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Introduction

Renewable energy sources are attracting growing attention due to the global demand for
sustainable, safe, and clean energy. Nowadays about 63.3% of the global energy
consumption is based on fossil fuels (natural gas, coal, and, petroleum). These types of
energies cause pollution of air, land, and water reserves, also they are the main
environmental problem of the global warming that is facing our planet [1]. Therefore,
a broad variety of technologies such as wind, solar, biomass, hydro, tidal, and
geothermal, offers a clean renewable energy generation in today’s energy markets and
commercialization [2]. These energies are adopted in the energy sectors to bring a new
civilization and modernize traditional energy culture.

Photovoltaics (PV) is one of the fastest-growing energy production technologies in the
world. Based on the national renewable energy laboratory’s (NREL in USA) report,
the global solar PV installations were 171 GW in 2021 and the new installation is
estimated to be 209 and 231 GW in 2022 and 2023, respectively [3]. The total worldwide
PV investment in 2022 will be at least $ 170 billion. The largest solar plant is located in
China with a power of 1.547 MW [4]. For stable energy supplies and economic growth of
renewable energies, the net-zero horizon 2050 focuses on increasing the PV plants [5].
A total of 95% of the current PV installations in the world are using crystalline silicon
(c-Si) and 5% of thin-film PV (0.1% of a-Si, 1.1% of CulnGaSe: and 3.8% of CdTe) [6].
The selection of c-Si was based on the availability, high purity, stability, optimal bandgap
(1.1 eV), high efficiency (15-25%), cost-efficient, high corrosion resistance, low toxicity
and has an organized structure that facilitates the conversion of light into electricity [6].
Therefore, due to these advanced properties the active usage of Si was not only for PV
applications but also in other electronic devices. Due to the high demand for the
electronic manufacturers the availability of Si became limited. Furthermore, the Si
production process is energy consuming leading to the increased carbon footprint.
The increase is exclusively attributed to larger share of fossil energy in energy production
for Si process [7]. Silicon production increased by 240% from 2000 to 2019 while the
carbon footprint for primary production of silicon increased from 9.4 to 11.3 CO2e/kg Si
during this period. To meet the net-zero carbon emissions (NZE) by 2050 [6] alternatives
to Si are desired.

Different emerging PV materials like kesterites, perovskites, binary chalcogenides, and
different types of solar cells — bifacial, organic, tandem, dye sensitized, quantum dot etc.
are intensively studied. Moreover, for an aesthetic and artistic outlook, PV windows are
integrated in buildings and receiving excessive interest. Additionally, the alternative PV
materials choose is based on the availability, safety and cost-efficiency of elements.
Substituted tetrahedrite compounds (THs) with formula of Cu10M2Sb4S13 (M = Cu, Zn, Cd)
are a group among the new emerging PV materials comprising of low cost, environmentally
friendly and Earth abundant elements [8, 9]. Tetrahedrites have been known as
thermoelectric materials [10-12] and recently studied as solar cell (SC) absorbers [13-15].
THs are semiconductor compounds with attractive optoelectronic characteristics
(p-type conductivity, high absorption coefficient ~10° cm™, suitable bandgap energy
(1.3-1.85 eV)) [9, 16] and with theoretical solar power conversion efficiency (n) above
20% [15]. However, the highest experimental record efficiency yielding SC has shown
n=0.04% [17].

The novelty of this study is in the usage of the molten salt synthesis-growth method to
synthesize Cd-substituted tetrahedrite (TH-Cd) materials in two different molten salts


https://enet.animato.ee/index.php?otsida=nowadays

(Cdl2 and Lil) with the aim to further incorporate the produced monograin powders (MGP)
as absorbers in monograin layer (MGL) solar cells. The methodology focuses on studying
the influence of the nature and the amount of flux materials, the liquid to solid volume
ratios of precursor’s mixtures and different growth temperatures, on the morphology,
granulometry, phase and elemental composition of synthesized TH-Cd powders.
Moreover, for a purpose of comparison, TH polycrystalline powders were synthesized
without addition of the flux salts, Cdl or Lil, to the synthesis environment-. Before the
use of the materials in the designed application, a series of different chemical etchings as
post-treatments where applied and their influence on the powder physico-chemical
properties were studied. Finally, based on the findings of varying the molten flux material,
TH composition and the chemical post-treatments, the monograin layer solar cell based
on Cd-substituted tetrahedrite was developed.

This thesis is compiled from three chapters and is based on five publications. The first
chapter gives a literature overview of the existing photovoltaic materials and technologies.
Tetrahedrite material’s composition, structure, properties and phase diagram are given
in details in this section. Moreover, the synthesis methods used to grow tetrahedrite and
substituted tetrahedrite materials and their applications are described. Monograin
powder synthesis-growth and monograin layer solar cells technology is described.
The experimental details and the applied characterization methods are presented in the
second chapter. The third chapter consists of six sections where the experimental results,
findings and discussions are presented. The properties of as-grown tetrahedrite
materials, presented in paper |, are given in the first section. The results of Raman analysis
of the as-grown and chemically treated materials grown in Cdlz and Lil are presented in
the second section and refer to the publications I-IV. In the third section the X-ray
photoelectron spectroscopy (XPS) results are discussed (paper lIl). Section four presents
the photoluminescence (PL) analysis results of TH-Cd grown in Cdl; and Lil (paper Il). Data
of comparative analysis of photoelectrochemical properties of TH-Cd materials
synthesized in Cdl2 and Lil (paper V) are presented in the fifth section. The last section
summarizes the results of Cu10Cd2SbaS13 and Cu1oxLixCd2Sb4S13 absorbers based solar cells
characterizations, published in paper IV.

This doctoral thesis is associated with the TalTech, Laboratory of Photovoltaic
Materials, which is focused on the synthesis and development of monograin powder
absorbers using the monograin powder technology for the solar cell applications. This
research was financially supported by the Estonian Ministry of Education and Research,
Estonian Research Council project PRG1023 and by the European Union through the
European Regional Development Fund, Project TK141 and DoRa Plus Scholarship financed
by the Archimedes Foundation. This work has been partially supported by ASTRA “TUT
Institutional Development Programme for 2016—2022” Graduate school of Functional
Materials and Technologies (2014-2020.4.01.16—-0032).
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Abbreviations, Terms and Symbols

AAS
Br-MeOH
CAS

C

CB

CIGS

CzTS

DA

DSSC

EDX
Ea
EIS
FF

MGL
MGP
NHE
NZE
OPV
PCE
PEC
PL
PV
RT
Rs
Rsh
RHE
SC

Atomic absorption spectroscopy
Bromine in methanol

Copper antimony sulfides
Capacitance

Conduction band
CulnxGai1xSySez-y

Cu2ZnSnSs

Donor-acceptor
Dye-sensitized solar cells
Optical band gap

Energy dispersive X-ray spectroscopy
Thermal activation energy
Electrochemical impedance spectroscopy
Fill factor

Short circuit current density
Current-Voltage

Boltzmann constant

Low temperature

Monograin layer

Monograin powder

Normal hydrogen electrode
Net zero emmisions

Organic photovoltaics

Power conversion efficiency
Photoelectrochemistry
Photoluminescence
Photovoltaics

Room temperature

Series resistance

Shunt resistance

Reversible hydrogen electrode

Solar cell
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SEM Scanning electron microscopy

SCE Saturated calomel electrode
T Temperature

TH Tetrahedrite

TH-Cd Cu10Cd2SbaSi13

VB Valence band

Voc Open circuit voltage

XPS X-ray photoelectron spectroscopy
XRD X-ray Diffraction

z Impedance

z Real impedance

z” Imaginary impedance

n Efficiency of solar cell

O(T) Integrated intensity

12



1 Literature Review

This chapter provides an overview of the literature of the established photovoltaic
materials and technologies. The properties of tetrahedrite Cu-Sb-S ternary compounds
and substituted tetrahedrite compounds, the common synthesis methods, and the
development of solar cell absorber materials are presented. A more thorough discussion
is presented on the monograin powder growth and monograin layer solar cell technology
for photovoltaic devices.

1.1 Photovoltaic technologies and main absorber materials

Photovoltaics generate electricity directly from the sunlight using semiconductor devices
called solar cells. The combination of several solar cells forms a solar panel. These panels
are connected to a PV system to form the power stations with the desired power.
The PV installations nowadays consist mainly of two types of technologies: crystalline
silicon (c-Si) and thin-film PV.

The n-type c-Si with single-junction (E; = 1.1 eV) cells performed a record power
conversion efficiency of 26.7% measured under the global AM1.5 spectrum (1000 W/m?)
at RT [4, 18-19]. The power conversion efficiency of c-Si can be increased by overcoming
the bandgap of the single junction, forming the two-cell tandem with Ey at about 1.7 eV
top cell/c-Si [20]. Therefore, the perovskite/c-Si performed an efficiency of 29.2% [18].
However, the main challenge with this type of cell is finding a top cell that has close
features (the cost and life span) to the one of c-Si [6]. Moreover, the bifacial solar cells,
where the light is absorbed from both the top and bottom of the solar cell help to
improve the efficiency. The best bifacial-based c-Si had an efficiency of 24.0% [18].

The second dominant, thin film PV technology, covers 5% of the installed solar PVs
(0.1% of a-Si, 3.8% of CdTe, 1.1% of CulnGaSe2 and) [6]. The first developed thin film solar
cell was based on the single junction amorphous silicon (a-Si: 1.7 eV) that has now a
record # of 10.2% [18]. Thin films of CdTe with Eg = 1.45 eV, with high absorption
coefficient in visible light have solar cell # of 22.1% and module # of 19.0% [21]. Contrarily
to the installation and recycling of CdTe which is very popular in the United States, all the
Cd containing goods are forbidden in Europe due to the carcinogenicity of the Cd and its
compounds [22]. Although, it has been reported that CdTe is 100 times less toxic than
elemental cadmium with a slight risk through its life span [2]. Furthermore, beside the
toxicity of CdTe, the availability of Te is limited. According to the recent statistics around
40% of Te is already consumed in the production of CdTe PV [23]. The most common and
attractive thin film solar cells are based on CulnxGaixS,Se2.y (CIGS) due to their high
absorption coefficient (10° cm™ in visible), a tunable bandgap, and nontoxic elemental
composition. The highest reached efficiency of CIGS solar cell so far is 23.4% [21].
However, the main problem with CIGS PV production is the shortage of indium (In),
gallium (Ga) and selenium (Se) [2, 24]. At the present, the most efficient (29.1%) [18, 19]
and expensive PV technology is based on gallium arsenide [6]. All the PV technologies are
aimed to maximize both, the output current and the efficiency which are linked to the
absorber’s bulk properties [6].

1.1.1 Emerging PV technologies

The solar PV is the fastest developing energy production technology in the world today
and a very crucial tool to achieve the NZE by 2050. Thus, the role of emerging PV is to
meet the global energy need, considering the potential efficiency of base-material,
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lifetime and price. Different PV installation styles have been promoted — semi-transparent
and opaque emerging PVs for roofs/windows and skylights, building-integrated
constructions, for infrastructure elements and mobile vehicles applications. Different
types and structures of emerging PV cells such as dye-sensitized, perovskites,
perovskites\Si tandem cell, perovskites\CIGS, organic cells, organic tandem cells,
quantum dot cells and inorganic cells have been developed. The research in the PV field
focuses on new ways to increase the PV energy production with low-cost, environmentally
friendly and sustainable materials. For example, some learning stories:

e  Kesterite (CZTS) PV device was launched due to the limitation of the needed In, Ga,
and Te elements in the CIGS and CdTe. However, the highest certified conversion
efficiency of CZTS solar cell is 12.7% [25, 26].

e The dye-sensitized solar cells (DSSC) record power conversion efficiency (PCE)
reached 13.1% in 2018 [21]. The organic PV (OPV) solar cell performed a PCE of
18.2% in 2020. Both, DSSC and OPV are sensitive to humidity, heating, and
ultraviolet light limiting the lifetime of the modules [20].

e  Currently, the highly efficient and low-cost emerging PV is perovskite solar cell with
PCE of 25.6% [21]. The perovskite compounds are very sensitive to atmospheric
conditions; water-soluble and unstable. Strict environmental conditions are needed
to preserve this high efficiency of the perovskite PV device.

Therefore, to supply the world’s energy demand, and meet the promised NZE by 2050
[5], more research is focused on discovering new earth-abundant materials for low-priced
and high-efficiency photovoltaic devices.

1.2 Tetrahedrite compounds

Tetrahedrite compound accommodates many elements such as Zn, Fe, Ag, Mn etc.
in the solid solution form that are known as the group of minerals called
tetrahedrites [27]. Tetrahedrites are natural minerals with a generalized formula of
(Cu,Ag)10(Cu,Fe,Zn,Hg,Cd)2(Sb,As,Bi,Te)4(S,Se)13 [28]. This variability in the result of the
chemical formula is due to the different mineral collections which are confirmed and
reported in the official international minerology association List of Mineral Names [29].
THs have been broadly investigated by various experimental and theoretical studies in
geology and mineralogy [27, 30, 31]. A lot of research has been conducted on tetrahedrite
materials due to their advantages and properties: (1) earth abundance as a mineral,
composed of environmentally friendly and low-cost elements; (2) a high symmetric cubic
crystal structure and a large unit cell; and (3) thermoelectric and photovoltaic
characteristics [14, 32-34].

1.2.1 Phase diagrams and compounds in the Cu-Sbh-S system

The group of copper antimony sulfides (CAS) consisting of low toxicity elements, are
found in nature as minerals in four main phases, CuSbS: (chalcostibite), CusSbSs
(skinnerite), CusSbSa4 (famatinite) and Cu12SbaS13 (tetrahedrite). Tetrahedrite is the most
common antimonian compound of copper and it is probably the most common sulfosalt
in the Earth’s crust [27]. In terms of photovoltaic properties, these phases are promising
absorber materials for solar applications [16, 35-38]. These compounds are p-type
semiconductors with the same elements, but with different compositions, crystal
structures and physical properties (magnetic, thermoelectric, electronic, mechanical and
optical) [39-41].
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In 1972, Skinner et al. [27] studied the phase relations in the CAS system presented in
Figure 1.1 and Table 1.1. The ternary phase diagram of Cu-Sb-S is a complex system with
different compounds, which makes the obtaining of a single CAS phase challenging
[27, 36, 42-45]. By the reactions between Cu:S, Sb2S3 and sulfur, a very complex
ternary system Cu-Sb-S with different compositions (Cu12SbaSi3, CusSbSa, CusSbSs,
CuSbS:) could form. The only compound with an extensive composition field is tetrahedrite
Cu124xSba+yS13 with deviation from stoichiometry to Cu-rich and Sb-rich compositions
(field of non-stoichiometric single phase at 400 and 500 °C, Figure 1.1) in a range of
x values 0 < x < 1.92 and y values -0.02 < y < 0.27. At temperatures above 500 °C,
the composition field for tetrahedrite is shrinking rapidly, and at 543 °C it disappears
completely when tetrahedrite decomposes into Cu2xS + CusSbSs + CusSbSs (reaction 10
in Table 1.1, Figure 1.1 at 540 °C).

The wide composition field for tetrahedrite at high temperatures cannot be quenched
to room temperature because of the appearance of a solvus at low temperatures. Phase
separation occurs due to solvus at 125 + 5 °C. Tetrahedrites grown at elevated
temperatures dissociate on quenching into two immiscible Cu-rich and Cu-poor
metastable tetrahedrite phases that are structurally similar but with greatly differing unit
cell edges. Slowly cooled tetrahedrites in this Cui12+xSba+wSi3z solid solution field
decompose into famatinite (CusSbSa), digenite (CusSs) and antimony on annealing at
temperatures below 250 °C [41, 46]. However, substituted tetrahedrites for example
Cu1oFe2ShaS13, contrary to Cu12ShaSis persists stable until room temperature [46].

460

M. X M. . M. M.
135 145 185 13.5 14.5 155 135 14.5 155
% Sb——»

Figure 1.1. Phase diagram representing the compositional variations of tetrahedrite. The stoichiometric
composition of Cu1,Sb4S13 phase is presented as a solid circle; non-stoichiometric single phase area
of Cu15b4S13 (yellow); and B is CusSbSs [27].
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Table 1.1. Reactions in the Cu-Sb-S system at different temperatures, (L is liquid phase) [27].

Reaction Temperature (°C) No.
Cu3SbSs (low T (mon.)) = CusSbS; (high T(orth.)) 122 +3 (1)
CuShS; + Cu124xSbas,S13 + Sb = Cu3ShS; 359 +2 (2)
CU12+xsb4+y513 +Sb > CU3Sng + Cuy,S 436+ 2 (3)
CusShSs + SbyS3 + S, > L 472 +2 (4)
Cu3SbSs + Sb,S; - CuSbS; + L 476.5%2 (5)
CuSbS; +SbyS3 > Sb + L 476.5+2 (6)
CuS + CusSbS, = Cuz.S + liquid sulfur 507+ 3 (7)
CU12+x5b4+y513 + CUSsz -> CU3SbS4 + CU3Sb53 522+ 2 (8)
2CuSbS; + Sb = L + Cu3ShSs 531+2 (9)
CU124xSba+yS13 = CuyS + Cu3SbSa + Cu3SbSs 543+ 2 (10)
CuSbS; + Cu3SbS; = L + Cu3SbS, 543+ 2 (11)
CuSbS; + Cu3SbSs - L + liquid sulfur 546.6 + 2.5 (12)
CuSbS; > L 553 +2 (13)
Sb + Cu3SbS; - L + Cuy,S 588 + 2.5 (14)
Cu3SbSs + CusSbSs - L + Cuy,S 588 +2 (15)
CusShSs > L 607.5 + 3 (16)
CuzS + CusSbSs - L + liquid sulfur 627 +2 (17)
CusShSs > L 627 +2 (18)

1.2.2 Crystal structure of tetrahedrite

The crystal structure of tetrahedrite compounds was first confirmed by Machatschki (1928)
with a composition of CusSbSs [47]. Later in 1934, Pauling and Neuman determined the
chemical formula tetrahedrite as Cu12Sb4S13 [48]. The very first synthetic tetrahedrite was
(tennantite) Cus[Cua(Fe,Zn)2]AssS13 reported by the brothers W. Phillips and R. Phillips in
1819 from Cornwall, U.K. [49].

