulting phases 13 

were examined by XANES, Raman scattering spectroscopy, TEM, X-ray absorption 14 
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linear dichroism, and HAXPES to study their composition, crystallinity, and 1 

microstructure. 2 

 3 

3.2.2.1 X-ray Absorption Near Edge Structure (XANES) of the TiS2 samples 4 

obtained by annealing  5 

The XANES spectra of the two annealed samples are reported in Figure 4(c 6 

and d, respectively). In all cases, the pre-edge peak in the energy range [4972-4973] 7 

eV (see A1 in Figure 4), well understood with regard to the 1T-TiS2 structure53, is 8 

observed. Ti4+ atoms in 1T-TiS2 structure (electronic configuration: 3d04s0) sit on a 9 

1a position (point group -3m) of the P�̅�m1 space group. The crystal has no inversion 10 

symmetry about this position, allowing the local hybridization of the central Ti 4p 11 

states with near neighbor Ti 3d orbitals.53 Since Ti first nearest neighbors comprise 12 

six sulphur atoms which form a centrosymmetric octahedron, the A1 feature 13 

intensity is ascribed mainly to the dipole transition from Ti 1s to 4p character of the 14 

3d band. Peaks B and C arise from transitions to final Ti 4p states. 15 

Noteworthy, the pre-edge peak energy positions for all annealed samples 16 

and TiS2 powder are the same, indicating the same formal valence of the central Ti 17 

atom (Ti4+), unlike the slightly lower energy (1 eV) shifted pre-edge peak position of 18 

the sample before annealing (see Figure 4(a)), indicating the full conversion of the 19 

Ti(III) centers present in the as-deposited material to the expected Ti(IV) state 20 

present in TiS2. As shown by comparing Figure 4(c,d), the 80-cycles sample displays 21 

significantly improved atomic local order after annealing, with respect to the 40-22 

cycle sample after annealing, with the local density of states tending to the one of 23 

TiS2. Such a result could indicate that the range of atomic local order and texture 24 

reached during the annealing improve upon film thickness and the relative amount 25 
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of Ti atoms in oxidized regions at the sample surface and sulfide/SiO2 interface is 1 

smaller in the case of the 80-cycles thin film (in agreement with TEM evidence 2 

below). 3 

XANES spectra was also recorded in situ during the annealing of the sample 4 

obtained after 40 MLD cycles. Figure 4(b) shows the Ti K-edge XANES spectra after 5 

annealing at 375 °C for 30 min under H2(4%)/Ar(96%) gas. The quantitative analysis 6 

of the spectra before and after annealing (Figure 4(a) and (b), respectively) is out 7 

of the scope of this article. After annealing at 375 °C the spectrum shows some 8 

substantial similarities to the TiS2 powder spectrum, firstly the increase of the 9 

distinctive pre-edge features of TiS2. At the same time, it is clear that the TiS2 atomic 10 

arrangement is not yet achieved and is much poorer than the one observed by 11 

annealing at 450 °C (see Figure 4(c,d)). Therefore, the annealing temperature 12 

increase to 450 °C seem to significantly improve the atomic local order which tends 13 

to the one of TiS2, as the TEM results shown hereafter will also show. 14 

 15 

3.2.2.2 Raman scattering spectroscopy 16 

Among the fundamental active modes in Raman spectroscopy, two modes 17 

are associated to 1T-TiS2 (space group P3̅m1): the Eg mode ( 234 cm-1) and A1g 18 

mode ( 336 cm-1), corresponding to vibrations of the sulphur atoms in and out of 19 

the S-Ti-S layer, respectively. An additional shoulder mode (termed Sh-shoulder or 20 

Sh herein,  372cm-1) appears more pronounced for S-Ti-S multilayer than 21 

monolayer structure.32,55–60 The appearance of the Sh-shoulder mode is due to an 22 

excess of metal atoms between the TiS2 layers (in the van der Waals gaps) resulting 23 

in local stiffness of the phonons.32 24 
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The Raman scattering spectra of the two annealed samples obtained after 40 1 

and 80 cycles, respectively, were measured with an excitation frequency in the 2 

visible range (532 nm),  Figure 5(a,b). The two spectra display the Eg and A1g active 3 

modes corresponding to 1T-TiS2. The shoulder mode (Sh) is visible at about 380 cm-4 

1. By comparison with the results found in the literature and obtained with a 5 

reference TiS2 powder, the spectra indicate a good crystalline quality of the samples 6 

with likely some defects in between the layers as corroborated by the presence of 7 

the Sh mode.32,38 8 

The frequency difference between A1g and Eg modes is  correlated to the 9 

average number of stacked TiS2 layers. However, the determination of the 10 

frequency difference with precision remains difficult due to a significant 11 

asymmetry32 of the Eg mode intensity profile (see Figure 5(a,b)). For this reason, 12 

the A1g mode and the better-defined Sh-shoulder mode should be preferred for 13 

the determination of the number of layers. Indeed, it has been observed in the 14 

literature that the shoulder mode (Sh) appears being more pronounced for 15 

multilayers than for a monolayer. The ratio of the integrated intensity profiles of 16 

the A1g and Sh-shoulder (A1g/Sh) can then be used for the determination of the 17 

number of TiS2 layers (up to 5).32,55 The obtained values show the presence of 18 

multilayers with more than 5 layers for both samples, in line with TEM images (see 19 

