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Abstract

Synthesis of thin films of the Olivines Fe2SiS4 and
Mn2SiS4 by magnetron sputtering and annealing

Joakim Eriksson

The photovoltaic industry attracts a lot of interest from 
researchers worldwide due to active integration of the solar 
cells. The main idea here is to convert solar energy into 
electricity. One type of solar cell that shows potential in 
replacing today’s crystalline silicon cells is the thin film solar 
cell (TFSC). Yet, the sun absorbing semiconductors used in the 
commercial TFSCs contain scarce elements such as indium, cadmium 
and tellurium, which may cause problems if the technique is going 
to grow to a big scale energy producer. Earth abundant sun 
absorbing materials are therefore of great interest, and several 
possible replacements are under investigation.
In this project two olivine structured ternary metal chalcogenides 
were investigated: manganese silicon sulfide (Mn2SiS4) and iron 
silicon sulfide (Fe2SiS4). The goal was to deposit thin films by 
reactive magnetron sputtering from manganese/iron and silicon 
targets with mixture of Ar and H2S gas. Afterwards the films were 
crystallized by a sulfurization process at high temperature. The 
samples were created with a composition gradient and investigated 
by SEM, EDS and XRD. Results showed that a single phase of Mn2SiS4 
was successfully created in thin film form for the first time. 
Multiple attempts on manufacturing Fe2SiS4 were performed, but 
didn't show sufficient progress yet. The analysis showed formation 
of pyrite (FeS2), pyrrhotite (Fe1-xS, x<0.2) and SiS2 phases 
instead of the targeted material. In both cases it is important to 
provide additional studies to determine if the selected compounds 
could be used as an absorber layer in TFSC structures.

ISSN: 1401-5773, UPTEC Q 17008
Examinator: Åsa Kassman Rudolphi
Ämnesgranskare: Jonathan Scragg
Handledare: Alexandra Davydova



Syntes av tunna filmer av olivinerna Fe2SiS4 och Mn2SiS4 
genom magnetronspruttring och värmebehandling 

 

Joakim Eriksson 

 

Solceller skapar elektricitet genom att ta tillvara på energin som gömmer sig i solens strålar. 

Normalt sett är cellerna uppbyggda av flera lager med olika syften, en översikt av en typisk solcell 

kan ses i Figur 1. Ovanpå och undertill finns lager som fungerar som kontakter för att samla upp 

elen som skapas. Men den unika och spännande delen av solcellen är där solens strålar absorberas. 

Dessa lager är uppbyggda av så kallade halvledarmaterial, vilket är ett mellanting mellan isolatorer 

och metaller. Det speciella med dem är att de kan absorbera det infallande ljuset från solen och 

med hjälp av dess energi släppa lös laddningar, nämligen negativt laddade elektroner och positivt 

laddade hål. Genom att kombinera olika sorters halvledarmaterial går det att separera dessa 

laddningar till varsin sida av cellen och därmed varsin kontakt. Kopplar man dessa kontakter till 

en ledning skapas en elektrisk ström som går att utvinna. 

 

Figur 1. Översikt av lagerstruktur hos en solcell som absorberar solljus och genererar elektricitet. 

En viss sorts solcell som har visat stor potential är tunnfilmssolcellen. Som går att gissa från namnet 

är dess lager tunna filmer staplade på varandra, cellens tjocklek kan vara ner till 30 gånger tunnare 

än tjockleken på ett hårstrå. Trots att de är tunna har cellerna potential att vara både effektivare och 

billigare än dagens vanligaste solceller gjorda av kristallint kisel. Problemet med dessa tunna celler 

är dock att de innehåller material som är sällsynta på jorden och om solenergi ska vara 



konkurrenskraftig med andra energisystem krävs det att dessa kan ersättas av andra, mindre 

sällsynta, material.  

I detta projekt har vi valt att undersöka två kandidater som skulle kunna fungera som det 

absorberande lagret i solcellen. Båda består av ämnen som är vanliga på jorden och skulle kunna 

ha de egenskaper som krävs för att utvinna solens energi. Dessa är mangankiselsulfid (Mn2SiS4) 

samt järnkiselsulfid (Fe2SiS4).  

Material som är så pass tunna skapas ofta genom att tjockare substrat, gjorda av till exempel glas, 

beläggs med en tunn film av materialet. Vi har använt oss av en beläggningsteknik som kallas 

magnetronsputtring. Denna teknik utnyttjar ett så kallat plasma, vilket är en laddad gas (ofta kallat 

det fjärde grundtillståndet, efter fast, flytande och gas). I sputterkammaren finns två bitar, eller 

källor, av de ämnen som ska beläggas, vilket i vårt fall var kisel, samt järn eller mangan beroende 

på vilket material vi skulle skapa. Vid källorna skapas plasmat som hålls på plats med magnetfält. 

Laddade partiklar från plasmat slår då loss (sputtrar loss) atomer från källorna som därmed blir fria 

i kammaren. I kammaren finns en gas som innehåller den tredje ingrediensen till våra material, 

svavel, de frigjorda atomerna kan reagera med gasen och tar då med sig svavel på väg till substratet. 

När de nått substratet fastnar atomerna och svavelföreningarna och formar därmed en film. Av 

denna beläggningsmetod skapas en oordnad film som inte riktigt är klar, för att den ska ordna till 

sig krävs uppvärmning, vilket vi gör i en ugn vid temperaturer över 600 °C.  

När hela processen var klar undersökte vi om vi lyckats skapa materialen med flera analysmetoder. 

Genom att bestråla materialet med elektroner i ett så kallat elektronmikroskop och analysera 

tillbakasignalen går det dels att få en bild av ytan med flera 10 000 gångers förstorning, dessutom 

går det att se hur mycket av varje grundämne som filmen innehåller genom att använda 

analysmetoden EDS. Från en annan analysmetod som kallas XRD, som bestrålar materialet med 

röntgenstrålar, går det att få information om materialet har kristalliserat ordentligt och dessutom 

kan metoden ge några ledtrådar om vad som har formats i processen. 

Under projektet lyckades vi skapa en tunn film utav mangankiselsulfid, vilket ingen har rapporterat 

tidigare. Det andra materialet, järnkiselsulfid, lyckades vi inte skapa, istället verkar det som att 

järnsulfid och kiselsulfid skapats istället. För båda materialen krävs vidare forskning för att 

verkligen avgöra om de är bra kandidater för solcellsindustrin. 
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1 Introduction 

Photovoltaic (PV) technology, commonly known as solar cells, will most likely play a considerable 

role in the future of sustainable and fossil fuel free energy generation. The photovoltaic capacity 

has grown rapidly for some time, IEA PVPS reported a growth of 75 GW worldwide 2016 reaching 

a total installed capacity of around 300 GW[1], and the numbers will probably keep growing with 

further development.  

A solar cell uses the sunlight to create electricity. A typical solar cell is built up by several layers 

with different purposes (see Figure 1), there is a front and a back contact to extract charge carriers 

and an absorber layer, normally a semiconductor material, where photons with energies higher than 

the band gap of the semi-conductor are absorbed so that electron-hole pairs are created. In order to 

extract these as a useful electric current, another layer (window layer) should be combined with 

the absorber material to create a so-called p-n-junction. As the name implies, this junction is a 

combination of a p-type semi-conductor (absorber layer), which has a high concentration of 

positively charged holes, and a n-type semi-conductor, that has an excess of electrons, these semi-

conductors can consist of different materials (heterojunction) e.g. CIGS, or just different doping of 

the same material (homojunction) e.g crystalline silicon. The p-n junction creates a potential 

difference inside the cell which separates the hole and electron to the back and front contact 

respectively. This generates a current that can be extracted and used[2]. 

 

Figure 1. Simple overview of solar cell, showing how an electron hole pair is created by the incoming solar photons and goes to 

the front and back contact respectively, creating an electric current. 

When looking at semi-conductors for solar cells there are many details to consider. The bandgap 

can be direct or indirect, a semi-conductor with an indirect band gap has a lower absorption 

coefficient and would have to be thicker to absorb as much of the sunlight as possible. Also, the 

carrier lifetime of the material is important, it says on average how long a generated electron 

survives before it recombines in the material [2, pp. 61–71]. Calculations have shown that an 
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optimal bandgap exists to achieve the highest efficiency with the solar spectrum we have on earth. 

