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ABSTRACT

Sulfidation of selected transition metal thin films (Mo, W, Re, Nb, Ta) was

combined with thermodynamic calculations to study the synthesis of transition

metal dichalcogenides (TMDCs) and understand variations among the metals as

well as processing atmosphere. Metal seed layers were prepared by DC mag-

netron sputtering and sulfidized using sulfur vapor and H2S. Surface chemistry,

structure, and morphology of the films were investigated using X-ray photo-

electron spectroscopy (XPS), Raman spectroscopy, and atomic force microscopy

(AFM), respectively. XPS analysis revealed that after treatment with sulfur

vapor (p (S2) = 1–10 Torr), Mo, W, and Re films were transformed into MoS2,

WS2, and ReS2, respectively. However, Nb and Ta films changed little, and

Nb2O5 and Ta2O5 remained the predominant components. Alternatively, con-

version of Nb and Ta films to NbS2 and TaS2 was feasible under H2S. Raman

spectroscopy also revealed improved crystallinity for Mo, W, and Re sulfidized

under H2S. Isobaric and isothermal stability diagrams were calculated to iden-

tify feasible processing conditions (sulfur partial pressure and temperatures) for

the sulfidation of all of the metals, and our findings were in good agreement

with the XPS and Raman results. It was found that for Mo, W, and Re a

p (S2) = 10-5 bar is sufficient for the metals to be converted to sulfide phases at

750 �C. On the other hand, due to very high stability of Nb2O5 and Ta2O5, even

at very low p (O2), a sulfur partial pressure of 103–104 bar is required to make

NbS2 and TaS2, respectively. Nevertheless, thermodynamic calculations con-

firmed that Nb and Ta could be transformed to NbS2 and TaS2 under 760 Torr

H2S. AFM analysis revealed very smooth films for MoS2, WS2, and NbS2 films,

but dewetting of TaS2, and ribbons for ReS2. These results provide guidance for

designing new processes for synthesizing 2D TMDCs.
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Introduction

Two-dimensional transition metal dichalcogenides

(2D TMDCs) have attracted interest in recent years

due to their unique electrical, optical, and thermal

properties resulting from their layered structures.

They have strong in-plane covalent bonds and weak

van der Waals bonds between layers. As a result, they

can be mechanically [1] or chemically [2] exfoliated

down to monolayers, as was proposed decades ago.

2D TMDCs have the general formula MX2 with one

layer of a transition metal M sandwiched between

two layers of chalcogen atoms X. The main factors

determining the electronic structure of TMDCs are

the number of d-electrons and coordination envi-

ronment of the transition metal. Metallic conductivity

is obtained when d orbitals are partially filled, e.g.,

2H-NbSe2. Similarly, 2H-MoS2 and 1T-HfS2, in which

the d orbitals are fully occupied, are semiconductors

[3]. Accordingly, a wide range of electronic and

magnetic properties can be realized in these materials

for applications in superconducting devices (TaS2
and NbSe2) [4, 5], light emitting diodes (WS2) [6],

hydrogen evolution (ReS2) [7], and batteries (VS2) [8].

Generally, there are three different polytypes

identified for TMDCs called 1T, 2H, and 3R based on

the presence of 1, 2, or 3 layers in the tetragonal (T),

hexagonal (H), and rhombohedral (R) unit cell,

respectively. Typically, the 1T phase is a

metastable metallic phase, while the 3R and 2H

phases are thermodynamically stable. However,

density functional theory (DFT) calculations have

shown that for ReS2, the hexagonal phase is unsta-

ble [9]. Instead, a distorted 1T structure with buckled

S layers and zigzag Re chains is the stable form.

Another interesting exception is TaS2, which is the

only TMDC that has 7 polytypes with different

stacking sequences along the out-of-plane direction

[10]. In this case, polytypes of 1T, 2H, 3R, 4Ha, 4Hc,

4Hb, and 6R have been reported.

Different approaches have been successfully

employed to make 2D TMDCs, including chemical/

mechanical exfoliation of monolayers from bulk

crystals [11, 12], thin film conversion [13], chemical

vapor deposition (CVD) [14], metal–organic CVD

[15, 16], and atomic layer deposition (ALD) [17].

