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Abstract 

Mixed-anion compounds, such as oxypnictides and oxychalcogenides, are an emerging research 

subject as functional solid-state materials. Their structures are more complex compared with 

traditional oxides, which provides novel building blocks for new functional materials. Potential 

applications include transparent electronics, photovoltaics and thermoelectrics. Atomic layer 

deposition (ALD) is a possible solution for fabricating mixed-anion thin films with superior 

properties to bulk mixed-anion compounds.  

Oxysulfides are an interesting group of mixed-anion compounds with desirable electrical properties 

and an inexpensive and non-toxic composition of earth-abundant elements. Their layered structure 

induces several intriguing properties such as superconductivity, transparent p-type 

semiconductivity and wide band gap. Only a few oxysulfides have been fabricated with ALD before. 

In this work, a novel atomic layer deposition process for fabricating oxysulfide LaOCuS (lanthanum 

oxide copper sulfide) thin films was implemented. The films were deposited on silicon and 

borosilicate glass substrates and the precursors used for depositions were La(thd)2, ozone, Cu(acac)2 

and elemental sulfur. Different cycle numbers were utilized along with varying deposition 

temperatures and pulse/purge lengths to find the optimal deposition conditions. X-ray reflectivity 

(XRR) and grazing incidence X-ray diffraction (GIXRD) were used for characterization of the films. 

Both as-deposited and annealed films were characterized. Thin films of LaOCuS were successfully 

fabricated: partial crystallinity was observed in the deposited films and their phase composition was 

examined by comparing the XRD data of the films and the powder XRD data corresponding bulk 

compounds. 

Keywords  ALD, thin films, mixed-anion compounds, oxysulfides, lanthanum oxide, copper 

sulfide 
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Tiivistelmä 

Useamman anionin yhdisteet, kuten oksikalkogeenit ja oksipniktidit, ovat kasvava tutkimuskohde 

funktionaalisina kiinteän faasin materiaaleina. Koska niiden rakenne on monimutkaisempi kuin 

oksideilla, niitä voidaan käyttää lähtöaineina uusille funktionaalisille materiaaleille. Muutamia 

mahdollisia käyttökohteita ovat läpinäkyvä elektroniikka sekä valosähköiset ja termosähköiset 

materiaalit. Atomikerroskasvatuksella (ALD) on mahdollista valmistaa korkealaatuisia useamman 

anionin ohutkalvoja, joilla on paremmat ominaisuudet kuin vastaavilla bulkkiyhdisteillä. 

Yksi useamman anionin yhdisteiden alaryhmä ovat oksisulfidit, joilla on erinomaisia elektronisia 

ominaisuuksia. Lisäksi ne ovat edullisia ja koostuvat myrkyttömistä ja yleisistä alkuaineista.  

Oksisulfidien suprajohtavuus, läpinäkyvyys, p-tyypin puolijohtavuus ja laaja energia-aukko ovat 

seurausta niiden kerrosrakenteesta. Vain muutamia oksisulfideja on valmistettu 

atomikerroskasvatuksella. 

Tässä työssä valmistettiin LaOCuS-ohutkalvoa (lantaanioksidikuparisulfidi) käyttämällä uutta 

atomikerroskasvatusprosessia. Kalvot kasvatettiin pii- ja borosilikaattilasisubstraateille ja 

lähtöaineina käytettiin La(thd)2:ta, otsonia, Cu(acac)2:a ja alkuainerikkiä. Kasvatuksissa vaihdeltiin 

syklien määrää, kasvatuslämpötilaa ja pulssipituuksia optimaalisten kasvatusolosuhteiden 

löytämiseksi. Sekä lämpökäsitellyt että käsittelemättömät ohutkalvot karakterisoitiin. LaOCuS-

ohutkalvon kasvatus atomikerroskasvatuksella onnistui. Ohutkalvot todettiin osittain kiteisiksi ja 

niiden faasirakennetta tutkittiin vertailemalla kalvojen XRD-dataa vastaavien bulkkituotteiden 

pulveri-XRD-dataan.  

Avainsanat  ALD, atomikerroskasvatus, ohutkalvot, oksisulfidit, lantaanioksidi, kuparisulfidi 
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1 Introduction 

Mixed-anion compounds in bulk or thin film form are a less researched group of 

functional solid-state materials that have a variety of novel properties and 

applications. Research has been conducted on electrical applications [1,2], 

coatings [3,4], microbatteries [5], and various thin films [6]. Atomic Layer 

Deposition (ALD) provides an opportunity of synthesizing highly conformal 

structures, which helps improving or discovering new physicochemical properties 

in the compounds. [7] 

Mixed-anion compounds offer an interesting basis for compounds sought for new 

functionalities. Their feature of containing multiple anions instead of a single oxide 

ion (in traditional oxides) makes them more interesting candidates for optical and 

electronic applications because of their broader coordination geometry. 

Applications include energy conversion, catalysis, battery electrodes, 

superconducting materials and thermoelectrics. Additionally, the anionic species 

(such as N, P, S, Cl and O) are usually light and earth-abundant. Controlling multiple 

anion ratio changes the dimensionality of these compounds, permitting 

modifications to compound functions. [8] 

The main goal of the literature part of this thesis is to review different mixed-anion 

compound groups, compare the properties of similar compounds variations in 

properties across groups. In addition, the most common applications of mixed-

anion compounds are examined. 

The experimental part of the thesis focuses on the novel ALD deposition process 

of the inorganic quaternary oxysulfide LaOCuS that has been synthesized by 

various solid-state [9] and sputtering synthesis methods [10] but not yet with ALD.  

Generally, very few mixed-anion thin films have been deposited with ALD and the 

particular LaOCuS compound has never been deposited. Toxic precursor 

substitution is a goal of the experimental part: the commonly utilized H2S has been 

successfully substituted for elemental sulfur in ALD processes recently and 
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elemental sulfur is also used in the experimental part of this thesis as the source 

of sulfur [11]. 
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LITERATURE PART 

2 Mixed-anion compounds 

Mixed-anion compounds are a group of compounds that contain two or more 

different anions. Two terminologies, mixed-anion and heteroanion compounds, 

are used for the same group of compounds [12] but to be consistent, only the term 

mixed-anion compounds is used in this thesis. Mixed-anion compounds contain 

more than one kind of an anion: usually two different anions are present but 

especially doped and substituted compounds may contain three or more anions 

[13,14]. 

In this thesis, the focus is on quaternary compounds that contain oxygen as one 

anion and another element from groups 15, 16 or 17 as the other (such as sulfur 

in oxysulfides). Generally, the format M1OM2A (where M1 and M2 are metal ions 

in the oxide and anion phases respectively) is used in representing the 

stoichiometry of the compounds. For ternary compounds, M2 is omitted. 

Oxygen is an element with which almost all other elements form compounds. The 

Earth’s crust is abundantly composed of oxides, which are commonly found 

everywhere. Oxides are stable and easy to synthesize (usually by high-

temperature solid-state reactions) and present diverse chemical and physical 

properties: catalysis, magnetism electronic properties, and high-temperature 

superconductivity are a few to name. [8,15] 

Oxygen-containing mixed-anion compounds may also be called suboxides, i.e. 

they include an excess of electropositive metals compared to electronegative 

oxygen. As a result, the accommodation of more metals in the mixed-anion 

compound structures may be difficult. [16,17] 

Synthesis methods of bulk mixed-anion compounds mainly include high-

temperature solid-state reactions, where the typical temperature varies between 
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500°C and 1200°C and the synthesis is executed in silica or quartz ampoules [9,18–

20]. Other methods include hydrothermal synthesis [21], high-pressure synthesis 

[22] and ammonolysis for oxynitrides [23]. There are various methods for 

synthesizing mixed-anion thin films, of which pulsed-laser deposition (PLD) [24], 

radio-frequency sputtering (RF sputtering) [10,25] and chemical vapor deposition 

(CVD) [26] are most common. Some atomic layer deposition (ALD) [27–29] 

processes have been reported as well. The synthesis of mixed-anion compounds 

may be complex because of their metastability [30]. Adaption for applications and 

devices requires chemical stabilization of the phases in these compounds, which 

may be possible by combining various synthesis methods, e.g. high pressure and 

high temperature, or by utilizing multi-step processes. [8] 

Currently, mixed-anion compounds provide a new possible materials platform that 

may have new functionality compared to traditional single anion oxide 

compounds. The coordination geometry of mixed-anion compounds is different, 

which provides new building blocks for seeking novel compounds and functions. 

[8] 

This thesis concentrates on the following mixed-anion groups, whose naming is 

based on the two different anions included in the compound: oxychalcogenides 

(oxide-chalcogenides), oxypnictides (oxide-pnictides) and oxyhalides (oxide-

halides). [8] 

2.1 Properties 

Mixed-anion compounds have various electronic and optical properties, e.g. 

semiconductivity, which is observed in oxysulfides (wide-band gap 

semiconductivity in LnOCuQ (Q = S, Se) [31]) and oxynitrides, and 

superconductivity, which is observed especially in oxypnictides. On the other 

hand, oxyselenides have been studied for their thermoelectric properties [32,33] 

and oxynitrides and some oxysulfides for photocatalytic applications [34–36]. The 

number of different mixed-anion compounds is limited even with a wide range of 
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structural possibilities. Currently, there are roughly 3000 mixed-anion compounds 

recorded in the ICSD database (the number of different oxide compounds is over 

50 000). [8] 

In cation-based single-anion compounds, the building units are common 

coordination polyhedra, such as CuO4 square planes. In mixed-anion compounds, 

one or more oxide anions are replaced with other anions, which results in novel 

coordination geometries and flexibility for material functions due to the different 

properties of anions: ionic radius, electronegativity, polarizability and valence. For 

example, the square planar Fe2O layers in the oxychalcogenide A2F2Fe2OQ2 (A=Sr, 

Ba; Q=S, Se) affect the properties of the material. Metal ion substitution is a 

common method for controlling the bond properties and electron count in mixed-

anion compounds. [8,15,37]  

Several mixed-anion compounds consist of alternating layers of metal oxides and 

metal chalcogenides or pnictides, creating a stack of alternative layers. Layered 

oxychalcogenides include alternating layers of an oxide and a chalcogenide: for 

example, the structure of LaOAgS contains layers of LaO and AgS with weak La-S 

bonds between them. The sulfur atoms are located on two parallel planes close to 

each other, whereas the Ag atoms are located inside the tetrahedral of S atoms. 

[14,38] Not all mixed-anion compounds possess a heteroleptic (transition metal or 

main group compounds having more than one type of ligand [30]) coordination 

geometry around a transition metal: some structures are also composed of 

alternative layers with homoleptic (transition metal or main group compounds 

having only one type of ligand [30]) coordination by a different anion. A 

homoleptic example is Sr2MnO2Cu1.5S2 that has alternating layers of Sr2MnO2 and 

Cu1.5S2. In general, crystallography explains the structural relationships between 

different mixed-anion compounds. The crystal structures of layered 

oxychalcogenides and oxyhalides are related to Ruddlesden-Popper structures 

where the oxide ions in the rock-salt-type layers are replaced by larger anions and 

oxypnictides have cations inserted into tetrahedral holes in the layers that large 

anions form. [8,15] 
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In layered structures, low dimensionality in structural and physical properties is 

achieved when two anions order within a material. Different anion types 

commonly arrange in layers, which leads to two-dimensional conductivity or 

magnetic correlations when cations with unpaired electrons are present. The 

structure type that a mixed-anion compound adopts, affects its properties: for 

example, ZrCuSiAs type structures include various high-Tc (high superconducting 

transition temperature) superconductors. [8] 

Control of the electronic communication between the oxide and chalcogenide 

layers provide novel and unusual properties complementary to those found in 

oxides and chalcogenides. For example, in CaOZnS the structure contains two 

hexagonal layers of CaO and ZnS with similar topology, which increases its 

piezoelectric coefficient. [14,39]  

Band gap engineering is possible for a variety of mixed-anion compounds that 

exhibit semiconductivity. Mixed crystal preparation is one technique to utilize with 

mixed semiconductor systems. In LaOCuS1-xSex, the formation of solid solutions 

allowed the band gap engineering without affecting the band gap emission feature 

or p-type conductivity of the oxychalcogenide compound. [40,41] The 

semiconductivity for wide band gap optoelectronic materials has been studied for 

mixed-anion compounds and novel transparent p-type semiconducting mixed-

anion compounds have been found. For example, La1-xSrxOCuS and LaOCuS are 

optically active, transparent and wide-gap materials and thus are new candidate 

materials as p-type semiconductors. These could be applied in transparent 

transistors, LEDs or solar cells. [42] 

