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This work investigates the applicability of cation exchange for doping of antimony (III)
selenide thin films. Reaction was carried out using a silver dopant source and
complexing chemical - sodium bicarbonate (NaHCO3) in glycerol at 210 °C. The results
indicate a strong influence of complexing chemicals on dopant concentration in the final
sample. A successful utilisation of NaHCOs in combination with Ag source for doping of
the thin film was reported, same as undesirable phase formation in case of avoiding the
usage of a complexing agent. Multiple characterisation techniques were used to study
surface, cross sections, elemental composition, structural, optical properties and defects

to draw conclusions.
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INTRODUCTION

Our society is dependent on energy sources for continuing socioeconomic development,
yet the sources of energy and the supply chains associated with them are not currently
reliable and lead to energy crises. The current energy situation in the European Union
is shaped by two significant aspects. Firstly, a set of policy initiatives - the European
Green Deal with a final goal of climate neutrality by 2050, approved in 2020,
demonstrates the commitment of the region to a sustainable future and a low-carbon
economy transition [1]. Secondly, the energy landscape is currently facing additional
challenges in the hydrocarbon supply chain crisis due to Russia’s invasion of Ukraine.
This crisis intensifies the pressure put on European energy initiatives and calls for

diverse and clean energy sources to ensure the region's stability and security [2].

The growing global demand for clean energy sources, such as solar cells and hydrogen
production, has spurred extensive research in the area [3]. Scientists have been
investigating new functional materials and their application in various solar cell
structures, as the efficiency of existing silicon-based solar cells, which are widely used
yet relatively expensive and energy-intensive in manufacturing, is approaching its
theoretical limits. The cost of production plays a significant role in determining the
development of new, highly efficient, and cost-effective solar cell devices. Therefore,
polycrystalline thin-film solar cells that utilize less absorber material have emerged as
an appealing alternative. Materials like copper indium gallium selenide (CIGS), cadmium
telluride (CdTe) and copper zinc tin sulfide (CZTS) along with suitable buffer layers,
have shown high efficiencies of 23.35%, 22.1% and 12.6% and have successfully
entered commercial market. [4][5][6]. As early as 2004 thin films obtained tangible
solar cell market share, peaking at ~14% in 2009 and declining ever since with ~5%
share in 2021 mainly by CdTe and CIGS [7][8]. Due to the toxicity of Cd and scarcity
of Te, In and Ga alternative materials can be a solution for bottlenecks faced by the

industry.

Antimony (III) selenide is a stable, relatively earth-abundant and less toxic absorber
material currently studied as an alternative to CdTe and CIGS with a record efficiency
of 10.57% to date, after slightly more than a decade since first attempts [9][10]. At
the current stage of development, the electrical properties of Sb>Ses are hard to control
and thus films often form p-, n-type or intrinsic semiconductor material, due to hard
defect chemistry and the presence of undesired phases associated with the established
deposition methods [11][12]. Doping is often suggested as a prosperous technique to

improve the optoelectronic properties of antimony selenide. This area is not that well
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studied and only a few successful attempts at improving film properties were

demonstrated with doping.

This work aims to test the applicability of cation exchange in the context of Sb2Ses thin
film doping. The atoms of silver are introduced to the lattice of antimony selenide via a
simple, scalable and cheap solution-based method. This is the first reported attempt at

doping Sb2Ses thin films with silver via cation exchange.
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1. LITERATURE REVIEW
1.1 Sb>Ses

Antimony selenide has brought increased research attention as an emerging less toxic,
cheap and relatively earth-abundant semiconducting material with high potential for

photovoltaic (PV) solar energy harvesting applications.

1.1.1 Phase diagram, structure and properties

Sb2Ses is a binary compound of Sb and Se. Antimony (Sb) is a member of the 15th
group with an electronegativity of 2.05, while selenium (Se) is from the 16th group with
an electronegativity of 2.55. In Sb2Ses oxidation states of atoms are +3 and -2

accordingly.
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Figure 1.1 Sb-Se phase diagram [13]

A combination of 40% Sb and 60% Se yields the Sb2Ses phase at a temperature range
from 175°C to 590 °C. The formation of other phases is less probable in this

concentration region [13].

Sb2Ses has a one-dimensional (1D) crystal structure, consisting of [Sb4Ses]n ribbons
held together by Se-Se weak Van der Waals interactions, while its unit cell has an
orthorhombic structure and belongs to the Pnma space group, [SbsSes]n units are
aligned along the c-axis in the direction of [001]. Figure 1.2 shows the representation

of the crystal structure [14].
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Antimony (III) selenide is a promising absorber material due to its bandgap varying
between 1.0 - 1.3 eV and high absorption coefficient exceeding 10> cm™ [15][14].
Antimony selenide has a very complex defect structure, thus the conductivity type can
vary from n-type to p-type [11]. Experimental samples of pure antimony selenide more
resemble a weak p-type conductivity. However, the presence of intrinsic and extrinsic
defects such as introduced Cl, I or Cd atoms often make it an n-type semiconductor
[16][17][18][19]. To stabilize the electrical properties of Sba.Ses, different approaches
for doping have been suggested.

Figure 1.2 SbsSes crystal structure. The orthorhombic unit cell is outlined by the black line. Sb
and Se are represented by brown and yellow balls respectively [20]

1.2 Deposition methods

Antimony selenide films can be deposited by various processes. The most important
physical deposition techniques in the industry are close-spaced sublimation (CSS),
magnetron sputtering, and thermal evaporation, while chemical bath deposition (CBD),
chemical spray pyrolysis (CSP) and atomic layer deposition (ALD) are common among
chemical ones.