Figure 1.2. Tetrahedrite Cu1,Sb4S13 crystal structure [52].
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Natural or synthetic tetrahedrites possess a cubic crystal structure, with the space
group /43m, a cell parameter ranges from 10.32 A (Cu-poor) to 10.45 A (Cu-rich), and a
total of 58 atoms per unit cell [30, 43, 50, 51]. Cu12SbaS13 is the prototypical composition
of tetrahedrite [27, 50]. Cu atoms exist in a mixed oxidation state, which makes 10 of the
12 Cu atoms monovalent, and the remaining two Cu atoms divalent. According to charge
neutrality counting, the formula of Cu12SbsaSis prototype can be written as
Cuf,Cu3*Sb3*S?;. Tetrahedrites get their name from the tetrahedral coordination in
their structure. That is formed between the monovalent Cu atoms, three S and one
neighboring Sb atom. The divalent Cu atom is within a triangular shape of three S atoms
in a nearly coplanar coordination. Twelve S atoms show a tetrahedral environment and
the remaining S atom is surrounded by six Cu atoms forming an octahedron (see Figure
1.2) [52]. A more formal way of writing the chemical formula in terms of coordination
was proposed in [54] as follows: (Cu*)s"(Cu*)s(Cu?*)2t(Sb3*)a™[(S?%)121(S%):°], where
tr = triangular, t = tetrahedral, m = pyramidal, and o = octahedral coordination. The two
inequivalent Cu atoms (Cu(1) and Cu(2)) are coordinated tetrahedrally and trigonally
(planar) to S atoms and two inequivalent S atoms (S(1) and S(2)) are bonded tetrahedrally
and octahedrally with Cu atoms. Sb is trigonally (pyramidal) coordinated to S atoms.
The introduction of a divalent cation (d-block transition metals) on the tetrahedral Cu'*
site in substituted THs optimizes the number of charge carriers (holes in this case).

The elements distribution in the crystal structure of tetrahedrites is simpler compared
to their chemical composition. The nominal ionic formula of tetrahedrite compounds is
A},B2*C3*D2;: where A is a monovalent metal (Cu or Ag); B is a divalent metal such as
Ag, Zn, Fe, Ni, Co, Mn, and Hg; C can be Sb, As, Bi, or Te; and D stands for S or Se [31, 55,
56]. This nominal chemical composition is a multicomponent variant of the ternary
tetrahedrite Cu12Sb4S13, known as a prototype tetrahedrite. The nomenclature of these
materials depends on their composition and the location where they were found. For
example, Sb-containing compounds are called tetrahedrites while the As-based are
named tennantite. The chemical composition analyses of tetrahedrite compounds reveal
consistently a surplus of Cu together with a possible excess on the Sb sites, which is
related to the growth conditions. As a result, the increase in the Cu or Sb content leads
to the expansion of the lattice parameter [27, 57-61]. As regards the wide diversity of
elements that can substitute into tetrahedrite compounds, the crystal structure does not
change, apart from the unit cell edges of tetrahedrite compounds.

1.2.3 Electrical properties of tetrahedrites

The CAS compounds are known to behave as p-type materials [17, 52, 62-64]. Recently,
the thermal, optical, and electric properties of natural and synthetic tetrahedrites have
been extensively investigated, signifying the semiconducting electronic properties [56,
59, 65-68]. The electronic band structure of tetrahedrites was obtained from the density
functional theory (DFT) simulations. A mixture of formal oxidation states Cu?* (d°) and
Cu®* (d19) is required for charge neutrality, i.e., 10 of the 12 Cu atoms in the chemical
formula Cu12Sb4S13 are monovalent, while the remaining two Cu atoms are divalent. An
incompletely filled d-valence band is expected to give rise to the observed degenerate
(metallic) behaviour (the Fermi level is in the valence band, below the maximum of Va)
[10-13], consistent also with the computed band structure. The electronic band structure
of Cu12SbsS13 shows a metallic behavior due to an electron-deficient character of the
compound [52, 63, 65, 69]. Cu?* (d°) cations act as acceptors, for this reason Cu12SbaSi3
is strongly p** [15]. That means its carrier (hole) concentration is very high. This property
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disenables the usage of Cu12SbaS13 as an absorber in photovoltaic applications. Due to
the high carrier density, the electrical resistivity of Cu12SbsSi13z thin film is around
p =0.001 [Q cm] [15]. Several studies performed on the substitution of the divalent Cu
(d®) with some d'° elements such as: Zn, Cd, In etc., showed that the substitution resulted
in decreasing of the high carrier concentration [13, 15, 62]. Moreover, the authors in [34,
70, 71] claimed, that the substitution of the Cu?* cations had an important impact on the
semiconductor properties of tetrahedrite materials. Brillouin-zone model showed that
the substitution of the Cu*? by other metals as described above, increases the electrical
resistivity [53]. The experimental results confirmed that a tetrahedrite with the
composition of Cuf,B2*Sb3*S2; (where B is a divalent metal) has about 208 valence
electrons per unit cell, and its resistivity is 107 times higher than tetrahedrite with the
composition of Cuf,Cu3*Sb3*S%; which has 204 valence electrons [53].

In synthetic samples the number of valence electrons per unit cell varies depending
on the rate of substitution on the divalent Cu?* sites and the electrical properties of the
substituted THs are adjustable by different substitutions [11, 15, 33, 52, 69, 72, 73]. For
example in [52], the electrical resistivity of Cu12-xZnxSbaS13 (x = 0-1.5) materials in the
temperature range 373-673 K were presented. For the pure and lightly Zn-substituted
samples (x = 0, 0.5, and 1), the measured resistivities were about 1073 [Q cml].
The resistivity increased by one order for x = 1.5 compared to the pure sample. However,
for x = 2.0 the sample was electrically insulating [52].

Contrary to the photovoltaic absorbers, the tetrahedrites used for thermoelectric
applications have a metallic behavior with a very high hole concentration. To improve
the thermoelectric performances, different studies have been conducted on substituting
Cuf,Cu3*Sb3*S?; in a wide compositional range. The main effect of introducing
substituting elements is to change (increase or decrease) the carrier concentration that
influences both, the electrical resistivity and the Seebeck coefficient. The complex crystal
structure of tetrahedrites makes the thermal conductivity low. Thus, the thermal
conductivity could be affected by structural variations in addition to the change of carrier
concentration by substitution [33, 40, 72, 74]. The maximum value of the thermoelectric
figure of merit (zT) of tetrahedrite materials with different substitutions is presented in
Figure 1.3 [74].
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Figure 1.3. Maximum zT values of the doped tetrahedrite materials [74].

18



Chetty et al. studied the substitution effect of Mn on tetrahedrites [73]. Both,
the electrical resistivity and Seebeck coefficient increased by increasing the Mn content.
In [61], the electronic structure of Cu1:TM1SbaS13 (TM = Mn, Fe, Co, and Ni) was found to
be different and dependent on the element used for substitution. The studies suggest
that the substituting element can be in divalent or trivalent oxidation state. In Cr
substituted tetrahedrites Cu12xCrxSbaS13, the electrical resistivity decreased up to x=0.35
and then increased with increasing x value [33]. Nickel in Cu11xNi1ZnxSb4S13 with x > 0.5
reduced the lattice thermal conductivity and increased both, the Seebeck coefficient and
electrical resistivity [70].

The electrical resistivity of Cd- and Mg-substituted tetrahedrites (Cu12-xCdxSb4S13 and
Cu12-xMg,ShaS13) was reported in Ref. [34] and [59], respectively and is presented in
Figure 1.4. As it can be seen, the electrical resistivity is influenced by the decreasing
copper content. Electrical resistivity increases almost three orders of magnitude if the
mole fraction of x increases from zero to 1.5. However, up to now the electrical resistivity
of Cd-substituted tetrahedrite is studied only up to the mole fraction x = 1.5 in
Cu12-xCdxSbaS13. Therefore, it remains unclear how the electrical resistivity changesin the
range of x = 1.5-2. Thus, in this thesis, the Cd-substituted tetrahedrite is chosen to extend
the research of the CAS ternary system.
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Figure 1.4. Electrical resistivity vs. the mole fraction x in Cuz,-xMxSbaS13 (x =0, 0.25, 0.5, 0.75, 1,
1.25 and 1.5) for Cd- and Mn- substituted tetrahedrites at 300 K. The graph is constructed on the
base of measurements data published in [34] and [59].

1.2.4 Synthesis of tetrahedrites

Achieving single phase tetrahedrite without secondary phases is challenging in the CAS
system. The reported XRD patterns of different substituted tetrahedrites such as
Cu11ln1SbaS1z [15], Cu12-xCrxSbaSiz [33], Cu10.4Ni1eSbaS13 [70], Cu12-xZnxShaSiz [72],
Cu12xMnySbaS13 [73], CuiisFeosSbaSis, Cui15C005SbaS13 and Cu1iNiiSbsSiz [54]; and
Cu10Mn2SbaS13, CuioFe2SbaSi3, Cu10C02SbaSi13, Cu1oNi2SbaS13, Cui10CuzSbsSiz  and
Cu10Zn2SbaS13 in [51] (see Figure 1.5), showed the formation of tetrahedrite as main
phase. In addition to the main tetrahedrite phase, there were found secondary phases
like CusSbS4 [14, 33, 51, 73, 75], CuSbS: [33, 54], CusSbSs [33, 70], and CuxS [14, 54].
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Generally, the output chemical compositions of tetrahedrite compounds are in a good
correlation with the nominal (stoichiometrical) compositions, whereas in some reports
Cu-rich [27, 66, 76] or S-poor [34] compositions are reported. Moreover, the chemical
formation of tetrahedrite is influenced by different technological factors like synthesis
temperature and atmosphere. For example, the phase diagram studies presented in [27]
show that a very small change in the synthesis temperature can result in the formation
of a new CAS phase (see Table 1.1). In another work [74], it was found that annealing in
sulfur atmosphere converted a tetrahedrite sample completely into famatinite (CuzSbSa)
phase, which was confirmed by X-ray diffractogram.
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Figure 1.5. XRD patters of CuioM;SbsS13 (M= Tr, Fe, Co, Ni, Cu, Zn). The vertical bars indicate
calculated Bragg peak positions of the cubic structure of tetrahedrite. The CusSbS, phase is marked
by circles [51].

The promising thermoelectric properties of tetrahedrites have encouraged scientists
for more intensive investigations, and various methods have been reported for the
synthesis of tetrahedrite compounds for different applications. TH bulk powders for
thermoelectric applications were synthesized through the solid-state melting process
[34, 43, 52, 73]. Some authors have used ball milling to obtain the desired stoichiometry
of the TH materials and in different investigations the synthesis of substituted
tetrahedrites was shown [11, 33, 55, 68, 70, 75]. The mechanical alloying process starting
from pure elements was used for synthesis of TH in [62, 67, 77]. Moreover,
polycrystalline tetrahedrites with chemical compositions Cu12SbaxTexS13 (x = [0.5:2.0])
were synthesized for thermoelectric use by two different synthesis methods: by
solid-state reactions between precursors and by direct melting method [10]. Song and
Tang in their work [15] used the hydrazine solution deposition process to prepare the
Cu12Sb4Si3 thin films for solar devices [17]. Solvothermal synthesis is known as a quick,
simultaneous, and low-cost process for producing high-quality materials. Cu12SbsS13
nano-flakes were synthesized by this method in [37] to develop the thermoelectric
performance of tetrahedrites. Synthesis methods based on solid-state reactions are slow
processes that need annealing at high temperatures for at least 2 weeks. Contrary to
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solid-state synthesis, the solvothermal method used in the work [78] allowed the
production of 0.25 g of tetrahedrite material per vessel in a single day. Another fast
method (shorter than one day) to grow TH materials for thermoelectric via melt
spinning and crystallization by heat treatment was performed by Gongalves et al. [79].
A solution-phase technique, called modified polyol process was performed in [72] to
produce a phase-pure Zn substituted (doped) nanostructured tetrahedrites. This wet
chemistry method requires 1 h at a temperature of 220 °C to synthesize pure crystalline
product. Ramasamy et al. have developed a facile hot-injection method for the synthesis
of nanocrystals in the all four phases of CAS system [36]. In this work the optical and
electrical properties of Cu12Sb4S13 were presented, confirming their potential suitability
for solar energy conversion applications. The synthesis and characterization of
photoelectrochemical properties of Cu12Sb4S13 nanocrystals were investigated in [80].
Single-phase TH nanocrystals (6 to 18 nm size) were achieved via optimizing the ligand
chemistry and maximizing the reactivity of the antimony precursor.

1.2.5 Tetrahedrite based photovoltaic absorbers

TH compounds are receiving attention as solar absorber materials due to their high
absorption coefficient and p-type electrical conductivity [14, 15]. Over the last years, in
various experimental and theoretical studies, the semiconductor properties of THs have
been investigated [14, 35, 36]. Theoretical calculations in the work of Heo et al. [15]
showed that Cu12SbaS13 is @ much stronger light absorber material than the existing
conventional solar absorbers CdTe and Cu(Ga,In)Se2. Moreover, Cu12SbhaS13s nanocrystals
exhibited a high absorption coefficient reaching 10° cm™ in the visible and in the
near-infrared regions [15]. The optical band gap value and the carrier concentration are
important parameters of absorber material in a PV device. The theoretically calculated
and experimentally recorded band gap values of synthesized Cu12SbS13 materials are
different. Prem et al. obtained Cu12Sb4S13 materials with a band gap of ~1.8 eV using the
ball milling method [5]. Thin films of Cu12SbaS13 processed by the hydrazine solution
method had a bandgap of 1.47 eV [3]. Using the nanocrystals’ growth method, Embden
et al. obtained Cu12SbsS13 material with the band gap value of 1.7 eV [8]. A theoretical
study suggests that the band gap value of stoichiometric Cu12SbaSi13 is 1.35 eV [12].
The reason for this variety of band gap values could be that different copper antimony
sulfide compounds Cu12SbaS13, CuSbhSz, CusSbSs, and CusSbSs (having different E4 values)
could form simultaneously in the syntheses.

Despite all promising data about tetrahedrite properties of being a potential absorber
material for solar cells, the parameters of the experimental solar cell structures are still
limited. In Ref. [81], nanocrystalline Cu12SbaSi13 film was implemented in a solar cell
structure consisting of glass/ITO/Zn0O/CdS/TH/Au, resulting in no photovoltaic response.
To the best of our knowledge, the highest conversion efficiency of 0.04% was obtained
from Cu12Sh4S13 thin film solar cell in a superstrate structure of FTO/ZnMgO/Cu12Sb4S13/Au
[17]. The low conversion efficiency of this Cu12SbaS13 thin film solar cell could be related to
the unmatched buffer layer in this structure and the high carrier density. The tetrahedrite
prototype Cu1:SbaSiz displayed a carrier concentration of about 102* cm™3, which is
relatively high and favors charge carrier recombination with subsequent losses in SC
performance [15]. For this reason, several studies are focused on the substitution of
two-valent copper in Cu12SbaSi13 by other elements to reduce the high carrier concentration
(4.9 x 102! cm™ [15]) to the optimal values (10Y cm™3). In addition to the carrier
concentration, the band positions of absorber material are essential parameters for an
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efficient PV device performance. The conduction band minimum (CBM) and the valence
band maximum (VBM) of thin-film Cu12SbaS13 determined by the ultraviolet photoelectron
spectroscopy (UPS) were at -3.52 eV and -4.99 eV relative to the vacuum level,
respectively [17]. Similarly, in [13] the CBM of Cu12Sb4S13 was found to locate at -3.07 eV
and the VBM at -4.90 eV from the vacuum level (UPS analysis). While the substituted
tetrahedrite nanocrystals Cu12-xMxSb4S13 (M = Zn, Cd, Mn and Cu) [82] had CBMs located
at -3.20, -3.19, -2.90, -2.89 eV and the VBMs at -5.19, -5.25, -5.59, -5.45 eV from the
vacuum level (obtained from the cyclic voltammetry), respectively to the element M
substitution. Hence, the above presented parameters show that substituted tetrahedrite
compounds are good candidates for PV and photoelectrochemical (PEC) cell applications.

This thesis gives a comprehensive study on Cd-substituted tetrahedrite absorber
materials using the monograin powder technology for PV applications.

1.3 Monograin Powder Technology

The monograin powder technology is one of the simplest and low-cost technologies that
produce homogenous materials starting from elemental or/and binary metal powders
using the isothermal recrystallization of initial powders in suitable solvent material (flux)
[83]. This technology dates from 1965 when at first Philips company started working on
the monograin powder technology used for light-emitting diodes [84].

Research and development of monograin powder growth in molten fluxes for
monograin layer solar cells has begun at Tallinn University of Technology in 1996. During
the last decade several compounds, including CulnSez, Cu(In,Ga)Sez, Cu2ZnSnSea,
Cu2ZnSnSs, Cu2ZnGeSes, Cu2CdSnSs, CuCdGeSes, CuCdGeSs, Cu2GeSes, CuGeSs and
their solid solutions have been produced by using monograin powder technology.
Moreover, Cu(ln,Ga)Sez and Cu2ZnSnSs were successfully incorporated to the MGL SC
device structure giving the reliable and promising conversion efficiencies of 12.8% for
Cu(In,Ga)Se2 [85] and 11.7% for Cu2ZnSnSs4 [86].