Mixed-anion systems often adopt anion-ordered structures with transition metal 

cations in unusual oxidation states and coordination environments. If the oxide 

layer is thicker or the structure is similar to Sr2ZnO2Cu2S2, a transition metal ion 

may be integrated in the place of Zn in the oxide layers. This affects the orbitals 

and may result in various magnetic properties in the compounds, because of 

localized magnetic moments on the transition metal ions. Further, examples of 
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unusual coordination environments include square planar systems in A2CoO2Cu2S2 

(A = Sr, Ba) and distorted octahedral FeO2Se4 coordination environment in 

La2O3Fe2Se2. [15,31] Studies of the crystal structures and emerging computational 

research [43–46] have provided up to date information on the magnetic 

properties of mixed-anion compounds. Some mixed-anion compounds have 

exhibited ferromagnetism [34,47,48]. However, antiferromagnetism and 

paramagnetism seem to be the most common attributes. [18,49] 

2.2 Classes and subgroups 

This thesis concentrates on mixed-anion compounds that contain oxygen as one 

anion. Mixed-anion compounds can further be divided into subgroups where the 

naming of the subgroup is derived only from the other anionic element (from 

groups 15-17) besides oxygen. An example of this are oxyfluorides (oxide-

fluorides), which are a subgroup of oxyhalides. [8]  

2.2.1. Oxypnictides 

Oxypnictides contain both oxide anions and the anions of a heavier pnictogen (P, 

As, Sb, Bi). The term pnictide is a common term for naming compounds of the 

pnictogens (or pnicogens). There are over 100 oxypnictides reported, which 

include 30 distinct elements. The typical synthesis of bulk oxypnictides require 

high temperature [50] or high pressure [51] conditions. In addition, pulsed laser 

deposition (PLD) and molecular beam epitaxy (MBE) have been common methods 

for oxypnictides thin films synthesis.  [16,39,52–54] 

The characteristic structure of oxypnictides is different from the structure of 

simpler oxides: the crystal structures are composed of alternating layers. The 

coexistence of both oxygen and a pnictogen in these compounds forms polyatomic 

anions, pnictates, of which examples are phosphates, arsenates, bismuthates and 

antimonates (PnO4
3-, where Pn=P, As, Bi or Sb). The structure-property 

relationship of layered d-metal oxypnictides is studied by investigating both inter- 
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and intralayers in the structure and selecting suitable cations for interlayers and 

pnictide ions for intralayers. Most usual structures of d-metal oxypnictides include 

fluorite or antifluorite type layered structures. Figure 1 shows two basic 

oxypnictide structures and common crystallographic sites for species to occupy. 

[16] 

 

Figure 1. Oxypnictide ZrSiCuAs (left) and Sr2Mn3Sb2O2 (right) structures, which show 

crystallographic sites for species to occupy. These species include Ln (lanthanides), Ae 

(alkaline earth metals), M/M’ (transition or main group metals), Ch (chalcogenides) and 

Pn (pnictides). [15] 

 

Concerning electronic properties, the oxide and pnictide layers in layered 

oxypnictides are rather electronically distinct. The difference depends on the size 

of the cations in the compound structure due to varied distance between the 

metal and the pnictogen atom. Thus, the pnictide anion may be more or less 

engaged in bonding interactions with the metal. [15]  
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Figure 2. The crystal structures of a layered oxychalcogenide LaOCuCh (Ch = chalcogen) is 

similar to a layered oxypnictide LaOTMPn (TM = divalent 3d transition metal, Pn = 

pnictogen). The chalcogenide and pnictide layers work as carrier transport layers.  [55] 

 

The layered structures of oxypnictides are similar to the structures of 

oxychalcogenides, as presented in Figure 2. It also shows the oxidation states of 

lanthanum and copper in the layered oxychalcogenide LaOCuCh (Ch = chalcogen). 

La3+ and Cu+ indicate that lanthanum layer of the mixed-anion compound has 

more positive charge than the copper layer. The CuCh layer between the oxide 

layers works as a transport path for hole carriers, which are generated in the LaO 

layer. Orbital hybridization broadens the hole conduction paths. [55,56] Also, the 

copper deficiency in compounds implies that the transition metal or lanthanide in 

the compound is oxidized. The Cu ion also has variable occupancy in the 

tetrahedral sites of the chalcogenide layer. [15] 

Transition metal-based oxypnictides LaOTMP (TM=Fe, Ni) are isostructural to 

layered oxychalcogenides LaOCuCh. The layer composed of the transition metal 

and a pnictogen in oxypnictides is expected to conduct the carrier transport similar 

to the layer composed of copper and a chalcogen in oxychalcogenides. This has 

helped in finding novel superconductors such as LaOFeP and LaONiP. Like 

oxychalcogenides, oxypnictides have promising electrical properties as 

transparent conductors and battery materials. In addition, oxypnictides are also 

supposed to have similar ferromagnetic properties to oxychalcogenides. [15,55] 
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The first oxypnictide superconductor, La[O1-xFx]FeAs, was discovered by Kamihara 

in 2006 [50]. Other R[O1-xFx]FeAs (R=rare-earth metal) iron pnictides have been 

found to exhibit superconductivity too, which has led to an intensive search for 

new transition metal based superconductors. Many oxypnictides and 

oxychalcogens share the same ZrCuSiAs structure (with space group P4/nmm): 

those compounds exhibit superconductivity and have interesting magnetic and 

transparent p-type semiconducting properties. [53,57] Doping and substitution 

have been vital in searching for higher superconducting temperatures, of which 

one example is superconducting state in BaOTi2Sb2 achieved with Na substitution 

[58]). One of the highest superconducting transition temperatures has been 

reported for Sm[O1-xFx]FeAs fluorine-doped iron oxypnictides with Tc = 55 K [59]. 

For LaCoOAs, the transition temperature has been estimated for as high as 66 K 

but apparently not physically confirmed [48]. Another research interest has been 

in the field of pnictides that contain [CuO2]2- -layers, because other compounds of 

this type are known to exhibit superconductivity [16,60]. Figure 4 shows a 

collection of oxypnictides and their superconducting transition temperatures. In 

Table 2, a selection of oxypnictide compounds and their properties can be found.  

Figure 3. The crystal structure of A4Mn2O7.5Cu2Ch2 (A = Sr, Ba; Ch = S, Se). The oxide block 

includes a plane with Mn and oxide deficiencies. The mean oxidation state of manganese 

is +3. [15]   
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Figure 4. Oxypnictide superconducting transition temperatures (K).  
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Studies of the magnetic properties of oxypnictides frequently go in line with the 

superconductivity studies. For instance, perfect diamagnetism was observed in 

LaOFeP and this verified the occurrence of the superconducting transition in the 

compound [50]. Diamagnetism and its onset is also determined in other studies, 

from the field cooling (FC) curves [59,61–63]. Antiferromagnetic ordering of ion 

magnetic moments are observed in low temperatures for CeO1-xFxFeAs [64] and 

Tb1−xThxOFeAs [65], and ferromagnetism in LaOCoX (X=P,As) compounds [48]. 

2.2.1.1 Oxynitrides and oxyphosphates 

Oxynitrides are a relatively new class of compounds that may exhibit the 

properties of both oxides and nitrides. The optical and electrical properties of 

oxynitrides have not been extensively studied; however, oxynitrides have been 

reported as either semiconductors or insulators with carrier concentrations of  

1013 – 1021 cm-3 and Hall mobilities of up to 200 cm2V-1s-1 [66,67]. Most common 

applications include oxynitrides glasses (where nitrogen incorporation increases 

the resistance, elastic modulus, tenacity and hardness of the glass) [68], thin films 

[29,67,69,70] and photocatalytic applications. Oxynitrides are suitable for catalysis 

because of their high corrosion resistance and electrical conductivity. Silicon 

oxynitrides have also been utilized in steel coatings. [34,71] 

Metal oxynitrides are intriguing in the field of photocatalytic processes, such as 

water splitting for hydrogen evolution, because of their small band gaps that lead 

to activity in the visible light-driven photoreactions. Only a few oxynitrides have 

been reported as ferromagnetic: these include EuNbO2N [23] and EuWON2 [72]. 

Common oxynitrides include metals such as titanium, niobium, zirconium, gallium 

and tantalum. Gallium-zinc oxynitride is a solid solution of GaN and ZnO, while 

tallium oxynitride (TaON) is hepta-coordinate with monoclinic crystal structure 

and has two anion sites occupied by O and N (Figure 5). Perovskite structured 

oxynitrides have also been prepared. Lithium phosphorus oxynitride LiOPN 

(LiPON) is a compound utilized in Li-ion microbattery electrolytes. This compound 
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has also been deposited as a thin film with ALD. See Table 1 for more oxynitride 

compounds and their properties. [34,73] 

 

Figure 5. The crystal structure of TaON. 

Oxyphosphates include a phosphate anion in addition to the oxide anion. Zinc 

oxyphosphate has been extensively used in dentistry [74], other examples include 

quaternary NdOZnP [75], ternary antiferromagnetic MO5FeP (M = Co, Ni, Cu) [76], 

as well as superconductors LaONiP [77] and LaOFeP [50]. Mixed phosphate crystals 

have also been studied for their luminescent properties [78]. 
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Table 1. Oxynitride compounds and their properties. 
Stoichiometry Carrier 

conc. [n]  

(cm-3) 

Mobility [μ] 

(cm2V-1s-1) 

Conductivity 

[σ] (S/cm) 

Type Optical 

band gap 

[E] (eV) 

Ref. 

LiOPN   very small 3.8 * 10 - 10 -  

1.67 * 10 - 6 

 
  [69], 

[79], 

[73] 

CaO2TaN         2.43 [80] 

BaO2TaN      I   [81] 

stainless steel 

316 + O + N 

    3.1*10 - 6  -  

7.0*10 5  

C & Se 1.78 [82] 

SiOxNy:H 1015   4.5*10 - 3 Se 2.3 [83] 

Examples: 

TaON, Ti3O3N2, 

Zr3O3N2 

    
 

Se 3 [34] 

ZnON 1017 - 1019 2 - 10 0.1 Se 3.2 [84] 

ZnON 1016 - 1021 0 - 50 
 

Se   [66] 

ZnOSnN 6 * 1013 2.8 2.3 * 10 - 6 Se 3.2 [70] 

ZnOxNy 1019 200 
 

Se   [67] 

TiN:O, TiOxNy & 

TiO2:N 

    sigma300K =  

7.14 * 10 4 Sm - 1  

Se   [85] 

ZrOxNy 
  

  Se 3.6 [86] 

TaO2.42N0.25       Se 2.3 [87] 

LaO2HfN 

NdO2HfN 

SmO2HfN 

    1.0 - 10 I 3.4 [35] 

LaOXTiNy       Se 2.05 - 2.35 [88] 

LaO2TiN       Se 2.1 [89] 

EuNbO2N & 

EuTaO2N 

      I   [23] 
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Table 2. Oxypnictide compounds and their properties. 

Stoichiometry 
Conductivity 

[σ] (S/cm) 
*Type 

Optical band gap 
[E] (eV) 

[Tc] 
(K) 

Magnetic 
properties 

Ref. 