1.2.1 Physical deposition methods

Close-spaced sublimation (CSS) is one of the most common ways to deposit Sb.Ses
thin films, often yielding high efficiencies in optoelectronic devices. This fast and cost-
effective technique is based on the sublimation of materials from the heated source to
the substrate located at a distance of 1-5 mm. During the CSS process both substrate
and source material is heated to specific temperatures in the range of 200 °C to 700 °C
under either vacuum or controlled gaseous environment (argon, nitrogen, hydrogen)
[21][22].
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CSS is a process that is extensively studied with a distinct influence of CdTe as the most
common targeted material. Deposition can be controlled in several ways, distance to
the substrate has an exponential influence on the growth rate, while changing the
gaseous environment or substrate/source temperature can yield different properties of
the material [23][24]. An early-stage growth mechanism has the following chain
reaction: island growth (Volmer-Weber) with subsequent increase in size and density,
coalescence of neighbouring islands, formation of channels and secondary nucleation
[25]. Thus, the deposition should follow all mentioned stages at specific locations for

the formation of high-quality materials.

Radiative heat element
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Figure 1.3 CSS reactor scheme representation [26]

Magnetron sputtering is a second widespread method of obtaining Sb2Ses thin films.
This technique allows for fabricating high-quality thin films by transferring material from
a cathode target to an anode substrate due to ionised gas target bombardment and the
subsequently directed flow of atoms in an electric field. Deposition can be performed in
different gaseous environments, at different pressure, power and distance to the
substrate. The co-sputtering system utilizes the setup containing several target
materials at the same time, allowing the depositing of more complex materials [27].
Sputtering is a fast, scalable and reliable method to deposit thin films [28]. Figure 1.4
shows the setup for the radiofrequency (RF) magnetron sputtering system, which uses

high-frequency voltage to ionise the gas in the vacuum chamber [29][30].
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Figure 1.4 Typical RF magnetron sputtering setup [30]

In general, Sb2Ses films may exhibit poor crystallinity when films are deposited by
physical methods at low deposition temperatures (below 250 °C) [31][32][33].
Increasing the deposition temperature to above 300°C leads to more crystalline
materials. However, Sb.Ses are often contaminated by secondary phases
[34][31]1[32][33] due to the possible decomposition according to reaction 1.1 [35]:

Sh,Se3(s) = Sby(g) + SbSe(g) + Se>(g) (1.1)

Partial decomposition generates the conditions for forming numerous defective states
in Sb2Ses matrices, requiring subsequent post-deposition treatment to eliminate or

passivate them.

1.2.2 Chemical deposition methods

Chemical bath deposition (CBD) uses aqueous precursor solutions and the process
of obtaining the targeted thin film material usually happens due to homogeneous
nucleation on the solid substrate. The main cluster of materials obtained from CBD are

chalcogenides with the possibility of obtaining other films, e.g. ionic compounds [36].
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CBD reaction takes place at rather low temperatures <80 °C and any non-soluble surface
is suitable for deposition [37]. Figure 1.5 shows a simple setup in use for CBD, consisting
of a vessel with reacting solution, submerged substrate, stirrer, a water bath
surrounding a vessel placed on a heater with a magnet for the stirrer and control devices

like pH meter and thermometer [37].
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Figure 1.5 Typical CBD setup [37]

The stages of film growth in the CBD process are the following:

) monolayer formation on the surfaces due to the establishment of chemical
equilibria,

) condensation of metal and chalcogen ions on the established surface,

) growth termination after reaching a peak thickness [38]

The main benefits of using CBD are simplicity, cost efficiency and scalability. A 10.57%
efficient antimony selenide solar cell has been recently demonstrated using a CBD-
grown absorber layer [9]. Such remarkable efficiency highlights the big potential of

chemical methods to create high-quality materials.

Chemical spray pyrolysis (CSP) is a simple, scalable, and low-cost method to deposit

thin films. In CSP, a precursor solution containing starting chemicals is sprayed onto
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preheated substrates with the help of carrier gas. After reaching the surface, the
precursor components are decomposed, forming desired films on the substrate [39].
Figure 1.6 shows a setup that can be used to deposit a film via the CSP method [40].

Spray Gun
Precursor . Compressed
Solution ‘l—‘ " Carrier Gas
Reservoir Pressure
Regulator
Spray \\//
Nozzle
Thermocouple
A
Steel Plate L power

/\/\/\/\ Heater Supply

Figure 1.6 Typical CSP setup [40] [Park]

Even though chemical approaches to producing materials may be relatively simple, they
can often lead to the contamination of the resulting materials with precursor-derived
fragments and/or oxygen [9][41][42][43][44]. Eliminate these imperfections requires
further post-deposition treatments or the introduction of dopants that can compensate

for detrimental effects.

1.2.3 Intrinsic defects in Sb2>Ses

Defect engineering can be crucial for Sb2Ses properties as the main feature of the
material: quasi-one-dimensional ribbon-like structure is prone to a more complicated
defect structure than usually expected of a semiconductor consisting of two atoms
[45][11]. Such materials are expected to be mainly influenced by single point defect of
each type per atom, there are three types of these defects: vacancies (e.g. Vsb, Vse),
interstitial (e.g. Sbi, Sei) and substitutional (e.g. Sbse, Sesp). As the symmetry of
[SbaSes] ribbons is low, two identical defects on Sb or Se sites can have a different

influence on the structure, there are two non-equivalent atomic positions for Sb and
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three for Se. This effect increases the number of actual possibilities for deviation in
properties due to any of mentioned defect types in different non-equivalent sites
[45][11] . An isolated [Sb4Ses] is shown in Fig. 1.7 and different positions of Sb and Se
are shown with different index numbers.

