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INTRODUCTION

Indium sulfide (In,S;) thin films have been mainly used as a buffer layer in
chalcopyrite absorber based solar cells [1 — 4]. Recently, In,S; has been proposed as
a host material for an absorber in intermediate band solar cells [5, 6].

In the past decades the application of In,S; thin films in photovoltaic devices
has been studied by many research groups [1 — 4]. In,S; thin films can be obtained
by different physical and chemical methods; however crystalline, electrical and
optical properties of the obtained films depend on the deposition method applied
[1]. The chemical spray pyrolysis (CSP) is an economical method, which uses low-
cost set-up to produce large-area thin films, and it can be performed in air using
short processing times. Researchers at Tallinn University of Technology (TUT),
Estonia, have used the CSP method to deposit different thin films for many years.
The first studies on the CSP deposition of CdS thin films were conducted by Dr. K.
Kerm [7]. Since then the pneumatic CSP equipment has been significantly
improved and the ongoing depositions of different metal sulfide (ZnS, CulnS,, CdS,
In,S;) and metal oxide (TiO,, ZnO) films have been performed by the research
group led by Dr. M. Krunks [8 — 13]. In the Laboratory of Thin Film Chemical
Technologies, a nanostructured solar cell, including In,S; as a buffer layer, has been
made by CSP using a pneumatic spray set-up [3]. In order to prepare an effective
solar cell, it is important to be aware of the properties of each layer in the solar cell
structure.

Prior to the present study, only limited number of studies had been made on the
deposition of In,S; films by the pneumatic CSP. According to the literature, no
studies on the formation of In,S; during the CSP process by using InCl; and
SC(NH,), as starting chemicals have been reported.

This thesis contains a comprehensive study on the effect of the molar ratio of
the starting chemicals (InCl; to SC(NH,),) in aqueous or alcoholic spray solutions
and various deposition temperatures on the properties of sprayed In,S; films. The
formation chemistry of In,S; in the CSP process is studied. Knowledge of formation
chemistry is needed to understand and thereby control properties of sprayed In,S;
thin films.

Chapter 1 contains the literature review. Chapter 2 describes the preparation of
In,S; films by CSP and applied characterization methods, followed by the synthesis
of the precursors for the process chemistry study with the characterization and
applied thermoanalytical methods. Chapter 3 presents the obtained results along
with discussion reported in two main parts. The first part deals with the
characterization of the structure and phase composition, the morphology, optical
properties and elemental composition of sprayed In,S; films depending on growth
temperatures and the molar ratio of starting chemicals (InCl; to SC(NH;),) in
aqueous or alcoholic spray solutions. These results are published in papers I and II.
The second part of Chapter 3 presents the interaction of starting chemicals in the
spray solution, the formation and structure of intermediate complex compound as a
precursor for In,S;. Thereupon the results of thermal degradation of the precursors



and the formation of In,S; are presented by simultaneous thermogravimetric and
differential thermal analysis coupled online with evolved gas analyses by FTIR and
MS. The detailed results and discussion of the formation chemistry of In,S; in CSP
are published in papers Il and IV. Finally, Chapter 4 summarizes the main results
of the present study.

This work is financially supported by the Estonian Ministry of Education and
Research (Target Financing Project SF0140092s08); the Estonian Science
Foundation (grants ETF6954, ETF7788 and ETF9081); Centre of Excellence
“Mesosystems - Theory and Applications” (TK114). This work has been partially
supported by the projects AR10128 (“New materials for solar energetics®),
AR12118 (“Efficient plasmonic absorbers for solar cells”) and the Graduate School
“Functional materials and technologies* financed by the European Social Fund
under the project 1.2.0401.09-0079 in Estonia. Additionally, the Internationalization
Programme DoRa Activity 8 is appreciated for support.
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1 LITERATURE REVIEW

1.1 General properties of indium sulfide as a material

There are three main phases, InS, IngS; and In,S;, existing with different
modifications in the In-S system [14 — 17]. The existence of other indium sulfide
phases, such as In;S,, In;Ss, InsSs in the In-S system is questionable [14, 16].

The phases of InS, IngS; and In,S; exist in the In-S system under the following
conditions:
InS — contains indium in the range of 50 — 51 at% and occurs as o- and
B-InS. The orthorhombic a-InS transforms into B-InS at temperatures above
657 °C (Fig. 1.1 b).

IngS; — contains ~46 at% of indium and exists up to 780 °C (Fig. 1.1 a, b).
In,S; — contains indium in the range of 40 — 42 at% (Fig. 1.1 b). In,S;
appears in tetragonal, cubic and trigonal crystallographic forms, which are
generally named as B-, a- and y-In,S;, respectively [18].

1.

The tetragonal B-In,S; with the space group of /4,/amd is the most
stable phase at room temperature and exists up to 414 °C (Fig. 1.1).
In the tetragonal In,S; structure, the cation vacancies are ordered
along a 4, screw, the unit cell consists of three spinel cubes stacked
parallel to the c-axis (Fig. 1.2) with the lattice parameters
a=b=7.617 A and ¢=32.33 A [1, 18, 19]. According to Gédecke and
Schubert [15], for the tetragonal B-In,S; the maximum amount of
indium should be below 40.5 at% (Fig. 1.1 a).

The cubic o-In,S; with the space group of Fd3m exists from 414 °C
up to 750 °C. The cubic In,S; with the lattice parameters of
a=b=c=10.77 A crystallizes in a defect spinel structure in which one
third of tetrahedral disordered cationic sites remain empty [1, 20,
21]. According to Godecke and Schubert [15], a-In,S; forms in the
systems with indium content above 40.5 at.% at room temperature.
The trigonal y-In,S; with the space group P3ml and with the lattice
parameters a=b=6.56 A and c=17.57 A exists at temperatures
higher than 750 °C up to the melting point of In,S; at 1090 °C [22 —
24]. The layered structure of high-temperature y-In,S; can be
described as random distribution of only octahedrally coordinated
cation atoms [22].

In spite of intense research, there is notable confusion concerning the labeling
of different crystalline modifications of In,S; [14, 16, 23]. For example, Diehl and
Nitsche [23] labeled the tetragonal In,S; with the space group of /4,/amd as
“B-In,S;”. Later Massalski et al. [16] published the phase diagram for the In-S
system (Fig. 1.1 b), where the In,S; with the same space group was labeled as “a-
In,S;”, and the cubic modification was labeled as “B-In,S;”. In my thesis the
tetragonal In,S; with the space group of /4,/amd will be labeled as “B-In,S;”, as
accepted by majority of authors [1, 14, 15].
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Fig. 1.2. Crystal structure of tetragonal B-In,S; [14].
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For B-In,S; single crystal the direct optical bandgap of ~2.0 eV has been
reported by Rehwald and Harbeke [18] and Kambas et al. [25], while an indirect
bandgap of 1.98 eV has been determined by Nakanishi et al. [26]. Markedly higher
bandgap values of 2.24 eV and 2.64 eV for indirect and direct transitions,
respectively, have been found for B-In,S; single crystal by Choe et al. [27]. Thus,
there is no agreement in the literature whether B-In,S; single crystals have direct or
indirect or both optical transitions.

Electrical properties of B-In,S; single crystals were comprehensively studied
by Rehwald et al. [18] and the n-type conductivity has been determined for the

12



B-In,S; single crystals. It has been found that a lack of sulfur compared to the
stoichiometric In,S; increases the electron density, i.e. increases the n-type
character; however the crystals with sulfur excess did not change the sign of the
charge carriers [18].

Besides applications in the manufacturing of optoelectronic devices (detailed
discussion below), In,S; has been also used as a photocatalyst e.g. for the
photodegradation of toxic and harmful chemical substances [28, 29]; for
manufacturing hydrogen from water-containing organic sludge [30]. In,S; has been
applied as one of the components for making modified germanium sulfide glass
with improved mechanical and optical properties such as extended transmission in
the infrared spectral region and the glass transition temperature in the range of
370 — 550 °C with the thermal stability in the region of 100 — 300 °C [31].

1.2 In,S; thin films
Deposition methods and properties of In,S; films deposited by different methods

In,S; thin films can be obtained by different physical and chemical methods.
Main physical methods for the preparation of In,S; films are physical vapor
deposition (PVD) [32, 33] and sputtering [34, 35]. Chemical methods are atomic
layer deposition (ALD) [36, 37], chemical bath deposition (CBD) [32, 38 — 41],
spray ion layer gas reaction (Spray-ILGAR) [42], spin coating [43], successive ionic
layer adsorption and reaction (SILAR) [44, 45], chemical spray pyrolysis (CSP)
[2, 46 — 49]. Chemical composition, crystalline and optical properties of the In,S;
films depend strongly on the used deposition method [1].

Mostly amorphous In,S; films have been obtained, when substrate or process
temperatures are below ~150 °C. Then the post deposition annealing has been used
to obtain crystalline f-In,S; films [33, 43, 45 50]. The crystalline B-In,S; films can
be obtained with most of the deposition methods (without applying the post
treatment methods), where substrate or process temperatures are over ~150 °C [32,
36, 38].

The transition type of In,S; thin films is a subject of discussion in the literature,
with no agreement on whether the transition is a direct or an indirect allowed
transition [1, 51]. The optical bandgap values of B-In,S; films obtained by different
methods vary in a wide range from 2.0 eV up to 3.7 eV for direct transition [1]. The
direct bandgap values of the PVD grown films were between 2.0 eV and 2.3 eV [20,
33, 52 — 55]. While Allsop et al. [42] assumed indirect transition in In,S;, and
reported the bandgap value of 2.2 eV for the films obtained by Spray-ILGAR
process. For In,S; films, deposited with similar precursors (In(CH;COCHCOCH;);
and H,S) and deposition temperatures (160 — 180 °C) by ALD, Naghavi et al. [36]
determined the direct bandgap value of about 2.7 eV, but Sterner et al. [56] reported
indirect bandgap value of 2.08 eV. Asikainen et al. [57] determined the direct
bandgap of 2.3 eV for the ALD-In,S; films deposited at higher deposition
temperatures (300 — 400 °C) by using InCl; and H,S. In,S; films deposited by CBD
have the widest range of direct bandgap values from 2.3 — 3.7 eV [41, 58, 59]. The
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wide bandgap range of CBD deposited films is due to the strong effect of the
different chemical bath properties (e.g. pH, bath temperature) [58].

In,S; films deposited by the wet-methods such as ILGAR [42], CSP [47, 60]
and CBD [61, 62], contain a variable amount of oxygen or chlorine (depending on
the used precursor solution and deposition temperature). It has been found that
different impurities, such as sodium [63], oxygen [64] or copper [65] in the In,S;
thin films influence the bandgap values. Impurities, such as sodium and oxygen in
the In,S; films have been found to increase the bandgap values from 2.1 eV up to
ca. 2.9 eV (for direct transitions) with increasing impurity concentrations [63, 66].
When copper was incorporated into the film (at an atomic ratio of Cu:In of 0.2), the
bandgap decreased down to 1.55 eV [65], presumably due to the fact that CulnS,
was formed. In,S; films with the minimum amount of contamination with foreign
elements can be obtained by using the PVD process such as evaporation [34].

In,S; thin films have been reported to be n-type, with high resistivity values
[36, 54]. For a 300 nm thick ALD-In,S;, Asikainen et al. [57] found the resistivity
to be about 2:10” Q cm (after exposing to daylight). For In,S; films deposited by
CBD, the resistivity values of 10" to 10* Q cm have been reported by Bayén et al.
[59].

Application of In,S; thin films

In,S; thin films obtained by different methods have been applied for
optoelectronic applications due to their stability, wide bandgap and suitable
transmittance in the visible spectrum region [3, 4, 48, 67, 68]. In photovoltaic
structures, In,S; thin films have been used as a buffer layer in Cu(In,Ga)(S,Se),
based solar cells instead of cadmium sulfide (CdS). The efficiencies of
Cu(In,Ga)(S,Se), absorber based solar cells with In,S; buffer layer deposited by
different methods are presented in Table 1.1. It can be seen that the highest
efficiency of 16.4% has been achieved by using the ALD-In,S; buffer layer [69].
Lately, a solar cell with the efficiency of 16.1% has been obtained by using ILGAR-
In,S; as buffer layer [70]. In chalcopyrite absorber layer based solar cells the main
roles of the buffer layer are [14]:

e to be n-type for the carrier separation;

e to match the lattice parameters between the absorber and the window layer;

e the buffer material band structure must fit with the band structure of the

absorber material to reduce carrier recombination at absorber/buffer
heterointerface.

In,S; film has also been used as an absorber in ETA-type nanostructured solar
cell based on ZnO nanorods [73, 74]. The thickness of the absorber should be
extremely thin (10 up to 30 nm) in an ETA cell [73]. Recently In,S; has been
proposed as a candidate for host material of an absorber in two-photon absorption
processes based solar cells (also called as intermediate band solar cells) [5, 6]. In
intermediate band solar cells, in the absorber multiple energy levels are used to
absorb different wavelengths of the solar spectrum. This means that one or more
energy levels within the bandgap of the absorber absorb photons in parallel with the
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normal operation of a single bandgap cell. It has been proposed that transition
metals (TM) such as titanium or vanadium seem to be appropriate dopants to make
an intermediate band material [5].