BaOTi2Sb2, 
Ba0.90ONa0.10Ti2Sb2,  
Ba0.85ONa0.15Ti2Sb2 

0.2 – 1 Su 
 

5.5 BaTi2Sb2O(1-x)Fx: 
AFM 

[63] 

Ba2OTi2Cr2As4 2.3 C 
 

  AFM [87] 

MO5FeP  
(M = Co, Ni, Cu) 

  I 
 

  AFM [79] 

ReO1 − δFeAs 0 – 2 Su 
 

55 Diamagnetic [69] 

ROZnP (LaOZnP) 
 

  
 

    [78] 

Tb(O,F)FeAs &  
Dy(O,F)FeAs 

0 – 1.25   
 

45.9 
 

[59] 

PrOFe1 - xCoxAs  
(x <= 0.3) 

0 – 0.14 Su 
 

14 **Diamagnetic 
below Tc 

[67] 

GdFeAsO1 − δ  &  
GdFeAsO0.8F0.2 

0 – 1 Su 
 

53.5 Diamagnetic [68] 

LuxY1 - xO4P   Se 5.6     [81] 

LaOFeAs & 
SmOFeAs 

  Su 
 

55   [17] 

LaOFeAs 0 – 0.8 Su LaOCuS: 3.241 
LaOCuSe: 2.925 

26 Perfect 
diamagnetism 

[66] 

LaO1 − xFxFeAs 
 

Su 
 

28   [32] 

LaFeAsO1 − xFx 
 

Su 
 

17 
 

[62] 

La[O1 - xFx]FeAs  0 – 0.2 Su 
 

26 Diamagnetic  
susceptibility 50% 

[85] 

LaO1 - xFxFeAs 0 – 3.33 Su 
 

43 Magnetic 
instability 

[87] 

LaOFeP   Su   
 

  [58] 

LaONiP 0.83 Su 
 

3 Pauli 
paramagnetism 

[80] 

LaONiAs 0.29 Su 
 

2.4 Pauli 
paramagnetism 

[89] 

LaOCoP & LaOCoAs 40     
 

Ferromagnetic [54] 

LaOZnAs & YOZnAs   Se LaOZnAs: 0.65 
YOZnAs: 1.3 

    [91] 

CeO1 - xFxFeAs  
(x <= 0 - 0.20) 

0 – 0.5   
 

41 AFM [71] 

bulk: Pr(O,F)FeAs 
thin film: 
Sm(O,F)FeAs 

0 – 1.11 Su 
(thin 
film) 

 
55   [90] 

NdO0.85FeAs   Su 
 

46 Paramagnetic 
background 

[83] 

Nd(O,F)FeAs 0.1 – 1 Su   48 
 

[18] 

NdO1 − xFxMnAs & 
PrO0.95F0.05MnAs 

PrO0.95F0.05 

MnAs: 3.30 
Se NdMnAsO1−xFx: 

0.023 
PrMnAsO0.95F0.05:
0.048 

  AFM [88] 

Sm[O1 − xFx]FeAs 0 – 0.4 Su 
 

55 Diamagnetic [64] 

Parent compound: 
SmOFeAs 
Film:  Sm(O,F)FeAs 

0 – 1 Su 
 

56 Critical current 
density: 
Jc > 105 A/cm2 

[82] 

Sm(O,F)FeAs 0 – 0.83 Su   57.8 
 

[89] 

Tb1 − xThxOFeAs 0.04 – 0.2 Su 
 

52 AFM [70] 



 

16 
 

*legend: Su=superconductor, Se=semiconductor, C=conductor, I=insulator, 

AFM=antiferromagnetic 

**diamagnetic: diamagnetic transition is observed when determining the 

superconducting transition temperature 
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2.2.2. Oxyhalides / Oxohalides 

Halide (or halogenide) is a generic term for naming compounds of halogens. 

Oxyhalides are mixed-anion compounds containing one or more elements 

combined with oxygen and halogen atoms (F, Cl, Br, I, At). Most metals form 

oxyhalides, but the alkali metals are an exception. Some of the most common 

oxyhalides in this group include nitrogen, phosphorus and sulfur oxyhalides. 

[52,90,91] 

Especially bismuth-containing oxyhalides such as BiOCl, BiOBr and BiOI [92–94] 

and oxyfluorides such as YOF [95,96] have been studied comprehensively. The 

applications of oxyhalides include new cathode materials [95,97], photocatalytic 

applications of bismuth oxyhalides [98–100] as well as optoelectronic materials 

[101]. 

Mixed-anion oxyfluorides are an emerging material group for high-capacity 

cathodes. They are studied as an alternative to pure fluorides because of their 

enhanced cyclability via oxygen substitution. Complex electrochemical reactions 

are attributed to the cycling in mixed-anion compounds and their electrochemical 

properties are altered with substitution. For example, the higher oxidation state 

of Fe in oxygen-substituted FeOxF2-x is expected to be the reason of its improved 

electrical conductivity. [97] 

Oxyfluorides are also strong fluorinating agents that react violently with water and 

phosphorus. Examples include selenium oxyhalides SeOF2 and SeOFI2. [90] 

The oxidation state of phosphorus affects the preparation and composition of 

phosphorus oxyhalides. The most desirable is the +5 oxidation state of 

phosphorus, of which compounds such as POF3, POCl3 and POBr3 and POClF2 are 

produced. +3 is also a well-known oxidation state of phosphorus for mixed 

chlorofluoride and bromofluoride compounds. Furthermore, the oxidation state 

of sulfur is typically +4 in SOX2 thionyl or sulfur(IV) oxyhalides or +6 in SO2X2 

sulfuryl or sulfur(VI) oxyhalides. [90]   
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In an iron oxyfluoride compound FeOxF2-x, the Fe2O3 and FeOxF2-x are found to 

coexist for x ≤ 0.7 but FeOxF2-x still remained as a single phase. Maximum oxygen 

substitution is assessed to improve the electrochemical reversibility and electric 

conductivity of the material so x=0.7 is the most viable amount. The product is 

shown to have a good capacity retention with reasonable cyclability and its 

working potential can be compared with sodium-sulfur or sodium-air systems. [95] 

Similar results have been received for the compound of same stoichiometry and 

the oxygen substitution is believed to sustain an oxygen-rich layer on the 

compound surface. This would enhance the cycling stability as well as the 

electrochemical activities in FeOxF2-x electrodes. [97] 

As an addition, the carrier transport properties of Tl, Pb and Bi based oxyhalides 

are attributed to their ions (6p and 5p ions with an outer configuration of ns2). 

Thus, the less toxic Bi3+ based oxyhalides have been studied for their wide band 

gaps that allow various optoelectronic applications. Computational researches, 

which usually concentrate on the electrical and optical properties of the 

compounds, have also been conducted. [101]  
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Table 3. Oxyhalide compounds and their properties. 
Stoichiometry 

[n]  

(cm-3) 

Conductivity 

[σ] (S/cm) 
*Type 

Optical band 

gap [E] (eV) 

*Magnetic  

properties 
Ref. 

Oxyfluorides 
 

Sr2O4Ru 

F-doped: 

Sr2O3RuF2 

  Sr2RuO3F2: 

0.024  

Sr2RuO4: Su 

Sr2RuO3F2: I 

  Sr2RuO4: 

ferro-

magnetic 

[102] 

SrFeO3-xFx  

(0.6 ≤ x ≤  1) 

    cis SrFeO2F: 

I 

SrFeO3−xFx: 2.4  

LaFeO3: 2.1 

G-type  

AFM 

[103] 

FeO0.7F1.3     Conductor   
 

[97] 

YOF     Se > 5   [96] 

CeOxFy     Se 3.1 - 3.2   [104] 

NdO3Ni 

F-doped:  

NdO3-xNiFx 

Non-

doped: 

~1022 

F-doped:  

0.0001 

Non-doped: 

C 

F-doped: I 

F-doped: 2.1   [105] 

Other 

oxyhalides 

          
 

BiO0.1F2.8     Se 2.47 - 4.02   [98] 

BiOX  

(X = Cl, Br, I) 

 
  Se     [92] 

BiOX 

(X = Cl, Br, I) 

    Se BiOCl: 3.4 

BiOBr: 2.8 

BiOI: 1.8 

  [99] 

BiOX      Se BiOCl: 3.3  

BiOBr: 2.7  

BiOI: 1.8 

  [94] 

BiOI   
 

Se     [106] 

BiOClxBr1-x  and 

BiOClxBr1-x 

/alumina 

composite 

    Se 2.94   [107] 

BiOCl, BiOBr, 

BiOI 

     Se BiOCl: 3.5 

BiOBr: 2.92 

BiOI: 1.90 

BiOF:  ~4 

  [93] 

*legend: Su=superconductor, Se=semiconductor, C=conductor, I=insulator, 

AFM=antiferromagnetic   
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2.2.3. Oxychalcogenides 

Oxychalcogenides contain both oxide anions and the anions of a chalcogen from 

group 16 (S, Se or Te). Oxysulfides found in chapter 2.2.3.3 are the main point of 

focus here. [39,52] Oxychalcogenides have versatile electrical conductivity ranging 

from nearly insulating to metallic conduction with carrier mobility as high as  

40 cm2V-1s-1 for Zn-based materials. The tunability of layered oxychalcogenides is 

high owing to the alteration of distinct layers. With Zn(O,S) oxysulfide buffer 

layers, the tunability of their conduction band offset is high, while tuning with 

binary compounds (simple oxides) is not possible. Thermoelectric applications are 

also possible because the compounds exhibit low-dimensionality together with 

ionic and covalent bonding. [14,108–110] 

LnOCuCh (Ln = a lanthanide such as La, Ch = S, Se, Te) are the most extensively 

researched layered oxychalcogenides. They have exhibited optical properties such 

as transparent p-type semiconductivity, large band gaps and large exciton binding 

energies (“quantum-well-like” materials because of a charge-carrying 

chalcogenide layer separated by an insulating oxide layer). Potential applications 

are LEDs and optoelectronic devices. In this thesis, the experimental focus is on 

the oxysulfide LaOCuS thin film. The layered structure of an oxychalcogenide 

MCuOCh (M = Bi, La; Ch = S, Se, Te) is shown in Figure 6. [15,57]  
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Figure 6. The crystal structure of MCuOCh (M = Bi, La; Ch = S, Se, Te) and its unit cell, 

with space group of P4/nmm. [111] 

 

2.2.3.1 Oxysulfides 

Oxysulfides (M1OM2S) contain sulfur as the other anion besides oxygen. In 

oxysulfide syntheses, hydrogen sulfide (H2S) has been a common precursor as an 

affordable sulfur source, but unfortunately, it is an extremely toxic gas, which 

requires careful chemical handling. Recently, elemental sulfur has been studied as 

a safer alternative precursor and thin films have successfully been deposited by 

utilizing it. With elemental sulfur, ALD processes are also faster and produce more 

uniform phases. Elemental sulfur has also been utilized as a precursor in solid-

state syntheses of various bulk oxysulfides [112–114]. Another possibility has been 

to utilize metal sulfides as precursors [9,49]. [11,27] 
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Structures 

 

Figure 7. Crystal structure of the layered oxysulfide Sr2Cu2ZnO2S2. Sr layers separate the 

Cu2S2 and ZnO2 layers. [115]  

Many oxysulfides have a layered structure, where functional sublattices include a 

two-dimensional structure. Sulfides are also considered more polarizable than 

oxides, causing ordering of different anions. As a result, the compounds exhibit 

interesting electrical properties such as superconductivity and high 

magnetoresistance. [15,115] The crystal structure of a quinary oxysulfide 

Sr2Cu2ZnO2S2 (SCZOS) is shown in Figure 7 (antitype structure). The structure 

contains (ZnO2)2- and (Cu2S2)2- layers of which the latter are same sublattices that 

are found in LaOCuS. A similar compound Sr2CuMO3S (M = Ga, In) also contains an 

SrO layer [116].  Both oxysulfides are proposed have similar optical and electrical 

properties due to the common layers. For example, SCZOS is a p-type 
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semiconductor and Na-doping increases its electrical conductivity. Based on the 

photoemission spectroscopy studies of the material, (Cu2S2)2- layers are viewed as 

the conduction paths for positive holes, while the (ZnO2)2- layers perform the 

transport of electrons (Figure 8). [115]  

 

Figure 8. Hole and electron transport functions for each layer of Sr2Cu2ZnO2S2 (SCZOS). 

[115] 

 

Figure 9. The BiOCuS crystal structure with stacked [Bi2O2]2+ and [Cu2S2]2- layers. [114] 
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A copper deficient BiOCu1-xS (x < 0.20) oxysulfide has a structure with stacking 

fluorite-like [Bi2O2]2+ and antifluorite-like [Cu2S2]2- layers. The crystal structure 

(Figure 9) is a ZrCuSiAs-type. The copper deficiency amount is fixed at BiCu0.95. 

Charge transfer between these layers exists and the oxidation state of Bi is 

probably required to be higher than +3.  

