
Study of photoactive materials and structures 
based on compounds of the In-S system and in 

Silicon Rich Oxides  
 

By 
 

Enrique Quiroga González 
 
 

Thesis advisors: 
 

Prof. Dr. Wolfgang Bensch 
Dr. Mariano Aceves Mijares 

 
 
 
 
 
 

Thesis submitted in fulfillment of the requirements for the 
degree of: 

 
Doctor rerum naturalium 

 
in 
 

Institute for Inorganic Chemistry, 
Christian-Albrechts-University of Kiel 

 
 
 
 
 
 
 
 
 

Kiel, Germany, May 2010 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Declaration 

 

I declare that the work presented here was performed by me under the supervision of my 

advisors, who checked it in form and content. We followed the rules of the DFG for good 

scientific praxis. For the research I have used only the devices, software and materials 

mentioned in the thesis. This thesis has been only submitted to the University of Kiel. 

 

Enrique Quiroga González   Kiel, May 2010 

 

 

 

 

 

 

 

 

 

 

 

 

Examiner: Prof. Dr. Wolfgang Bensch 

Co-examiner: Prof. Dr. Norbert Stock 

Date of the examination: June 25th, 2010 

Approved for printing on: June 25th, 2010 

The Dean   



 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 v

 

 

 

“¿Será que soy fotoactivo? 

Los fotones de los luceros de tus ojos 

son absorbidos en la capa activa de mi corazón; 

así luego se electriza mi mente 

encendiendo la máquina de mi amor.” 

Enrique Q. G. 

 

 

 

 

 

 

 

 

To God, 

the one who exists from the very beginning 

and gives order to the universe through the chaos. 

To him,  

who shines in my life through the hugs of my beloved 

and always surprises me even with the smallest things. 

 



 

 vi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 vii

 

 

 

 

Aknowledgements 

 

To my wife Alina, my partner in the good and in the better times, the girl who wanted 

to take with me this boat for two sailing till the end of time. 

To my parents Olivia and Enrique, my sister Diana and my brother Angel, for all their 

unconditional support and love. Also to my whole family, including my family in law, for 

being always there for me. 

To my doctoral assessors Prof. Dr. Wolfgang Bensch and Dr. Mariano Aceves 

Mijares, for all their time, advices and friendship. 

To all my scientific collaborators during my doctoral project, especially Prof. Dr. 

Lorenz Kienle and his collaborators, Dr. Zhenrui Yu and Dr. Christian Näther who worked 

together with me in various articles. Also the productive collaborations with Prof. Dr. J. 

Janek, Dr. D. K. Lee, Prof. Dr. M. Martin, Dr. R. A. De Souza, Prof. Dr. F. Faupel, Dr. V. 

Zaporojtchenko, Dr. J. P. Savy, Dr. M. Haeckel, Prof. Dr. A. Lechner, Dr. K. Monfil-Leyva 

and Dr. R. López-Estopier are gratefully acknowledged.  

To all my friends, the ones from my childhood, the ones from my studies, the ones 

from my everyday, and the ones sharing with me the office now, for bringing light in cloudy 

days. You all know that “mi casa es su casa.” 

To the Discalced Carmelites from Tulpetlac and father Francisco Vargas for all their 

prayers. 



 

 viii

To CONACyT and DAAD for their economic support through a scholarship. Also to 

Stefanie Büchl from DAAD for all her time and help with multiple proceedings. 

To the Christian-Albrechts-University of Kiel, where I had the opportunity to 

materialize scientific thoughts. 

To the National Institute for Astrophysics, Optics and Electronics (Mexico), especially 

to the people of the microelectronics lab, for the support provided in different projects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 ix

 

 

 

 

Abstract 

 

In the present doctoral thesis the results of the study of photoactive materials and 

structures in different length scales will be presented. The thesis consists of two parts and 

base on 4 published manuscripts, 4 submitted papers and 1 paper being in preparation:  

 

1. The preparation of new materials based on thioindates and indium sulfides with possible 

photoactive properties. The synthesized materials were tested in the areas of photovoltaics, 

photocatalysis and/or photoluminescence. Thioindates were prepared under solvothermal 

conditions. Selected compounds are (C13H28N2)5[Cu2In18S33]•x(H2O), [In(en)2S]2•2Cl, and 

[Mg(en)3][In2S4]. These starting materials were used as single-source precursors and were 

thermally treated producing nanocrystals of indium sulfides like In2S3, Cu-containing In2S3, 

CuInS2 or MgIn2S4 depending on the treatment conditions and chemical compositions. The 

photoconductive properties of the obtained nanocrystalline powders or films were studied, 

finding these materials good candidates for photovoltaic applications.  

In additional experiments, the element In was substituted by Sb and thioantimonates were 

obtained. Due to the increasing price of In, this could be a possibility to decrease the costs to 

prepare photoactive materials. 

 

2. The second part of the work deals with the fabrication of multilayers of SRO (Silicon Rich 

Oxide) with high Si contents and SiO2 prepared by LPCVD (Low Pressure Chemical Vapor 



 

 x 

Deposition) as well as with studies on their structural, morphologic, optical and luminescent 

properties. According to previous reports there are no reported multilayer structures based on 

SRO with high Si contents prepared by LPCVD. SRO is an extensively studied material due 

to its interesting optoelectronic properties related to the Si nanocrystals embedded in it. The 

studied multilayers exhibit photoluminescence (luminescence stimulated with light) in the 

visible range, ascribed to defects located at the interfaces between the layers. A full study of 

the structural and compositional characteristics of the multilayers was performed gaining 

more insight in the emission mechanism. Additionally, an alternative evaluation and 

interpretation of Raman spectra of the samples is proposed to determine the size of the Si 

nanocrystals in the films.   
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Zusammenfassung 

 

In der vorliegenden Arbeit werden die Ergebnisse der Untersuchungen an 

photoaktiven Materialien und Strukturen auf verschiedenen Längenskalen präsentiert. Die 

Dissertation umfasst zwei Teile und besteht aus 4 publizierten, 4 eingereichten Artikeln und 

einem Artikel, der in Vorbereitung ist. 

 

1. Die Darstellung neuer Materialien auf Basis von Thioindaten und Indiumsulfiden, die 

photoaktive Eigenschaften aufweisen können. Die hergestellten Materialien wurden auf den 

Gebieten der Photoelektronik, Photokatalyse und/oder Photolumineszenz getestet. Thioindate 

wurden unter Solvothermalbedingungen dargestellt. Ausgewählte Verbindungen sind 

(C13H28N2)5[Cu2In18S33]•x(H2O), [In(en)2S]2•2Cl, und [Mg(en)3][In2S4]). Diese wurden als 

Precursoren eingesetzt und thermisch zersetzt, wobei sich je nach gewählten Bedingungen 

Nanokristalle von Indiumsulfiden wie In2S3, Cu-haltige In2S3, CuInS2 oder MgIn2S4 bildeten. 

