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This work was aimed on testing the applicability of cation exchange to invert continuous
SnSe thin films into Sb2Ses thin films attached to the substrate. SnSe thin films used
as matrices in the cation exchange process were deposited onto various substrates at
different temperatures using magnetron sputtering. The cation exchange process was
carried out at 210 °C in the SbCIs solutions of different solvents, concentrations and
time treatments. Glycerol was found to be the most suitable solvent for the treatment.
Different characterisation techniques were applied to characterise formed films. It was
concluded that substrate type, SbCls solution molarity and time treatment were the
critical parameters for the cation exchange process. SnSe thin films deposited onto a
glass substrate peeled off regardless SbCls solution concentrations and time treatment
used. SnSe films deposited at temperatures above 300 °C onto Mo, FTO, ITO withstood
cation exchange at concentrations below 45 mM. The SbCls solution concentrations be-
tween 11 and 45 mM induced the SnSe-to-Sb.Ses full transformation. Time treatments
exceeding 5 min induced the SnSe-to-Sb2Ses conversion. Further time treatment raise
increased Sb content in the films. Time treatments of 17 and 22 min in 44 mM solution
led to the full inversion of SnSe thin films into Sb.Ses. Formed SbzSes thin films exhib-
ited orthorhombic SbaSes crystals oriented along (hkl) planes, stoichiometric Sb/Se
atomic ratio and a direct optical band gap of 1.28 eV.

Keywords: chemical transformation, Sb2Ses, thin films, ion exchange, master thesis
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INTRODUCTION

The humanity is very dependent on energy sources, and fossil fuels are one of the main
supplies of energy in nowadays world [1]. However, as a recurring energy crisis hits the
world due to fossil fuels scarce and limited availability of them, alternative energy
sources play a key role in providing the needs in the future. Besides a limited amount
of available fossil fuel sources, the burning of those causes CO2-emission and, thus, the
greenhouse effect leading to increase in the planet temperature and other harmful ef-
fects. Many countries have already changed their policies in the CO2-emission regula-
tions with support towards renewable energy [2]. Thus, the development of photovol-

taics materials is under particular interest.

Currently, solar cells are divided into several generations [3]. First generation of PVs is
wafer-based monocrystalline and polycrystalline silicon. This type is the most prevalent
on the market due to its relatively high efficiency, Si-abundance, and non-toxicity, but
the cost of production is comparably high since silicon crystals are produced at temper-
atures above 1000 °C. Second generation are thin film solar cells which include CdTe-
and CulnGaSe:-based thin films. Cd is a toxic compound and Te, In and Ga are high-
priced elements, and, thus, it limits their wide applicability. Third generation is dye-
sensitized solar cells, perovskite, concentrated solar cells, multijunction solar cells.
These are emerging technologies yet and have difficulties in applicability which restrict
their use, and due to that they are not commercially available yet [3].

Focusing on the second generation of solar cells, the need to replace the existing ab-
sorber materials has emerged owing to their cost and toxicity, and one of the perspec-
tive substitutes is antimony (III) selenide [4].

Antimony selenide is an absorber material which is being currently thoroughly studied
to substitute thin films made of Cu(In,Ga)Se2 and CdTe due to In- and Ga- scarcity
(therefore, high cost) and Cd toxicity. Sb2Ses is a convenient alternative as it is a stable,
environmentally friendly, earth crust abundant and, thus, affordable alternative.

Antimony selenide is considered as a material with low toxicity as it is not presented on
the list of highly toxic and carcinogenic materials by Chinese, American and European
Union regulation authorities [5]. In addition to it, antimony selenide lethal dosage is not
mentioned in LD50 nor LCT50. Sb and Se abundance of 0.2 and 0.05 ppm, respectively,
in the Earth’s crust are higher in comparison with those of In and Te - 0.049 ppm and
0.005 ppm, respectively [5].



Current work is focused on testing applicability of cation exchange to transform a given
thin films into Sb2Ses thin films as an alternative way to synthesise semiconductor ma-
terials. No previous reports have ever covered cation exchange with transforming thin

films into SbaSes.
This work has the next organisation:

e Chapter 1 - gives a theoretical background on antimony selenide and its prop-
erties, physical and chemical Sb2Ses deposition methods with the review on the
deposited Sb2Ses thin films with perspective applicability of SbaSes thin films and
a brief overview of cation exchange mechanism with brief outlook on the seleni-
des obtained by it.

e Chapter 2 - describes the experimental procedure and means of investigation.

e Chapter 3 - demonstrates the results of the investigation and efforts of discuss-
ing them.

e Chapter 4 - concludes and summarises the results of the study.



1. LITERATURE OVERVIEW

1.1. Antimony selenide (Sb2Se:3)

1.1.1. Phase diagram and Sb>Ses crystal structure

Antimony (Sb) is a chemical element of a group 15 in the Periodic Table, exhibiting
various oxidation states including -3, 0, +3, and +5 [6]. Most common and stable oxi-
dation states of antimony in the environment are trivalent (III) and pentavalent (V) [7].
Depending on the surrounding atoms, Sb(III) or Sb(V) can be stabilised. Selenium
seems to stabilise the trivalent oxidation state leading to the formation of antimony
selenide SbaSes [7]. Antimony (III) selenide is a semiconductor displaying attractive

thermoelectric and optoelectronic properties [8].

The Sb-Se phase diagram (Figure 1) presents Sb2Ses comprising ~40 at. % of Sb as
the only existing thermodynamically stable phase in Sb-Se system [9]. To date, no other
polymorphic modification of Sb2Ses has been reported. The formation of numerous an-
timony selenide compounds with different stoichiometry such as SbSe, Sb.Sen (n=2...4),
SbsSen (n=3,4), Sb3Sen (n=1...4) and SbsSen (n=3, 4) [10-13], has been only recorded
in gaseous phases as decomposition products of Sb2Ses, and, thus, they are not included
in the diagram in Figure 1. The Sb-Se phase diagram includes 4 phases: liquid, solid Sb,
solid Se and crystalline orthorhombic Sb.Ses [14].
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Figure 1. Phase diagram of Sb-Se [9].
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Depending on synthetic protocols applied, materials from the antimony selenide system

could contain different secondary phases briefly tabulated in Table 1.

