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Abstract 

Group-10 transition metal dichalcogenides (TMDs) are rising in prominence within the highly 

innovative field of 2D materials. While PtS2 has been investigated for potential electronic 

applications, due to its high charge-carrier mobility and strong layer-dependent bandgap, it 

has proven to be one of the more difficult TMDs to synthesise. In contrast to most TMDs, Pt 

has a significantly more stable monosulfide, the non-layered PtS. The existence of two stable 

platinum sulfides, sometimes within the same sample, has resulted in much confusion 

between the materials in the literature. Neither of these Pt sulfides have been thoroughly 

characterised as-of-yet. Here we utilise time-efficient, scalable methods to synthesise high-

quality thin films of both Pt sulfides on a variety of substrates. The competing nature of the 

sulfides and limited thermal stability of these materials is demonstrated. We report peak-

fitted X-ray photoelectron spectra, and Raman spectra using a variety of laser wavelengths, for 

both materials. This systematic characterisation provides a guide to differentiate between the 

sulfides using relatively simple methods which is essential to enable future work on these 

interesting materials. 

 

 

 

 

 

 

 

 



Introduction 

Transition metal dichalcogenides (TMDs) are a fast growing and highly researched area in 

modern materials science. The numerous potential advances, made possible by their oft-

quoted varied and layer-dependent properties, has led to a proportionate “gold rush” across 

the periodic table for suitable materials to be synthesised on the nanoscale1-4.  This has 

resulted in great progress in the synthesis and understanding of TMDs5, 6. While there is a long 

history to their study7, recently the group-10 TMDs, including PtSe2, have risen to a point of 

prominence thanks to their impressive theoretical electronic-transport capabilities8-10. This, in 

turn, has expanded the focus given to the other Pt chalcogenides (or Pt-based TMDs), PtS2 and 

PtTe2
11, 12.  

A consequence of the “gold rush” haste is that occasionally the due diligence in terms of 

accurate and refined characterisation of the TMD material is overlooked in order to focus on 

more forward-looking aspects such as fabrication of electrical devices or electrochemical 

applications. This has resulted in a lack of coherency within literature for the platinum sulfides.  

Indeed, for the two most common sulfides, PtS2 and PtS, several publications report conflicting 

identification of synthesised materials13-17. These publications are largely reliant on Raman or 

X-ray photoelectron spectroscopy (XPS) for characterisation of the TMDs. Both these 

characterisation methods are among the most ubiquitous in 2D material characterisation, 

however both have their own particular limitations and can be subject to misinterpretation. 

Similar issues with competing sulfides have been encountered for tin sulfides where thorough 

comparative characterisation was needed to provide clarity18.  Confusion in the literature has 

recently become a note of warning in the wider XPS community which encourages a greater 

focus be put upon educational material in journal publications and a widening of reviewer 

panels to ensure expert coverage of all aspects of a body of work19-23.   

Edmund Davy, a foundational figure in Irish chemistry24-27, published what is to our knowledge 

the first paper on the synthesis of both sulfides of platinum in late 181228. He was the first to 

recognize the utility of combing both Pt and S in an evacuated tube and heating at high 

temperature, he used this to synthesise PtS. A distillation setup combining an ammonium 

chloride of platinum and sulfur powder over mercury yielded PtS2. Both materials were 

analysed using rudimentary characterisation methods including by taste and smell. PtS2 was 

found to be thermally stable in anaerobic environments but to degrade quickly under ambient 

annealing28. The synthesis and characterisation of both platinum sulfides presented here can, 

to a certain extent, be seen as a sequel to this fundamental work with platinum sulfides. 

A naturally occurring form of PtS known as cooperite was first described in 1928 by Richard A. 

Cooper29, it is a significant platinum ore and therefore many of the publications concerning 

platinum sulfides are mineralogical in nature30-34. The long history of misidentification between 

the platinum sulfides is present here with Cooper originally proposing that the cooperite 

material he described had the formula PtS2, cooperite was quickly re-ascribed as being PtS35. 

PtS2 is not known to form naturally, indicating a thermodynamic preference for PtS.    

While PtS has benefited from more attention, its study has been confined to the lens of 

mineralogical investigation, it has generally not been investigated or characterised heavily in 

the manner which modern 2D materials typically are, with only few exceptions36, 37.   

Recently PtS has been observed to have several interesting properties including ultrafast 

saturable absorption and peculiar thickness-dependent surface states for a non-layered 



material36. PtS undergoes a pressure-induced phase change at ~3 GPa to the PdS structure 

P42m38. It has also been shown to be one of only a handful of materials which possesses 

negative linear compressibility, meaning the structure expands along one direction when 

compressed uniformly39, 40.   