1.3.1 Monograin Powder Growth

Monograin, as its name indicates, is a single-crystalline particle or a particle recrystallized
from several single-crystalline blocks firmly sintered together [87]. The formation and
growth of monograins is controlled by the process temperature, nature, and amount of
the used molten salt. To prepare homogeneous single-crystalline powders, the growth
temperature has to be above the melting point of the used salt and lower than the
melting/decomposition temperature of the synthesized compound. The chemical nature
of the liquid phase, formed after melting of the used flux material, has an impact on the
composition, shape, size, and also on the agglomeration state of the obtained crystals.
Moreover, the selected flux salt should be readily available, inexpensive, easily removable
(high solubility in water or another solvent), and with low chemical activity [85].

The MGP growth process depends on the arising capillary forces between the solid
precursor particles and the formed liquid phase. Capillary forces could be contracting or
repelling depending on the volume ratio of the solid and liquid phases. The contracting
capillary forces, originating from a little amount of formed liquid phase between solid
particles are the main reason for a sintering [88]. When the amount of liquid phase
increases, the contracting forces turn into the repulsing forces, which lead to the
dispersion of particles [87]. To provide the condition to arise repulsing forces in practice,
the forming liquid medium should fill all the surrounding empty space between solid
particles. Therefore the volume ratio of liquid phase (V.) and solid phase (Vs) should be
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(Vi/Vs) = 0.6 [89]. In this case, the liquid phase is sufficient to repel both, the solid
precursor particles and the formed product powder particles, from sintering. In the
molten salt synthesis process, the particles of initial solid precursors and also the formed
product dissolve in some quantity (depending on solubility) in the used molten salt media
leading to the faster formation of the product compound particles and to the
recrystallization and growth. Dissolution is enhanced in places where the surface energy
is higher — at sharp tips and borders of particles, also at the surfaces of smaller crystals.
The dissolved material diffuses through liquid media and deposits in places where the
crystal surface energy is lower — onto the plain surfaces of crystals and onto bigger
crystals. It is the process that is called the mechanism of Ostwald ripening where the
driving force is the difference in surface energies [90]. The main role of the molten salt
during the synthesis-growth process is to enhance the rate of solid-state reactions
through the diffusion of material between the initial precursors’ particles in the liquid
media and to form homogeneous single-crystalline product materials with a uniform
composition.

The advantages of the developed powder materials are: single-crystalline structure of
every grain; uniform distribution of doping impurities; minimum waste of material;
the possibility of making flexible devices, variability in size and form [83, 89].

1.3.2 Flux materials

Several flux materials such as Cdl» [91], KI [92-94], Nal [95-97], CdCl> [98], SnCl> [93], have
been used successfully for monograin powder growth of different absorber materials for
photovoltaic application. The current study focuses only on two flux salts, cadmium
iodide and lithium iodide.

Cadmium lodide (Cdl2) has been used as a molten media in the monograin synthesis
growth in several studies [91, 93, 99, 100]. Cdl2 melts at 387 °C and boils at 742 °C [101].
Moreover, Cdlz is not hygroscopic and it was chosen as a flux media due to its property
of not forming crystal hydrates. Cdl2 has a high solubility in water of 847 g/L at RT [101],
allowing ease and fast removal of flux at the end of the process by simple dissolution
it in water. However, this molten salt is known to be chemically active in the
synthesis-growth of MGPs. As described by the authorsin [91, 97, 100], some precursors
(ZnS, ZnSe, SnS) dissolve in liquid Cdl2 to some extent (depending on the temperature)
forming mixed cadmium-other metal- iodine complex ions with its subsequent
incorporation into the lattice of solid product compounds forming Cd-containing solid
solutions.

Lithium lodide (Lil) is known for its hygroscopic nature. It has a higher melting
(Tm =469 °C) and boiling (To = 1171 °C) temperatures [101]. The hygroscopic nature of Lil
requires the preparation of synthesis samples only in a dry environment (e.g. glove box).
The solubility of Lil in water is 1670 g/L at RT [101], which makes it very easy to separate
the TH-Cd crystal powders from the flux material after the synthesis-growth process.

Therefore, both Cdlzand Lil have been chosen as main fluxes for this study due to their
beneficial properties (lower melting temperature than the decomposition temperature
of tetrahedrite compounds and their high solubility in water), that allow the growth of
the tetrahedrite monograin powder crystals.
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1.3.3 Surface modification by chemical etchings

In the monograin powder synthesis-growth process, the precursors and the formed
compound crystals dissolve in the liquid phase of the molten salt by the rate of solubility
at the selected synthesis temperature. The advantages of the MGP growth are:
the produced powder batch has a homogeneous composition of grains with a
single-crystalline structure (or blocks), and it is simple and cost-efficient compared with
high vacuum-based methods [83, 87, 93]. However, during the cooling down process
after the MGP growth, some components of the dissolved material deposit onto the
formed crystal’s surfaces, resulting in an undesired surface layer (crust). The produced
powders are used generally as p-type absorbers in MGL membranes and their active
interface has a key role in the solar cell performance. Therefore, a chemical treatment or
surface cleaning of the synthesized powders before being used as absorbers in a solar
cell is crucial. Different studies have shown the influence of different chemical
treatments of the absorber materials on the performance of solar cells [102-105]. One
of the widely used procedures to etch selectively the secondary phases from the absorber
material’s surfaces is wet chemical etching [104, 106, 107]. For example, in order to
dissolve and remove undesired Cd(S,Se) phase from crystals surfaces, HNOs + HCI [108],
concentrated HCI, or Br-MeOH [109] solutions can be used. For the CdS layers deposited
by chemical bath deposition, the highly diluted HCl is frequently used as a fast etchant
[110]. Moreover, Br-MeOH etchant is well known to remove Cu and Sn-based secondary
phases as reported in [106, 107]. Potassium cyanide (KCN) and/or sodium cyanide (NaCN)
aqueous solutions are widely used to remove the copper binary compounds, Sn-S,
GasSey, InSe, elemental sulfur, and/or selenium from the surface of absorber materials
[111, 112).

As the synthesis-growth of tetrahedrite monograin powders is performed for the first
time, the distribution of the elements between liquid and solid phases is unknown.
Therefore, the selective surface cleaning to remove unwanted formed precipitations has
not studied yet. Selective etching process depends not only on the applied chemical
solution but also on the experimental parameters like solution concentration, temperature
and processing time. Finding an appropriate chemical etchant and etching procedure must
be determined experimentally and usually differs from one material to another.

Thus, the etching and proper etchant is an essential step in the cleaning of the surfaces
from unwanted phases formed on as-grown monograin powder crystals and an overall
an effective way to increase the performance of SC device.

1.3.4 Monograin layer solar cells

Monograin layer (MGL) technology is a simple and low-cost method to produce flexible
devices. It combines the high photoelectrical parameters of single crystals and the
advantages of polycrystalline absorber materials and technologies. Furthermore, it allows
to separate the absorber material production from module fabrication, thus enabling to
use high temperatures in absorber material production while the formation of cell/module
can be done at room temperature. This leads to the possibility of using cheap, low
temperature substrates for production of low cost flexible devices [85]. A solar cell
absorber layer in monograin layer design consists of the pre-treated MGP crystals
(a p-type material) topped with a thin layer of a n-type buffer material to form the p-n
junction [83]. For the preparation of absorber membrane, a single layer of nearly uniform
size powder grains (for example 45-56 um) covered with CdS (applied by a chemical
solution deposition method) are embedded halfway into a thin layer of epoxy resin.
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Figure 1.7 a) Scheme of the MGL for solar cell application, b) photo of complete MGP SC device
[113].

The thickness of polymer film is about 30% of the grain volume, thus after settling the
crystals into liquid epoxy layer about half of a grain remains uncovered. Subsequently,
the transparent conductive i-ZnO and ZnO:Al layers are deposited on membranes by
RF-sputtering. The whole structure is then glued onto a glass or some flexible substrate
[83]. The other side of MGP crystals (bottom side) being so far in the epoxy layer,
is opened by etching a little bit of epoxy with concentrated H2SO4 solution for few
seconds. After etching the opened tips of crystals are mechanically polished by sand
paper. The graphite paste or gold is applied to form the back contacts. The scheme of the
MGL solar cell structure and photo of the final membrane are presented in Figure 1.7:
graphite/p-type absorber crystal/bufferlayer/i-ZnO/Zn0:Al/glass [113].

To sum up, the monograin powder technology is a very promising method to be
implemented in the industrial process of photoelectronic devices. However, it is still
facing several technical and scientific challenges, such as: the selecting of growth
conditions for single-phase materials and the desired size distribution of crystals, and the
development of a suitable post-treatment regime for MGPs to obtain a uniform active
interface in solar cells.

1.4 Summary of the literature review and the aim of the study

To meet the net-zero horizon by 2050, one of the prominent energy harvesting methods
is PVs. The current PV technologies have challenges in the availability, expenses,
technical status, production bases, and in their influence on greenhouse gas emissions.
Due to these challenges, PV research is focusing on new earth-abundant, low-cost,
eco-friendly, and efficient absorber materials including substituted tetrahedrites.
The experimental and theoretical studies have shown that tetrahedrite compounds with
theoretically predicted solar cell efficiency values of >20% could be much stronger
absorber materials (~10° cm™ [15]) than conventional solar absorbers like kesterites,
CdTe and Cu(In,Ga)Sez [15, 35]. The semiconducting properties of prototype tetrahedrite
compound Cu125Sh4S13 with a bandgap energy 1.35-1.8 eV [35, 80] can be tuned by cation
substitution [59, 70, 73, 114]. That makes tetrahedrites attractive for photovoltaics and
other applications such as thermoelectric [1], photoelectrochemical hydrogen production,
in perovskite solar cells as p++ contact layer [2], thin-film and tandem solar cells [13, 15,
115, 116]. However, the highest experimental solar cell conversion efficiency based on
Cu12SbaS13 has reached 0.04% [17], having a great R&D potential ahead.
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Monograin powder technology is a simple and cost-efficient method to grow
monograin powders with a uniform composition and a single-crystalline structure in the
presence of a solvent flux. The synthesis-growth of tetrahedrite monograin powder
materials has not been studied yet. The earth-abundance of tetrahedrites and their
promising PV properties motivate the idea of exploring them as a new absorber material
for MGL solar cells that have been developed over the decades in the Laboratory of
Photovoltaic Materials at Tallinn University of Technology [13-15, 35].

The novelty of this study is the synthesis of Cd-substituted tetrahedrite in different
flux salts (Cdl2 and Lil) in form of monograin powders, the study of the relationship
between technological parameters and physico-chemical properties of grown powders
as well as incorporation of the powders into the MGL SC structure. Similar work has not
been ever done before, there are no data about the influence of synthesis-growth
conditions on the electrical and optical properties of Cu10Cd2SbsS13 monograin powders.

Thus, in this thesis a comprehensive study on the tailoring of crystals’ compositions
and structures, and photovoltaic properties of tetrahedrite controlling the synthesis
conditions was performed.

The objectives of the present doctoral thesis were:

U To find out the conditions for synthesis-growth of single phase Cu10Cd2SbsS13
monograin powders in cadmium iodide and lithium iodide flux salts by variation
of synthesis temperature, initial composition and amount of added flux salt.

U To study the influence of nature of the used flux salts to the growth process of
Cu10Cd2SbsS13 powder crystals — size distribution of grown crystals, morphology
and incorporation of impurities (constituent elements of salts) into grown
crystals.

U To study the influence of different chemical etchants to the surface properties of
grown crystals (composition and morphology) with the aim to remove the
precipitations from molten flux onto Cu10Cd2Sb4S1s monograin powder crystals’
surfaces.

U To study the structural and compositional, as well as optical and electrical
properties of Cu10Cd2SbhsS13 monograin powder crystals grown in cadmium iodide
and lithium iodide fluxes with the aim to assess their working ability in photovoltaic
devices.
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2 Experimental

In this chapter, the synthesis and characterization methods are summarized. For more
details of the experiments and analysis methods, see papers I-V.
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Figure 2.1. Scheme of the experimental steps.

2.1 Preparation of Cu10Cd2SbhsS13 monograin powders

The Cu12SbaS13 (paper 1) and Cu10Cd2SbaS13 (paper I-V) powder materials were synthesized
from self-synthesized Cu.S, Sb2Ss and commercially available CdS, in the liquid phase of
cadmium iodide (published in papers I-V) and lithium iodide (published in papers IV
and V) by the molten salt synthesis-growth method. The precursor compounds and flux
salt were weighed in required amounts, mixed by grinding in an agate mortar, loaded
into quartz ampoules, degassed under dynamic vacuum at 100 °C, sealed and annealed
isothermally at 400-550 °C (paper 1) and at 480 °C (papers 1I-V) for 336 h. The crystal’s
growth process was stopped by taking the ampoules out of the hot furnace and cooling
to room temperature (RT) in air. After opening the ampoules flux material was removed
from batches by leaching and rinsing with distilled water using an ultrasonic bath for
agitation. The procedure was repeated several times (10—-15) until the washing water
became clear. The released monograin powders were dried in a hot-air oven (thermostat)
at 50 °C and sieved into narrow size fractions between 25 and 160 um by the sieving
system Retsch AS 200.

In the paper |, at first the precursors CusS, Sb2S3 and S with the initial composition
relevant to the stoichiometry of Cu12SbaS13 were mixed with different amounts of Cdlz to
find out the rate of the Cd incorporation from Cdlz into TH crystals. The volume ratios of
liquid Cdl2 to solid Cu12Sb4S13 at the synthesis temperature of 480 °C were as follows:
Veaiz/Vn (cm3/em3) = 0.6, 0.8, 1.0, 1.2, 1.4, 2. Afterwards, the Cu10Cd2SbsS13 were
synthesized in the liquid phase of Cdl; at different temperatures — 400, 440, 480, 495,
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510 and 550 °C. The volume ratio of liquid Cdl2 to solid Cu10Cd2Sb4S13 was kept constant
(Veaiz/Vrn (em3/em3) = 1.0). Additionally, to exclude the signals of Cdl; in Raman
spectra (possible if Cdl> salt traces are remained in the TH-Cd monograin powders),
a polycrystalline Cd-substituted TH powder (Cu10Cd2SbaS13) was synthesized without
adding Cdl2) and a polycrystalline TH powder without Cd (Cu12SbaS13) was synthesized by
the solid-state reaction method at 480 °C.

More detailed description of the tetrahedrite materials preparation and synthesis is
presented in the experimental section in papers I-IV.

2.2 Chemical etching of Cu10Cd2Sb4S13 monograin powders

In the paper lll, the results of the influence of different chemical etchings on the
Cu10Cd2ShaS13 crystals surface properties were investigated. In order to keep the surface
area similar during various etchings, nearly uniform in size crystals were used. Therefore,
the as-grown monograin powder was sieved through the sieve with the size fraction of
45-56 um. Obtained powders then were divided into several portions, 0.4 g of each.
These powder portions were subjected individually to different chemical etchants such
as Br in methanol (Br.-MeOH), aqueous solution of KCN and HCI (concentrated and
diluted). All the chemical etching processes were performed at RT. The chemical etching
conditions are summarized in Table 2.1.

’

Table 2.1. The chemical etchants and concentrations used for the etching of Cu10Cd2Sb4S13 crystals
surfaces for 10 min at RT.

Chemical etchant Concentrations in solution
Bro—MeOH 1% Br + 99% CHsOH
KCN 10% KCN + 1% KOH + 89% H>0
HCI c. HCl, 35-38%
diluted HCI c.HCI:H0=1:1

Based on the results of chemical etching studies, the monograin powders used for the
preparation of monograin layer membranes for solar cells and for electrochemical
measurements were etched with 10% KCN solution for 10 min at RT.

2.3 Preparation of monograin layer for photoelectrochemical and solar
cell measurements

KCN-etched Cu10Cd2SbaS13 MGP crystals (synthesized in Cdlz and Lil flux) with the size of
56—63 um were used as the absorber layers in monograin layer solar cells. The MGL solar
cells had the following structure: graphite/Cu10Cd2SbaS13/CdS/i-ZnO/Zn0:Al/Ag/glass
(paper I and IV). To form a MGL membrane, the TH-Cd powder crystals were embedded
halfway into a thin liquid epoxy layer that was applied onto a supporting film (plastic foil).
After polymerization of epoxy, CdS buffer layer was deposited onto TH-Cd powder
crystals by the chemical bath deposition method. Subsequently, the membranes were
covered with i-ZnO and conductive ZnO:Al layers by using the RF sputtering system.
The silver paste was used to make the front contact onto the ZnO window layer. Then,
the front contact side of structure was glued onto a glass plate and the supporting film
was removed from the back side of structure. The lower parts of powder crystals being
so far fixed into epoxy were released partly from epoxy by etching with concentrated
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H2SO4. After etching, the crystals’ surfaces were activated by a mechanical abrasive
treatment. Dots with an area of 0.052 cm? were made with a conductive graphite paste
and used as the back contacts. SEM cross-sectional image and a top views of a TH-Cd
monograin membrane are presented in Figure 2.2b and c, respectively.

(a) (b)

i-ZnO/ZnOA P Cuy s‘ .

Epoxy layer
WQP y lay

Plastic foil

Sgwazse2 10 pm
er=2000w —

Figure 2.2. a) synthesis ampoule filled with Cu10Cd>Sb4S13 powder grown in Cdl,, b) SEM cross-sectional
view of Cui10Cd;SbsS13 monograin membrane, c) Top view of a membrane on front contact side
before gluing on glass, photo is taken by using an optical microscope.

For the investigations of photoelectrochemical properties of Cu10Cd2SbsS13 MGP
crystals (synthesized in both, Cdlz and Lil fluxes) the KCN-etched powders were used
as photoactive MGL membranes, designed especially for the photocathode in
photoelectrochemical devices (paper V). The MGL photoelectrochemical cell had the
following structure: electrolyte/TH-Cd/graphite/Ag-contact. The working electrode
structure is illustrated in the scheme presented in Figure 2.3a. For the MGL membrane
preparation a supportive plastic foil was covered with a thin epoxy layer of a controlled
thickness by the doctor blade method. The treated powder grains of similar size were
embedded halfway into this thin epoxy layer so that another half of crystals extended
over the epoxy layer. After polymerization of epoxy, the supportive foil was removed and
the opened (from the supportive film) side of crystals were cleaned by gentle polishing
before making the back contact of 1 cm? area with a conductive graphite paste.
Subsequently, a contact wire was fixed with a silver paste onto the graphite back contact
to connect the membrane to the PEC cell (see Figure 2.3b). Finally, a layer of epoxy was
applied onto the graphite contact side of the membrane in order to separate the back
side of the structure from contact with electrolyte. In this performance, the only contact
in the solution is the semiconductor/electrolyte interface opened to illumination (see
Figure 2.3c).