Sb,Se;, Pnma

'S
\\’

Sb2 Q‘

- ’\\
\Q
O

Figure 1.7 [Sba4Ses]n chains and non-equivalent atomic sites of Sb and Se [46]

Another unfortunate feature that comes with the ribbon-like structure is relatively large
spaces between Van der Waals bonded individual ribbons, which are responsible for
increased probability of substitutional defect formation or even two anions-one cation
replacement (2Sesv), leading to the creation of highly unfavourable recombination
centres [18][45][11]. An example of a Sbse substitutional defect is experimentally
shown by Lian et al. in an Sb-rich structure as predicted by Huang et al. [47][45]. Quasi-
1D structure is rare among other materials and thus, substitutional defects are more
common in Sb2Ses compared to its alternatives; thus, practical defect engineering

becomes much more complicated.

1.2.4 Doping of Sb>Ses

Electrical, optical and structural properties of the material can be improved using various
physical or chemical treatments. Apart from them, introducing foreign atoms - external
doping is an additional way to manipulate the materials' properties. Energy levels that

belong to introduced impurity atoms located in the shallow regions or other words,
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closer to valence or conduction band are called shallow acceptors and shallow donors
respectively, acceptors are favourable for p-type conductivity, while donors - for n-type.
In the lattice dopants can occupy a space in between the sites of the host atoms
(interstitial), the sites of atoms (substitutional), grain boundaries (GBs) or the surface,
depending on the size and charge of the dopant and structure of the bulk. The main
goal of introducing dopants can lay in increasing carrier density or changing the carrier
type of the bulk, however, it can also change the state of intrinsic defects and introduce

new ones [17].

In general, efficient p- and n-type doping can improve the electrical properties of
antimony selenide. However, stabilizing p-type conductivity for Sb2Ses is a very complex
task, since the formation of deep-level defects such as most typical Vs, and Sesp is more

favourable, resulting in n-type conductivity [45][17].

Different approaches to dope Sb2Ses have been reported [48][49][50]. The introduction
of tellurium into thin film has shown an effect on tuning the Sb to Se ratio, which in turn
slightly suppresses Sesp and Vsp defects of the material grown at Se-rich conditions.
Optical measurement showed no influence on the band gap, in up to 4 at% Te
incorporation, presumably due to the formation of Sb.Tes-doped Sb.Ses [51]. Tin was
reported to slightly decrease the band gap from 1.17 to 1.10 in comparison to the
pristine sample [52]. Another report on Sn and I doping by incorporating dopants into
the magnetron sputtering target with subsequent selenization, has shown a desired
band gap of ~1.1 for 1 wt% and 5 wt% -Sn and -I doped samples accordingly. A p-type
conductivity of Sn doped sample and a slight stability increase in n-type conductivity
with I doped one was reached [53]. The incorporation of Cu has shown GB defect
passivation via CuClz treatment [50]. Additionally, antimony selenide was reported to
show n-type conductivity via the incorporation of Cl into the lattice [54]. Sodium

incorporation was shown to have no impact on the electrical properties of Sb>Ses [55].
Other dopants such as Te, Co, Mg, Fe, Pb, Sn, I have been tested to incorporate into

antimony selenide via sputtering, solution treatment, electrodeposition, vapour

transport deposition, and thermal evaporation [48][56-63].
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1.3 Applications of Sb.>Ses

The most well-researched application for antimony selenide lies in thin-film solar cells,
which is a mature technology for photovoltaic devices. Thin-film solar cells typically
consist of multilayered materials with thicknesses ranging from a few nanometers to
hundreds of micrometres deposited on plastic, glass, or conductive oxide substrates.
Cadmium telluride (CdTe) has been a successfully industrialized and commercialized
material for thin-film PVs, but its toxicity has been a concern for a long time, leading to
the emergence of alternative materials.

Antimony selenide is a less-toxic chalcogenide material that has emerged as a promising
alternative for thin-film PVs. Along with other materials like tin sulfide, bismuth sulfide,
etc., antimony selenide has demonstrated a champion efficiency of around 10% within

one decade [12].

Table 1.1 SbzSes properties comparison to CdTe

SbzSes CdTe Ref.
Melting point [K] 885 1314 [64][65]
Band gap [eV] 1.03 (direct) 1.5 [64][65]
1.17 (indirect)
Absorption coefficient >10° 10* [64][65]
[cm™]
Relative dielectric 15.1 10.2 [64][65]
constant [&o]
Mobility [cm? V-1 s-1] Me = 15, He = 700, [64][65]
Hh = 42 Uh = 65
Free carrier ~1013 ~1016 [66][67]
concentration [cm3]

As illustrated in Table 1.1, antimony selenide has several superior properties compared
to CdTe, absorption coefficient, dielectric constant and in particular lower melting point
which decreases the demand for energy use during fabrication. On the other side, a

main holding factor of the material is also apparent - relatively poor electrical properties.

State-of-the-art Sb>Ses thin film solar cells mainly utilise CdS, ZnO or TiO2 as buffer
layers [68][69][70], one of the alternative pathways can be quasi-homojunction solar
cells, limiting issues associated with band misalignment and interface recombination.

Only a few studies on this topic have been made, with doping by Cu and/or I proposed
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to create a quasi-homojunction of two separately deposited antimony selenide layers.
Magnetron sputtering used for doping in this context requires additional heat treatment
and it was noted that dopants like I inhibit large grain formation, thus limiting the quality
of n-type film via the proposed method. Despite the limitations mentioned, >2%
efficiencies from three reports to date show potential in this area [57][71][53].