Die Untersuchungen der photoleitenden Eigenschaften der nanokristallinen Pulver und Filme 

zeigen, dass sie für photoelektrische Anwendungen geeignet sind. 

Bei weiteren solvothermalen Experimenten wurde das Element In durch Sb ausgetauscht und 

auf diesem Weg konnten neue Thioantimonate synthetisiert und charakterisiert werden. 

Aufgrund des stetig steigenden Preises für In könnte so eine Möglichkeit geschaffen werden, 

die Kosten für photoaktive Verbindungen zu senken.  

 



 

 xii

2. Der zweite Teil der Arbeit beschäftigt sich mit der Darstellung von Multi-Schichten aus 

SRO (Silicon Rich Oxide) mit hohem Si-Gehalt und SiO2 durch die LPCVD-Methode (Low 

Pressure Chemical Vapor Deposition) sowie den Untersuchungen ihrer strukturellen, 

morphologischen, optischen und lumineszierenden Eigenschaften. Bis jetzt sind in der 

Literatur keine Multi-Schichtstrukturen beschrieben, die auf SRO mit hohem Si-Gehalt 

basieren und mit LPCVD dargestellt wurden. Aufgrund der interessanten optoelektronischen 

Eigenschaften in Bezug auf Si-Nanokristalle ist SRO ein häufig untersuchtes Material. Die 

dargestellten Multi-Schichten zeigen eine Photolumineszenz (Licht-Stimulierte Lumineszenz) 

im sichtbaren Bereich, was auf Defekte an der Grenzfläche zwischen den Schichten 

zurückzuführen ist. Um ein tieferes Verständnis über den Emissionsmechanismus zu 

erlangen, wurde eine vollständige Untersuchung der strukturellen Eigenschaften und der 

Zusammensetzung der Multi-Schichten durchgeführt. Zusätzlich wurde erstmals die Größe 

der Si-Nanokristalle der Multi-Schichten durch eine alternative Evaluation und Interpretation 

der Raman-Spektren bestimmt. 
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1. Introduction 

 

Photoactive materials are materials exhibiting photoconductive, photocatalytic, or 

photoluminescent properties. These materials transform luminous energy into other kinds of 

energy like electric, mechanic, thermal, chemical or to light with a different frequency. These 

materials are applied in very different fields of daily life, ranging from optical sensors, solar 

cells, photocatalytic production of H2, to illumination. Among the photoactive materials, of 

especial interest are those suitable for the transformation of solar energy into electricity. There 

is more than enough solar radiation available all over the world to satisfy a vastly increased 

demand for power systems. The sunlight reaching the earth’s surface is enough to provide 

2850 times as much energy as what is currently used. On a global average, each square meter 

of land is exposed to enough sunlight to produce 1700 kWh of power every year. The average 

irradiation in Europe is about 1000 kWh per square meter, however, compared with 1800 

kWh in the Middle East [1]. Photovoltaic (PV) cells are being used increasingly to take 

advantage of this huge resource and will play a key role in future sustainable energy systems. 

Our present needs could be met by covering 0.1 % of the Earth’s surface with PV installations 

that achieve a conversion efficiency of 10 % [2]. 

Some of the best known photoactive compounds belong to the family of the 

thioindates and indium sulfides. The indium sulfides are of the most promising candidates to 

be used in PV cells. For example, compounds like AgInS2, CuIn5S8 and CuInS2, with band-

gaps of 1.9 [3], 1.31 [4] and 1.5 eV [5, 6] are used as the absorber layers in the PV cells. The 
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band-gaps of these materials display the optimum value for solar energy conversion (1.5 eV) 

[5]. On the other hand, compounds like β-In2S3, with a band-gap of 2 eV [6, 7], are used as 

buffer layers [8]. Thioindates and indium sulfides also exhibit good photocatalytic properties 

for H2 evolution from water splitting. Some examples are the open framework thioindates like 

[Na14In17Cu3S35]·xH2O [9] or solid solutions of AgInS2 or CuInS2 with ZnS [10, 11]. In2S3 

nanocrystals deposited in mesoporous molecular sieves also present comparable 

photocatalytic characteristics [12]. Hydrogen may play an important role in the future energy 

supply because it is a clean energy source and can be used e.g. in fuel cells [13]. Talking 

about illumination, In2S3 nanoparticles have been found exhibiting good photoluminescent 

(PL) properties. In2S3 nanocrystals present PL emission of green light produced by band-to-

band transitions [14-16], blue light coming from deep trap states [17] and orange light due to 

interstitial In defects [16]. In addition, open framework thioindates containing transition metal 

cations have been found as a family of phosphors whose PL covers the whole visible 

spectrum [18].  

Of great importance are also photoactive devices based on Si, because Si is a cheap 

and abundant semiconductor. In the area of photovoltaics, solid-state junction devices based 

on crystalline or polycrystalline Si are the dominant technology with 94% of the market share 

[2]. The fabrication technology of Si-based PV cells is one of the most developed, and an 

efficiency of about 25% was achieved in the last years using such Si-based cells [19, 20]. The 

benchmark is about 40 % efficiency from PV cells based on more expensive and complicated 

technologies [21]. On the other hand, the area of illumination is also of importance and since 

the discovery of porous Si a transition to Si-based devices can be observed [22]. Porous Si 

opens new opportunities to Si-based optoelectronics, proving that it is possible generating 

luminescence from Si nanocrystals (Si-nCs). Besides porous Si the photoluminescent 

properties of other materials with low dimensional Si particles have been also studied. 
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Different fabrication techniques have been used to prepare such materials, like direct 

deposition of Si quantum dots [23, 24], implantation of Si in an amorphous matrix 

(principally SiO2) [25, 26], and deposition of Silicon Rich Oxides (SRO) for the further 

nucleation of Si-nCs by thermal treatments [27, 28]. Among these materials SRO is very easy 

to prepare, and it is extensively studied due to its photoluminescence in the visible range [29, 

30], which is ascribed to quantum confinement effects in the agglomerates of Si (commonly 

Si-nCs) or to defects at the interfaces between Si-nCs and the silicon oxide matrix. Other 

possibilities to prepare low dimensional Si particles are the fabrication of superlattices (SLs) 

or multilayer structures (MLs) composed of Si layers and other materials like e.g. SiO2. These 

arrays allow a one-dimensional quantum confinement in the Si layers when their thickness is 

limited to some nanometers [31-33] being then able to produce PL.  