(a)

Electrical wire
(contact of
the working
electrode)

(b)

Polymer——s ( H,

(covering the 7 H,0

graphite/silver = Monograin

area) \ (Active
surface)

Silver Graphite Polymer
—_

The working Electrode structure

Figure 2.3. (a) Scheme of a MGL photocathode for PEC measurements, also for water splitting
application. Real picture of the working electrode (b) back-side (c) front-side [117].
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2.4 Characterization methods

The characterization techniques used for the investigation of tetrahedrite powder
materials (polycrystalline and monograin powders) and monograin layer solar cells are
summarized in Table 2.2. More detailed information about the characterization equipment
and measurement conditions can be found in the experimental section in papers I-V.

Table 2.2. The characterization methods used in the current project.

Properties Characterization tool Apparatus Paper
Rigaku Ultima
Crystalline structure X-ray Diffraction (XRD) | diffractometer (Cu [1-n]0v]
Phase composition Ka radiation)
Raman Spectroscopy LabRam HR800 [1-1V]
Morphology Scanning Electron
. . ) ZEISS ULTRA 55 n-v
Dimensions Microscopy (SEM) Ul ]
Energy Dispersive X- ZEISS ULTRA 55 [-IV]
ray Spectroscopy (EDX) Bruker Esprit 1.82
X-ray Photoelectron Kratos Axis Ultra m
Spectroscopy (XPS) DLD spectrometer
Elemental composition Spectra AA 220F
Atomic absorption flame atc?mlc
spectroscopy (AAS) absorption V]
P Ry spectrometer
(Australia)
. Photoluminescence
. . Photoluminescence
Optical properties measurement [minv]
Spectroscopy (PL)
system
Photo-current Photoelectrochemical Voltalab PGZ100 V]
Conductivity type measurements (PEC)
Electrochemical
Carrier’s conc'e'ntratlon impedance Autolab PGSTAT 30 V]
Band positions spectroscopy (EIS)
Mott-Schottky analysis
Solar cell optoelectronic Current-.Vc.)Itage Keithley 2400 (v
parameters characteristics (I-V)
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3 Results and Discussion

3.1 Cu10Cd2Sbh4S13 monograin powder synthesis-growth in the liquid
phase of flux material

Herein are presented the results of the studies that were mainly focused on the influence
of certain technological parameters on final physico-chemical properties of tetrahedride
powders with the aim to find out the optimal conditions for growth of single phase
tetrahedrite material. The main technological parameters studied here were the initial
composition of precursors, flux material type and concentration (ratio of Vsu/VrH), and
the synthesis-growth temperature. Study comprises the impact of the different flux
materials (Cdl2 and Lil) to the properties of TH-Cd (papers | and IV).

3.1.1 Study of CdI; flux concentration influence on element bulk composition
of tetrahedrite powder crystals

In accordance with one of the main aims of the thesis, a single-phase Cd-substituted
tetrahedrite material synthesis, the knowledge of Cd incorporation level from Cdl2 flux
into Cu12Sba4Si13 crystal system is essential. Therefore, we have performed a systematic
study controlling the relationship between the various concentrations of Cdl; flux in the
system and final composition of the Cd-TH powder (paper I).

EDX analysis data confirmed the incorporation of the Cd from Cdl. into the crystals of
synthesized materials. The chemical formulas of TH MGPs synthesized at 480 °C with
different ratios of Vcaiz/Vrn (Veaiz/Vr = 0.6, 0.8, 1.0, 1.2, 1.4, 2) were calculated from the
EDX analyses data. The results together with the recognized secondary phases are
presented in the Table 3.1 (paper I). The indexes in chemical formula of TH-Cd crystals
were calculated on the basis of crystals charge neutrality condition considering that 26
negative charges of 13 sulfur anions are compensated by one valent copper, two valent
cadmium and three valent antimony (CuitCd3*Sb3*S%3). It can be seen that the Cd
index in the chemical formulas (related to the Cd content in TH-Cd crystals) increases
with the increasing the ratio of Vcaiz/Vrn from 0.6 to 1.4. At the same time, the Cu content
(copper index) in the crystals decreases with increasing the Vcai2/Vry ratio from 0.6 to 2.0.
At the ratio of Vceaiz/Vrm = 2, the Cd index is remained constant at a value of 1.87. At the
same time, with increasing the Cd and decreasing the Cu content in TH crystals, the
content of Sb decreases slightly. Thus, the Cd content in the obtained TH crystals is
directly influenced by the ratio of Vcaiz/Vr1 and the incorporation of the Cd into Cu12SbaS13
most probably took place by the replacement of Cu?* by Cd?*.

Table 3.1. Chemical compositions of TH powders synthesized with different ratios of Vcai2/V at
T =480 °C. Indexes of the elements were calculated from the data of EDX analysis recorded from
polished powder crystals.

Vedio/ VT Chemical formula of TH-Cd Second:;)\;(pah:::sa:\al:aled by
0.6 Cu10.2Cd1.635b4.11513 Cu3SbSs + Cu,S
0.8 Cug.7Cd1.705b4.06513 CuzShSs + CuyS
1.0 CuUg.95Cd1.815b4.06513 Cu3ShSs + CuyS
1.2 CuUg.g5Cd1.815b4.04513 CusShS,
14 Cug.73Cd1.865b4.06513 CusShS,
2 CuUg 55Cd1.875b3.97513 CusShS,
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Figure 3.1. EDX element mapping of Cu, Cd, Sb, S and Cu-Cd (in the middle) of as-grown Cu1,5b4S13
crystals synthesized at 480 °C; Vcgiz/Viry = 2.

However, the Cu?* replacement by Cd?* was not complete via the increasing amount
of Cdl2 flux as the Cd index remained less than 2. In the further experiments the
composition of Cu10Cd2SbaS13 was obtained if CdS was added intentionally as the source
of Cd sufficient for the formation of TH-Cd crystals with Cd index ~2.0 (see Table 3.2).

Elemental bulk composition of synthesized powder crystals calculated from EDX
data indicated the formation of TH-Cd crystals as the main phase, also revealed the
co-existence of secondary phases with compositions consistent to CusSbSs and CusS.
Further, element mapping showed the segregation of two different type of crystals,
CusSbSs (famatenite) and Cu10Cd2SbaS13 (tetrahedrite) (Figure 3.1). It was determined that
Cd was homogeneously distributed inside the crystals with the composition of TH-Cd
regardless of the Cd content coming from the Cdl: flux. In previous research works on
kesterite materials [91, 93, 100], the incorporation of Cd from molten Cdl: into the
formed crystals of the target compound have been reported and is in a good agreement
with our results. Leinemann et al. described the limitation of Cd incorporation from Cdl>
and accounted it for the limited chemical dissolution of precursor compounds in the
molten Cdlz, but giving opportunities for the reactions that are not thermodynamically
possible in normal conditions [100]. The results presented in Table 3.1 and Figure 3.1
proved that: 1) the composition of synthesized THs can be controlled and adjusted by the
ratio of Vcai2/VrH; 2) Cd incorporation to the THs crystal system is limited and 3) under the
used conditions (without adding CdS into the initial precursor mixture and without tuning
the initial composition of precursors) it is impossible to synthesize TH-Cd without
formation of secondary phases. The tuning of initial composition is needed in the future
studies.

3.1.2 Study of growth temperature influence on elemental composition and
morphology of tetrahedrite powder crystals

The influence of different growth temperatures, in the range of 400-550 °C, on the
composition and morphology of synthesized Cu10Cd2SbsS1z materials was studied in
paper I.

Chemical formulas (based on the EDX analysis data) of TH-Cd materials grown at
different temperatures (400, 440, 480, 495, 510 and 550 °C), where CdS was intentionally
added as Cd source in precursors’ mixtures, are presented in Table 3.2. The desired
TH-Cd compound materials were successfully formed at 400, 440, 480 and 495 °C.
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In addition to the predominating TH-Cd compound some little amount of crystals with
the chemical composition of Cd : S = 1 : 1 were detected. The ratio indicates to the
composition of CdS (the precence of CdS phase was also confirmed by XRD and Raman
analysis, presented in Figure 3.4 and Figure 3.13c). The TH-Cd powder grown at 510 °C
contained in addition to CdS also CuS as a secondary phase. The powder synthesized at
550 °C consisted of a mixture of different phases, such as CdS, Cu2S and CusSbSs (Table
3.2). Skinner et al. showed in the work [27] that the homogeneous composition of the
ternary phases in the Cu-Sb-S system existed within a narrow compositional area.
Moreover, above 500 °C the variations of phase compositions were sensitive to small
temperature intervals and mixtures of different phases were observed (see Figure 1.1).
They found that at 543 °C tetrahedrite Cu12Sb4S13 became unstable and decomposed to
Cu2S + CusSbSs + CusSbSs (skinnerite). Our experimental results are in a good correlation
with the findings presented in literature [27].

Table 3.2. Chemical compositions of TH-Cd powders grown at different temperatures. The indexes
of the elements were calculated from the EDX analysis data recorded from polished powder crystals.

Growth T, °C Chemical formula of TH-Cd Secondary phases revealed

by EDX and Raman

400 Cu1032Cd1.995b4.26513 Cds

440 Cug.65Cd1.965b4.03513 CdsS

480 Cug.77Cd1.995b4.12513 CdS

495 Cug 5Cd1.995b4.04513 Cds

510 Cu10.65Cd1.995b4.01513 CdS, Cu,S

550 Mixture of phases CdS, CusSbSs, Cu,S

The element mappings of Cu, Cd, Sb, S (outside images) and Cu-Cd (in the middle) of
polished crystals of the sample synthesized at 480 °C are presented in Figure 3.2.
The mapping shows separate CdS crystals and homogeneous distribution of all elements
(Cd included) over the TH-Cd crystals, and confirms the formation of Cu10Cd2SbaS13 as the
main predominant phase.

Figure 3.3 illustrates the changes in concentrations of the elements in the Cd-substituted
tetrahedrites, synthesized in the presence of various amounts of Cdl,, without the
presence of CdS (Figure 3.3a) and with the presence of CdS (Figure 3.3b). The Cd
index increased linearly with increasing amount of added Cdl2 up to the volume ratio of
Vcaiz/Vv = 1.4. The Cd index in the formula of formed TH increased from zero (in the
synthesis where no Cdlz2 nor CdS was used, not shown in Figure 3.3) up to 1.87 while Cu
index decreased from 12 (without adding Cdl. or CdS) to 9.5 (Cu-poor composition).
The Cd index stayed constant at 1.87 although the added amount of Cdl. (ratio of
Vcaiz/V) increased. The gap between the constant Cd index value and the possible
maximum value of 2 is clearly seen in Figure 3.3a. If CdS was used as Cd source in the
precursors’ mixture in an amount for full replacement of Cu?* and to form Cu10Cd2SbaS13
(Figure 3.3b), the Cd index was always maximum and stayed constant at 2.0 (see also
Table 3.1). At the same time, index of antimony decreased slightly from 4.1 to 4.0.
The changes in contents of elements give hint that incorporated Cd could replace the
Cu®.
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Figure 3.2. EDX element mapping of Cu, Cd, Sb, S and Cu—Cd (in the middle) of as-grown Cu10Cd;Sb4S13
crystals synthesized at 480 °C; Vcgiz2/Viry = 1.

Cd index

1034

49 22
Cd is incorporated from Cdl 1037 - 49
102124100) s neony 1] 43 102l 21 (b) Cdisaddedas CdS |
Cu 124 I cd r4
101 20 --omo o X oo men s 147 101420 L G 5 ... s m—— Yy [47
- 0
10.0-{ 1.9 o 146 olie | Lag
99418 o 1458 Bgglis [ 45
¥ 1 g 2
S g8 { Cd . a S
gg,s 17 .//v 442 345117 [ o o Faed
397416 143 07]16 [ e - L43 &
964154 N 142 9] 15 [ La2
i ) A g A
95414 A, A 41 CED I - S [+
944131 —— 4 40 04] 13 [gp fao
93112 T 39 J12
04 06 08 10 12 14 15 18 20 e ; T é T

22

Cd index

Volume ratio of liquid to solid phases (V_,./V.,) Volume ratio of liquid to solid phases (V,,,/V.,,)
Figure 3.3. Content of the elements in the formed TH-Cd crystals (indexes of elements in chemical
formulas determined by EDX analysis from polished powder crystals) depending on the added
amount of Cdly (Vcaiz/Vr) synthesized at T = 480 °C, (a) without CdS as Cd source and (b) with
addition of /in the presence of CdS into the mixture of precursors.

However, the incorporation of Cd from Cdl: only is limited, probably due to the limited
solubility of compounds in the liquid phase and different distribution of elements
between liquid and solid phases [100]. These data show that there exists a narrow area
of solid solutions in the phase diagram of substituted tetrahedrite, causing the deviation
from stoichiometry and enabling to tune the properties of Cd-substituted tetrahedrite.
The results are in a good correlation with the compositional variations of single phase
area of tetrahedrite presented as yellow in the phase diagram in Figures 1.1 [27].

The morphology of Cu10Cd2SbaS13 MGP crystals synthesized at different temperatures
was studied by SEM (paper I). SEM images of Cu10Cd2Sb4S13 powder crystals grown at 400,
440 and 480 °C are presented in Figure 3.4. The particles grown at different temperatures
have significant difference in the size, shape and morphology. Particles of powders grown
at lower temperatures (400 and 440 °C) show the formation of tiny crystallites forming
agglomerates (see Figure 3.4). The particles grown at 480 °C are well formed individual
crystals with smooth facets and sharp edges. The crystals grown at 495 °C have similar
shape and surface morphology like crystals grown at 480 °C.
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Figure 3.4. SEM images of Cu10Cd>Sb4S13 powder crystals (particles) grown at 400, 440 and 480 °C
in Cdlz Veai/Virnca = 1.

3.1.3 Crystal structure and phase composition of TH-Cd powders grown in Cdl,
flux

The studied Cu10Cd2SbaS13 monograin powder grown at 495 °C in Cdl2 with the ratio of
Veaiz/VrH-ca = 1 was subjected to XRD analysis to characterize the phase purity and crystal
structure. Figure 3.5 shows the XRD pattern of TH-Cd MGP, as presented in paper I.
The main reflections were detected at 28 = 29.4° (222), 34.1° (400), 49° (440) and 58.2°
(622), corresponding to the cubic crystal structure of tetrahedrite Cu10Cd2SbaS13 phase
with the space group /-43m (ICDD PDF-2-2013, 00-062-0642). The lattice parameters
were determined by Rietveld refinement. The obtained values a =b =c =10.512 A are in
accordance with the data reported by Kumar et al. for Cd substituted tetrahedrite [34].
XRD analysis confirmed the phase purity of the monograin powder synthesized at 495 °C
by showing predominantly Cui10Cd2SbaS13z as the main phase and to some extent the
presence of CdS as a secondary phase. Thus, XRD study proved the Cu10Cd2Sb4S13 phase
as a main constitute of TH-Cd monograin powders.
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Figure 3.5. XRD pattern of Cu1oCd»Sb4S13 MGP grown at 495 °C in Cdl, with Veaiz/Virr-ca = 1.
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Raman spectroscopy was used to investigate the phase composition of the
synthesized materials and to provide supporting information to the secondary phases
recognized by EDX and XRD. All the Raman spectra were fitted using Lorentzian functions
to resolve the peaks (paper I). The Raman spectrum of the bulk of Cui0Cd2SbsSi3
monograin powder synthesized at 480 °C with the volume ratio Vcaiz/VrH.ca = 1 is presented
in Figure 3.6a and the spectrum of the same powder post-annealed at 350 °C (with the
aim to improve the surface crystallinity of powder crystals after chemical etchings) in
Figure 3.6b. The fitting revealed Raman peaks of the as-grown powder at 94, 109, 296,
327,352 and 363 cm™ (Figure 3.6a). If to compare the Raman spectrum of the as-grown
material with the Raman spectra of post-annealed crystals (Figure 3.6b) some shifts of
the Raman peaks can be detected: from 94 to 96 cm™, from 109 to 111 cm™, from 327
to 329 cm™ and from 352 to 354 cm™ for as-grown and annealed, respectively. The other
Raman modes were observed at 128, 297 and 363 cm™ (Figure 3.6b). The Raman peaks at
296, 327, 352 and 363 cm™ belonging to the tetrahedrite phase were reported before in
the literature [14, 35, 55, 82]. The Raman peak at 362 cm™ has been observed only in the
tetrahedrite compounds, where Cu?* (or Sb3*) was substituted by Cd?*, Mn%, Zn?* (or As®*),
respectively [55, 82]. Thus, the observed Raman mode at 363 cm™ in monograin powder
spectra indicates to the substituted tetrahedrite where Cd?* ion is on the place of Cu?*.
The characteristic Raman mode of CdS (at 305 cm™ [118]) was not detected in the
spectra of the bulk of TH-Cd crystals (Figure 3.6a and Figure 3.6b) confirming the results
of EDX mapping where CdS crystals were found to locate separately in the powder batch.

