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Abstract

Tetrakis(dithiocarboxylato)molybdenum(I1V) complexes of the type Mo(S,CR)4 (R = Me, Et, P,
Ph) were synthesized, characterized and prescreened as precursors for aerosol assisted chemical
vapor deposition (AACVD) of MoS; thin films. The thermal behavior of the complexes as
determined by TGA and GC-MS was appropriate for AACVD, although the complexes were

not sufficiently volatile for conventional CVD bubbler systems. Thin films of MoS, were grown
by AACVD at 500 °C from solutions of Mo(S,CMe), in toluene. The films were characterized by
GIXRD diffraction patterns which correspond to a 2H-MoS; structure in the deposited film. Mo-S
bonding in 2H-MoS, was further confirmed by XPS and EDS. The film morphology, vertically
oriented structure and thickness (2.54 pm) were evaluated by FE-SEM. The Raman Elzg and Agq
vibrational modes of crystalline 2H-MoS, were observed. These results demonstrate the use of
dithiocarboxylato ligands for the chemical vapor deposition of metal sulfides.
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Deposition of MoS, from Mo(S,CMe), demonstrates use of dithiocarboxylate ligands for sulfur in
single source precursors for TMD materials.

Introduction

Molybdenum disulfide (MoS)) is a two-dimensional transition metal dichalcogenide with
both metallic (1T, octahedral Oy) and semiconducting (2H, trigonal prismatic D3p,)
polymorphs.! The semiconducting lattice has high electron mobility? and its indirect band
gap in the bulk material3: 4 increases to a direct band gap semiconductor as a monolayer.>: ©
MoS, has found application in nanoelectronics,’~19 optoelectronics, 1 12 sensors, 13

batteries,14-17 photovoltaics,'® photodetectors,® phototransistors,2° lubricants,2~23 and
catalysis.11- 13, 24-26

Because van der Waals forces hold the layers of MoS, together, physical exfoliation of bulk
material?’29 is possible for fundamental research and proof-of-concept devices. However,
this is not practical for large scale application. Instead, a number of deposition methods

are currently practiced. These include physical vapor deposition (PVD) processes such as
sputtering3%: 31 and thermal evaporation.32 Solution deposition methods have also been
developed.11: 33 Chemical vapor deposition (CVD)13: 25 3436 and atomic layer deposition
(ALD)3" have also been used to deposit TMD materials with control over the stoichiometry
and materials properties in the resultant film.38 Development of CVD methods for TMD
materials is of interest because CVD has the capacity to coat solid substrates with highly
dense, pure films from gas phase precursors in large scale applications.3% 40

There are several coreactant systems in use for CVD of MoS,. The most common coreactant
pair is MoO3 with sulfur.20: 36. 41 |t should be noted that methods that involve sulfiding
MoOj films with elemental sulfur require high temperatures.2%: 41 Sulfur has also been
reacted with (NH,)gMo070,4 as the molybdenum source*2 and the reaction of KoMoO,

with sulfur has been used to prepare the 1T phase of M0S,.43 The N-bound ligand
complexes [Mo(N'Bu),(dpamd),] and [Mo(N'Bu),(‘Bu,DAD)] have been used with sulfur
as the coreactant for metal organic chemical vapor deposition, with minimal nitrogen content
in the films.44 45 In CVD methods that use coreactant systems for the metal and the
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chalcogen but do not use elemental sulfur, the sulfur content is often derived from toxic
and hazardous precursors, such as H»S,46: 47 or diethyl sulfide.#8 These coreactant pairs
include MoO3/H,S,%6 MoCls/H,S,4” Mo(CO)g/H5S,*® Mo(CO)g/Et,S,%9 Mo(C0)g/CS,,%t
and NapMoO,/Et,S.48

An alternative approach is to deposit materials using a single-source precursor where

a single compound contains all the elements found in the film.52-55 The first reported

single source precursor was the tetrakis(t-butylthiolato) complex Mo(S'Bu)4, which could

be used for growth of MoS, at low temperatures between 110 and 350 °C with

minimal contamination of C from the ligands.>® The molybdenum dithiocarbamate complex
Mo(Et,NCS,), has been used as a precursor for CVD of MoS, at 400 °C,% as well as for
conversion to MoS, by pyrolysis®8 and air-spray deposition.>? 60 The chelating dithiolate
complex Mo(SEtN(Me)EtS), was demonstrated to thermally decompose to Mo0S,.61 CVD of
WS, from the tungsten analogue W(SEtN(Me)EtS), provided evidence that the Mo complex
would be suitable for CVD.