Among them, sulfidation of oxide or metal seed

layers enables a simple approach for the growth of

large-area 2D TMDCs [13, 18–20]. Elias et al. [19] have

shown that single and few-layered WS2 can be grown

by deposition of WO3 on Si/SiO2 substrates and

sulfidizing them at high temperatures (750–950 �C).
In another study, Kong et al. [13] fabricated vertically

aligned MoS2/MoSe2 films by converting ultrathin

(\5 nm) Mo films by a sulfidation/selenization pro-

cess. In a recent study, a MoS2/WS2 heterostructure

has also been prepared by sequential sputtering of W

and Mo, then sulfidizing the layers [21].

By combining semiconducting TMDCs with 2D

conductors (e.g., graphene), insulators (e.g., BN), or

other TMDC layers (e.g., MoS2/WSe2 heterostruc-

ture), a broad range of device structures has been

proposed. Thus, there is a great motivation to design

new processes and structures for next-generation

devices. Furthermore, the morphology of TMDCs has

a significant influence on their properties and utility

for various applications. Though uniform films are

desired for electronics, porous or high surface area

coatings are beneficial for catalysis.

Thermodynamic calculations will provide insight

into the conditions under which a variety of chalco-

genides layers can be formed and their stability

under specific environmental conditions (pressure,

temperature). Therefore, a systematic study on the

thermodynamics, processing and characterization of

these transition metal dichalcogenides would be

beneficial for development of next-generation

devices.

In this study, metal seed layers of selected transi-

tion metals (Mo, W, Re, Nb, Ta) were prepared by DC

magnetron sputtering and sulfidized under atmo-

spheric pressure. The composition, structure, and

morphology of the films before and after the sulfi-

dation were investigated using X-ray photoelectron

spectroscopy (XPS), Raman spectroscopy, and atomic

force microscopy (AFM), respectively. This analysis

is supported by thermodynamic calculations to pre-

dict the stable phases at different temperatures and

partial pressures of sulfur and oxygen, to find a

practical pathway for controlled synthesis of TMDCs.

Materials and methods

Oxidized silicon wafers were degreased using ace-

tone, isopropyl alcohol (IPA), and deionized (DI)

water. 15-nm Al2O3 films were deposited on the

wafers using atomic layer deposition (ALD) with
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trimethyl aluminum and water as the precursors at

300 �C. Metallic films of Mo, W, Re, Nb, and Ta

([99.95%, Kurt J. Lesker Co.) were deposited on

Al2O3/SiO2/Si by DC magnetron sputtering. The

sputter chamber was pumped to a base pressure of

*10-7 Torr. The sputtering gas was argon (Ar), and

sputtering rate was 0.1 Å/s. For each run, the target

was pre-sputtered for 5 min to clean and condition

the surface. Film thickness was 1 nm, determined

using a crystal monitor.

The sulfidation process was carried out using an

atmospheric pressure furnace. Before loading the

samples, the tube was heated to 150 �C to desorb

moisture from the walls. Samples (1 cm 9 1 cm)

were placed on a quartz boat and positioned at the

center of the tube. Sulfur powder (99.5%, Alfa Aesar)

was placed upstream relative to direction of N2 gas

flow. After loading, the quartz tube was evacuated

and then purged for 5 min to minimize the oxygen

and water content in the chamber. The oxygen partial

pressure in the furnace was measured, while the N2

gas was flowing, using a DS oxygen probe (Aus-

tralian Oxytrol Systems) at 750 �C and was found to

be *10-17 bar.

The sulfidation process was performed at atmo-

spheric pressure in N2 at a flow rate of 200 sccm. The

tube furnace was heated to 750 �C (20 min dwell

time) at a rate of 20 �C/min with a 10 min dwell at

380 �C. The temperature of sulfur powder positioned

upstream was *200 �C. The quartz tube was cooled

to room temperature in about 60 min.