Table 1. Stable modifications of Sb.Ses and typical secondary phases presented in

antimony selenide materials.

Lattice parameters

Crystal structure

Compound Conditions Ref
Unit cell type Space group
a=11.620 A Orthorhombic Sb.Ses [5,9,
b=11.770 A contains 40 at. % of 14-
ShySe, | €=3-629 A Sb and exists below 16]
611 °C.
Orthorhombic
a=b=4.308 A Stable at tempera- [17]
c=11.274 R tures below 630 °C.
Sb
Hexagonal
a=b=4.366 A Stable under ambient [18,
c=4.954 R conditions. 19]
Se
Hexagonal
a=b=c=11.152 & Contains 40 at. % of [20,
Sb and stable below 21]
570°C.
Sb>03
Cubic
a=5.443 A Thermodynamically [22]
b=4.810 A stable below 935°C.
c=11.783 R
o-Sb204
Orthorhombic
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There is no agreement in the literature about the transition type for Sb2Ses, being direct
or indirect. Some authors determined direct bandgap values ranging from 1.2 to 1.3 eV
[23, 24]. Others advocated that Sb2Ses is a semiconductor with an indirect bandgap of
about 1.1 eV [16, 25].

Researchers have no consistency in the conductivity type observed for antimony sele-
nide materials. In general, single phase Sb2Ses might exhibit p-type behaviour originat-
ing from antimony vacancies or external dopant [26]. Few studies reported the for-
mation of n-type Sb2Ses depending on stoichiometry, secondary phases and/or extrinsic
doping [27].

Thus, orthorhombic Sb:Ses is the only thermodynamically stable form existing in the
Sb-Se system and can exhibit tailorable optical and electrical properties depending on
synthetic procedure to be employed.

1.2. Industrial deposition methods

Considering the phase diagram of Sb2Ses in Figure 1, synthesis can be performed using
physical or chemical deposition methods. Most widely used physical techniques for the
formation of Sb2Ses thin films are represented by thermal evaporation TE [25, 28], close
space sublimation CSS [29, 30], and magnetron sputtering [31, 32]. Atomic layer dep-
osition ALD [33], chemical spray pyrolysis CSP [34, 35], and chemical bath deposition
CBD [36] represent the family of chemical methods with a commercial potential.

Physical methods

1.2.1. Thermal evaporation

Thermal evaporation is one of the widely employed method to deposit different thin film
materials [37-39] In this method, the vapours of the material formed upon heating
condense on the cold substrates in a vacuum chamber. A low pressure of about 10
Torr is typically used to minimize the interaction between the generated vapours and
atmosphere [37]. Schematic illustration of the thermal evaporation systems is shown in
Figure 2.

12
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Figure 2. Schematic illustration of thermal evaporation system [38].

Negative formation enthalpy (AHr = -30 kcal/mol) [40] and high vapor pressure (22 Pa
at 400 °C) facilitate the formation of antimony (III) selenide by physical methods [8].
However, possible decomposition according to equation 1 during physical formation of
Sb:Ses in the temperature region of 400-550 °C can complicate the growth of phase-
pure materials [41].

SbaSess)y = ¥aSbag) + SbSe(g) + Sez(g) (1)

Liu, et al. have synthesized Sb.Ses thin films by TE at different deposition temperatures
[28]. Films formed below 150 °C were amorphous with poor adhesion to the substrate.
Films deposited at 290 °C were polycrystalline and consisted of orthorhombic Sb>Ses as
a main crystalline phase with no preferred orientation. Irrespective of substrate tem-
perature used for the condensation, all films contained antimony oxide Sb203 secondary
phase, most probably formed during the synthesis as a relatively high pressure of ~10-

3 Pa was used in a chamber or later upon oxidation when films were exposed to air [28].

It has been found that substrate temperature is one of the key parameters to control
the preferred orientation of thermally evaporated Sb2Ses films [25, 28]. Deposition per-
formed below 250 °C and above 350 °C leads to unfavourable [hkQ] orientations in
ShxSes, while the temperatures lying between them dominate crystallization along [hk1]
planes. In general, the growth along [hk1] planes that corresponds to (SbaSes)n ribbons
perpendicularly aligned to the substrate is preferable over the [hk0] orientations, as it
improves the carrier transport mechanism in the absorber (Figure 3). On the other hand,
dominant formation of [hkO] planes with grains stacked horizontally on the substrate
harms the parameters of optoelectronic devices [25, 28].

13
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Figure 3. Orientation of Sb.Ses crystal growth [42]. [hkO] is unfavourable, [hk1] is
preferred. When excited, charge carriers will have to jump from-ribbon-to-ribbon in
[hkO] oriented crystal (the charge carrier hop is marked with red dashed line). In

[hk1] directions, charge carriers move freely along the crystal [42].

1.2.2. Close-space sublimation

Close-space sublimation (CSS) is an industrial physical method enabling to form high-
quality thin films at low cost and high deposition rate [43]. Figure 4 shows a schematic
illustration of CSS setup. In CSS, species vaporized from the source are transported to
the closely positioned substrate, forming thin-film materials. Atmosphere, source tem-
perature and substrate temperature can be varied to reach the desired material prop-
erties [43, 44].

Quartz enclosure

Substrate ]

Gas s
flow

Quartz source tray

0 ~~ ©©

Figure 4. Schematic of the CSS experimental setup [44].

Hutter et al. [45] demonstrated the formation of uniform, pinhole-free, tightly packed
ShaSes films onto FTO/TiO2 substrate using a two-step process consisting of depositing
a seed layer at a source temperature of 350 °C and forming main layer at 450 °C.
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However, EDX analysis confirmed a strong selenium deficiency of about 4%, indicating
the presence of a secondary phase, presumably metallic Sb [45].

Numerous studies have shown that the morphology of the formed Sb2Ses layers and
preferred growth along the [hk1] planes can be controlled in the CSS process by varying
the underlying layer and/or deposition temperature [44-46].