This band gap is 1.38 eV and gives the highest possible efficiency of 30.02 % based on the AM 

1.5 solar spectrum and the assumption that only one p-n junction is used [2, p. 92]. 

There are three main types of solar cells that are in development: wafer-based crystalline, thin films 

and organic. Crystalline silicon is the most common material used today, which makes up for 94 

% of the cell production in all IEA PVPS countries[3, p. 5]. As seen in Table 1, silicon is an 

abundant element and crystalline silicon solar cells are closing in on its theoretical efficiency limit 

of 28,6% (based on its band gap of 1.1 eV)[2, p. 92], [4, p. 27]. However, these cells face other 

problems: silicon has an indirect band gap, which makes it less likely to absorb photons and 

therefore the high efficiency cells need to contain a thick Si-layer that needs to be defect free. [2, 

pp. 63–71] This means more material usage and higher production costs. 

Thin film solar cells are based on direct band gap materials. Since they have a direct band gap they 

can be between 0.1-10 µm instead of 180 µm as for crystalline silicon cells [4, p. 28]. Less thickness 

of course means less material usage and since the electrons have less distance to travel to the contact 

layers the purity of the cell is less important, which makes production easier. According to reports 

from IEA PVPS, thin film solar cell efficiencies are approaching that of crystalline silicon and they 

are potentially less expensive to manufacture. The commercially used thin film materials today are 

cadmium telluride (CdTe) and copper-indium-(gallium)-diselenide (CIGSe and CISe)[3]. These 

materials does not need a long time to return the energy that took to produce them and they have 

good efficiencies, but there is one major problem: the abundance and availability of the components 

[2, p. 129]. Therefore, the manufacturing technique still has some obstacles to overcome, one of 

which is the use of rare elements in the absorbing layers of the cells. 

If the solar cell industry continues to grow, it would be necessary to think about whether the used 

materials are abundant enough to cover a growing market of the thin film solar cell technology. 

MIT’s study on the future of solar energy argues that if either CdTe or CIGS thin film solar cells 

are going to cover even 5 % of the electricity demand, all of the world’s production of tellurium, 

indium and gallium would have to be turned towards solar cell production [4, p. 144]. By just 

looking at the abundance of each element and disregarding the cumulative production of each 

element each year, we can estimate the potential that lies in the Earth’s crust. Table 1 lists the 

abundance of a number of elements that are of interest for photovoltaics.  
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Table 1. Abundance of interesting materials for photovoltaics. The values are taken from the CRC Handbook of Chemistry and 

Physics[5]. 

Element (symbol) 
Abundance in crust 

[Weight %] 

Silicon (Si) 28.2 

Iron (Fe) 5.63 

Manganese (Mn) 9.5 x 10-2 

Sulfur (S) 3.5 x 10-2 

Copper (Cu) 6 x 10-3 

Gallium (Ga) 1.9 x 10-3 

Indium (In) 2.5 x 10-5 

Cadmium (Cd) 1.5 x 10-5 

Silver (Ag) 7.5 x 10-6 

Selenium (Se) 5 x 10-6 

Tellurium (Te) 1 x 10-7 

 

Silicon is the second most abundant element in the earth’s crust (after oxygen), and iron comes at 

fourth place. Manganese comes at 16th place and is more abundant than copper. Looking at other 

materials in the table we have tellurium, cadmium and indium used in solar cells today coming in 

at sixth, 17th and 19th place from the least abundant materials in the crust of the Earth of all elements 

in between hydrogen to uranium[5]. 

Many earth abundant materials have been suggested to replace the major thin film materials today 

and research is being done on many, e.g. at Uppsala University research is being done on copper-

zinc-tin-sulfide/selenide Cu2ZnSnS(e)4 (CZTS(e)) as well as other viable candidates. But so far, 

none of these alternatives has reached close to the efficiency of the commercial thin film materials. 

Some ternary metal chalcogenides are supposed to be interesting candidates for cheap earth 

abundant solar cell absorbers too. They have the formula A2MQ4 (A = alkaline-earth/transition 

metal; M = Si, Ge or Sn; Q = S, Se or Te). In this work, among many candidates, we have chosen 

two materials that could be promising for further investigation: manganese silicon sulfide Mn2SiS4 

(MSS) and iron silicon sulfide Fe2SiS4 (FSS).  

Little is known about these materials, but Fe2SiS4 have been suggested as a possible solar absorber 

with a direct band gap around 1.54 eV [6] and Mn2SiS4 is suspected to have similar properties, 

based on the structural similarity to FSS, but is much less studied. As seen in Table 1, both iron 

and manganese are earth abundant materials. To determine the feasibility of these materials to be 

viable candidates for solar cell absorber layers, their optical and electronic properties should be 

properly investigated. However, prior to that they need to be manufactured as thin films. 

Thus, in this master thesis the main objectives were to make MSS and FSS thin films and 

characterise their structural and optical properties. If these goals were successfully achieved then 

further investigation and implementation of new absorber layers in solar cell structures could be 

performed. 
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It is important to emphasize the novelty of this study since there has been little (FSS) or no (MSS) 

prior investigation of the chosen materials for PV applications, and very little is known about 

MSS/FSS thin film production.  

In order to make the target materials the use of magnetron sputtering as a deposition technique was 

suggested. Since there was no information about the sputtering conditions to form stoichiometric 

compounds, it was decided to use a combinatorial approach: to grow compositionally graded thin 

film precursors and then transport them into a tube furnace where they could be annealed in a sulfur 

rich environment. By doing this way it is possible to reach crystallization and get an idea about 

secondary phases which possibly could appear alongside the target compound in the thin film 

structure. By using this method, we can cover a large stoichiometric variation and learn much more 

about physical and chemical reactions happening during the growth in comparison with classical 

approach; we efficiently gain massive information about each process by spending less 

experimental time; moreover, less material is used from the sputtering targets which makes the 

whole development process economically and environmentally friendly. 
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2 Background 

Both MSS and FSS materials have an olivine structure as presented in Figure 2. 

a) b) 

 

Figure 2.Crystal structure of the Mn2SiS4 (a) and Fe2SiS4(b) compounds. Yellow spheres correspond to sulfur, pink to silicon, 

purple to manganese and orange to iron atoms respectively. The figures are acquired from Springer materials website[7]. 

2.1 Manganese silicon sulfide 

Little has been reported about manganese silicon sulfide Mn2SiS4 (MSS). No information about 

band gap values or optical properties could be found from the literature or databases. However, the 

compound has the same structure as Fe2SiS4, seen in Figure 2, and Mn neighbours Fe in the periodic 

table, which means that similar properties of the compounds are possible. These similarities and 

that FSS is expected to have desirable properties makes MSS a compound worth investigating 

further for solar absorption. 

From the latest articles (1989) it is known that Fuhrmann and Pickardt [9] reported MSS single 

crystal manufacture by I2 transport with MnS, Si and S8 as reactants that were sealed in quartz 

ampoules at 923/873 K for two weeks. They obtained an olivine crystal structure based on XRD 

measurements and calculated bond-distances and angles values [8]. Later, Church et. al. prepared 

MSS single crystal by adding powder elements with an excess of silicon to carbonized evacuated 

quartz tubes. Reactants were then slowly heated to 1150°C and then annealed at 540°C for three 
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weeks and quenched to 0°C. An XRD pattern corresponding to the olivine structure was acquired 

at 4.2K and 183K, and magnetic properties such as susceptibility were measured [10]. These two 

papers were indicating the possibility of manufacturing MSS compound, however no reports about 

thin film growth were found. 

Before starting my project, several attempts of MSS manufacturing by magnetron sputtering had 

been done by my advisors A. Davydova and J. J. Scragg at Uppsala University. Thus, one of my 

tasks was to assist in ongoing material development; results of this study can be found in this thesis 

in Chapter 6.  

2.2 Iron silicon sulfide 

From a literature survey, it could be concluded that more research has been done regarding iron 

silicon sulfide Fe2SiS4 (FSS). The compound was suggested as a candidate for earth abundant thin 

film solar absorbers, as a response to the earlier suggested pyrite (FeS2) that showed promise with 

a band gap of 0.9 eV and absorption coefficient of above 105 cm-1. However, pyrite-based solar 

cells suffered from performance problems due to very low open circuit voltages[9].  