PtS2 has garnered recent attention in part due to its predicted properties. PtS2 is the only Pt-

based TMD which is semiconducting in bulk41.  It has a strong layer-dependent bandgap 

variation with a change of the indirect bandgap from 0.25-1.6 eV when going from bulk to 

monolayer41. PtS2 is predicted to have strongly-bound excitons in the monolayer form42 and a 

calculated monolayer electron mobility of up to ~3900 cm2 V-1 s-1 10, with FET devices delivering 

room-temperature electron mobility of 62.5 cm2 V-1 s-1 and a 106 on/off ratio43.  

The majority of recent PtS2 experimental studies have used material synthesised by chemical 

vapour transport (CVT) methods, this can then be exfoliated to give individual 2D crystals. 

While this can result in high-quality material, this is not guaranteed, with PtS contamination 

being common14, 43-46. The main disadvantages of using CVT-style methods to synthesise and 

isolate 2D materials are that they are time consuming, labour-intensive and inherently 

unscalable.  

While PtS2 and PtS have both been synthesised via chemical vapour deposition (CVD) 

methods36, 47, 48. Robust metrics and characterisation to confirm the quality and purity of these 

materials are noticeably absent.   

Although the Raman spectrum of few-layer PtS2 has been studied in several works, it is an area 

with many unexplored aspects43-46. The catalogue of PtS Raman is poorer, with only a few 

works providing any insight into the features of the complex spectrum31, 36, with some 

published PtS Raman spectra incorrectly claiming to be PtS2 adding to the confusion.  

High-resolution XPS spectra of these materials are provided in several pieces of literature14, 17, 

49-51, unfortunately there exists little to no peak-fitted deconvolution of these materials that 

holds up to best-practice scrutiny.   

This work describes a relatively simple methodology to synthesise high-purity thin films of 

both PtS and PtS2 using systems and equipment common to many TMD synthesis labs. Both 

platinum sulfides are rigorously characterised using Raman and XPS to better the 

understanding of the important aspects of their spectra. The stability of these films and the 

ability to convert PtS2 into PtS are also investigated.   

 

 

 

Results and discussion 

Synthesis of PtS 

Polycrystalline films of PtS were synthesised using a procedure previously described for other 

TMDs52. A Pt metal layer is deposited onto a substrate, typically SiO2/Si, by sputtering and then 

placed into a two-zone quartz-tube furnace with sulfur powder in the secondary zone as 

shown in Fig.1(b). Annealing the Pt film at 500 °C under forming gas (90% Ar/10% H2) at a 

pressure of ~1 mbar for 1 hour generated uniform films of PtS.  



Synthesis of PtS2 

Polycrystalline films of PtS2 were synthesised using a modified design inspired by the work of 

Wu et al.48. Using the same two-zone quartz tube furnace as for PtS, the Pt metal film was 

placed inside an internal open-ended quartz tube in the main heating zone. The opening of 

this internal tube, at the edge of the hot-zone, was loaded with sulfur powder as a second 

local sulfur source and the opening placed against the direction of flow, as shown in Fig.1(a). 

The effect of this is to trap a high partial pressure of sulfur in the internal tube. Annealing at 

500 °C under Ar/forming flow and a pressure of ~200 mbar for 1 hour generated uniformly 

converted films of PtS2.  

More details of synthesis procedure for both materials can be found in the methods section.  

An advantage of these processes is the ability to synthesise films on a variety of substrates. 

PtS2 and PtS films were synthesised on SiO2/Si, pyrolytic carbon (PyC), and quartz substrates as 

shown in the supplementary information, Fig.S1. These are applications-oriented substrates 

frequently used for electronics, electrochemistry, and optics respectively.  

The effects of synthesis temperature and initial Pt film thickness on the resulting TMD film 

were investigated for both materials. For simplicity, to differentiate between films they will be 

referred to by their initial Pt metal film thickness. The expansion factor when sulfurizing Pt 

films to PtS has been shown to vary depending on starting thickness36. It has previously been 

shown that a similar process for PtSe2 results in an approximate quadrupling of film thickness 

after conversion.53 

Figure 1. Schematic diagram for the synthesis arrangement for PtS2 films (a) and PtS films (b). 

(c) Raman spectra of PtS2 and PtS films synthesized from a 1 nm Pt film, with an insert showing 

their atomic structures (yellow balls represent sulfur atoms, silver balls represent platinum 

atoms). XPS of the Pt 4f (d) and S 2p (e) core-level regions for PtS2 and PtS films.  