Another important application of Sb2Ses thin films is photoelectrochemical water
splitting (PEC), which uses solar energy to induce the formation of H2 and Oz in the
aqueous electrolyte - solar-to-hydrogen (STH) process. A water-splitting device can
consist of a single anode - an n-type semiconductor and Pt electrode, a single cathode
- a p-type semiconductor and Pt electrode, or tandem, using both n and p-type materials
as photoanodes and photocathodes respectively [72]. Antimony selenide is studied as
a p-type absorber for photocathodes, as competitive current density reaching as high
as 30 mA cm?, relative stability in operation and onset potential of ~0.6 Vrue in
combination with low toxicity, low cost of raw materials and deposition, highlight the
potential in the area [71]. Recent breakthrough, exceeding the 10% efficiency barrier
with SbaSes-perovskite tandem device and 3% half-cell efficiencies reported on
antimony selenide photocathodes only, reflects the dynamic nature of development in
the area (Figure 1.8) [73][74].

O Sh,Se, photocathode

A Tandem cell
3019

- Half-cell STH efficiency

STHA02%
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Figure 1.8 Recent developments in Sb2Sesz PEC devices. STH - solar-to-hydrogen conversion
efficiency (total efficiency of the device), HC-STH - half cell solar-to-hydrogen efficiency
(efficiency of only Sbz2Ses cathode) [71]

Similarly to thin film solar cells, absorber layer engineering plays a crucial role in

delivering high-efficiency devices. Thus, ensuring high crystallinity and grain orientation
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combined with low deep defect concentration and a need for better electrical properties
can be approached by careful selection of deposition methods in combination with p-
type doping [12][71]. Key aspects of the PEC device engineering for ensuring high

efficiencies are shown in Figure 1.9.

Co-catalyst engineering

e High catalytic activity
olligh stability
eLow co§

landem engineering Absorber engineering

® Photoanode-photocathode
e PV-PEC

* Good morphology
® Optimal doping density
® Reduced defects

Interfaces engineering
o High mobility

« High stability

e Good energy alignment

® Low toxicity

Figure 1.9 PEC device engineering pathways for improving efficiency by Chen et al. [71]

To summarize, the typical deposition methods for producing antimony selenide thin films
have limitations in controlling secondary phases and approaching desired optoelectronic
properties. To improve the optoelectronic properties of Sb2Ses layers, various post-
deposition thermal or chemical treatments, including different doping options, are
typically employed. Most doping approaches listed above have demonstrated minimal
success. Therefore, additional efforts need to be developed for producing efficient

optoelectronic devices.

1.4 Ion Exchange

Ion exchange can be a very powerful technique to tune the materials’ properties.

Both anion and cation exchange reactions (AER/CER) have been tested for optimizing
or developing new features. Most of the research is focused on the transformation and
doping of nanostructures and nanoparticles, rather than the development of efficient
thin films. In general, ion exchange reactions based on replacing anions are less
investigated due to the larger sizes of anions compared to cations and thus lower
mobilities, longer reaction time and higher temperatures [75].

Straightforward techniques of chemical material synthesis of either thin film on the
substrate or colloidal nanocrystals are influenced by several factors such as nucleation,
surface ligation, and growth kinetics, limiting the control over the overall structure and
composition. It represents a critical limitation when a complex structure or composition
is desired. CERs on the contrary can take advantage of the host lattice, unlocking an
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opportunity to combine a well-defined composition and morphology with the
metastability of the final product [76]. Two main factors influence the exchange

reaction: thermodynamics and kinetics.

Main Principles

The direction of the reaction can be predicted by combining formation energies (AGr)
and electrode potentials (E) of all the reactants and products, subsequently calculating
the Gibbs free energy of the whole reaction (AGr) [77]. CER for the isovalent ions can

be expressed in the following way:
AX (s) + B™(sol) > BX (s) + A™*(sol), (1.2)

where AX is a solid ionic crystal exposed to B™" cations in the solution, producing BX
ionic crystal and releasing A"t cations into the solution (non-isovalent systems are also
possible, a monovalent one was chosen for simplicity). This reaction can be broken down

in the following way:

1) AX - A + X (dissociation), (1.3)
2) B - B (desolvation), 1.4
3) B+ X - BX (association), (1.5)
4 A - A" (solvation), (1.6)

Calculated energies can be related to crystal strength and solvation. Equations (1.3)
and (1.5) describe crystal strength: Born-Lande derived crystal energy and surface
energy. Additional lattice energies can also influence the thermodynamics of the
reaction, mainly due to strain and dislocation. Solvation-related energies are describing
the rate at which a cation is tending to associate/dissociate to/from the lattice, eq. (1.4),
(1.6). It is preferred for the parent cation to be more solvated than the desired ion. In
some reactions relative lattice energy difference can be the driving factor determining

the outcome. Gibbs free energy of the whole reaction, by Hess's law [77]:

AGy = —ndlGyo (BX) — ndGro (AX) + F(nEgn+ 5 — nEgns ) (1.7)
Where E? - is the standard redox potential, 4G,- individual Gibb’s energy of formation,

AG¢- Gibb’s energy of the reaction.

Kinetics
As mentioned before, adequate solvation and desolvation of ions are crucial for the CER,

luckily there is a way to influence these properties of the reaction by introducing
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different solvents and ligands. Hard and soft Lewis acids and bases theory is a powerful
practical tool for predicting the stability and reaction mechanism of metal-ligand pairs
and it has a particular application in cation exchange for ensuring higher relative
solvation of ion A"t compared to the target ion B"*.