Several sources reported FSS synthesis by mixing a stoichiometric amount of each element and 

then heating it up to temperatures above 1000 °C [6], [9], [10]. Single crystals have also been 

grown by Chemical Vapor Transport (CVT) [6], [9]–[11]. Jiang et al. have identified kinetic factors 

regarding the formation of FSS: they tried different methods of creating the material and their most 

promising result succeeded in creating FSS at temperatures about 550 °C. This was done by pre-

reacting iron and silicon, forming Fe3Si and Fe5Si3, that were sulfurized at 550 °C. If iron sulfides 

such as pyrite (FeS2) and pyrrhotite (Fe1-xS, x<0.2) were used as precursors  it required 

temperatures above 743 °C to create Fe2SiS4 [11]. 

Attempts for creating FSS thin film had been conducted by Pelatt et. al. They tried to manufacture 

a SiS2 target and combine it with Fe target in RF magnetron sputtering, which is similar to a method 

used earlier to create a thin film of iron germanium sulfide (Fe2GeS4/FGS). However, usage of SiS2 

target failed since SiS2 reacted easily with the moisture in the air and formed SiO2. Taking this into 

account, Pelatt attempted three other methods of creating FSS thin films: (1) evaporating a thin 

film of iron onto a silicon wafer and then sulfurize the sample; (2) sputtering iron sulfide onto a 

silicon wafer and then anneal in a silicon sulfide rich environment, and (3) annealing of FGS thin 

film in silicon sulfide rich environment to replace Ge with Si in the material. All the experiments 

were handled in a nitrogen-filled glove box to avoid a reaction with the air/moisture. The first two 

methods led to limited success in creating FSS thin films; in the first case, secondary phases of FeS 

were massively incorporated in the structure which indicated absence of single phase in resulted 

film; in the second case films suffered from poor adhesion and it was hard to perform the 

characterization. The third method of replacing germanium by silicon didn’t seem to work due to 

absence of any silicon content in the obtained film. Based on these three experiments Pelatt 

suggested another method: sulfurization of the consecutive stacking of iron and silicon thin layers.  

However, authors didn't verify this approach and instead concluded that the FGS device-based 

simulations didn’t look promising and that FSS wouldn’t be any better [12].  
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The stability of FSS sample in air is not reported, normally experiments are conducted in a 

protected environment as mentioned above. However, Platt reported oxygen contaminations of air 

exposed FSS pellets but not in pellets of FGS, no further investigation of the problem was 

conducted. [9, p. 23] 

There are two patents that may cover FSS manufacturing: in one of them sputtering and consecutive 

annealing was used [13] while the other used a  substrate coating with ink, containing Fe2SiS4 

nanoparticles, followed by annealing crystallization. [14]. However, unfortunately it is unclear 

whether these patents have successfully created the material or authors just patented the 

manufacturing methods without experimental evidence of success. 

Iron silicon sulfide material shows promise when it comes to optical properties, Yu et al. calculated 

the optical absorption coefficients of FSS which is between 0-3.5 eV, forming an absorption curve, 

and predicted absorption coefficients above 105 cm-1, making thicknesses of less than 0.1 µm 

possible and a direct band gap of 1.55 eV. The band gap was also measured to be 1.54 eV by diffuse 

reflectance measurements of a pressed pellet [6].    

Pelatt tried to experimentally get an absorption curve from one of the thin films created, but the 

curve showed lots of absorption below the indicated band gap which was assumed to come from 

secondary iron sulfide phases [12]. 

2.3 Secondary phases 

During the co-sputtering process of silicon and other metallic targets in a sulfur rich environment 

it is likely that silicon sulfide (SiS2) could be formed. This compound is highly reactive when 

exposed to air/moisture and reaction (1) is very likely to take place. 

𝑆𝑖𝑆2 + 2𝐻2𝑂 → 𝑆𝑖𝑂2 + 2𝐻2𝑆 (1) 

A clear sign of that the reaction is happening is the distinct smell of H2S-gas releasing from the 

surface. The SiO2 phase formed instead is difficult to detect by XRD since it broad band located 

around an 2θ-angle of 23° [15], (see Figure 3). 
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Figure 3. Characteristic amorphous XRD-broad band around 23° of SiO2[17]. 

It’s also possible that manganese and iron form sulfides as secondary phases. Two stable phases of 

iron sulfide are pyrite and pyrrhotite which could be detected by XRD. Pyrite has the chemical 

composition FeS2 and is an abundant mineral in the surface of the Earth. Pyrrhotite is a name for 

iron sulfide with the composition of Fe1-xS, where 0<x<0.2. This material is stable and a very 

abundant iron sulfide in the solar system, it can have monoclinic and hexagonal structure  [16, p. 

516]. Secondary phases with smaller band gaps than the target material could lower the cell voltage 

and are therefore undesired. MnS is also stable and a wide band semi-conductor (3 eV) [17], 

secondary phases with higher band gap is less of a problem. 
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3 Methods 

3.1 Manufacturing 

 Magnetron sputtering 

The deposition method used in this project was reactive magnetron sputtering with two material 

sources, also called targets (see Figure 4 a). The main principle of this deposition technique is the 

following: we have a vacuum chamber pumped down to less than 10-6 mbar and then insert the gas 

(Ar/H2S mixture in our case) so that the pressure is controlled (typically 10-3 mbar range). Targets 

are located inside the chamber and attached to magnetrons (cathode with magnets located from 

sides and in the middle). By applying an electric field on the targets in Direct Current or Radio 

Frequency mode we create an electromagnetic field which affects gas molecules next to the target 

and dissociate them onto electrons and ions (so-called ionization process) thus generating glow a 

discharge (plasma) next to the target. The most important role in magnetron sputtering is given to 

ions, since they are heavy charged particles which bombard the targets and knock out atoms from 

their surfaces. Knocked out (sputtered) atoms then condense on the substrate and in this way thin 

films are formed. [18]. By controlling the gas pressure inside the chamber, the gas mixture, the 

power applied on targets, the temperature of the substrate and other key parameters we can affect 

the sputtering process and thus change the properties of the grown thin film. 

a) b) 

c) 

Figure 4. a) Overview of the magnetron sputtering process b) Example of plasma colour during a deposition of iron in H2S and 

Ar-gas. b) Plasma when pre-sputtering of the silicon-target in argon gas. 
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The equipment used in this project was a Von Ardenne model CS 600 for reactive magnetron 

sputtering (see  Figure 5 a). This instrument has the capacity of having three different targets for 

sputtering at the same time (co-sputtering). In our project only two out of three targets were used: 

a silicon target connected to a radio frequency (RF)-power system and a manganese target for 

Mn2SiS4 manufacturing which was then replaced by an iron target to continue work on the Fe2SiS4 

compound. In both cases the metallic targets were connected to a direct current (DC)-power output. 

Ar + H2S gas mixture was used to incorporate sulfur into the films during the growth process. The 

gas flows as well as the pressure level were controlled by Mass Flow Controllers (MFC) and a 

pressure meter; substrate temperature was controlled by a thermocouple connected to the substrate 

holder. During the deposition, the substrate holder could be either rotated (to reach uniformity of 

the film) or the rotation could be switched off to get a compositional gradient on the film (see 

Figure 6).  

a) b) 

 
c) 

 
 

Figure 5. a) Von Ardenne magnetron sputter. 1) Load lock. 2) Exchange chamber for transporting the sample in and out of 

deposition chamber. 3) Deposition chamber.4) Window into the deposition chamber. 5) Three targets with an angle of 120° 

between each other. 6) H2S gas inflow. b) New iron target installed into its holder. c) Used manganese target, a race track 

created from sputtering away atoms in a circle in several depositions can clearly be seen. 

Figure 6 shows the schematics of sample location on the sample holder and linearly-graded 

composition along the substrate [19]. 