 

 

 



Raman spectroscopy of PtS and PtS2 

Raman spectra of 1 nm PtS2 and 1 nm PtS, taken using a 532 nm excitation wavelength, are 

shown in Fig.1(c). PtS2 has an octahedral (1T) geometry with a hexagonal lattice, and a 𝐷3𝑑
    

point group46, see supplementary information Fig.S2(a). Therefore the three primary 

components to the Raman spectrum of few-layer PtS2 are the out-of-plane 𝐸𝑔
 1 mode at ~303 

rel cm-1, and the two in-plane modes 𝐴1𝑔
   1 and 𝐴1𝑔

   2 at ~336 and 344 rel cm-1 respectively46. 

These components are clearly visible in Fig.1(c) alongside an unidentified shoulder at ~357 rel 

cm-1. PtS2 displays high intensity Raman signals compared to the underlying SiO2.  

The position of these peaks aligns with reports for ~2-3-layer PtS2
46. The full width at half 

maximum (FWHM) of the peaks in this spectrum are consistent with those reported for similar 

growth methods but are significantly broader than those reported for individual mechanically-

exfoliated flakes44, 46, 48. While the FWHM of Raman peaks is affected by laser power and the 

spectral grating,  the broadening here is comparable to what has been reported for other 

TMDs when comparing polycrystalline films to large single crystals from CVD54, 55.  

To provide a thorough database of characterisation, the Raman spectra of a 5 nm PtS2 film 

using three excitation wavelengths (532, 633, and 405 nm) is given in the supplementary 

information, Fig.S3. No new modes or significant changes in intensity ratios between the peaks 

are observed for the different wavelengths.   

PtS is a non-layered material with a tetragonal crystal structure, see Fig.S2(b), and either a 

P42/mmc31, 34 or  P42/nmn space group39. The Raman spectrum of the 1 nm PtS film in Fig.1(c) 

shows a single low intensity peak at ~336 rel cm-1. This is consistent with other reports of PtS 

and is attributed to the Raman-active 𝐵1𝑔
    vibrational mode36. The 100-150 rel cm-1 region 

shows a broad background for very thin PtS films, which develops into distinct peaks for 

thicker films. Fig.S3 in the supplementary information shows the Raman spectrum of a 5 nm 

PtS film acquired with the three different excitation wavelengths. The 532 nm and the 633 nm 

spectra show several clearly resolved peaks. These spectra are distinct from each other with 

the 532 nm spectrum being dominated by the 𝐵1𝑔
    peak at ~335 rel cm-1 with many lower 

intensity peaks across the spectrum. The 633 nm spectrum has four sharp peaks at 

approximately 115, 335, 377, and 475 rel cm-1. These various additional peaks in the 532 nm 

spectrum and the 633 nm Raman of PtS were previously unreported.  This disparity in Raman 

spectra between the excitation energies is likely a result of resonance effects, the additional 

Raman modes are currently unassigned in literature and should form the basis for further 

study.  

 

XPS of PtS and PtS2 

XPS was used to characterise both of these films as shown in Fig.1(d, e). XPS has extreme 

utility in the characterisation of nanoscale materials as it has very high surface sensitivity, can 

differentiate between chemical states, and allows calculation of stoichiometry amongst other 

measures. The drawback when utilising XPS is the non-trivial nature of interpreting core-level 

spectra. The data can be complex, leaving significant room for misinterpretation through 

fitting errors and these uncertainties can be difficult to convey fairly when reporting data. 

Numerous reports have been published recently in an effort to improve the overall quality of 

XPS reported in the literature20, 22. Due to the complicated nature of the XPS this section 

provides a resource to help deconvolute the spectra of platinum-sulfur compounds. 



 The spectral regions of interest for XPS of platinum sulfides are the Pt 4f and S 2p core-levels. 

The XPS spectra of the Pt 4f region of 1 nm PtS2 and PtS films is shown in Fig.1(d). The 

spectrum for PtS2 is dominated by a doublet pair corresponding to the Pt(IV) state for PtS2, 

with the 𝑃𝑡 4𝑓7
2⁄  component at 73.9 eV. This accounts for 98% of the Pt atoms measured, 

indicating the high purity of material obtained. A low-binding energy shoulder with 𝑃𝑡 4𝑓7
2⁄  at 

~72.5 eV is attributed to a Pt(II) state from PtS. The PtS component in the spectrum could 

potentially be misidentified and assigned as Pt metal due to the relatively small difference in 

expected binding energy position. While basing peak assignments on literature values of 

energy position alone has issues21, the symmetric peak shape of the PtS component makes a 

Pt metal state very unlikely. Low levels of PtS were found to be almost ever present in all of 

the PtS2 films synthesised here. A third component with 𝑃𝑡 4𝑓7
2⁄  at ~75.4 eV is fitted, 

assignment of this low intensity and broad doublet is difficult and it is provisionally assigned as 

a Pt-oxide due to the binding energy of the peaks, this aligns with previous interpretations for 

PtSe2
56.  