 

Motivated by the interesting photoactive properties of thioindates and indium sulfides, as 

well as of multilayer structures with Si nanocrystals, the objective of the present work was to 

study these systems, preparing new compounds with new crystal structures that could bring 

new light to the area of photoactive materials. To achieve this general objective the following 

specific tasks were undertaken:  

• New thioindates were synthesized by the solvothermal synthesis method. This 

approach allows the preparation of compounds with structures that cannot be easily 

obtained by conventional experimental procedures. 

• Different methods like Pulsed Laser Deposition were tested for the preparation of 

nanocrystalline indium sulfides, using thioindates as single source precursors. 

• The substitution of In by Sb or other elements was explored in solvothermal syntheses 

to obtain cheaper photoactive materials. 
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• Multilayer structures based on SRO were prepared and analyzed to combine the 

properties of the multilayers and SRO. For this purpose cheap and conventional 

methods like LPCVD (Low Pressure Chemical Vapor Deposition) for the deposition 

of the films were used. 

• The photoactive properties of the prepared compounds and structures were 

investigated. 
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2. Synthesis techniques and characterization methods 

 

In the following short paragraphs, some details of the synthetic and characterization 

techniques used in the doctoral project are described. Additional techniques are mentioned in 

the publications that compose the thesis. A description of standard and basic methods used for 

the characterization of solid materials is not given because they are well-known in inorganic 

solid state chemistry. 

 

2.1. Chemical Vapor Deposition 

 

Chemical Vapor Deposition (CVD) is defined as the formation of a solid film on a 

substrate by the reaction of vapor-phase chemicals (reactants) that contain the required 

constituents [34]. The reactant gases are introduced into a reaction chamber and are 

decomposed and/or reacted at a heated surface to form the thin film. In CVD supported 

reactions the reactant gases do not react with (and therefore do not consume) any substrate 

surface material. A wide variety of thin films utilized in ULSI (Ultra Large Scale Integration) 

fabrication are formed by CVD [35, 36].  

A CVD process can be summarized as consisting of the following sequence of steps 

[34], schematically shown in Fig. 1: 

1. Reactant gases - often diluted by mixing with an inert carrier or diluent gas - are introduced 

by forced convection into a reaction chamber. These gaseous materials move in the chamber 
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from the inlet to the outlet, what is referred to as the main gas-flow region. As these gases 

flow through the chamber, they come into the vicinity of the wafers/substrates loaded in the 

chamber. 

2. The reactant-gas species are transported to the wafer surface through a sector of the 

gaseous volume referred to as the boundary layer. This transport occurs by gas-phase 

diffusion, i.e., a boundary layer in the gas exists between the main gas-flow region and the 

surface of the wafer/substrate. 

3. The reactants are adsorbed on the substrate surface. These adsorbed species are named ad-

atoms. 

4. The ad-atoms undergo surface migration to the growth sites, where the film-forming 

chemical reactions take place. These reactions are responsible for creating the solid film and 

gaseous by-products. In some cases, a gas-phase reaction leading to the formation of film 

precursors or even the final product occurs somewhere in the gas prior to the reactants 

reaching the substrate surface. 

5. The gaseous by-products of the reaction are desorbed from the surface. These products 

must diffuse through the boundary layer near the surface into the main gas-flow region, and 

from there they are removed from the chamber as the main gas-flow moves toward the outlet. 

 

Fig. 1. Scheme of the five sequential steps occurring during a CVD process. 
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The CVD reactors can be categorized in several ways according to a variety of factors. 

The first distinction between reactor types is if they are hot-wall or cold-wall reactors. The 

next criterion is the pressure regime of operation, i.e., atmospheric pressure versus reduced 

pressure reactors. The reactors operating at atmospheric pressure are commonly called 

APCVD. Reactors operating at reduced pressures can be divided into: a) low-pressure 

reactors, the so-called low-pressure CVD or LPCVD reactors, in which the energy input is 

entirely thermal; and b) reactors in which energy is partially supplied by a plasma as well as 

by thermal energy. The latter are known as plasma-enhanced CVD or PECVD reactors. 

The type of CVD used for the experiments presented in this thesis is LPCVD. The 

properties of this deposition technique will be now described. The LPCVD system at INAOE 

which was used for the experiments is shown in Fig. 2.   

  

Fig. 2. LPCVD system of INAOE. Left: Front view; right: rear view. 

 

2.1.1. Low Pressure Chemical Vapor Deposition 
 

Films deposited by Low Pressure Chemical Vapor Deposition (LPCVD) present better 

uniformity and step coverage as well as low particulate contamination than those deposited by 

APCVD systems [37]. These systems operate with vacuum in the range of 30 - 250 Pa (0.25 - 

2 torr) and moderate temperatures (550 - 750 °C), thus they typically deposit films in the 
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reaction-rate-limed regime. At reduced pressure the diffusivity of the reactant gas molecules 

is sufficiently high so that the mass-transfer to the substrate no longer limits the growth rate. 

On the other hand, the surface reaction rate is very sensitive to temperature, but precise 

temperature control is relatively easy to achieve. For example, near the temperature 

commonly used to deposit polysilicon by LPCVD (625 °C), the deposition rate changes by 2-

2.5 % every degree change in temperature. The elimination of mass-transfer constraints in the 

reactors allows the optimization for high wafer capacity. Low pressure operation also 

decreases gas-phase reactions, making LPCVD films less subject to particulate contamination. 

LPCVD is used for depositing many types of films, including poly-Si [38, 39], Si3N4 [40], 

SiO2 [41, 42], SRO [43], among others. 

The two main disadvantages of LPCVD processes are their relatively low deposition 

rates and relatively high operating temperatures. Attempting to increase deposition rates by 

increasing the reactant partial pressures tends to initiate gas phase reactions, and attempting to 

operate at lower temperatures results in unacceptably slow film deposition. 

 

2.2. Pulsed Laser Deposition 

 

The Pulsed Laser Deposition (PLD) method is a physical vapor deposition (PVD) 

approach, where the target material is vaporized with a high power pulsed laser beam. The 

deposition of films by this method is performed under ultra high vacuum or in the presence of 

a background gas such as oxygen when depositing oxides. When the laser radiation is 

absorbed by the target material the energy is first converted to electronic excitation and then 

into thermal, chemical and mechanical energy resulting in evaporation, ablation, plasma 

formation and even exfoliation [44]. The ejected species like atoms, molecules, electrons, 
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ions, clusters, particles and molten globules form a plasma plume and expand in the vacuum 

chamber to then deposit on a typically hot inert substrate. 

The PLD process is very complex but can be generally divided in four stages [45]: 

First, atoms of the surface of the target material are vaporized. The penetration depth 

of the laser beam is around 10 nm, depending on the material. The surface is heated to high 

temperatures due to the laser, and the non-equilibrium causes a Coulomb explosion that 

evaporates the substance within the penetration depth. This process occurs within the laser 

pulse duration (around 10 ps).  