Table 1.1 Efficiencies for Cu(In,Ga)(S,Se), solar cells with In,S; buffer layer (and
CdS with maximum efficiency for comparison) as a buffer layer

Buffer layer | Method Taustrates “C | Annealing, °C | Efficiency, % | Reference
CdsS CBD 60 - 19.9 71

In,S; ALD 220 - 16.4 69

In,S; ILGAR 220 - 16.1 70

In,S; CBD 70 200 15.7 62

In,S; PVD <50 200 15.2 72

In,S; Sputtering | 220 - 13.3 4

In,S; USP 200 - 12.4 2

In summary, despite of differences in the reported optical band gap values and
chemical composition, In,S; thin films made by various methods are suitable buffer
layers for high efficiency thin film solar cells based on Cu(In,Ga)Se, absorbers
(Table 1.1) [35, 68]. Moreover, tetragonal In,S; could be used as absorber material
in two-photon absorption processes based solar cells [5].

1.3 Chemical spray pyrolysis method

Chemical spray pyrolysis (CSP) is a low-cost, simple, non-vacuum method for
deposition of large area thin films with relatively low production cost and
technological abilities for mass production [75 — 77]. The first paper about CSP was
published by Chamberlin and Skarman in 1966 on the preparation of CdS films
[78]. Since then the CSP method has been used to deposit a variety of thin films,
such as different metal sulfides e.g. CdS, ZnS, SnS, Cu,S, CulnS, [7, 13, 79 — 86]
and metal oxides, such as CdO, ZnO, TiO, SnO,, MgO [87 — 94], which are used in
many devices like solar cells, sensors, solid oxide fuel cells and other devices.

Spray
nozzle

<+— Carrier gas
<+ Spray solution

\ Substrate

/

Fig. 1.3. The scheme of the spray pyrolysis set-up.
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In the CSP process aqueous or alcoholic solution of precursor chemicals is
pulverized in the form of fine droplets to the preheated substrate where thin film is
formed (Fig. 1.3). The CSP equipment set-up consists of an atomizer, which
generates very fine droplets of a precursor solution, a substrate heater, a temperature
controller and a solution container [78, 79]. CSP techniques can be divided into
pneumatic, ultrasonic and electrostatic spray modes depending on the method of
generating microsized droplets (atomization) of the precursor solution. In the
pneumatic CSP mode the droplets of the precursor solution, generated by the
atomizer are sprayed with the help of the carrier gas onto the preheated substrate. In
the ultrasonic CSP mode the solution droplets generated with the help of an
ultrasonic actuator with smaller size and are pulverized with much lower velocity
[95] compared to that by the pneumatic CSP. In the electrostatic CSP mode the fine
(in submicrometers), uniform, self-dispersive (nonagglomerated) droplets are
sprayed with the help of high electrical field applied between spray nozzle and
substrate [96 — 97].

The disadvantages of the CSP [79, 98] are related to the difficulties with
precise surface temperature determination during the film deposition process, the
three-dimensional growth mechanism of the film and the limited number of
precursors for different film, because the precursor salts must be soluble in the used
solvent.

Despite these disadvantages, different metal oxide films have been successfully
made by CSP [76, 99, 92]. Metal sulfide films with device quality can also be
deposited by CSP, however due to an open system the unwanted oxidation can take
place during the film growth [12, 100 — 103].

The pneumatic CSP method has been used by the researchers at TUT to deposit
different thin films, starting from the studies by Dr. K. Kerm on the deposition of
CdS thin films in the 1970s [7]. Since then CSP equipment has been significantly
improved and the ongoing depositions of different metal sulfide (ZnS, CulnS,, CdS,
In,S;) and metal oxide (TiO,, ZnO) films have been performed by the research
group led by Dr. M. Krunks [8 — 10, 104, 105]. This work continues the above
studies, expanding the list of the metal sulfides with a comprehensive study on
deposition of In,S; films by CSP.

1.4 Different metal sulfides by CSP

CSP method has been used to deposit a variety metal sulfide thin films, such as
CdS (the films have been used in solar cells, optical detectors) [13, 86, 107]; ZnS
(the films used in sensors, lasers, ultraviolet-light-emitting diodes and other
devices) [80, 81, 104, 108], SnS (the films have been mainly used in solar cells)
[82,100, 109]; CuxS (the films used in solar cells, electroconductive coatings and
other devices) [83, 110, 111], CulnS; (the films used mainly in solar cells) [112 —
115].

Generally, the spray solution containing metal chloride (with or without
hydrate) and sulfur source (usually thiourea) as starting chemicals are used to
deposit the metal sulfide film by CSP [76, 83, 112, 100, 116]. The main
technological parameters influencing the properties of CSP deposited metal sulfide
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films are the growth temperature and the molar ratio of the precursor chemicals in
the spray solution. In addition to these two main parameters the properties of spayed
films depend also on the used precursor chemicals, growth environment, the
substrate properties, the used solvent, spray set-up and on other aspects [77, 79]. For
example, ZnS film deposited at 600 °C from an aqueous solution containing ZnCl,
and SC(NH,), at the Zn:S molar ratio of 1:1 by CSP in addition to the main ZnS
phase, contained a crystalline ZnO phase [104]. ZnS film deposited also at 600 °C,
but with Zn to S precursors molar ratio of 1:2 in the spray solution, did not contain
the ZnO phase [104]. On the other hand, the ZnS films with poor crystallinity were
deposited below 400 °C, irrespective of the molar ratio of the Zn to S in the aqueous
spray solution [104]. As a result it was found that closely stoichiometric ZnS films
can be grown at 500 — 600 °C in air using spray solution containing
ZnCl, : SC(NH;), = 1:2 (molar ratio) [104]. To explain and understand these results,
the formation of metal sulfide in CSP should be investigated.

Formation of different metal sulfides in the CSP process

Many studies have been reported on the formation of various metal sulfides
(where metal is Cd, Zn, Cu or Sn) in the CSP process [116 — 124]. These studies
include synthesis and characterization of different compounds formed in the spray
solution, their structure and thermal degradation in an inert and oxidative
atmospheres. It has been found that many metal halogenides and thiourea in an
aqueous spray solution form different complex compounds with different
stoichiometries [117, 124]. According to the studies, in complex compounds the
thiourea ligand is coordinated through sulfur atoms to the metal (Cu(I), Zn(II),
Cd(II), Sn(Il)) cations [116, 118, 125 — 127]. These complex compounds can be
presented with general formula Me,(tu),X, or Me,(tu),X, -yH,O, where Me is a
metal (Cd, Zn, Cu or Sn), m is a number of metal atoms forming the complex
compound, tu is SC(NH,),, X is halogen (Cl, Br), n is a number of ligand molecules
coordinatively bonded to metal cation, y is a number of water molecules and o is a
number of halogen anions [117 — 126]. These different complex compounds upon
their thermal decomposition lead to the formation of metal sulfides.

The formation of various complex compounds with different stoichiometries is
determined by the molar ratio of the starting chemicals, pH of the solution and the
coordination number of the metal [116, 125]. For example, CuCl, and SC(NH),
(tu) at molar ratios of 1:1 and 1:2 form the complex compound Cu,(tu),Cl, - H,O [9,
121]. When CuCl and tu have been taken at molar ratios of 1:1 and 1:3 the obtained
complex compounds were Cu,(tu),Cl, - H,O and Cuy(tu)¢Cl,-2H,0, respectively
[120, 125]. Similarly, by taking CuBr and tu at molar ratios of 1:1 and 1:3 the
obtained complex compounds were Cuy(tu),Br, - H,O and Cuy(tu)sBr,-2H,0,
respectively [125].

To determine basic reactions occurring during the thermal degradation of these
different metal-thiourea complex compounds the thermoanalytical studies have
been conducted by simultaneous TG/DTA/EGA techniques in inert and in air
atmospheres [116 — 124]. It has been found that thermal decomposition of metal-
thiourea complex compounds (where metal is Cd, Zn, Cu or Sn) is a complicated
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multistep process. The thermal decomposition of all studied metal-thiourea
complex compounds in inert atmosphere involved only endothermic processes [118
— 121]. The thermal decomposition of metal-thiourea complex compounds in air
shows the endothermic and exothermic effects [116 — 118, 121, 122]. To find out
the reactions occurring during the thermal decomposition the solid decomposition
products and gaseous species evolved during the decomposition step have been
studied. Ex situ XRD and FTIR studies have been applied to characterize the solid
products of thermal decomposition. Gaseous species evolved in each step were
determined applying the methods of EGA-FTIR and EGA-MS. Generally, the metal
halogenide-thiourea complexes (where metal is Cd, Zn, Cu or Sn) are thermally
stable up to ca. 200°C, they decompose at temperatures slightly above 200 °C and
form metal sulfides upon decomposition around 230 — 250 °C, irrespective of the
atmosphere. Commonly, metal sulfides are the final decomposition products in an
inert atmosphere above 500 °C; however, in oxidative atmospheres metal oxides are
the final products [117, 119 — 121, 128]. The evolved gaseous species include NH;
(ammonia), HCI (hydrogen chloride), CS, (carbon disulfide), H,NCN (cyanamide),
HNCS (isothiocyanic acid), HCN (hydrogen cyanide), SO, (sulfur dioxide), COS
(carbonyl sulfide) and CO, (carbon dioxide) in air while in an inert atmosphere
NH;, HCI, CS,, H,NCN and HNCS are the main gases evolved [118, 121, 122]. For
example, formation of CdS from a complex compound Cd(tu),Cl, has been
investigated by using both TG/DTA/EGA-FTIR and ex situ XRD studies [118]. The
evolution of H,NCN and HNCS were detected by TG/EGA-FTIR, when the
complex compound of Cd(SC(NH,),),Cl, was heated up to 250 °C. Hence, from the
solid residues heated up to 250 °C the presence of crystalline NH,CdCl;
(ammonium cadmium trichloride) in addition to CdS was detected by ex situ XRD.
According to the results from thermal decomposition and XRD studies the
formation of CdS could be presented as Eqgs. 1.1, 1.2 [118]:

3CdCL+SC(NH,),+2NH;—CdS+2NH,CdCL+H,NCN (1.1)
3CdCl+CS,+3NH;—CdS+2NH,CdCl+HNCS (1.2)

The formation of zinc ammonium chloride or ammonium copper chloride was not
observed during the thermal decomposition of Zn(tu),Cl, and Cuy(tu)¢Cl,-2H,O
complex compounds, respectively [119, 120].

The thermal decomposition of metal-thiourea (Cu(I), Zn(II), Cd(II)) complexes
were similar up to 300 °C in air, but at higher temperatures differences between
different metal-thiourea complexes occurred. It was observed that final exothermic
decomposition reactions of the Cuy(tu)¢Cl,,2H,O complex take place at lower
temperature regions (350 — 450 °C) than in the case of Zn(tu),Cl, and Cd(tu),Cl,
complexes, where final exothermic processes occurred at around 700 °C [118 119,
121, 122].

The thermal decomposition of the different metal (Zn(II), Cd(Il)) chloride —
thiourea complex compounds in the air were finished at lower temperature than the
thermal decomposition carried out in the inert atmosphere. For example, a final
product of the thermal decomposition of the complex Zn(tu),Cl, was ZnO in air at
770 °C, while in the inert atmosphere the final product was ZnS at around 900 °C
[119].
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In summary, to understand the chemistry leading to the formation of the metal
sulfides by CSP, simultaneous thermoanalytical methods (TG/DTA and TG-EGA)
and ex situ XRD and FTIR have been applied to study the thermal decomposition of
complex compounds formed in the spray solution. The temperature of the thermal
decomposition of the complex compound determines the lowest temperature at
which metal sulfides can be deposited by CSP. The reactions occurring during the
thermal degradation provide information of the different foreign phases in the film.
As a result, it was found that CuS and SnS, thin films should be deposited at much
lower temperatures (up to 270 °C) than CdS and ZnS films (around 450 °C) to
reduce the unwanted oxidation processes during deposition of these thin films by
CSP [119, 128].

1.5 In,S; thin films by CSP

Effect of indium source and molar ratio of starting chemicals in the spray solution
on the film properties

Aqueous or alcoholic solutions containing indium chloride (InCl;) and thiourea
(SC(NH,;),, tu) have been generally used for In,S; thin films deposition by CSP [2,
46, 47]. When InCl; was used as indium source, chlorine residues were found
throughout the In,S; films grown around 300 °C [47]. Nitrate (In(NO;)3) [129] or
acetate based (In(CH3COO);) [48] solutions have been used to avoid the chlorine
contamination in the films. However, In,S; films obtained by using nitrate or acetate
based precursors were amorphous at growth temperatures of 300 °C [48, 129].

It has been found that the molar ratio of the InCl; and SC(NH,), in the spray
solution has an effect on the crystallinity, the crystallite size [2, 48], and the optical
bandgap of the In,S; films [46, 47, 129]. Kim et al. [46] found that indirect bandgap
values of sprayed films deposited at 350 °C increased (from 2.15 up to 2.43 eV) by
increasing the thiourea concentration in the spray solution [46]. In contrast, John et
al. [47] reported the decrease in direct bandgap values from 2.81 to 2.64 eV, when
the molar concentration of thiourea in the spray solution was increased
(InCl3 : SC(NH;), = 2:1 up to 1:4 (molar ratio)) for the films deposited at 300 °C.

According to the XPS study by John et al. [47], the presence of oxygen was
detected through the In,S; films deposited at 300 °C by using the InCl; : SC(NH,), = 1:1
(molar ratio). Presence of oxygen has been confirmed by the Ols core level peak
located in the binding energy (BE) region of 531.5-532.6 ¢V in the XPS spectrum
in addition to the S2p peak at BE=166.9 eV. They explained the presence of oxygen
due to the formation of a mixed phase of indium sulfate and sulfite, in addition to
the indium sulfide phase [47]. In,S; films with no oxygen inside have been
deposited at 300 °C by using InCl; : SC(NH,), = 1:4 (molar ratio) in the spray
solution [47]. Interestingly, oxygen (11 at%) bounded to indium (O1s peak at BE =
530.3 eV) has been detected in the film deposited at 340 °C by using InCl; :
SC(NH;), = 1:2 (molar ratio) in the spray solution [103].