The challenges associated with the low volatility that is common in complexes of S-bound
ligands that would otherwise be good single source precursor candidates®? can be addressed
by use of aerosol-assisted chemical vapor deposition (AACVD). In contrast to conventional
CVD techniques where neat precursor is volatilized by evaporation or sublimation, AACVD
is a variant where aerosolized droplets of precursor solutions transport the precursor with
the assistance of a carrier gas.40: 63 Thus, precursor candidates that have low volatility

but reasonable solubility in appropriate solvents can be used in CVD. This approach has
been demonstrated for deposition of MoS, by AACVD from the dithiocarbamate complexes
Mo(R,NCS,)4 (R = Et, "Bu) at 400-475 °C.54 AACVD has been also been used to deposit
Fe-doped M0S,/M0,S3 from [CpMo(SMe)-],;80 and the related technique mist CVD has
been used to deposit MoS, from (NH4)2Mo0S,.5% We now report synthesis of a series of
Mo(1V) dithiocarboxylate complexes of the type Mo(S,CR)4 as potential single source
precursors and we demonstrate AACVD of MoS, from the methyl derivative Mo(S,CMe)4
(Figure 1).

Experimental Details

General Procedures

Synthetic reactions were carried out in Schlenk flasks or in a glove box under an N5
atmosphere. All chemicals used were reagent grade and used without further purification
unless noted. Methylmagnesium chloride (3.0 M in THF) and ethylmagnesium chloride
(2.0 M in THF) were obtained from Sigma Aldrich (ACS grade, 99%+ purity).
Isopropylmagnesium chloride (2.0 M in THF) was purchased from Acros Organics. Carbon
disulphide (ACS grade, 99%+ purity) was obtained from Fisher. MoCls and CH3CN

were obtained from Sigma Aldrich (ACS grade, 99%-+ purity). Bromobenzene (99%) was
purchased from Sigma Aldrich and was dried over activated 4 A molecular sieves for

over 24 h, then sparged with dry N5 for five minutes. MoCl4(NCCHj3), was synthesized
according to the literature.56
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Solvents were air-free and dried using standard procedures: THF was distilled from sodium
benzophenone ketyl and was stored over activated 4 A molecular sieves. Carbon disulfide
was distilled over CaH, under nitrogen. Acetonitrile was sparged with N, for 5 minutes and
dried over activated 4 A molecular sieves for at least 24 hours prior to use. Diethyl ether,
Chloroform-d'and benzene-djz (Cambridge Isotopes) were stored over 4 A molecular sieves
for 24 h prior to use. NMR spectra were recorded on Avance 111 HD 400 MHz and Avance
111 HD 600 MHz spectrometers and referenced to residual solvent peaks. Mass spectra were
recorded on an Agilent 6230 Time-of-Flight instrument operating at 500 °C. The analysis
was done in positive mode. The gas temperature was 350 °C, the drying gas was N, with

a flow rate of 8.0 L/min. The pressure of the nebulizer was 30 psig. The sheath gas was

N, with a temperature of 350 °C and a flow rate of 11.0 L/min. Elemental analyses were
performed by Robertson Microlit Laboratories (Ledgewood, NJ).

Pyrolysis of Mo(S,CMe),4 was performed by loading a GC vial with 10 mg of sample inside
a glove box under Ny, heating the vial to 250 °C for 45 min, then sampling the headspace
with a gas-tight syringe. The GC-MS was performed on a ThermoScientific Trace GC Ultra
gas chromatograph equipped with a Restek Corp. Rxi-5MS column. The MS transfer line
and GC injection port were 250 °C. The injection mode was split with a flow rate of 10
mL/min. The temperature program was 35 °C (0-6 min) to 250 °C at 6 °C/min, then hold

3 min at 250 °C. The GC was coupled with a ThermoScientific DSQ 11 mass spectrometer
using electron ionization at 70 eV. The ion source temperature was 250 °C. Detected peaks
were identified using the NIST/EPA/NIH Mass Spectral Library, Version 2.3, build May 4,
2017.