In the second stage the plasma of the material expands parallel to the normal vector of 

the target surface towards the substrate due to Coulomb repulsion and recoil from the target 

surface. The spatial distribution of the plasma plume is dependent on the background pressure 

inside the PLD chamber. The most important consequence of increasing the background 

pressure is the slowing down of the high energetic species in the expanding plasma plume. It 

has been shown that particles with kinetic energies around 50 eV can re-sputter the film 

already deposited on the substrate. This results in a low deposition rate and can furthermore 

alter the stoichiometry of the already deposited film. 

In the third stage, the high energetic species ablated from the target bombard the 

substrate surface and may cause damage of the substrate surface by sputtering of atoms. The 

sputtered species from the substrate and the particles emitted from the target form a collision 

region, which serves as a source for condensation of particles. When the condensation rate is 

high enough, a thermal equilibrium can be reached and the film grows on the substrate surface 

at the expense of the direct flow of ablation particles and the thermal equilibrium is obtained. 

The last stage is the nucleation process and growth of the film on the substrate. The 

nucleation and film growth kinetics depend on the laser parameters [46, 47], surface 

temperature [48], background pressure, and on the quality of the substrate’s surface [49]. 
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2.3. Current-voltage characterization of materials 

 

A current-voltage (I-V) plot of a material could be considered as the simplest electrical 

characterization. Nevertheless the I-V characteristics depend on different factors related to the 

material and the contacts. The simplest array for such a measurement is shown in Fig. 3. The 

material is contacted at two points where a voltage is applied. Then the produced current 

passing through the material is measured. An alternative array consists of applying a certain 

current and measuring the potential between the two points.  

 

Fig. 3. Electric diagram of the testing circuit. 

 

The obtained I-V plots follow Ohm’s law but with the total resistance (RT) consisting 

of various components [50]: 

mspcpT RRRR
I
VR +++== 222   (1) 

where Rp is the probe resistance, Rc the contact resistance at each metal probe/semiconductor 

contact, Rsp the spreading resistance under each probe, and Rm is the material resistance. Rsp is 

the resistance encountered by the current flowing from the small metal probe to the measured 

material, and from the material to the probe. For the determination of Rm the preferred 
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measuring technique is the four-probe method. In this method two probes carry the current 

and other two probes sense the voltage. 

The ability of the contacts to replenish carriers to maintain charge neutrality in the 

material (properties of an Ohmic contact) if carriers are drawn out of the opposite contact by 

an electric field plays a key role in determining the kind of observed phenomena in the I-V 

plots. The general effect of electrical contacts between a metal and a material can be 

described in terms of three classes of behavior [51]: blocking contacts, Ohmic contacts, and 

injection contacts. The characteristic dependence of the current on applied voltage for these 

three types of contacts is shown in Fig. 4. 

 

Fig. 4. I-V plots when the contacts are a) blocking, b) Ohmic, c) injecting. 

 

A blocking contact is unable of supplying carriers when they are extracted from the 

material by an applied electric field. The current varies less than linearly with the applied 

voltage, and may become saturated.  

An Ohmic contact is able to supply carriers. In this case the contacts contribute 

negligible electrical resistance, and the current varies linearly with the applied voltage with a 

slope equal to the reciprocal of the resistance of the bulk material. This kind of contacts is the 

preferred one for the electrical characterization of a material.  

An injecting contact is an Ohmic contact being operated under sufficiently high 

electric fields that allow the carriers from the contact to cross the material before it reaches 

charge neutrality by dielectric relaxation. 
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Having Ohmic contacts one can separate the phenomena observed for the measured 

material. Nevertheless, even with Ohmic contacts the I-V plot could present a non-linear 

behavior. Depending on the composition of the material one can identify charge trapping [43], 

tunneling through the material [42], or other interesting effects like current oscillations as 

found in nanocomposite materials [52]. 

From electrical measurements using the four-probe technique it is possible to 

determine the resistivity ρ (the specific resistance) of a material. In semiconductors, the 

resistance depends on the free electron and hole densities n and p, and the electron and hole 

mobilities μn and μp according to the relation [50]: 

( )pn pnq μμ
ρ

+
=

1     (2) 

The resistivity is a very important parameter in semiconductor devices contributing to the 

series resistance, capacitance and threshold voltage of the devices ultimately determining the 

performance.  
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3. Thioindates and indium sulfides 

 

The main difference between indium sulfides and thioindates is the charge located on 

the different basic building units. An indium sulfide is charge neutral, with the composition 

RSR (R ≠ H) [53], and a thioindate is any complex anion containing at least one indium 

cation surrounded by sulfur anions. The thioindates are usually charge compensated by alkali 

metal cations [54, 55] or protonated organic molecules [55]. 

The RT-stable (RT = Room Temperature) binary indium sulfides are InS, In6S7, 

In2.8S4, and β-In2S3 [56]. InS crystallizes in the orthorhombic space group Pmnn with unit cell 

parameters a = 3.94, b = 4.44, c = 10.64 Å [57]. The unit cell of In6S7 belongs to the 

monoclinic space group P21/m with lattice parameters a = 9.09, b = 3.887, c = 17.705 Å, β = 

108.2° [57]. The phase In2.8S4 is identical to the high temperature modification of In2S3, 

specifically the modification α-In2S3 [56]. In2S3 is polymorphic and can crystallize either in 

the α, β or γ type structures [58-61]. The structures of the α and β phases can be described as 

spinel-like. But contrary to a normal spinel structure, one third of the tetrahedral sites remains 

empty, which leads to the quasi-quaternary compound with formula: [In2]O[In2/3h1/3]TS4 (h 

represents the vacant sites and T and O represent the tetrahedral and octahedral sites, 

respectively) [60]. The α-modification is stable above 420 °C and has a cubic structure (aα = 

10.77 Å). Below that temperature the material transforms into tetragonal β-In2S3 due to the 

ordering of the vacancies. The cell parameters of this structure are cβ = 3cα = 32.322 Å, and aβ 

= aα/(2)1/2 = 7.619 Å (space group I41/amd). Nevertheless if In2S3 is prepared with an excess 
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of In larger than 0.5 % the α−modification is stable even at room temperature [61]. Above 

754 °C all In atoms change into octahedral interstices of the close-packed sulfur sub-lattice, 

forming the trigonal phase γ-In2S3 [58, 59]. This structural modification is stable at room 

temperature if about 5 at % of the elements As or Sb are incorporated in the structure. 

Within the indium sulfide crystalline matrix, indium and/or sulfur atoms can be 

substituted by other elements, allowing the synthesis of ternary or quaternary indium sulfides 

[60]. The case that will be treated in this thesis is mainly the substitution with Cu. The only 

known single crystal phases in the Cu-In-S system are CuIn5S8 and CuInS2 [56], even when 

other phases like CuIn3S5 have been found as secondary phases in thin films of CuInS2 [62]. 