Figure 5(c,d)). By normalizing the spectra of both samples to the T2g Si peak, the 20 

integrated intensity of the A1g peak of the 40-cycle sample is half of the one of the 21 

80-cycle sample, in agreement with the film thickness ratio (see Fig. S6). 22 

 23 
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 1 

Figure 5: (a, b) Raman spectra (dotted lines) and (c, d) cross-section TEM images of 2 

samples resulting from (a, c) 40 and (b, d) 80 ALD/MLD cycles and an annealing at 450 °C 3 

for 30 min under H2(4%)/Ar(96%) gas. The insets in the TEM images represent the fast 4 

Fourier transform of the sample image. Raman spectra were normalized to the intensity 5 

of the A1g mode and fitted with Lorentzian curves (solid lines in a) and b) panels). 6 

 7 

3.2.2.3 Electron microscopy. 8 

TEM images of the two annealed samples reveal continuous thin films with 9 

low surface roughness (see Figure 5 (c,d)). The nanoscale structure of the bulk of 10 

the grown phase (that is not taking into account the 2 nm thick ultimate surface and 11 

the 2 nm thick interlayer surface with the wafer substrate, both discussed below) 12 

confirms the presence of partly ordered crystalline nanodomains of atomically thin 13 

stacks of TiS2 layers, in agreement with the Raman data discussed above. The 14 

interlayer distances equal to 5.80.2 Å for the 40-cycles and 5.90.2 Å for the 80-15 

cycles samples are close to the bulk 1T-TiS2 c-parameter, 5.7 Å 61. According to the 16 

TEM images, the thickness of the deposit is, as expected, almost double for the 80-17 
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cycles than for the 40-cycles sample (30 nm and 15 nm, respectively). The TEM 1 

images reported in Figure 5 (c,d) show some more pronounced atomic short-range 2 

order in the thicker 80 cycle sample than in the 40 cycle one. Regarding the ultimate 3 

surface, for both samples, the sulfide thin film is covered by an amorphous ca. 2 4 

nm-thick top layer, which presumably results from the hydrolysis and oxidation of 5 

the material exposed to air, and should therefore be titanium oxysulfide. At the 6 

bottom, the sulfide layer/SiO2 interface stays rather sharp. The narrowness (ca. 2 7 

nm thick) of such interface layer, which is expected to be an oxysulfide resulting 8 

from the first pulses of the metal precursor with the pristine ultimate surface of the 9 

siliceous substrate25, suggests a well-defined seeding chemistry from the very first 10 

pulses of the process.  11 

 12 

3.2.2.4 Hard x-ray Photoelectron Spectroscopy (HAXPES) of annealed samples 13 

In order to perform in-depth study of both the stoichiometry and chemical 14 

elemental components of the 30 nm thick TiS2 thin film obtained with 80 ALD/MLD 15 

cycles and annealed at 450 °C, HAXPES was carried out using chromium K x-ray 16 

sources. 17 

The analytical information depth using Cr K source (hν = 5414.7 eV) is about 18 

three times deeper than with the Al K source. The benefit of a larger sampling 19 

depth opens opportunities to minimize the contribution of the upper surface of the 20 

sample, possibly altered by the atmosphere, in the overall spectra, TiS2 being known 21 

to convert to TiOx by exposure to air.62 The presence of adventitious air oxidation 22 

and hydrolysis of the top thin film (see Figure 5(d)), is demonstrated in a qualitative 23 

way by comparing the Ti 1s core level spectra to the Ti-2p core level spectra 24 
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presented in Figure 6. The mean free path of the photoelectrons calculated using 1 

TPP2M equation,43 is found to be larger for the Ti 2p (8.1 nm) than that of the Ti 1s 2 

(1.6 nm). It follows that the analyzed thickness is about 3.3 nm with the Ti-1s core 3 

level peak instead of 15.7 nm with the Ti-2p and S-2p peaks. 4 

 5 

Figure 6: HAXPES spectra measured with the Cr K source: Intensity as a function of the 6 

electron binding energy a) Ti-1s core peaks b) Ti-2p core peaks (doublets) and (c) S-2p core 7 

peaks (doublets). 8 

The Ti-1s XPS spectra shown in Figure 6(a) present two different 9 

environments: the strong signal at 4969.3 eV (84.7%, blue peak) is attributed to 10 

titanium oxysulfides whereas the weak one at 4966.8 eV (15.3 %, red peak) is 11 

attributed to TiS2 layers. For the signal at 4969.3 eV, the thickness of the oxide layer 12 

on the top of the deposited TiS2 layer is about 2.1 nm. The latter is in agreement 13 

with the value found by ARXPS with an Al source (see Fig. S7).63 Interestingly, the 14 

oxidation of the top layer of the sample was also checked by monoatomic Ar ions 15 

etching and in-depth oxygen profiling, attesting to the absence of oxygen 16 

contamination inside the thin film (see oxygen profile Fig. S8 in SI). 17 

The Ti 2p XPS spectra shown in Figure 6(b) present two different Ti 2p3/2:2p 18 

1/2 spin-orbit doublets. The most intense (456.8 eV and 462.5 eV) corresponds to 19 