1 

2 

4 

3 

5 

6 
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a)

 

b) 

 

Figure 6. a) Schematic picture of graded sample inside the deposition chamber, the targets are marked with A and B and has an 

angle of 120° between them. b) Approximation of the sample and target placement inside the chamber, one arrow shows the 

compositional gradient and the other shows the thickness gradient that arises because the targets have an 120° angle between 

them, the film is thicker closer to the targets. Two sapphire and two silicon pieces are placed by the edges closest to each target 

for compositional measurements. Two pieces with tape are placed on each side of the thickness gradient. 

 Annealing in sulfur environment (Sulfurization) 

To help the crystallization and formation of the sulfur-containing compunds, the deposited films 

(precursors) were annealed in a sulfur rich environment (so-called sulfurization process). This 

was done by putting the precursors inside a graphite box together with pure sulfur crystals (see 

Figure 15 a) and heating it up rapidly under high argon pressure. The sulfur vapor inside the box 

could react with the films and get incorporated into the structure if insufficient S was in the 

sputtered films. Otherwise, it prevents S loss from the films during high temperature processing. 

The equipment used was a Sulfoselenisation (SuSe) tube furnace which is capable to perform 

heating up to 640 °C under controlled heating/cooling rate, annealing time, pressure and 

sulfur/selenium content in the box. . The graphite boxes are designed to anneal samples with sizes 

of up to 50x50 mm. 

 

 

 

 

 

A 

B 
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3.2 Analysis 

 Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy 

(EDS) 

Scanning electron microscopy (SEM) together with Energy-dispersive X-ray spectroscopy (EDS) 

was used for imaging and quantitative elemental analysis respectively. The instruments used in this 

work were Zeiss LEO 440 LaB6 SEM equipped with an EDAX EDS system and Zeiss LEO 1550 

FEG SEM equipped with an Aztec EDS system. 

When using both SEM and EDS, it is important to choose the substrate and the accelerating voltage 

of the electron beam carefully.  

In EDS, the accelerating voltage affects the interaction volume of electrons with the analysed 

material. One should choose an appropriate accelerating voltage that provides a sufficient response, 

in the form of X-rays, from the elements in the analysed material [20]. If the interaction volume, 

accelerating voltage and films thickness are not taken into account, quantitative measurements 

could be affected badly and would not be trustworthy.  

In the case of Fe2SiS4 and Mn2SiS4 the complication was that if we used Mo-coated soda lime glass 

as a substrate, then the sulfur K-line in the film would overlap with the Mo L line. Moreover, to 

get precise signal from silicon we had to avoid silicon-containing substrates or increase the 

thickness of the deposited film to prevent the interaction volume going through to the molybdenum 

layer. Thus, depending on interest in the quantitative analysis, different substrates were used for 

thin film deposition. Silicon substrates were used to quantify and compare the oxygen and sulfur 

content in the film; sapphire (Al2O3) substrates were used to see iron, silicon and sulfur. As seen 

in Figure 6 b), to measure the extreme values of the composition, two sapphire and two silicon 

pieces are placed on the edges of the substrate holder. To compare different deposition runs, it is 

required that similar measurement conditions are used, therefore the same accelerating voltage was 

used in this study from substrate to substrate within the same set of deposition runs.  

 X-ray diffraction (XRD) 

In this project, Gracing Incidence X-ray Diffraction (GI-XRD) was used for thin film analysis to 

get information about the crystalline structure. It could help to indicate whether the target materials 

were formed and if they were pure compounds or with contribution from particular secondary/sub-

phases. A Siemens D5000 with parallel beam geometry was used, the substrate holders were 

selected between 0,3-1 mm height depending on the substrate choice. A grazing incidence angle of 

1° was used. The theta range was from 10 to 70°with the step size of 0.05°. Resulting 

diffractograms with peaks at specific locations forming a fingerprint belonging to the material 

phases in the film were then collected [21]. The data was analysed with EVA software with built-

in database of crystal structure patterns.  
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 Raman spectroscopy 

Raman spectroscopy makes use of the inelastic scattering phenomenon that occurs when light of 

one frequency hits a molecule and changes frequency depending on the molecular vibrational 

modes. The difference of frequencies of the incoming light and the scattered light is translated into 

a so-called Raman shift [cm-1] and corresponds to a specific molecular vibration frequency. The 

typical Raman spectrum shows the intensity of the Raman shift against a range of wavenumbers 

[cm-1] and gives an idea about vibrational modes in the crystal and thus help to identify structural 

properties of the film[22]. By comparing known peaks to a measured spectrum, one can say more 

about contribution from different phases in the materials. The system used in this project was a 

Renishaw inVia with multiple wavelength sources of 325, 532 and 785 nm. 

 Profilometry 

As seen in Figure 6 b) two substrates partially covered with strips of tape were placed on each side 

of the sample holder before the deposition. The tape was taken away after the deposition and the 

step created with this method was analysed by a Dektak 150 surface profiler. This way the height 

of this step could give information about thickness of the film on each side of the sample. The 

equipment basically uses a stylus that lightly touches the surface and goes across the step measuring 

the height difference. 

3.3 Experimental overview  

 Mn2SiS4 

The work of this thesis started with the manufacturing of Mn2SiS4 thin films by magnetron 

sputtering deposition. In order to make the desired thin film it was necessary to test several different 

conditions for the deposition and annealing procedures. By changing the magnetron sputtering 

parameters, such as temperature, pressure and power on the targets, it was possible to push the 

composition, stability and material phases in the correct direction. The parameters used for the final 

four sets of MSS-targeted depositions can be seen in Table 2. 

To analyse the precursors and annealed films energy-dispersive X-ray spectroscopy (EDS) was 

used to measure the composition, X-ray crystallography (XRD) and Raman spectroscopy were 

used to make conclusions about single and secondary phases that might be present in the film. 

 Fe2SiS4 

In this study, we also investigated manufacturing of Fe2SiS4 by varying different conditions in the 

magnetron sputtering chamber and analysed the films by EDS and XRD. There were a few issues 

we wanted to clarify before going into the details of the results. First of all, the Fe-target was 

assumed to be short-lasting due to its small thickness and the concentrated racetrack that results 

when using highly magnetic targets such as Fe. Thus, we had to minimize the quantity of runs and 

the deposition time was shortened too. Consequently, the thicknesses of the resulting films were 

smaller than the ones which we had in the MSS study. The thickness of the film affected EDS 
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measurements since we had strong signals from the substrates at relatively low accelerating 

voltage. Thus, in this study we had to take into account specific issues and thus the use of different 

substrates for deposition was suggested: sapphire substrates were used for definition of Fe, Si and 

S contributions, silicon substrates were used for determination of the oxygen content in the film. 

Details about the different experiments can be found in the subchapters 4.2.1 and 4.2.2. It also 

important to note that the stability of the resulting films was poor and our first attempts were aimed 

primarily at solving the instability issues. 
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4 Experiments and results 

4.1 Manufacturing of Manganese silicon sulfide (Mn2SiS4) 

 Synthesis/Making the compound 

During the deposition of MSS both H2S and Ar gas flows were set to 25 SCCM and pressure of 

15mTorr was used in each experimental set, the rest of the settings used can be found in Table 2. 

Sample holder rotation was off during all deposition runs to create a Mn to Si-rich compositional 

gradient on the sample. Substrate temperature was varied from 200-400 °C to improve the 

adhesion, atom mobility and crystal structure relaxation during the growth. By changing power on 

the targets, we could control the sputtered fluxes and thus get the desired composition ranges for 

the films. For all deposition runs soda-lime glass coated with molybdenum was used. The average 

thickness of the obtained films was around 500 nm (results are not shown). Each grown precursor 

was annealed at 630 °C at 350 mTorr with about 15 mg of sulfur in the graphite box for 10 minutes. 

 

Table 2. Settings used in the final four MSS-targeted depositions. Set 3 was used for a composition and an oxidation study. In the 

4th set MSS was found. 