CuIn5S8 crystallizes in the cubic space group F-43m, a = 10.6858 Å [63, 64]. CuInS2 

crystallizes usually in the chalcopyrite structure type, tetragonal I-42d, with a = 5.517 and c = 

11.06 Å [65]. But a polymorphic modification of CuInS2 has been reported which has a 

structure with an ordering observed in the binary alloy CuAu (space group: P-4m2) [66]. The 

addition of Cu to β-In2S3 leads to the formation of CuIn5S8, and a small excess of Cu 

compared to this composition yields CuInS2 [60]. 

Thioindates were initially prepared applying high-temperature melts or solid-state 

reactions, or they were synthesized from aqueous sulfide solutions [54]. Anhydrous 

thioindates of the alkali metals prepared by these methods have the composition MInS2 (M = 

Li, Na, K, Rb, Cs) [67, 68]. But when more unconventional chemical synthesis methods are 

applied, other novel thioindates like Rb4In2S5 or Rb6In2S6 could be also obtained [69]. High 

temperature syntheses lead to dense thermodynamically stable products rather than to 

metastable phases with open network or framework structures. The cations fill the cavities of 

the anionic sub-lattices producing effectively dense materials. However, after the synthesis of 

such dense compounds, strategies for creating more space in the structures may be achieved 

by e.g. ion exchange of large cations by smaller ones [55]. 
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The introduction of structure directing and charge compensating organic molecules 

applying solvothermal synthesis conditions has allowed the preparation of new compounds 

with structures containing larger cavities. Due to the interesting structural and optical 

properties of these hybrid thioindates they have been considered as an alternative to Zeolites 

in the past decades [70]. The structures may be regarded as open frameworks consisting of 

interconnected tetrahedral thiometalate clusters [70]. The most common type of tetrahedral 

cluster is composed of nets of four-coordinated metal cations, emulating a fragment of the 

zinc-blende type lattice [71, 72] realized with post-transition metals like In [73]. These 

clusters are called supertetrahedral clusters denoted as Tn (n = 2, 3, 4, 5, …) with the general 

formulas for isolated clusters being M4E10, M10E20, M20E35 and M35E56 for n equal to 2, 3, 4 

and 5 respectively (with M = Metal and E = chalcogenide anion) [72]. The structures of these 

clusters are shown in Fig. 5. For T4 and T5 clusters it is necessary to substitute In3+ cations by 

M+ or M2+ metal cations (M+ = Cu+; M2+ = Mn2+, Co2+, Fe2+, Zn2+, Cd2+) in some structural 

positions to reach a local charge balance [72].  

 

Fig. 5. Ball-and-stick diagrams of T2, T3, T4 and T5 supertetrahedral clusters according to 
[72]. The yellow and red spheres represent S2- and In3+ ions respectively. The blue balls are 
positions generally occupied by M+ or M2+ cations. 
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Additionally, other series of tetrahedral clusters have been described in literature and 

one is the series of pentasupertetrahedral clusters denoted as Pn, which are an assemblage of 4 

Tn clusters at the faces of an anti-Tn cluster [74, 75]. There are also capped supertetrahedral 

clusters which are called Cn. These are based on Tn clusters with a shell of atoms with 

stoichiometry closely related to the Tn clusters [76]. 

Structures containing building units not related to supertetrahedral clusters are very 

scarce, like those composed of layers containing corner and edge-sharing InS4 tetrahedra [77], 

helical chains of corner-sharing InS4 tetrahedra [78], or distorted adamantane-like clusters 

[79]. Additionally there are reports of one-dimensional (1-D) thioindates, which contain one-

dimensional {[InS2]-}∞ chains formed by edge-linked InS4 tetrahedra charge compensated 

either with protonated amine molecules or with complexes of transition metals [80, 81].  

 

In the present work different thioindates have been synthesized by solvothermal 

synthesis. Some of them present new architectures and compositions, like the compounds 

[In(en)2S]2⋅2Cl, and [Mg(en)3][In2S4], which represent the first cationic thioindate and the 

first thioindate charge compensated with an earth alkaline metal complex (section 3.1). The 

first compound is a 0-D thioindate whose main structural motif is the centro-symmetric 

rhomboidal [In(en)2S]2
2+ ring which is formed by S-S edge-sharing of two symmetry related 

[InN4S2] octahedra. A positively charged chalcogenoindate unit has only been observed in a 

selenoindate with similar structure. The second compound ([Mg(en)3][In2S4]) is a 1-D 

thioindate composed of a straight {[InS2]-}∞ chain surrounded by [Mg(en)3]2+ complexes. The 

presence of an earth alkaline complex is new in thioindates, and opens new possibilities 

applying new structure directing complexes in future syntheses. An additional trend of the 

described thioindates is that they are good candidates to be used as single-source precursors 

for the preparation of indium sulfides. In2S3 crystals and MgIn2S4 nanocrystallites are 
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produced by thermal treatment of the compounds [In(en)2S]2⋅2Cl and [Mg(en)3][In2S4] in an 

inert atmosphere.  

The Cu-containing thioindate (C13H28N2)5[Cu2In18S33]•x(H2O) was also synthesized 

and was used as single source precursor for the preparation of indium sulfides by two 

different techniques. The precursor compound is composed of supertetrahedral T4 clusters. 

Such a compound composed of large inorganic clusters has not been tested as single source 

precursor before. First, a nanocomposite film of In and CuInS2 nanoclusters has been 

prepared by PLD (section 3.2). The large amount of In present in the precursor allowed the 

formation of In clusters in the nanosized range and CuInS2 nanocrystals. The average sizes of 

the In and CuInS2 nanoparticels were estimated from the X-ray powder pattern and are about 

36 and 17 nm respectively. These values match well with the sizes observed in TEM 

micrographs. The film presents good electrical conductivity, comparable with the one 

reported for n-type CuInS2, despite the presence of some organic contamination. Extensive 

EDX studies performed on several areas of the film demonstrate a large variation of the 

Cu:In:S ratio in a stochastic fashion which can be attributed to amorphous inter-particle 

regions (dimension about 1 nm). The electric performance seems to be dominated by the 

CuInS2 islands in the film as can be concluded by the electrical resistance which is rather that 

of a semiconductor than that of a metal like In. The film also exhibits good photoelectric 

characteristics. The characterization of the photoelectric properties demonstrate that only light 

in the wave-length region from 515 to 850 nm yields an increased conductivity under 

irradiation. Using the rapid pyrolysis method instead of PLD produces Cu-containing In2S3 

nanocrystals (section 3.3). There is an increasing interest in introducing Cu in the void spaces 

of In2S3, since in this way the photosensitivity and photoconductivity of the material can be 

varied. The produced In2S3 nanocrystals have a cubic structure (the high-temperature 

modification), probably due to the Cu incorporation in the voids. Two In2S3 phases coexist 
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with one being Cu-poor and the other having a larger Cu content. The coexistence of these 

two compounds is reflected by the Raman and UV-vis spectra. The results of the experiments 

with PLD and rapid pyrolysis demonstrate the strong dependence of the composition, 

morphology and structure of the materials on the synthetic method. 