TiS2.55,64,65 The other one (459.2 eV and 464.9 eV) is assigned to the oxysulfide layer 20 

present on the top of the obtained TiS2 .64–67 The S-2p XPS spectrum shown in Figure 21 
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6(c) presents also two S 2p3/2 :2p½ components. The intense doublet (161.6 eV and 1 

162.7 eV, spin−orbit doublet of S2− species) corresponds to TiS2.64,67 The weak 2 

doublet signal (163.0 eV and 164.2 eV) could be attributed to the spin−orbit doublet 3 

of (Sn)2− species (where n=2,4,6..) known as an S-S pair and to C-S bonds. Based on 4 

the widening of the peak component presented in Figure 6(c) we attribute this 5 

component to a combination of (S2)2− and (S4)2− species.68 It can  also be referred to 6 

titanium oxysulfide environment in connection with  the oxidized part already 7 

detected on the surface of the TiS2 layer.38,66,69,70 8 

Theoretical Relative Sensitivity Factors (RSF) were used to quantify the 9 

stoichiometry of the obtained TiS2 layers.71 The calculated aspect ratio [S]/[Ti] 10 

calculated with the Ti2p and S2p doublets attributed to TiS2 is equal to 2.1. This 11 

indicates that the deposited film has a stoichiometry close to the one expected for 12 

TiS2. To correlate and compare the results of HAXPES obtained with the Cr source, 13 

XPS spectra were measured with the conventional monochromatic soft Al source 14 

(Aluminum Kα, hν = 1486.6 eV) at three different angles (θ=15°,45° and 85° with 15 

respect to the sample surface normal) for which the depth of analysis are equal to 16 

2.3, 4.9 and 6.8 nm, respectively. The results are listed in supporting Information 17 

(see Fig. S7), the aspect ratio [S]/[Ti]=1.9 is in agreement with the stoichiometry 18 

obtained with the Cr source. Table S1 shows the chemical composition proposed 19 

based on the XPS measure at the Al source and overall suggest the presence of the 20 

same environments for Ti-2p and S-2p core peaks for both the Al and Cr sources. 21 

ARXPS data shows large amount of carbon (21%) inside the obtained layer 22 

(see fig. S7 (i)) which is not significantly affected by the change in take-off angle. 23 

The C 1s core level spectra exhibit three components originating from different 24 

sources. The major part corresponds to C-H/C-C bonding, it could originate from 25 
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adventitious carbon but also from the incomplete reaction of TDMAT35 or the 1 

presence of graphitic carbon, as it was shown in a previous study regarding the 2 

synthesis of MoS2 by the same MLD/ALD-annealing  approach .25 The presence of 3 

oxidized carbons (C-O and C=O, attributed to the as  weaker contributions at 286.6 4 

and 289.1 eV respectively,  could originate from the surface contamination due to 5 

the exposure to ambient conditions38. Note that the line at 286.6 eV could also be 6 

assigned to C-S bonds indicating an incomplete reaction of EDT (HSCH2CH2SH). 7 

 8 

3.2.2.5 x-ray absorption linear dichroism  9 

The x-ray absorption linear dichroism at the Ti K-edge. Fig. S9 in Supporting 10 

Information shows polarized Ti K-edge XANES spectra recorded with the incoming 11 

x-ray beam polarization parallel or perpendicular to the sample surface. The 12 

polarization effect in the XANES spectrum confirms the anisotropic nature of the 13 

obtained films. This was confirm at a larger scale that the e TEM images that the 14 

TiS2 monolayers are not randomly oriented, but tend to be parallel to the substrate 15 

surface, i.e. the thin films show a partial texture. 16 

 17 

3.2.2.6 Four-point probe electrical measurements and bandgap properties 18 

 19 

Four-point probe resistivity measurements were carried out at room 20 

temperature on the 15 nm and 30 nm thick TiS2 thin film synthesized from 40 and 21 

80 ALD/MLD cycles and annealed in Ar(96%)/H2(4%) for 30 min at 450°C. 22 

The mean resistivity equal to 6.61(0.4)x10-3 .cm and 8.60(0.9)x10-3 .cm for 23 

the 15 and 30 nm thick films, respectively. The small dispersion in the values from 24 
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one spot to another attests to the homogeneity of the deposited samples. Such low 1 

mean resistivity value is in the range of values for a semi-conductor materials at 2 

room temperature. Regardless of some carbon amount in the TiS2 thin film, a semi-3 

conductor material has been obtained. Recently, Basuvalingam et al.38 reported the 4 

growth of TiS2 and TiS3 layers using both thermal ALD and Plasma Enhanced-ALD 5 

from TDMAT and H2S: Ar. Thermal ALD sample grown at 100°C lead to TiS2 thin films 6 

with a resistivity equal to 2x10-3 Ω.cm ; PE-ALD samples grown at 150°C and 200°C 7 

lead to TiS2 thin film with resistivity values decreasing from 9x10-3 to 3.5x10-3 Ω.cm. 8 