Set# Pressure  

[mTorr] 

Deposition  

time  

[min] 

Power on 

Mn target 

[W] 

Power on 

Si target 

[W] 

T[°C] Comments 

1 15 90 290 200 400  

2 15 90 250 200 400  

3 15 90 250 200 200 
Used for the oxidation and the 

composition study (Chapter 

4.1.2, 4.1.3) 

4 15 90 270 200 300 Mn2SiS4 structure seen in XRD 

 

By analysing Set 1 it was concluded that the excess of Mn in the film led to a formation of a 

manganese sulfide (MnS) film which crystallized and remained on the substrate without any 

reaction with silicon. Thus, the Mn target power was lowered from 290W to 250W by keeping the 

same power on the Si target and the same overall conditions. However, in Set 2 even by lowering 

Mn power, it appeared that a substrate temperature of 400°C prevents SiS2 and MnS to react on the 

surface due to fast crystallization, which consequently led to phase separation. Therefore, in the 

next Set 3 the temperature was lowered to 200°C and overall conditions were kept the same as for 

Set 2. 

The resulting precursor film grown at 200°C was exposed to the air before the annealing and 

decomposition on the silicon rich side was observed. This effect led to assumption that at 200°C 

we could face adhesion problems with Si-rich stoichiometry. Thus, correction of the synthesis 

conditions was made so that substrate temperature was set to 300°C to improve the adhesion but 
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avoid full crystallization of the film at the same time. To prevent Si-rich composition with the main 

contribution from SiS2 secondary phase it was decided to increase power on the Mn target to an 

intermediate level. Nevertheless, Set 3 was used to resolve stability of Mn2SiS4 film (so-called 

oxidation problem). The results of this study are discussed in detail in Chapter 4.1.3. 

Set 4 was our final and the most successful deposition run with substrate temperature of 300°C, 

power on Mn target of 270W and other conditions the same as in previous cases. Taking into 

account the instability of the precursor, we had to minimize the air exposure between sputtering 

and annealing processes. Thus, the annealed film showed large range of single phase Mn2SiS4 with 

small contribution from MnS secondary phases on the Mn-rich side (more details can be found in 

chapter 4.1.4). 

Unfortunately, we could not provide any more runs for this compound due to full consumption of 

the Mn target, thus after this last set we moved to the iron-containing films. In Set 5 a small amount 

of indium could be seen by EDS, which means that the manganese target had been sputtered 

through.  

 Composition variation on graded Mn2SiS4 thin film 

For the combinatorial approach, it was important to get a linear gradient of composition for our 

ternary MSS compounds, so we had to know exactly in which direction this gradient would appear. 

For this purpose, deposition on molybdenum coated soda-lime glass (50x50 mm size) was 

performed without substrate rotation (Set 3 in Table 2). The goal was to achieve a linear 

compositional change on the sample from Mn- to Si-rich stoichiometry. Since the sputter targets 

in the deposition chamber have an angle of 120° between each other it was possible to achieve this 

goal by adjusting the sample orientation on the sample holder. After the deposition, the precursor 

was immediately investigated by EDS, with an accelerating voltage of 12 keV to see how the 

composition might vary across the sample. Figure 7 a) shows the schematic representation of our 

experiment and measured points. Figure 7 b) and c) shows the results from the EDS measurements.  

To see how the composition might vary across the sample, a graded MSS precursor from Set 3 (see 

Table 2) was investigated by EDS in Leo 440 with an accelerating voltage of 12 keV.  

From the atomic percentages (At%) given by the quantitative measurements of EDS we estimated 

the compositions in the film, disregarding other elements belonging to the substrate. This was done 

by calculating ratios of the atomic percentages: 

• The sulfur ratio S/(2Si+Mn) shows how much sulfur is incorporated in the film. 

Theoretically, according to the chemical formula of Mn2SiS4 and oxidation states of the 

metal elements this ratio should be equal to 1 for full sulfur incorporation. 

• At some point in the graded sample, there should be two times the amount of manganese 

atoms than silicon atoms in the film i.e. the Mn/Si ratio should be equal to 2. 

• The oxygen ratio O/(Si+Mn+S) ideally should be 0, but if the compound is not stable in the 

ambient atmosphere then oxygen content could be >0. The ratio is just a comparison on 

how much oxygen is in the film compared to the other components.  
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Figure 7 shows points measured and the results from the EDS analysis. Manganese over silicon 

ratio (Figure 7b) and sulfur content S/(2Si+Mn) (Figure 7c) are shown as a function of the sample 

coordinates. 

a) 

b) c) 

Figure 7. a) Measured points of the sample for compositional study. Low X-values was closer to the manganese target during the 

deposition. b) Results from EDS showing the compostional variation of the manganese over silicon ratio across the sample. c) 

Results from EDS showing the compostional variation of the sulfur ratio across the sample. 

As it can be seen in Figure 7 b) and c) the composition variation appeared along the X-axis so that 

the Mn/Si ratio changed from 0,85 to 2,15 and the sulfur content increased from the manganese to 

silicon rich side (1,27 to 1,47). There was a tiny shift in composition along the Y-axis parallel to 

the Mn- and Si-rich sides. However, we could neglect these small changes since most of the 

stoichiometric points were homogeneously distributed along the graded line. The plotted maps also 

confirmed that desired stoichiometric points with Mn/Si-ratios of 2 as well as sulfur ratios greater 

than 1 were on the sample, the latter indicating plentiful incorporation of sulfur. With the 

demonstrated control over the composition gradient, the resulted precursor could be cut along the 

Mn/Si-gradient, so we could get several similar samples, treat them under various conditions and 

then compare. Thus, the resulting MSS precursors were cut into 4 pieces of about 15x50 mm size 

each.  
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 Investigating the stability of Mn2SiS4 thin film (Oxidation) 

To check the stability of the precursor in the ambient atmosphere an oxidation study was conducted. 

The main idea was to measure the composition of the film as a function of time in order to see how 

fast the precursor degraded and potentially decomposed over 7 days.  

To provide this study one of the 15x50 mm pieces from the precursor from Set 3 (see Table 2) was 

taken and measured by EDS in a specific way straight after deposition. The accelerating voltage 

was kept to 12 keV for all the measurements and a step size of 10 mm along the compositional 

gradient was chosen. EDS maps were performed in the middle areas of each of the defined ''stripes'' 

(see Figure 8). The same measurements were performed after 24-72-144 h during which the 

analysed precursor stayed in the ambient atmosphere and was exposed to direct reaction with the 

air. After the first 24 hours, it was noticed that in Stripe 1 and 2 (which corresponded to Si-rich 

compositions) the film was partially peeled off. So, we had to provide further analysis with one 

missing point (corresponding to #2 in Figure 8) The measurements on Stripe 1 were carried out on 

the piece of the film that was left. 
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Figure 8. Illustration of the 15x50 mm2sample used for oxidation study divided into five 10 mm stripes across the compositional 

gradient, seen after parts of the film peeled off. Stripe 1 still have parts of the film left and area 3 mostly consists of a rough area. 

 

Figure 9. Summary of the measurements carried out on a graded MSS-precursor sample with EDS at 12 keV. Every point is 

numbered by the zone where the measurement was carried out. The ratios of the elemental percentages are represented on the 

axis. a) Day 1, not oxidized showing sulfur content against Si and Mn content. b) Day 2, showing sulfur content as well as oxygen 

content. c) Day 4, also showing standard deviation. d) Day 7, contains another measurement in zone 3 outside the rough area, 

here called 3’. 

Looking at the results presented on Figure 9 the manganese rich side seems to oxidize to an oxygen 

ratio of around 0.1 and then stay there more or less on the same level. However, on the silicon rich 

side the sample seems to oxidize much further. A pattern can clearly be seen, where oxygen-content 

goes up and the sulfur goes down. This indicates that reaction (1), presented in chapter 2.3, takes 

place. Most likely SiS2 is deposited and by reaction with the moist air the sulfur is exchanged by 
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oxygen under the formation of SiO2, explaining a higher amount of oxidation on the silicon rich 

side. 

If there is oxygen in the film it will most likely disturb the formation of the target compound MSS. 