A semiconducting oxysulfide compound Sr2MnO2Cu1.5S2 includes manganese, 

which is suggested to have an oxidation state between +2 and +3. High mobility of 

Cu ions in the thicker CuS layers is suggested for the compound also for its low-

temperature cation/vacancy-ordered superstructure: the copper ions are 

exchangeable by lithium ions at room temperature. The structure of this 

compound, visualized with VESTA (Visualization for Electronic and Structural 

Analysis) [117], is shown in Figure 10. [15,118] 

 

Figure 10. The oxysulfide Sr2MnO2Cu1.5S2 visualized in VESTA. Green = Sr, red = O, blue = 

Cu, yellow = S, purple = Mn. [118] 
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Moreover, first mixed cationic sites on a titanium oxysulfide compound were 

observed in Gd6+xTi4-xS10-yO6+y. In this compound, half of the titanium cations are 

Ti3+ and half Ti4+, with a structure of stacking of ribbons of Gd- and Ti-polyhedra 

(Figure 11). [20] 

 

Figure 11. The structure of Gd6.044Ti3.956S9.732O6.268 compound on the (ac) plane. The 

stacking of Gd- and Ti-ribbons alternates along the a-axis. [20]   
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Properties & Applications 

Oxysulfides are important compounds because of their inexpensiveness and low 

toxicity. Especially zinc oxysulfide [Zn(O,S)] has been applied as a buffer material 

in solar cells and is a very promising material due to its composition of earth-

abundant and non-toxic elements [27,109]. Another example of low toxicity are 

gadolinium compounds, which have been used as MRI agents. Gadolinium 

oxysulfide exhibits a lower toxicity compared to oxides in this application, because 

of its lower solubility [119]. Conformal molybdenum oxysulfide thin films have also 

been electrochemically deposited via a simple and inexpensive process [120]. 

Nevertheless, the most common synthesis method is a solid-state reaction in high 

temperature and/or pressure for bulk oxysulfides [22,39] along with sputtering 

methods [10,121], PLD [122,123] and ALD [27,124,125] that have been utilized for 

thin films. 

Layered oxychalcogenides with stoichiometry LnOCuCh (Ln = lanthanide, Ch = S, 

Se, Te) have wide optical band gaps (around 3 eV for oxysulfides), which can be 

tuned by changing the chalcogenide or the lanthanide ion. For the oxysulfide 

LaOCuS, the band gap is the highest among the chalcogen ions, 3.1 eV, compared 

to LaOCuSe (2.82 eV) and LaOCuTe (2.31 eV). The band gap values result from the 

different electronegativities of the chalcogenide ions. Moreover, decreasing the 

lanthanide ion size will result in a decreasing band gap value. [15] An even larger 

band gap value of 5.6 eV has been found by computational calculations for LiOAlS 

layered oxysulfides. The large band gap value ensures a wide electrochemical 

window, which means that LiOAlS is an excellent solid-state electrolyte. [126] Ab 

initio studies have also showed that changing the anions in the alternating Cu-Ch 

layers stabilize the variation of optical properties in compounds with the 

stoichiometry LaOCuCh [127]. A collection of oxysulfide band gaps can be found in 

Figure 12. 
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Figure 12. Oxysulfide optical band gaps (eV).   
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The electrical conductivity of oxysulfides with CuS layers can be modified via Sr2+ 

substitution by Na+. In Sr2-xNaxCu2ZnO2S2 and Sr2-xNaxCuGaO3S, the substitution 

changed their electrical conductivity from insulating to semiconducting. This was 

confirmed by increasing the Na+ concentration and observing an increase in the 

electrical conductivity. The mixed valency of Cu+ and Cu2+ ions was suggested as 

the reason for reflectance decrease in the compounds while the ionization of Na+ 

ions at the Sr2+ ion sites generates positive holes in the valence band. [116] 

The magnetic properties of oxysulfides have also been studied, commonly 

together with superconductivity studies in low temperatures. Antiferromagnetism 

is frequently observed in Sr and Mn based oxysulfides, where antiferromagnetic 

coupling is found between the MnO2 sheets [18,128], and rare-earth metal based 

oxysulfides [47,49,129], where Nd-Cr interactions have prominent impact. 

Ferromagnetism has been observed also in Zn(O,S) thin films [130] in addition to 

rare-earth metal based oxysulfides LaoCrS2 [47]. Lanthanide based oxysulfides 

have been shown to exhibit paramagnetic behavior with occasional long range 

magnetic order at low temperatures, like lanthanide compounds in general. [49] 

Superconductivity  

Various superconductivity studies of oxychalcogenides and oxypnictides have 

been conducted over the past ten years. The discovery of LaO1-xFxFeAs 

superconductor with FeAs layers has drawn attention to structures with similar 

layers in finding new superconducting materials. The utilization of high pressure, 

crystallographic studies and replacing non-magnetic elements with magnetic 

elements has led to novel discoveries. [131] 

The superconducting properties of BiS2-based layered compounds appears to be 

connected to the crystal structure. Doping electrons into the BiS2 conduction 

layers induces the superconductivity. An example is the oxysulfide LaOBiS2, whose 

crystal structure is shown in Figure 13. The structure includes BiS2 double layers 

stacked with a blocking LaO layer. For superconductivity to occur in REOBiS2-based 

(RE=rare earth metals) compounds, electron carriers are essential: a common 
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strategy for electron carrier generation is partial substitution of O2- by F-, which 

has also been used in FeAs-based oxypnictide superconductors. By substituting O 

with F, the resistivity decreases and the superconducting transition is  

observed at 3 K for LaO0.5F0.5BiS2. High pressure annealing will further enhance its 

superconducting properties: this was reported to be partly due to crystal structure 

transition from tetragonal to monoclinic. Another way to enhance the 

superconducting properties is increasing the length of the a-axis by changing the 

blocking layer. While lanthanum in the compounds mentioned is the largest rare 

earth metal, other metals and blocking layers should be studied to reach better 

superconducting properties. [132] 

  

Figure 13 (left). The crystal structure of LaOBiS2. [132] 

Figure 14 (right). The crystal structure and unit cell of the Bi4O4S3 oxysulfide.  

Violet=Bi, yellow=S, green=O. [133] 
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A ternary oxysulfide, Bi4O4S3, has been confirmed to be a bulk superconductor  

(Tc = 4.4. K) by utilizing AC and DC magnetization measurements. Its structure is 

also layered, with alternating layers of Bi2O2, Bi2S4 and SO4 (Figure 14). The BiS2 

layers induce superconductivity, through hybridization of the 6p orbital of Bi and 

3p orbital of S. [133]  

Another BiS2-based superconductor is LaO1-xFxBiS2 (Tc = 10.6 K), whose layered 

structure is equivalent to the Bi4O4S3 superconductor. The two compounds both 

include BiS2 layers, implying that the BiS2 layer could be a basic structure for a 

novel layered superconducting family, similar to CuO2 plane of cuprate 

superconductors and Fe2An2 layer for Fe-based superconductors. Bulk 

superconductivity for LaO1-xFxBiS2 is achieved by increasing the fluorine 

concentration slightly above x = 0.5. Superconductivity would be achieved by 

optimizing carrier-doping techniques and doping levels by changing the spacer 

layer structures. [134] 

Superconductivity in some bismuth oxysulfides have also been shown to appear 

due to copper vacancies. For example in BiCu1-xO; for x > 0.05, structural 

nanodefects are detected and are a possible explanation for BiCu1-xOS 

superconductivity. [114] However, Cu2+ accommodation is difficult in the less 

electronegative oxychalcogenides compared to more electronegative oxides. [16] 

The oxysulfide Sm2Ti2S2O5 has been studied for its visible light driven 

photocatalytic properties. The Ruddlesden-Popper type structure includes layers 

of S-(TiO2)-O-(TiO2)-S double octahedral. The structure did not decompose while 

visible light (λ ≤ 650 nm) was utilized for O2 and H2 evolution from an aqueous 

solution. Thus, it is a stable photocatalyst for oxidation of water while a sacrificial 

electron donor or acceptor is present. [36] In addition, other titanate oxysulfides 

with Sm replaced with Nd, Pr or Sm have been suggested as candidate materials 

for photocatalytic splitting of water. [15] 

See Table 4, Table 5 and Table 6 for a selection of oxysulfide compounds and their 

properties.   
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LaOCuS 

The LaOCuS oxysulfide is built upon slates of [LaO]+ and [CuS]-, which form a 

tridimensional edifice. The oxide ion is coordinated tetrahedrally by the 

electropositive La ion only and the chalcophilic monovalent Cu ion is tetrahedrally 

coordinated by the sulfide only. As mentioned before, the stacking of layers are 

the origin of intriguing electrical properties such as intense exciton emission, high 

p-type conductivity and absorption threshold. Invisible (transparent) electronics 

are a potential application for LaOCuS based materials. [15,135] 

Another study shows that the crystal structures of other rare earth oxysulfides 

CeOCuS, PrOCuS and NdOCuS crystallize in the same crystal structure as LaOCuS. 

Thus, they may also exhibit similar optical and electrical properties. Among these 

compounds, CeOCuS has highest electrical conductivity without doping and a 

unique electronic structure because of no observed photoluminescence peak. This 

is suggested to originate from an unoccupied band near the Fermi level. [136] 

The crystal structure of the simple unit cell of solid LaOCuS is visualized in  

Figure 15. In addition, the layered structure of the compound is more clearly 

visualized in Figure 16, where the unit cell is expanded. From Figure 16 it can be 

observed that there are two [LaO] layers for every [CuS] layer in the same plane 

(along the c-axis).  
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Figure 15. The crystal structure and one unit cell of LaOCuS visualized in VESTA. Red=O, 

green=La, yellow=S, blue=Cu. [19] 

 

Figure 16. The crystal structure and unit cell of LaOCuS, showing the layered structure in 

ball-and-stick (left) and polyhedral (right) models in VESTA. Red=O, green=La, yellow=S, 

blue=Cu. [19] 
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The layered structure of LaOCuS has been studied for its transparent p-type 

semiconducting properties as its band gap lies at the edge of the visible region. 

The antibonding crystal orbitals of Cu-3d/S-3p are able to accommodate holes 

generated, for instance, by the substitution of La3+ ions by Sr2+ ions. [15,39,137] 

The Sr2+ ion doping has been confirmed to enhance the p-type electrical 

conductivity significantly [42,113], indicating that acceptor doping by cation 

substitution is efficient. Thus, LaOCuS is also a promising luminescent material for 

optical applications. 

LaOCuS is a promising transparent p-type semiconductor and it could be an 

addition to the transparent semiconductors in addition to oxides such as CuAlO2 

and SrCu2O2. Oxysulfides in general are suitable for this because they usually 

include highly electropositive ions and have a suitable energy level of np6 orbitals. 

The high optical transparency of LaOCuS is likely to be related to band-to-band 

transitions: an interband transition was suggested to generate a sharp 

photoluminescence peak. The electrical conductivity of LaOCuS was also found 

controllable by acceptor doping.  [42] 

The optical band gap of LaOCuS typically varies between 2.0 and 3.0 eV. The value 

has been explained by the layered crystal structure and the orbital configurations. 

The band gap has also been studied computationally [127] with a value of 

approximately 3.2 eV (see also Figure 12).  
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Table 4. Carrier concentrations, Hall mobilities, and Seebeck coefficients of 

selected oxysulfides. 

Stoichiometry 
Carrier concentration 

[n] (cm-3) 

(Hall) Mobility  

[μ] (cm2V-1s-1) 

Seebeck coefficient 

[S] (μVK-1) 
Ref. 