We can therefore conclude that our ALD/MLD process for the growth of TiS2 thin 9 

films allows us to synthesize a material whose resistivity is in the same order of 10 

magnitude was obtained comparing to thermal ALD and PE-ALD process. Such a 11 

result could lead to use TiS2 films as 2D contact materials with 2D semiconductors 12 

in device fabrication. 13 

Semiconductor bandgap properties of the two samples with different 14 

thicknesses (15 and 30 nm) were investigated by spectroscopic ellipsometry (SE)45. 15 

Fig. 7 shows the experimental function (αh)2 versus h. The n and k curves as a 16 

function of photon energy are shown in inset of Fig. 7. The onset of the absorption 17 

above 1 eV indicates the existence of an optical bandgap. The linear relationship 18 

between (αhν)2 and the energy at the absorption onset, is indicative of the 19 

existence of a direct band gap. By extrapolating the linear regime down to the cross 20 

point with the abscissa axis, a bandgap energy equal to 1.72 eV for the annealed 21 

sample obtained by 80 ALD/MLD cycles, a value which is very close to the one 22 

obtained with the 40 ALD/MLD cycles sample (Eg=1.74 eV). Noteworthy, a direct 23 

band gap equal to 1.70 eV was found in crystalline one-dimensional hybrid 24 

organic/inorganic TiS2 (ethylenediamine) framework.72 25 
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 1 

 2 

Figure 7: Bandgap identification from the plot of (αh)2 vs the photon energy h, showing an 3 

estimated direct bandgap of 1.72 eV for a TiS2/100 nm-SiO2/Si thin film obtained from 80 4 

ALD/MLD cycles and annealed in Ar(96%)/H2(4%) for 30 min at 450°C. The inset shows the optical 5 

constants n and k of the complex refractive index as a function of the photon energy, determined 6 

by spectroscopic ellipsometry, for thin films obtained from 40 and 80 ALD/MLD cycles and 7 

annealed in Ar(96%)/H2(4%) for 30 min at 450°C ; n and k are the real and imaginary parts, 8 

respectively. 9 

  10 
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4. Discussion 1 

We report a self-limiting titanium thiolate growth by Atomic Layer 2 

Deposition/Molecular Layer Deposition (ALD/MLD) on 100 nm-thick thermally-3 

grown SiO2 on Si at low temperature (50 °C). From it, lamellar TiS2 thin films can be 4 

obtained by thermal annealing under H2/Ar at a mild temperature (450 °C, with 5 

crystallization starting at even lower temperatures). Organic carbon and (Sn)2− 6 

presence show that the annealing is not complete. The films are continuous, 7 

smooth, homogeneous, and as thin as 15 nm or even less so. To the best of our 8 

knowledge, TiS2 material has never been obtained with an ALD/MLD approach. The 9 

electric measurements on the 15-nm and 30-nm thick thin films show a semi-10 

conductor behavior with direct band-gap. 11 

Hereafter some other noteworthy aspects of the process are discussed, 12 

namely i) the growth mechanistic insight gained through the modeling studies on 13 

silica beads, ii) the growth mechanistic insight gained from in situ x-ray studies and 14 

comparison with the modeling studies and iii) the preferential orientation of TiS2 15 

despite the amorphous nature of the substrate.  16 

 17 

4.1.  Thiolate growth mechanistic insight on model silica beads 18 

The development of ALD-grown molecularly-thin layers of MoS2 on silica-covered 19 

silicon wafer was steered by the study of the chemical reactions between the two 20 

precursors in absence of substrate and in the presence of high surface area silica 21 

beads. 25 Herein, we successfully extended this molecular approach for studying the 22 

reaction of TDMAT and EDT, en route to the targeted ALD/MLD process toward TiS2. 23 
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 1 

4.1.1 Reaction between TDMAT and EDT 2 

First of all, the thermodynamically accessible and kinetically facile reaction of 3 

molecular precursors (TDMAT and EDT) among themselves is insightful since it 4 

tends to suggest that an MLD/ALD process targeting TiS2 and based on their 5 

alternate addition should lead to film growth. However, because of the absence of 6 

a substrate, this reactivity results in coordination polymers which are difficult to 7 

characterize, with no special control over their molecular weight. More importantly 8 

in the context of ALD, the presence of the self-limiting nature of the reaction cannot 9 

be investigated by studying the reactivity of the molecular precursors with each 10 

other. 11 

4.1.2 The interest of silica beads 12 

The ALD reaction mechanism was therefore established by investigating the 13 

chemistry occurring at the surface of porous silica nanobeads, as a model for the 14 

flat wafer substrate. The analogy between the 3D surface of silica powders and 2D 15 

surfaces of silica-covered silicon wafer substrates was proposed 25 years ago.73 The 16 

study showed that the ultimate surface of both 2D and 3D substrates are very close 17 

in terms of chemical nature of the reactive sites (silanols, SiO-H), and in terms of 18 

site density as a function of pretreatment temperature. More recently, Surface 19 