To investigate this, two pieces of the four final MSS deposition runs (see Table 2) were measured 

by EDS and XRD, one piece of each set was annealed straight after being deposited and the other 

stayed in air for two days before being annealed. The annealing conditions were set to 630 °C at 

350 mTorr with around 15 mg of sulfur in the graphite box for 10 minutes. As for the oxidation 

study the EDS measurements was conducted in the middle of five 10 mm stripes going along the 

compositional gradient (see Figure 8) with an accelerating voltage of 12 keV, the results are 

presented in Figure 10. 
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Figure 10. EDS measurements for four different sets of MSS attempts with different recipes, each set contain a piece with limited 

air exposure, the other has been stored in air before annealed. Each piece is measured in five steps at similar position on the 

sample. For set 3 parts of the film peeled off in in stripe 2. 
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Figure 10 a) and b) shows that MSS Set 1 seems to stay at an oxidation ratio around 0.2 and a sulfur 

ratio between 1.0-1.2 even after being exposed to air for two days before annealing. The sulfur 

ratio of set 2 seems to go down, from 1.05 to 0.85, close to the Mn-rich side and the oxygen ratio 

seems to go up from 0.15 to 0.25. For set 3 the oxygen level goes up from 0.2 to 0.7 on the silicon 

rich side and from 0.2 to 0.4 on the manganese rich side and the sulfur level goes down from 1.1 

to 0.7 and 1.1 to 0.8 respectively. 

Set 4 seems to follow the trend of set 3, the oxygen level goes up from 0.2 to 0.8 on the silicon rich 

side and from 0.2 to 0.3 on the manganese rich side and the sulfur level goes down from 1.1 to 0.7 

and 1.1 to 0.9 respectively. 

The trends in Figure 10 clearly show that exposing the precursor to air before annealing leads to a 

higher degree of oxidation of the annealed films. Therefore, a minimised air exposure of the MSS 

precursor before annealing is highly recommended for good quality films.   

 Successful deposition 

As mentioned in the previous chapter both 15x50 mm pieces, air exposed and non-exposed, of all 

final sets of MSS was measured by XRD. One of them showed a pattern corresponding to MSS. 

Diffractograms from the XRD measurements done on MSS set 4 (see Table 2) can be seen in Figure 

11. 
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a)  

 b) 

Figure 11. XRD data of MSS set 4. a) Annealed piece from non-oxidized precursor, * represent peaks belonging to MSS. 'Mo' 

represent molybdenum peaks from the substrate. b) Annealed piece from oxidized precursor. The data was obtained by A. 

Davydova. 

The pattern belonging to Mn2SiS4 can clearly be seen in the non-oxidized sample of set 4 seen in 

Figure 11 a) but not in the sample annealed from the oxidized precursor seen in Figure 11 b), further 

confirming that exposing the precursors to air should be avoided in order to successfully form the 

target compound.   
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4.2 Manufacturing of Iron silicon sulfide 

 Investigation of iron sulfide (FexSy) 

Before attempting deposition of Fe2SiS4 it was important to get the growth rate for non-graded iron 

and iron sulfide films. It was found that sputtering for 15 minutes with 300 W on the Fe-target at 

room temperature and 10 mTorr with H2S +Argon gas both set to a flow of 25 SCCM gave a film 

thickness of about 120 nm. To find more information about the stable iron sulfide phases, i.e. 

possible secondary phases when depositing FSS, a longer deposition with the same settings but for 

30 minutes was conducted. The substrates for this test were chosen to be sapphire, silicon and soda-

lime glass coated with molybdenum. EDS, Raman-spectroscopy and X-ray diffraction were carried 

out on the sample. For the sapphire substrate, the EDS showed a S/Fe At%-ratio of 2.2 and no 

oxygen was seen in the films. The Raman data acquired with 532 nm laser is presented in Figure 

12. 
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 a) 

 b) 

c)  

Figure 12. Raman spectrum of iron sulfide sample measured at 512nm. Recipe used for deposition: 300W on Fe / RT / 30 min / 

10mTorr / H2S and Ar on 25 SCCM. Compared with database files, from the RRUFF database [23], showing: a) Pyrite b) 

Pyrrhotite c) Silicon. 

Figure 12 shows the Raman spectrum for the FexSy-sample on a silicon substrate, the data is 

compared to spectrums found in the RRUFF-database for pyrite, pyrrhotite and silicon [23]. In 

Figure 12 c) a peak at 520 cm-1 matches the characteristic of silicon peak and most likely comes 

from the substrate. Two characteristic peaks that could belong to both pyrite (FeS2) and pyrrhotite 
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(Fe1-xS, where x<0.2) are present in the resulting film. From the comparison in Figure 12 a) and b), 

it is clear that peaks at 340 cm-1 are overlapping between these two phases and the peak at  

380 cm-1 is slightly shifted and corresponds more to the pyrrhotite pattern. Thus, Raman 

spectroscopy could not help to separate these two phases. The XRD-data, seen in Figure 13, clearly 

corresponds to the pyrite structure.  

 

Figure 13. XRD-diffractogram of FexSy sample on Si-substrate. + marks pyrite (FeS2) peaks [ICDD PDF 00-026-0801]. 

It’s most likely that pyrite (FeS2) or a mixture of phases are present in the compound. If pyrrhotite 

(Fe1-xS, where x<0.2) would be present the S/Fe At%-ratio, received from EDS, would be lower 

than 2 not above.  

 Iron silicon sulfide 

In this section three experiments containing five attempts of creating iron silicon sulfide 

(Fe2SiS4/FSS) are presented, a summary of the recipes can be found in Table 3 below and the 

details about each experimental set can be found in subchapters below. 
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Table 3. Settings used while depositing iron silicon sulfide. The first column shows which set the runs belong to. The 4th run of 

FSS was also coated with a Si-layer on top. The substrate abbreviations are SLG: Soda lime glass, SLG+Mo: Soda-lime glass 

coated with molybdenum, Sph: sapphire (Al2O3), Si: Silicon. 

Set # FSS 

run # 

Pressure  

[mTorr] 

Deposition  

time  

[min] 

Power on 

Fe target 

[W] 

Power on 

Si target 

[W] 

T 

[°C] 

Substrates Thickness 

[nm] 

Annealing 

1 1 10 30 300 125 300 SLG+Mo, Sph 220-260 Yes 

2 

2 10 60 300 175 300 
SLG+Mo, Sph, 

Si 
580-760 No 

3 10 45 300 175 300 
SLG+Mo, Sph, 

Si 
500 No 

3 
4 10 45 300 175 300 SLG, Sph, Si 530-610 Yes 

5 20 75 300 175 200 SLG, Sph, Si 430-550 Yes 

 

For each Set shown in Table 3 we used a flow of 25 SCCM for both H2S and Ar gas and the 

pressure was set to 10 mTorr in all runs except the last one (FSS run 5). Rotation was switched off 

during all depositions to create compositional gradient on the film. For Set 1 and Set 3 the annealing 

was performed at 630 °C at 350 mTorr with around 14 mg of sulfur in the graphite box for 10 

minutes. For every FSS run, EDS-data on graded films was collected, and summarized results are 

presented in Figure 14. Similar to MSS investigation case, atomic percentage (At%) ratios based 

on the quantitative measurements of EDS were used for iron silicon sulfide (Fe2SiS4): 

• Sulfur ratio S/(2Si+Fe) shows how much sulfur is incorporated in the film in comparison 

with the other main elements according to the stoichiometry of Fe2SiS4 compound. When 

balancing the four sulfur atoms with the sum of two iron atoms and two times the single 

silicon atoms the ratio should become 1 for perfect stoichiometry. 

• There should be two times the amount of iron atoms than silicon atoms in the film i.e. the 

Fe/Si ratio should be equal to 2 at some point in the graded samples. 

• The oxygen ratio this time was defined differently in comparison with MSS study case. 

The reason is that resulted films were thinner and we had strong oxygen signal from the 

SLG substrate during the EDS measurements at 13keV. Thus, in order to avoid this 

problem, we used silicon substrates for determination of oxygen content in the film. The 

ratio used was O/S to see the trends on how the oxygen content changed in comparison to 

sulfur. 
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a) 

b) 

Figure 14. a) Sulfur versus silicon and iron At%-ratio on the edges for all FSS depositions, ranging from Si-rich to Fe-rich, 

measured by EDS with an accelerating voltage of 13 keV on sapphire substrate.  The ideal sulfur ratio of 1 and Fe/Si ratio of 2 is 

marked by the orange lines. b) Oxygen versus sulfur ratios for FSS2-FSS5 samples deposited on silicon substrate, measured by 

EDS at an accelerating voltage of 13 keV. The ideal Fe/Si ratio of 2 is marked by the orange line. 