Zn         

Zn(O,S) 9.3*1019 2 - 32   [138] 

Zn(O,S) ≤ 1020 0.1 - 10   [139] 

ZnO1-xSx 4.8*1019 (x=0) 

1.7*1018 (x=0.25) 

1.66*1019 (x=0.56) 

2*1017 (x=0.66) 

13.2 (x=0) 

36.1 (x=0.25) 

32.2 (x=0.56) 

24 (x=0.66) 

  [28] 

n-ZnO:B & i-ZnO 2.22*1018 5.7*1018  & 5*1016   [140] 

Zn(O,S)  43   [109] 

Zn(O,S) & ZnO:Al  5   [124] 

Sr        

Sr2Cu2ZnO2S2 &  

Sr1.9Na0.1Cu2ZnO2S2 

Sr2Cu2ZnO2S2:  

2.2 * 1018 

Sr1.9Na0.1Cu2ZnO2S2:  

1.1 * 1018 

Sr1.9Na0.1Cu2ZnO2S2:  

0.74 

Sr1.9Na0.1Cu2ZnO2S2:  

310 

[116] 

Bi        

BiOCu1 - xS    700-750 [114] 

BiOCuCh >1021 > 3.5 nondoped BiOCuS: 

400 

[111] 

BiOCuCh  

(Ch = S, Se, Te) 

BiOCuS: 4.00(3)*1018 BiOCuS: 0.139 BiOCuS: ∼600 [22] 

La & Rare-earths        

LaOCuS 1015 - 1020 0.5 55 - 713  [10] 

LaOCuS1-xSex > 1021 0.1 – 11  

µ(cm2V-1s-1) 

~250 [25] 

LaOCuS1-xSex    *nondoped:  

1350-1450 

*Sr-doped: 

150-1200 

[40] 

(La1-xSrxO)CuS    x=0: 713  

x=0.03: 44 

[113] 

LnOCuS    > 0 [136] 

Ce        

CeOCuS    12 [136] 
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Table 5. Resistivities, type and optical band gap of selected oxysulfides. 

Stoichiometry 
Conductivity 

[σ] (S/cm) 
*Type 

Optical band gap 

[E] (eV) 
Ref. 

Ca        

CaOZnS   Se   [141] 

CaOZnS   Se 3.71 [39] 

CaOZnS (host)   Se 
 

[142] 

Ti        

TiO0.3S1.5   C   [121] 

Mn        

MnO2.7S0.7     2.6 [143] 

Sr2O2MnCu2m-δSm+1 Sr2O2MnCu1.5S2: 0.67 

Sr2O2MnCu3.5S3: 0.71 

Sr2O2MnCu5.5S4: 0.71 

Se   [118] 

Fe        

Fe2OLa2O2Q2 (Q=S, Se)   Mott I   [31] 

Zn         

Zn(O,S)   Se 2.6 - 3.8 [27] 

Zn(O,S) 0.2 – 1 Se 2.6 [2] 

Zn(O,S) 77 Se ~3.27 [138] 

Zn(O,S) 
 

Se 3.2 - 3.5 [139] 

Zn(O,S) buffer layer 23 – 588 Se 2.6 - 3.55 [125] 

ZnO1-xSx 208 (x=0) 

9.9 (x=0.25) 

23.8 (x=0.56) 

0.78 (x=0.66) 

Se 3.58 [28] 

n-ZnO:B & i-ZnO   Se 3.3 [140] 

Zn(O,S), AZO, CBD-CdS 

buffer layers 

  Se   [110] 

Zn(O,S) 286 Se ~3.1 [109] 

Zn(O,S) & ZnO:Al 333   Zn(O,S): 3.4 [124] 

ZnOxS1 - x   Se 3.3 [123] 

Ni-Zn(O,S)     Non-doped: 3.44 

Ni-doped: 3.38  

[130] 

ZnOCaS   Se 3.94 [144] 

Sr        

Sr2MnO2Cu1.5S2 

& Sr2MnO2Cu3.5S3 

  Se   [128] 
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Stoichiometry 
Conductivity 

[σ] (S/cm) 
*Type 

Optical band gap 

[E] (eV) 
Ref. 

Sr2Cu2ZnO2S2 &  

Sr1.9Na0.1Cu2ZnO2S2 

Conductivity: 

Sr2Cu2ZnO2S2:  

2.1 * 10-8 

Sr1.9Na0.1Cu2ZnO2S2:  

1.2 * 10-1 

Se   [116] 

Sr2O2Cu2MS2   Se   [18] 

Sr2Cu2ZnO2S2   Se 2.7 [115] 

Nb        

K4ONb2S10 and  

Rb4ONb2S10 

  Se K4ONb2S10: 1.99 

K4Nb2S11:  ~2.1 

[145] 

Mo        

Mo21S2O76 
 

  3.31 [26] 

MoOySz   Se   [5] 

Ba        

Ba3O3V2S4   C    [146] 

BaOZnS   Se 3.9 [147] 

Bi        

Bi4O4S3   Su   [133] 

BiOCuS   I   [148] 

BiOCuS   Su   [149] 

BiOCu1 - xS Bi0.5OPb0.2CuS: 14 Se / Su   [114] 

BiOCuCh   Se BiOCuS:  

1.1eV & 3.1eV 

BiOCuSe:  

0.5eV & 2.6eV 

BiOCuTe: 2.4eV 

[111] 

BiOCuCh  

(Ch = S, Se, Te) 

BiOCuS: ∼10 

BiOCuSe: ∼900 

BiOCuTe: ∼10000 

BiOCuTe: 

conductor 

others: Se 

BiOCuS: 1.1 

BiOCuSe: 0.8 

BiOCuTe:  

0.4-0.5 

[22] 

BiOAgS &  

BiOCuS 

  Se BiOCuS: 1.1  

BiOAgS: 1.5 

[21] 

La & Rare-earths        

LaOCuS   Se   [10] 

LaOCuS   Se 3.1 [135] 

LaOCuS & LaOCuSe    Se    [19] 

La3O2CuS3     2.01 [9] 
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Stoichiometry 
Conductivity 

[σ] (S/cm) 
*Type 

Optical band gap 

[E] (eV) 
Ref. 

LaOCuS1-xSex 0.1 - 11  Se   [25] 

LaOCuS1-xSex   Nondoped: Se 

Sr-doped:  

metal / Se 

3.1 - 2.8 [40] 

La1-xSrxOCuS x=0: 6.4*10-5 

x=0.03: 20 

Se 3.1 [113] 

La1-xSrxOCuS   Se 
 

[42] 

LaOCrS2 & LaOCrSe2   
 

  [47] 

La20O6Ti11S44   
 

  [150] 

LnOCuS 

(Ln = La, Pr & Nd 

  Nondoped: Se 

Sr 5 at. % 

doped: 

metallic / Se 

3 [136] 

LnOCuCh   I / Se 3.24 [151] 

Ln2O5Ti2S2 &  

Tb2O5Ti2S2 

      [49] 

Ln2O5Ti2S2   Se Y2O5Ti2S2: 2.00 

Gd2O5Ti2S2: 2.14 

[152] 

Ln2O5Ti2S2   Se 1.82 [112] 

LnOBiS2   Su   [129] 

LaO1-xFxBiS2 0.167 Su   [134] 

LaOBiS2 , LaO0.5F0.5BiS2 

& Bi4O4S3 

LaOBiS2: 0.03 

LaO0.5F0.5BiS2: 0.2 

LaOBiS2: Se 

LaO0.5F0.5BiS2: Su 

  [132] 

PrCuOS, NdCuOS, LaCuOS   Se 
 

[127] 

Sm2O5Ti2S2     ~2 [36] 

Ce        

Ce3O4NbS3   
 

  [153] 

CeOCu0.8S &  

CeOAgS 

  Se CeOCu0.8S 

*optical band 

gap Eg < 0.73 eV 

CeOAgS 

*direct band gap 

0.8 eV 

[154] 

CeOCuS 0.61 degenerate Se 
 

[136] 
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Table 6. Magnetic properties of selected oxysulfides. 

Stoichiometry *Type Tc (K) 
Magnetic  

properties 
Ref. 

Ca        

CaOZnS Se   *Polar but non-

ferroelectric 

*Very small 

pyroelectric 

coefficient 

[39] 

Mn        

Sr2O2MnCu2m-δSm+1 Se   A-type  

antiferromagnetic 

[118] 

Fe        

Fe2OLa2O2Q2 (Q=S, Se) Mott I   Antiferromagnetic [31] 

Zn         

Ni-Zn(O,S)     Ni–Zn(O,S) films: 

ferromagnetic 

[130] 

Sr        

Sr2MnO2Cu1.5S2 

& Sr2MnO2Cu3.5S3 

Se 
 

Below 30 K:  A-type 

antiferromagnets 

[128] 

Sr2O2Cu2MS2 Se 
 

Sr2O2Cu2MnS2:   

antiferromagnetic 

ordering at about 29 

K 

[18] 

Mo        

MoOySz Se     [5] 

Bi        

Bi4O4S3 Su 4.4 
 

[133] 

BiOCuS Su 5.8 none [149] 

La & Rare-earths        

LaOCrS2 & LaOCrSe2 
  

LaOCrS2 & 

LaOCrSe2: 

Ferromagnetic 

NdOCrS2: 

antiferromagnetic 

[47] 

Ln2O5Ti2S2 & Tb2O5Ti2S2   
 

Antiferromagnetic  

(TN < 10K) 

[49] 
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Stoichiometry *Type Tc (K) 
Magnetic  

properties 
Ref. 

Ln2O5Ti2S2 Se   Paramagnetic  

susceptibility 

[152] 

LnOBiS2 Su LaO0.5F0.5BiS2: 3.1 

CeO0.5F0.5BiS2: 1.89 

PrO0.5F0.5BiS2: 4.29 

NdO0.5F0.5BiS2: 4.37 

YbO0.5F0.5BiS2: 5.3 

YbO0.5F0.5BiS2: 

probable 

antiferromagnetic 

order at ~2.7 K 

[129] 

LaO1-xFxBiS2 Su 10.6 
 

[134] 

LaOBiS2 , LaO0.5F0.5BiS2 

& Bi4O4S3 

LaOBiS2: Se 

LaO0.5F0.5BiS2: 

Su 

3 - 10.6   [132] 

Ce        

Ce3O4NbS3 
  

*Weakly 

antiferromagnetic 

[153] 

*legend: Su=superconductor, Se=semiconductor, C=conductor, I=insulator 
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ALD preparation 

Zinc oxysulfide thin films grown with SALD (Spatial Atomic Layer Deposition) have 

shown potential for replacing toxic cadmium sulfide, CdS, in photovoltaic 

applications. The continuous mode of the SALD deposition process would also 

reduce processing costs and make the use of oxysulfides industrially feasible. [27] 

A previous ALD experiment, in which H2S was utilized, has also shown an increase 

in the aluminum content in aluminum-incorporated Zn(O,S) thin films. It was 

possible to adjust the carrier concentration with aluminum incorporation and the 

band gap value was increased. [139] For electrical applications, ALD is proposed 

to be a superior method because the substrate is not exposed to high energy 

species. The deposited films have less crystallographic defects than films 

deposited with traditional sputtering processes that include high-energy ion 

bombardments. With ALD, it is possible to deposit highly uniform transparent 

films (for example Al:ZnO) with photovoltaic properties, with the minor setback of 

a low deposition rate. This has been overcome by utilizing spatial ALD where the 

substrate sequentially moves into each different space-divided zones of the 

reactor. [124] 

Solar energy applications are common for zinc oxysulfides, Zn(O,S). Buffer layers 

of these compounds deposited with ALD have been shown to have improved 

properties without changes in their composition. [155] Generally, mixed-anion 

compound research has a focus on the basic research concepts at the moment and 

various phase compositions are yet to be experimented with in applications. Only 

a few mixed-anion compounds have been studied by ALD, so it remains an 

interesting field for novel applications. 
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2.2.3.2 Oxyselenides 

Much like other mixed-anion systems, oxyselenides (M1OM2Se, where M1 and M2 

are metal ions in the oxide and anion phases respectively) also exhibit interesting 

properties compared with oxides. These include layered structures and the 

possibility of preparation with uncommon cation coordination environments, 

usually with low oxidation states. The structure of many oxyselenides is similar to 

superconducting pnictides and chalcogenides. [156] A novel oxyselenide 

superconductor LaO0.5F0.5BiSe2 with Tc = 2.6 K has also been synthesized [157]. 