1.2.3. Magnetron sputtering

Magnetron sputtering is a third common deposition technique for fabricating different
high-quality thin films used in many applications [38, 47-51]. In the sputtering process,
ionized gas (usually Ar) ejects atoms from the cathode target, which are deposited on
the anode substrate (Figure 5). Changing the sputtering power, operating pressure,
target-to-substrate distance, etc. enables adjusting the properties of formed layers [47,
49-51].

matching
network
RF
Water oulet Water inlet Generator
T iz iz /24
] 8 Magnet ¢ Ar
Gas inlet
Target — 0,
i Y YR T
\ \\ /
4_ S o g ,, %//\ N2
N /At Magnetic field
Atoms ejected®, )
from target \\ < ;
Substrate 9 ~—Y ! 4 Film
holder . cooooon - Substrate
Heater

Figure 5. Schematic illustration of magnetron sputtering deposition [52].

G. Spaggiari [53] explored the properties of Sb.Ses films grown by RF sputtering at
different substrate temperatures. The films were flat and close to stoichiometric com-
positions at temperatures below 120 °C. With an increase in the substrate temperature
from RT to 330 °C, the direct bandgap values decreased from 1.46 eV to 1.22 eV as

more crystalline materials were formed [53].
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Near stoichiometric compositions have been demonstrated for almost amorphous
ShaSes films sputtered only at 200 °C [54]. In the temperature range of 250-400 °C,
the formed films crystallized with a high selenium deficiency [54]. A relatively high Se-
deficiency of about 3% has been reported even at RT [55].

Chemical methods

1.2.4. Chemical bath deposition

Chemical bath deposition is a well-known chemical method to deposit numerous metal
chalcogenide films [56-59], offering simplicity, variability of the starting precursors,
cost-effectiveness, and proven scalability for industrial implementation [60]. Typical
deposition can be performed using a very simple setup (Figure 6) requiring only a sub-
strate to be placed in a vessel containing necessary precursors and a heater to maintain

a suitable temperature for the synthesis [61].

)

Thermometer

/ Substrate

Reaction bath

Water bath
Stirrer

Figure 6. Schematic illustration for CBD setup [62].

The basic principles of CBD are released via several intermediate steps, each of which
can contribute to the final properties of synthesized materials [63]:

¢ Nucleation is characterised by reaching the chemical equilibria in solution and
forming an initial monolayer on the substrate surface.

e Growth is defined by intense condensing target ions on top of the initial mono-
layer acting as a catalyst surface.

e Termination is characterized by a steadily decreasing film growth rate close to

reaching the maximum film thickness.
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There is no agreement in the literature on the primary mechanism taking place during
the CBD process [64]. In general, four main mechanisms can be considered to control

the properties of deposited materials [60]:

Ion-by-ion is probably realized during nucleation and can be expressed by equation 2
[60]:
Mt 4 XM ManJr (2)

where M"* is a metal cation, X™ is a target anion, and MmXn is a reaction product de-

posited on the substrate.

Cluster hydroxide can determine each synthetic stage being nucleation, growth,
and/or termination and be described as equations 3 and 4 [60]:
M"*+ n(OH)— M(OH)n (3)

M(OH)n + X™ — MmXnl + n(OH)" (4)

If the cluster hydroxide mechanism is dominating the process, the formed colloidal hy-
droxide particles adhere to the substrate and interact with the target anions to form the
desired film [60, 65].

Complex decomposition ion-by-ion is determined by the interaction of metal ions
with ligands containing groups with the desired X atoms, resulting in the formation of
complexes [60]. The latter compounds are later hydrolysed by hydroxyl ions realizing
MmXn to be deposited on the substrate and other decomposition by-products [60].

Complex decomposition cluster dominates if the realizing MmXn occurs during the
decomposition of complex compounds formed between hydroxide M(OH)» and anion-
containing complexing agent [60].

Regardless of the mechanism controlling the synthesis, the fabricated films of metal
sulphide/selenide can be contaminated by metal hydroxide [66, 67]. To suppress this,
a complexing agent is usually introduced into the solution to control the amount of
uncomplexed metal. However, even the addition of an appropriate complexing agent
limits the ability to eliminate metal oxide/hydroxide presented in layers consisting of
metal cations prone to hydrolysis [66, 68].

The formation of amorphous Sbh2Ses films has been reported when using solutions con-

taining citrate or tartrate anions and sodium selenosulfate as a selenium source [69].
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The obtained films exhibited a strong Se deficiency and contained antimony oxide(hy-
droxide) as a secondary phase irrespective of the deposition temperature, chemical
composition in solution, and duration of the CBD process [69].

Additive-assisted synthesis performed using solutions containing simultaneously sele-
nourea and sodium selenosulfate significantly reduced the content of oxides in the ob-
tained Sb.Ses films [36].

1.2.5. Chemical spray pyrolysis

Chemical spray pyrolysis is a low-cost approach to fabricating materials, offering sim-
plicity in deposition setups (Figure 7), and scalability for deposition over large-area sub-
strates and industrial processes [70]. In CSP, a precursor solution is sprayed onto pre-
heated substrates, where solution components are pyrolyzed to form thin films. Prop-
erties of the formed films can be controlled by varying different parameters such as
substrate temperature, solution composition, carrier gas flow rate, solvent type, etc.
[70].

Spray gun —l

Precursor solution : (&)
Reserveir > Pressure
Compressed
regulator -
Spray nozzle carrier gas

IR

Substrate ﬁ( J(—'l'hermocouple

Steel plate

5 -
Heater [N

— J

Figure 7. Schematic spray pyrolysis setup [71].

Fabrication of Sb2Ses films by CSP has been reported in [34, 35]. Spraying both aqueous
or non-aqueous solutions containing antimony (III) chloride, SeO2 or selenourea
[CSe(NH2)2] at substrate temperatures of about 300 °C resulted in almost amorphous
layers with optical bandgaps of around 1.8-2.0 eV. When spraying solutions contained

18



tartaric acid as a complexing agent to hinder hydrolysis reactions, films were inhomo-

geneous with visual contaminations [34, 35].