Synthesis of Mo(S,CMe)s.—A 50 mL Schlenk flask equipped with a stir bar was flame
dried, purged, and backfilled three times with dry nitrogen. Dry THF (25 mL) was added
along with MeMgCI (3.0 M in THF, 4.2 mL, 13 mmol) via syringe. The flask was cooled

in an ice water bath and dry CS, (0.85 mL, 14. mmol) was added dropwise via syringe.
After addition the ice bath was removed, and the solution was allowed to stir under nitrogen
overnight. The next day MoCl,(NCCH3), (0.9864 g, 3.084 mmol) was weighed out in a
glove box and added to the dithiocarboxylate solution under high N, flow. The mixture was
initially brown then turned dark black after a few hours. It was stirred overnight at room
temperature under nitrogen. The reaction mixture was filtered over a Celite pad on a medium
porosity glass frit. Additional THF (100 mL) was used to wash the flask and the Celite pad.
The filtrate was transferred to a clean flask and volatiles were removed under vacuum. The
residue was then washed with 10 mL MeOH:H,0 (1:1) three times, followed by 10 mL

of H,0. The residue was isolated by filtration and was then dried under high vacuum for
several hours. Crude yield: 1.1762 g (83%). Analytically pure product can be obtained by
flash chromatography on silica using 1:1 DCM:hexanes as the mobile phase. Although the
crystal structure of the compound is known,%” no NMR data had been reported. *H NMR
(400 MHz, CgDg): 6 2.04 (s, 12H, Mo(S,CCH3)4). 13C{1H} NMR (101 MHz, CgDg): 38.9
(Mo(S2C CH3),), 228.9 (Mo(So CCH3),). ESI-HRMS (methanol): m/z Calc. for CgH1,Mo0Sg
[M*]: 461.7759. Found: 461.7765. Elemental analysis: Calc. for CgH1oMoSg: C, 20.9; H,
2.6; S, 55.7; found: C, 21.1; H, 2.4; S, 56.3%.
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Synthesis of Mo(S,CEt)4.—Synthesized in the same manner as Mo(S,CMe), using

the following quantities of reagents: EtMgCI (2.0 M in THF, 6.3 mL, 13 mmol); THF

(24 mL); CS»(0.76 mL, 13 mmol); MoCI4(NCCHg), (1.005 g, 3.142 mmol). The black
residue obtained after aqueous workup was triturated with ca. 5 mL of methanol then dried
under vacuum. Crude yield: 0.4476 g, 28%. Analytically pure sample can be obtained by
flash chromatography on silica with gradient elution starting with pure hexanes and adding
increasing amounts of THF. 1H NMR (600 MHz, C¢Dg): 6 2.38 (q, 8H, SSCCH,CHj3), 0.92
(t, 12H, SSCCH,CH3) 13C{IH} NMR (151 MHz, CgDg): 6 235.10 (Mo(Sy CCH,CHa)a),
45.29 (Mo(S2C CHoCH3)a), 11.59 (Mo(S;CCH, CH3)a). IR (KBr) cm™1: 2968 (m), 2920
(m), 2851 (m), 1452 (m), 1262 (m), 1169 (m), 1099 (s), 1045 (s), 1041 (s), 942 (m), 803
(m). ESI-HRMS (methanol): m/z Calc. for C1,H,9MoSg [M*]: 517.8385. Found: 517.8371.
Elemental analysis: Calc. for C1oHygMo0Sg: C, 27.9; H, 3.9; S, 49.6; found: C, 27.9; H, 3.7;
S, 49.7%

Synthesis of Mo(S,C/Pr),.—The compound was synthesized in the same manner as
Mo(S,CMe), with the following quantities of reagents: THF (25 mL), PrMgCI (2.0 M in
THF, 6.3 mL, 13. mmol), CS, (0.85 mL, 14. mmol), MoCIl4(NCCH3), (1.0147 g, 3.1723
mmol). The filtrate was dried under vacuum and 10 mL of MeOH/H,0 (1:1) was added
to the residue. The oily mixture was transferred to a separatory funnel, diluted with 10
mL DI water and rinsed with diethyl ether (50 mL x3). The ether layers were collected,
dried with MgSQy, filtered, and volatiles were removed under vacuum, yielding a black
oily residue. Crude yield: 1.418 g (78%). 'H NMR (600 MHz, CgDg): 6 2.56 (septet, 1H),
1.04 (d, 6H). 13C{*H} NMR (151 MHz, CgDg): & 240.38 (Mo(S; CCH(CH3)2)4), 49.49
(Mo(S2C CH(CH3)7)4), 21.40 ppm (Mo(SoCCH(CH3)7)4). ESI-HRMS (methanol): m/z Calc.
for C1gH,gM0Sg [M*]: 573.9011. Found: 573.8971.