In order to investigate the reaction in a more

reactive environment, the sulfidation process was

also repeated at 750 �C for 20 min, under 700 Torr of

H2S at a flow rate of 10 sccm.

High-resolution XPS measurements with a 0.1 eV

step size were taken to study the core-level binding

energy and oxidation states of the films using a

Physical Electronics Versaprobe II instrument with

monochromatic Al Ka X-ray excitation at 20 kV,

equipped with dual-beam charge neutralization.

Charging offsets were corrected by calibrating the

XPS spectrum based on the C 1 s peak position

(284.8 eV) [22].

Raman spectroscopy was performed using a Hor-

iba LabRam Lucy instrument with a 488 nm laser

excitation and 1009 lens. Atomic force microscopy

(AFM) was carried out on a Bruker Icon scanning

probe microscope in the PeakForce Tapping mode to

provide topographic information about the samples.

The AFM tip was a ScanAsyst air probe with a

nominal tip radius of *2 nm and spring constant of

0.4 N/m. Images of a 10 lm 9 10 lm area were col-

lected using PeakForce Tapping mode with a peak-

force set point of 0.5 nN.

Thermodynamic calculations were performed

using the HSC Chemistry software version 8.0 to

predict the conditions at which sulfides or oxides are

stable. Through the minimization of Gibbs free

energy, stability diagrams were calculated at atmo-

spheric pressure holding the partial pressure of one

species constant (isobaric diagrams). In addition,

isothermal diagrams were generated using the reac-

tion equations. Species included are listed in

Table S1. The measured oxygen partial pressure in

our furnace was 10-17 bar, and our typical processing

temperature was 750 �C.

Results and discussion

XPS analysis

Figure 1 shows the high-resolution XPS scans of dif-

ferent films, before and after sulfidation with sulfur

vapor. Most of the patterns show an asymmetric line

shape, suggesting the presence of mixed oxidation

states. Peaks were fit by Gaussian–Lorentzian curves

satisfying the following constraints: a) the doublets

intensities have the ratio of 4:3, 3:2, and 2:1 for the

electrons coming from f, d, and p orbitals, respec-

tively; b) each doublet has equal full width at half

maximum (FWHM); and c) the spin orbit splitting of

the doublets are matched with database [22, 23]. Peak

positions for the core levels of each compound are

summarized in Table 1 and compared with the NIST

database for identification [23].

Figure 1a shows the high-resolution scan of Mo 3d

doublet core levels. The peak fitting shown in Fig. 1a

resolved that the as-deposited films contain three

oxidation states of Mo6?, Mo5?, and Mo4?, corre-

sponding to MoO3, Mo2O5, and MoO2, respectively.

Sulfidizing the Mo films resulted in the shift of both

Mo 3d5/2 and Mo 3d3/2 core levels to lower energy

values. As a result, most of the film transformed to

the MoS2 phase with a small contribution from

MoO3-x. The MoO3-x might come from the incom-

plete sulfidation of Mo films, or from surface oxides

formed after sulfidation but before the samples were

analyzed by XPS.
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Figure 1 XPS analysis of a, a0 Mo, b, b0 W, c, c0 Re, d, d0 Nb, and e, e0 Ta before and after the sulfidation with sulfur vapor. In each case,

peak fittings are also shown determining different oxidation states (chemical bonding).
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High-resolution scans of the W 4f doublet core

levels (Fig. 1b) show that the as-deposited W film

produces an asymmetric line shape indicating the

presence of mixed oxidation states. Peaks located at

energies of 35.68 and 32.79 eV were identified as the

4f7/2 peaks of the WO3 and WO2 phases, respectively.

Sulfidized films reveal WS2 with a minor contribution

from WO3-x.

For the Re films, several oxidation states of ReO3,

ReO3-x, and ReO2 were found with peaks located at

45.98, 43.77, and 42.17 eV, respectively (Fig. 1c). After

sulfidation, ReS2 was present with small contribution

from a non-stoichiometric sulfide (ReS2-x) and ReO3.

Again, a small contribution from oxides might be due

to incomplete sulfidation, or surface oxidation of ReS2
films after sulfidation and removal of the samples

from the furnace.