Beyond the issues with phase composition, the efficient conversion of the initial reac-
tants into a film attached to the substrate (reaction yield) has often been ignored in
both CBD and CSP [72, 73]. Low reaction yield is a concern in all industrial processes

and is especially important in cases with toxic or extremely expensive precursors.
1.2.6. Atomic layer deposition

Atomic layer deposition relies on complementary reactions between the substrate with

a formed layer and precursors supplied by a gaseous phase [74, 75].

Considering the synthesis of Sb2Ses, alternate delivering of Sb™ or Se ions in ALD could
offer not only thickness control but also stoichiometric compositions [71]. Deposition
performed by ALD at 150 °C using selenium dimethyldithiocarbamate as a selenium
source and tris(dimethylamino) antimony as a metal source resulted in the crystalline
SbzSes film contaminated by small amounts of carbon (C), sulphur (S), and nitrogen
(N) [33].

Solution atomic layer deposition sALD carried out at room temperature employing anti-
mony (III) chloride and bis(trimethylsilyl)selenide or numerous n-alkylstannyl selenides
as Sb and Se sources, respectively, yielded the formation of amorphous Sb2Ses films
with a relatively high oxygen content [76].

One of the main drawbacks of ALD is the limited availability of suitable Se precursors
intended for the synthesis of metal selenide materials [76]. The first and seems to be a
logical choice as H.Se complicates the development of thin films due to its high toxicity
and low chemical stability. In addition, when using metal chloride as a metal source,
the formation of aggressive HCl by-products occurs. Thus, to fully benefit from ALD-
grown metal selenides, the elaboration of appropriate selenium sources with sufficient

volatility, accompanied by reasonable thermal stability and reactivity, is required [76].

19



1.3. Applicability of SbxSes thin films

Antimony (III) selenide has been considered as an eco-friendly absorber material for
different optoelectronic applications due to its bandgap of ~1.2 eV, high absorption co-
efficient, and high charge-carrier mobility [8, 77]. Numerous studies have recently
demonstrated the applicability of Sb2Ses in thin-film solar cells (Table 2) [36, 46, 55,
78-85], photoelectrochemical (PEC) water-splitting cells [86], [87], photodetectors [8,
88], and memory devices [8, 89], meeting the requirements for the availability of con-
stituent elements and low-toxicity under the strategy toward a green society.

Table 2. PV characteristics of some champion Sb2Ses-based devices fabricated by meth-

ods most scalable to the industrial scale.

Method | Solar cell structure Voc, V iflc,&/cmz E/E’ E/OCE’ Ref.
TE ITO/CdS/Sb2Ses/Au 0.360 | 25.3 52.5 4.8 [78]
ITO/Sn02/CdS/ShaSes/Au 0.380 | 28.1 59.1 6.2 [79]
FTO/TiO2/Sb2Ses/Au 0.430 | 24.6 50.0 | 5.3 [46]
Mo/Sb2Ses3/CdS/1Z0/AZ0O/Ag 0.446 | 26.4 549 | 6.4 [80]
CSS FTO/CdS/Sb2Ses/t-Se/Au 0.413 | 28.9 62.3|7.5 [81]
Mo/Sb2Ses3/CdS/i-ZnO/AZ0O/Ag 0.505 | 27.7 60.7 | 8.5 [82]
Mo/MoSe2/Sb2Ses/Ti02/CdS/Zn0O/Zn0:Al | 0.400 | 32.6 70.3 9.2 [83]
Mo/Sb2Ses3/CdS/ITO/Ag 0.494 | 25.9 47.7 | 6.1 [55]
fepr‘ij:é Mo/Sb.Ses/CdS/ITO/Ag 0.504 | 24.9 54.5| 6.8 | [84]
Mo/Sb2Ses3/CdS/ITO/Ag 0.520 | 27.8 59.8 | 8.6 [85]
CBD FTO/CdS/Sb2Ses/Spiro-OMeTAD/Au 0.467 | 33.5 67.6 | 10.6 | [36]

The results of the lab-scale solar cell fabrication (Table 3) with the recent record effi-
ciency of 10.57% [36] clearly indicate a high potential of Sb>Ses to be implemented as

an absorber in thin-film structures.

However, to increase the PV parameters closer to theoretically achievable values: Voc of
0.935V, Jsc of 40 mA/cm?, FF of 87.7 % and PCE of 32.7 % [90], the phase compositions
of synthesized ShxSes films should be improved irrespective of the deposition methods
listed above [25, 28, 33-36, 44-46, 53-55, 69, 76, 78-85] , while controlling the pre-
ferred crystal growth along the orientations [hk1]. In addition, the most promising tech-
nologies reported in [36, 46, 55, 78-85] may require serious improvements in the pre-
cursor systems and/or reaction yield, which make them later scalable to the industrial

level.
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Summing up, since the typical deposition methods listed above suffer from a limited
ability to eliminate secondary phases and control the orientation of [hk1] during the
formation of Sb2Ses thin films, a lot of additional effort is required using unusual ap-
proaches. In general, employing significant amounts of selenium source(s) in chemical
methods such as CSP or CBD can partially suppress detrimental hydrolysis reactions,
decreasing oxygen content in resulting materials. However, high prices of selenium-
containing precursors (e.g. 618 EUR for 10g of selenourea [91]) and their low chemical
stabilities practically prevents industrial applicability of such approaches. Thus, alterna-
tive synthetic ways to fabricate high-quality selenium-based layers, particularly anti-
mony (IIT) selenide thin-film materials with their limited chemical stability, are much

needed and may open new strategies to improve device performance.