Synthesis of Mo(S,CPh)4.—Phenylmagnesium bromide (2.0 M) was prepared using
Mg turnings (0.4683 g, 19.27 mmol), dry THF (9.5 mL), and bromobenzene (2.0 mL, 19.
mmol) with a catalytic iodine crystal. The compound was synthesized in the same manner
as Mo(S,CMe), using the following quantities of reagents: dry THF (24 mL), PhMgBr (2.0
M in THF, 6.3 mL, 19. mmol), CS, (0.80 mL, 13. mmol), MoCI4(NCCH3), (1.0269 g,
3.2105 mmol). The reaction mixture was filtered using a Celite pad on a medium porosity
glass frit. Additional THF (100 mL) was used to wash the flask and the celite pad. The
filtrate was transferred to a clean flask and volatiles were removed under vacuum. The
residue was washed with 10 mL of MeOH/H,0 (1:1) three times followed by 10 mL of
pentane three times, then the black solid was dried under vacuum. Crude yield: 2.1538 g
(95%). Analytically pure sample was obtained by placing a saturated DCM solution into —20
°C freezer overnight, then decanting off the supernatant and drying the needle-like crystals
for several hours under high vacuum. The compound was characterized by comparison to
literature data.58 69 1H NMR (400 MHz, C¢Dg): 6 6.81 (d, 2H, meta), 6.94 (t, 1H, para),
7.81 (t, 2H, ortho). 13C{IH} NMR (101 MHz, CgDg): 6 216.77 (dithiocarboxylate), 141.40
(Cpara), 132.84 (Cipso), 128.40 (Cryeta), 123.46 (Cortho) Ppm. Elemental analysis: Calc. for
CogHyoMoSg: C, 47.4; H, 2.8; S, 36.1; found: C, 47.4; H, 2.5; S, 37.8%.
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Aerosol Assisted Chemical Vapor Deposition (AACVD).—Depositions were
performed using a commercial Blue Wave Semiconductor CVD reactor equipped with

a Liquifog ultrasonic liquids atomizer (1.6 MHz) from Johnson Matthey Piezoproducts.

The chamber was cleaned with acetone and evacuated to 5.20 x 102 Torr, 4 h prior to
deposition. The substrates used were Si<100> with native oxides, which were cut into 1 cm?2
squares, then cleaned by boiling in acetone, methanol, and deionized water each for five
minutes. Precursor solutions (0.017 M) were prepared in a nitrogen-filled glovebox using 40
mL of toluene. High-purity nitrogen (99.999% purity, 200 sccm) was used as a carrier gas,
and the reactor pressure was maintained at 350 Torr with a deposition period of 110 min and
a substrate temperature of 500 °C.

Materials Characterization—Thermogravimetric analysis (TGA) was performed on a
TA Instruments TGA 5500 under N flow, with a temperature increase from 25 to 650 °C

at a heating rate of 20 °C /min. Field emission scanning electron microscopy (FE-SEM)

and energy dispersive X-ray spectroscopy (EDS) were performed on an FEI Nova 430
instrument with an accelerating voltage of 3.5 keV. Grazing incidence X-Ray diffraction
(GIXRD) was performed on a Panalytical X’Pert Materials Research Diffractometer (MDR)
at a scanning rate of 1.2° min~1, at the range of 25-65°30. X-ray photoelectron spectroscopy
measurements were collected using an ULVAC Phi Versaprobe 4 XPS, working with a
monochromatic aluminium anode (1486.6 eV) as the X-ray source. Raman spectra were
measured on a Horiba microRaman instrument using a 532 nm excitation laser at 10X
magnification.