The presence of activation energy barriers or the limited ability of targeted ions to
diffuse into the lattice is a major limiting factor in CER even in favourable
thermodynamic conditions. Thus, it is critical to acknowledge the sizes of ions and host
lattice parameters in the context of a particular reaction. The lattice diffusivity can define
whether the reaction will take place only on the surface or the deeper penetration will
be possible. In the latter reaction stage, cation exchange can lead to the formation of
new phases starting at an energetically favourable nucleation point with subsequent
"kicking out" of the host ions [78].
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1.5 Summary and aims of the thesis

Antimony selenide thin films have high potential in various applications and are already
quite extensively studied specifically in the context of solar cell devices. However, the
synthesis of a high-quality film is not a trivial task due to the complex defect structure

[11] and the limitations of established methods.

The Stoichiometric Sb-Se ratio is a key to low defect concentration [11], at the same
time physically deposited films struggle from either low crystallinity (at lower
temperatures) or undesirable phases (at higher temperatures) while chemically
deposited ones are often contaminated or develop an oxide phase. In both cases, control
over the phase composition and defect structure determines the potential applicability
of formed materials. Improving the optoelectronic properties can be realized using

various post-deposition treatments or introducing dopants.

Different attempts to stabilize the conductivity type and passivate defects presented in
antimony selenide have been reported in the literature. Numerous elements including
doping with Te, Cu, Co, Mg, Fe, Pb, Sn, I, Cl have been tested to stabilize the
conductivity type or passivate the defects in antimony selenide films. Most reports have

demonstrated minimal success.

Ion exchange is a low-cost and scalable technique that can be used for synthesizing
complex nanoscale structures. Its potential to fabricate efficient thin films or introduce
dopants is unclear at the current stage. Up to now, there have been no reports covering

the development of doping approaches for thin films using cation exchange as a tool.

Therefore, this thesis aims to check the applicability of cation exchange to incorporate

silver into antimony selenide thin films at the doping level.
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2. EXPERIMENTAL SECTION
2.1 Synthesis of Sb>Ses films

Antimony (III) selenide thin films were obtained by transforming sputtered SnSe into
SbaSes thin films. A radiofrequency (RF) magnetron sputtering system, Evovac 030
(Angstrom Engineering, Kitchener, ON, Canada) was used to deposit tin (II) selenide
thin film onto Mo and FTO substrates. A 4-inch commercially available SnSe target (4N,
LOT: PLA546838312, Plasmaterials, Inc., Livermore, CA, USA) was situated at a
distance of 20 cm from the substrate holder, while the environment was held at 300 °C,
103 torr argon pressure and a plasma power of 88W. Obtained films were cooled to
room temperature for 2 hours inside the sputtering chamber and had a thickness of
around 700 nm.

SnSe films were submerged in a glycerol solution containing 44 mM of antimony chloride
(SbClI3) for 17 minutes at 210 °C. Obtained Sb2Ses thin films were rinsed in deionised

water and dried under the airflow.

2.2 Ag doping

Silver atoms were incorporated via a cation exchange reaction, held in Ag-rich glycerol
solutions in the open environment. Two solutions were prepared, for the first one,
silver source (AgNOs3) was mixed and completely dissolved in glycerol until the
concentration reached 0.224 mM, following the addition of NaHCOs until reaching 2
mM. The second solution was prepared by simply dissolving AgNOs in desired 0.224
mM concentration. The reaction took 90 minutes at 210 °C after the addition of Sb.Ses

samples, following washing and drying in airflow.

2.3 Film Characterization

2.3.1 Scanning Electron Microscopy and Energy Dispersive X-Ray

Analysis

For surface morphologies, cross-section and elemental composition a Zeiss Merlin
scanning electron microscope with the Bruker EDX-XFlash6/30 detector was used at 3
kV and 20 kV acceleration voltages, for scanning electron microscopy (SEM) and energy-
dispersive X-ray (EDX) measurements, respectively. Additionally, standardless analysis

with the P/B-ZAF method was used for the quantitative study.

To study the surface of interest an electron beam is directed and focused on the sample.

The signals that can be collected come from secondary electrons (SE), backscattered
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electrons, and X-Rays. SEs are created by inelastic electron collisions, backscattered by
inelastic collisions, and X-rays by exciting and relaxing atoms' electrons on the outer
shell. For visualising and studying the morphology of the samples SEs are collected,
while backscattered electrons can show the contrast in densities and surface roughness
in the same region. X-rays, however, give information about the specific elements in
the studied region, as the signal can quantify the energy level difference between the

excited and relaxed state for specific elements [79][80].

2.3.2 Raman Spectroscopy

A room temperature Raman shift in the range of 50 to 600 cm™ was obtained from
Horiba’s LabRam HR800 spectrometer (Oberursel, Germany) with a 532 nm Ar-ion laser

beam and a hole diameter of 100 pm.

When a material is illuminated with light, it produces a small signal coming from normal
Stokes Raman scattering due to an inelastic nature of photon collision; the incident
photon energy is not equal to its energy after the collision. Thus, Raman spectroscopy
can give information about the vibration of chemical bonds present in the sample
[81][82]. Peaks located at different wavelengths of the incident light (laser) correspond
to vibrations of specific bonds and can be studied by comparing with results from the

literature.

2.3.3 X-ray Diffraction Analysis

Using a high-resolution diffractometer (Rigaku Ultima IV, Neu-Isenburg, Germany) with
Cu Kal, A = 1.5406 A radiation at 40 kV and 40 mA, equipped with a D/teX Ultra silicon
strip detector, the structure of the samples was studied. Diffractograms of the samples

were collected in a 26 range of 10-70° with a scan step of 0.02°.