The synthesis of oxyselenides must be conducted more carefully than traditional 

oxide syntheses, which are usually easily conducted in air environment. In 

oxyselenide synthesis, oxidation of selenium and selenide reagents to higher 

oxidation states of Se must be avoided. Additionally, selenium is a toxic material 

and it is volatile above 640°C: therefore, in solid-state syntheses, low heating rates 

and low temperature dwell should be utilized to prevent pressure build up in the 

reaction chamber or tube. [156] 

BiOCuSe is one of the most explored oxyselenides, which crystallizes in a layered 

crystal structure composed of conductive (Cu2Se2)2- layers and insulating (Bi2O2)2+ 

layers along the c axis (Figure 17). Consequently, anisotropy is expected for their 

thermal and electrical transport properties and higher carrier mobility along the 

a,b plane (in-plane) is observed after synthesis. The thermoelectric figure of merit 

value (ZT) of BiOCuSe oxyselenides is considerably larger than that of other oxides 

because of low oxyselenide thermal conductivity. Hole doping with barium has 

increased the electrical transport properties and hence the thermoelectric 

performance of BiOCuSe. [8,158,159] 
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Figure 17. The crystal structure of LnCuOCh (Ln=lanthanide, Ch=S, Se, Te) with space 

group P4/nmm. The multiple quantum well structure is formed by alternately stacking 

(Cu2Se2)2- and (Bi2O2)2+ layers. [159]  

A typical optical band gap for Bi-based oxyselenides varies from 0.8 to 2.0 eV 

[13,160]. Substituting Se with S indicates a large change in the band gap value:  

the optical band gap for the BiOCuS1-xSex is wider with a value ranging from 2.8 to 

3.1 eV [40]. The origin of this wide band gap has been studied with energy band 

calculations, which have shown that [Cu2Se2]2+ layers and their antibonding states 

have the largest effect. These results demonstrated that the insulating [La2O2]2+ 

layers confine the hole carriers to the [Cu2Se2]2- layers, which causes notable two-

dimensional character. The large tuning in the band gap energy also indicates that 

LnCuOCh (Ln=lanthanide, Ch=S, Se, Te) compounds can be promising candidates 

for transparent p-type semiconductors. [159] 

As an addition to thermoelectric performance improvement by barium doping 

[158], similar methods have also been utilized. Na doping has been confirmed to 

increase BiOCuSe carrier concentration significantly [161]. Fluorination and 



 

43 
 

oxygen de-intercalation have been utilized to tune the antiferromagnetic ordering 

temperature for Sr4Mn3O7.5Cu2Ch2 (Ch = S, Se), and lithium exchange [128] has 

been used to tune the magnetic and electrochemical properties. 

Superconductivity of FeSe has been tuned by ammonia intercalation [162]. [156] 

See Table 7, Table 8 and Table 9 for selected oxsyselenides and their properties. 

 

Table 7. Carrier concentrations, Hall mobilities and Seebeck coefficients of 
oxyselenides. 

Stoichiometry [n] (cm-3) 
[μ] 

(cm2V-1s-1) 

[S] 

(μVK-1) 
Type Ref. 

CaOFeSe       Semiconductor [163] 

LaOCuS1-xSex 
 

  nondoped 

samples: 1350-

1450 

Sr-doped 

samples: 

150-1200 

nondoped 

sample: 

semiconductor 

Sr-doped 

sample: 

metal or 

degenerate 

semiconductor 

[40] 

LaOCuS1-xSex       Semiconductor [19] 

LaOCuSe up to 1.7 * 1021 ~ 8   Semiconductor [164] 

LaOCuSe(:Mg) LaOCuSe ~2 × 

1020 cm-3  

LaOCuSe:Mg  

hole 

concentration 

1.7*1021 cm−3  

undoped 

LaOCuSe:  

8.0 

LaOCuSe:Mg  

3.5 

positive for  

all films 

Semiconductor [55] 

La2O2CdSe2       Insulator [108] 

La1−xSrxOCuSe  

(x=0 to 0.2) 

    x=0: 140-290 

x>0: 80-150 

nondoped: 

semiconductor 

Sr-doped:  

p-type metal 

[165] 

A4O4TiSe4  

(A = Sm, Gd–Er, Y) 

      A=Gd–Ho, Y: 

semiconductors 

[166] 

Bi2O2Se 1.5 - 3.0 * 1013 120 - 11000   Semiconductor [167] 

BiOCuSe 10 - 180 * 1018 0.5 - 10 x=0: 350-400 

x=0.15: 75-125 

Semiconductor [168] 



 

44 
 

Stoichiometry [n] (cm-3) 
[μ] 

(cm2V-1s-1) 

[S] 

(μVK-1) 
Type Ref. 

BiOCuSe 1 - 1000*1018 2.5 - 22 x=0: 300-400  

x=0.1: 100-200 

Semiconductor [33] 

BiOCuSe 1018 - 1021 2.5 - 25 lowest for x=0.1:  

100-150 

Conductor [169] 

BiOCuSe &  

Bi1-xMxOCuSe 

(M = Mg, Ca, Sr 

and Ba) 

1 - 1000 * 1018 22 349 Semiconductor [160] 

Bi0.875Ba0.125CuSeO 1 * 1021 1 - 4 75 - 200 Conductor [158] 

BiOCuCh 

(Ch = S, Se, Te), 

BiOCuS: 4 

BiOCuSe: 12.65 

BiOCuTe: 116.25 

BiOCuS: 0.13 

BiOCuSe: 2.20 

BiOCuTe: 4.22 

BiOCuS: 300-600 

BiOCuSe: 350 

BiOCuTe: 100-

150 

Semiconductors [22] 

Bi1-xLaxOCuSe 0.8 - 1.8 * 1019 2 - 35 150 - 300   [170] 

Bi1-xONaxCuSe 0.92 * 1018 8 310 - 450 Semiconductor [161] 

BiOCuSe &  

Bi0.75Ba0.25OCuSe 

highest for 

heavily doped 

Ba0.25:  > 1021 

highest for 

modulation 

doping 

Ba0.125: 4.1 

50-400 Semiconductor [32] 

Bi1-xMgxOCuSe & 

Bi1-xBaxOCuSe 

Bi1-xMgxCuSeO: 

<10*1018 

Bi1-xBaxCuSeO: 

<1000*1018 

2.5 - 22 353 - 420 Semiconductor [171] 

Bi0.875Ba0.125OCuSe for BiCuSeO:  

1*1018 

for BiCuSeO:  

22 

x=0: 350-400  

x=0.125: 100-

150 

Semiconductor [172] 

Bi1−xSrxOCuSe 1018 - 1021 0.2 - 21 50 - 150 Semiconductor [13] 

Bi1 − xSrxOCuSe 
 

  x=0:  

350-400 

x=0.15:  

75-125 

Semiconductor [173] 

 

  



 

45 
 

Table 8. Electrical properties and band gaps of oxyselenides. 

Stoichiometry Type 
Conductivity 

[σ] (S/cm) 

Band gap [E] 

(eV) 
Ref. 

CaOFeSe Semiconductor 6.6 * 10 - 5 1.8 [163] 

LaOCuS1-xSex nondoped sample: 

semiconductor 

Sr-doped sample: 

metal or degenerate 

semiconductor 

   ~2.8 - ~3.1 [40] 

LaOCuS1-xSex Semiconductor 
 

3.1 [19] 

LaOCuSe Semiconductor   2.8 [164] 

LaOCuSe(:Mg) Semiconductor LaOCuSe:Mg: 

910 Scm−1 (for  

40 nm-thick films) 

LaCuOS1-xSex:  

emission energy 

of 2.89-3.21 eV 

[55] 

La2O2CdSe2 Insulator very small 3.3 [108] 

La1−xSrxOCuSe  

(x=0 to 0.2) 

nondoped: 

semiconductor 

Sr-doped:  

p-type metal 

Sr-doping:  

30 – 50 

no doping: ~ 1  

  [165] 

A4O4TiSe4  

(A = Sm, Gd–Er, Y) 

A=Gd–Ho, Y: 

semiconductors 

A=Gd–Ho, Y:  

1 – 3 

A=Gd–Ho, Y:  

0.25 - 0.37 

[166] 

Bi2O2Se Semiconductor 
 

1.4 - 1.9 [167] 

BiOCuSe Semiconductor lowest for BCSO: 0-10 

highest for BCSO1500: 

5-55 

  [168] 

BiOCuSe Semiconductor x=0: 1-10 

x=0.1: 100-500 

0.82 [33] 

BiOCuSe Conductor x=0: 1-10 

x=0.1: 3*104 - 6*104 

 
[169] 

BiOCuSe &  

Bi1-xMxOCuSe 

(M = Mg, Ca, Sr  

and Ba) 

Semiconductor 1.12 0.8 [160] 

Bi0.875Ba0.125CuSeO Conductor 100 - 700   [158] 

BiOCuCh 

(Ch = S, Se, Te), 

Semiconductor BiOCuSe: 0.0005 BiOCuSe: 0.8 

 

[22] 

Bi1-xLaxOCuSe   10 - 60 0.2 - 1.2 [170] 

Bi1-xONaxCuSe Semiconductor x=0: 1-11  

x=0.015: 80-110 

  [161] 
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BiOCuSe &  

Bi0.75Ba0.25OCuSe 

Semiconductor Ba0: 1-2  

Ba0.25: 400-900  

  [32] 

Bi1-xMgxOCuSe & 

Bi1-xBaxOCuSe 

Semiconductor Mg-doping: 32  

no doping: 1.12 

large for  

BiOCuSe 

[171] 

Bi0.875Ba0.125OCuSe Semiconductor x=0: 0-10  

x=0.125: 200-450 

 
[172] 

Bi1−xSrxOCuSe Semiconductor > 40000 0.8 [13] 

Bi1 − xSrxOCuSe Semiconductor x=0: 1000 

x=0.15:  ~80000 

0.8 [173] 

 

Table 9. Superconducting oxyselenides and their properties. 

Stoichiometry 
Electrical  

properties 
Type 

Band gap [E] 

(eV) 
Tc [K] 

Magnetic 

properties 
Ref. 

LaO1 -xFxBiSe2 El. resistivity:  

0.3 - 1.0 Ωcm 

Superconductor 0.17 3.1 diamagnetic [174] 

LaO0.5F0.5BiSe2 El. resistivity:  

0 - 0.10 mΩcm  

(T=2.0-3.0 K) 

Superconductor   2.6 diamagnetic [157] 

 

2.2.3.3 Oxytellurides 

Like oxyselenides, oxytellurides (M1OM2Te) exhibit thermoelectric performance 

but they are not as well studied. However, it is shown that substitution of Se by Te 

in BiOCuCh oxychalcogenides leads to an increase in electrical conductivity and a 

reduction in thermal conductivity. Thus, the thermoelectric performance of 

BiOCuTe is higher than that of BiOCuSe. The ternary compound Bi2O2Te also has a 

remarkably low thermal conductivity (0.91 Wm-1K-1 at room temperature) for a 

crystalline material. [175] 
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EXPERIMENTAL PART 

Bulk LaOCuS was originally reported by Palazzi [137] in 1981. The goal of the 

experimental part to optimize the novel ALD process for fabricating crystalline 

inorganic quaternary oxysulfide LaOCuS thin films. The objective was to find 

optimal deposition parameters and analyze the structural properties and phase 

composition of the thin films. The composition of the films was compared with 

corresponding bulk structures from the literature, and thin films with different 

deposition parameters were compared to each other. The films were also 

annealed to see if it has an effect on the phase uniformity. 

3 Motivation 

A typical ALD process for metal sulfide deposition includes the use of hydrogen 

sulfide gas, H2S. Due to its toxicity, special precautions are needed for safe use. 

Additionally, ALD processes based on H2S are slow: growth rates vary between 

0.20 and 0.94 Å/cycle. These kind of copper sulfide processes yield Cu(I) sulfide as 

the main phase whereas efficient ALD processes for high-quality Cu(II) sulfide thin 

films are an interesting concept for the future. With a novel ALD process, 

crystalline single-phase thin films of CuS have been deposited, up to the deposition 

temperature of 230°C. This was one of the first processes (along with some early 

ALD processes), where elemental sulfur was used instead of H2S as the sulfur 

source. [11] 

As noted in the literary part of this thesis, mixed-anion compounds have 

interesting electrical properties and consequently, are intriguing materials for 

electronic applications. The electric transport properties (for example, 

transparency, semiconductivity, superconductivity and large band gap) reported 

for bulk mixed-anion compounds, such as LaOCuS, are encouraging for future 

applications. The conformality of the layers deposited by ALD [7] permits the 

fabrication of thin film structures that possibly have superior properties compared 



 

48 
 

with their bulk equivalents. Furthermore, ALD is a vital process for miniaturization: 

especially the semiconductor industry could find mixed-anion compounds 

beneficial in manufacturing more efficient semiconducting high aspect ratio 

structures. [176] 

With the scarcity of quaternary oxysulfide thin films that have been deposited so 

far, this thesis provides a new perspective to thin film synthesis. Moreover, almost 

none of the mixed-anion thin films have been synthesized with ALD, which is why 

the deposition processes have not been optimized yet and numerous thin film 

phase compositions are unknown. Previously reported mixed-anion thin film 

syntheses include zinc oxysulfide thin film depositions with spatial ALD [27,155], 

yttrium oxysulfide thin films with atomic layer epitaxy (ALE) [177] as well as 

aluminum oxynitride [29] and lithium phosphorus oxynitride [73] deposition with 

ALD. 