19



Influence of growth temperature on the film properties

The growth temperature has been found to control the crystal structure, the
crystallite size, film thickness and optical properties of In,S; [2, 46 — 49]. Calixto-
Rodriguez et al. [48] reported that increasing the growth temperature (>400 °C)
leads to films with better crystallinity. The chlorine concentration in the film
decreases with the increase of the deposition temperature (180 — 290 °C) [131]. A
decrease in the film thickness with increasing growth temperature is a phenomenon
characteristic of spray-deposited films [11]. However, Emits et al. [49] reported the
increase in the In,S, films thickness with increasing the deposition temperature by
using the solution containing InCl; : SC(NH,), with molar ratio of 1:3. The In,S,
films deposited at substrate temperature of 310 and 380 °C exhibited the thickness
of 35 and 120 nm, respectively and transparency of 97 and 84 %, respectively [49].
John et al. [47] reported a decrease in direct optical bandgap values (from 2.67 to
2.58 eV) increasing the growth temperature from 300 up to 380 °C for the films
deposited with InCl;:SC(NH,;), molar ratio of 2:3 in the spray solution.

In general, crystalline B-In,S; thin films can be obtained with aqueous or
alcoholic solutions containing InCl; and SC(NH,), by using pneumatic or ultrasonic
CSP. The spray solutions with an excess of sulfur source (from at least
InCl; : SC(NH;), = 2:3, molar ratio) and the growth temperatures in the range of
200 — 300 °C have been used to obtain B-In,S; thin films [2, 46, 47, 49, 103, 130].
Moreover, the increased sulfur source concentration in the spray solution decreased
oxygen and chlorine concentrations in the films [2, 131]. On the other hand, also the
increase in the growth temperature decreases the impurity content (e.g. chlorine
contamination) in the sprayed In,S; thin films [2, 131]. In,S; films with low
crystallinity and high impurity concentrations have been obtained when spray
solution with an excess of indium source (InCl; : SC(NH;), = 2:1 and 1:1, molar
ratio) at growth temperatures below 400 °C have been used. [2, 47, 131].

Formation of In,S; in the CSP process

No comprehensive studies of the formation of In,S; in the CSP process by
using aqueous spray solutions containing InCl; and SC(NH;), have been reported.
Kumar et al. [132] described the formation of In,S; in the spray process by the
following reaction (Eq. 1.3):

2IHCI3+3CS(NH2)2+6H20 — Il’le3+3COz+6NH4C1 (13)

This general reaction is too simple in the light of the results of studies performed on
the formation of other metal sulfides such as CdS, ZnS, SnS and Cu,S in the spray
pyrolysis process [116 — 124]. Moreover, this general reaction (Eq. 1.3) has not
been experimentally confirmed.

In addition, probable interaction of InCl; and thiourea in the spray solution is
neglected although neutral sulfur-based donors, such as thiourea (and thioether)
could form adducts with indium(III) ions [133]. It is reported that In(IIl) halides
(InX;, where X is halogen) can form different complex compounds with general
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formula of InX;L, InX3L, and InX;L;, where L is a ligand [133]. One of these
known  structures is the complex compound trichlorobis(N,N,N’,N’-
tetramethylthiourea)indium(III) representing the InCL3L, type complex, where L is
N,N,N’ N’-tetramethylthiourea [134]. It is also known that thiourea and
[In(H,0)6](ClO4); form a complex compound [In(tu)s](ClO4); [135]. Malyarik et al.
[136] described the formation of In(tu);Cl; in an aqueous solution containing InCls
and thiourea at molar ratios of 1:1 and 1:3.

The thermal analysis has been performed for [InCls(tu)s], the compound
obtained by mixing InCl; and thiourea [137]. Whereas Indium (In’") coordination
number is 4, 5 or 6 [133], the formation of the latter complex is questionable.
Moreover, no details of the preparation of this compound have been reported. The
thermal analysis has been described only in general terms, the decomposition
temperatures and the mass loss steps were not indicated. According to the
differential scanning calorimetry (DSC) curve during the thermal decomposition of
[InCl5(tu)4], the endothermic peaks and one exothermic peak have been observed in
argon atmosphere [137], however the reason of this exothermic effect detected in
inert atmosphere has not been explained. According to the thermal analysis of
[InCl;(tu)4], it was proposed that thiourea was lost in the first two mass loss steps
followed by the decomposition of InCl; in a third mass loss step [137].
Unfortunately, Dunstan [137] did not present the experimantal data confirming the
formation of [InCl;(tu)4], neither the compound decomposition temperature, nor the
final decomposition product were determined.

According to the literature survey, only few studies cover the formation of
complex compounds in the InX;- thiourea system. To our best knowledge, the
formation of In,S; during the CSP process when using InCl; and thiourea as starting
chemicals has not been studied.

1.6 Summary of the literature review and aim of the study
From the literature review on In,S; films it can be summarized as follows:

1. In,S; thin films have been generally applied for optoelectronic applications
due to their stability, wide bandgap and suitable transmittance in the visible
spectrum region. In photovoltaic structures, In,S; thin films have been used
as a buffer layer in Cu(In,Ga)(S,Se), based solar cells instead of CdS. In,S;
thin films as buffer layers in solar cells can be prepared by various methods.
Recently it was suggested that tetragonal In,S; could be used as an absorber
material in two-photon absorption processes based solar cells.

2. Chemical spray pyrolysis has been chosen for the deposition of different
metal oxide and metal sulfide thin films because it is a simple non-vacuum
method, which requires short processing time for large area thin film
deposition, with relatively low production costs.

3. Aqueous or alcoholic solutions containing InCl; and SC(NH;), have been
mainly used for the deposition of In,S; thin films by pneumatic or
ultrasonic CSP.
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It has been found that the molar ratio of indium and sulfur sources in the
spray solution and the growth temperature are the main parameters
controlling the phase and chemical composition, structure, and optical
properties of the sprayed In,S; film.
—  Effect of the film growth temperature:
In general, crystalline B-In,S; films can be obtained by spraying of
aqueous or alcoholic solutions containing InCl; and SC(NH,), in the
temperature range of 200 — 300 °C. The increase in the growth
temperature has been found to decrease the chlorine content and
increase the crystallite size in the sprayed In,S; thin films. The
influence of film growth temperature on the content of oxygen in the
thin film has not been studied. The lowest possible temperature for the
deposition of In,S; thin films is undefined.
—  Effect of the starting chemicals molar ratio in the solution:
The presence of oxygen containing products has been detected in the
In,S; films deposited at around 300 °C using aqueous spray solutions
with the InCl; : SC(NH,;), molar ratios of 1:1 and 1:2. Deposition at a
similar temperature using a higher content of thiourea in the solution
reduces the content of oxygen in the sprayed In,S; film. The bandgap
values have been found to increase with increasing the concentration of
thiourea (InCl; : SC(NH,), = 2:1 up to 1:4 (molar ratio)) in the spray
solution for the films deposited at 300 °C. Reasons explaining the
effect of starting chemicals molar ratio on the film properties have not
been reported in literature.
To our best knowledge, no systematic study on the effect of the growth
temperature and the molar ratio of the starting chemicals (InCl; and
SC(NH,),) in the aqueous or alcoholic spray solution on the phase and
elemental composition, structural, morphological and optical properties of
In,S; films deposited on the same set-up has been performed. Different
research groups have used various CSP set-ups, which makes it difficult to
compare the results obtained.
No comprehensive studies on the formation mechanism of In,S; in the CSP
process have been reported. In the literature, only one reaction has been
proposed for the formation of In,S; in the CSP process [132]. This general
reaction has not been experimentally confirmed. Moreover, this reaction is
too simple compared to the formation of other metal sulfides (e.g. CdS,
SnS, ZnS, Cu,S) in the CSP process using metal halogenides and thiourea
as starting chemicals. Halogenides of Cd, Zn, Sn and Cu and thiourea form
complex compounds with different stoichiometries in an aqueous solution.
Metal sulfides form upon thermal decomposition of metal halogenide
thiourea complexes.
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Based on the above conclusions, the objectives of this doctoral thesis were:

To study the influence of InCl; to SC(NH,), molar ratio in an aqueous or
alcoholic spray solution and the growth temperature on the phase and
elemental composition, and the structural and optical properties of In,S;
films deposited by pneumatic CSP.

To understand the formation of In,S; films in the CSP process using InCl;
and SC(NH,), as starting chemicals:

o To study the precursors for sprayed In,S; films which are formed in
an aqueous spray solution using InCl; and SC(NH,), as indium and
sulfur sources, respectively, at molar ratios of 1:3 and 1:6.

o To study the thermal decomposition process of the precursors for
In,S; films by means of simultaneous thermogravimetric and
differential thermal analysis coupled online with evolved gas
analyses and applying ex sifru XRD and FTIR studies for solid
products.
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2. EXPERIMENTAL

The experimental can be divided into two main parts. The first part describes in
detail the preparation and characterization of In,S; thin films deposited by the
pneumatic CSP method. The second part is focused on the studies of formation
chemistry of In,S; in the CSP process, and covers the synthesis, characterization
and thermal analysis of single-source precursors for the In,S; films by CSP. General
description of the experiment is summarized briefly in the following section. The
experimental details are presented in publications [I — IV].

2.1 CSP deposited In,S; thin films
2.1.1 Preparation of In,S; thin films

In,S; thin films were prepared by the pneumatic CSP method using compressed
air as carrier gas. The the aqueous and alcoholic solutions solutions used for the
study contained indium(IIl)chloride (InCl;) and thiourea (SC(NH,),) (p.a.>98%,
Merck-Schnchardt S32896) at molar ratios (In:S) of 1:3 and 1:6 whereby keeping
the concentration of InCl; constant at [In*"] = 2x10~° mol/l. To prepare the InCI3
solution, indium wire (p.a. 99.99%, Alfa Aesar) was dissolved in concentrated hot
hydrochloric acid (HCI) from Merck. For aqueous solutions the deionized water
was used as a solvent. The mixture of H,O and ethanol (H,O:C,HsOH =1:1, by
volume) or H,O and isopropyl alcohol (H,O:CsH;OH =1:1, by volume) as the
solvents was used for alcoholic solutions [II]. Microscopy glass slides with a size of
20x20x1.1 mm® were used as substrates. In the case of the films deposited using
H,O as a solvent, growth temperatures (T;) were varied from 205 to 410°C. T, was
measured at various temperatures from the glass surface placed on the tin bath,
when deionized water was sprayed [I]. The alcoholic solutions were deposited at tin
bath temperatures (Ts,) of 250 and 330 °C [II]. Total volume of the solution
sprayed was 50 ml and the rate of spray was 2.5 ml/min in all runs. The scheme of
the spray pyrolysis set-up used in this study is presented in paper [I].

2.1.2 Characterization of In,S; thin films
The phase composition, morphology, elemental composition and optical

properties of CSP deposited In,S; thin films were determined by the
characterization methods summarized briefly in Table 2.1.
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Table 2.1. Methods used for the characterization of In,S; thin films

Properties Characteri- | Apparatus Ref.

zation

method
Phase XRD Rigaku Ultima IV [L, ]
composition,
orientation of
crystallites,
crystallite size
Morphology, SEM Zeiss HR FESEM Ultra 55 [L, ]
thickness, grain EVO-MA15 (1]
size
Elemental EDX Rontec EDX XFlash 3001 [1]
composition detector

Oxford Instruments INCA [1]
Energy system

XPS Kratos AXIS Ultra DLD [L, 1II]
Optical UV-VIS Jasco V-670 (I, ]
absorption, spectroscopy
transmission,
bandgap

2.2 Synthesis and characterization of precursors for sprayed In,S; films
2.2.1 Preparation of the precursors

To characterize the precursor materials for sprayed In,S; films using InCl; and
thiourea as starting chemicals, the aqueous solutions containing 0.1 M InCl; and
0.75 M SC(NH,), were mixed at two different InCl; (In) to thiourea (S) molar ratios
of 1:3 (named as 1) or 1:6 (named as 2) at room temperature. In both cases, indium
concentration, [In’"], was 5-10% mol/l. The solutions were left to evaporate slowly at
50 °C in a thermostat for a week. The obtained dried powders 1 and 2 were
characterized with respect to the elemental composition, structure and used for
thermal analysis [III and IV].