Additional work in the field of indium sulfides was the solvothermal preparation of 

nanocrystalline mixtures of compounds of the Cu-In-S system for photocatalytic applications 

(section 3.4). Three different compounds could be identified in the mixtures with ratios of 

these compounds depending on the ratio of the starting materials Cu:In:S. The compounds 

display different morphologies like micron-sized plates, nano-walls and nanobelts. Whereas 

the microcrystalline compound could be unambiguously identified as CuInS2 with the 

chalcopyrite structure type, the structures of the two other compounds with compositions 

CuIn3S5 and CuIn7S11 are still not fully clear. Further characterizations with special HRTEM 

techniques are required to determine the crystal structures of the materials. The mixtures were 

tested in the photocatalytic production of H2 from water using sacrificial reagents yielding a 

H2 evolution which is comparable to that reported for CuInS2/AgInS2 in solid solution with a 

wide-gap semiconductor like ZnS. The catalytic activity of the mixtures depends on the ratio 

of the three compounds and the most active mixture was obtained using Cu:In:S = 1.3:5:9.5 in 

the reaction slurry. Note that this mixture contains the largest amount of the compound with 

approximate composition CuIn7S11 (nanobelts). The results suggest that the morphology and 

size of the catalyst particles strongly influence the photocatalytic activity. 
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3.1. Zero- and one-dimensional thioindates synthesized under solvothermal conditions yielding α-In2S3 or MgIn2S4 as thermal decomposition products 
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3.2. In-CuInS2 nanocomposite film prepared by Pulsed Laser Deposition using a single source precursor 
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3.3. Transmission Electron Microscopy study of Cu-containing spinel-type In2S3 nanocrystals prepared by rapid pyrolysis of a single molecular precursor 
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3.4. Synthesis and structural characterization of mixtures of nanocrystalline compounds of the Cu-In-S system, suitable for photocatalytic production of hydrogen using sacrificial reagents 
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4. Compounds substituting In by Sb 

 

Sulfides or thiometallates containing both In and Sb atoms are scarce. One reason may 

be the different coordination behavior of the two elements. Indium is always in tetrahedral 

coordination, as observed in different indium sulfides and thioindates [72, 82], while Sb is 

mainly coordinated by three S atoms forming a SbS3 trigonal pyramid [83, 84]. In addition, 

the Sb(III) centre with the stereochemically active lone electron pair often completes the 

environment by formation of strong distorted coordination polyhedra and in many cases an 

enhancement of the coordination number from 3 to 4 or 5, or even to 6 is observed. 

Thioindates and thioantimonates are prepared under solvothermal conditions and a successful 

interconnection of InS4 tetrahedra with SbSx building units (x = 3-6) can only be achieved if 

soluble species of both elements are formed simultaneously. There are several further 

synthetic aspects like the surrounding of the dissolved species by the structure directing 

molecules which may prevent condensation of the primary building blocks. Nevertheless, 

there is an interest in preparing compounds of the In-Sb-S system to combine the architectures 

obtained with InS4 tetrahedra and SbSx units to obtain new structures which then may present 

different chemical and physical properties compared to those of the pure thioindates or 

thioantimonates. Additionally, In is a very costly material and the introduction of Sb in 

indium sulfides and thioindates could allow obtaining cheaper materials that still present good 

photoactive properties. 
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The only known inorganic compounds of the In-Sb-S system are InSbS3 [85] and 

In1.8Sb0.2S3 (γ-In2S3) [59, 61]. Very recently there was one report about a hybrid inorganic-

organic compound in this system, namely [(CH3CH2CH2)2NH2]5In5Sb6S19•1.45H2O [86] 

synthesized under solvothermal conditions. The structure of this hybrid compound is 

composed of anionic layers with large windows that allows a rapid and efficient exchange of 

the organic cations (dipropylammonium, DPAH+) by other ions like Cs+. It is noted that there 

are just few reports of compounds of the III-V-VI systems like the thiogallato-antimonates 

[Ni(en)3][Ga2Sb2S7] and [(Me)2NH2]2[Ga2Sb2S7] [87].  

 

In the present contribution the new compound {[In(C6H14N2)2]2Sb4S8}Cl2 was 

obtained using the solvothermal synthesis method applying a mixture of InCl3, Sb, S and 1,2 

trans-diaminocyclohexane (section 4.1). This compound represents the second hybrid 

inorganic-organic compound in the In-Sb-S system and displays novel structural and thermal 

properties not observed for thioindates and thioantimonates until now. The structure of the 

compound consists of two [In(C6H14N2)2]3+ complexes interconnected by the [Sb4S8]4- anion 

which acts as a tetradentate ligand. Several compounds with the [Sb4S8]4- anion were reported 

in the literature but in {[In(C6H14N2)2]2Sb4S8}Cl2 the thioantimonate(III) anion shows a 

hitherto never observed connection mode. In-situ X-ray powder diffraction experiments 

evidenced that the compound shows an highly unusual reversible thermal expansion behavior 

which until now was only reported for very few compounds. Upon heating, the lattice 

parameters exhibit unusual uniaxial negative and biaxial positive thermal expansions which 

are quite different in the temperature regions investigated. The relative negative expansion 

coefficients for the a-axis of -194·10-6 K-1 (30 – 120 °C) and -82· 10-6 K-1 (120 – 220 °C) are 

in the region of so-called colossal thermal expansion. Above about 270 °C the sample starts to 

decompose and becomes amorphous. Further increase of the temperature leads to 
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crystallization of InSbS3 at 320 °C. When heating the sample above 585 °C Sb starts to be 

evaporated and a γ-In2S3 is formed, which is stable at room temperature when it contains a 

small amount of Sb.  