Similarly the Pt 4f spectrum for a PtS film has a doublet with 𝑃𝑡 4𝑓7
2⁄  at 72.3 eV, this is 

attributed to Pt(II) from PtS. The PtS component accounts for 94% of the measured Pt atoms.  

A secondary doublet with 𝑃𝑡 4𝑓7
2⁄ at ~73.8 eV is from Pt(IV) in the form of PtS2.  

The S 2p core-level region is significantly more complex and has been frequently 

oversimplified in the literature14, 17, 36, 51. Similar line-shapes to those shown in this work have 

been observed but not fitted for the platinum sulfides previously49, 50. The S 2p regions for 

both platinum sulfides are fitted with four doublets from four chemical states of sulfur. PtS2 

and PtS components are on the low binding energy side with their 𝑆 2𝑝 3
2⁄  peaks at 162.3 and 

162.7 eV respectively. Elemental sulfur was found on both samples at ~163.8 eV. The fourth 

component was a consistently low intensity broad peak with 𝑆 2𝑝 3
2⁄  at ~166.5 eV. While 

similar line-shapes have been reported for platinum sulfides previously, there has been little 

discussion of their origin15. We believe the most likely chemical state for this broad component 

is a S-O species, likely sulfite based on binding energy position57. Oxidised sulfur is not 

commonly observed in XPS for other sulfur TMDs synthesised through similar methods52, this 

implies that Pt may play a role in the oxidation,58, 59 or that this broad component has a 

different origin.  

Composite materials (consisting of both PtS and PtS2) can be readily obtained. A film of both 

PtS and PtS2 in approximately equal amounts can be synthesised by lowering the synthesis 

temperature to 400 °C with a reduced amount of sulfur in the internal tube. The Raman and 

XPS spectra for this are shown in the supplementary information, Fig.S4. This allows us to 

more clearly illustrate the differences in XPS peak positions from the different chemical states.  

The overlapping nature of many of the components in both the Pt 4f and the S 2p core-levels 

increases the possibility for error in each fitting, small changes in relative peak areas can result 

in large changes in the calculated stoichiometry of the material. In an effort in minimise this 

error, we averaged stoichiometry values over several samples (see supplementary 

information, Fig.S5) giving S:Pt ratios of 1.87±0.06 for PtS2 and 0.97±0.09 for PtS. These values 

are very close to the ideal values, the chalcogen deficiency for PtS2 potentially indicates that 

sulfur vacancies are a common defect similar to other TMDs60. 



Thickness dependence of spectral features  

Figure 2. (a) Raman spectra of PtS2 films of different thickness, normalized to the 𝐸𝑔
 1 peak 

intensity. XPS of the Pt 4f (b) and S 2p (c) core-level regions for PtS2 films of different 

thickness. Chemical composition from XPS of the Pt 4f (d) and S 2p (e) XPS regions. (f) SEM 

images of PtS2 films of different thickness. 

The thickness dependence of this synthesis procedure was investigated for PtS2. Raman, XPS 

spectra, chemical composition data from XPS, and scanning electron microscopy (SEM) images 

for 7 thicknesses of PtS2 films are shown in Fig.2. The Raman spectra for PtS2 films with 

increasing Pt film thickness Fig.2(a) show only minor changes for the 𝐸𝑔
 1 and 𝐴1𝑔

   2 Raman 

modes. It is expected from the literature that with increasing thickness the 𝐴1𝑔
   2 and 𝐴1𝑔

   1 

modes gradually merge, with bulk PtS2 having only two Raman peaks for the 𝐸𝑔
 1 and the 𝐴1𝑔

  
41. We see an inconsistent trend here due to uniformity issues for thicker films, but it is 

noteworthy that for films of up to 20 nm starting Pt thickness we can still differentiate 

between the two 𝐴1𝑔
  modes indicating we have not reached bulk-like behaviour. The 

increasing prominence of what appears to be the 𝐴1𝑔
   1 at ~334 rel cm-1 is attributed to a 

convolution of the 𝐴1𝑔
   1 from PtS2 and the 𝐵1𝑔

    mode from PtS contamination, this overlap of 

the Raman modes contributes to the possible errors in identification of the Pt sulfides. 