2.2.2 Characterization of precursors
Table 2.2 summarizes the analytical techniques used for the characterization of

samples 1 and 2 as precursors for In,S; films deposition by CSP, details of the
analytical methods applied are given in papers [III] and [IV].
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Table 2.2 Methods used for the characterization of precursors for In,S; films

Properties Characteri- Apparatus Ref.

zation method
Structure FTIR Perkin-Elmer GX1 [11I1]
Crystallinity, phase | XRD Rigaku Ultima IV (1]
composition X’pert Pro MPD [IV]
Elemental Elemental Gmbh Vario EL CHNOS [HII]
composition analysis of C, | Vario ELIII CHN [IV]

N, H

Cl Amperometric titration [11I]
Structure of single | XRD Rigaku R-AXIS IV++ image [IV]
crystal plate diffractometer

TG/DTG/DTA | SetSys-Evolution [1I1]
Thermal TGA 2050 [IV]
decomposition STD 2960 [IV]
(temperatures, type | TG/EGA- SetSys-Evolution +Nicolet 380 | [11I1]
of reactions FTIR TGA 2050 +BioRad TGA-IR | [IV]
(endo/exo), gases TG/EGA-MS | STD 2960+ThermoStar GDS [IV]

evolved)

300 T3
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3 RESULTS AND DISCUSSION
3.1 In,S; films by CSP

The influence of different deposition parameters on the properties of In,S; thin
films deposited by the pneumatic CSP method is summarized in this subsection.
In,S; films were deposited from aqueous [I, II] and alcoholic [II] spray solutions
containing InCl; and SC(NH,), with the molar ratio of 1:3 and 1:6 (hereinafter
abbreviation “In : S” is used for [InCl;]:[SC(NH,),]). The effect of different growth
temperatures and precursors molar ratios in solution on the structural and optical
properties, as well as on the composition and morphology of sprayed In,S; thin
films was studied. Results of the studies are presented in papers [I] and [II].

The substrate temperature (T;) represents the film growth temperature in
publication [I]. In publication [II] we operated with the tin bath temperatures (Ts,).
For better comparison of the results presented in [I] and [II], the film growth
temperatures are here given by the substrate temperature T;. When spraying
alcoholic solutions, the T, of 250 and 330 °C correspond to T of 210 and 280 °C,
respectively. The films from aqueous spray solutions were deposited at various
growth temperatures Ty = 205 up to 410 °C. The In,S; films from alcoholic spray
solutions were grown at 210 and 280 °C. We were unable to characterize the films
deposited from alcoholic spray solutions at T above 280 °C due to drastic decrease
in the film thicknesses.

3.1.1 Structure and phase composition of sprayed In,S; thin films

XRD study was used to characterize the phase composition, preferred
orientation of crystallites, lattice parameters as well as the crystallite sizes of the
In,S; films deposited by CSP. Figures 3.1 and 3.2 present XRD patterns of the films
deposited from aqueous and alcoholic spray solutions with the In:S molar ratios of
1:3 and 1:6 at different growth temperatures.Thin films deposited from aqueous
(with T = 205 — 365 °C) and alcoholic (with T, = 210 and 280 °C) spray solutions
with the In:S molar ratios of 1:3 and 1:6, exhibit diffraction peaks belonging to the
tetragonal B-In,S; phase (JCPDS Card No. 01-074-7284) [24]. No other crystalline
phases were detected.
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Fig. 3.1. XRD patterns of In,S; films grown at T, of 205 and 320 °C by using the
In:S molar ratios of 1:3 and 1:6 in the aqueous spray solution.

Table 3.1. Lattice parameters (a, b and c) and crystallite size of B-In,S;, film
thicknesses and optical bandgap (E;) values of the films deposited at different
growth temperatures using precursor molar ratios of In:S = 1:3 and 1:6 in aqueous
spray solutions. Determination of E, for indirect and direct transitions is shown in
Fig. 3.7.

T, °C | a=b, A | ¢, A | Crystallite size, nm | Film thickness, nm
205 7.553 | 31.98 | 35 550
In:S=1:3 | 275 7.600 | 32.20 | 63 340
320 7.608 |32.21 | 64 330
205 7.585 | 32.08 | 41 450
In:S=1:6 | 275 7.607 | 32.26 | 59 350
320 7.614 | 32.24 |76 380
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Fig. 3.2. XRD patterns of In,S; films grown at T of 210 and 280 °C at the
precursors molar ratios of In:S = 1:3 and 1:6 in the ethanol-water solvent spray
solutions.
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The ratio of the intensities of the (0 0 12) and (1 0 9) diffraction peaks
(Io 0 12/1(1 0 9)) 1s ca. 5 for the films deposited from aqueous solutions (Fig. 3.1). For
the powder reference, the I o 12/I1 09y = 0.4 (JCPDS Card No. 01-074-7284) [24].
Thus, B-In,S; films with preferential orientation along the (0 0 12) plane parallel to
the substrate were deposited at temperatures up to T, = 320 °C, using the In:S molar
ratios of 1:3 and 1:6 in aqueous spray solutions. For the films deposited at T=365
°C using an aqueous spray solution, and at T,=210 and 280 °C using an alcoholic
spay solution, the (1 0 3) and (2 0 6) reflections became more apparent and the
relative intensity of the (0 0 12) peak decreased (Figs. 3.2 and 3.3 (a, b)).

John et al. reported that the sprayed B-In,S; films deposited at 300 °C using
aqueous spray solutions with the In:S molar ratios of 2:3, 1:2, 2:5, 1:3, 2:7 and 1:4
show the preferred orientation of the crystallites along the (2 2 0) plane [(JCPDS
card 25-390) in 47]. According to the B-In,S; powder reference file (JCPDS Card
No. 00-025-0390) [24], the reflection at 20 = 33.45° obviously belongs to the
(0 0 12) plane of the B-In,S; film. Moreover, the reflection of the (2 2 0) plane is not
given in the B-In,S; powder reference file (JCPDS Card No. 00-025-0390) [24].
Presumably, John et al. made a mistake assigning the reflections in the XRD
pattern. Probably a B-In,S; film in [47] had the preferential orientation of the
crystallites along the (0 0 12) plane parallel to the substrate.

The lattice constants of the In,S; films increased slightly by increasing the
growth temperature from 205 to 320 °C (Table 3.1) and approached the values
characteristic of the B-In,S; powder reference (a=b=7.617 A, c=32.33 A) (JCPDS
Card No. 01-074-7284) [24]. The lattice constants of the In,S; film grown by using
the aqueous spray solution with the In:S molar ratio of 1:6 were higher than those
obtained from the In:S=1:3 solution at similar temperatures (Table 3.1).

For the films deposited from an aqueous solution with In:S molar ratios of 1:3
and 1:6, the increase in the crystallite size was observed with increasing the growth
temperature from 205 up to 320 °C (Table 3.1). The increase of the crystallite size
with an increase in the growth temperature has also been observed for the sprayed
In,S; films in the literature [47, 48].

The effect of the In:S molar ratio on the size of crystallites becomes obvious
using the higher film growth temperatures of about 365 °C. The crystallite size of
the films deposited with the In:S molar ratio of 1:6 was ca. 70 nm, while the films
deposited with the In:S = 1:3 at similar temperature has the crystallite size of ca. 31
nm. According to the XPS analysis (see Section 3.1.3), the higher amount of oxygen
in the films was detected deposited from an aqueous spray solution with the
In:S = 1:3 at T, = 365 °C. It refers to the presence of a secondary phase, which
presumably retards the crystallite growth.

The effect of the In:S molar ratio in the aqueous spray solution on the phase
composition became notable in the films grown at T; =410 °C. The XRD pattern of
the film deposited with the In:S molar ratio of 1:3 (see Fig 3.3, pattern ¢), shows
mainly the presence of the crystalline In,O; phase (JCPDS Card No. 01-071-2195)
[24] and weak reflections of (1 0 3) and (1 0 9) planes belonging to the crystalline
In,S; phase (JCPDS Card No. 01-074-7284) [24]. However, the films deposited
with the In:S molar ratio of 1:6 at a similar temperature (T;= 410 °C) resulted in the
mixture of crystalline In,S; and In,O; phases (Fig. 3.3 pattern d). Thus, the
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formation of the crystalline oxide phase was favored in the case of the film grown
with the In:S molar ratio of 1:3 in the precursor solution. To study the cause of
metal oxide formation, the In,S; film grown from the aqueous solution at T, = 230
°C, with the In:S molar ratio of 1:3 was annealed for 30 min at 450 °C in air.
According to XRD analysis (Fig. 3.4), the annealed film is composed of B-In,S;
(JCPDS Card No. 01-074-7284) [24]. Thus, the formation of the In,O; phase in the
films deposited at T; = 410 °C was not because of the oxidation of the In,S; phase at
this temperature.
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Fig. 3.3. XRD patterns of In,S; films deposited by using aqueous solutions with
In:S molar ratios of 1:3 (a) and 1:6 (b) at Ty = 365 °C; and with In:S = 1:3 (¢) and
1:6 (d) at T, = 410 °C. The peaks identified belong to the In,S; phase (JCPDS Card
No. 01-074-7284) [24]. The peaks marked with “o” belong to the In,O; phase
(JCPDS Card No. 01-071-2195) [24].
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To summarize, irrespective of the In:S molar ratio in the spray solution the
sprayed indium sulfide films grown at temperatures up to 365 °C (using aqueous
spray solution) and up to 280 °C (using alcoholic spay solution) are composed of
crystalline B-In,S; phase (Figs. 3.1, 3.2, 3.3 patterns a, b). The films grown at
Ts,= 410 °C from aqueous spray solution with the In:S molar ratio of 1:3 primarily
consisted of crystalline In,O5; phase. However, the films deposited from an aqueous
solution with the molar ratio of In:S = 1:6 at T, = 410 °C contained a mixture of
In,S; and In,O5 phases (Fig. 3.3 patterns c, d). We found that In,O; phase in the
sprayed indium sulfide film deposited at temperatures around 400 °C is not due to
the oxidation of In,Ss.

3.1.2 Morphology and optical properties of sprayed In,S; thin films
SEM study

SEM images were used to study the influence of the different deposition
parameters on the film morphology and thicknesses. According to SEM images, the
In,S; films grown either from aqueous or alcoholic spray solutions with the In:S
molar ratio of 1:3 and 1:6, exhibit uniform coverage of the substrate with no cracks
or pinholes (Fig. 3.5). The molar ratio of the In:S in an aqueous and alcoholic spray
solutions was found to have an insignificant effect on the film thickness and grain
size of the films grown at similar temperatures.

The In,S; films grown by spray of aqueous spray solutions at Ty = 205 °C are
composed of grains with the size of ca. 150 — 300 nm (Fig. 3.5 a). These grains
seem to be aggregates of smaller crystallites sized of ca. 35 nm (Table 3.1).
According to XPS studies, the films grown at 205 °C contained chlorine residues
(see Section 3.1.3). Thus, the formation of aggregates could be due to the sintering
effect of chlorine containing compounds on the surface of the grains (likely residues
of InCl;). In the films deposited at Ty = 275 °C with an aqueous solvent (Fig.3.5 b)
and at T, = 210 °C with an alcoholic spray solution (Fig.3.5 ¢) grain sizes of ca.
40 — 150 nm were observed, indicating that some of the crystallites aggregate to
form larger grains and other crystallites do not.

However, the SEM study shows that the film thickness and surface morphology
strongly depends on the solvent. In,S; films deposited from an aqueous spray
solution at T, = 205 °C show a thickness of ca. 500 nm. The films grown from
alcoholic solutions at T, = 210 °C show a thickness of ca. 150 nm and ca. 130 nm
using ethanol-water and isopropanol-water solutions, respectively (Fig. 3.5).
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Fig. 3.5. SEM micrographs of the films deposited from the spray solutions with the
InCl;:SC(NH,;), molar ratio of 1:3 at different temperatures, using different
solvents.

In,S; films deposited at 210 and 280 °C by using alcoholic spray solutions were
more compact and homogeneous compared to the films grown from aqueous
solutions at similar growth temperatures (Fig. 3.5). Much lower thickness of the
films sprayed from the alcoholic solution could be explained by the convection
induced repelling of smaller droplets from the reaction zone. The smaller droplets
are formed by spraying alcoholic solutions instead of aqueous ones [111], since
alcohols have lower surface tension than water [76]. For example, the used ethanol-
water mixture (1:1 by volume) has the surface tension of ca. 29 mN/m, which is
noticeably lower than the surface tension of water of ca. 72 mN/m [138].
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To summarize, irrespective of the used solvent the film thicknesses decrease
with an increase in the film growth temperature (Fig. 3.5). The spray of alcoholic
solutions instead of aqueous solutions at similar growth temperatures resulted in
more compact but thinner films with smaller grain sizes (Fig 3.5).

Optical properties

The UV-VIS study was performed to characterize the total optical
transmittance and to determine the optical bandgap of the In,S; thin films deposited
by varying different deposition parameters. The In,S; films deposited from aqueous
spray solutions with the In:S molar ratio of 1:6 at Tg= 205 — 365 °C show the total
optical transmittance around 70 % in the visible and near-infrared spectral region
(Fig. 3.6), the total optical transparency decreased slightly with increasing the
growth temperature from 205 to 365°C. At the same time the number of
interference fringes decreases indicating to the decrease in the film thickness. The
decrease in the film thickness increasing the film growth temperature (from 205 °C
to 320 °C) is confirmed by the SEM cross-sectional images (Table 3.1, Fig. 3.5). A
decrease in the film thickness with an increasing growth temperature is a
phenomenon characteristic of spray-deposited films [11]. In,S; films deposited from
the aqueous spray solution with the In:S molar ratio of 1:3 showed similar
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Fig. 3.6. Total optical transmission spectra of In,S; films grown from aqueous spray

solutions at different growth temperatures using the precursor solution with the In:S

molar ratio of 1:6. Transmission spectrum of a bare glass substrate is presented for

comparison.

The optical bandgap (E,) values were determined from the well-known
equation (Eq. 3.1) for the allowed transitions:

ahv = A(hv-Ep)'" , (3.1)

where a is the absorption coefficient calculated from the optical spectra, A is a
constant, h is the Planck constant, E, is the bandgap energy, hv is the incident
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photon energy and 1/n is the exponent that depends on the nature of the optical
transition (n = 0.5 and 2 for direct and indirect transition, respectively).
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Fig. 3.7. Graphical determination of direct (a) and indirect (b) optical bandgaps of
In,S; films deposited from In:S =1:6 aqueous spray solution at T = 230 °C.