Figure 14 shows that in all cases sulfur content is increased towards the Fe-rich side. The opposite 

trend is seen for oxygen content on the FSS precursors. The only exception was FSS4, which is 

discussed further down. Moreover, the sulfur content is generally low and the oxygen content is 

high, indicating poor air stability. 
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Set 1: the first attempt of depositing iron silicon sulfide (FSS 1) 

Table 3 shows which settings (recipes) that have been used to deposit iron silicon sulfide. The 

first recipe was based on previous experience when depositing manganese silicon sulfide 

(Mn2SiS4/MSS) and the two attempts of depositing iron sulfide for a growth rate study mentioned 

in chapter 4.2.1. The sample was annealed (see Figure 15) and measured in EDS and XRD to 

further investigate its content.  

a) b) c) 

 

Figure 15. The first attempt of FSS, the piece to the left have had minimal air exposure, the piece to the right have stayed in air 

for 8 days a) before annealing, the yellow grains by the edges of the graphite box is sulfur needed to create a sulfur rich 

environment when annealing b) after annealing. C) after annealing showing a blueish colour of the air exposed sample to the 

right. 

The annealed piece was measured by X-ray diffraction and the results can be seen in Figure 16. 

Figure 16. XRD diffractogram of the 1st attempt of forming FSS. ‘Mo’ marks the peaks that come from the molybdenum in the 

substrate. ¤ marks the largest visible peaks of pyrrhotite (Fe1-xS, where x<0.2) [ICDD PDF 00-024-0220].  
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The edge pieces on sapphire substrate were measured in EDS to get the compositional gradient 

across the sample, the results can be found in Figure 14 a), which shows the sulfur ratio of 0.66-

1.06 from the silicon to the iron rich side. The film showed promise when looking at the atomic 

percentage ratios, with a sufficient amount of sulfur (S/(2Si+Fe): 0.7-1.1) and the correct iron 

versus silicon ratio (1.5-3.9), but the thickness was around 220-260 nm which is lower than was 

required (minimum 500 nm) for quantitative measurements. This deposition did not have any 

silicon pieces at the edges for the oxygen gradient and the molybdenum coating on the substrate 

interfered with the EDS-measurement for both oxygen and sulfur because of overlapping peaks, so 

the true oxygen content of the film is therefore unknown. 

The XRD measurements seen in Figure 16 show that the FSS film formation was not achieved, 

instead we could see only the pyrrhotite phase. There’s one unknown peak around 2θ = 33° which 

could belong to pyrite, but none of the other peaks support this thesis. 

Set 2: facing instability issues (FSS 2 & 3) 

The next deposition had a double deposition time to increase the thickness. However, during this 

deposition the silicon target became short circuited and the sample could not be used. To check the 

state of the silicon target, the deposition chamber had to be flushed overnight to evacuate H2S gas, 

this allowed the iron target to be exposed to the air for a long time and therefore it got an oxide 

layer on top. After testing the silicon target and fixing the short circuit issues a new attempt of FSS 

manufacturing was conducted. Before this it also had been noticed that the sample might be too 

silicon poor which is why the power of the silicon target was increased from 125 W to 175 W in 

the 2nd attempt of FSS.  

For the FSS2 sample, EDS showed a very high oxygen content (O/S: 0.5-1.6), seen in Figure 14 

b), after only being exposed to air for 5 minutes (while taking it out from the depositing chamber 

and moving it to the microscopy room). The distinct smell of H2S was sensed and it suggested that 

the reaction between SiS2 and moisture in the air had taken place (reaction 1 presented in chapter 

2.3), but it was assumed that such a high oxygen content couldn’t come just from the short air 

exposure. Therefore, additional tests had to be performed for both iron and silicon targets.  

The Iron target was tested by sputtering in pure argon atmosphere so that an iron film could be 

formed on the substrate. The resulting film was coated with thin layer of silicon to prevent oxidation 

of the iron film during the transfer from deposition chamber to SEM/EDS. The EDS analysis of 

this precursor showed no oxygen content but small amount of sulfur.  This was most likely because 

one of the targets still had a sulfurized layer left on it from previous depositions with H2S.  

The silicon target test was made by performing sputtering from the silicon target in pure argon 

atmosphere on silicon substrate (in order to get oxygen and sulfur content). When the resulting film 

was taken out of the chamber H2S was released from the surface and an obvious visible reaction 

took place, seen in Figure 17. The EDS showed some oxygen and a minimal amount of sulfur.  

After these simple tests it was concluded that if the iron target had any oxygen contamination 

(which most likely was the case) it had been sputtered away during the pre-sputtering process. 
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However, it appeared that the silicon target had some sulfurized layer on top that was not removed 

by a short pre-sputtering process.  

a) b)

 

c)

 

d)

 

Figure 17. a) Silicon substrate before Si-target test. b) After the deposition, the sample was blue c) Reference Si-substrate to the 

left and the sample to the right, just before EDS. The sample had changed colour to purple. d) Reference Si-substrate to the left 

and sample to the right, just after EDS. The sample had changed colour to brown. 

After clarifying issues with the targets, a 3rd attempt of FSS (FSS3), with the same recipe as in the 

2nd run, was performed. The only change in condition was a shorter deposition time because 

previous FSS films had an average thickness of 650 nm which could give rise to inner strains and 

peeling off problems during the anneal. The results from the FSS3 run still showed high oxygen 

content (O/S: 0.5-1.6; see Figure 14 b), now the precursor was suspected to oxidize faster than 

previously assumed. By checking the XRD pattern of the precursor (Figure 18) we could not detect 

any FSS traces, instead we could see a pyrrhotite phase with low intensity of the peaks (which 

suggests that the precursor film was most likely polycrystalline). 

After the 2nd and 3rd FSS attempts it was clear that the precursor stability problems were far more 

severe than in the MSS development case. To understand the reasons of the instability of the 

compound we had to provide additional oxidation study.  
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Figure 18. XRD-diffractogram showing the 3rd attempt of FSS. ¤ shows two peaks that could represent polycrystalline pyrrhotite. 

'Mo' shows peaks belonging to the molybdenum susbtrate. 

Set 3: possible solutions / resolving instability issues (FSS 4 & 5) 

Two more deposition attempts, to solve the oxidation problem, were provided in this experimental 

set. The substrates used for the sample were 4 pieces of soda-lime glass each 15x35 mm (see Figure 

19 a), silicon and sapphire were used for composition measurement and taped pieces on the sides 

were used for thickness measurements. The compositional gradient of the precursor was studied in 

EDS as before; the results can be seen in Figure 14. Both FSS4 and FSS5 samples were then studied 

with X-ray diffraction before and after annealing. 

In the FSS4 run the first idea was to protect the FSS precursor with a capping layer of silicon before 

taking it to the annealing furnace. This way we hoped to avoid fast oxidation of the surface. In 

order to make the capping layer we pre-sputtered the silicon target for 30 minutes after the co-

sputtering of FSS, and then deposited silicon layer for 20 minutes on top of the precursor. However, 

while taking out the sample it was clear that H2S gas was released and the surface again got 

oxidized quickly (see Figure 19). This reaction made us to conclude that the silicon target was not 

cleaned from the sulfurized layer even after a long pre-sputtering step, and instead of pure silicon, 

silicon sulfide was deposited on the surface. 
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a) c) 

b) 

Figure 19. a) Picture of the 4th attempt of FSS straight after taken it out of the deposition chamber. It shows a green colour 

indicating that not pure silicon is not deposited on top of the film. b) Edge pieces of 4th deposition attempt of FSS after being 

exposed too air, a change in colour can be seen compare to a) indicating a reaction. c) XRD measurement points on both the 4th 

and 5th attempt of FSS.  