4 Experimental details 

In this section, precursor synthesis and their properties are discussed. After that 

the chemistry behind the ALD process is shortly described and the experimental 

details of the deposition processes are explained. 

4.1 Synthesis of precursors 

La(thd)2 and Cu(acac)2 were used as metal precursors, elemental sulfur as the 

sulfur source and ozone (O3) as the oxygen source in the thin film depositions. 

La(thd)2 was chosen as a precursor because of its low reactivity in air atmosphere, 

observed for thd-based compounds in previous studies. Cu(acac)2 was chosen as 

a source for the copper metal based on previous studies on ALD depositions of 

CuO. [178–180] 

La(thd)2 (thd = 2,2,6,6-tetramethyl-3,5-heptanedione, Figure 18) was synthesized 

during 22.3.-27.3.2018 in the laboratory. First, sodium hydroxide (NaOH) was 

added to 15.5 mL of H(thd) in 30 mL EtOH (96 m-%) and lanthanum nitrate 
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hexahydrate (in 96 m-% EtOH) was added drop by drop to the flask while stirring. 

The white precipitate was filtered and washed with water, then dried in a vacuum 

oven (Heraeus RVT 350) overnight in 50°C. Finally, the dried powder was 

sublimated in 180°C. The synthesized La(thd)2 powder was stored in fridge. 

 

Figure 18. thd = 2,2,6,6-tetramethyl-3,5-heptanedione. [181] 

The sublimation temperature of the synthesized La(thd)2 precursor was verified 

by thermogravimetric analysis (TG). Perkin Elmer TGA 7 was used for the analysis, 

which yielded approximately 170-180°C as the sublimation temperature of 

La(thd)2 (Figure 19).  

 

Figure 19. La(thd)2 TG analysis for its sublimation temperature. 
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Cu(acac)2 (copper(II) acetylacetonate, 97%; C87851-100G, CAS Number 13395-16-

9) and elemental sulfur (213292-50G, CAS Number 7704-34-9) were used as 

received from Aldrich. 

4.2 The ALD process 

Atomic layer deposition (ALD) is a chemical vapor deposition technique developed 

and patented (with the name Atomic layer epitaxy, ALE) in 1977 by Suntola and 

Antson [182]. It is based on sequential self-limiting gas-solid reactions that allow 

cyclic thin film growth. The basic deposition process is a reaction cycle that is 

comprised of the repeating of four characteristic steps: 

1) A self-terminating reaction of the first reactant. 

2) A purging or evacuation step for removal of nonreacted reactants and gaseous 

by-products from the reaction chamber. 

3) A self-terminating reaction of the second reactant or a treatment to activate 

the surface again for the reaction of the first reactant. 

4) A purging or evacuation step to evacuate the reaction chamber.  

The basic growth cycle is repeated to achieve desired film thickness and results in 

constant material growth per cycle (GPC). The precursors chemisorb or react with 

the surface functional groups saturatively and no further adsorption occurs when 

the chemisorbed layer is formed. The precursors do not thermally decompose 

during the depositions. The self-limiting surface reactions are the uniqueness of 

ALD and lead to precise composition of the films. Films of sub-nanometer 

thickness control can be deposited by ALD. [183] 

 

Figure 20. The four characteristic steps of the ALD process. [183] 
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Moreover, exceptionally uniform and pinhole free films can also be achieved over 

large-area substrates. ALD is preferred over traditional thin film deposition 

techniques in situations, where films have to be deposited on complex geometry 

or high aspect ratio structures, because of its unique self-saturating layer-by-layer 

surface reactions. A typical sputtering process may also damage the thin film (for 

example by high energy ion bombarding) whereas ALD is a “soft” deposition 

technique and usually does not physically harm the deposited films. This is 

because gas-phase reactions occur at relatively low temperatures (200-300°C) and 

the wide ALD processing window is insensitive to small temperature or precursor 

flow changes. [4,7,124,183–185]  

Miniaturization [5,176] is a growing concept in the field of electronics industry. 

Miniature sized and high aspect ratio structures require atomic level control of the 

deposition of thin films. High conformality is achieved by using atomic layer 

deposition (ALD): gas phase ALD precursors coat all substrate surfaces 

independent of substrate geometry. Especially semiconductor devices need 

excellent conformality, for continuous improvement in their electrical properties.  

[176,183]  

In addition to ALD, there are various similar methods for thin film depositions: 

examples include chemical vapor deposition (CVD) [26], reactive solid-phase 

epitaxy (R-SPE) [110], radio frequency –sputtering (RF-sputtering) [10], pulsed 

laser deposition (PLD) [6] and molecular beam epitaxy (MBE) [54]. 

4.3 Equipment for ALD 

A tubular hot-walled F-120 ALD-reactor was used for all the thin film depositions 

in this thesis. The reactor was made by ASM Microchemistry Ltd. and the films 

were deposited on silicon wafer substrates (Si(100), p-type, Okmetic Oy) and a few 

times on borosilicate glass slides. The substrate pieces were cleaned by washing 

them with ethanol and blowing them dry with pressurized air before putting into 

the middle of the reaction chamber. One sample was deposited at a time but 
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sometimes a borosilicate glass slide was added to the reaction chamber beside the 

silicon wafer for comparison and a possibility for electric measurements.  

O3 (ozone gas), elemental sulfur, La(thd)2 and Cu(acac)2 were used as precursors 

for the thin film depositions. Fischer’s O3-generator was utilized to produce ozone 

from oxygen (99.99 %), with ozone flow of approximately 50 L/minute to the 

reactor. The powdered precursors La(thd)2, Cu(acac)2, and S were sublimated from 

open vessels and carried to the reactor chamber using N2-gas  

(AGA, >99.95 %) as the carrier and purging gas. In the reactor, primary N2 gas flow 

is used to transport the gaseous precursor to the substrate in the inner glass tubes 

of the reactor and secondary N2 gas flow keeps the outer glass tube in correct 

pressure. The flow rate of the primary flow of the purging gas was 300 sccm and 

the secondary flow rate was 100 sccm. The pressure inside the reactor was 

approximately 2 – 5 mbar during the depositions.  

 

Figure 21. Fischer’s O3-generator utilized to produce ozone from oxygen for the 

depositions. 
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4.4 Characterization methods 

X-ray reflectivity (XRR) was utilized for thickness analysis of the thin films. The 

method is based on the reflected X-ray beams, at grazing incidence, from a flat 

surface. The intensity of X-rays reflected in the specular direction (reflected angle 

equal to incident angle) is measured. The reflection patterns have been utilized to 

interpret film thickness and consequently, their growth rate.  

For XRR measurements, the angle of incidence was fixed at 0.5° and the 2θ was 

scanned from 0.1025° to 2.0°. The X’Pert Reflectivity program was used for thin 

film thickness analysis with the Fourier and Direct methods. This included the 

choosing of critical angle and measuring the approximate distances between the 

fringes, or selecting the start and end angle where fringes were still visible. The 

more fringes are present, the thicker the film is. As the cycle number increases, it 

is usually not possible to determine the film thickness anymore. The critical angle 

position is typically chosen approximately at the midpoint where intensity first 

begins to decrease. A visualization of this is shown in Figure 22: with these 

selections, the LaO film thickness was approximately 55 nm. 
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Figure 22. An XRR pattern of a LaO film. The critical angle is marked with a red line, while 

the first and second fringes are marked with green lines.  

Grazing incidence x-ray diffraction (GIXRD) is a method for finding the structure of 

thin films in detail. This method has a relatively low incident angle for the X-rays 

in order that the majority of the X-rays reflect from the surface of the film and not 

from the substrate. An incidence angle of 0.5° was used in this study and the range 

for 2θ was typically 10 - 65°, sometimes even 5 - 80°. Peaks were identified from 

the GIXRD data to determine the crystallinity and composition of the thin films. 
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4.5 Annealing 

Annealing is a step-wise heat treatment method typically utilized with polymer 

materials. With thin film synthesis, the method is exploited as postannealing. The 

thin film is deposited first and postannealing heat treatment is used for phase 

formation by diffusion of amorphous precursors. The material properties are 

changed because high temperature treatment modifies the locations of atoms in 

the crystal lattice and makes the structure less dislocated. This way, an as-

deposited amorphous thin film may be modified to become crystalline and distinct 

phases are formed. [186] In this experiment, the aim was to anneal the films to 

see if the LaO and CuS phases could be mixed in the films and the actual LaOCuS 

phase composition could eventually be found. 

  

Figure 23. The ATV PEO-601 oven utilized for thin film annealing.   
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ATV PEO-601 oven was utilized for the annealing of films. This research included 

thin film annealing in argon atmosphere. The annealing was a stepwise procedure: 

the films were first heated to 200°C in 10 minutes, then heated to 600°C in 10 

minutes, kept in 600°C for 10 minutes, cooled to 200°C in 10 minutes and finally 

cooled to room temperature in 10 minutes. Later, films were heated to 700°C 

(instead of 600°C). For most of the deposited films, annealing was crucial for the 

determination of their composition. This is because GIXRD measurements showed 

no peaks for most of the as-deposited films, except for the peaks resulting from 

the silicon substrate. After annealing, additional peaks were prominent in the 

GIXRD data and some films also showed a color change. 

 

Figure 24. As-deposited films (upper picture) and the same films annealed in the oven 

(lower picture). A color change from dark to yellowish can be seen in two of the films.  
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5 Results and discussion 

This chapter includes description of the thin film deposition procedure and the 

deposition parameters. The thin film phase composition is discussed along with 

the results from electrical measurements.  

5.1 Thin film deposition parameters and phase composition 

The depositions were completed in two different procedures. The first procedure 

included two separate ALD depositions: lanthanum oxide (LaO) was first deposited 

on a Si substrate, the film was removed from the reactor, XRR and XRD (for film 

thickness and crystallinity) were measured and then copper sulfide (CuS) was 

deposited on top of the LaO film. The second procedure included only one 

deposition where all the precursors were loaded in the reactor and a single 

deposition program was used to first deposit LaO on Si substrate and then deposit 

CuS on top of the LaO film. 

The deposition parameters were optimized to find the optimal sublimation 

temperatures and to determine whether the thin film thickness was linearly 

dependent on the deposition temperature, cycle length and number. This research 

concentrated on optimizing the deposition temperature and cycle number. Other 

parameters were kept constant in almost every deposition. 

First, LaO films were deposited separately. After this, the CuS films were deposited 

directly on top of the LaO films in the first deposition procedure. The sublimation 

temperature for La(thd)2 was chosen to be 170°C. The cycle / purge ratio was  

2 seconds / 3 seconds in these. All LaO films were found to be crystalline by XRD 

measurements. CuS film deposition parameters were not optimized separately. 