The optical bandgap values of In,S; films were calculated from the total optical
transmittance, assuming the indirect and direct transition type for the films
deposited from aqueous and alcoholic spray solutions (Fig. 3.7, Table 3.2).

Table 3.2. Optical bandgap (E,) values of films deposited at different growth
temperatures using precursor molar ratios of In:S = 1:3 and 1:6 in aqueous and
alcoholic spray solutions. Determination of the E, for indirect and direct transitions
is shown in Fig. 3.7.

Solvent Ts, °C Eg indirects eV Eg directs eV
205 | 2.30 2.94
275 | 2.21 2.90
H,O 320 |2.17 2.92
In:S=1:3 365 | 2.08 3.14
410 | - 3.65
H,0:C,HsOH | 210 | 2.00 2.97
280 | 2.00 2.97
H,0:C3H,0H | 210 | 2.00 2.88
280 | 2.00 2.92
205 | 2.28 2.96
275 | 2.19 2.93
H,O 320 |2.15 2.92
In:S=1:6 365 |2.14 2.91
410 |- 3.64
H,0:C,HsOH | 210 | 2.00 291
280 | 2.02 2.97
H,0:C;H,0H | 210 | 2.00 2.97
280 | 2.03 2.96
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The E, values of the In,S; films deposited from aqueous spray solutions at
temperatures T < 365 were in the range of 2.15 — 2.30 eV (indirect transitions) and
around 2.90 eV (direct transitions) irrespective of the In:S in the aqueous solution
(see Table 3.2). These values are close to those reported earlier for the CSP
deposited [139] as well as for the spray-ILGAR [42] and CBD deposited [40]
indium sulfide films.

The effect of the In:S molar ratio in the aqueous spray solution became
apparent when the films were deposited at T, > 365 °C (Table 3.2). The direct
bandgap value increases up to 3.14 eV for the films deposited at 365°C spraying an
aqueous solution with the In:S = 1:3. No increase in the direct bandgap value was
observed for the film grown with the In:S = 1:6 in the spray solution (Table 3.2).
The increase in E, values may be due to the higher oxygen content in the films
deposited from the aqueous spray solution with the In:S molar ratio of 1:3, as was
confirmed by XPS (see Section 3.1.3). Irrespective of the In:S molar ratio in the
spray solution, the direct E, values for the films deposited at 410 °C were ca. 3.65
eV (Table 3.2), corresponding to those reported for the In,O; [140]. The presence of
crystalline In,O;3 phase in the films grown at Ty = 410°C was confirmed by XRD
(see Section 3.1.1 and Fig. 3.3 patters c, d).

For the In,S; films deposited from alcoholic spray solutions with the In:S
molar ratios of 1:3 and 1:6 at T, = 210 and 280 °C, the indirect E, values were ca.
2.00 eV and the direct E, values were in the range of 2.88 — 2.97 eV (Table 3.2).
The indirect E, value is slightly lower than 2.2 eV and 2.2 — 2.4 eV reported by M.
Calixto-Rodriguez et al. [48] and Kim et al. [48], respectively, for the In,S; films
deposited by spray of alcoholic solutions. However, the indirect E, value of 2.0 eV
is close to that reported for ALD-deposited In,S; films [56].

To summarize, it was found that In,S; films grown at T, below 365 °C exhibited
transparency over 70% in the visible spectral region and E, of 2.15 — 2.30 eV
(indirect transitions) and around 2.90 eV (direct transitions), irrespective of the In:S
molar ratio in the aqueous solution. The effect of the In:S molar ratio in the aqueous
spray solution became apparent for the films deposited at T = 365 °C. A higher E,
value was determined for the film sprayed from the aqueous solution with
In:S = 1:3, compared to the E, value for the film sprayed with In:S = 1:6 at T, = 365
°C. The films deposited from aqueous spray solutions with In:S molar ratios of 1:3
and 1:6 at 410 °C show the direct E, value indicating to the occurrence of In,Os.

3.1.3 Elemental composition of sprayed In,S; thin films

The XPS and EDX were used to study the influence of the different deposition
parameters on the chemical composition of the sprayed In,S; films. The core level
peaks of In3ds», S2p and Ols from the un-cleaned and Ar" ion sputtered surfaces
were detected from the XPS spectra of all studied films (Figs. 3.8, 3.9). No shift in
the In3dss,, S2p (Fig. 3.8) and CI2p (spectrum is not presented) peak positions was
observed before and after Ar’ ion sputtering. However, the Ols peak from the un-
cleaned surfaces for all studied films could be separated into three sub-bands
positioned at BE = 530.0, 531.3 and 532.4 eV (Fig. 3.8). The Ols peaks at 531.3
and 532.4 eV are characteristic of C = O, OH and adsorbed water, respectively;
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therefore both peaks can be attributed to the surface contamination [141, 142]. The
peak with the BE of 530.0 eV is characteristic of oxygen bonded to metal (Me — O)
[102]. The peak positions of the In3ds,, S2p and CI2p core level peaks at
BE =444.7 eV, 161.6 eV (Fig. 3.8), respectively are similar to those reported for
spray-deposited f-In,S; [103].
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Fig. 3.8. In3ds,, S2p and Ols core level spectra recorded from the surface of the
sprayed film and from the surface after 11 Ar' ion sputtering cycles. In,S; films
were deposited at 365 °C using the precursor molar ratio of In:S = 1:3 in the
aqueous spray solution.
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Fig. 3.9. In3dsp,, S2p and Ols core levels spectra of In,S; film deposited at T, =275 °C
(In:S =1:3 in the aqueous spray solution) taken from the film surface and after
different Ar’ sputtering cycles.

The peak intensity of the oxygen bonded to metal at BE = 530.0 eV was higher
for the film deposited with the In:S molar ratio of 1:3 in the aqueous solution at
365 °C (Fig. 3.8), compared to the film grown at 275 °C (Fig. 3.9) using an aqueous
solution. According to the XPS depth profiling (Fig. 3.9), all of the studied In,S;
films grown at the temperature region of 205 — 365 °C with the In:S molar ratio of
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1:3 and 1:6 in the solution showed a uniform distribution of the elements through
film thickness.

The relative values of the elemental compositions in atomic percentages were
calculated from the integrated areas of In3ds,, S2p, Ols and CI2p core level peaks.
Table 3.3 summarizes the relative composition of the films depending on the growth
temperature and the molar ratio of In:S (1:3 vs. 1:6) in the aqueous and alcoholic
spray solution.

Table 3.3. The relative values for the elemental composition (in at.%) of In,S; films
calculated from the XPS spectra. The films were deposited using In:S molar ratios
of 1:3 and 1:6 in aqueous or alcoholic spray solutions at different growth
temperatures (T;).

Solvent Ts, °C | In: Sinsolut. | Ar' etching cycles | In | S | Cl O, (Me-O
1:3 11 43 |53 | 2 2
205
1:6 11 44 153 | 2 1
1:3 10 43 |54 | 1 2
H,O 275
1:6 10 42 156 | 1 1
1:3 11 43 | 52| - 5
365
1:6 11 43 156 | - 1
1:3 3 42155 2 1
210
H,O + 1:6 2 40 | 57 | 2 1
C,HsOH 1:3 3 42 | 56 | - 2
280
1:6 3 43 1 56 | - 1

The presence of oxygen bonded to metal (Me - O, Ols with BE = 530.0 eV)
was detected in all sprayed In,S; films, but its amount was significantly lower for
the films deposited with the In:S molar ratio of 1:6 (Table 3.3). According to the
EDX study the same tendency was observed for the oxygen content in the films,
since additional oxygen signals are coming from the glass substrates (Table 3.4).

Table 3.4. Elemental composition (in at.%) of In,S; films according to EDX. The
films were deposited at T,= 365 °C using In:S molar ratios of 1:3 and 1:6 in the
aqueous spray solution.

In:Sinsolut. |In | S |Cl |O | Si| Na
1:3 34143 |1 1515 |2
1:6 33145 | <1127 |2

The Cl2p peak was detected in the films deposited from the aqueous spray
solutions at Ty = 205 and 275 °C and in the films from alcoholic spray solutions at
Ts = 210 °C, irrespective of the In:S molar ratio in the spray solution (Table 3.3).
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Chlorine contamination originates from the InCl; precursor and decreases with the
increase of the growth temperature. According to XPS and EDX, no chlorine was
detected or its concentration was relatively low in the films deposited from aqueous
spray solutions at T, = 365 °C (Tables 3.3, 3.4) and from alcoholic solutions at
T, = 280 °C (Table 3.3). The decrease in the chlorine content with an increasing
growth temperature has been generally observed for spray deposited films [2].

To summarize, similar results were received from XPS and EDX studies. Both
of the methods show that the oxygen contamination in the In,S; films can be
minimized by using the spray solution with the In:S molar ratio of 1:6. According to
XPS, all sprayed In,S; films show a uniform distribution of the elements throughout
the film.

3.1.4 Summary of the deposition of sprayed In,S; thin films

It is shown that B-In,S; thin films could be successfully deposited by the low-
cost pneumatic spray pyrolysis method in air, using aqueous or alcoholic spray
solutions containing InCl; and SC(NH,),. Irrespective of the In:S molar ratio in
aqueous spray solutions the films grown at temperatures up to Ty = 365 °C are
orientated along the (0 0 12) plane parallel to the substrate, with E, of 2.15 —2.30 eV
(indirect transitions) and around 2.90 eV (direct transitions). B-In,S; films deposited
at Ty = 210 and 280 °C using alcoholic solutions with the In:S molar ratios of 1:3
and 1:6, with E, of ca. 2.00 eV (indirect transitions) and with E, of
2.88 —2.97 eV (direct transitions). Spraying of alcoholic solutions leads to thinner
but more compact films.

According to the study, when films were deposited at T > 365 °C, the content
of oxygen in sprayed In,S; films was to a great extent controlled by the In:S molar
ratio in the aqueous spray solution. The film grown at 410 °C from the aqueous
spray solution with In:S = 1:3 was composed mainly from the crystalline In,O;
phase, while the film deposited from In:S = 1:6 in spray solution was composed
from the mixture of In,S; and In,0; crystalline phases by XRD analysis.

In order to understand the effect of the sulfur source content in the spray
solution on the In,S; film properties and the possible origin of the oxygen content in
the films it is necessary to study the formation of the In,S; in CSP process. In other
words, knowledge of formation chemistry allows us to determine the optimal
solution composition and thermal conditions of CSP and thereby control properties
of the sprayed In,S; thin films. This is important because we plan to expand the
studies further - to spray deposit In,S; films doped with Ti, to be used as an
absorber material in two-photon absorption processes based solar cells.

3.2 Formation of In,S; in spray pyrolysis process
In order to study the formation of In,S; in the spray pyrolysis process, aqueous
solutions containing InCl; and SC(NH,), at the molar ratio of 1:3 (1) and 1:6 (2)

were prepared, then the solvent was let to evaporate, and the obtained powder
samples were further used for structural and thermal decomposition studies (see
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more details in Section 2.2, Table 2.2). The results are published in papers [I1I] and
[IV].

3.2.1 Characterization of the precursors for indium sulfide thin films by CSP

Characterization of samples 1 and 2 as precursors for thermal analysis by FTIR
spectroscopy, XRD and elemental analysis is presented in this subsection. The
results are published in [III, IV].

Interaction of InCl; and SC(NH,), in an aqueous solution

Figure 3.10 shows a comparison of the FTIR spectra of the dried samples 1, 2
and SC(NH,), (thiourea). The vibrations that peaked at 1473 and 1085 cm™ in the
spectrum of thiourea ligand are characteristic of the CN group stretching vibrations,
v (CN) [118]. In the spectrum of 1 and 2, the v(CN) vibrations were shifted towards
higher frequencies of 1504 and 1102 cm™, respectively (Fig. 3.10). The increased
wavenumbers of the CN group vibrations in 1 and 2 indicate the strengthening of
the bond between carbon and nitrogen atoms [118, 143, 144] (Fig. 3.11). IR
spectrum of the free thiourea ligand exhibits strong and sharp vibrations at 730 and
630 cm™ characteristic of CS group stretching vibrations, v(CS) [118, 124, 125].
The shift of v(CS) vibrations towards lower wavenumber of 700 ¢cm™ in 1 and 2,
compared to that in thiourea, is due to the reduced double bond character between
carbon and sulfur atoms [124, 125, 143] (Fig. 3.11) The observed shifts of v(CS)
and v(CN) vibrations indicate the formation of the complex compound as was also
observed in the case of the Cd, Cu and Zn chloride complexes with thiourea [118,
125, 126]. For 2 additional peaks at 1473, 1085, 730 and 630 cm’' can be observed,
which are characteristic of v(CN) and v(CS) in thiourea (Fig. 3.10).

v(CN) v(CN) v(CS)
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Fig. 3.10. FTIR spectra of dried samples 1, 2 and SC(NH,), recorded at room
temperature.
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Fig. 3.11. Scheme of the bond change character in SC(NH,),.

The XRD pattern of 1 remained unidentified, but in pattern 2, besides the
unidentified phase the peaks characteristic of SC(NH,), phase (JCPDS Card No.
00-031-1934) were detected [24]. No crystalline InCl; phase was detected in 1 and 2
(not shown).