OrganoMetallic Chemistry (SOMC) studies74 provided titration and reactivity 20 

studies which have further corroborated the validity of this analogy between 21 

pristine flat and porous substrates toward a first metal pulse.75–77 The fact that the 22 

density of the anchoring site is proven to be comparable for the two supports tends 23 

to suggest that no different steric hindrance considerations should play for the 24 
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chemistry occurring on the surface of the silica powder versus the one occurring on 1 

the surface of the silica on the wafer. The diffusion of precursor is surely different 2 

when exposed to a flat surface with respect to a powder; at the same time, the 3 

nature of the (ideal) MLD /ALD process is to be chemistry driven (rather than 4 

diffusion controlled). Therefore, if sufficient precaution is taken to allow the 5 

equilibrium to be reached - and this means long reaction time with the powder in 6 

particular, as is the case in our work - this difference is not anticipated to be 7 

problematic. Furthermore, monitoring with IR allows to have a spectroscopic 8 

handle to gauge in situ the change in reaction advancement over time and hence 9 

handle possible diffusion limitations. The main differences between the two 10 

supports remains the overall number of actives sites between the types of 11 

experiments performed (performed on typical scales of hundreds of miligrams of 12 

silica powders having large specific surface area, typically, 200 m2.g-1, and much 13 

fewer milligrams of silica of non-porous wafer with geometric surface area of the 14 

order of 10-2 m2.g-1). It is exactly this significant order of magnitude difference in 15 

favor of the powder that allows to use spectroscopic and analytic tools on the 16 

powder inaccessible to the wafer (see below), and yet, because density is analogous 17 

and diffusion is taken care of, the powder chemistry, with its new molecular-level 18 

insight, has a chance to mimic satisfactorily the chemistry on the wafer. As 19 

mentioned above, our first attempt to use this analogy to model a full ALD process 20 

was successful for growing ultra-thin crystalline MoS2 nanodomains from 21 

Mo(NMe2)4 and EDT .25  22 

 23 
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In the present case, silica-beads model studies demonstrate the successful 1 

chemisorption of both the metal and the sulphur-containing precursors which 2 

ensures mass gain upon each respective ALD or MLD pulse en route to TiS2. 3 

4.1.3 Metal pulse mechanism 4 

The IR monitoring of the silica beads upon exposure to Ti(NMe2)4 pulses and the 5 

connected changes in elemental composition (see Table 1) show that titanium 6 

amido bonds in the precursor react with surface sites with concurrent amine 7 

release. This reaction appears complete for the first pulse. The IR spectrum shows 8 

a weak band at 3650 cm-1, distinctive of scant residual surface silanols after the 9 

metal pulse. The titanium loading in 1 of Scheme 1 (1.7 %w, equivalent to 1.1 Ti/nm² 10 

on the 200m²/g beads used here) is also indicative of a complete coverage, based 11 

on the known concentration of the reactive sites on the starting substrate (ca. 1.15 12 

OH /nm2 for silica pre-treated in vacuo at 700 °C)78. 13 

In analogy with the established ALD concept of monolayer (ML, fully formed 14 

layer resulting from an ideal ALD cycle) and Growth Per Cycle (GPC, expressed 15 

phenomenologically in nm/cycle or as a fraction of ML/cycle when the ideal ALD 16 

growth mechanism is considered), we can express the chemical data herein by 17 

introducing corresponding concepts such as Chemical Maximum Coverage, CMC, 18 

and Surface Reaction Advancement per Half-Cycle, SRApHC, respectively. These 19 

concepts (CMC and SRApHC) are related yet distinct from ML and GPC since the 20 

latter are defined on the basis of the composition and density of final targeted 21 

phase (TiS2 here) while the formers are related to the “as deposited” material 22 

(titanium thiolate here). Adopting these distinct metrics could help bridge the gap 23 
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between the recurrent hiatus between the (ideal) targeted final phase of the reality 1 

of the “as deposited” material during the ALD process. 2 

For the first metal pulse, the combined analyses have suggested a full 3 

coverage, SRApHC (1st Ti-pulse) = 1.0 CMC. During the metal pulse of the second 4 

cycle, the elemental analysis shows an increase of the Ti weight fraction from 1.7% 5 

to 3.0% leading to an approximate atomic composition increase from (surface)-[Ti]1 6 

to (surface)-[Ti]1.7, showing that there is a substantial yet not complete surface 7 

reaction advancement (70% with respect to the maximum possible for a simple 1:1 8 

stoichiometric growth, i.e. SRApHC (2nd Ti-pulse)  0.7 CMC). During this second 9 

cycle, the other changes in relative molar ratios of the elements that can be 10 

calculated from the elemental analyses similarly show that there is a substantial but 11 

not full surface reaction advancement. Similarly, the empirical formula (see C/Ti, 12 