The Raman modes at 94 and 109 cm™ detected in Cu10Cd2SbaS13 monograin powders
have not been reported before in the literature. In Ref. [119], the authors have presented
a spectra of Cu12SbaS13 where a peak close to the 110 cm™ was seen but not described.
Based on the literature data [120], the characteristic Raman peak of Cdl; is at ~111 cm™.
Hence, to clarify the origin of the Raman frequencies at 109—111 cm™ and to exclude the
probable presence of remained Cdl. (after releasing of TH-Cd crystals from Cdl2 flux by
washing with water), polycrystalline powders of Cu1,SbsSiz and Cu10Cd2SbaSi3 were
synthesized by solid state reaction method without adding Cdl; into the reaction mixture.
Figure 3.7 shows the Raman spectra of the polycrystalline materials: Cu12SbaSi3
(Figure 3.7a) and Cd containing tetrahedrite Cu10Cd2SbaS13 (Figure 3.7b).
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Figure 3.6. Raman spectra of Cu10Cd>SbsS13 powder crystals grown at 480°C with the volume ratio
of Veaiz/Vr-ca = 1; (a) as-grown and (b) annealed at 350 °C.

36



The Raman spectra of the polycrystalline Cu12Sb4S13 revealed dominating frequencies
at 97, 108 and 357 cm™ and less intense modes at 294 and 325 cm™ (see Figure 3.7a).
These Raman modes can be attributed to the Cu12SbsS13 and most of them are in a good
agreement with the literature data. The peaks at 97 and 108 cm™ were not published
before [55]. The peak at 347 cm™ [121] detected in the Raman spectrum of polycrystalline
Cu12ShaS13 could belong to the CusSbSa phase or to the unsubstituted tetrahedrite itself
because in Cd-substituted polycrystalline Cu10Cd2SbaS13 we can see a peak shift towards
351-354 cm™. The Raman modes of polycrystalline Cu10Cd2ShaS13 are at 97, 112, 297,
329, 351 and 361 cm™ (Figure 3.7b). It can be observed that due to the incorporation of
Cd into Cu12SbaS13 all the Raman peaks have been shifted: from 108 to 112 cm™, from
294 t0 297 cm™?, from 325 to 329 cm™ and from 357 to 361 cm™ (later values are for Cd
incorporated samples). Thus, these experimental results confirm that the Raman peaks
in the range of 94-97 and 109-112 cm™ are related to the tetrahedrite compound and
not to the Cdl. compound (paper I).
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Figure 3.7. Raman spectra of polycrystalline powders: (a) Cu1;SbsS13 and (b) Cu10Cd;SbsSis
synthesized at 480 °C for 336 h by solid state reaction method (without flux).

In conclusion, it was detected that both, the amount of Cdl: flux and the growth
temperature have an impact on the bulk composition and on the morphology and size of
TH-Cd powder crystals. The TH-Cd composition can be adjusted by adding CdS as
additional Cd source into the precursors’ mixtures. The most uniform powders can be
gained by starting the synthesis-growth from CdS + CuxS + Sb2S3 as precursors for
syntheses at temperatures ranging from 400 to 495 °C. However, higher temperatures
than 440 °C are more favored to grow separate individual crystals in synthesis-growth
process. It was shown for the first time that the Raman peaks at 94-97 cm™ and
108-112 cm™ belong to the tetrahedrite compounds and that the shift in the Raman
peak positions is caused by the Cd incorporation into Cu12Sb4Si3.

3.2. Tetrahedrite powders synthesized in different molten salts (Cdl.
and Lil)

In the monograin powder technology, the growth of crystals is affected not only by
synthesis temperature and time, but also by other different parameters such as solubility
of materials in flux and transport properties of components in the molten phase of
selected flux material [83, 122, 123]. Therefore, after investigating the synthesis-growth
of Cu10Cd2Sbhs4S13 monograin powders in Cdl2 with different ratios of flux and initial
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precursors (presented in the previous section), a comparative study of the TH-Cd
synthesis in Cdl2 and Lil was implemented. This section is based on the results published
in the paper IV, where two different flux salts were used and their influence to the
TH-Cd growth and properties were investigated.

3.2.1 Morphology and particle size distribution of TH-Cd monograin powders
grown in Cdl; and Lil fluxes

The morphology of TH-Cd crystals synthesized in Cdl2 and Lil at 495 °C for 336 hours was
studied by SEM. SEM images of the powder crystals are presented in Figure 3.8. Most of
the powder crystals grown in Cdlz flux have flat and smooth surfaces and sharp edges,
also some sintered irregular agglomerates can be detected to minor extent. These
observations indicate that the TH-Cd crystals (synthesized in molten Cdl2) had been
subjected to some sintering process. Sintering is caused by the contracting capillary
forces that arise in the solid-liquid phase boundaries due to the insufficient amount of
the liquid phase [83]. Before melting of the flux salt, the primary sintering of precursors’
particles can occur if some substance with melting temperatures lower than that of flux
exists in the initial mixture. Another possibility is that, some low temperature melting
compound forms from the components of precursors’ mixture. Therefore, it should be
considered that the sintered agglomerates detected in the MGP grown in Cdl2 can refer
to some chemical interactions of Cdl2 with precursor compounds producing a low melting
product that conduce to the sintering. Further, after cooling down the synthesis
ampoules to room temperature, Sbls formation was recognized on the walls of ampoule’s
by its ruby-red color. Sbls was afterwards confirmed by its Raman peak at 161 cm™ [124].
As Sblz melts at 170.5 °C [101], it can act as a sintering agent.

Figure 3.8. SEM images of Cu10Cd>Sb4S13 monograin powder crystals’ grown in Cdl; and in Lil.

The primary sintering of solid particles can occur until the melting of Cdl. at 387 °C.
Once the liquid medium formed by molten flux salt and is becoming the dominant one,
the solid particles repel from each other and the crystallites formed in the synthesis
reaction start to recrystallize and grow. The primary sintering can influence the shape,
morphology and size distribution of crystals of the final product powder. Contrarily to
the TH-Cd MGPs grown in Cdl2, TH-Cd MGPs grown in Lil resulted in well-formed
individual crystals with rounded edges and smooth facets as illustrated in Figure 3.8.
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Probably the rounded edges and smooth facets were formed due to a higher solubility
of precursors and/or formed compound in Lil than in Cdl..

Sieving analysis was used to characterize the size distribution of powder particles
(paper 1IV). The TH-Cd materials grown in Cdl2 and Lil were sieved into narrow
granulometric fractions between 38 um to 250 um. Figure 3.9 presents the results of
sieving analysis. The fitting curves of size distributions of both materials followed the
Gaussian behavior, however, with a considerable shift in the maxima of the distribution
curves. The curve of TH-Cd grown in Lil (green bars) has the maximum in the range of
bigger sizes (56—63 um) than that of grown in Cdl2 (38—45 um).

In closed ampoules in the isothermal conditions and in molten salt media, the formed
solid particles of the product compound start to recrystallize and grow by the mechanism
of Ostwald ripening that predicts the Gaussian size distribution of product powder
particles [90].
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Figure 3.9. Particle size distribution of Cu10Cd2Sb4S13 monograin powders grown in Cdl, and Lil.

The Ostwald ripening is a process where the crystals grow due to the different surface
energies of crystals of different sizes. This means that the difference in surface energy
(the reduction in total surface energy) is the only driving force of the transport of material
from smaller to larger grains. The difference in the crystal’s size means difference in the
crystal’s surface energy, thus smaller crystals with higher surface energy dissolve in the
used molten salt and the larger crystals grow after the materials’ transport through the
molten phase by diffusion. The rate of diffusion depends on the viscosity of the transport
media [125]. Cdl2 belongs to the group of 2B metal halides. By first-principles calculations
and structural studies, it is found that the group 2B metal halides MXz (M = Zn, Cd, Hg
and X = Cl, Br, 1) have a structural model in which the small M>* ions occupy tetrahedrally
coordinated sites in a closely packed anion structure with strong intermediate range
ordering [57, 122, 123, 126]. The observed structure is found to remain in melt. This leads
to extremely low values of the ionic conductivity and to extremely high values of viscosity
of the melt [127]. The viscosity of Cdlz is 8.29 mPa x s at the used growth temperature of
495 °C [125]. Molten Lil has properties of a ionic liquid [128] and the viscosity at 495 °C
is 1.91 mPa x s [129]. Therefore, the growth of crystals in Cdlz is inhibited due to the
lower transport rate of the material.

39



3.2.2 Chemical composition of TH-Cd monograin powders grown in Cdl, and Lil
The chemical composition of the TH-Cd monograin powder grown in Cdl2 and Lil
were calculated from the EDX analysis averaged data considering the charge
neutrality condition (presented in Table 3.3 and paper IV). TH-Cd powder grown in Cdl2
had a slightly Cu- and Sb-rich composition, corresponding to the chemical formula
of Cu10.1Cd1.93Sbao7S13. Vice versa, a Cu-poor composition with the formula of
Cus.68Cd1.96Sba.06S13 was determined for the crystals grown in Lil medium. In addition to
the main tetrahedrite phase, EDX analysis revealed some separate crystals with a
chemical composition corresponding to Cd : S = 49 : 50 at.%, referring to the CdS as a
secondary phase. CdS crystals were detected in a less amount if the TH-Cd was grown in
Lil. The lower Cu content in TH-Cd crystals grown in Lil flux medium can be explained by
the Li ion incorporation inside the Cu10Cd2ShaS13 crystals’ lattice to the Cu site. In our
previous section (also paper 1), the incorporation of Cd from the molten Cdl; into Cu12SbaS13
is described.

Table 3.3. Chemical compositions of TH-Cd powders grown in Cdl, and Lil. The indexes of elements
were calculated from the EDX analysis data of the polished samples.

Flux type Chemical formula of TH-Cd Secondary phases revealed by EDX
Cdl, Cu10.1Cd1.935b4.07513 Cds
Lil Cug.63Cd1.965b4.06513 Cds

The atomic absorption spectroscopy (AAS) analysis of TH-Cd grown in Lil was used to
prove the incorporation of Li from the used molten Lil into the TH-Cd crystals
(not detectable by EDX). The AAS confirmed that Li content in TH-Cd crystals was
6.7 x 102 at/cm3. Due to similar ionic radii of Li* and Cu* (ionic radius of Li* - 0.73 A and
Cu* - 0.74 A [126]) and taking into consideration that copper content was decreased in
TH-Cd grown in Lil in comparison with the material grown in Cdlz, a partial replacement
of Cu* by Li* was proposed (paper IV).

Thus, the flux media has direct influence on the final TH-Cd powders composition.

3.2.3. Crystal structure and phase composition of TH-Cd monograin powders
grown in Cdl; and Lil fluxes

The XRD patterns of Cu10Cd2SbaS13 MGPs synthesized in Cdlz2 and Lil are shown in Figure
3.10a). Both materials show a cubic crystal structure of tetrahedrite Cu10Cd2Sb4S13 phase
with the space group /-43m (ICDD PDF-2-2019, 00-024-1317) as a main phase and
reflections of CdS as a minor secondary phase. The obtained results are in a good
agreement with the XRD pattern presented in the previous section (published in paper 1)
and in literature [34]. The XRD pattern of TH-Cd crystals grown in Lil (green line) reveals
a shift of the diffraction reflections toward higher angles. The enlarged view of the shift
of (222) lattice plane diffraction reflection from 29.35 to 29.42 A is shown in Figure 3.10b.
The asymmetry of the diffraction reflections in Figure 3.10b is caused by the weak
Ka2 X-ray contribution. The lattice parameters of TH-Cd crystals grown in Lil
a=b=c=10.509 A are smaller compared to the lattice parameters of TH-Cd crystals
grown in Cdl2 a = b = ¢ = 10.512 A. This difference indicates a slight shrinkage of the
lattice. Similar lattice behavior was observed in kesterite compounds where the
incorporated Li* was partly replacing Cu* ions in the crystal lattice [57, 126].
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Figure 3.10. (a) X-ray diffraction patterns of the Cu10Cd>Sb4S13 MGPs grown in CdI; (blue line) and in Lil
(green line), (b) enlarged view of the (222) diffraction peaks demonstrating a shift in the peak positions.

RT Raman spectra based on the comparative analysis of Cu10Cd2SbsS13 MGPs crystals
grown in Cdlz and in Lil are presented in Figure 3.11, the results are published in paper
IV. Lorentzian function was used for fitting to resolve all the Raman peaks. Fitted modes
of the spectra of TH-Cd crystals grown in Cdl2 (96, 111, 130, 165, 247, 291, 327, 352 and
363 cm™)andin Lil (95,111, 133, 175, 251, 291, 327, 354 and 363 cm™) are characteristic
to the Cd substituted tetrahedrite. These detected frequencies are characteristic of the
Cd substituted tetrahedrite phase and are in a good correlation with the data presented
in the previous section and a literature [14, 55]. Raman spectra of Cu10Cd2SbsS13 MGPs
grown in two different molten salts show two main and intensive modes at the same
positions, at 111 and 363 cm™. In addition to those, some of the less intense peaks are
slightly shifted if the Lil was used: from 130 to 133 cm™, from 165 to 175 cm™?, from 251
to 247 cm™ and from 354 to 352 cm™ (Figure 3.11). These observed shifts could be
related to the incorporation of Li into the lattice of tetrahedrite forming Cu1oxLixCd2SbaS13
solid solution.

To sum up, the above given results provide comprehensive insights into the growth
mechanism of TH-Cd powder crystals in molten Cdl> and Lil fluxes, and show the
importance of considering the nature of the liquid media to obtain product crystals with
the desired properties like the morphology, crystals’ size, the phase and chemical
composition.
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Figure 3.11. Raman spectra of the bulk of Cu10Cd>Sb4S13 crystals grown in (a) Cdl; and (b) in Lil.
The results of Lorentzian fittings are shown as solid blue lines. Laser excitation wavelength of
A =532 nm and power 0.42 mW were used.
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In this study, it was found that the synthesis-growth of Cu10Cd2SbaS13 MGP crystals is
possible in both used molten fluxes, in Cdl. and Lil. Although, the synthesis-growth in
Cdl2 caused remarkable amount of sintered grains while uniform individual crystals with
rounded edges and smooth facets were formed if crystals were grown using Lil flux.
The granulometric analysis showed the Gaussian size distribution of particles for both
materials, characteristic to the growth mechanism of “Ostwald ripening”, that allows to
conclude that the mentioned mechanism is prevailing crystal’s growth mechanism of
TH-Cd crystals formation. The maxima of the size distribution curves are at different
fractions — bigger crystals were gained in case of Lil flux. The faster growth rate of TH-Cd
crystals in case of Lil flux was attributed to the lower viscosity of molten Lil enabling
faster diffusion of material from grain to grain. Based on EDX analysis, the TH-Cd
powder crystals grown in Cdl2 had a chemical composition close to the stoichiometric.
The synthesis-growth of TH-Cd in Lil resulted in a decreased Cu content and with Li
content at the level of 6.7 x 10%° at/cm3, as determined by AAS analysis. As a result,
the incorporation of Li* from the molten flux (Lil) into the Cu10Cd2Sb4S13 crystals’ structure
was confirmed. XRD pattern of TH-Cd crystals grown in Lil revealed a shift of the
reflections towards lower 2 theta values, and a lower CdS content in comparison to those
formed in Cdl2 flux media. Probably Li atoms have partially replaced Cu* sites in the lattice
forming CuioxLixCd2SbaS13 solid solution.

3.3 Surface modification of as-grown Cu10Cd2Sb4S13 crystals by chemical
etching

This section summarizes the results published in paper Ill. In the molten salt
synthesis-growth process the primary precursors and the formed compound dissolve in
the liquid phase of flux material at the level of saturation relative to the growth
process temperature [96]. During the cooling down process (at lower temperatures)
the concentrations of the dissolved components become oversaturated. Thus,
the oversaturated components precipitate out of liquid flux and to some extent deposit
unevenly onto the surfaces of the grown crystals changing the crystals’ surface
composition different from the crystals’ bulk. Such kind of precipitation is peculiar to the
molten salt synthesis-growth process [96].

3.3.1 Morphology of TH-Cd monograin powders before and after chemical
etchings

A single well-formed as-grown Cu10Cd2SbaS13 crystal grown in Cdlz with sharp edges and
flat facets is presented in the Figure 3.12a. The magnification of the as-grown crystal’s
surface that is covered with deposits that originate from the molten flux is illustrated in
Figure 3.12b. The cross-sectional SEM micrograph (see Figure 3.12c) clearly reveals a
crust layer of uneven thickness covering the surface of the crystal. The differences in
coating layer thickness covering the crystals’ surfaces depend on the space between
irregular particles filled with liquid flux.
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Figure 3.12. SEM images of as-grown Cu;0Cd>Sb4S13 grown in Cdly: (a, b) crystals’ surfaces, (c) cross-
sectional micrograph where the formed surface crust is seen.

To remove selectively the formed precipitates from crystals’ surfaces, the as-grown
Cu10Cd2ShaS13 crystals were subjected to different chemical etchants: 1% v/v Br-MeOH,
10% KCN, HCI (concentrated and diluted to c.HCl : H20 = 1 : 1) and also to the sequential
combinations of the listed etchants.

Figure 3.13. SEM images of Cu10Cd;SbS13 (grown in Cdl;) crystals’ surfaces after chemical etching
with a) c. HCI, b) (1:1) HCI, c) 10% KCN, d) 1% Br,-MeOH, e) combinational etching (1% Br,-MeOH +
10% KCN) and f) combinational etching (1% Br,-MeOH + 10% KCN + c. HCl).
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SEM images of MGP crystals’ surfaces after etchings are illustrated in Figure 3.13.
As the typical TH-Cd single crystal possesses many energetically different facets,
the etching with concentrated HCl influences the various facets non-identically, resulting
in changing morphologies over the surfaces after etching (Figure 3.13a). Diluted (1 : 1)
HCI left smoother surfaces if compared to the surfaces of the as-grown TH-Cd crystals
(see Figure 3.13b). However, not all the precipitations were removed. After KCN etching
(Figure 3.13c) the crystals surfaces were smooth and flat without the degradation of the
sharp edges. Contrarily, the Br.-MeOH etching (Figure 3.13d) had an aggressive effect on
the crystals’ surfaces, where the sharp edges disappeared and the flat surfaces had
changed into porous and rough covered with microparticles (lighter particles in SEM
images). EDX analysis revealed that these microparticles are composed of an elemental
sulfur. These microparticles where removed by following KCN etching, however,
the porous surface morphology remained (see Figure 3.13e). The sequential etching with
Br.-MeOH + KCN + concentrated HCI left behind even more porous surfaces (Figure
3.13f).