According to elemental analysis, the elemental composition of 1 (found, in
mass%) is: S 20.1%, Cl 23.4%, C 7.7%, N 18.8% and H 2.3%. The composition of
2 (found, in mass%) is: S 27.4%, C 10.3%, N 24.5%, H 3.5% [III]. The elemental
composition of 1 is close to that calculated for a compound with a hypothetical
formula InCl3:3(SC(NH,),): In 25.5%, CI 23.7%, S 21.4%, C 8.0%, N 18.7%,
H 2.7%. The composition of 2 is close to that calculated for a mixture of
InCl;-3(SC(NH;),) + 3(SC(NHy),): In 17.0%, CI 15.7%, S 28.4%, C 10.6%,
N 24.8%, H 3.5%.

According to the chemical analysis with the results from FTIR and XRD, the
sample 1 is a complex compound where all thiourea is coordinated to the indium
atom through the sulfur atom and can be expressed by a hypothetical formula
InCl;-:3(SC(NH,),) (named below as In(tu);Cls) [I1I, IV]. The sample 2 is composed
from a thiourea complex compound and free thiourea with a hypothetical formula
InCl;-3(SC(NH;),) + 3(SC(NH,),) (named below as In(tu);Cl; + 3tu) [III].

Crystal structure of In(tu);Cl;

According to the single crystal XRD analysis made by Dr. Petra Bombicz
(Institute of Structural Chemistry, Hungarian Academy of Sciences, Hungary) [IV],
the 1 (In(tu);Cl;) is: mer-trichlorotris(thiourea)- with the molecular formula -
C;H,CLInNgS;, Fwt.: 449.55, triclinic crystal system, space group P-1,
a = 8.4842(2) A, b = 10.5174(2) A, ¢ = 13.1767(2) A, a = 111.1870(10)°, =
98.0870(10)°, y = 97.889(2)°, V = 1062.63(4) A, Z=3, Z’= 1.5, F(000) = 220, Dx
=2.098 Mg/m’, u = 22.570 mm™' [IV]. The structure of In(tu);Cl; (1) is presented in
Fig. 3.12. Although the structure of In(tu);Cl; obtained by using aqueous solutions
containing InCl; and thiourea with the molar ratio of SC(NH,),:InCl;=K, where
K=3, was reported in 1992 [136], the crystal structure of In(tu);Cl; is improved and
refined in the paper published in 2011 [IV].
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Fig. 3.12. The crystal structure of the In(tu);Cl; (1).
3.2.2 Thermal analysis of precursors for In,S; films

The thermal decomposition process of the complex In(tu);Cl; (1) and of that
with addition of free, noncomplexed thiourea (In(tu);Cl; + 3tu) (2) were character-
ized by simultaneous TG/DTA/EGA-FTIR measurements in 80%Ar + 20%0, (air)
atmosphere using the heating rate of 10 °C min™ [III, IV]. For 1 the thermal
analysis was also conducted in both an inert and air atmospheres by simultaneous
TG/DTA/EGA-MS techniques using the heating rate of 10 °C min [IV]. XRD and
FTIR were used ex situ to identify the solid intermediates and the final products of
their thermal decomposition [IIL, IV].

The thermal decomposition of 1 in nitrogen atmosphere consisted from three
mass loss steps in the temperature region of 205 — 750 °C (Table 3.5). The first
mass loss step occurs in the temperature range of 205 — 275 °C with a mass loss of
ca. 34%. In the first mass loss step, four sequential endothermic processes with
maxima at 210, 215, 230 and 255 °C (Fig. 3.13 a, Table 3.5) occurred. The second
decomposition step in the temperature range of 275 — 405 °C was an endothermic
process with the DTA maximum at 320 °C (Fig. 3.13 a, Table 3.5). The mass loss in
the second step was 13.2%. The third decomposition step contained an endothermic
peak with a maximum at 610 °C in the temperature region of 405 — 750 °C with the
mass loss of 29.1% (Fig. 3.13 a, Table 3.5). The total mass loss for 1 in nitrogen
atmosphere was 76.1% (Table 3.5).
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Table 3.5. Decomposition steps, mass losses and temperatures of DTA peaks of
dried powders of 1 and 2, recorded using the heating rate of 10°C min™ in air and
nitrogen atmospheres

Sample | Atmosphere | Step | TG temp. range, | DTA peak (+/-), | Mass loss,
OC OC %
1 205-275 210 () 33.9
215 (-)
230 (-)
1 N» 255 (-)
2 275-405 320 (-) 13.2
3 405-750 610 (-) 29.1
Total mass loss 76.1
1 205-300 210 (-) 34.8
220 (-)
230 (+)
270 (-)
1 air 2 300-520 355 (-) 26.4
3 520-680 580 (+) 24.6
610 (1)
650 (+)
4 680-730 710 (+) 3.3
Total mass loss 89.1
1 180-300 160 (-) 50.7
205 (-)
210 (-)
215 (+)
220 (-)
240 (+)
2 air 270 (+)
2 300-400 335 (9) 9.6
3 400-680 450 (-) 10.2
4 680-790 715 (+) 8.0
760 (+)
770 (+)
Total mass loss 78.5
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According to XRD, the final solid decomposition product of 1 in nitrogen
consisted from In,S; (JCPDS Card No. 01-074- 7284) [24] and In,O3 (JCPDS Card
No. 01-071-2194) [24] in amount of 92% and 8%, respectively. Although during the
thermal decomposition of 1 in nitrogen atmosphere no exothermic effects were
observed (Fig. 3.13 a, Table 3.5), the presence of traces of In,O; in the final product
refers to the presence of oxygen somewhere in the system, in gas or in the initial
sample. The total mass loss of 1 in nitrogen atmosphere was 76.1 % that is higher
than the theoretical value of 64.2%. This result refers to the release of some volatile
indium species from the system. Presumably, volatile InCl; species leave the
system, due its relatively high vapor pressure at elevated temperatures (1 atm at
around 500 °C [145]). The total mass loss higher than the theoretical one was also
observed for the thermal decomposition of the zinc chloride thiourea complex
(Zn(tu),Cl,) and has been explained by the evaporation of ZnCl, [117, 119].

According to DTG and TG curves in air, the thermal decomposition of 1
consists from four mass loss steps in the temperature interval of 205 — 730 °C (Fig.
3.13 b, Table 3.5). In the first mass loss step (205 — 300 °C), the thermal
degradation of 1 starts with two sequential endothermic effects at 210 °C and 220
°C undergoing a strong exothermic effect with a maximum at 230 °C, and followed
by an endothermic effect at 270 °C according to the DTA curve. The first two
endothermic effects correspond to the melting and decomposition processes,
respectively (Fig. 3.13 b). The exothermic effect at 230 °C is obviously due to the
oxidation of the evolved CS, vapor [122, 146], as was confirmed by the EGA
analysis (see Section 3.2.3). The second decomposition step (300 — 520 °C) is an
endothermic process. The third decomposition step (520 — 680 °C) and the fourth
step (680 — 730 °C) contain only exothermic effects (Fig. 3.13 b). The total mass
loss was 89.1% for 1 in air. According to XRD, the final solid decomposition
product of 1 in air was In,O3; (JCPDS Card No. 01-073-6440) [24] (Table 3.6). The
total mass loss is higher than the calculated 69.1%, indicating that some volatile
indium species leave the system.

In conclusion, the thermal decomposition of 1 in nitrogen atmosphere took
place in the temperature range of 205 — 750 °C and consisted from three mass loss
steps with the total mass loss of 76.1%. The thermal decomposition of 1 in air
contained four mass loss steps in the temperature region of 205 — 730 °C with the
total mass loss of 89.1%. In both of the atmospheres the total mass loss was higher
than the theoretical mass loss, indicating to the release of volatile indium species
(e.g. InCl;). The final decomposition product of 1 at 800 °C in nitrogen atmosphere
contained small amount of In,O; (8%) phase, referring to the occurrence of the
oxygen in the inert atmosphere.

The thermal decomposition study of 2 was conducted only in air and took place
in the temperature interval of 180 — 790 °C in four mass loss steps (Fig. 3.13 ¢). In
the first decomposition step (180 — 300 °C) the endothermic effects detected at 160
and 205 °C obviously belong to the melting and the decomposition of thiourea,
respectively [146], as in addition to the complex compound In(tu);Cl; (1); 2
contains free, noncoordinated thiourea. Endothermic effects at 210 and 220 °C (Fig.
3.13 c), are characteristic of melting and decomposition of the In(tu);Cls, are less
pronounced than in the case of 1 (Fig. 3.13 b) due to the exothermic processes
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taking place at 215 and 240 °C. The second decomposition step (300 — 400 °C) and
the third step (400 — 680 °C) contain only endothermic processes, while the fourth
step (680 — 790 °C) is highly exothermic. The final decomposition product of 2 at in
air was In,O; (JCPDS Card No. 01-073-6440) [24] by XRD [III]. For 2, the total
mass loss of 78.5% is close to the theoretical value of 79.6%, indicating that the
excess of thiourea in the precursor hinders the release of volatile indium species
from the system.

3.2.3 Study of gaseous and solid products of thermal decomposition of
precursors for indium sulfide films

Initially, the thermal analysis of 1 and 2 was made using TG/EGA-FTIR in
inert and in air. The unexpected occurrence of gases evolved as a result of the
oxidation processes in inert atmosphere (not shown), lead to the study of the
thermal decomposition of 1 also by TG/EGA-MS in an inert atmosphere and in air.
As a result of TG/EGA-FTIR and TG/EGA-MS studies the evolution of gases was
compared and it was found that these two methods complement each other (e.g. the
evolution of HNCS is hardly identified by EGA-MS; the evolution of HCI could
better be detected by EGA-MS). Although the evolution of gases was similar
according to both of the methods, the sequence of gases evolved was more apparent
and easier to follow by EGA-FTIR than by EGA-MS. Hence the sequence of the
evolved gaseous species is characterized in the order they appeared by EGA-FTIR
(Fig. 3.14).

Figure 3.15 depicts the FTIR spectrum of gases evolved from 1 at 240 °C in
80%Ar + 20%0; (air). The evolution profiles of gaseous species from 1 and 2 in air
as recorded by online TG/EGA-FTIR are compared in Fig. 3.14 [III]. Similar
gaseous species evolved from 1 and 2 in air in the temperature region around
200 — 350 °C (Fig. 3.14). At higher temperatures, the evolution of CO, and H,NCN
with similar evolution profiles with maxima at 580 and 610 °C from 1 has been
recorded. In the case of 2 the evolution of these gases was detected with a
monotonous increase from 400 °C up to maximum at 770 °C (Fig. 3.14). Figure
3.16 shows the evolution curves of gases from 1 recorded by online TG/EGA-MS in
nitrogen and in air [IV]. Interestingly, from 1 in the N, atmosphere the evolution of
gases COS, SO,, HCN and CO, (Fig. 3.14) was detected. The possible reasons for
the evolution of these gases will be discussed in following section. In parallel, the
results of ex situ FTIR (Fig. 3.17) and XRD (Table 3.6) analyses of solid
intermediates and final decomposition products are discussed.
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Fig. 3.14. Evolution profiles of gaseous species from 1 and 2 in 80%Ar + 20%0,,
as measured by in situ TG/EGA-FTIR system (80%Ar+20%0, flow 60 mL/min,
heating rate 10 °C/min, initial mass for 1 - 7.8 mg and for 2 - 7.4 mg).
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Fig. 3.17. FTIR spectra of solid intermediates of 1 (a) and 2 (b) heated at different
temperatures with the heating rate of 10 °C/min in air in laboratory furnace.

Table 3.6. Crystalline decomposition products of 1 and 2, as detected by ex situ

XRD. Heat treatments were performed in a preparative scale in air in laboratory
furnace

1 (In:S = 1:3) 2 (In:S = 1:6)

T, °C Main crystalline phases and T, °C Main crystalline phases

JCPDS reference files and JCPDS reference
files

300 o-In,S; (01-084-1385) 300 o-In,S; (01-084-1385)
(InCl; (00-034-1145))

410 B-In,S; (01-074-7284) 410 B-In,S; (01-074-7284)
In,0; (01-073-6440)

520 In,0; (01-073-6440) 520 In,0; (01-073-6440)
Iny 24(NCN); (00-051-0853) (B-In,S; (01-074-7284))
(B-In,S; (01-074-7284))

700 In,0; (01-073-6440) 680 In,0; (01-073-6440)
In, 24(NCN); (00-051-0853)

900 In,0; (01-073-6440) 820 In,0; (01-073-6440)

3.2.4 Reactions of thermal decomposition of precursors for In,S; films

The thermal decomposition of 1 and 2 starts with the endothermic effects
(around 200 °C) (Fig. 3.13) accompanied by the evolution of carbon disulfide (CS,),
ammonia (NH3) and cyanamide (H,NCN) at 210 °C from 1 (Figs. 3.16 and 3.14)
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and at 200 °C from 2 (Fig. 3.14). Evolution of these three gases indicates the
decomposition of adjacent thiourea ligands in the melt according to the reaction
(Eq. 3.2) [118, 121, 122, 146, 147]:

+2NH

+H,NCN (3.2)

(Lg)

2SC(NH,), , =CS

2(g) 3(2)

FTIR spectrum of the solid residues of 1 at 225 °C and of 2 at 180 °C (Fig.
3.17) show the vibration at 2070 cm™ characteristic of both thiocyanate (SCN) and
hydrogen bonded RNH;" groups [119]. The presence of this peak indicates that
probably part of SC(NH,), isomerized into ammonium thiocyanate (NH;SCN), as it
has also been observed during the thermal decomposition of different complex
compounds, such as Cd(SCN,H4),Cl,, Zn(SCN,Hy),Cl,, Cu(SCN,H4);Cl [118 —
120], and SC(NH,), [147]. The isomerization of SC(NH,), could be presented as
Eq. 3.3 [147]:

SC(NHZ)Z(I) +Heat=NH,SCN,  (3.3)

The decomposition of both SC(NH,), and NH4SCN could be responsible for
the evolution of isothiocyanic acid (HNCS) and NH3, as detected by EGA-FTIR in
air (Fig. 3.14). Evolution of NH; in N, and in air was also confirmed by EGA-MS
(Fig. 3.16). The release of HNCS and NH; could occur according to the reactions
(Eq. 3.4, 3.5), as reported previously [118, 121].