21



1.4. Cation exchange

Cation exchange is a relatively old approach to transforming one compound into an-
other, endowing the synthesised material with very specific or new properties [92].
Research activities carried out over the past three decades have demonstrated notable
progress in the synthesis of various nano-scaled materials [93, 94], with minimal suc-

cess reported for thin film materials.
1.4.1. Formation of cation exchanged materials

Cation exchange is characterised by a cation replacement in the crystal lattice [92].
Reactions of cation exchange occur in solid substances containing cations to be replaced

and can be expressed using equation 5 [95]:
C*A(solid) + M* <> M*A"(s0lid) + C* (5)

In which C*A" is a starting compound immersed into solution containing M* cations, M*A-
is a formed new product. Cation exchange can be isovalent (equation 5) or non-isovalent
(e.g. replacement of Cd(II) by Cu(I)) [95, 96]. In general, the cation replacement is
realised via the following simplified steps (equations 6-9) [95]:

e Dissociation: C*A & CY + A* (6)
e Desolvation: M*(sol) <> M* + sol (7)
e Association: M* + A" MA (8)
e Solvation: C* + sol <& C*¢sol (9)

Ion exchange can be controlled by both thermodynamic and kinetic factors [95]. Ther-
modynamics consist of crystal lattice energy, interfacial strain energy, dislocation en-
ergy, energy of dissociation and solvation; and cation exchange can be realised if [95]:
a) Good solid-state mobility of both cations.
b) Both cations are soluble in solvent, while the solubility of C* exceeds the solubil-
ity of M* ions.
c) Product has lower total energy than a starting compound.
d) Starting compound and product have crystal lattice constants enabling low strain
anionic sublattice.

e) Reaction occurs on a smaller area than crystal.
Kinetics determines the reaction rate and factors influencing it and controls the direction

of reversible reactions. The result of cation exchange is mainly determined by the acti-
vation energy of each sub-reaction, and cation exchange can be facilitated by [95]:
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a) Temperature
b) High surface area

Cation exchange is accelerated with increasing both temperature and ratio of surface
area to volume [95]. There are many examples of various cation exchange reactions in
nanocrystals [93, 94, 96-100] and only a few reports in bulk materials [101]. The nu-
cleation energy barrier and activation energy are reduced in nanocrystals due to the
huge surface area of a crystal with many defective states [95]. The reduced activation
energy contributes to the formation of metastable phases via sub-reactions [95]. The
nanocrystalline scale allows cation exchange to occur even at room temperature, since

cations have higher access to the activated reactive centres [96].

As stated above, cation exchange could offer numerous protocols for synthesizing dif-
ferent nano-scaled metal selenide materials such as CuxSe, Ag2Se, CdSe, ZnSe, PbSe,
etc. [94, 102-105]. In general, the formation of metal chalcogenides is hindered when
the value of Gibbs free energy is positive at elevated temperatures. In such conditions,
non-spontaneous reactions to synthesize the desired products can be realised via a two-
step process: a) transformation of starting compounds into intermediate copper or sil-
ver-based materials; b) fabricating the desired compounds by cation exchange in solu-
tions containing target cations [94-96]. Controlling solution composition to minimize
binding energy between solution components and target cations has been reported to
increase the yield of cation exchange reactions occurred in nanocrystals [93, 94, 96-
100]. Only a few reports found in the literature on the development of metal sul-
phide/selenide thin films indicate the complexity of the cation exchange approach to
fabricating materials attached to the substrate.
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1.5. Summary and aim of thesis

Antimony (III) selenide can be used for different applications and introduced as an ab-
sorber material in solar cell structures due to its direct bandgap of ~1.2 eV and a high
absorption coefficient of 10°>cm~! [25].

Thin films of Sb2Ses can be deposited using different physical or chemical deposition
techniques. Irrespective of the physical methods used for depositing Sb2Ses thin films,
the formation of single-phase materials is complicated by partial decomposition at tem-
peratures above 400 °C [25, 28, 45, 54]. Chemical methods such as CSP and CBD have
several advantages important for industrial implementation, including simple deposition
setups and an ability to synthesize thin films rapidly over large-area substrates. ALD
can offer deposition uniformity. Low reaction yield [72, 73] along with the chemical
instability of selenium sources and their high prices may limit the industrial applicability
of chemical approaches.

In physical and chemical methods, deposition temperature and precursor systems for
antimony and selenium sources are the main parameters affecting the purity of the
formed SbaSes film and its crystallization along the undesired [hkQ] orientations. Re-
gardless of the direct synthetic approaches, as-deposited Sb>Ses thin films are contam-
inated by secondary phases or precursor-derived elements [33, 36, 53, 76]. Improving
the properties of as-deposited Sb2Ses films usually requires additional treatments, such
as annealing to crystallize the amorphous content, selenization to approximate the com-
position to stoichiometric, and/or chemical treatment to reduce the oxygen content [80,
106-109]. Most traditional treatment procedures reported in the literature are still lim-
ited in eliminating secondary phases or sophisticated by fancy experimental setups to
be applied [28, 36, 110].

Considering all the listed above, the indirect synthesis of Sb2Ses using cation exchange
applied to convert any available and stable metal selenide film is of great interest, since
it could offer new routes to control the properties of formed films [92, 95]. No studies
on the inversion of any metal selenide films into continuous Sb.Ses thin films attached

to the substrate have been reported in the literature.

Thus, the aim of the current thesis was to test the applicability of cation exchange to
invert available SnSe thin films into continuous Sb2Ses materials attached to the sub-
strate.
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2. EXPERIMENTAL PART

This part presents experimental details for the fabrication of thin films using Sn-to-Sb

replacement in SnSe matrices and characterisation of formed materials.
2.1. Tin (II) Selenide deposition

SnSe thin films were deposited onto 10 cm x 10 cm substrates using magnetron sput-
tering (Evovac 030 inline coating system Angstrom Engineering, Kitchener, ON, Canada)
under argon pressure of 1 mTorr. Substrate temperatures were varied from RT to 300
°C. The target was commercially available tin (II) selenide (LOT: PLA546838312, Plas-
materials, Inc., Livermore, CA, USA). The distance between the target and the substrate
was kept at 20 cm. During sputtering, plasma power was 88 kW. The resulting film

thickness was 700 nm. After deposition, the films were cooled to RT for 2 hours.
2.2. Sn-to-Sb replacement

Cation exchange was performed by immersing as-deposited SnSe thin films in glycerol
solutions containing SbCls in different concentrations. The samples were placed hori-
zontally on the bottom of the bath, completely opening the surface of the film for the
solution. Solutions were prepared by dissolving a proper amount of SbClz (p.a. > 99%,
Sigma-Aldrich, Darmstadt, Germany) in glycerol (LOT: 2058170, Fisher Scientific, Inc.,
Waltham, MA, USA). The concentration of SbCls in glycerol solutions were varied from
11 to 44 mM. Cation exchange was carried out at ~210 °C. Reaction time ranged from
1 to 22 min.