The XPS analysis of the Nb 3d region is shown in

Fig. 1d. It can be seen that Nb2O5 (207.49 eV) is the

main phase at the surface with a small contribution

from sub-stoichiometric oxides with peaks located at

lower binding energies (205.72 eV). After sulfidation,

peaks from the sub-oxide vanished, and only Nb2O5

was detectable at the surface. No evidence was found

for the formation of any Nb-sulfide phase, with

p (S2) = 1–10 Torr in this study. Therefore, these

phases did not form or might be transformed to the

more stable oxide phase during the storage/handling

of samples. The 3d5/2 peak of the NbS2 phase would

be expected at 203.5 eV [23], which was not observed

in our samples.

Similar to Nb, Ta2O5 is the main phase detected for

the sputtered Ta films (Fig. 1e). After sulfidation,

peaks were slightly shifted to lower binding energies

due to partial reduction of tantalum oxide. In addi-

tion, small peaks can be identified at 22.21 and

24.11 eV corresponding to the 4f7/2 and 4f5/2 peaks of

TaS2-x, respectively.

Raman spectroscopy

Figure S1 shows the Raman spectra for Mo, W, and

Re films after sulfidation. For the sulfidized Mo films

(Fig. S1a), Raman peaks were observed at 403.4 and

380.3 cm-1, corresponding to A1g and E2g vibrations

of 2H-MoS2. The 23.1 cm-1 difference between the

two modes suggests a three-layer thickness for the

MoS2 films [24].

Similarly, Raman spectra of the WS2 films show

A1g and E2g peaks of 2H-WS2 located at 419.3 and

355.7 cm-1, respectively (Fig. S1b). The film thickness

can be estimated to be *3 layers based on the

63.6 cm-1 difference between the two modes [25]. It

should be noted that for both MoS2 and WS2 films,

the high intensity ratio of E2g/A1g indicates a

noticeable in-plane vibration (E2g) over the out-of-

plane vibration (A1g). Therefore, the growth mode for

MoS2 and WS2 films was mainly horizontal. This

observation is in agreement with the work done by

Jung et al. [20], which reported the horizontal (ver-

tical) growth of MoS2 or WS2 when the metal seed

layer thickness is B0.5 nm (C3–4 nm).

For the sulfidized Re films (Fig. S1c), Raman

spectra had a much lower signal-to-noise ratio, and

many of the peaks expected for ReS2 were buried

under peaks of Al2O3 or background. This situation

might arise from low crystallinity of the films,

incomplete transformation to ReS2, or coverage of

ReS2 crystals over only a small fraction of the

substrate.

Raman spectra for the Nb and Ta films (Fig. S1 d, e)

do not show any obvious peaks, besides the Al2O3,

again indicating that sulfide phases were not formed

in these samples under 1–10 Torr p (S2).

AFM analysis

Atomic force microscopy (AFM) was used to analyze

the topography of the films, before and after the

sulfidation. Figures 2 and S2 show that except for Re,

all of the sputtered films are very smooth with RMS

roughness\0.2 nm. Very good wetting of transition

metals on the alumina surface correlates with the

interaction between metal d orbitals and oxygen

p orbitals resulting in metal (d)–oxygen (p) bonding.

The strength of metal-oxide bond decreases from

early transition metals to noble metals where the

d-band occupancy increases [26]. Therefore, it is not

surprising that Re films would have poor wetting

Table 1 Core-level binding energies of different films, before and

after sulfidation

Core level Binding energy (eV)

As-deposited Sulfidized

Mo 3d5/2 232.15, 231.65, 229.31 229.35, 231.47

W 4f7/2 35.68, 32.79 32.55, 33.04

Re 4f7/2 45.98, 43.77, 42.17 41.67, 41.03, 45.66

Nb 3d5/2 207.49, 205.72 207.73

Ta 4f7/2 26.78 25.91, 22.21
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(higher contact angle) compared to other transition

metals in this study.