In additional experiments to replace In by Sb in thiometallates, following similar 

synthetic conditions as those for the preparation of the thioindate [Mg(en)3][In2S4] led to the 

crystallization of the thioantimonate(III) [Mg(en)3][Sb4S7] (section 4.2). This is the first time 

that a complex of an earth-alkaline metal charge-compensates a thioantimonate(III). Many 

transition metal complex-containing thioantimonates(III) are known, but the structural 

diversity and properties may be altered using main group cations. In the structure of the 

compound trigonal SbS3 pyramids are joined to form an Sb3S3 ring. The rings are connected 

through SbS3 units yielding an undulated chain anion. Considering so-called secondary Sb-S 

bonds a layer-like thioantimonate anion is formed. The [Mg(en)3]2+ cations are located 

between the layers. 
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4.1. The thioantimonate anion [Sb4S8]4- acting as a tetradentate ligand: Solvothermal synthesis, crystal structure and properties of {[In(C6H14N2)2]2Sb4S8}Cl2 exhibiting unusual uniaxial negative and biaxial positive thermal expansion 
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4.2. Solvothermal synthesis, crystal structure and properties of [Mg(en)3][Sb4S7] - the first thioantimonate(III) containing a main group metal complex cation as structure director 
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5. SRO/SiO2 multilayers with high Si content 

 

Silicon Rich Oxide (SRO), also known as Silicon Rich Silicon Oxide (SRSO) or off-

stoichiometric Silicon oxide, is a multiphase material composed of silicon oxides and Si 

agglomerates [88, 89]. It is possible to obtain Si nanocrystals (Si-nCs) embedded in a silicon 

oxide matrix by thermally treating SRO at high temperatures [90]. A typical TEM micrograph 

of this material is shown in Fig. 6. In the figure one can distinguish crystalline zones (Si-nCs) 

and amorphous zones consisting of silicon oxides. Si-nCs of less than 5 nm in diameter (the 

Bohr radius for electrons in crystalline Si [91]) may behave as quantum dots exhibiting 

quantum confinement in three dimensions. The Si-nCs in SRO are also isolated from other 

nCs by silicon oxides, a property that distinguishes them from those created by deposition of 

nanolayers of polysilicon, and such isolated Si-nCs are useful for single electron memories 

[43]. With the Si quantum dots spaced sufficiently close together, the wave functions of 

quantum confined carriers in adjacent dots overlap forming a mini-band [92]. For sufficiently 

broad mini-bands this effectively results in a new semiconductor material with a wider band 

gap than Si. 

Silicon Rich Oxide materials have been prepared using a variety of methods, like 

sputtering [93, 94], Si implantation in SiO2 [25, 26], or CVD methods [27, 28, 95, 96]. CVD 

methods are a simple approach for the deposition of SRO, and have been used for this 

purpose since some pioneering works in the 1960s [97].  
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Fig. 6. Typical TEM micrograph of SRO. The enclosed areas are Si-nCs. The atomic layers 
are seen evidencing the crystallinity of the nano-crystals. The surrounding amorphous 
material consists of silicon oxides. 
 

SRO materials have been extensively studied due to their photoluminescence (PL) 

effects in the visible range [29, 30], which are ascribed to quantum confinement effects in the 

Si agglomerates (commonly nanocrystals) or to defects at the interfaces. The quantum 

confinement effects in this material have also motivated the research of SRO for application 

in third generation solar cells [92, 98]. Additionally, SRO samples have been lately been used 

substituting crystalline Si in Silicon-based devices doped with Er [99, 100]. It has been found 

that Er emits light with a wavelength of 1.54 μm at room temperature. This wavelength is 

especially important because it coincides with the absorption minimum in the silica-based 

optical fibers currently used in optical communications. The temperature quenching of the PL 

effect from Er is strongly reduced in SRO compared to crystalline Si or silica [94, 100]. 

Multilayer structures (MLs) and superlattices (SLs) of this material have been also 

studied with the aim to combine the characteristics of the structures with the properties of 

SRO. A ML can be simply defined as a tandem of layers of different materials. A SL is a ML 

that consists of an array of quantum wells separated by very thin barriers. The wells consist of 

any material, usually crystalline, and the barriers consist of a material with larger band gap 

(Eg). For example one can prepare SLs of Si (Eg = 1.1 eV) and SiO2 (Eg ~ 8.8 eV) [101]. A SL 
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presents a series of narrowed allowed and forbidden bands, due to the subdivision of the 

original Brillouin zone into a series of sub-bands [102]. As the thickness of the barriers is 

smaller than the electron mean free path, the sub-bands of the quantum wells could align 

allowing resonant tunneling of carriers [102]. The tunneling process is graphically presented 

in Fig. 7.   

 

Fig. 7. Energy band diagram of a SL at varying bias conditions to reach energy band 
alignment and resonant tunneling. 
 

MLs and SLs containing Si-nCs have been intensively studied in the last years, since 

these structures allow a control of the properties of the nCs related with their size. The size of 

the Si-nCs can be tuned according with the thickness of the layers [31]. In this way, it is 

possible to make size-dependent PL studies of the Si-nCs [31]. These structure types 

composed of SRO have been produced by different methods, but previous to this work no 

structures have been fabricated by LPCVD. 

 

One of the most important results of the doctoral project has been the deposition and 

analysis of the first ML structure containing SRO with high Si content prepared by LPCVD 

(section 5.1). It is a hard task to control the deposition rate of SRO with high Si content and 

SRO with low Si content at the same temperature. While temperatures higher than 700 °C are 
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needed to deposit SiO2, polysilicon can be deposited even below 500 °C. This causes a high 

deposition rate of SRO when it has high Si content, producing films with pronounced 

roughness. The deposition parameters were adjusted until a layered structure of two 

independent phases was obtained even with the existing constraints. The structural and 

compositional characteristics of the ML were discussed on the basis of the results of 

exhaustive analyses by Secondary Ion Mass Spectroscopy (SIMS), X-ray Photoelectron 

Spectroscopy (XPS), TEM and Fourier Transformed Infrared spectroscopy (FTIR). These 

results were the base to produce new MLs. 

After this initial study, other MLs were deposited proving the possibility of controlling 

the size of the Si-nCs with the thickness of the layers (section 5.2). The size of the nCs was 

determined by TEM and X-ray diffractometry measurements, and additionally a Raman 

analysis has been used as an alternative approach. Such Raman analysis has not been used 

before to determine the size of nCs. It consists in analyzing the asymmetry of the Raman peak 

of crystalline Si, what is much less sensitive to stress or defocusing than other methods which 

take into account the position or broadness of the peak.  

The control of the size of the Si-nCs allowed the deposition of MLs which exhibit PL 

in the visible range (section 5.3). Even though, the PL signal is just evident in the MLs with 

Si-nCs smaller than 10 nm and/or content of pure Si in the layers lower than 20 %. It has been 

proved that these conditions can be also achieved by oxidation of the samples. A detailed 

analysis of the PL spectra evidences that in all cases the PL emission has the same origin: 

radiative recombination in the defects of the oxide matrix and of the interfaces between 

nanocrystals. The interface-related PL depends on the size of the Si-nCs. Such a PL study of 

MLs containing SRO with high Si content and Si-nCs larger than 5 nm has not been done 

before. Hence the present study brings much more insight into the emission process of such a 

system. The origin of the PL in SRO with Si-nC sizes below 4 nm is quite different, and is 
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generally due to direct band to band transitions in Si-nCs due to quantum confinement effects. 