3.3.2 Phase composition of etched Cu10Cd,ShsS13 monograin powder crystals’
surface
The composition of the crust layer found on the surfaces of as-grown crystals and
crystals’ surface after etchings was determined by Raman and XPS spectroscopy (paper
II1). Raman spectra of the bulk and surface of as-grown crystals are presented in Figure
3.14a-c. The Raman spectrum of the bulk of a crystal (recorded from the polished sample)
(Figure 3.14a) shows peaks characteristic to the Cd-substituted tetrahedrite [14, 15, 114].
From crystals’ surfaces two different types of Raman spectra were recorded (see Figures
3.14b and 3.14c). Raman spectrum of a crystal surface in Figure 3.14b reveals a peak at
474 cm™ in addition to the TH-Cd peaks. This Raman peak can be attributed to CuxS
(at 473 cm™ in Ref. [130]). In Figure 3.14c, an intensive Raman mode is detected at
296 cm™. The other weaker modes detected at 95, 110, 250, 325 and 352 cm™ are
characteristic of the TH phase. The Raman mode at 127 cm™ could refer to the CuszSbSa
phase [121], however, XPS studies did not confirm the +5 oxidation state of antimony
that is the oxidation state of Sb in the famatenite phase (see section 3.2.3). Also, a weak
peak at 175 cm ! was detected in Figure 3.14c. To identify the nature of these two Raman
modes, different lasers (red and green laser) were used for the Raman excitation. These
frequencies were always detected in the Raman spectra if a red laser (A = 633 nm) was
applied. But using a green laser (A = 532 nm) these peaks were observed occasionally.
The explanation to such phenomenon is that the red excitation of 633 nm creates closer
to resonance conditions [131] for the pure TH-Cd than the green laser of 532 nm
enhancing the corresponding weak Raman modes like at 127 and 175 cm™ in Figure
3.14c. Thus, these latter Raman modes (in the ranges of 127-132 cm™ and 167-173 cm™)
are attributed to the Cd substituted tetrahedrite phase. A wide dominant Raman mode
observed at 296 cm™ (Figure 3.14c) could be related to the CdS as the main peak position
of CdS is at 305 cm™ [118]. It is more likely that CdS (detected also by EDX and XRD,
see section 3.1 and papers | and IV) has been mixed with some other precursor
compound dissolved in and precipitated out from flux, for example Sb>S3 with dominant
Raman modes at 280, 301 and 310 cm™ [132, 133].

As green laser (532 nm) probes surface better, it was used for the Raman
characterization of chemically etched crystals’ surfaces in this part of studies.
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Figure 3.14. Raman spectra of Cu10Cd;Sb4S13 grown in Cdl: a) from bulk (polished crystals); b) and
c) from different surfaces of as-grown crystals. The Lorentzian fitting curves are shown as solid blue
lines.

The Raman spectrum of the crystals’ surface treated with KCN solution (see Figure
3.15a) shows peaks characteristic to the bulk of TH-Cd at 94, 110, 130, 173, 248, 292,
329, 352, and 363 cm™. Furthermore, surface morphology of crystals has remained
unaffected (see SEM micrographs in Figure 3.13c). This evidence supports the Raman
results where it is seen that the surface precipitates are removed. Additionally to the
surface cleaning effect of TH-Cd crystals, KCN treatment revealed some separately
locating orange crystals with an intense Raman frequency at 302 cm™ (characteristic to
the CdS phase [118]) (see Figure 3.15b). This phenomenon is in good correlation with
XRD where CdS was found as a minor secondary phase and with some Raman spectra
similar to this one presented in Figure 3.14c. The KCN etching caused a considerable shift
of the main Raman peak of the as-grown crystals from 296 cm™ (see Figure 3.14c) to
302 cm™ (see Figure 3.15b). The origin of the other Raman peaks determined in Figure
3.14b are described more deeply in paper Ill. After etching with KCN solution,
the separate orange crystals were well seen even by an optical microscope while they
were not distinguishable before the treatment. Therefore, the KCN treatment is effective
in removing precipitates from the formed Cui10Cd2SbaS13 crystals and also from the
separately grown CdS crystals.
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Figure 3.15. Raman spectra of Cu10Cd;Sh4S13 monograin powder crystals treated with 10% KCN:
a) from a crystal of the dominant TH-Cd phase; b) from a crystal of a secondary phase.

Figure 3.16 presents the Raman spectra of the Cu10Cd2ShaS13 MGP crystals etched with
c. HCI (Figure 3.16a) and diluted (1:1) HCI (Figure 3.16b). Sharp Raman peaks at 95, 110,
130, 248, 293, 330, 353, and 362 cm™ belonging to the TH-Cd phase (paper I-IV) were
detected after etching with c. HCl. The Raman spectrum of the powder etched with
diluted (1 : 1) HCI (Figure 3.16b) revealed only the peaks attributable to the bulk of the
TH-Cd phase (compare with Figure 3.14a). No Raman peaks that could belong to the
secondary phases were detected after etching TH-Cd MGP crystals with concentrated
and diluted (1:1) HCI.
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Figure 3.16. Raman spectra of Cu10Cd>Sb4S13 monograin powder crystals etched with (a) c. HCl and
(b) (1:1) HCI.

The Raman spectra of TH-Cd crystals etched only with Br.-MeOH, or sequential
etchings of Br.-MeOH + KCN and Br-MeOH + KCN + c. HCl are presented in Figure 3.17.
As shown in Figure 3.17a and b, after Br.-MeOH treatment two different types of spectra
were detected. This difference is related to the inhomogeneous surface composition of
the as-grown crystals as the reactions of Br.-MeOH solution with different precipitated
phases results in different products. In addition to the TH-Cd Raman peaks (at 94, 110,
130, 169, 248, 296, 329, 354, and 364 cm™) several unknown Raman peaks were
observed. The detected Raman peaks at 150, 185, 476 cm™ (in Figure 3.17a) and 218 cm™
(in Figure 3.17a and b) can be attributed to the doublet peaks of elemental sulfur Ss [134].
This statement is also supported by findings in Ref. [107], where the XPS analysis of
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Br-MeOH etched Cu2ZnSnSa (CZTS) crystals revealed that bromine oxidizes the S*” ion to
the elemental sulfur S° and reacts with the cations of CZTS forming bromides or oxides.
The Raman peaks at 320 and 335 cm™ can be attributed to CuSbS; phase [121] and at
282 and 425 cm™ to CdO [137]. The Raman frequency at 458 cm™ could belong to Sb203
[138].

After Br.-MeOH, the following sequential etching with KCN removed completely from
Raman spectra the characteristic Raman modes of sulfur and Sb203 phases. As was shown
by Bartlett et al. [136] elemental sulfur combines in complexes with the cyanide ion and
forms the water-soluble thiocyanate, SCN™ ion. Moreover, in Ref. [108] sulfur formed via
Br2-MeOH chemical etching was also completely removed by subsequent KCN solution,
however, the formed oxides and bromides remained on the crystals’ surfaces of a
kesterite compound. The following sequential etching after Br.-MeOH and KCN with
c. HCl in our study (Figure 3.17d) resulted in sharp and intense Raman modes of the
TH-Cd phase.

It was found that the TH-Cd compound is very sensitive to the laser power and
excitation wavelengths used for Raman analysis. Therefore, the optimized measurement
conditions must be used: for surface Raman analysis green laser (A = 532 nm) enables to
detect possible secondary phases; for bulk red laser (A = 633 nm) provides additional
Raman modes that are not seen if excited by green laser. As a result, it was determined
for the first time that Raman peaks in the range of 129-132 cm™ and 167-173 cm™
belong also to the Cu10Cd2Sb4S13 compound.
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Figure 3.17. Raman spectra of Cu10Cd>Sb4S13 monograin powder crystals after applying 1% Br>-MeOH
(a, b), after combinational etchings with 1% Br,-MeOH + 10% KCN (c) and 1% Br,-MeOH + 10% KCN
+¢. HCI (d).
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3.3.3 Surface composition of etched Cu;0Cd,SbsS:3 monograin powder crystals’
by XPS analysis

The binding energies of the constituent elements of Cu10Cd2Sb4S13 on the MGP crystals’
surfaces before and after applying different etching treatments (diluted (1 : 1) HCI;
KCN; Br2-MeOH; Br>-MeOH + KCN; Br2-MeOH + KCN + c. HCI) were analyzed by X-ray
photoelectron spectroscopy. The findings are published in paper lll. XPS core-level
spectra of Cu 2p, Cd 3d, Sb 3d, and S 2p collected from the surface of Cu10Cd2SbsS13
crystals after 60 s Ar* ion sputtering and based on the fitting results are presented in
Figure 3.18. All the measurements of the XPS spectra were charge calibrated and
corrected based on the reference signal from the Cu 2ps/2 core level peak at 932.6 eV.

The Cu 2p core-level spectra of the as-grown and etched Cu10Cd2SbaS13 crystals exhibit
two peaks, Cu 2p12 and Cu 2ps3;2 with binding energies at 952.4 eV and 932.6 eV,
respectively, corresponding to Cu* (see Figure 3.18a). The obtained values present a
spin-orbital splitting around 19.8 eV, which is in good agreement with the reported value
in the work of Wang et al. [17]. The locations and spin-orbital splitting of Cu 2p1/2 and Cu
2ps32 of all the studied samples did not change by etching with different chemical
solutions. It means that Cu remained in its Cu* state.

The Cd 3d core level peaks are shown in Figure 3.18b. The binding energies of Cd 3ds2
and Cd 3ds/2 were observed at 411.8 and 405.1 eV, respectively. These positions and the
separation of the spin-orbit component correspond to Cd?* [139] and are associated with
Cu10Cd2ShaS13 material. After etching with Br.-MeOH (Figure 3.18b green line) the
deconvoluted peaks of Cd 3ds/2 and 3dsy2 shifted to 412.6 and 405.7 eV, respectively
showing another chemical state of Cd. As Br.-MeOH etchant is known as an oxidative
solution, this is a direct indication for the oxidation [140]. Further, cadmium to oxygen
bonding (CdO) is supported by the presence of the O 1s features, which are visible after
deconvolution into peaks and subtraction of Sb 3ds/2 peaks, as its range coincides with
O 1s range. CdO phase was detected also in the Raman spectra of Br-etched crystals’
surfaces (see Figure 3.17a). This phase can be removed by following KCN and HCl etching
as can be seen from both, Raman and XPS results.

XPS spectra showing doublet core level peaks of Sb 3d is illustrated in Figure 3.18c.
Both peaks of Sb 3ds/2 and Sb 3ds/2 with the binding energies at 529.4 eV and 538.8 eV,
showing a spin-orbital splitting of 9.4 eV, correspond to Sb3* [139-141]. Besides, the Sb
3d spectra of the as-grown (black line) and Br-etched (green line) crystals revealed the
presence of secondary doublet (with the spin-orbital splitting of 9.4 eV) of Sb 3ds/2 and
Sb 3ds/2 at 530.4 and 539.8 eV, respectively. These peaks were attributed to Sb°* in
CusSbSs phase in Ref. [139]. Kumar et al. presented that the peaks of Sb 3ds/; and Sb 3ds/»
at 528.0 eV and 538.0 eV belonging to Sb3* and peaks at 530.2 eV and 540.3 eV are
corresponding to Sb*> [33]. However, several articles show that these peaks are
characteristic to the Sb3* oxidation state proving that the antimony is not in the Sb>* state
and the values can be attributed to the Sb20s [142, 143]. In this study, after the
Br-etching, the presence of Sb203 phase was detected by Raman analysis. The observed
binding energy peaks of Sb 3d at 530.4 eV and 539.8 eV disappeared after the following
etching with KCN. Moreover, Raman analysis also confirmed the removal of Sb203 by KCN
etching. Therefore, we can associate these peaks to the Sb20s3 chemicaal state. A weak
signal of O 1s with the binding energies at 532.2 and 534.6 eV was detected after the
Br-etching (green line) (see Figure 3.18c) which can be associated with oxygen and H20
adsorbed on the surface as reported in Refs. [145, 146], respectively.

48



After sequential etching with Br.-MeOH + KCN and Br-MeOH + KCN + c.HCl weak
peaks of O 1s at 532.2 and 534.6 eV still remained (Figure 3.18c red and blue lines).

In Figure 3.18d, the peaks centred at 161.5 and 162.7 eV with doublet separation of
1.18 eV are attributed to the S 2ps/;2 and S 2p1/2 of S*” [148]. These positions corresponding
to the metal sulfides (5%°) are attributed to the sulfur in Cu10Cd2SbaS13. After Br-etching
(green line), the XPS analysis identified additionally S° with characteristic S 2ps/2-1/2
doublet peaks at 163.3 and 164.5 eV [149]. These two peaks disappeared after KCN
etching.
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Figure 3.18. High-resolution XPS core level spectra based on the fitting results of a) Cu 2p, b) Cd 3d,
c) Sb 3d and d) S 2p, collected from the Cu10Cd2SbsS13 MGP crystals’ surface (after 60 s Ar* ion
sputtering): as-grown, etched with diluted (1 : 1) HCl, KCN etched, Br,-MeOH etched, after
combinational etchings with Br,-MeOH + KCN and Br,-MeOH + KCN + c. HCl. Measured spectra are
marked as black solid lines, fitting curves as black dot lines and the result of fitting curves as
coloured lines.
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On the base of information obtained from the XPS spectra of the as-grown and etched
Cu10Cd2Sb4S13 monograin powders, it can be concluded that after chemical etching with
diluted (1 : 1) HCI (orange line) or KCN (purple line), the crystals’ surfaces are clean from
the secondary phases. The XPS peaks’ positions confirm the chemical oxidation states of
the constituent elements as follows: Culg Cd5*Sb3*S%; (considering the neutrality of the
compound). Moreover, it was found that Br.-MeOH treatment formed elemental sulfur,
Sb,03, CdO, Cd-Brx and/or Sbh-Brx on the crystals’ surfaces and these can be removed by
the following KCN etching.

In summary, findings of this study through the compositional analysis of the crust layer
gave some information about the solid-liquid equilibrium formed at growth temperature
between the precursors used for synthesis of Cu10Cd2SbaS13 and flux material (Cdl2). After
applying different surface analysis methods (SEM, Raman, XPS), it was found that the
crust layer can be removed by chemical treatment with different etchants. The Raman
peak of copper sulfides at 474 cm™ on as-grown crystals’ surfaces was removed after
treatment with KCN. This means that copper sulfide is one of the components that
dissolve in the molten Cdl2 and deposit out on the top of the as-grown TH-Cd MGP
crystals surfaces. KCN removed also Sb2Ss. Furthermore, XPS analysis revealed Sb20s on
the as-grown TH-Cd monograin powder crystals’ surfaces, that can be removed by
chemical treatment with diluted (1 : 1) HCl or 10% KCN alkaline solution resulting in
crystals’ surfaces characteristic to the bulk of tetrahedrite Cu10Cd2SbsS13 phase. SEM
analysis confirmed that both, diluted HCl and KCN treatments at RT removed selectively
crystals’ surface precipitations leaving smooth surfaces. The treatment with 1% bromine
in methanol was found to be chemically very aggressive leaving the porous surface of
crystals with formed elemental sulfur, Sb203, and CdO on it. These product compounds
were removed by the sequential treatment with KCN and/or HCI. XPS analysis confirmed
that Cu remained in its Cu* state and Sb in the Sb3* state regardless of the chemical
treatments.

3.4 Photoluminescence study of tetrahedrite monograin powders grown
in Cdlz and Lil

Theoretical calculations predict solar cell efficiency values for tetrahedrite absorbers
higher than for example CdTe solar cells [15]. However, optical and electronic properties
of this material were not studied in detail so far and therefore more studies were needed
to reveal the true potential of this material as a solar cell absorber. The photoluminescence
measurements were conducted to study the recombination processes of Cu10Cd2SbaS13
MGPs crystals grown in Cdl2 and in Lil. The presented results are based on paper Il and
IV. The low temperature PL spectra of Cu10Cd2Sb4S13 MGPs crystals grown in Cdl2and in
Lil are illustrated in Figure 3.19. As it can been seen, at T = 10 K both PL spectra show
single broad asymmetric PL bands with the maxima detected at around 1.08 eV (TH-Cd
grown in Cdl2) and 1.16 eV (TH-Cd grown in Lil). A considerable shift of the PL spectrum
of TH-Cd grown in Lil (green line) towards higher energies is detected. The asymmetric
shape at low temperatures can be explained by a strong electron-phonon coupling where
phonon replicas follow a Poisson distribution. It could be caused also by the presence of
exponential band tails in heavily doped materials, where the main recombination is
related to these tails [148, 151].
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Figure 3.19. Normalized PL spectra of Cu1oCd>SbsS13 MGPs grown in Cdl; and in Lil at T = 10 K.

The thermal activation energy for the PL band of TH-Cd grown in Cdl2 and Lil were
obtained from the Arrhenius plot (Figure 3.20) where the dependence of In @ (T) versus
1000/T was fitted using the theoretical expression for discrete energy levels (Eq. (1))
[152]:

O(T) = Oo /[ 1+A1T2 +A:T2exp(-Ea / kT) | (1)

where Qo is the integrated intensity of the PL band, A1 and Az are the process rate
parameters and Ea is the thermal activation energy.