XRD utilises the diffraction phenomena that occur as the X-Ray beam is passing through
a region in the sample that has a high level of order in terms of space between the
atoms - crystallinity. Bragg's law (Eq. 2.1) relates the incident angle of an X-Ray beam
and the distance between two successive crystal planes to the constructive interference
[83][84].

nA = 2dp;sinfg, (2.1)

Where n is an integer, A - wavelength of an X-ray, d, - plane spacing, 65- is the angle

between the incident beam and crystal plane.
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Information collected from the sample via XRD is called diffractogram, which has an
incident angle of the X-Ray beam on the x-axis and intensity on the y-axis, showing

peaks corresponding to crystals of different orientations [83].

Crystallite size can be determined using the following relation [85]:

_ KA (2.2)
- [cosBy

Where L - crystallite size, f - width of peak’s half maximum in radians.

Lattice constants of Sb2Ses can be calculated in the following way:

1 k2P (2.3)

—=—4—+—=
dz,, a? b? ¢?

Where h, k, | - Miller indices.

2.3.4 Photoluminescence spectroscopy

Photoluminescence (PL) spectra were obtained with a 442 nm He-Cd laser, a
monochromator with a 0.64 m focal length and a single grating of 600 mm.
Temperature-dependent spectra were obtained by mounting samples onto a cold finger
in a closed cycle helium cryostat (Janis CHI4, Lake Shore Cryotronics) and exciting

photoluminescence at the temperature of ~8 K and gradually heating to 300 K.

Photoluminescence spectroscopy (PL) is a non-destructive and highly sensitive method
of material characterization often used for determining electronic structure, defects and
phases present in semiconductors. The core principle of this technique lies in the
luminescence of the semiconducting material under light of a specific wavelength. As
energy carried by the laser exceeds the band gap of the sample, an electron jumps to
the conduction band, creating an electron-hole pair with the valence band. An electron
relaxes to the conduction band minimum, losing some of its energy in the process and
then finally falls back to the valence band maximum, emitting photons. Thus, electron-
hole recombination can be observed, and the energy values can give an insight into the

mechanism behind it [86].

Studying defects of the material can be complex as many factors have to be taken into
consideration, temperature dependent measurement has to be done to analyse the
dynamics of peaks shift, same as their correlation to band gap energy and often laser

power too.
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2.3.5 Transmission electron microscopy

Transmission electron microscopy (TEM) was used to study the incorporation of a
dopant into the lattice of the base material. The TEM study was carried out using a
JEOL JEM-2200FS microscope operated at 200 kV and 8-15 pA for obtaining the STEM
images and EDX elemental mapping. Cross-sectional samples with a thickness of 80—
100 nm were prepared using focused ion beam (FEI Helios 600 DualBeam SEM/FIB)
etching.

TEM allows the study of ultra-thin samples by passing an electron beam through atoms
and collecting signals as electrons that have successfully reached the detector,
transmitted electrons. A simplified TEM setup consists of an electron gun, condenser,
sample holder, objective, projector and detector. As electrons have to be able to pass
through the sample and a high vacuum is used in the process, sample preparation is
very important. Solid samples are usually cut into ~100 nm thick slices and are often
treated with ionised gas to ensure the cleanliness of the surface. As electrons pass
through the sample, similarly to SEM, elastically and inelastically scattered electrons
can be detected, however in TEM, unscattered electrons are also used for image
creation. As parallel beams penetrate the surface, an image can be obtained in two
modes, by either collecting signals from unscattered or scattered electrons, called dark-
field and light-field imaging, respectively [87]. Additionally, by using different lens
settings, diffraction patterns can be obtained. TEM is capable of imaging the finest
details, however, atomic resolution can only be achieved with materials of very low
thickness, high crystallinity and relatively simple phase contrast. Scanning transmission
electron microscopy (STEM) is another way of approaching imaging via TEM. In contrast
to parallel electron beams directed perpendicularly to the whole sample surface during
regular imaging, a focused electron beam is "scanning" the sample in STEM. As the
focused beam moves through the sample, signals from inelastically scattered electrons
are collected as a function of beam position and the image is recreated. EDX analysis

and mapping can also be done using the TEM system in the same way as via SEM [88].

2.3.6 Ultraviolet-visible-Near Infrared spectroscopy

Optical properties were measured at room temperature in 300-1500 nm spectrum with
the Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies, Inc., Santa Clara,

CA, USA), and the band gaps of the materials were estimated using Tauc relation.

Incident light in UV, visible and NIR spectra can be transmitted, absorbed or reflected.

By collecting all of the light that is transmitted or reflected, the absorption of the
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material can be estimated [89][90]. Equations 3.4 and 3.5 show the relationship

between the absorption coefficient, transmittance and reflectance of the sample.

T ~ (1 — R)?e™ 24
1 T (2.5)
@« =-—g(GF g2

Where T is transmitted light, R - is reflected light, d - thickness of a film, « -

absorbance coefficient [90].

A light source is shining on the sample and slowly changing the wavelength through the
whole UV-vis-NIR spectra, thus giving a possibility to relate absorption to the energy
levels. Equations 3.4 and 3.5 show the relation of the band gap to absorbance for direct

and indirect band structures accordingly.