On the other hand, when no Si-nCs are present the PL emission is due to radiative 

recombination in defects of the silicon oxides. 
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5.1. Structural characteristics of a multilayer of Silicon Rich Oxide (SRO) with high Si content prepared by LPCVD 
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5.2. Silicon Rich Oxide with controlled mean size of silicon nanocrystals by deposition in multilayers 
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5.3. Study of multilayer arrays of silicon rich oxide prepared by low pressure chemical vapor deposition for the production of photoluminescence 
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6. Conclusions and outlook 

 

New thioindates presenting different architectures and compositions have been 

synthesized under solvothermal conditions. The ones presented in the thesis are the 0-D 

cationic thioindate [In(en)2S]2⋅2Cl, the 1-D thioindate [Mg(en)3][In2S4] which is the first one 

containing an earth alkaline complex, and the thioindate (C13H28N2)5[Cu2In18S33]•x(H2O) 

composed of supertetrahedral clusters. The success of obtaining new thioindates demonstrates 

that the solvothermal approach is a powerful and promising method for the preparation of new 

compounds with different and unique crystal structures. Such explorative experimental work 

is necessary for the synthesis of new compounds which may exhibit photoactive properties 

superior to those of the well established materials. Obviously, the products of the 

solvothermal syntheses cannot be predicted or planned, and it is a “trial and error” approach 

which requires a large number of experiments varying several reaction parameters. Once a 

new compound is obtained, a systematic variation of the synthetic parameters of the chemical 

system under investigation yields further new compounds which enriches our knowledge 

about the structural diversity, chemical flexibility and variability of the physical properties of 

the distinct system which is just explored. Several examples in the present PhD thesis can be 

regarded as instructive examples for the large potential of the solvothermal synthesis 

approach. 
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In further experiments on solvothermal synthesis, three inorganic compounds of the 

Cu-In-S system have been prepared as mixtures, exhibiting good photocatalytic properties for 

H2 production from water using sacrificial reagents. The compounds display new nanocrystal 

morphologies ranging from flower-like agglomerates of thin nanoplates to nanobelts. The 

compositions of the three compounds are very near to CuInS2, CuIn3S5 and CuIn7S11 

according to Nano-EDX analyses. In the X-ray powder patterns of the mixtures CuInS2 

(chalcopyrite structure type) could be clearly identified, whereas a distinct crystal structure for 

the remaining two samples is still missing. Despite this drawback, the advantage of the 

intimate mixture on the photocatalytic H2 evolution from water decomposition in the presence 

of sacrificial reagents is obvious. The three samples cover a wide range of optical band-gaps 

thus they effectively utilize a large wavelengths range of incident light. In the literature such 

materials of the Cu-In-S system have been usually prepared in solid solutions with wide-band 

materials when they were used for photocatalysis. Nevertheless the number of such reports is 

still low.  

 

The new thioindate compounds have been used as single source precursor for the 

production of different indium sulfides. In this way the materials In2S3, Cu-containing In2S3, 

MgIn2S4 and CuInS2 were obtained with different morphologies depending on the synthetic 

methods. The applied methods were Pulsed Laser Deposition, rapid pyrolysis and simple 

thermal decomposition in inert atmospheres. Microcrystalline and nanocrystalline powders or 

films were prepared. The photoconductive properties of the obtained materials were studied, 

and some of them were found good candidates for photovoltaic applications. The proposed 

methods for the preparation of nanocrystals of indium sulfides have been scarcely studied for 

this material system.  
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As additional work, with the objective of producing photoconductive materials with 

lower price, the possibility of substituting the In atoms in thioindates by Sb atoms was tested. 

These experiments led to the synthesis of the second In-containing thioantimonate 

{[In(C6H14N2)2]2Sb4S8}Cl2.This compound presents an especial connectivity feature of the 

thioantimonate anion acting as a tetradentate anion. The compound additionally presents 

reversible negative thermal expansion that is new in the areas of thioindates or 

thioantimonates. In other experiments where the synthetic conditions to prepare a thioindate 

were followed to prepare a thioantimonate, the result was the crystallization of the new 

thioantimonate [Mg(en)3][Sb4S7], which is the first thioantimonate(III) compound containing 

an earth alkaline complex. In this way it has been evidenced that it is possible to transfer some 

structural characteristics from thioindates to thioantimonates when they are prepared under 

similar conditions, opening research opportunities in the synthesis of thiometallate materials. 

 

The second part of the work consisted of the fabrication and characterization of 

multilayers of SRO (Silicon Rich Oxide) with high Si content and SiO2 by LPCVD (Low 

Pressure Chemical Vapor Deposition). Different analytic methods were used to clarify the 

properties of these structures; multilayers of SRO with high Si content have not been much 

studied previous to this work. A refining of the deposition conditions was reached through a 

large number of experiments. This allowed the control of the size of the Si nanocrystals (Si-

nCs) embedded in SRO, by varying the size of the layers. During the study of these structures 

a new method for the determination of the Si-nC sizes by Raman spectroscopy has been 

proposed. The control of the Si-nC allowed the preparation of multilayers that exhibit 

photoluminescence in the visible range. This photoluminescence is ascribed to defects in the 

interfaces between layers and in the silicon oxide matrix. The results in this area give more 

insight in the preparation of multilayers of SRO by LPCVD, proving that LPCVD is a 



Conclusions and outlook 
 

 111

convenient method for this purpose. On the other hand, the photoluminescence bands of the 

studied structures are broader compared with other reported multilayers, covering a large 

range of the visible spectrum. This is caused by the difference in the emission mechanism.  

 

Besides the results presented in this thesis other interesting results were obtained, but 

due to time and space limitation it was decided not to include these data in the thesis. For 

example, it was possible to substitute the metal cations of known open framework thioindates 

allowing a continuous tuning of the optical band-gap depending on the substituting metal 

cation. This substitution also allowed tuning the energy of the photoluminescence produced 

by the compound. When introducing Fe interesting magnetic properties are observed, which 

depend on the degree of Fe substitution. Additionally other In complexes and thioantimonates 

were prepared and all these results will be published soon.  

 

The results of the thesis can be viewed as the starting point in different areas like the 

preparation of cationic thioindates or the charge compensation of thioindates with different 

cations. The preparation of indium sulfides from thioindates by alternative methods like the 

proposed rapid pyrolysis gives a lot of research opportunities. The preparation of hybrid 

compounds in the In-Sb-S system also represents a challenging area, because only two 

compounds containing both In and Sb in a sulfur environment were prepared until now. 

Additionally much more investigations can be done in the area of photoluminescence of 

multilayers of SRO, searching for controlling the energy of the emission. The proposed 

Raman method to estimate the size of the Si-nCs in the multilayers should be supported by 

additional experiments, and it could become a standard method due to its simplicity and 

relatively cheap equipment needed.  
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