After the cation exchange was completed, the reaction vessels were placed in an ice
bath to terminate the process. Then the samples were washed with deionized water,
dried with air, and thermally treated in an argon atmosphere at 400 °C for 15 minutes

to ensure crystallinity.
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2.3. Characterisation

All formed films were characterised using numerous techniques to reveal changes initi-

ated by cation replacement.

Scanning Electron Microscopy with Energy Dispersive X-Ray

Analysis

The surface morphologies, cross-sectional views, and elemental compositions of the ob-
tained films were investigated using a Zeiss Merlin scanning electron microscope
(Oerzen, Germany) equipped with the Bruker EDX-XFlash6/30 detector. The SEM and
EDX measurements were performed at acceleration voltages of 3 kV and 20 kV, respec-
tively.

SEM deploys a focused electron beam to obtain certain signals from the sample surface
[111]. The signals are divided into secondary electrons, backscattered electrons, and
characteristic X-rays. Secondary electrons are caused by inelastic electron-surface in-
teractions and reveal the topography and morphology of the studied sample. Backscat-
tered electrons resulted from elastic electron-surface interactions and provide details on
the contrast of the sample phases. They are sensitive to the atomic number of the
studied material. Characteristic X-rays exhibit elemental particulars of the sample [111].

XRD

Structural analysis of the samples was carried out using a Rigaku Ultima IV diffractom-
eter (Neu-Isenburg, Germany) with monochromatic Cu Ka1l radiation (A = 1.5406 A) at
40 kV and 40 mA equipped with a D/teX Ultra silicon strip detector. X-ray diffractograms
were collected in a 20 range of 10-70° with a step of 0.02°.

X-ray diffraction occurs when an incident beam of X-rays interferes with uniformly
spaced crystal atoms [112-114]. A beam of X-rays contacts crystal planes with an angle
of incidence 6 and is reflected from them at the same angle. X-rays are constructively
scattered from the atomic planes that are an interplanar distance d apart according to
the Bragg law:
ni = 2d siné (10)

where n is a diffraction order, A the incident X-ray wavelength, d is the interplanar
distance and @ is the Bragg angle.
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The crystallite size (D) can be calculated using Scherrer’s relation 11:

= K (11)
BcosO

where A is the wavelength of the X-ray radiation (1.5406 A), 6 is the Bragg angle, K is
a geometrical constant (equal to 0.94), and B is the full width at the half-maximum
(fwhm) of the given peak in radians. The lattice constants of Sb2Ses can be defined
using the following equation 12:

1 h? k? 12

where (hkl) are the Miller indices, and d is the interplanar distance.
Raman spectroscopy

Raman spectroscopy was used to define the phase composition and chemical structure
of the prepared thin films. The Raman spectra were measured on a Horiba LabRam
HR800 spectrometer (Oberursel, Germany) in the Raman shift range of 50-600 cm™!

using the green laser focused on a spot with a diameter of 100 pm.

Raman spectroscopy is based on the interaction of light with the materials’ chemical
bonds [115]. The incident light coming from the laser is mostly scattered by a molecule
at the same wavelength as the laser (Rayleigh scatter), providing no useful data. Chem-
ical structure of the examined material can be determined from a very small amount of
light scattered at different wavelengths (Raman scatter). Raman spectra consist of nu-
merous peaks positioned at different wavelengths that are correlating with vibrations of

certain molecular bonds [115].
Ultraviolet-visible spectroscopy

The incident light interacts with the examined material resulting in light absorption,
reflection, or transmission [116, 117]. Optical transmittance spectra of films were meas-
ured in the range of 300-2000 nm using a Cary 5000 UV-Vis-NIR spectrophotometer
(Agilent Technologies, Inc., Santa Clara, CA, USA). The optical bandgap (E;) values of
films can be estimated using the Tauc equation 13 by extrapolating the straight-line
portion of the (ahv)? versus hv graph to a zero-absorption coefficient value:

(- )" = A(hv — Ej) (13)

where «a is the absorption coefficient, h is the Planck constant, A is the constant, which
is independent from the photon energy, Eg is a bandgap energy, hv is the incident pho-
ton energy, and n=2 for the direct transitions [118-120].
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3. RESULTS AND DISCUSSION

3.1. Preliminary experiments

Despite the negative values of Gibbs free energy in the temperature range of 20-400
°C, the formation of Sb>Ses according to the reaction 14 meets many technical prob-
lems:

3SnSe + 2SbCls = Sba2Ses + 3SnClz (14)

Several attempts have been tested to find suitable conditions to keep the formed ma-

terials on substrates.
Solvent

Solutions based on methanol, propanol and acetone were unable to initiate a noticeable
cation exchange regardless of the treatment temperature and used concentrations of
SbCls. Thus, glycerol was used as a solvent due to its ability to operate in much wider

temperature window.
Templating SnSe

Templating SnSe matrices at temperatures below 250 °C accelerated peeling off the
films from the typical substrates such as soda-lime glass, Mo, FTO, ITO, even if pure
glycerol was used. Only depositions at temperatures exceeding 250-300 °C allow SnSe
matrices to remain on Mo, FTO, and ITO substrates.

Approaching the correct SbCls concentrations

Inversion of SnSe into Sh2Ses occurred when pristine films grown at 300 °C were treated
with SbCls solutions at concentrations of 90, 135, 180 mM (Figure 8). Even the lowest
tested concentration of 90 mM destroyed the adhesion between the formed material
and the substrate, indicating the need to further reduce the concentration of SbCls in

solution.
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Figure 8. Top-view images of the samples treated for 25 min using solutions containing
different amounts of SbClsin glycerol. EDX data collected from the parts of treated ma-

terials remaining on Mo substrates.
3.2. Effect of reducing SbCls concentration
Morphology and elemental composition

Sn:42.0%
Sb:7.5% /|

\

Figure 9. Top-view and cross-sectional images of the samples treated for 22 min with

various concentration.