In fact, a quite different morphology consisting of

flakes and islands was observed for the Re films. In

this case, Re atoms bond more strongly to each other

than to the substrate, leading to the formation of

three-dimensional adatom clusters or islands. Similar

structures have been reported by Cazzanelli et al. [27]

for ReO3 films grown on quartz, glass, and indium tin

oxide (ITO) substrates. Oh et al. [28] have also shown

that islands with diameter [100 nm form by high-

temperature DC sputtering of Re films on epi-ready

Al2O3 (sapphire).

After sulfidation, rather dissimilar morphologies

were obtained for different transition metals. For the

Mo films, as mentioned above, MoS2 is the

Figure 2 AFM analysis of a,

b Mo, c, d W, and e, f Re

films before and after

sulfidation. RMS roughness

values are also shown for

comparison.
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predominant phase. In this case, RMS roughness is

increased to *1 nm with a few bright (higher z

height) spots (Fig. 2b). Similarly, a fairly smooth

structure, with RMS roughness of 0.6 nm, and local-

ized higher z spots were found for the sulfidized W

films (Fig. 2d), which formed WS2.

Figure 2f shows that during sulfidation, Re

islands coalesce together, forming very large ReS2
ribbons of[1 lm in length, with RMS roughness of

14.7 nm. These rearrangements happen when the

small clusters move randomly and join larger

crystals (Ostwald ripening). Very small nanoribbons

can still be detected on the surface, but areas sur-

rounding the big ribbons are completely depleted.

He et al. [29] have shown that the morphology of

CVD-grown ReS2 varies significantly with time.

While very short growth time results in the for-

mation of hexagonal flakes, increasing the time

leads to thinning of the flakes and formation of

ReS2 nanoribbons. The difference between the

morphology of ReS2 and other TMDCs might be

due to the different crystal structure of ReS2. Initial

formation of Re islands before sulfidation could

also promote the growth of ribbons instead of

uniform films.

Figure S2 shows that Nb films subjected to sulfur

vapor were still pretty smooth with a slight increase

in RMS roughness value to 0.6 nm. Similarly, Ta films

subjected to sulfur vapor (Fig. S2) were very smooth

with a surface roughness of only 0.2 nm. As revealed

by XPS analysis (Fig. 2d0, e0), niobium sulfide and

tantalum sulfide did not form.

Thermodynamic calculations

The different solid phases considered in the calcula-

tions of thermodynamic stability diagrams are sum-

marized in Table 2 (references provided in the

supplementary section). They were chosen based on

the binary M–O and M–S (M = Mo, W, Re, Nb, Ta)

phase diagrams [30]. In some cases, other phases that

are not shown on the phase diagram but have been

reported in the literature [31, 32] and their enthalpy,

entropy, and Gibbs free energy values available in the

HSC database were also added for a more complete

analysis.

Isobaric (Fig. 3) and isothermal (Fig. S3) stability

diagrams were calculated in order to find the feasible

process conditions for the sulfidation of oxide films to

form TMDCs. For the isobaric stability diagrams,

p (O2) was set to 10-17 bar, the measured value in our

furnace. Isothermal diagrams were calculated at

typical processing temperature of 750 �C. In each

case, the most stable phases (lowest Gibbs free

energy) were found for a range of sulfur partial

pressures and temperatures (isobaric) or combination

of sulfur and oxygen partial pressure (isothermal).

On the stability diagrams, lines and points represent

conditions for equilibria between two and three

condensed phases, respectively.

In Fig. 3, red spots show the process conditions for

our sulfidation experiments, and dotted lines show

an example to find the p (S2) required to convert the

oxide to sulfide at processing temperature of 750 �C.
For the Mo films (Fig. 3a), MoO3 was found to be the

main component favored at room temperature. The

oxide phase is favored to transform to MoS2 at

T[ 450 �C at p (S2) = 10-4 bar. This prediction is in

agreement with XPS results (Fig. 1b) showing that

MoS2 is the dominant phase after sulfidation. In fact,

p (S2) of only 10-8 bar is required to convert the oxide

to sulfide at 750 �C.
It should be noted that MoS3 is not shown on the

Mo–S phase diagram [30], but its thermodynamic

data has been reported in the literature [32] and was

included in our calculations. Nevertheless, conflicting

Table 2 Different oxide and sulfide phases included in the thermodynamic calculations