The weak adhesion of Pt films on SiO2 is a well-known issue61, 62, this was found to impact this 

system with films of >5 nm starting Pt thickness being prone to bubbling and delaminating 

from the SiO2. This could potentially be remedied by use of an adhesion layer between the Pt 

and the substrate, although common adhesion materials such as Ti may be problematic as 

they have the potential to sulfurize during synthesis or to leech chalcogen from the platinum 

sulfide films.56  

XPS spectra for the Pt 4f and S 2p core-level regions PtS2 films of various thicknesses are 

shown in Fig.2(b,c) with the chemical state composition amassed from XPS for each core-level 

shown in Fig.2(d,e).  



 The synthesis of PtS2 was successful at almost all thicknesses examined, with the XPS core-

levels of the films showing a consistently high level of PtS2. The exception were the films 

synthesised from a starting Pt film of 3 nm. These were consistently observed to poorly 

convert to PtS2 with the sample shown here only yielding a 65:35 ratio of PtS2:PtS. The cause 

of this peculiarity is not currently understood and merits further study, PtSe2 thin films have 

been shown to change orientation with increasing metal film thickness,53 a similar effect could 

potentially play a role in this system also.  

A combination of the shallow measurement depth of XPS and the delamination/bubbling of 

the PtS2 films, discussed below, results in potentially misleading results from XPS if taken 

alone. This illustrates why a combination of measurement techniques, as implemented here 

with Raman spectroscopy, is the minimum requirement to gain a clear understanding of the 

entire film’s properties and composition.  

For films with thicknesses below the limit of film delamination from the substrate (~5 nm), the 

large-area consistency of the films can be seen in Fig.S6–S8 in the supplementary information, 

in which optical microscopy images and scanning Raman spectroscopy maps of the surface are 

shown.  

SEM images of the PtS2 films are shown in Fig.2(f), these images make the highly 

polycrystalline nature of the films clear and look similar to other TMD films synthesised 

through related methods.63 Contrast increases with thickness of the films, individual 

crystallites on the order of 50-100 nm are visible across the PtS2 films, with average crystallite 

size generally increasing with film thickness. While minor changes were observed in film 

morphology for starting thicknesses less than 5 nm (see also supplementary information, 

Fig.S9.), this changes substantially over 5 nm, with a combination of effects including the lack 

of adhesion, expansion of the films, and strain during synthesis resulting in bubbling and 

delamination for thicker films. Furthermore, for the films with starting thicknesses less than 

5 nm, which exhibited minor changes in SEM images, insight into the film morphology is 

provided using atomic force microscopy (AFM), as shown in the supplementary information 

Fig.S10–S12. 

Variations as a result of sample position inside the internal quartz tube were investigated with 

no significant variance observed in XPS or Raman of the films indicating the robust nature of 

this procedure. (see supplementary information, Fig.S13.)  



 

 

Figure 3. (a) Raman spectra of PtS films of different thickness. XPS of the Pt 4f (b) and S 2p (c) 

core-level regions for PtS films of different thickness. Composition of the Pt 4f (d) and S 2p (e) 

XPS regions. (f) SEM images of PtS films of different thickness. 

 

Similarly, the thickness dependence of PtS films was investigated. The Raman spectra of PtS 

films are shown in Fig.3(a) to have a strong thickness dependence. Very thin films are seen to 

show no discernible Raman peaks but have two very broad regions centred at ~330 and ~100 

rel cm-1. As the thickness of the film increases more pronounced modes appear, first with the 

𝐵1𝑔
    at ~335 rel cm-1 followed by a number of smaller peaks across the spectrum. Two heavily 

overlapping sharp peaks are seen to develop at ~115 and 134 rel cm-1. This is the first report of 

these Raman modes and their thickness dependence for PtS, they are currently unassigned. 

XPS analysis of the PtS films in Fig.3 (b,c) demonstrates the advantage of complementary 

characterisation with Raman and XPS. While the Raman spectrum from the 0.5 nm film does 

not show any characteristic PtS Raman modes, in contrast XPS indicates the film is 

predominantly PtS. Interestingly, there is a small amount of Pt metal present in the 0.5 nm 

sample indicating that either the film was not fully converted initially or that the film was 

more prone to degradation upon exposure to ambient conditions. 1 nm–5 nm PtS films gave 

XPS spectra with high levels of PtS and no Pt metal present, PtS films in this thickness bracket 

generally showed very similar line shapes, indicating high uniformity. The large-area 

homogeneity of these films can be seen in the supplementary information, Fig.S6–S7, in which 

optical microscopy images and scanning Raman spectroscopy maps of the surface are shown. 