A further decrease in SbCls concentrations (below 45 mM) stabilized exchange processes
in the materials attached to the substrate. After overcoming several of the above limi-
tations, the materials undergoing cation exchange treatments show compact and con-
tinuous structural characteristics, an entire thickness of about 700 nm, and relatively
good adhesion, allowing post-treatment washing, drying and further use. The formation
of a pin-hole free layer indicates that corrosion processes were minimized during cation
exchange (Figure 9). The thickness of the formed layers is similar to the value measured
for the original SnSe thin-film material. This fact confirms the main aspect of cation
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exchange, postulating that anions are not substituted in a cation exchange reaction
(Figure 9).

4913
SE MAG: 100364 x HV: 15.0 kV WD: 11.6 mm Px: 4 nm

Figure 10. Magnified cross-sectional image of the sample experienced treatment in 11
mM SbCls solution for 22 min.

pristine - 11 mM

44 mM

Figure 11. EDX spectra of the pristine SnSe film and those treated in glycerol at various

concentrations of SbCls for 22 min.

Close examination of the sample treated in 11 mM SbCls solution revealed the formation
two-layered structure (Figure 9). According to EDX data, the top layer (751) contained
35.5 at.% Sn, 13.8 at.% Sb and 50.6 at.% Se, whereas the bottom layer consisted of
46.0 at.% Sn, 3.9 at.% Sb and 50.2 at.% Se. EDX analysis confirmed the complete
transformation of the films treated using 22, 33 and 44 mM solutions, as only signals
from Sb and Se were recorded at atomic ratios of ~2:3 (Figures 9, 11).
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Structural analysis
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Figure 12. (a) XRD patterns and (b) Raman spectra of the samples treated for 22 min
in solutions with different amounts of SbCls.

Structural characteristics of the films experienced cation exchange treatments were in-
vestigated using X-ray diffraction and Raman spectroscopy (Figure 12). After the com-
plete transformation according to EDX analysis, XRD patterns of the 22, 33, and 44 mM-
treated samples show peaks that are well consistent with the reflections of the ortho-
rhombic Sb2Ses phase in PDF card No.: 01-089-0821 (Figure 10). Furthermore, all the
formed SbaSes layers crystallize along (101), (211), (221), (301), (311), and (151)
planes, which correspond to vertically aligned (Sb4See)n ribbons [42] that are necessary

for adequate transporting charge carriers in the absorber layer.

The Raman spectrum of the pristine SnSe reveals five obvious peaks centred at around
70, 97, 120, 156, and 184 cm~! (black curve in Figure 12b) [121], which differ from
those at around 99, 116, 129, 153, 191, and 212 cm™! (royal blue curve in Figure 12b,
22 mM sample), typical Raman characteristics for Sb2Ses [122, 123]. Thus, Raman
measurements confirm the data derived from both XRD and EDX studies that concen-
trations of SbCls exceeding 11 mM induce the complete transition of SnSe templates to
ShaSes.
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3.3. Effect of time treatment

Morphology and elemental composition

Sn:37.0% o 0
Sb: 11.4% ;-

Figure 13. SEM images and EDX data of the layers experienced cation exchange in 44
mM SbCls solutions for a different time.

Table 3. Atomic percentages of tin, antimony, and selenium according to the EDX data
developed in 44 mM SbCls solutions within different time treatments.

H (o]
Treatment (Tr:ane) Elements (at.%)

Sn Se Sb

pristine bare 51.0 49.0 -

5 51.0 49.0 -

6 51.0 49.0 -
7 50.2 48.5 1.3
8 50.1 48.4 1.5
44 mM SbCls 9 43.5 | 49.9 6.6
10 42.7 49.4 7.9
12 37.0 51.6 11.4
17 - 60.1 39.9
22 - 60.0 40.0

Noticeable Sn-to-Sb substitution starts after treatment lasting for 7 min. A longer pro-
cess of 10 min increases the content of Sb up to 7.9 % (Table 3), with higher Sb con-
centrations on the film surface and lower concentrations close to the Mo-substrate, sim-
ilarly to those shown in Figure 10. Cation exchange during 12 min leads to further ac-
cumulation of Sb in the layer up to ~ 11.4 %, reaching critical conditions for a notable
phase transition (Table 4). Processing during 17 and 22 min yields to complete elimina-
tion of Sn contents from the samples (Table 3).
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Structural analysis
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Figure 14. (a) XRD patterns of films treated in 44 mM SbCls solution for a different time.
(b) Magnified XRD patterns of the (111) peak of the pristine SnSe and antimony-doped
SnSe layers.
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Figure 15. Raman spectra of films treated in 44 mM SbCls solution for a different time.

The initial treatment in the 44 mM SbCls solution for 5 min shows minimal effect on the
elemental (Table 3) and phase compositions of the sample (Figures 14), however it
significantly increases the crystallite size of the SnSe phase and changes its lattice pa-
rameters to the bulk values (Table 4). This fact indicates the absence of internal stress
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due to incorporating Sn ions. A slightly longer processing from 6 to 9 min provokes a
decrease in the lattice parameters along with the a and b axes, as confirmed by a no-
table shift of the (111) XRD peak towards higher 26 values (Figure 14), and a shift in
Raman peak positions to lower wavenumbers (Figure 15). Such behavior might be as-

sociated with the formation of tin vacancies.

Table 4. Main phase according to XRD and Raman, the average crystallite size (D), and
lattice parameters developed in 44 mM SbCls solutions within different time treatments.
Each parameter was determined by averaging the values obtained from three measure-

ments for each sample. The error represents the standard deviation.