The activation energy of the acceptor defect was Ea =88 + 6 and 199 + 7 meV for TH-Cd
grown in Cdlz2 and Lil, respectively (see Figure 3.20). The thermal activation energy of the
measured PL band represents the depth of acceptor level. For TH-Cd powder grown in
Cdl it was found that the PL band is related to the donor-acceptor pair recombination
and that this material does not have potential fluctuations (presented in paper ).
The Ea of TH-Cd grown in Lil is more than two times higher than the Ex of TH-Cd grown in
Cdl,. This could be explained by the deeper acceptor defects in the CuioxLixCd2SbaS13
material. This behavior shows a strong sign for highly doped materials where the large
concentration of intrinsic defects creates potential fluctuations and valence and
conduction band tails. Furthermore, these potential fluctuations influence also the deep
levels and as a result, the PL band widens. For TH-Cd grown in Lil, the very low hole
concentration was proposed probably caused by the compositional peculiarity of formed
Cu10xLixCd2Sb4S13 solid solution (see section 3.1.3). The mechanism of the compensation
in TH-Cd grown in Lil could be partly related to the incorporation of Li into the copper
vacancies (Vcu), as the Ve in these compounds is usually dominating shallow acceptor
defect. The high concentration of different donor-acceptor defect complexes can cause
the high level of compensation. Additional PL measurements improved that PL band of
Cu10xLixCd2SbsS13 solid solution is indeed related to deep defect, as intrinsic defect
(presented in paper IV). However, the defect structure of the tetrahedrite materials have
not been calculated previously, then it is hard to define their nature. Therefore, further
investigations are needed.
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Figure 3.20. Arrhenius plot of integral intensity @ for PL band together with fitting result obtained
using Eq. 1 of Cu10Cd;SbsS13 MGPs (a) grown in Cdl; and (b) grown in Lil.

3.5 Electrical resistance of Cu10Cd2SbaS13 synthesized in different molten
salts

The electrical resistance of the individual powder crystals was measured, in order to
investigate the influence of the changes in the composition on the electrical properties
of Cu10Cd2Sb4S13 synthesized in different molten salts. The selected monograin crystals
used for the resistance measurements were about 100—150 um. The electrical resistance
analysis was exhibited by contacting a single crystal of Cu10Cd2SbsS13 between two indium
contacts. The conductivity type of the measured materials was determined by heating
one of the Indium probes. Both Cu10Cd2Sb4S13 monograin powders synthesized in Cdl2 and
Lil showed a p-type conductivity. Table 3.4 presents the chemical compositions based on
the EDX and AAS analysis of TH-Cd with different Cu-content grown in Cdlz and Lil and
their average electrical resistance values based on 10 measured crystals. The exhibited
resistance value of TH-Cd synthesized in Cdl; and Lil are 647 and 875 Q, respectively.
The MGP crystals formed in Lil have a higher resistance than the crystals grown in Cdl2.
This can be explained by the formation of the solid solution of Cuio-«LixCd2SbaS13 in Lil
which decreases the Cu-content in the material. That means by decreasing the Cu content
in TH-Cd crystal structure the average grain resistance increases. These results prove that
by substituting Cu with Cd and Li in Cu10Cu2SbaS13, it is possible to modify consciously the
resistance value in tetrahedrite compounds. Therefore, this substitution makes the
tetrahedrite material less conductive and tuneable to the semiconductor behavior.

Table 3.4. Chemical compositions of TH-Cd powders grown in Cdl; and Lil together with their
resistance values. The indexes of elements were calculated based on the EDX and AAS analyses data.

Used flux Chemical composition of TH-Cd Grain resistance (Q)
cd|2 CU10,1Cd1,93Sb4_07513 647 + 55
Lil (Cug.68Lio.4)10.08Cd1.965b4.06513 875+ 26
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3.6 Photoelectrochemical properties and band positions of Cu10Cd2Sb4S13
synthesized in Cdl; and Lil fluxes

The photoelectrochemical properties of Cd-substituted tetrahedrite Cui10Cd2SbaSi3
monograin powders synthesized in Cdl2 and Lil molten salts were studied in 0.1 M H2SO4
solution. The results are published in paper V. The electrical properties of TH-Cd MGL
membranes based on two different materials (MGPs grown in Cdl; and Lil) were performed
by evaluating the photocurrent-potential curves of the TH-Cd MGL membranes as
presented in Figure 3.21. Cathodic photocurrent observed for both samples proves the
p-type conductivity of TH-Cd semiconductor material [153]. The material synthesized in
Lil was more stable and exhibited higher photocurrent compared to the material
synthesized in Cdl2. The highest photocurrent densities were obtained at the potential of
-0.56 Vsce - 3.9 x 107> A/cm? for TH-Cd grown in Lil (green line), and 3.3 x 10°® A/cm? for
the material grown in Cdl2 (blue line) (see Figure 3.21). The exhibited photocurrent density
value of TH-Cd grown in Lil is ten times higher than the one for TH-Cd grown in Cdl>.
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Figure 3.21. Photocurrent density-potential characteristics of the TH-Cd monograin membrane

cathodes based on MGPs grown in Cdl, (blue) and Lil (green), measured in darkness and under

illumination of 100 mW cm=2in 0.1 M H,S0O,4 background electrolyte with a scan rate of 20 mV s™1,

The light source was chopped (on/off) during the sweep.

A transient photocurrent is detected in the range of -0.35 to -0.15 Vsce for the TH-Cd
grown in Lil. This phenomenon is common in the PEC measurements, and could be
caused by the undesirable surface recombination that occurs at the solid/electrolyte
interface. The electrochemical impedance spectroscopy (described by Eqg. (2)) was
applied for further characterization. The measurements of TH-Cd monograin membranes
were performed in 0.1 M H2S04 aqueous background electrolyte in the frequency range
from 100 kHz to 0.1 Hz (see Figure 3.22). The Nyquist plots of both materials comprise of
two parts. The first part is an arc at the high frequency zone, which is linked to the
limitation of ions (H*, SO2™) transport through the interface. The second part of the
Nyquist plot is a non-vertical line starting from the mid up to the low frequency regions,
as presented in Figure 3.22. Furthermore, a noticeable shift of the Nyquist plots of the
materials synthesized in Cdl2 and Lil is detected. The shift is influenced by the resistance
values of the materials.
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The ideal Nyquist plot has a semicircle form. This ideal shape refers to the equivalent
circuit diagram where the resistance (Rsc) and capacitance of the space-charge region of
the semiconductor (Cs) are in parallel and the series resistance (Rs) in series connections
[153, 154]. However, in this study the corresponding equivalent circuits of the Nyquist
plots of TH-Cd electrodes were not analysed. However, the arc region (measured at high
frequencies) is considered to be valid. Hence, the obtained imaginary and real
impedances together with the Rs values were implemented to calculate the capacitance
through Eq. (3):
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Figure 3.22. Electrochemical impedance spectroscopy patterns of TH-Cd monograin membrane

based on MGPs synthesized in Cdl, (blue) and Lil (green). The used electrolyte solution was 0.1 M
H,50,.

The Mott-Schottky method was used to determine the carrier concentration, flat-band
potential and band energy levels of the synthesized TH-Cd MGPs grown in Cdl2 and Lil.
The Mott-Schottky relationship is expressed in Eq. (4), showing the capacitance-potential
dependence of a semiconductor electrode under the depletion conditions [156]:

1 2 kT
&= G (V= Vi) @
where Cis the space charge capacitance, e is the electron charge, Na is the charge carrier
concentration (cm™), &/ is dielectric constant of the semiconductor calculated from the
empirical relation &2 = 181.8/E, [157], &0 is the vacuum permittivity (F m™), A is active
area of the semiconductor electrode (cm?), Vis the applied potential, Vrs is the flat band
potential, T is temperature, and k is the Boltzmann constant.
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The Mott-Schottky measurements of an electrochemical cell depend on the
capacitance of the space charge layer of the absorber material which is much lower than
the one of the Helmholtz layer [158]. Thus, the frequency is chosen to be high enough
(in our case f = 30 kHz) to shorten the time scale so that Helmholtz capacitance becomes
negligible compared to the measured electrode capacitance and no contribution of deep
defects can happen. This means that the capacitance of the space charge layer of the
semiconductor is mainly the one of the semiconductor/electrolyte interfaces.

The Mott-Schottky plots in Figure 3.23 show negative slopes. Negative slope confirms
once more the p-type conductivity (as seen also in Figure 3.21) for both MGLs based on
TH-Cd grown in Cdlz and Lil. Based on the Eq. (3) and Mott-Schottky’ slopes, the acceptor
concentrations were estimated to be 2.6 x 10'® and 3.5 x 10> cm™3 for TH-Cd synthesized
in Cdl2 and Lil, respectively (paper V). The results of PEC measurements and the acceptor
concentration values confirm that the Cd substituted tetrahedrite is a good candidate for
a photo-absorber material and has a potential for solar cell applications.

The intersections of the linear Mott-Schottky plots with the potential axis give the flat
band potential (Ers) values (Figure 3.23). The Ers values were calculated using the Eq. (5)
as follows: 0.34 and 0.48 V vs reversible hydrogen electrode (RHE) for TH-Cd grown in
Cdlz2 and Lil, respectively. The conversion of potential from Vsce to Veue was made using
the following equation, where Vsce is 0.2412 V:

Ers (vs RHE) = Ers (vs SCE) + 0.059 x pH + Vsce (5)
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Figure 3.23. Mott-Schottky plots of TH-Cd crystals synthesized in Cdl (blue) and in Lil (green). The used
electrolyte solution was 0.1 M H,SO,.

3.6.1 Determination of energy band positions of TH-Cd monograin crystals

One of the aims of this study is the application of Cd-substituted tetrahedrite in solar cell
devices. It is known that the energy band positions of both, p-type and n-type materials
influence the performance of solar cell. Furthermore, the obtained photocurrent values
of the MGLs based on both TH-Cd materials (see Figure 3.21) confirm that these p-type
semiconductors should be good photo-absorbers. The challenge to improve the solar cell
performance is to find an appropriate n-type partner material for the tetrahedrite MGL
solar cell absorber material. Therefore, one purpose of this study was to determine the
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band positions of the synthesized absorber materials in order to select the proper buffer
layer material that could further improve the TH-Cd MGL solar cells optoelectronic
parameters (paper V).

The energy band alignments of TH-Cd MGPs synthesized in Cdl2 and Lil are illustrated
in Figure 3.24. The valence band position (Evs) of both materials is calculated using Eq.
(6), that shows the relationship between the valence band position of the p-type
semiconductor material and the Eyg [152, 157]:

Evg = Epg + = 1n(5") (6)

Na

where Ny is the effective density of states at the valence band edge. The calculated
valence band positions are 0.49 and 0.76 eV vs RHE for TH-Cd grown in Cdl, and Lil,
respectively. Considering that the bandgap value of TH-Cd grown in Cdlz is 1.3 eV
(paper 1) and that of TH-Cd grown in Lil is 1.35 eV (paper V), the conduction band
positions are derived as -0.81 and -0.59 eV vs RHE, respectively (see Figure 3.24). As it
can be seen from the scheme, the conduction band positions of TH-Cd MGPs are higher
than the hydrogen reduction potential. Therefore, the TH-Cd material could be also a
candidate photocathode for solar hydrogen production.

If the conduction band position of p-type absorber is lower than the one of the n-type
materials, then a type | band alignment with a spike is formed. This spike restrains
recombination of the photo generated carriers and a higher efficiency can be reached
[158]. Contrarily, if the conduction band minimum of the TH-Cd absorber is higher than
the one of the n-type material, a type Il band alignment with a cliff forms in the p-n
junction [152, 158]. This latter alignment promotes the recombination of the photo
generated carriers at the p-n junction interface, decreasing the open circuit voltage and
the fill factor values of the solar cell device. The estimated values of the band positions
could help us to find the appropriate n-type buffer layer for the TH-Cd materials to form
the p-n junction and improve the solar cell’s performance. Several n-type buffer layers
for example Ce2Ss, In2Ss, ZnS, Sb2Ss3, and SbaSes could be suitable for the tetrahedrite
materials considering their conduction band positions [159].
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Figure 3.24. A schematic band diagram of p-type TH-Cd materials synthesized in Cdl, (blue) and Lil
(green) determined by the photoelectrochemical measurements.
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3.7 TH-Cd monograin layer solar cells

The results of PL and PEC characterizations confirm that the produced Cd-substituted
tetrahedrite monograin powders are good absorber candidates for photovoltaic devices.
Therefore, based on the gained knowledge, the KCN-etched Cu10Cd2SbsS13 MGPs grown
in Cdl2 and Lil at 495 °C (Vsux/VrH-ca = 1) were implemented as absorber materials in MGL
solar cells. Commonly used MGL solar cell structure is ZnO/CdS/p-type absorber [104,
107, 154, 160]. Therefore, CdS as buffer layer was also used in this study. The results are
presented in papers | and IV.

The current density versus voltage characteristics of the TH-Cd MGL solar cells
measured in the dark and under illumination conditions are presented in Figure 3.25.
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Figure 3.25. J-V characteristics of MGL solar cells based on Cu10Cd,SbsS13 grown in Cdl; and in Lil.

The values of the MGL solar cell parameters based on Cu10Cd2SbaS13 absorber
synthesized in Cdlz are: Voc=377 mV, Jsc = 0.94 mA/cm?, FF = 51% and PCE = 0.18% while
the MGL solar cell based on TH-Cd MGP synthesized in Lil has Voc value of 505 mV, Jsc of
4.46 mA/cm?, FF of 50% and a PCE of 1.13%. These results show that the MGL solar cell
based on TH-Cd grown in Lil has a better performance than the one grown in Cdl.
The higher performance of MGL SC based on the crystal grown in Lil can be explained by
the lower Cu content in the TH-Cd MGP crystals due to the incorporation of Li to the
crystal lattice. This 1.13% is the highest achieved power conversion efficiency of solar cell
based on tetrahedrite compound and is ~30 times higher than published value of 0.04%
so far [17]. The obtained solar cell optoelectronic parameters confirm that both
Cu10Cd2SbaS13 MGPs formed in Cdl. and in Lil are potential candidates as absorber
materials for photovoltaic devices. For a better solar cell performance, further studies on
the compositional properties of Cd-substituted tetrahedrite and the n-type material to
form the p-n junction are needed.
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Conclusions

This thesis was directed to the study of tetrahedrite compounds in the monograin
powder form with the aim to find new alternative absorber material for photovoltaic
applications. On the base of the studies made in the field of synthesis-growth of
Cd-substituted tetrahedrite monograin powders using Cdl. and Lil salts as fluxes,
the following conclusions can be made:

1. The TH-Cd crystals were successfully grown in form of monograin powders by the
molten salt synthesis-growth method. XRD has confirmed that TH-Cd crystals are
composed of Cu10Cd2SbaS13 phase independent of the flux type used in the study.
Both, Cdl2 and Lil can be employed as flux salts for synthesis-growth of p-type
monograin powder crystals in the temperature range of 480-495 °C considering that
Cd from Cdl2 and Li from Lil incorporate into the cubic tetrahedrite crystal structure
of the compound forming Cd-substituted tetrahedrite in Cdl2 and CuioxLixCd2SbaS13 in
Lil. The growth of TH-Cd crystals is faster in Lil due to the lower viscosity of molten Lil
enabling faster diffusion of material from grain to grain.

2. For the first time it was determined that in the Raman spectra of Cu10Cd2SbaS13 the
peaks in the range of 94-97 cm™, 109-112 cm™, 128-132 cm™, and 167-173 cm™
belong to the Cd-substituted tetrahedrite compound.

3. The chemical etchings with diluted HCl or with 10% KCN solution remove selectively
precipitations from TH crystals’ surface leaving surface with characteristics almost
identical to the bulk of Cu10Cd2Sh4Sis crystals. XPS analysis confirmed that Cu
remained in its Cu* state and Sb in the Sb3* state regardless of the chemical treatment
and that the oxidation states of the constituents of the synthesized tetrahedrite
compound were as follows: CuitCd3*Sh3+S%;.

4. Based on the low-temperature photoluminescence studies the single broad and
asymmetric PL band with maxima at 1.08 eV of TH-Cd grown in Cdl> was described by
the distant donor-acceptor pair model with a donor defect of Ep = 30 meV and an
acceptor defect £a = 88 £ 6 meV. PL band with maxima at 1.16 eV of TH-Cd grown in
Lil was found to be related to the deeper acceptor defects with E4 = 199 + 7 meV
indicating to the highly compensated material.

5. Carrier concentrations and flat band potentials were derived from electrochemical
impedance measurements: Na of TH-Cd grown in Cdl; was 2.6 x 10 cm™ and Na of
TH-Cd grown in Lil was 3.5 x 10'> cm™3. The valence band positions relative to normal
hydrogen electrode were found experimentally at 0.49 eV for TH-Cd grown in Cdl2
and at 0.76 eV for TH-Cd grown in Lil. As the derived conduction band positions
(at -0.68 eV and -0.59 eV vs RHE) of both materials are higher than the hydrogen
reduction potential, the materials could be also appropriate photocathodes for solar
hydrogen production.

6. TH-Cd monograin powders were incorporated into the MGL SC structure and have
shown the world record conversion efficiency among the SC with similar absorber.
The best conversion efficiency of 1.3% with parameters Voc = 505 mV, jsc = 4.46 mA/cm?,
FF=50%, n =1.13% was gained by MGL solar cell based on Cu1oxLixCd2Sb4S13 monograin
powder grown in Lil.

58



The obtained results confirmed that both Cd-substituted tetrahedrite MGPs grown in
Cdl2 and in Lil are potential candidates as absorber materials in photovoltaic devices.
Further investigations on the compositional properties of Cd-substituted tetrahedrite
and the proper n-type material to form the p-n junction are subject to study for a better
solar cell performance.
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Abstract

Synthesis and Characterization of Tetrahedrite Cu10Cd2SbaS13
Monograin Powders for Photovoltaic Applications

Renewable energy sources are attracting growing attention due to the global demand
for sustainable, safe, and clean energy. Photovoltaics (PV) is one of the fastest-growing
energy production methods in the world. Different emerging PV materials based on the
availability, safety and cost-efficiency of elements are intensively studied. Tetrahedrites
are known and widely studied as thermoelectric materials, but also attractive as solar
cell absorbers due to their suitable optoelectronic characteristics (p-type conductivity,
high absorption coefficient ~10° cm™?, suitable bandgap energy 1.3-1.85 eV) and with
theoretical solar power conversion efficiency above 20%.