Results and discussion

Synthesis of Precursors

The tetrakis (dithiocarboxylato) molybdenum complexes were synthesized by first
generating the dithiocarboxylate ligand in situ’® by reacting a Grignard reagent with carbon
disulfide in THF and then adding MoCl4(NCCHz3),, which is a readily available source

of Mo(1V).56: 71 The scheme can be seen in Figure 2. A similar method was used to
synthesize tetrakis(dithiobenzoate) molybdenum complexes from MoCly(butyronitrile), and
various isolable dithiobenzoic acids in benzene.58 The aliphatic dithiocarboxylate ligands
used in this work were reported not to be isolable,”® so we elected to generate them in

situ. Purification of the complexes was achieved by column chromatography, liquid-liquid
extraction, or recrystallization as noted in the experimental section. The isopropyl derivative
Mo(S,CPr), was not successfully purified by these methods and remained a crude oil
despite multiple attempts with various techniques. The complexes synthesized in this work
are all dark coloured and appear to be bench stable for a period of months.

Spectroscopic Characterization of Precursors

All complexes synthesized were characterized using 1H and 13C NMR spectroscopy. The
proton spectrum of Mo(S,CMe), showed a singlet at 2.04 ppm. The carbon spectrum
showed two resonances, one at 38.9 ppm representing the methyl carbon, and one at 228.9
ppm representing the quaternary carbon. The proton spectrum of Mo(S,CEt)4 showed two
resonances: a triplet at 0.92 ppm with an integration of 12H and a quartet at 2.38 ppm with
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an integration of 8H. The carbon spectrum of Mo(S,CEt), showed three resonances at 11.59
ppm, 45.29 ppm, and 235.10 ppm. The proton spectrum of crude Mo(S,CPr)4 showed a
doublet at 1.04 ppm and a septet at 2.56 ppm. The carbon spectrum of crude Mo(S,C’Pr)4
displayed three resonances at 21.40 ppm, 49.49 ppm, and 240.38 ppm. Mo(S,CPh), showed
three resonances in the proton spectrum: a triplet at 6.81 ppm with an integration of

2H corresponding to the meta protons, a triplet at 6.94 ppm with an integration of 1H
corresponding to the para proton, and a doublet at 7.81 ppm with an integration of 2H
corresponding to the ortho protons. The carbon spectrum of Mo(S,CPh),4 showed five
resonances: 123.46 ppm (Cortho), 128.40 (Cryeta), 132.84 (Cipso), 141.39 (Cpara), and 216.75
ppm (dithiocarboxylate).

Thermal Analysis of Precursors

The three complexes that could be obtained analytically pure were assessed for thermal
properties via thermogravimetric analysis (TGA, Figure 3). Mo(S,CMe), had the lowest
onset of decomposition temperature at around 90 °C with the initial and steepest mass

loss at 170 °C followed by a second mass loss at 360 °C. The final residual mass was
51.3%. The calculated mass % for MoS, from Mo(S,CMe), would be 32.8%, indicating the
decomposition of the precursor to MoS, is incomplete under these conditions. Mo(S,CEt)4
showed greatest mass loss around 152 °C followed by a series of other mass loss events
around 210, 250 and 350 °C. The residual mass was 45.2% with a calculated residual

mass for decomposition to MoS, of 30.9%. Mo(S,CPh), was the most thermally stable
compound, not exhibiting any mass loss until a sharp mass loss event around 242 °C
followed by a second major mass loss event around 325 °C. The ending residual mass was
33.3% as compared to a calculated residual mass of 22.6% for MoS,. The stepped nature

of the TGA curves and the large residual masses for all three complexes are consistent

with incomplete thermal decomposition to MoS in the bulk material. Mo(S,CPr)4 was not
analysed via TGA because a pure sample could not be obtained. The decomposition evident
in these TGA profiles indicates that these complexes are more appropriate for AACVD than
for traditional CVD using direct volatilization in a bubbler.

Pyrolysis of the methyl derivative under nitrogen followed by sampling the headspace

using GC-MS was done to identify thermal decomposition products. The primary fragments
detected were hydrogen sulfide (46.5%) and carbon disulfide (16.6%). Methanethiol and
ethanethiol were detected in trace amounts. Due to the ratio of molybdenum to sulfur being
1:8 in the complex and only 1:2 in the desired film, the evolution of sulfur-containing
molecules is expected during growth of the film.