N/Ti, and S/Ti ratios evolution in Table 1) account for the co-existence of newly 13 

metalated surface species and unreacted thiol terminated starting species. 14 

Therefore, only part of the available reactive sites, the thiols SH groups, react with 15 

TDMAT. 16 

During the 6th cycle, the metal content increases after the TDMAT pulse by ca. 17 

10% (from 4.9w% to 5.5w%, see Table 1). To a first approximation a complete 18 

coverage during the 6th cycle can be expected to lead to a 20% increase in the value 19 

(from surface-[Ti]5, to surface-[Ti]6). Therefore, the titanium loading change during 20 

the metal pulse of the 6th cycle suggests that the surface reaction advancement is 21 

at best 50%, SRApHC (6nd Ti-pulse) 0.5 CMC. 22 

Overall, these changes suggest that during the MLD/ALD step, TDMAT successfully 23 

reacts with the surface thiol groups, by replacement of a titanium amido with a 24 
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thiolate bond with concurrent amine release (see Scheme 2 for a proposed generic 1 

average surface reaction scheme for the metal pulse). Only part of the available SH 2 

groups react with TDMAT leading the co-existence of newly metalated surface 3 

species and unreacted thiol terminated starting species, with a concurrent decrease 4 

in surface reaction advancement per half-cycle, SRApHC along the MLD process, at 5 

least up to the few cycles modelled here. Scheme 2 reports a proposed generic 6 

average surface reaction scheme for the metal pulse, with an overall decrease in 7 

surface reaction advancement per half-cycle, SRAPHC along the MLD process. 8 

 9 

10 

 11 

Scheme 2: Proposed general reaction scheme for a metal pulse. The surface reaction advancement 12 

per half-cycle, SRAPHC , expressed as fraction of the chemical maximum coverage CMC, calculated 13 

from quantitative analytic studies on silica beads models during the 2nd and 6th cycles are reported 14 

in the table. 15 

 16 

4.1.4 The thiol pulse mechanism  17 
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The IR monitoring of the silica beads, the analysis of the gas phase and the 1 

connected changes in elemental analyses suggest that EDT reacts, at least partially, 2 

with the Ti-NMe2 amido moieties present at the surface of the support by 3 

protonolysis, leading to the formation of a Ti-SCH2CH2SH thiolate group 4 

concomitantly with release of HNMe2 in the gas phase. This agrees with literature 5 

in molecular chemistry. 79 6 

Elemental analysis displayed substantial increase of the S/Ti atomic ratio 7 

(from 1.4 to 4.1 during the EDT pulse of the second cycle), indicating that on average 8 

between one and two EDT ligands (that is between 2 and 4 sulphur atoms) are 9 

added per titanium center. Concurrently, the N/Ti ratio drops but is not nul 10 

suggesting that only part of the available dimethyl-amino-based ligands is 11 

substituted by EDT. Noteworthy, the C/Ti ratio also increases (from 5.3 to 7.2, see 12 

Table 1). Simple substitution of −NMe2 ligand by –SCH2CH2SH ligand should not, in 13 

principle, increase the number of carbon atoms (with respect to Ti). Such an 14 

increase may point to incomplete release of −NMe2 ligands. Consistently, the 15 

observed drop in nitrogen content (N/Ti) is less than the one expected based on 16 

simple amido per thiolate substitution. Protonation of the amido ligand during the 17 

protonolysis exchange reaction with the thiol and coordination of part of the 18 

resulting amine to the metal centre is an explanation consistent with these data. 19 

Proton transfer reactions between thiols and nitrogen-based moieties, (HS-Cn-S)- + 20 

(NMe2)-  (S-Cn-S)2- + (HNMe2) (see structure (c) in Scheme 3), that has literature 21 

precedents, could also be invoked.80,81 22 

The sulphur-containing solids also EPR active, like the molecular polymer 23 

resulting from mixture of EDT and TDMAT (see Fig. S4). The fact that the solid 24 

resulting from EDT addition are EPR active suggests that the reaction between the 25 
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EDT and TDMAT does not simply imply ligand exchange, as observed for the 1 

molybdenum (IV) analogous system,25 and involves redox activity between the 2 

titanium(IV) precursor and the sulphur-containing ligand, as already observed in 3 

molecular chemistry for several reactions of metal amido complexes with thiols. 82 4 