C(hw — Eg)é (2:6)

hw

A(hw — Eg)? 2.7)
hw
Where E;, - band gap, w - wavelength, f is Planck’s constant, and A and C are

a =

wavelength-independent constants [90].
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3. RESULTS AND DISCUSSION

In stoichiometric materials, external thermodynamic driving forces are required for
adequate cation replacement. It was demonstrated that monovalent activations by H,
Cl, and OH of sulfide (selenide) matrices introduce numerous charge-compensating
metal site vacancies, facilitating intercalation/de-intercalation of foreign ions [91][92].
Considering this, we prepared non-stoichiometric Sb.Se, samples using a SnSe-to-Sb.Se.
transformation as reported in [91], followed by heat treatment in glycerol to introduce
selenium vacancies. The selenium deficiency was confirmed by EDX (as depicted in
Figure 3.1).

Element Series Atom. C [at.%]

Antimony L-series 41.24
Selenium L-series 58.76
Total: 100.00

Figure 3.1 SEM surface morphology of the activated Sb.Se; sample (on the top), EDX elemental
composition (on the bottom)

3.1 Ag incorporation

The incorporation of monovalent silver dopants into the activated films was carried out
in a glycerol solution containing AgNOs. X-ray diffractometry reveals that the films being
treated in a solution containing AgNOs were composed of a mixture of orthorhombic
Sb2>Ses (ICDD database file 01-089-0821) and cubic AgSbSe, (ICDD database file 01-
071-9229) phases (Figure 3.2).
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Figure 3.2 The diffractograms obtained from the sample treated in just AgNO3 with AgSbSe:> as
a reference (PDF no. 01-071-9229)

The peak intensities of Sb2Ses XRD reflections decreased significantly. This correlation
accompanies a remarkable growth in the crystallite size of the AgSbSe> phase to 48 nm.

Such dependence may imply a higher inversion degree of the original Sb>Ses matrices.

Surface-sensitive Raman spectroscopy measurements also show a colossal difference

between the crystal structures of the original and inverted samples (Fig. 3.3).
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Figure 3.3 Raman spectra of (a) bare activated Sb.Se; (b) Sb.Se; treated in AgNO. solution
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Spectroscopic assessment of the chemically silverized samples was conducted by EDX-
SEM compositional analysis. According to EDX studies, the Ag content was around
10.1% in the sample treated in a solution containing AgNO3s (Figure 3.4).

& 4 Sb: 35.2%
.“w a,

o Se: 54.7%

"o .
5 > A

Figure 3.4 SEM/EDX surface morphology and elemental composition of the sample treated in

AgNO:s solution.

SEM visualization of the obtained morphology shows compliance with a polycrystalline
structure and a relatively uniform grain size distribution in the 100-150 nm range. The
listed above data suggest that AgNOs as a silver source when present alone in the
solution initiates a notable phase transformation. To minimise a phase transition, any

complexation of Ag cations is required.

Following this hypothesis, several complexing agents have been tried without any
success in solution stabilizing. Only NaHCOs was capable of creating clear solutions in
the presence of AgNOs. Thus, NaHCOs was chosen as a complexing agent to
deactivate Ag cations in the original solution. In the presence of NaHCO3, Sb2Ses films

accumulated Ag ions at the doping levels.

3.2 Doping

Crystal structure and phases
Structural characteristics of the pristine Sb2Ses and those samples treated in the Ag:
NaHCO3 solution were investigated using X-ray diffractometry and Raman spectroscopy

(Fig. 3.5, 3.6). Both samples exhibit diffraction patterns consistent with a single phase
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of Sb2Ses (ICDD database file 01-089-0821) that can be ascribed to the orthorhombic

Sb>Ses structure.

Mo

pristine

Sb,Se, PDF no. 01-089-0821

Intensity (a. u.)

30 40 50
20(°)

Figure 3.5 The diffractograms obtained from the sample treated in Ag:NaHCOs solution, with
SbsSes as a reference (PDF no. 01-089-0821)

Deconvoluted Raman spectra show six unaltered peak positions, evidencing no changes

introduced to the crystal structure by incorporating Ag at low concentrations (Fig. 3.6).

Ag : NaHCO,

pristine

Intensity (a. u.)

T
100 150 200 250
Raman shift (cm ')

Figure 3.6 Raman spectra of SbzSes treated in Ag: NaHCOs solution (on the top) and pre-
activated Sb:Ses films (on the bottom)
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Elemental composition and morphology

Energy dispersive X-ray spectroscopy revealed Ag concentrations below the detection
limit when using a detector integrated into a scanning electron microscope (EDX-SEM)
and around 1.5 at% when using a detector in a transmission electron microscope (EDX-

TEM) (Fig. 3.7).

L . Sb: 38.4%
€Se: 60.1%

). 20°.»

1 pm

",'-,
>\ )

Figure 3.7 SEM surface morphology and TEM: EDX elemental composition of the sample treated
in Ag: NaHCO:s solution.

The cross-sectional STEM mapping shows no visible agglomerations of Ag in the Sb2Ses

lattice (Figure 3.8).
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Figure 3.8 STEM cross-section image with EDX elemental mapping

Optical properties

The optical bandgap values of the pristine films and Ag-doped Sb.Ses films were
determined from optical transmission data using the Tauc relation (Figure 3.9). The
spectra were collected using the samples grown on FTO substrates. According to the
UV-Vis data, both pristine and Ag-doped Sb.Ses samples demonstrate bandgap values
of 1.28 eV, a typical value for the orthorhombic Sb>Ses phase. Thus, the optical data
agree with the data from XRD, Raman, EDX, and TEM measurements.
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Figure 3.9 Tauc plot from UV-Vis measurement for (a) activated Sb-Sesz sample and (b) SbzSes
treated by a combination of AgNOzand NaHCO:z