NH,SCN,, = HNCS , + NH,

SC(NH,),, =HNCS,, +NH

(g) 3(2)

(3.4)
(3.5)

The exothermic effects around 220 °C of 1 and 2 by the DTA curve (Fig. 3.13),
followed closely the release of sulfur dioxide (SO,) and carbonyl sulfide (COS) in
air (Fig. 3.14). Interestingly, the release of SO, and COS was also detected from 1
in N, atmosphere (Fig. 3.16). The release of these gases imply to the oxidation of
CS, vapor according to Eq. 3.6 [118, 121 — 123, 146]:

CS

+1.50,, =S0,, +COS,,  (3.6)

2(g) 2(g)

The release of hydrogen cyanide (HCN) from 1 and 2 in air and also from 1 in
N, atmosphere can be considered as the oxidation product of HNCS according to
the reaction (Eq. 3.7) [118, 121, 123]:

HNCSg) + Oyg) = HCN(g) + SOxg) (3.7

Formation of SO, and COS as oxidation products of CS,; and HCN as the
oxidation product of HNCS in inert atmosphere can result from either the oxygen
contamination in 1 (a minute amount of urea inside used thiourea) or surroundings
of the open measuring systems or a certain level of oxygen impurities are present in
the inert purge gas used [146]. For example, Onishi et al. [148] pointed out that
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although they used high purity argon for the thermal analysis, it still contained a
small amount of oxygen (<10 ppm), which was responsible for the observed
oxidation process. Furthermore, a small amount of oxygen (0.4 mass%) was
detected in sample 1 by the EDX analysis performed on the Oxford Instruments
INCA Energy system using the accelerating voltage of 7 kV in the Centre for
Materials Research at Tallinn University of Technology (Tallinn, Estonia).

In addition to the reaction (Eq. 3.2), the evolution of H,NCN at 240 °C in air
(Fig. 3.14) might originate from the metal sulfide formation proposed by Krunks et
al. [118]. The formation of In,S; in the first decomposition step upon thermal
decomposition of 1 and 2 in air is confirmed by XRD (Table 3.6). Thus, the reaction
characterizing the formation of In,S; can be assumed as follows (Eq. 3.8):

2InCl

s T 3SC(NH,)

=1In,S,, +3H,NCN, +6HCl, (3.8)

200 3(s)

H,NCN vapors could condensate on the windows and mirrors of the IR gas
cell, as it has been observed during the evolved gas analysis of the Zn(SCN,H,),Cl,
[122], polymerization of H,NCN is also possible [149]. This could be a reason why
the first TG/DTA/EGA-FTIR experiment of 1 with the initial mass of 48.2 mg was
canceled in the middle of the run as the jam in different parts of the measuring
system occurred.

All of the above described gases evolve during the first mass loss step of 1 and
2 at temperatures below 300 °C. The FTIR spectra of the solid residues obtained by
heating of 1 and 2 up to 300 °C in air still contain organic residues (Fig. 3.17). In
the first decomposition step of 1 the mass losses were similar in N, and in air
(33.9% and 34.8%, respectively), while for 2 the mass loss from the first step was
50.7%.

In the temperature interval of 300 — 400 °C in air, both 1 and 2 show
endothermic decomposition reactions and evolution of NH;, while the evolution of
H,NCN and HNCS were released only from 1 (Figs. 3.13 and 3.15). Probably an
intermediate is formed in the first decomposition step, which at higher temperatures
decomposes with the release of HNCS and NHj, as also speculated in [147].

The FTIR spectrum of the solid product of 1 heated up to 520 °C (Fig. 3.17 a)
shows vibrations at the 2100 and 695 cm™ characteristic of the cyanamide group
[119, 150]. According to XRD, the solid decomposition product of 1 at 520 °C
contained crystalline phases of In,(NCN);, In,O;3 and traces of In,S; (Table 3.6).
Indium cyanamide is formed probably similarly to ZnCN, [119] by the reaction of
H,NCN and metal chloride (in the present case InCl;, Eq. 3.9):

Il’lC13 + HZNCN - In2,24(NCN)3 + HCl1 T (39)

According to XRD, solid decomposition product of 2 at 520 °C comprises
crystalline In,O; and traces of In,S;, while crystalline In, ,4(NCN); was not detected
(Table 3.6).

In the third decomposition step (520 — 680 °C) of 1 in air the exothermic effect
with maxima at 580 and 610 °C (Fig. 3.13) are accompanied by an evolution of
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SO,, and the release of CO, and H,NCN with similar evolution profiles (Fig. 3.14).
The evolution of CO, and H,NCN indicate to the decomposition and combustion of
organic pieces.

The release of SO, at around 600 °C from 1 was detected by EGA-FTIR in air
(Fig. 3.14), EGA-MS shows the evolution of SO, also at around the same
temperature in inert atmosphere (Fig. 3.16). The evolution of SO, is due to the
oxidation of In,S; according to Eq. 3.10

In,S;, +4.50 +3S0O

=In,0 (3.10)

3(s) 2(g) 3(s) 2(2)

The oxidation of the In,S; was confirmed by ex siru XRD, since solid
decomposition product of 1 heated up to 700 °C contained only In,O; and
Iny ,4(NCN); phases (Table 3.6). Moreover, the ex situ FTIR study of the solid
decomposition product of 1 at 700 °C in air (Fig. 3.17 a) indicates to the occurrence
of the Iny 54(NCN);, which is in accordance with the XRD study.

For 2, from the third step (400 — 680 °C) evolution profiles of H,NCN and CO,
show a monotonous increase without any distinct maxima and continuous evolution
of HNCS (Fig. 3.14) with no maxima in the DTA curve (Fig. 3.13 b).

At temperatures above 700 °C up to the end of the decomposition process, the
evolution of CO, and H,NCN with strikingly similar profiles were recorded for 1
(both in N, and in air) and for 2 in air (Figs. 3.16 and 3.14). In addition, the continu-
ous release of HNCS recorded from 2 in the temperature interval of 700 — 800 °C

confirm further decomposition of an organic matter [143].

3.2.5 Summary on the formation and thermal analysis of
precursors for In,S; films

It has been shown that InCl; and SC(NH,), in the molar ratio of 1:3 (1) and 1:6
(2) in an aqueous solution interact to form a complex compound mer-
trichlorotris(thiourea)-indium(IIl) (In(tu);Cl;), where thiourea is coordinated to
indium atom via sulfur atom, while in 2 free thiourea is also present. The thermal
decomposition of both 1 and 2 results in In,S; at temperatures below 300 °C.

The thermal decomposition of 1 took place in the temperature region of
205 — 750 °C in nitrogen atmosphere and in the temperature range of 205 — 730 °C
in air. The thermal decomposition of 2 took place in the temperature interval of
180 — 790 °C. According to XRD, the final decomposition product of 1 and 2 in air
was In,Os, whereas the final product of 1 in N, atmosphere contained In,S; (92%)
and InyO; (8%). The total mass loss of 1 was higher than expected in both
atmospheres, indicating release of some volatile indium species (e.g. InCl;). The
total mass loss of 2 in air was close to the theoretical value. The comparison of mass
losses for 1 and 2 indicates that the excess of thiourea depresses the loss of indium
from the system.

According to the thermoanalytical study, the possible reactions occurring
during the thermal degradation of 1 and 2 in air are presented. It has been shown
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that In,S; forms in the first decomposition step from both, 1 and 2, at temperatures
below 300 °C according to the Eq. 3.8.

The thermal analysis study evidently showed that crystalline indium oxide from 2
in air came up at higher temperatures (around 500 °C) than that from 1 (at ca. 400 °C).
Although the results of the thermoanalytical study cannot be transferred one-to-one
to the film deposition procedure, it has been shown that the use of the precursor 2
can depress the formation of In,O; phase in In,S; films. It was experimentally
confirmed with the results obtained from the study of the influence of different
deposition parameters on the properties of In,S; thin films deposited by the
pneumatic CSP.
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4. CONCLUSIONS

Resulting from the studies conducted in this thesis, the following conclusions
on In,S; deposition from spray solution containing InCl; and SC(NH;), by the
chemical spray pyrolysis (CSP) process could be made:

1.

Uniform and pin-hole free B-In,S; thin films were grown at temperatures
from 205 up to 365 °C (with aqueous spray solution) and up to 280 °C
(with alcoholic spray solution), using InCl;:SC(NH,), at molar ratios of 1:3
and 1:6 in the spray solution by the pneumatic spray pyrolysis method. The
increase in the film growth temperature increased the crystallite size, and
decreased the film thickness and chlorine content for all of the studied
films.

The InCl;:SC(NH,;), molar ratio in the spray solution showed the following
effects:

— According to XPS, oxygen bounded to indium was detected in all
sprayed films grown in the temperature range of 205 — 365 °C, but
oxygen concentration was always higher in the films prepared from
the InCl; : SC(NH;), = 1:3 solution compared to those obtained by
spray of the InCl; : SC(NH,), = 1:6 solution. The use of the
InCl; : SC(NH,), = 1:6 solution leads to slightly larger crystallite size.

— Noticeable effect on the bandgap and phase composition was observed
for the films grown at T > 365 °C. E, of 3.14 eV and 2.91 eV (direct
transitions) are characteristic of the films sprayed from the
InCl; : SC(NH,), = 1:3 and 1:6 solutions, respectively. According to
XRD, In,O; phase is preferably formed in sprayed In,S; films using
the InCl; : SC(NH,), = 1:3 solution. It was shown that formation of
In,O; phase is not due to the oxidation of the In,S; phase at
temperatures up to 450 °C.

It was shown that InCl; and SC(NH;), in an aqueous solution interact to
form the complex compound mer-trichlorotris(thiourea)-indium(III)
(In(tu);Cls). In this complex compound thiourea ligand is coordinated to the
indium atom through the sulfur atom. In(tu);Cl; (1) is a single-source
precursor for indium sulfide films in the CSP process using the spray
solution with InCl;:SC(NH,), at the molar ratio of 1:3. Using a solution
with InCl;:SC(NH,), at the molar ratio of 1:6, the dried precursor for In,S;
films is composed of the In(tu);Cl; and free, non-coordinated thiourea
phases (In(tu);Cl; + 3tu, 2).

The thermal decomposition of 1 took place in the temperature ranges of
205 — 730 °C and 205 — 750 °C in air and nitrogen atmospheres,
respectively. The thermal decomposition of 1 in nitrogen and air consisted
of three and four mass loss steps, respectively, with the total mass loss of
76.1 and 89.1%. The final decomposition product of 1 contained In,S;
(92%) and In,O; (8%) in nitrogen atmosphere and In,0O; in air. For sample
1, the total mass loss was higher than the theoretical mass loss in both
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atmospheres, indicating the release of volatile indium containing species
(e.g. InCl;). The thermal decomposition of 2 in the temperature range of
180 — 790 °C in air showed four mass loss steps with a total mass loss of
78.5%. The final decomposition product of 2 in air was In,O;. The total
mass loss of 2 was found to be close to the theoretical value, indicating that
the excess of thiourea in the precursor hinders the release of volatile indium
containing species from the system.

According to the evolved gas analysis by FTIR and MS, the gaseous species
evolved during the decomposition of 1 and 2 in air include CS,, NHj,
H,NCN, HNCS, which upon oxidation form COS, SO,, HCN and CO,. The
evolution of COS, SO,, HCN and CO, were also detected during the
decomposition of 1 in an inert atmosphere. This result and presence of
In,O; traces in In,S;, as the final decomposition product of 1 in an inert
atmosphere, both refer that some oxygen contamination can be originated
from the precursor.

The possible reactions of thermal decomposition of 1 and 2 were presented
for each decomposition step taking into account the thermal effects, gases
evolved and solid products of the decomposition. From both of the
precursors, In,S; is formed after the decomposition act of the complex
compound, with the potential formation reaction (Eq. 3.8):

2InCl

b T 3SC(NH,)

=In,S,, +3H,NCN,  +6HCI

2() 3(s) (9 ®

Results of the current study allow us to produce the following
recommendations for making In,S; films by CSP: It should be taken into
account that the formation of In,S; films in CSP process passes through an
intermediate complex compound, In(tu);Cl;, formed in an aqueous solutions
containing InCl; and SC(NH,), as starting chemicals. In,S; forms upon
thermal decomposition of In(tu);Cl; at temperatures > 200 °C. The aqueous
spray solution containing InCl; and SC(NH,), with the molar ratio of 1:6
and growth temperatures up to 400 °C can be used for the deposition of
In,S; films. The excess of thiourea in the spray solution compared to that
required for the intermediate complex compound minimizes the formation

of the In,O; phase and depresses the loss of indium.