The FSS4 sample then was investigated by EDS and XRD as a precursor and then after the 

annealing process. The EDS results can be seen in Figure 14 and it is obvious that we could not 

actually get any idea about the silicon content due to the capping layer on top of the film, which 

pushed the composition towards the Si-rich side. Surprisingly, the sulfur content was quite low in 

this film and O/S-ratio also could not help in understanding of this data. Nevertheless, the XRD 

measurements were performed then are presented in Figure 20. 
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Figure 20. XRD-diffractogram on different parts of the annealed pieces of the 4th attempt of Iron silicon sulfide, as well as one 

measurement of the precursor on the iron rich side, the measured points can be seen in Figure 19 c). ¤ marks the largest visible 

peaks of pyrrhotite (Fe1-xS, where x<0.2) [ICDD PDF 01-076-2308 and PDF 01-079-5969 and PDF 00-024-0220]. + marks 

pyrite (FeS2) peaks [ICDD PDF 01-079-5969]. Recipe used: 300W on Fe / 175W on Si / 300°C / 45min / 10mTorr. 

The XRD-diffractograms in Figure 20 show data for both precursor (green) and annealed film 

measured on the different locations of the FSS4 sample. The XRD on the precursor showed two 

clear peaks that could belong to polycrystalline pyrrhotite, but no other phases could be seen. The 

analysis of the annealed film showed that after the heat treatment both pyrite (FeS2) and pyrrhotite 

(Fe1-xS, where x<0.2) phases become more pronounced. Also, the broad band around 23° could be 

seen on silicon rich side of the sample (black curve) which suggested the presence of SiO2 (it could 

be formed due to SiS2 reaction with the moisture in the air). Unfortunately, in this run we didn't get 

any success in making Fe2SiS4.  

One of the next suggestions was that the film might have an insufficient amount of sulfur during 

the growth and therefore won’t form a stable precursor. In deposition 5 two things were changed 

in order to check our assumption: to increase the sulfur content, the temperature was reduced, from 

300°C to 200°C, because the sulfur might evaporate instead of staying on the surface with higher 

temperature, and the pressure was increased to increase the probability for the iron and silicon to 

encounter more sulfur on the way down to the film. The EDS data for the sample can be found in 

Figure 14 and the XRD data can be seen in Figure 21 below. 
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Figure 21. XRD-diffractogram on different parts of the annealed pieces of the 5th attempt of Iron silicon sulfide, as well as one 

measurement of the precursor on the iron rich side, the measured points can be seen in Figure 19 c. ¤ marks the largest visible 

peaks of Pyrrhotite (Fe1-xS, where x<0.2) [ICDD PDF 00-024-0220 and PDF 04-006-4096 and PDF 04-011-1582 and PDF 01-

075-0600]. + marks pyrite (FeS2) peaks [ICDD PDF 00-042-1340]. Recipe used: 300W on Fe / 175W on Si / 200°C / 75min / 

20mTorr. 
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The goal of getting more sulfur into the film seems to be accomplished when looking at the EDS 

data in Figure 14 a) (sulfur ratio: 0.8-2.1), however the oxygen over sulfur content, seen in Figure 

14 b), is higher than previous attempts (O/S: 0.3-2.0). As seen in Figure 21 the precursor of FSS 

deposition 5 shows crystal orientations that belong to pyrite, while the annealed pieces rather 

contain pyrrhotite. The characteristic broad band of SiO2 around 23° also seems to be present in 

most parts of the sample, especially on the silicon rich side. 

5 Discussion 

5.1 MSS 

Manganese silicon sulfide was seen in the XRD spectrum shown in Figure 11 a). As suspected, 

oxidation of the precursors seems to inhibit the formation of MSS when annealing the sample. 

Looking at the oxidation study in chapter 4.1.3 it is likely that reaction (1) takes place after the 

sample is exposed to air. However, deposition runs 1 and 2 do not seem to be as affected by 

oxidation as runs 3 and 4 (see Figure 10), this could be because they were deposited at a higher 

temperature (400°C) and could thereby crystallize, thus becoming less inclined to react with the 

moist in the air. The stability of the annealed pieces in air should be investigated.  

It is unclear if the small amount of indium, discussed in chapter 4.1.1, in Mn2SiS4 in Set 4 affected 

the formation of the targeted material. It would be a good idea to use the same sputter parameters 

as for this depiction with a new manganese target to get rid of the contamination. 

Based on the recipe used in Set 4 (see Table 2) and the insights discussed above more deposition 

and annealing runs should be done, as well as optical measurements, e.g. to investigate the band 

gap of the material, and finally test the material as a solar absorber in a cell. The combinatorial 

approach has been a good way of finding the target material and investigating surrounding 

secondary phases. It may however be a good idea to aim for samples with even composition for 

the optical measurements to limit the disturbance from other phases in the sample. 

5.2 FSS 

It’s clear that instead of the targeted compound, Fe2SiS4, sulfides of iron and silicon are formed. 

As seen in the three experiments presented in the chapters 4.2.1 and 4.2.2 both pyrite and pyrrhotite 

seems to be formed and most likely SiS2 is formed that then oxidizes and forms amorphous SiO2, 

by reaction (1) presented in chapter 2.3. These secondary phases are stable and they’re not likely 

to split up to form Fe2SiS4 at the annealing temperatures we used, it’s therefore important to avoid 

the formation of the secondary phases.  

New recipes should be used to further investigate if the formation of FSS by reactive magnetron 

sputtering is possible. Also, it might be a good idea to pre-react iron and silicon without H2S in the 

deposition chamber (the lowest temperature of forming FSS was achieved by pre reacting iron and 

silicon in [11] and it was also suggested in [12]). Even though previous attempts have been tried 

with magnetron sputtering none of them have tried to sputter silicon and iron followed by 
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sulfurization. Whether a stable enough precursor of iron silicide could be formed by this method 

would need to be investigated. 

Since every attempt to synthesise FSS suffered from oxidation problems, it could be a good idea 

to protect the precursor when moving it between the deposition chamber and the annealing furnace 

with a glove box as Pelatt used in [12] where they succeeded to create the compound. 

During the anneal of the fifth attempt of creating FSS the iron sulfide phase went from pyrite to 

pyrrhotite i.e. there’s less sulfur in the film after the anneal. This could be a sign of that the sulfur 

pressure in the graphite box in the furnace was too low and sulfur escapes the compound instead 

of staying. Higher annealing temperatures could be tested as well as increasing the sulfur content 

in the box.  

On the other hand, it may be the case that FSS is inherently unstable in air. The prediction that FSS 

has good properties for solar cells was based on calculations, where chemical stability was not 

considered. As mention in chapter 2.2, oxygen contaminations in air exposed FSS samples have 

been reported without further investigation. Thus, chemical stability in ambient conditions must be 

investigated for any new compound that is predicted from pure theory approaches.  
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6 Conclusions 

In this work, we attempted to synthesise thin films of the little-studied materials Fe2SiS4 and 

Mn2SiS4, which could be interesting for solar cell applications. A two-step process of reactive 

sputtering of precursors followed by annealing was used.  

A combinatorial approach of forming thin films with a linear composition gradient proved to be a 

useful way of obtaining several important results as well as forming one of the targeted materials. 

The oxygen versus sulfur trends when moving from the Mn/Fe to Si-rich sides of the samples gave 

insight into the formation of SiS2 secondary phases. These phases react with the moisture in the air 

to form SiO2 as well as releasing H2S gas. 

A thin film of manganese silicon sulfide (Mn2SiS4) was successfully created as a single phase and 

seen in XRD, by depositing manganese at 270 W and silicon at 200 W, in a mixture of H2S/Ar gas, 

at 15 mTorr and 300 °C for 90 minutes. This is an achievement that has never been reported before. 

More depositions and analysis are recommended to investigate the optical properties of this 

material. If the compound is fit for solar cell applications is yet to be discovered. 

An important notice regarding the formation of MSS: it can be concluded that if there is oxygen in 

the precursor it will disturb the formation of the target compound. To get good quality thin films it 

has been shown by EDS and XRD that a minimal air exposure of the precursors before annealing 

is very important. 

Regarding the FSS study it can be concluded that the precursors for this compound are far more 

reactive with airborne moisture that the ones for MSS. 

Iron silicon sulfide (Fe2SiS4) was not successfully created and instead SiS2, oxidized into SiO2, and 

iron sulfide phases, such as pyrite (FeS2) and pyrrhotite (Fe1-xS, where x<0.2), were formed. 

Further research is needed to create this material as a thin film. 

A high degree of oxidation was seen in all attempts of creating FSS, taking steps to minimise the 

air exposure of the precursors and annealed pieces are recommended before further investigation 

into this issue.  
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