Thiol ligands are known to be reducing agents by -SH coupling.83 While the full 5 

interpretation of these EPR signals goes beyond the scope of this paper, overall, 6 

these EPR data show the presence of redox TiIII/TiIV surface reactions concomitant 7 

with thiol/amido ligand exchange reactions described above. Therefore, the surface 8 

chemistry goes beyond a simple thiol for amido substitution reaction and entails a 9 

complex set of reactions (see Scheme 3). 10 

 11 

 12 

Scheme 3: Examples of possible surface reactions occurring during the sulphur pulse of the 13 

process: (a) mono-substitution and (b) bi-substitution of titanium amido ligands by EDT by 14 

protonolysis and release of dimethylamine; concurrent partial (c) proton exchange between thiol 15 

and amido ligands; (d) bridging dithiol substitution and (e) redox reactions leading to titanium(III). 16 

 17 

4.1.5 Summary of The MLD mechanism on silica beads  18 

In summary, silica-beads model studies demonstrate the successful 19 

chemisorption of both the metal and the sulphur-containing precursors by a self-20 

limiting growth of  a titanium thiolate phase upon each respective ALD or MLD 21 

pulse. The approach proposed here allows having mass gain information on each 22 

element separately, through elemental analyses, for example, thus offering a well-23 
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nuanced description of the surface chemistry occurring at the interface (see 1 

Scheme 2 and Scheme 3). This could be an interesting addition to other type of 2 

mechanistic studies in ALD, for example through QCM studies, which can obtain 3 

global, rather than element specific, mass gain at each half pulse to infer the 4 

molecular-level chemical reactions occurring at the gas-solid interface of the 5 

substrate. 6 

 7 

4.2.  Thiolate growth mechanistic insight through in situ x-ray studies 8 

Informed in part by the insightful molecular studies presented above, we 9 

have successfully employed in situ x-ray study for assessing the quality of a new 10 

innovative two-step process to TiS2 thin films on wafers. Both the thiolate growth 11 

and its annealing were studied inside the ALD reactor. The synchrotron brilliance 12 

enabled the study of targeted material growth, under the actual process conditions 13 

and from the first pulse. The possibility to record both the S K and Ti K 14 

fluorescence yield has allowed us to monitor the S/Ti ratio during the thiolate 15 

growth and during its annealing, the fluorescence yield being directly proportional 16 

to the amount of element deposited on the surface (in the case of ultra-thin films 17 

x-ray absorption is negligible). Over the process, this S/Ti ratio clearly increases. A 18 

similar trend is observed in the molecular studies on silica beads, which proposes 19 

the following molecular explanation: in the early cycles, while less than 1 Ti per S is 20 

added during a metal pulse (see scheme 2), between 1 and 2 EDT per Ti are added 21 

during the EDT pulse (scheme 3). Another example where directly comparable 22 

insight are accessible for the powder and wafer approaches is given by the observed 23 

partial reduction of Ti(IV) to TI(III) during the sulfur pulse in both systems. The 24 
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presence of S radical signature observed in EPR activity of the layers grown on the 1 

silica-beads correlates to the formation of dithiol moieties identified through the 2 

HAXPES and XPS studies on wafer alongside the presence of Ti(III) center proposed 3 

based on the XANES studies. These similarities corroborate a founding tenet of our 4 

work: that the two systems (powder and wafer) display very similar surface 5 

chemistry. 6 

 7 

X-ray reflectivity data obtained in situ, in real time at a fixed angle of reflectivity 8 

allowed to measure the film thickness increase as a function of cycle number (see 9 

Figure 3(b)). Each precursor injection leads to a clear jump in thickness which 10 

reaches a constant value during each purge, corroborating the self-limiting surface 11 

chemistry observed by MWE and XRF (see Figure 3 (a,c,d)). During the steady 12 

growth regime, the resulting average growth per cycle (GPC) can be estimated as 13 

0.32 nm.cy-1. The latter value, agrees with the average GPC value obtained from in 14 

situ XRR curve measured by varying the incident angle (usual XRR mode), after 15 

deposition of 40-cycles thin film (0.33 nm.cy-1, see supporting information Fig. S10). 16 

Also, the resolution of the in situ XRR at fixed angle of reflectivity during ALD/MLD 17 

study allows to determine the growth per each half-cycle: the thickness gain can be 18 

estimated as 0.18 nm.cy-1 during TDMAT half-cycle and 0.14 nm.cy-1 for EDT half-19 

cycle. As in the silica beads study, the first pulses display markedly different changes 20 

in fluorescence with respect to later ones. This datum is coherent with an expected 21 

increase of the steric hindrance upon film growth (at least in the very early stages).   22 

 23 
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The two main approaches explored here, in situ synchrotron-based study and 1 

ALD/MLD modeling on large surface area silica beads, appear complementary and 2 

lead to sharply molecularly precise insights in the ALD/MLD process’ mechanism on 3 

the wafer. Interestingly, new specific conceptual tools are thus required for this 4 

combination (“real-on wafer” and “model-on powder” ALD/MLD) to be operable, 5 

such as the concept of chemical maximum coverage (CMC) and surface reaction 6 

advancement per half cycle, SRApHC, introduced in the silica study above and to be 7 

put in echo with the concept of monolayer (ML) and Growth per cycle (GPC) in ALD.  8 