Mass Spectrometry of Precursors

Mass spectrometry can be used to provide insight into the decomposition behavior of

CVD precursors, although some discretion must be used in interpreting the data as CVD

is thermally-driven on a surface rather than the result of electron bombardment in the
gas-phase.’2 3 Direct Insertion Probe-Electron lonization Mass Spectrometry (DIP-EI/MS)
in positive ion mode was used to obtain electron impact fragmentation patterns for all

four complexes. The mass spectrum of Mo(S,CMe), and possible structures of selected
fragments can be seen in Figure 4. For all compounds analyzed, the base peak corresponded
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to the thioacylium cation containing the corresponding R group (Table 1) This is consistent
with a decomposition pathway involving the cleavage of a dithiocarboxylate ligand to
generate a terminal sulfido ligand with loss of the thioacylium ion. Relevance of the

mass spectra to the thermal decomposition pathways during deposition is demonstrated

by comparison to the TGA curves in Fig. 3, which show that the residual mass for

each compound after the initial mass loss (Me: 170 °C, Et: 152 °C, Ph: 242-276 °C)
roughly corresponds to the loss of one thioacylium (RCS) fragment: Me: 87%, Et:

89%, and Ph: 83%. For Mo(S,C’Pr), and Mo(S,CPh)4, molybdenum-containing fragments
can be observed which correspond to the loss of one or two thioacylium fragments.

These fragments were not detected for Mo(S,CMe), and Mo(S,CEt)4. For Mo(S,CMe)g,
Mo(S,CEt)4, and Mo(S,CPr)4, a molybdenum-containing fragment corresponding to the
loss of one entire dithiocarboxylate ligand was detected. This was not detected for
Mo(S,CPh)g.

Aerosol Assisted CVD of MoS,.

Toluene solutions of Mo(S,CMe), (0.017 M, 40 mL) were used to deposit MoS, films
by AACVD at a growth temperature of 500°C on Si {(100) substrates with native oxide.
After cooling down to 70 °C, the substrates had a silvery shiny appearance due to the
deposited films. The deposited materials were characterized by FE-SEM, EDS, GIXRD,
Raman spectroscopy, and XPS.

Materials Characterization

Field Emission Scanning Electron Microscopy (FE-SEM).

FE-SEM was performed on a film grown on Si(100)/SiO, at 500 °C via AACVD from
Mo(SoCMe), in toluene (0.017 M) to assess the coverage, film morphology, and thickness
of the film. Coverage of the substrate is complete and the vertically oriented platelike
structure of the film parallels what has been observed with other bulk 2H-MoS, films
deposited via CVD.”4-78 The film morphology grown at 500 °C in toluene does not match
the tubular structure reported for films grown from Mo[S,CNR),4], complexes grown from
THF solutions at 400 and 425 °C but the differences can be attributed to changes in ligands,
solvent, and temperature.®4 The thickness of the film was measured at approximately 2.54
pum from a cross-sectional image. Images of both the in-plane view and cross-sectional view
can be seen in Figure 5. Another deposition trial using Mo(S,CMe), in toluene (40 mL,
0.017 M, 350 Torr, 200 sccm, N5 carrier gas) at 600 °C resulted in a mixed morphology
consisting of the vertically oriented structures as well as globular clusters. An FE-SEM
image of this film can be seen in Fig. S-13 and its Raman spectrum appears in Fig. S-14.

Energy-dispersive X-ray spectroscopy (EDS).

EDS was performed to analyze the elemental composition of the film. An accelerating
voltage of 5 keV was used. The S Ka and Mo La peaks overlap at around 2.3 keV,
making it impossible to quantify the relative abundance of each element. The presence of
carbon (Ka) and small amount of oxygen (Ka) can be observed at 0.28 keV and 0.53 keV,
respectively. The EDS spectrum can be seen in Figure 6.
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Grazing-Incidence X-ray Diffraction.

Grazing incidence X-ray diffraction (GIXRD) was used to investigate the crystal structure
and crystallinity of the deposit grown from Mo(S,CMe), at 500 °C (Figure 7). The
diffraction peaks were observed at 26 = 33.26°, 38.96° and 58.76°, which correspond to
(101), (103) and (110) planes of crystalline hexagonal 2H-MoS,, respectively (JCPDS No.
37-1492).

Raman Spectroscopy.