Metal Shown on phase diagram Additional phases in HSC database

Oxides Sulfides

Mo MoO2, Mo4O11, Mo8O23, Mo9O26, MoO3 MoS2, Mo2S3 MoS3
W WO2, WO3 WS2, WS3 WO2.72, W3O

Re ReO2 NA ReO3, Re2O3, Re2O7, ReS2, ReS3, Re2S7
Nb NbO, NbO2, Nb2O5 NbS, NbS2 NbS1.65
Ta Ta2O5 NA TaS2, TaS3

References for each phase are provided in the supplementary section, Table S1
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information in the literature leaves us with some

uncertainty about MoS3, even though the available

thermodynamic data suggest it could form at low

temperatures or high p (S2).

Thermodynamic calculations for the W films are

shown in Fig. 3b. Similar to Mo, it was found that

WO3 is the most stable phase at room temperature

(Fig. 1b). During sulfidation, it is favored to

Figure 3 Calculated isobaric stability diagrams for different

transition metal–S–O systems at p (O2) = 10-17 bar: a Mo,

b W, c Re, d Nb, and e Ta. Dotted lines show an example to find

the p (S2) required to convert the oxide, or in case of Re the metal,

to sulfide for a typical processing temperature of 750 �C. Red spots
show the process conditions in our experiments.
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transform to WS2 at[650 �C (Fig. 3b). This finding is

in agreement with our XPS results and the W–S phase

diagram [30]. Dotted lines in Fig. 3b show that a

sulfur partial pressure as low as 10-5 bar can favor

WS2 at 750 �C. WS3 is reported on the W–S phase

diagram, and thermodynamic data are available in

the literature [32]. However, its reported amorphous

structure leaves some uncertainty about WS3.

There is no phase diagram available for the Re–S

system, but thermodynamic values for the ReS2, ReS3,

and Re2S7 were available in the HSC database. Fig-

ure 3c shows the isobaric stability diagram for the Re

films. Thermodynamics predict that formation of

ReS2 is favored at T C 350 �C. This observation is in

good agreement with XPS results indicating that ReS2
would form in such a sulfidizing environment. Pre-

vious studies have also shown that ReS2 is the

stable form in the Re–S system and forms by heating

the Re2S7 at 150 �C [33, 34].

In the Nb–S system, only the thermodynamic val-

ues for NbS, NbS1.65, and NbS2 were found in the

literature. Formation of other sulfide phases such as

Nb3S4, Nb1?xS2 [35], Nb2S3 [36], and Nb4S7 has been

reported but are not shown in the Nb–S phase dia-

gram [30] and was not included here. For the Nb

films (Fig. 3d), Nb2O5 is very stable at room tem-

perature (as shown in Fig. 1d) with little change until

*800 �C. This calculation matches our XPS results in

which only Nb2O5 was found after sulfidation.

Early studies on the sulfidation of Nb films showed

that, due to high stability of the Nb2O5, very high

sulfur pressure of up to 6 atm and temperatures

[750 �C were required to form the NbS2 phase [37].

Also, in a recent study by Dash et al. [38], the 3R-

NbS2 phase was obtained by the sulfidation reaction

of Nb films in which the sulfur source was placed

adjacent to the Nb films at the center of the hot zone,

to obtain very high sulfur chemical potential. The

dotted line in Fig. 3d shows that a sulfur partial

pressure of *103 bar is required to make NbS2 at

750 �C.
There is no Ta–S phase diagram available in the

literature. However, the ternary phase diagram of Li–

Ta–S shows the TaS, TaS2, and TaS3 phases at 27 �C
[30]. It was also shown in an early study by Jellinek

[39] that TaS3, five different phases of TaS2, and three

other stoichiometries of sulfides (Ta1?xS2) may form

in the Ta–S system.