The following deposition sequence for LaO films was utilized: 

La(thd)2 2.0 s + N2 purge 3.0 s + O3 2.0 s + N2 purge 3.0 s 
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The growth rate (GPC) of the LaO films with deposition temperatures between 

230-280°C and 300 cycles was approximately 0.26 Å per cycle on average  

(Figure 25). The growth rate increased almost linearly with increasing deposition 

temperature. The growth rate was in line with previous research [187], where a 

GPC of 0.36 Å for LaO (La2O3) films was obtained with deposition temperatures 

between 225-275°C.  
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Figure 25. Growth rate (Å/cycle) versus deposition temperature plot for LaO films. 
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Figure 26 shows the GIXRD data of a thicker LaO film deposited with 1500 cycles 

(in black). It has a prominent broad peak at approximately 2θ = 25-35°, where also 

the bulk La2O3 diffractogram [188] (in red) has its most intensive peaks. Possible 

peaks may also be found at approximately 2θ = 40-50° but these are not as clearly 

observed in the LaO GIXRD data.  The peaks at approximately 2θ = 45-60° most 

likely are a result from the Si substrate. Based on this data, it can be suggested 

that the phase of deposited LaO films is close to La2O3, but more crystalline 

structure is needed for exact determination of its phase composition. 
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Figure 26. Comparison of the deposited LaO film (1500 cycles) GIXRD data (black) with the 

powder diffractogram (red) [188] of bulk La2O3.  
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For CuS films deposited separately on top of the LaO films, the sublimation 

temperature was chosen to be 110°C for S and 135°C for Cu(acac)2 and the 

deposition temperature was 200°C. The cycle / purge ratio was  

2 seconds / 3 seconds in these depositions. The following deposition sequence for 

CuS films was utilized: 

Cu(acac)2 2.0 s + N2 purge 3.0 s + S 2.0 s + N2 purge 3.0 s 

It was not possible to determine the thickness of these films accurately due to the 

low quality of the XRR data. The thickness seemed to increase with increasing 

number of cycles. See also Figure 30 for a comparison between the GIXRD data of 

separately and simultaneously deposited LaOCuS films.  
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Figure 27. (Upper) The thickness of LaOCuS films deposited with supercycles versus the 

number of cycles. (Legend: 10:100 = 100 cycles of the first two precursors followed by  

10 cycles of the last two precursors.) (Lower) The GIXRD data of annealed and as 

deposited LaOCuS films deposited with a supercycle and varying LaO cycles. The bulk 

LaCu0.96OS [111] XRD data is plotted for comparison. 
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The film thickness in simultaneous LaOCuS film depositions, with supercycles, is 

presented in Figure 27. The deposition temperature was 230°C in all of the 

depositions and the sublimation temperatures were kept the same as in the 

separate depositions. The cycle / purge ratio was 2 seconds / 3 seconds in these 

depositions. A five-minute purge of N2 was also added in between the LaO and CuS 

depositions after one deposition for the rest of the depositions. The following 

deposition sequences were utilized for the depositions with supercycles (x5): 

(La(thd)2 2.0 s / N2 purge 3.0 s //  O3 2.0 s / N2 purge 3.0 s // 

Cu(acac)2 2.0 s / N2 purge 3.0 s // S 2.0 s / N2 purge 3.0 s) x5 

The depositions without supercycles first resulted in a number of films that were 

not crystalline. This was to be expected due to the short pulse lengths for sulfur 

and Cu(acac)2 and thus insufficient time for them to be completely sublimated and 

carried into the reaction chamber. Consequently, the cycle / purge ratio for these 

two precursors was increased to 5 seconds / 6 seconds. The deposition and 

sublimation temperatures were kept the same as before. GIXRD measurements 

confirmed that the change in cycle / purge ratio increased the crystallinity of the 

films. The following deposition sequence (a subcycle of the above) was utilized for 

the depositions without supercycles: 

(La(thd)2 2.0 s / N2 purge 3.0 s // O3 2.0 s / N2 purge 3.0 //) 

/ N2 purge 300.0 s /  

(Cu(acac)2 5.0 s / N2 purge 6.0 s // S 5.0 s / N2 purge 6.0 s) 

Figure 27 shows the thickness of LaOCuS films deposited with supercycles versus 

the number of cycles. The thickness of the films decreases with increasing CuS 

cycles. 
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Figure 28. (Upper) The thickness of deposited LaOCuS films deposited without supercycles 

versus the number of cycles. (Lower) GIXRD patterns for LaOCuS films deposited with 

different cycles of CuS while keeping the LaO cycles at 300. These depositions included no 

supercycles and the bulk LaCu0.96OS [112] XRD data is plotted for comparison.  
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PANalytical X’pert PRO diffractometer with Cu Kα radiation (λ = 1.54 Å) was utilized 

for the XRR and GIXRD measurements and the film composition and crystallinity 

was determined from the GIXRD data. The database of “MATCH! Phase 

Identification from Powder Diffraction” program was utilized for analyzing the 

GIXRD data measured from the deposited thin films. The thin film GIXRD data was 

compared with corresponding bulk compound XRD data from the literature. The 

most intensive peaks at around 2θ = 30° were mainly considered when comparing 

the XRD data to each other. LaOCuS thin films were successfully fabricated using 

ALD, because there were numerous peaks visible in the GIXRD data. The data 

showed that partial crystallinity was present in some of the film compositions. 

Generally, the GIXRD data did not include enough peaks for exact determination 

of the phase composition. However, the peaks included in the data provide 

valuable information on the possible structure and phase composition of the films. 

Unless noted in the text, the GIXRD data is from films deposited on Si substrates.  

The GIXRD data of annealed and as deposited LaOCuS films deposited with 

supercycles is also shown in Figure 27. Annealing changed the data considerably 

in some cases, such as LaO:CuS::20:100. The most intensive peak of the bulk 

LaCu0.96OS [111] is located at 2θ = 31° and various peaks of the thin film GIXRD 

data are located at the same position, which is an indication that the structure is 

close to the bulk phase. Some of the less intensive peaks around 2θ = 35 - 45° are 

also found in the GIXRD data. 

In Figure 28, GIXRD data of films deposited without supercycles (all annealed) with 

varying CuS cycles are presented. Because there are considerably less cycles of CuS 

compared to LaO, the film thickness stays almost constant at approximately 8 nm, 

which is also shown in Figure 28. While the LaO cycles are kept constant at 300, 

the CuS cycles vary from 1 to 15. As the cycle number of CuS increases, more 

prominent peaks are seen especially at approximately 2θ = 30° and 2θ = 40 - 45°. 

This indicates that the thin film growth is more uniform with higher CuS cycles and 

more amorphous films are fabricated with lower CuS cycle numbers. The most 
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crystalline structure is achieved with CuS cycles of 10 and 15. The most intensive 

peak is also found in the GIXRD data of LaO:CuS::10:100 and LaO:CuS::15:100. The 

peaks at 2θ = 30° and 2θ = 45° are also found in both XRD data, which is a good 

indication that the structure is more crystalline and corresponds to the bulk phase. 

The phase composition is close to the bulk composition, but more peaks would be 

needed for the exact determination. The peaks at approximately 2θ = 45-60° most 

likely result from the Si substrate in all of the GIXRD data. 

 

Figure 29. The GIXRD pattern for deposited LaO:CuS::300:15 compared with the XRD 

pattern of bulk La5O4Cu6S7 [189]. 
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When comparing a single LaOCuS film (300 cycles of LaO and 15 cycles of CuS) with 

a different stoichiometry of a bulk LaOCuS compound [189], the most intensive 

peak of the bulk XRD is also found in the thin film GIXRD data (Figure 29). 

  

Figure 30. Comparison of two LaOCuS films deposited separately (two depositions) and 

simultaneously (one deposition). 

As observed from Figure 30, the separately deposited LaOCuS GIXRD data includes 

more peaks in the 2θ = 25-35° region, whereas the simultaneous deposition has 

resulted in more peaks in the 2θ = 35-40° region. This could be a result from the 

different deposition procedure and needs more careful research in the future. 
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Figure 31. Comparison of two LaOCuS films deposited on a Si substrate (red) and on a 

borosilicate glass substrate (black). 

Figure 31 shows a comparison on two films deposited on different substrates. The 

peak in the 2θ = 20-30° region in the borosilicate glass GIXRD data was confirmed 

to result from the glass itself (by measuring GIXRD from a clean borosilicate glass 

slab without a film), whereas there seems to be small peaks around the  

2θ = 45-60° region, which are hidden in the Si substrate GIXRD data under the 

characteristic peaks resulting from the Si substrate.  

From the overall GIXRD data, it can be concluded that more crystalline films were 

fabricated with depositions without supercycles (Figure 28). They had more similar 

peaks to the bulk XRD data of LaOCuS, whereas the depositions with supercycles 

(Figure 27) did not yield as consistent results. For example, the most intensive 

peak of the bulk XRD data at 2θ = 30° was not as clearly seen in the GIXRD data of 

depositions with supercycles. The most crystalline films were fabricated with cycle 
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numbers of LaO:CuS::300:10 and LaO:CuS::300:15 deposited on a silicon substrate 

with a deposition temperature of 230°C, and sublimation temperatures of 110°C 

for S, 135°C for Cu(acac)2 and 170°C for La(thd)2.  

5.2 Electrical measurements 

Because the films were quite resistive, a two-probe DC voltage source 

measurement was conducted. The measurement was performed with an 

Advantest R6144 Programmable DC Voltage/Current Generator with a Keithley 

485 Autoranging Picoammeter on an annealed LaO:CuS::300:50 thin film with a 

thickness of 8 nm. The voltage range used was 0.001 – 0.1 mV. The thin film 

resistivity calculated from this data was approximately 2.4 Ωcm. This corresponds 

to a conductivity of 0.42 Scm-1, which is in line with the bulk conductivities of 

lanthanum oxysulfides that typically vary between 0.1 and 20 Scm-1 [25]. Overall, 

the thin films were very resistive and there were difficulties in the measurements. 
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6 Conclusions and suggestions for further research 

In summary, quaternary LaOCuS thin films were deposited with ALD, using 

La(thd)2, O3, Cu(acac)2 and S as precursors. The LaOCuS thin film ALD process was 

successful and a thin film was fabricated, which is explained by the peaks that were 

found in the GIXRD data from the deposited films. The deposition processes were 

mainly based on trial and error because, to our knowledge, no one had deposited 

this kind of thin films before. GIXRD and XRR were utilized for thin film 

characterizations after depositions and annealing of the thin films. Annealing 

seemed to change the thin film GIXRD patterns remarkably and longer pulse length 

for Cu(acac)2 and S were utilized for more uniform phase composition. A number 

of different parameters and deposition conditions were tested during the 

experimental part to find, which would be most efficient for this kind of thin film. 

There was limited time to explore each condition thoroughly, which is why they 

must be retested in the future more carefully. 

For future work, the separate depositions could be examined more carefully 

because this thesis mainly concentrated on the simultaneous ones. The separately 

deposited films should be annealed and compared with similar annealed films 

deposited simultaneously to find the most crystalline thin film composition. 

Moreover, because the LaO thin film growth rate is very low, the cycle number 

should be increased in future depositions for a more even thickness of both the 

LaO and CuS phases. An interesting possibility would also be to deposit the films 

in reverse order: to deposit the CuS layer first and LaO layer second. In this case, 

the thickness of the LaO film should be adjusted to be as similar as possible to the 

thickness of the CuS layer. 

For future depositions, working with different precursors is a possibility. It may be 

advisable to exchange La(thd)2 for a different lanthanum precursor due to the 

larger size of La(thd)2: a possible substitutive precursor smaller in size could be for 

example La(acac). Utilizing it could induce more uniform growth of the films and 
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make it possible to identify the phase more easily. The sublimation temperature 

for sulfur and Cu(acac)2 might also have to be increased in future depositions to 

see if their sublimation is increased. 

Different cycle numbers should be tested for the LaOCuS depositions. One 

possibility is to increase the cycle number for LaO because its growth is 

considerably lower compared to CuS. A similar thickness of the LaO and CuS 

phases would help in mixing the phases when annealing the films, and this would 

possibly produce a more crystalline and uniform phase combined of them. The 

exact stoichiometry of the LaOCuS thin film must also be studied in the future. 

Using different annealing atmospheres might result in different film crystal 

structures. The annealing temperature was almost at the maximum it can be for 

the borosilicate glass, which softens at around 800°C, so it cannot be increased 

much further. There was also some inconsistency between the GIXRD data of the 

as deposited and annealed thin films (Figure 27): some of the films seemed to have 

more crystalline structure in their as deposited state even though the latter films 

clearly were more crystalline in their annealed state (Figure 28), which might also 

be due to a lower annealing temperature and different cycle numbers, as well as 

various problems experienced with the ALD reactor. 

Four-probe electrical measurements could be conducted again in the future with 

thicker films, because they were not possible with the thin films deposited in this 

study. Two-probe measurements were more successful but the high resistivity of 

the films is a challenge that must be overcome in the future. Two-probe 

measurements should also be conducted on more than two different thin film 

compositions for comparison. There is a possibility to utilize a different substrate 

for the thin film depositions: sapphire, a different glass or aluminum. This would 

possibly increase the film crystallinity as well as make it easier to measure 

electrical properties from the films. SEM images of the films would also be 

interesting to compare with each other. 
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