Raman spectroscopy is a powerful tool to determine the presence of MoS; in a sample.”®
The film grown at 500 °C showed characteristic peaks at 373 cm™1 and 403 cm™! that
correspond to the Elzg and A4 phonon modes of bulk MoSy, respectively. An image of this
spectrum can be seen in Figure 8.

X-ray Photoelectron Spectroscopy.

XPS was used to examine the chemical composition of the deposits for MoS, grown at

500 °C. A survey scan of the as-deposited MoS; revealed that Mo, S, C, O, and Si were
present on the surface (Figure 9a). The sample was sputtered aggressively for several cycles
of 3—4 min with 2000 eV Ar* ions to remove the oxidized surface layer and any surface
bound intermediates. The survey spectrum after sputtering displayed reduced intensities of
the C 1s and O 1s peaks, which indicated that carbon and oxygen present in the deposits
were introduced postgrowth upon exposure to air. Due to the roughness of the deposited
surface, not all of the C and O can be removed by sputtering and more aggressive sputtering
dramatically changed the chemical composition of the material.

After the sample was sputtered under lighter conditions (250 eV), high resolution scans were
obtained for the Mo 3d and S 2p regions (Figure 9b,c). The Mo 3d spectrum shows a Mo
3ds/, and Mo 3dso doublet at 229.6 and 232.6 eV, respectively, with an intensity ratio of 3:2
and a peak separation of 3.0 eV, corresponding to Mo** in M0S,.80 The peak at 226.5 was
assigned to the S 2s BE of MoS;. In the S 2p region, a doublet of S 2p3/» and S 2py; at
162.4 and 163.6 eV, respectively, was observed. The doublet had a separation of 1.2 eV with
an intensity ratio of 2:1, and was assigned to S2~ in M0S,.8% No other species were observed
in the high-resolution scans.

Conclusions

The homoleptic tetrakis(dithiocarboxylato)molybdenum(1V) complexes Mo(SoCMe)y,
Mo(S,CEt)s, Mo(S,CPr)4, and Mo(S,CPh), were synthesized and characterized using
1H and 13C NMR. TGA revealed multi-step decomposition and volatilization processes
for all complexes, making them more suitable as AACVD precursors than for use in
conventional bubblers. DIP-EI/MS of all four complexes revealed a common base peak
which corresponded to the thioacylium fragment [SCR]*, where R = Me, Et, iPr, and
Ph. Pyrolysis of Mo(S,CMe), and sampling of the headspace by GC/MS showed the
decomposition products H,S, CS,, CH3CH,SH, and CH3SH.

Dalton Trans. Author manuscript; available in PMC 2023 August 23.
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Aerosol-assisted chemical vapor deposition onto silicon substrates at 500 °C using toluene

S0
de

lutions of Mo(S,CMe), as a single source precursor yielded black matte films. The
posited material was identified as MoS, via Raman spectroscopy and GI-XRD. The films

were further characterized using XPS, SEM, and EDS. These experiments demonstrate that
dithiocarboxylate ligands can be used in as a sulfur source in CVD of transition metal
dichalcogenide films.
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Figurel.
The structure of Mo(S,CMe),. The ligands are arranged in a psuedotetrahedral geometry

around the molybdenum center.
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Figure 2.
Synthesis of Mo(S,CR);.
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Figure 3.

TGA and first derivative curves for Mo(S,CMe), (top), Mo(S,CEt)4 (middle), and

Mo(S,CPh), (bottom).
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100 4 +

Relative Abundance

Figure4.
DIP-EI/MS fragmentation pattern for Mo(S,CMe), with assigned structures of selected

fragments. The relative abundances in the region from 240 to 500 m/z are enhanced by a
factor of ten.
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Figureb.
a) Top-down FE-SEM image of a film grown from Mo(S,CMe), in toluene at 500 °C (scale

bar is one micron in length), b) cross-sectional image of the same film showing a thickness
of ca. 2.54 pm.
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Figure 6.
EDS spectrum of a film grown from Mo(S,CMe), in toluene at 500 °C.
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GIXRD data from the film grown from Mo(S,CMe), at 500 °C showing the characteristic

peaks of MoS,.
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Raman spectrum of a film deposited from a solution of Mo(S,CMe), in toluene by AACVD

at 500 °C onto a silicon substrate.
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Figure9.
a) XPS survey scan for MoS, grown at 500 °C. High-resolution spectra showing the (b) Mo

3d and (c) S 2p regions.
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