Figure 3e shows that similar to Nb, the oxide of Ta

would be the stable phase at room temperature and is

stable until very high p (S2). In fact, a sulfur partial

pressure of 104 bar is required to convert it to TaS2 at

750 �C. This report is consistent with our XPS results

revealing that Ta2O5 is the dominant phase after

sulfidation.

In summary, it can be seen that for Mo, W, and Re a

p (S2) = 10-5 bar is sufficient for the metals to be

converted to sulfide phases at 750 �C. On the other

hand, due to very high stability of Nb2O5 and Ta2O5,

even at such a low p (O2), a sulfur partial pressure of

103–104 bar is required to make NbS2 and TaS2,

respectively. Isothermal stability diagrams (Fig. S3)

calculated at 750 �C demonstrate how different sul-

fide/oxide phases can be obtained by tuning the

p (S2) and p (O2). Again, they confirm that extremely

low p (O2) or very high p (S2) is required to make

sulfides of Nb and Ta. These stability diagrams can

therefore guide experiments for the controlled pro-

cessing of TMDCs.

H2S treatment

An alternate way to prepare TMDCs would be to use

reducing agents, e.g., H2, as a carrier gas, or more

reactive environment, e.g., H2S, to convert highly

stable Nb2O5 and Ta2O5 to sulfide phases. HSC

Chemistry software will not create a stability diagram

when there are more than three elements in a system,

so another approach is to find the equilibrium com-

position of each phase for a closed system. Although

the furnace is actually purged with H2S and the

volatile reaction products are swept away, H2S is

continuously supplied to the system, so the condi-

tions are close enough to provide reasonable

guidance.

For the Nb films (Fig. 4a), Nb2O5 is favored to

transform to NbS2 even at room temperature under

750 Torr H2S, although it is possible that kinetics

would not permit it. On the other hand, due to high

stability of Ta2O5, TaS2 is favored to form at[300 �C
(Fig. 4b). Therefore, the sulfidation process was

repeated at 750 �C for 20 min under 700 Torr of H2S

at a flow rate of 100 sccm.

Figure 4c shows the high-resolution XPS scan of

the Nb 3d doublet core levels after H2S treatment.

The peak fitting shown in Fig. 4c resolved that after

H2S treatment, most of the film transformed to the

NbS2 phase with some contribution from sub-stoi-

chiometric oxides or oxysulfides. These contributions

might come from the incomplete sulfidation of Nb
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films or surface oxides formed after sulfidation but

before the samples were analyzed by XPS.

The XPS analysis of the Ta 4f region after H2S

treatment is shown in Fig. 4d. It can be seen that TaS2

(4f7/2: 23.23 eV) is the main phase at the surface with

only a small contribution from Ta2O5 (4f7/2: 26.19 eV).

No evidence was found for the formation of any sub-

stoichiometric oxide or sulfide phases.

Figure 4 a, b Thermodynamic plots showing the expected

amounts of products at equilibrium for the sulfidation of

a Nb2O5 and b Ta2O5 as a function of temperature, under

700 Torr H2S. Since the starting oxidized films were

*1 cm 9 1 cm 9 1 nm in size, the initial number of moles of

the metal reactants was in the range 10-8–10-9 mol. c, d XPS

analysis of Nb and Ta after sulfidation with H2S at 750 �C. e,
f AFM analysis of e Nb and f Ta films after sulfidation with H2S.
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XPS analysis of Mo, W, and Re films after H2S

treatment is presented in Fig. S4. Compared to films

sulfidized with sulfur powder, sharper peaks of sul-

fides with negligible peaks of oxides can be detected.

Thus, phase transformation to MoS2, WS2, and ReS2
was more complete after H2S treatment.

Figures S5 shows the results of Raman spec-

troscopy for the Nb and Ta films. Peaks located at

*302 and *435 cm-1 were identified as the active

modes of a hydrated Al2O3 substrate [40], which

makes the precise recognition of phases challenging.