PL measurements

The effects caused by incorporating Ag at doping levels were further explored using PL
spectroscopy. Figures 3.10a and 3.10b show experimental low-temperature PL spectra
of pristine and Ag-doped Sb2Ses samples. The pristine Sb2Ses film exhibits one emission
peak at ~0.9 eV, presumably ascribed to a deep donor-deep acceptor (DD-DA)

recombination [93]. Silver incorporation induces drastic changes in the PL data,

resulting in the appearance of four distinct bands (Fig. 3.10b).
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Figure 3.10 (a) low-temperature PL of pristine Sb2Ses (b) low-temperature PL of doped Sb:Ses

The temperature dependence of these PL bands demonstrates very fast quenching
without discernible alterations in the peak positions (Fig. 3.11). Such behaviour with
increasing temperature predicts low thermal activation energies required for all PL
bands. It could be speculated that all the observed PL bands probably originate from
deep donor-deep acceptor (DD-DA) pair recombination [94][95]. A similar model was

recently suggested for PL bands in polycrystalline Sb,Ses [96].
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Figure 3.11 Temperature dependent PL spectra for Sb2Ses films treated in a Ag: NaHCO3

solution

Photoluminescence data manifested severe changes in the defect structure of Sb.Ses
induced by incorporating Ag at ~1.5 at%. Further studies are needed to clarify the

aspects derived from Ag doping.
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4. CONCLUSION

This work aimed to verify the applicability of cation exchange reactions for doping
antimony (III) selenide thin films. If successful, such doping technologies can control
the electrical properties of Sb>Ses thin films and similar materials. Doped antimony (III)
selenide can be an absorber layer for non-toxic and efficient thin-film solar cells or solar-
to-hydrogen photoelectrochemical conversion devices. Various doping protocols applied
to thin films represent a typical way to improve the optoelectronic properties of
materials. However, to date, employing cation exchange reactions has never been
reported for doping Sb>Ses thin films.

In short, the main outcomes of this work can be described as follows:

1. The developed cation exchange procedures can be used to incorporate Ag atoms
into SbaSes thin films.

2. X-ray diffractometry and Raman spectroscopy revealed that AgNOs induces a
severe phase transformation from the orthorhombic Sb>Ses phase to the cubic
AgSbSe: phase, when present alone in cation exchange solutions at
concentrations of ~0.224 mM. The EDX data revealed a significant accumulation
of Ag close to 10 at% in the formed Ag:Sb2Ses layers.

3. The accumulation of Ag atoms in Sb2Ses films can be controlled by dissolving
different complexing agents in addition to a silver source.

4. Concentrations of NaHCOs in glycerol close to 2 mM are sufficient to deactivate
Ag cations while keeping the solution transparent.

5. Cation exchange performed in the solution containing AgNOs at 0.224 mM and
NaHCOs3 at 2 mM at 210 °C for 90 min leads to the incorporation of Ag into
Sb.Ses films at a 1.5 at%. Structural and optical properties remained unchanged
after introducing Ag atoms at doping levels.

6. Silverincorporation at ~1.5 at% induces drastic changes in the PL data, resulting
in the appearance of four distinct bands, different from that observed for the
pristine state.
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SUMMARY

The initiatives in moving away from hydrocarbon-based energy supplies call for
increasing capacities of sustainable energy sources and thus materials associated with
them. Solar energy is one of the most important sources of low-carbon energy and both
photovoltaic solar cells and solar-to-hydrogen strategies are among highly potential
tools for green energy transition. The most advanced in the commercial sense, absorber
materials beyond energy-inefficient silicon are utilizing toxic and scarce materials.
Antimony selenide is an emerging semiconducting material with high potential due to
low toxicity, cheap raw materials, relatively energy-efficient production and suitable

properties.

Antimony (III) selenide as a photovoltaic absorber layer has a near-ideal optical band
gap, absorption coefficient and relative dielectric constant, while non-toxic and relatively
earth-abundant elemental composition defines a potential for industrial-scale
application. Various deposition methods have been tested and used consistently to
produce Sb2Ses thin films, however, synthesis of high-quality material using them is a
nontrivial task due to factors like relatively low decomposition temperature, ease of
oxygen incorporation from solvents or atmosphere and complex defect chemistry of the
material itself. As a result, the optoelectronic properties are unpredictable and can yield
both p- and n-type semiconductors, often not reaching desired charged carrier
concentrations. Thus, due to complex defect chemistry, the progress in high-quality
Sb>Ses material synthesis is limited by an inability to control the optoelectronic

properties.

Doping is often addressed as a way to compensate for that effect, nevertheless, multiple
attempts using conventional methods have shown no significant improvement in the
ability to control electrical properties and have led to the formation of undesired phases
or interferences with crystal structure. Cation exchange is a technique that proved
effective in doping and transformation of nanocrystals, yet not explored enough on thin

films.

In this work, silver ions were introduced into Sb2Ses thin films by treatment in a glycerol
solution containing only AgNOs or AgNOs combined with NaHCOs at 210 °C for 17
minutes. It was concluded that the silver incorporation rate depends on the choice of
complexing agent and in the case of pure Ag source, a partial phase transformation to
AgSbSe> and SbzSes is inevitable.
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Multiple chemicals were tested to suppress phase transition and incorporate Ar ions into
the lattice, yet only NaHCOs successfully suppresses Ag ions and introduces dopants
without a phase change. Silver incorporation at 1.5 at% using AgNOs in combination
with NaHCOs was confirmed by TEM/EDX and the phase preservation was observed by
XRD and Raman spectroscopy, while PL spectroscopy showed a drastic change in

comparison to the pristine sample.
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