Significant amounts of Pt metal were present for the 20 nm film, this is most likely a result of 



incomplete conversion for thicker films combined with extensive delamination exposing the 

lower, unconverted layers.  Pt thicknesses >5 nm were very prone to delamination, this can be 

exacerbated by higher temperatures, increasing the likelihood and degree of delamination. 

SEM of the PtS films in Fig.3(f) show relatively uniform films with minimal contrast for an initial 

1 nm Pt film. Larger crystallites and an uneven surface appear at ~5 nm thickness, with 

significant bubbling, delamination and folding occurring for thicker films. This can be seen 

clearly in the SEM images for the 10 and 20 nm PtS films. Additional surface morphology 

information by means of AFM is provided in the supplementary information, Fig.S10–S12. 

 

Conversion of PtS2 to PtS: Annealing and PtS2 stability. 

The thermally driven transformation of PtS2 to PtS is analysed at several temperatures using 

complementary Raman and XPS. Fig. 4 shows the XPS and Raman data for four 1 nm PtS2 films 

with post-growth annealing in a quartz tube at 1 mbar under Ar flow for 30 minutes.  

Figure 4. XPS of the Pt 4f (a) and S 2p (b) core-level regions for 1 nm PtS2 films after annealing 

at various temperatures. (a) Raman spectra of 1 nm PtS2 films after annealing at various 

temperatures 

Little change occurs when compared to the pristine material (Fig.2), including no reduction of 

the PtS2 to PtS for the samples annealed at either 300 or 400 °C, with variations in their PtS 

content attributed to normal sample-to-sample variation in the starting PtS2 films.  

500 °C annealing results in majority conversion of the PtS2 film into PtS with a 27:73 ratio of 

PtS2:PtS. Despite the large majority of PtS in the film, the Raman spectrum is only slightly 

altered from that of pure PtS2, this is a potentially major factor in mischaracterisation of Pt 

sulfide films. The disparity is a result of the Raman signal for PtS2 being significantly more 

intense than that of PtS, illustrating that Raman alone is not a reliable technique for 

characterisation of these materials.  



This may explain the discrepancy with the results of Wu et al. who reported the reversible 

conversion of the Pt sulfides: Annealing at 525 °C converting PtS2 into PtS, while annealing at 

450 °C in a sulfur vapour converts PtS into PtS2, both were characterised using only Raman 

spectroscopy48.  

Annealing at 600 °C yields an XPS spectrum in Fig. 4(a) with 95% PtS with a corresponding 

pronounced change in the Raman spectrum Fig. 4(c), the characteristic PtS Raman mode at 

~336 rel cm-1 and the broad modes between 100-150 rel cm-1 are all visible. A remnant of PtS2 

Raman signal is still visible with the 𝐸𝑔
 1 at ~300 rel cm-1, further indicating the imbalance in 

their Raman signal intensity. Annealing of 2 and 3 nm PtS2 films at 600 °C similarly yields full 

conversion of the PtS2 Raman signal to give PtS like Raman signal (see supplementary 

information, Fig.S14). 

Similar conversion of PtSe2 to the non-layered PtSe in UHV conditions above 500 °C has been 

demonstrated previously, but unlike the conversion of PtS2 to PtS the monochalcogenide PtSe 

is less stable than its dichalcogenide counterpart64.  

 While stability at 400 °C is significant for a few-layer material this should be seen as an upper 

limit for thermal stability of PtS2 in an anaerobic environment. This thermal stability is a 

potentially important factor when considering the compatibility of materials in device 

fabrication.   

 

Conclusions 

In summary, we have synthesised polycrystalline thin films of both PtS2 and PtS on a variety of 

substrates using direct sulfurization methods in a quartz-tube furnace in a time efficient 

process. We have reported fitted XPS spectra revealing the components responsible for the 

complex peak structure of the platinum sulfides. Raman spectra of the platinum sulfides were 

examined over several thicknesses using three excitation laser lines, we observed substantial 

variation in the number and proportion of Raman modes in PtS using different excitation 

energies. While they are frequently confused in the literature, the complementary 

characterisation presented here allows the two materials to be unambiguously distinguished 

from one another. This report provides needed clarity by thorough comparative 

characterisation of both platinum sulfides and will hopefully act as a reference to enable 

future studies with these emerging materials. Thermal processability limits for thin films of 

PtS2 were examined and shown to result in gradual conversion to PtS for anaerobic annealing 

over 400 °C.   