Considering the above-mentioned properties of tetrahedrites, Cd-substituted
tetrahedrites Cu10Cd2SbsS1z (TH-Cd) in the monograin powder (MGP) form were
synthesized and characterized in this thesis. TH-Cd MGPs were grown by the molten salt
synthesis method in vacuum quartz ampoules using two different flux salts — cadmium
iodide (Cdl2) and lithium iodide (Lil). The aim of the study was to find out the process
conditions for synthesis of single phase MGP absorber material and to evaluate their
properties for using them in monograin layer solar cells.

The developed powders were studied by scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Raman, X-ray photoelectron
spectroscopy (XPS), photoluminescence spectroscopy (PL), atomic absorption
spectroscopy (AAS), photoelectrochemical (PEC) measurements and electrochemical
impedance spectroscopy (EIS). The MGL solar cells were characterized by current-voltage
measurements.

The impact of technological parameters such as growth temperature (400-550 °C) and
the volume ratios of Vcaiz/Vr (from 0.6 to 2) on the elemental and phase composition of
the synthesized Cu12Sb4S13 and Cu10Cd2SbaS13 monograins was investigated. EDX analyses
showed that Cd was incorporated from Cdlz into the Cu12SbaS13 crystals when CdS was
not used as a precursor for the Cd source. It was found that Cd incorporation from Cdl2
depended on the Cdl: flux concentration, it increased with the increasing amount of
added Cdlz up to the volume ratio of Vcaiz/Vm1 = 1.4. Mainly single phase tetrahedrite
Cu10Cd2SbaS13 monograin powder was gained in molten Cdlz (Veaiz/Vrm = 1) at 480 and
495 °C.

The as-grown tetrahedrite crystals were covered with a surface crust of an uneven
thickness and with a composition different from the crystals’ bulk as detected by Raman
and SEM. To get rid of these precipitates, Cu10Cd2SbaSi13z crystals’ surfaces were
chemically etched with different etchants (Br2-MeOH, HCl and KCN). It was found by SEM
that treatment with diluted HCl and KCN etching resulted in smooth crystals’ surfaces.
Raman and XPS showed that the surface characteristics were almost identical to the bulk
of Cu10Cd2SbaS13 crystals. All of SEM, XPS and Raman analyses revealed that Br.-MeOH
solution reacted aggressively with micro-crystals forming elemental sulfur and oxides on
the rough surfaces of crystals. Sequential etchings with Br-MeOH followed by KCN
and/or HCl treatments removed these formed reaction products. XPS analysis confirmed
that Cu remained in its Cu* state and Sb in the Sb3* state regardless of the chemical
treatments and that the oxidation states of the constituents of the synthesized
tetrahedrite compound were as follows: CuldCd3+Sb3*S2; .
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Using lasers with wavelength 532 and 633 nm, it was determined for the first time
that Raman peaks in the ranges of 94-97 cm™, 109-112 cm™, 128-132 cm™, and
167-173 cm™ belong to the Cd-substituted tetrahedrite compound.

The influence of two different flux salts Cdl, and Lil nature (T = 495 °C; Vru-co/Viux = 1;
t =336 h) on the elemental and phase composition of TH-Cd MGP particles, on their size
distribution, morphology, as well as on the rate of particles’ agglomeration was studied.
The synthesis-growth in Cdl2 caused some amount of sintered grains, while uniform
individual crystals with rounded edges and smooth facets were formed in Lil, as detected
by SEM. The granulometric analysis showed the Gaussian size distribution of particles
for both materials, characteristic to the growth mechanism of “Ostwald ripening”.
The maxima of size distribution curves were at different sizes — bigger crystals were
gained in Lil. The faster growth rate in Lil was attributed to the lower viscosity of molten
Lil enabling faster diffusion of material from grain to grain.

The XRD data of the materials indicated that mainly single phase tetrahedrite
compound with a little amount of CdS as a secondary phase was formed in both flux salts.
XRD pattern of TH-Cd crystals grown in Lil revealed a shift of the reflexions, a smaller
lattice parameter values and a lower CdS content in comparison with those formed in
Cdl2 (Cu10Cd2SbaS13 synthesized in Lil: @ = b = ¢ = 10.509 A and in Cdl: a = b = c = 10.512 A).
It was found by EDX analysis, that the TH-Cd powder crystals grown in Cdl2 had a chemical
composition close to the stoichiometry and Cu-poor grown in Lil. The AAS analysis
confirmed the Li content in TH-Cd crystals at the level of 6.7 x 10%° at/cm?3. Based on the
results of this study, it was concluded that Li* from the molten flux (Lil) incorporated into
the Cu10Cd2ShaSi13 crystals structure and most probably, by replacing part of Cu* sites in
the lattice formed CuioxLixCd2Sb4S13 solid solution.

The low-temperature PL studies revealed the single broad and asymmetric PL band
with maxima at 1.08 eV of TH-Cd grown in Cdl2. It was described by the distant
donor-acceptor pair model with a donor defect of Ep = 30 meV and an acceptor defect
Ea=88 + 6 meV. PL band with maxima at 1.16 eV of TH-Cd grown in Lil was found to be
related to the deeper acceptor defects with Ea = 199 + 7 meV indicating to the highly
compensated material. The actual mechanism of compensation is not known at the
moment and further studies are needed.

The photoelectrochemical properties of these materials were studied in 0.1 M H2S0a4
solution. The cathodic photocurrent behavior confirmed the p-type conductivity of these
materials. TH-Cd MGP grown in Lil was more stable and exhibited higher photocurrent
(3.9 x 105 A/cm?) compared to the powder grown in Cdl; (3.3 x 10™® A/cm?). Carrier
concentrations and flat band potentials were derived from electrochemical impedance
measurements: Na of TH-Cd grown in Cdl> was 2.6 x 10'® cm™ and Na of TH-Cd grown in
Lil was 3.5 x 10% cm™3. The valence band positions relative to normal hydrogen electrode
were found experimentally at 0.49 eV for TH-Cd grown in Cdlz and at 0.76 eV for TH-Cd
grown in Lil. As the derived conduction band positions (at -0.68 eV and -0.59 eV vs RHE)
of both materials are higher than the hydrogen reduction potential, the materials could
be also appropriate photocathodes for solar hydrogen production.

The MGL solar cell, based on TH-Cd grown in molten Lil showed higher parameters
(Voc = 505 mV; Jsc = 4.46 mA/cm?; FF = 50%; n = 1.13%) than the cell based on TH-Cd
grown in Cdlz (Voc =377 mV; Jsc = 0.94 mA/cm?; FF =51%; n = 0.18%). The achieved power
conversion efficiency of 1.3% is a record for tetrahedrite based photovoltaic devices.
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Lithikokkuvote

Tetraedriitsete Cu10Cd2SbsS13 monoterapulbrite siintees ja
iseloomustamine kasutamiseks paikesepatareides

Taastuvad energiaallikad leiavad (ha enam tdhelepanu tanu lemaailmsele ndudlusele
sadstva, ohutu ja puhta energia jarele. Pdikeseenergiast elektrienergia tootmine on (ks
kiiremini kasvavaid energiatootmise meetodeid maailmas. Seetdttu on viimastel aastatel
intensiivistunud uuringud pdikeseenergeetikas kasutatavate uute materjalide kohta,
pidades silmas nende koostiselementide saadavust, ohutust ja kuluefektiivsust.
Tetraedriidid on tuntud ja laialdaselt uuritud kui termoelektrilised materjalid, aga
omavad ka potentsiaali kui paikesepatarei absorbermaterjalid tanu nende sobivatele
optoelektroonilistele omadustele (p-tiitipi juhtivus, kdrge neeldumistegur ~10° cm™ ja
sobiv keelutsooni laius 1,3-1,85 eV) ning teoreetiliselt vélja arvutatud lle 20%-lisele
paikeseenergia muundamise kasutegurile. Tuginedes loetletud andmetele vdeti
kdesolevas doktorité6s Ulesandeks silinteesida tetraedriit Cu10Cd2SbaSiz (TH-Cd)
monoterapulbrilisel kujul, milles Cu?* aatomid on asendatud Cd?* aatomitega. Selleks oli
vaja vadlja selgitada sobivad TH-Cd siinteesitingimused ja uurida tema omaduste

kujunemist.
TH-Cd monoterapulbrid kasvatati sula-soola slinteesi meetodil vaakum-
kvartsampullides, kasutades kahte erinevat soola — kaadmiumjodiidi (Cdl2) ja

litiumjodiidi (Lil). To6 eesmargiks oli valja selgitada Uhefaasilise absorbermaterjali
slinteesiprotsessi tingimused ning hinnata saadud materjalide omadusi, et kasutada neid
monoterakiht-paikesepatareides.

Sunteesitud monoterapulbreid uuriti jargnevate meetoditega — skaneeriv
elektronmikroskoopia (SEM), energiat hajutav rontgenspektroskoopia (EDX),
rontgendifraktsioonanaltitis (XRD), Raman spektroskoopia, rontgenkiirte fotoelektron-
spektroskoopia (XPS), fotoluminestsents spektroskoopia (PL), aatomabsorptsioon-
spektroskoopia (AAS). Kasutati ka fotoelektrokeemilisi (PEC) m&&tmisi ja elektrokeemilist
impedants spektroskoopiat (EIS). Monoterakiht-paikesepatareisid iseloomustati voolu-
pinge kdverate mootmistega.

Uuriti tehnoloogiliste parameetrite, nagu slinteesitemperatuuri (400-550 °C) ja vedel-
tahke faasi mahusuhte (Vcaiz/Vrn = 0,6—2 ) mdju stinteesitud Cu12SbaSi3 ja Cu10Cd2SbaSi3
monoterapulbrite morfoloogiale, element- ja faasikoostisele. EDX anallilsid naitasid, et
Cd lisandus Cdlz-st Cu10Cd2SbaSi13 kristallvGresse ka sel juhul kui lisa Cd allikat (CdS) ei
kasutatud. Leiti, et inkorporeerunud Cd-i maar suurenes lineaarselt séltuvalt lisatud Cdl»
kogusest kuni mahusuhteni (Vcai2/VrH = 1,4) ja sealt edasi jai konstantseks. Edaspidistes
katsetes kasutati mahusuhet (Vcaiz/Vry = 1) ja CdS-i Cd allikana. Too tulemusel leiti, et
peamiselt Ghefaasilise koostisega ja sobiva terasuurusega Cu10Cd2Sb4S13 monoterapulbrit
on voimalik slinteesida sula-soola meetodil temperatuuridel 480 ja 495 °C.

Ramani ja SEM-i uuringute jargi tuvastati, et kasvanud kristallid olid kaetud ebaiihtlase
paksusega pinnakoorikuga, mille koostis erines kristallide sisu koostisest (ndahtus on
eriomane sula-soola silinteesimeetodile). Pinnakoorikust vabanemiseks soo6vitati
Cu10Cd2SbaS13 kristallide pindu erinevate keemiliste séovituslahustega (broomi lahus
metanoolis (Br.-MeOH), HCl ja KCN vesilahused). SEM-uuringute alusel leiti, et
lahjendatud HCI (1 : 1) ja KCN vesilahusega so0vitus jattis sileda kristallipinna, mille
koostis oli Ramani ja XPS uuringute alusel peaaegu identne Cu10Cd2SbsSi3 kristallide
sisuga. SEM-i, XPS-i ja Ramani anallilsid naitasid, et Br-MeOH lahus reageeris
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agressiivselt kristallidega, jattes krobelistele kristallide pindadele vaavlikogumikke ja
oksiide. Kristallide so6vitamine péarast Br-MeOH-to6tlust KCN- ja/vdi HCl-lahusega,
eemaldas pindadelt Br-MeOH-ga moodustunud reaktsiooniproduktid. XPS anallis
kinnitas, et Cu jii okslidatsiooniastmega Cu* ja Sb Sb3" olekusse olenemata
keemilistest tootlustest ning naitas, et slinteesitud tetraedriitiihendi koostiselementide
oksiidatsiooniastmed olid jargmised: Cu}#Cd3*Sb3+S2; .

Kasutades Ramani analiisil lasereid lainepikkustega 532 ja 633 nm, tehti esmakordselt
kindlaks, et Ramani signaalid vahemikes 94-97 cm™, 109-112 cm™, 128-132 cm™ ja
167-173 cm™! kuuluvad Cd-asendatud tetraedriitiihendile.

Uuriti ka erinevate soolade (Cdl2 ja Lil) vedelfaasi m&ju (T = 495 °C; Vru-cd/Vsool = 1;
t =336 h) m&ju slnteesitud TH-Cd kristallide element- ja faasikoostisele, kristallide
granulomeetrilisele jaotusele, morfoloogiale, samuti ka osakeste paakumisastmele.
SEM-i uuringute pdhjal tuvastati, et TH-Cd slintees-kasvatus Cdlz-s pdhjustas teatud
koguse kokkupaakunud terasid, samas kui Lil-s moodustusid Ghtlased, tiksikud, imarate
servade ja siledate tahkudega kristallid. Granulomeetriline analiilis nditas mdlema
materjali osakeste suurusjaotust, mis jargis Gaussi funktsiooni ja on iseloomulik
“Ostwaldi kiipsemise” kasvumehhanismile. Kristallisuuruste jaotuskdverate maksimumi
asukohad olid erinevad — Lil-s kasvasid suuremad kristallid. Suurem kasvukiirus Lil-s on
tGendoliselt tingitud sulafaasilise Lil-i vaiksemast viskoossusest, mis vdimaldas materjali
kiiremat difusiooni kristallilt kristallini.

Materjalide XRD uuringud naitasid, et mdlemas soolas moodustus peamiselt
Uihefaasiline tetraedriit koos vaikese koguse CdS-iga. Lil-s kasvatatud TH-Cd
monoterapulbrite XRD difraktogramm naitas vaikest nihet, vdiksemaid vBreparameetrite
vaartusi ja madalamat CdS sisaldust vGrreldes Cdlz-s siinteesitud materjaliga (Cu10Cd2SbaS13
kuubilise vBre parameetrite vaartused, kui siinteesitud Lil-s: @ = b = ¢ = 10,509 A ja
Cdl>-s: @ = b = ¢ = 10,512 A). Elementkoostise analiiiisi tulemuste p&hjal oli Cdl2-s
kasvatatud TH-Cd pulbri kristallide keemiline koostis lahedane stéhhiomeetrilisele ja
Cu-vaene kasvatades Lil-s. AAS analiils kinnitas Li sisaldust TH-Cd kristallides tasemel
6,7 x 10%° at/cm?3. Selle uuringu tulemuste p&hjal jduti jireldusele, et sulandajast (Lil)
inkorporeerunud Li* lisandub Cu10Cd2SbaS13 kristallide struktuuri ja tdendoliselt,
asendades osa vore sGlmedes olevatest Cu* kohtadest, moodustab CuioxLixCd2SbaS13
tahke lahuse.

Madaltemperatuursed PL-uuringud naitasid Cdlz-s kasvatatud TH-Cd PL spektris
Uksikut laia ja aslimmeetrilist riba maksimumi asukohaga 1,08 eV, mis omistati
doonor-aktseptor-paari rekombinatsioonile. Temperatuursdltuvuse = modtmistest
madratud doonordefekti ja aktseptordefekti aktivatsioonienergiad saadi vastavalt
Ep = 30 meV ja Ea = 88 £ 6 meV. Lil-s kasvatatud TH-Cd PL-riba maksimumi asukoht oli
1,16 eV, mis leiti olevat seotud sligavamate aktseptordefektidega, mille Ea=199 + 7 meV.
PL anallilis naitas, et CuioxLixCd2SbaS13 tahke lahus on tugevalt kompenseeritud materjal.
Tegelik kompensatsioonimehhanism ei ole hetkel teada ja selle véljaselgitamine vajab
tdiendavaid uuringuid.

Suinteesitud materjalide fotoelektrokeemilisi omadusi uuriti 0,1 M H2SO0a4 lahuses.
Katoodse fotovoolu kditumine kinnitas nende materjalide p-tilpi juhtivust. Lil-s
kasvatatud TH-Cd pulbri kristallid oli lahuses stabiilsemad ja néitasid suuremat fotovoolu
tihedust (3,9 x 10> A/cm?) vérreldes Cdlz-s kasvatatud pulbriga (3,3 x 107® A/cm?).
Laengukandjate kontsentratsioonid ja “flat band” potentsiaalid maarati elektrokeemilise
impedantsi md&tmistega: Cdl,-s kasvatatud TH-Cd Na vaartuseks saadi 2,6 x 10® cm~3 ja
Lil-s kasvatatud TH-Cd Na vaartus oli 3,5 x 10%® cm™. Valentstsooni asukoht normaalse
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vesinikelektroodi suhtes leiti eksperimentaalselt olevat 0,49 eV juures Cdlz-s kasvatatud
TH-Cd ja 0,76 eV juures Lil-s kasvatatud TH-Cd puhul. Kuna m&lema materjali tuletatud
juhtivustsooni positsioonid (-0,68 eV ja -0,59 eV vs RHE) on kdrgemad kui vesiniku
redutseerimispotentsiaal, voiksid materjalid olla ka sobivad fotokatoodid vesiniku
tootmiseks kasutades fotogalvaanika meetodit.

Lil-s kasvatatud TH-Cd-st valmistatud monoterakiht-paikesepatarei naitas kdrgemaid
véljundparameetreid (Voc = 377 mV; Jsc = 0,94 mA/cm?; FF = 51%; n = 1,13%) kui see, mis
baseerus Cdlz-s kasvatatud TH-Cd-I (Voc = 505 mV; Jsc = 4,5 mA/cm?; FF = 50%; n = 0,18%).
Saavutatud paikeseenergia muundamise kasutegur 1,13% on tetraedriitide baasil
valmistatud paikesepatarei rekordtulemus.
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