Time D (nm) Lattice parameters (A)
Treatment . Main phase (+ 0.001)
(min) (1)
a b C
pristine bare SnSe 20 11.670 4.201 4.353
5 SnSe 40 11.611 4.216 4.397
6 SnSe 25 11.572 4.206 3.383
7 SnSe 22 11.534 4.204 4.440
8 SnSe 21 11.505 4.202 4.343
44 mM SbCls 9 SnSe 20 11.441 | 4.185 | 4.403
10 SnSe 19 11.420 4.163 4.441
12 Sn3SbSe4
17 Sb,Ses 79 11.611 11.737 3.970
22 Sb,Ses 97 11.611 11.719 3.970
SnSe PDF Card No.: 01-089-0238 11.611 4.216 4.397

As stated above, the 12 min process promotes the inclusion of significant amounts of
Sb in the film (Table 3), creating conditions for a phase transition. Several XRD peaks
located at 25.9°, 29.0°, 30.3°, and 44.1° (Figure 14) deviate from those observed in
the XRD patterns of synthesized SnSe and Sbh.Ses films, hinting at an intermediate crys-
tal structure. Raman studies support the data obtained from XRD and SEM/EDX meas-
urements on evolution of a ternary compound from a family of SnxSbySe;, revealing the
bands that differ from those of SnSe and Sb.Ses (Figure 15). The XRD patterns and
Raman spectra of the 17 and 22 min processed samples are completely different from
the ground state and the 12-min exposed sample, showing the reflections of Sb.Ses
phase only (Figures 14, 15). According to XRD, a significant increase in crystallite size
is observed after the transformation of SnSe matrix into Sb.Ses (Table 4).
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Optical studies
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Figure 16. Tauc plots of the pristine SnSe film and that Sb>Sez sample being treated in
44 mM SbCls solution for 22 min. Direct bandgaps were calculated by extrapolating the
straight-line portion of the (ahv)? versus hv graph to a zero-absorption coefficient.

The optical bandgap values of the ground SnSe state and the sample being inverted into
Sb:Ses were determined from the optical transmission data using the Tauc relation (Fig-
ure 16). The optical transmittance spectra were collected for the samples attached to
FTO substrates. According to UV-Vis, the pristine SnSe film exhibited a bandgap value
of 1.22 eV [124]. The bandgap of Sb.Ses films being inverted in the 44 mM SbCls solu-
tion for 22 min display a bandgap of 1.28 eV, typical characteristic of the orthorhombic
Sbh.Ses phase [28]. Thus, the optical data matches the data from EDX, XRD, and Raman

measurements.
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4. CONCLUSIONS

This work aimed at testing the applicability of cation exchange synthetic routes to
transform tin (II) selenide thin films into continuous antimony (III) containing selenide
materials attached to the rigid substrates. Antimony (III) selenide as a result of
complete Sn-to-Sb inversion is a perspective absorber for photovoltaic applications.
Numerous studies have reported the transformations of separately standing nano-
objects with almost no success demonstrated for inverting thin films materials. To date,
the formation of Sb2Ses thin films by cation exchange has not been reported. Effective
cation replacement realized in extended solids could open a new way to synthesize high-
quality optoelectronic materials developed on the scale of attached-to-substrate thin

films.
To conclude, the main outcomes of this work can be formulated as follows:

1. Cation exchange performed can be applied to form Sb-containing selenide ma-
terials attached to the substrates when sputtered SnSe thin films are used as

matrices.

2. Time treatment, concentrations of SbCls in glycerol, and substrate type were
found to be critical parameters to control cation exchange processes realized on
the FTO, ITO, Mo substrates.

3. Templating the SnSe matrices by magnetron sputtering at temperatures below
250 °C yielded to poor adhesion between the formed materials and substrate
irrespective of used the substrate type, time treatment and SbCls concentrations.
Films remained on the substrates when SnSe films were sputtered at substrate

temperatures of at least 300 °C.

4. Concentrations of SbCls in glycerol between 11 and 45 mM and time treatments
exceeding 5 min initiated cation exchange in SnSe films at converting tempera-
tures of about 210 °C. Concentrations of Sb gradually increased in the formed
layers by increasing both SbCls molarity to 45 mM and processing time to 12

min.

5. Concentration of SbCls close to 45 mM and treatment lasting for 12 min gener-
ated the conditions for forming an intermediate crystal structure, supposedly
Sn3SbSeas.

6. Increasing further the processing time to 17 and 22 min in 44 mM SbCls solutions
led to a complete SnSe-to-Sb.Ses transformation. The inverted SbaSes films were
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stoichiometric, consisted of the orthorhombic Sb.Ses phase crystallized along
(hk1l) planes with a crystallite size of about 80 nm, and exhibited an optical
bandgap value of 1.28 eV.
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SUMMARY

Solar energy is an alternative renewable source of energy, and, with its help, the hu-
manity may fully transit to renewable energy sources and overcome energy. Photovol-
taics are available semiconductor materials to use and maintain. Late research are fo-
cused on increasing efficiency of solar cells and finding alternatives to existing toxic and
scarce materials. Therefore, one of the promising substitutes to those could be anti-
mony (III) selenide.

Antimony (III) selenide has properties suitable for an absorber layer in PV application
such as a close-to-ideal optical band gap, high absorption coefficient as well as earth
crust abundance and non-toxicity of the compound. Sb>Ses absorber layer can be fab-
ricated using various industrial deposition techniques. However, different difficulties
during deposition affect the resulting Sb.Ses thin film properties. As an alternative
method to the current industrial deposition techniques, ion exchange can be introduced.

The technique could offer such advantages as simplicity, cost- and yield-effectiveness.

In this work, SnSe thin films acted as matrices in the cation exchange process and were
magnetron-sputtered onto various substrates at different temperatures. The cation ex-
change process was performed at 210 °C in the SbCls solutions of different solvents,
concentrations and time treatments. Glycerol was chosen as the most suitable solvent

for the treatment.

It was concluded that substrate type, SbCls solution molarity and time treatment were
the critical parameters for the cation exchange process. SnSe thin films deposited onto
a glass substrate peeled off regardless SbCls solution concentrations and time treatment
applied. SnSe films deposited at temperatures above 300 °C onto Mo, FTO, ITO with-
stood cation exchange at concentrations below 45 mM. Time treatment ranged from 1
to 22 min.

SbCls solution concentrations between 11 and 45 mM initiated the SnSe-to-Sb.Ses full
transformation. Time treatments exceeding 5 min induced the SnSe-to-Sb.Ses conver-
sion. Further time treatment raise increased Sb content in the films. Time treatments
of 17 and 22 min in 44 mM solution led to the full inversion of SnSe thin films into
Sb.Ses. Formed Sbh.Ses thin films consisted of orthorhombic Sb2Ses crystals oriented
along (hk1) planes, exhibited stoichiometric Sb/Se atomic ratio and a direct optical band
gap of 1.28 eV.
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