 

Experimental 

Film deposition 

Pt films were deposited on Si/SiO2 substrates with controlled thickness using a Gatan precision 

etching and coating system (PECS 682). Thickness and deposition rate were closely monitored 

using a quartz-crystal monitor.  

 

 



Synthesis of PtS (Schematic diagram in Fig.1) 

Substrates were placed in the primary heating zone of a two-zone quartz-tube furnace with a 

crucible of sulfur powder placed in the secondary heating area. The substrates were heated to 

500 °C under a forming gas environment (90% Ar/10% H2, 150 sccm) with continuous vacuum 

pumping establishing a ~1 mbar atmosphere. When the substrates reached 500 °C the sulfur 

powder was heated to 130 °C for 1 hour. After this, the forming gas was changed to 100% Ar 

and the furnace was then turned-off, opened, and air cooled to room temperature before 

samples were retrieved. 

Synthesis of PtS2 (Schematic diagram in Fig.1) 

The same system as described for PtS growth was used for PtS2 synthesis. The changes were as 

follows. Substrates were placed into a 17 mm diameter (2 mm wall) quartz tube with one open 

end. Sulfur powder was placed at the entrance of this tube. This tube was then placed into the 

primary heating zone of the quartz tube furnace with the open side facing into the direction of 

flow and placed with the opening near the edge of the main heating zone. The substrates were 

heated to 500 °C under the same forming gas flow as previously. Vacuum pumping was 

manually throttled to maintain a pressure of ~200 mbar throughout the synthesis. When the 

substrates reached 500 °C the sulfur powder was heated to 180 °C and maintained for 1 hour. 

After this, the forming gas was then changed to 100% Ar and the furnace was then turned-off, 

opened, and air cooled to room temperature before samples were retrieved. 

Characterisation 

Raman 

Raman spectroscopic analysis was performed at 100x magnification using WITec Alpha 300 R 

confocal Raman microscopes with the majority using a 532 nm excitation source at a power of 

<200 µW and a spectral grating of 1800 lines/mm. 633 nm and 405 nm excitation energy 

spectra were acquired using the same parameters. All spectra were gathered by averaging 

measurements over >10 discrete point spectra along the surface.  

XPS 

XPS spectra were recorded using a PHI VersaProbe III instrument equipped with a micro-

focused, monochromatic Al Kα source (1486.6 eV) and dual-beam charge neutralization. Core-

level spectra were taken using a pass energy of 26 eV. Spectra were processed using CasaXPS 

software. Spectra were charge corrected using the C 1s binding energy value of 248.8 eV, this 

method is imperfect but is the currently accepted standard21. After subtracting a Shirley type 

background, core-level spectra were fitted with Gaussian-Lorentzian (40:60) line shapes and a 

Doniach−Sunjic line shape for metallic Pt.  

Stoichiometry calculations were made by comparing the relative areas of the relevant 

components after accounting for their relative sensitivity factors.  

SEM 

Images were acquired using a Karl Zeiss Supra microscope operating with a 3 kV accelerating 

voltage, 30 µm aperture and a working distance of ~3-4mm.  
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Figure S1. (a) Raman spectra of 1 nm PtS2 and PtS films synthesized on quartz and PyC 

substrates acquired with 532 nm excitation. (b) Optical spectra measured for platinum sulfide 

films synthesized on quartz. 

Fig.S1(a) shows Raman spectra which indicate the successful synthesis of PtS and PtS2 on 

quartz and pyrolytic carbon (PyC) substrates.  

 

1 nm PtS2 and PtS films were deposited on quartz substrates to investigate their optical 

properties. Fig.S1(b) shows reflectance, transmission and absorption spectra for both films 

between 314-830 nm.  The PtS2 film shows relatively uniform reflectivity across the range at 

~20%. An absorption maximum is seen of 34% at ~440 nm while being >70% transparent for 

wavelengths greater than ~680 nm. The PtS film has lower, but also roughly uniform, 

reflectivity of ~15%. PtS also shows consistently lower absorption across the range with a 

maximum of 23% at ~350 nm and >70% transmission for wavelengths >490 nm. The 

measurements were taken using a UV-vis spectrophotometer with an integrating sphere 

attachment (Perkin Elmer LAMBDA 650). A lens system was used to collect the spectrum of a 

1 mm diameter area. The total diffuse transmission and specular and diffuse reflection were 

measured. The difference between these two measurements was used to calculate the 

absorption of the films. 