54



ACKNOWLEDGEMENTS

Firstly, 1 would like to thank my supervisor Leading Research Scientist Dr.
Malle Krunks for inviting me into her study group, for her support and excellent
guidance.

I also wish to thank Prof. Enn Mellikov, Head of the Department of Materials
Science, for giving me opportunity to carry out my studies.

I want to thank Prof. Andres Opik, Dean of the Faculty of Chemical and
Materials Technology, for continuous support.

I am grateful to my colleagues Dr. Ilona Oja Agik, Dr. Arvo Mere, Dr. Tatjana
Dedova and Dr. Atanas Katerski for their contribution to the work and all the other
colleagues from the Laboratory of Thin Film Chemical Technologies for their help
during my work. I want to thank Dr. Valdek Mikli and Dr. Olga Volobujeva for
SEM and EDX analysis. Dr. Kaia Tonsuaadu for TG/DTA/EGA-FTIR and to Dr.
Janos Madarasz are thanked for enabling co-operation for the TG/DTA/EGA-FTIR
and TG/DTA/EGA-MS measurements and Dr. Petra Bombicz for single crystal
XRD measurements. I would also like to thank MSc. Mati Danilson for XPS
measurements and Dr. Karin Kerm for interesting and useful discussions. I thank
MSc. Mare-Anne Laane for revising the language of the thesis.

This work is financially supported by the Estonian Ministry of Education and
Research (Target Financing Project SF0140092s08); the Estonian Science
Foundation under grants ETF6954, ETF7788 and ETF9081; Projects AR10128
(“New materials for solar energetics) and AR12118 (“Efficient plasmonic
absorbers for solar cells”); Centre of Excellence Mesosystems - Theory and
Applications (Project TK114). This work has been partially supported by the
Graduate School “Functional materials and technologies* financed funding from the
European Social Fund under project 1.2.0401.09-0079 in Estonia. Additionally, the
Internationalization Programme DoRa Activity 8 for support is appreciated.

My warmest and sincere gratitude belongs to my husband Tauno, my son Tanel
and to my parents Urmas and Reet for their unconditional support.

55



ABSTRACT

Indium sulfide (In,S;) thin films have been mainly used as buffer layer instead
of CdS in chalcopyrite absorber layer based solar cells. In the literature, only limited
number of studies have been reported on the deposition of In,S; films by the
pneumatic CSP. To our best knowledge, the chemistry of the In,S; formation in the
CSP process using InCl; and SC(NH,), (thiourea, tu) as starting chemicals has not
been studied.

The objective of this thesis was to study the effect of the deposition parameter
such as the growth temperature and the molar ratio of the starting chemicals (InCl;
and SC(NH,),) in aqueous or alcoholic solutions on the properties of In,S; films
prepared by the pneumatic CSP method. The films were characterized by means of
XRD, SEM, EDX, UV-VIS and XPS methods. To study the formation of In,S; in
the CSP process, the intermediates formed in an aqueous spray solution with
InCl3:SC(NH;), molar ratios of 1:3 (named as 1) and 1:6 (named as 2) were
determined. The thermal behavior of dried intermediates as precursors for In,S;
films was studied by applying the thermoanalytical methods (simultaneous
TG/DTG/DTA coupled with EGA-FTIR and EGA-MS measurements) along with
ex situ XRD and FTIR studies of solid products. The knowledge of formation
chemistry of In,S; in CSP process allows us to determine the optimal solution
composition and thermal conditions of CSP and thereby control the properties of the
sprayed In,S; thin films.

In this study, In,S; films were prepared by spraying the aqueous or alcoholic
solutions containing InCl; and SC(NH,), as starting chemicals with molar ratios of
1:3 or 1:6 onto preheated glass sheets in air by varying the film growth temperatures
(Ty) in the range of 205 — 410 °C. Results of the study showed that independent of
InCl; and SC(NH,), molar ratio in the aqueous spray solution the films deposited at
temperatures Ty < 320 °C are composed of the (0 0 12) orientated B-In,S; films,
which exhibited transparency over 70% in the visible spectral region, with E, of
2.15 — 2.30 eV (indirect transitions) and ~2.90 eV (direct transitions). Use of the
water-alcohol (1:1, by volume) based spray solutions instead of the aqueous ones
results in significantly thinner and more compact In,S; films with E; of ~2.00 eV
(indirect transitions) and E, with 2.88 —2.97 eV (direct transitions), when the films
were grown at temperatures T, < 280 °C. According to XPS, oxygen bounded to
indium was detected in all sprayed films grown in the temperature range of 205 —
365 °C, but oxygen concentration was always higher in the films prepared from the
spray solution with InCl; : SC(NH,), at molar ratio of 1:3. Noticeable effect on the
bandgap and phase composition was observed for the films grown at T; > 365 °C.
Moreover, it was shown that the formation of the In,O; phase in the sprayed indium
sulfide film grown at temperatures up to 450 °C is not due to the oxidation of In,S;.

It was shown that the InCl; and SC(NH;), with the molar ratio of 1:3 in an
aqueous solution interact to form a complex compound mer-trichlorotris(thiourea)-
indium(Ill) (In(tu);Cl;), a single-source precursor for In,S; films in the CSP
process. Both 1 and 2 were containing an In(tu);Cl; complex compound, where
SC(NH,), is coordinated to indium atom via sulfur atom; while in 2 also free
SC(NH,), was present. The thermal decomposition of 1 took place in the
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temperature range of 205 — 730 °C in air and in the range of 205 — 750 °C in
nitrogen atmosphere with the total mass loss of 89.1% and 76.1%, respectively. The
thermal degradation of 2 took place in the temperature interval of 180 — 790 °C with
the total mass loss of 78.5%. The final decomposition product of 1 and 2 in air was
In,05, the final product of 1 in nitrogen contained In,S; and residues of In,O;. The
total mass loss of 1 was higher than the theoretical value (69.1%) in both
atmospheres referring to the release of volatile indium species (e.g. InCls). The total
mass loss of 2 was found to be close to the theoretical value, indicating that excess
of thiourea in the precursor solution hinders the release of volatile indium species
from the system. The gaseous species evolved during the decomposition of 1 and 2
include CS,, NH;, H,NCN, HNCS, which upon their thermal oxidation form COS,
SO,, HCN and CO,. From both of the precursors, In,S; is formed below 300 °C, the
crystalline In,O; phase was detected in 1 at 410 °C and in 2 at 520 °C, while the
crystalline In, »,(NCN); was found only in 1 at 520 — 700 °C in air by ex situ XRD.
The reactions characteristic of each decomposition step are presented taking into
account the thermal effects, gases evolved and the solid products of the
decomposition.

According to the results obtained in the current thesis aqueous solutions
containing InCl; and SC(NH,), as starting chemicals at the molar ratio of 1:6 and
the growth temperatures below 400 °C are recommended for the deposition of -
In,S; films by CSP. The excess of thiourea in the spray solution minimizes the
formation of In,O; phase and depresses the loss of indium compounds.
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KOKKUVOTE

In,S; Shukesi kilesid kasutatakse péikeseenergeetikas puhverkihina CIS-tiitipi
absorberiga péikesepatareides CdS asemel. Pneumaatilise keemilise pihustuspiiro-
litisi meetodil sadestatud In,S; Ghukeste kilede omadusi on vidhe uuritud. Meile
teadaolevalt pole seni uuritud In,S; moodustumise keemiat pihustuspiiroliiiisi
protsessis, kasutades ldhteainetena InCl; ja SC(NH,), (tiokarbamiid, tu).

Kéesolevas doktoritdods uuriti erinevate pihustusparameetrite nagu sadestustem-
peratuuri ja ldhteainete (InCl; ja SC(NH,),) molaarsuhte moju vesilahusest voi vee-
alkoholi lahusest keemilise pihustuspiiroliilisi meetodil sadestatud In,S; dhukeste
kilede omadustele. Kilede iseloomustamiseks kasutati XRD, SEM, EDX, UV-VIS
ja XPS meetodeid. Samuti uuriti In,S; moodustumist pihustuspiiroliilisi protsessis.
Selleks tehti kdigepealt kindlaks vaheiihendid, mis moodustusid vesilahustes, kus
InCl; ja SC(NH;), olid molaarsuhetel 1 : 3 (tdhistatud kui 1) ja 1 : 6 (tdhistatud kui 2).
Kuivatatud pulbriliste vaheiihendite ja nende termilise lagunemise uurimiseks ra-
kendati termoanaliiiitiliste meetodite kompleksi (TG/DTG/DTA- koos EGA-FTIR-
ja EGA-MS-analiiiisiga) ja ex situ XRD- ning FTIR-analiitisi. In,S; moodustumise
protsessi keemia tundmine on vajalik, kuna see voimaldab leida optimaalsed
termilised tingimused ja pihustuslahuse koostise, et seeldbi kontrollida sadestatud
In,S; kilede omadusi.

Kilede sadestamisel kasutati vesilahuseid voi vee-alkoholi (suhe 1 : 1) lahuseid
lahteainete InCl; : SC(NH,), molaarsuhetel 1 : 3 voi 1 : 6 ja sadestustemperatuure
vahemikus 205-410 °C. Kdikides katsetes kasutati substraadina klaasi ja kande-
gaasina Ohku. Leiti, et T, < 320 °C sadestatud kiled, sdltumata l4hteainete molaar-
suhtest pihustatud vesilahustes, koosnevad (0 0 12) orienteeritud B-In,Ss-kiledest,
mille optiline ldbilaskvus nédhtava spektri osas on ca 70% ja E,; on vahemikus
2,15-2,30 eV (kaudsete iileminekute korral) ning ~2,90 eV (otseste lileminekute
korral). Vee-alkoholi segu sisaldava pihustuslahusega sadestamisel T; < 280 °C
saadud In,S;-kiled on vorreldes vesilahustest sadestatud In,S;-kiledega Shemad ja
kompaktsemad. Nende E, on ~2,00 eV (kaudsete iileminekute korral) ning
vahemikus 2,88 — 2,97 eV (otseste iileminekute korral). XPS-analiilisi jargi
sisaldavad koik vahemikus Ty = 205-365 °C sadestatud kiled indiumiga seotud
hapnikku, kuid selle kogus on alati suurem kiledes, mille sadestamisel kasutati InCl;
ja SC(NH,), molaarsuhet 1 : 3. Lihteainete molaarsuhte mdju optilise keelutsooni
laiusele ja faasikoostisele ilmnes kiledes, mis on sadestatud vesilahustest
Ts > 365 °C. Kile termiline jareltootlus ohus néitas, et sulfiidi faasi oksiidatsioon
mojutab vihe In,O; tekkimist kiles, mis on sadestatud kuni 450 °C juures.

Kéesolevas t60s ndidati, et In,S;-kilede sadestamiseks keemilise pihustuspiiro-
liiisi meetodil vesilahusest, mis sisaldab InCl; ja SC(NH;), molaarsuhtega 1 : 3 (1),
moodustub kompleksithend mer-triklorotris(tiokarbamiid)-indium(III) (In(tu);ClL;). 1 ja
2 koosnesid In(tu);Cl; kompleksiihendist, milles kolm SC(NH,), molekuli on
koordinatiivselt seotud indiumi katiooniga 1dbi vdavli aatomi, lisaks sisaldas 2 ka vaba
SC(NH;),. 1 termiline lagunemine toimus temperatuuride vahemikus 205-730 °C
ohus ja 205-750 °C lammastiku keskkonnas summaarse massikaoga vastavalt 89,1%
ja 76,1%. 2 termiline lagunemine toimus temperatuuride vahemikus 180—790 °C 6hus
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summaarse massikaoga 78,5%. 1 ja 2 termogravimeetrilise analiiiisi 10pp-produkt
ohus oli In,O5 ja 1 Iopp-produkt peale termogravimeetrilist analiilisi ldmmastiku
keskkonnas koosnes In,S; (92%) ja In,O5 (8%) segust. Summaarne massikadu 1
korral oli oluliselt korgem teoreetiliselt arvutatud massikaost (69,1%), viidates
termilise analiiiisi kéigus indiumi sisaldavate tihendite (nt InCl;) lendumisele gaasi
faasi. 2 puhul saadi sarnased summaarse massikao ja teoreetiliselt arvutatud massi-
kao véairtused, mis niitab, et SC(NH,), liia korral on takistatud indiumi sisaldavate
tthendite eraldumine. Lagunemisel eraldusid gaasilised produktid nagu CS,, NHj,
H,NCN, HNCS, COS, SO,, HCN ja CO,. Tahkete laguproduktide XRD-analiiiisi
jargi moodustus molemas (1 ja 2) In,S; 300 °C-st madalamatel temperatuuridel,
kristalliline In,O; moodustus 1 korral ca 410 °C ja 2 korral ca 520 °C juures, kuid
vaid 1 korral leiti kristalliline In, 24(NCN); temperatuuride 520700 °C juures. Igas
lagunemisetapis toimuvad voimalikud keemilised reaktsioonid on esitatud, arvesta-
des termilisi efekte, eralduvaid gaase ja tahkeid laguprodukte.

T66 tulemustest voib jareldada, et B-In,S; Shukeste kilede sadestamisel keemilise
pihustuspiiroliiiisi meetodil tuleb kasutada 400 °C-st madalamat sadestustemperatuuri
ja ldhtelahust, mis sisaldab InCl; : SC(NH;), molaarsuhtel 1 : 6. SC(NH,), liig
pihustuslahuses, vorreldes kogusega, mis on vajalik kompleksithendi moodustu-
miseks, vihendab In,O; faasi moodustumist ja indiumitihendite kadu siisteemist.
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