Still, for the NbS2, Raman peaks at *382 and *150

can be assigned to the A1 and two-phonon scattering

modes of 3R-NbS2, respectively [41, 42]. However,

weak peak intensities suggest poor crystallinity and

incomplete conversion to NbS2, as observed from

XPS analysis (Fig. 4c). Expected positions for other

modes are shown with arrows in Fig. S5d, which

were mostly obscured by the Al2O3 signal.

Raman spectra for the Ta films, after sulfidation

with H2S, are shown in Fig. S5e. No obvious peaks

were observed and only Al2O3 was detectable.

Raman peaks were expected to be present at 100, 243,

306 and 381 cm-1 [43] as noted in Fig. S5. However,

previous studies have shown that due to formation of

charge density waves (CDW) in TaS2, most of the

Raman modes vanish at temperatures close to room

temperature [43–45], particularly in films\4 nm [46].

AFM of Nb and Ta films after sulfidation with H2S

are shown in Fig. 4e, f, respectively. For the Nb films,

a very smooth morphology with a few bright (higher

z height) spots was obtained. The RMS roughness

was \0.3 nm. Conversely, Fig. 4f shows that sulfi-

dation of Ta with H2S causes dewetting of the films,

forming islands, with average size *200 nm.

To best of our knowledge, this is the first report on

converting Re, Nb, and Ta films to sulfides using the

H2S environment. These results indicate that H2S

treatment can be a practical pathway to convert even

highly stable Nb and Ta oxides to sulfides. Further-

more, optimization of the process could fine tune the

crystallinity and composition of the films.

Conclusions

In this study, sulfidation of transition metals (Mo, W,

Re, Nb, Ta), deposited by DC magnetron sputtering

and sulfidized in sulfur vapor and H2S, were inves-

tigated. It was found that all of the as-deposited metal

films were fully or partially oxidized during the

storage or handling in the laboratory environment.

XPS analysis revealed that Mo, W, and Re films were

transformed to MoS2, WS2, and ReS2 phases. In con-

trast, sulfidation of Nb and Ta films was challenging,

and Nb2O5 and Ta2O5 were still the dominant phases

after the sulfur treatment.

AFM analysis of the surface topographies revealed

that except Re, all of the sputtered films were very

smooth (RMS roughness\ 0.2 nm). After sulfidation,

MoS2 and WS2 were smooth, but very large ribbons

of ReS2 formed.

Thermodynamic calculations were made to predict

the conditions (sulfur partial pressure, oxygen partial

pressure and temperatures) at which sulfides are stable.

It was found that oxides of Mo, W, and Re are favored

to transform into sulfides (even at p (S2) = 10-5 bar), in

good agreement with the XPS. On the other hand,

oxides of Nb and Ta are quite stable (until p (S2)[103

bar), making it difficult to form sulfides.

Thermodynamic calculations under equilibrium

condition suggested that sulfidation of Nb2O5 and

Ta2O5 is feasible in H2S. This prediction was verified

by repeating the sulfidation process under 700 Torr

H2S. XPS analysis revealed that Nb2O5 and Ta2O5

were transformed to NbS2 and TaS2, respectively.

Raman spectroscopy showed peaks corresponding to

3R-NbS2. In contrast, no peaks were detected for

TaS2. AFM analysis showed very smooth NbS2, but

island growth for TaS2.

These results in addition to stability diagrams

presented in this work can guide future experiments

for finding new functionality by creating

heterostructures or by alloying/doping TMDCs.

Associated content

Supporting information

‘‘This material is available free of charge via the

Internet at doi:10.1007/s10853-017-1228-x‘‘.

Raman spectra for the Mo, W, Re, Nb, and Ta films

after sulfidation with sulfur vapor (Fig. S1), AFM

analysis of Nb, Ta films before and after the sulfur

treatment (Fig. S2), calculated isothermal stability

diagrams for different transition metal–S–O systems

at 750 �C (Fig. S3), XPS spectra for Mo, W, and Re

films after sulfidation with H2S (Fig. S4), and Raman

spectra for Mo, W, Re, Nb, and Ta films after
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sulfidation with H2S (Fig. S5), A list of all species

included in thermodynamic calculations and refer-

ences for each species at the appropriate temperature

range (Table S1).
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