 

 

 



 

Figure S2. Diagrams of the atomic structure for (a) PtS2 and (b) PtS  

 

Structural representations 

Atomic structural representations for each material were generated using VESTA 3 software.1  

 



 

Figure S3. (a) Raman spectra of a 5 nm PtS2 film using different wavelength Raman lasers. (b) 

Raman spectra of a 5 nm PtS film using different wavelength Raman lasers 

 

Figure S4. (a) Raman spectra of a mixed PtS2-PtS film grown at 400 °C. (b) XPS Pt 4f and S 2p 

core-level spectra of the mixed film showing the relevant components of each material 
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Figure S5. Plot of the S-Pt ratio for 24 Pt sulfide films as calculated by comparison of relative 

XPS peak areas showing the clusters for PtS and PtS2.  

 

 

 

 

Figure S6. Optical images with a 100x microscope objective of the surface of 1, 2, and 3 nm 

PtS2 and PtS films. 



Figure S7. Averaged Raman spectra for 1, 2, and 3 nm PtS2 and PtS films. Raman intensity 

maps of the surface of the films show consistent signal across the surface for all films. 
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Figure S8. (a) Optical image with a 20x microscope objective of the surface of a 2 nm PtS2 film, 

with a red box showing the area in (b) and a blue box showing the area mapped by Raman 

spectroscopy. (b) A 100x microscope objective image, with the blue box representing the area 

mapped by Raman spectroscopy. (c) Average Raman spectra of the film. (d) 𝐸𝑔
 1 Raman peak 

intensity map. (e) Raman peak position map. (f) Raman peak width (FWHM) map. 

 

 

 

 

Figure S9. SEM images of PtS2 films synthesized from 2 and 3 nm Pt films.  
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AFM analysis of Pt, PtS and PtS2 films 

Atomic force microscopy (AFM) was performed on a Bruker Multimode 8 with ScanAsyst Air 

AFM probes in ScanAsyst Air 146 mode. The applied scan rate was 1 Hz with an image 

resolution of 512x512 points. Peak-force tapping mode was used to obtain the topography. 

The acquired data was processed using Gwyddion software.2 

 

Figure S10. AFM maps of the surface of 1, 2, and 3 nm PtS2, PtS, and as-deposited Pt metal 

films. Scale bar 250 nm, except for 1 nm Pt metal (1 µm). 

 

Determining the theoretical film thickness after conversion of a Pt film to PtS2 or PtS is difficult 

due to the random orientation of the crystallites and the layered/non-layered nature of the 

materials. To roughly estimate the film expansion, we use the unit cell volume for the 

respective materials, determined using literature values for PtS2,3 PtS,4 and Pt metal.5  This 

yields an estimate for film volume expansion of 3.5x for PtS2 and 4.7x for a PtS film. This 

greater thickness for PtS films over PtS2 is also seen in our measured film thicknesses. PtSe2 

synthesised through a similar synthesis process was found to have an expansion of ~4x from 

the as-deposited platinum.6  
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Table S1. AFM measured film properties.  

Film 
1nm 

Pt 
metal 

1nm 
PtS2 

1nm 
PtS 

2nm 
Pt 

metal 
2nm 
PtS2 

2nm 
PtS 

3nm 
Pt 

metal 
3nm 
PtS2 

3nm 
PtS 

Roughness (nm) 0.297 1.04 0.63 0.3 1.57 0.52 0.35 2.45 1.33 

Expansion 
factor - 1.4 3.1 - 3.2 5.9 - 2.5 - 

Thickness (nm) 1.13 1.57 3.53 2.43 7.77 14.37 3.74 9.37 - 

 

 

Figure S11. (a) Graph of measured film thickness and (b) surface RMS roughness against 

intended initial Pt metal thickness for the AFM images in Fig.S10.  
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Figure S12. AFM maps of larger areas of the surface of 1, 2, and 3 nm PtS2 and PtS films. Scale 

bar 1 µm. 
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Figure S13. (a) XPS spectra of 1 nm PtS2 films synthesized along the length of the internal 

quartz tube. (b) Raman spectra of the PtS2 films. (c) Picture of the quartz tube showing the 

positions of the substrates. 

 



 

Figure S14. Raman spectra for 1, 2, and 3 nm films of PtS2, PtS, and PtS2 films after 600 °C 

annealing in an inert environment at ~1 mbar for 30 minutes, showing a change from PtS2 to 

PtS Raman signal. 
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