In summary, the insightful complementarities between the two approaches 9 

comforts in pursuing such tandem approach. 10 

 11 

4.3. Preferential TiS2 orientation parallel to the substrate 12 

The process has achieved nanodomains of crystalline TiS2 behaving as 13 

semiconductor with direct band-gap with the TiS2 layers preferentially oriented 14 

parallel to the amorphous substrate surface (SiO2). Comparison with state-of-the-15 

art shows that this achievement is a substantial novelty. 16 

Thus far, the ALD growth of crystalline TiS2 layers parallel to the substrate 17 

surface was achieved from TiCl4 and H2S precursors only on crystalline substrates 18 

such as ZnS7 and the c-sapphire substrate surface2, albeit several substrates were 19 

tested, such as sodalime glass, native-SiO2/Si, ZnS, Rh, Ir, Pd, Pt, Ru, and TiN by Pore 20 

et al. 7, Si(100), stainless steel, c-sapphire and quartz by Sayed et al. 2 and Al2O3-21 

coated native SiO2 on Si(111) substrate34, carbon paper, or germanium.36 22 

Amorphous TiS2 or TiS3 films where obtained when H2S (at 180°C) was used in 23 

combination with the TDMAT precursor used herein. 35 TiS2 and TiS3 layers were 24 
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also obtained by using both thermal ALD and Plasma Enhanced-ALD from TDMAT. 1 

38 Post-growing treatment such as rubbing which yields mechanical alignement7 or 2 

exposure to sulphur rich atmosphere during post-annealing are worth mentioning 3 

as alternative routes to obtain some alignment crystallization. Noteworthy, the 4 

vertically aligned TiS2 nanowall network obtained on the c-sapphire substrate 5 

surface grew on top of an amorphous TiS2, parallel to the film-substrate interface, 6 

along with TiS2 platelets grown away from the substrate surface. 7 

This shows that albeit successfully orienting the TiS2 layers, the C-sapphire 8 

also suffers from non-well-defined initial cycles and concurrent out-of-plane 9 

crystallization which mars the quality of the process, especially if ultra-thin deposits 10 

are targeted. In our case, such ill-defined interphase does not appear to be present 11 

(and is echoed by the homogeneous full-coverage observed on silica beads). 12 

In summary, the hybrid ALD/MLD step appears to achieve complete coverage 13 

(1 CMC) of the starting support from the first pulse, based on the results obtained 14 

on the silica bead (the “model” system). We posit that this full coverage occurs also 15 

on the wafer (the “real” system) and contributes to the very thin interlayer between 16 

the support and the final TiS2 phase observed by TEM on the wafer (see figure 17 

5(c,d)), and hence contributes to the quality of the final film. The fully amorphous 18 

thiolate phase is then crystallized in a separate step. We posit that the initial lack of 19 

crystalline order is beneficial to the final preferential orientation of the TiS2 20 

nanodomains since it prevents the coexistence of differently oriented crystallization 21 

seeds before the bulk crystallization temperature is reached. This result 22 

consolidates the pertinence of the two-step approach -first: hybrid ALD/MLD and 23 

second: annealing- presented in the introduction. 24 

 25 
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5. Conclusion 1 

In the quest for large-scale deposition methods of 2D TMDC materials, ALD has 2 

proven many successes but also limitations, among which the difficulty to produce 3 

films with preferential orientation parallel to the substrate, especially if amorphous. 4 

We have reported here synthesis strategy alternative to ALD, based on the 5 

combination of an ALD metal-pulse (TDMAT) with an organic-precursor MLD pulse 6 

(EDT) followed by annealing and applied it to the preparation titanium disulfide 7 

(TiS2). Combining TDMAT and EDT in an ALD/MLD process generates a thin 8 

amorphous hybrid organic-inorganic Ti-thiolate material that can be converted into 9 

lamellar TiS2 layers by thermal annealing under H2(4%)/Ar(96%) at 450 °C. 10 

Deep understanding and fine control of both steps could be achieved by in situ 11 

synchrotron XRF, XRD, and XAFS studies during alternating ALD and MLD pulses and 12 

annealing steps in a dedicated reactor setup, ex situ characterizations for the final 13 

phase (NMR, TEM, HAXPES, and Raman scattering), and chemical experimental 14 

modeling on high surface area silica beads for the initial cycles of the ALD/MLD 15 

process. For this latter study, we have proposed two actionable new parameters, 16 

related yet distinct to the established monolayer (ML) and growth-per-cycle (GPC) 17 

parameters used in ALD studies, namely the chemical maximum coverage (CMC), 18 

and surface reaction advancement per half-cycle (SRApHC), as in order to sharpen 19 

the description of the chemical reactions occurring at the gas-solid interphase in 20 

the MLD/ALD processes, and helping to achieve a performing well-behaved 21 

chemical process growth process prepared by hybrid ALD/MLD. 22 

 23 
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The usefulness of strategy followed here, that is decoupling growth from 1 

crystallization, seems well adapted to TMDC and opens new possibilities for the 2 

synthesis of 2D materials in general.  3 
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