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INTRODUCTION

The global energy demand over the coming decades is expected to rise further
due to population growth, improved living standards and economic growth.
This will put additional pressure on energy supply and result in rising energy
prices in many regions [1]. Renewable sources of energy will become essential
contributors to the energy supply as they can provide the world with electricity
derived from replenishable sources such as sun and wind. Renewables are
considered environmentally preferable to conventional sources, and when
replacing fossil fuels, have significant potential to reduce greenhouse gas
emissions [1]. Among a variety of clean energy sources, solar energy is
abundant in many world regions and is suitable for meeting the energy demands
of modern society. In order to facilitate worldwide use of solar panels it is still
necessary to develop lower-cost and highly efficient solar cells with minimal
harm to the environment.

In 2012 the installed capacity of photovoltaics (PV) accounted for only 0.4%
(0.1 PWh) of global electricity generation [1]; however, to provide a realistic
chance to limit the global temperature increase to 2°C, IEA’s 450 Scenario sees
the share of PV climbing to 3.8% by 2035 [1]. Other studies concluded that
even faster growth in PV deployment is required for climate change mitigation:
In the second half of this century, solar cells could contribute about a third or
more to the global electricity generation [2].

About 30 GWp of solar modules were installed globally in 2012 (2013
estimate: 37 GWp [3]), of which 84% belonged to crystalline silicon (c-Si) solar
cells, followed by CdTe thin films at about 7% [4]. The remaining 9% are
mainly shared by CulnGa(S,Se), (CIGS(Se)) thin films and amorphous silicon
thin films. Research labs have achieved conversion efficiencies of 20.4% for
CdTe and 20.9% for Culn(S,Se),/Cu(In,Ga)n(S,Se), (CIS(Se)/CIGS(Se)) [5, 6];
however, commercially available CdTe and CIS(Se)/CIGS(Se) PV panels reach
only about 13%. This is still considerably less than mono- and multicrystalline
silicon, which reach up to 24% and 17% module efficiencies, respectively
[4, 7]. While there is no major material limitation in c-Si technology (provided
silver is avoided in front contacting), its suitability as a long term technology
can be questioned due to the energy intense production process compared to
thin film approaches. CdTe and CIS(Se)/CIGS(Se) thin films have the downside
of using one or several expensive and potentially scarce materials (tellurium,
indium, and gallium) which may hamper the strong growth of PV as outlined
above. In addition, CdTe requires the use of toxic elements such as cadmium
which, arguably, disqualifies it as a ‘clean’ technology.

The development of Cu,ZnSnSe4 and Cu,ZnSnS4 (CZTS(Se)) solar cells can
eliminate material availability constraints and moreover all the elements in this
quaternary semiconductor compound except selenium are environmentally
benign. Compared to its close relative CIGS(Se), indium and gallium are
substituted in CZTS(Se) by two non-toxic and earth abundant elements, zinc
and tin. The current record efficiency of 12.6% for (selenium containing) mixed
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CuZnSn(Six,Sex)s (CZTSSe) absorbers was achieved by the group of Todorov
and Mitzi et al. [8]. However, in this approach a highly toxic and unstable
hydrazine is used as a solvent.

Reducing the complexity of industrial production processes in the thin film
solar cell industry is crucial to achieve further cost reductions. In this respect,
non-vacuum processes are highly desired as they can supersede expensive
machinery and reduce operation and maintenance cost in production plants.
Electrodeposition (ED) is a promising method for formation of compound
absorber films for PV applications. In an industrial setup, this approach could
potentially enable fast deposition of large areas at reasonable production costs.

Annealing of precursors at high temperatures is an essential second step of
most approaches for obtaining a final well crystallized and pure phase absorber
material. Annealing could be performed for different durations and in different
atmospheres (e.g. argon, nitrogen, vacuum). The source of sulphur (or
selenium) can be inserted in the chamber (ampoule) as a pure piece of sulphur
(or selenium) or hydrogen sulphide gas can be fed through a tube into the
chamber. The group of Ahmed [9] demonstrated an conversion efficiency of
7.3%, which is the record for electrodeposited Cu,ZnSnS4 solar devices. The
performance of this device underlines the suitability of electrodeposition and
annealing as a viable low-cost processes for solar cell fabrication based on
earth-abundant materials.

The objective of this PhD work was to obtain CZTS(Se) absorber materials with
electrochemical techniques and to find suitable annealing conditions to form
homogenous, well-adherent single phase CZTS(Se) films for application in
solar cells. Morphological, structural and compositional properties of precursors
as well as of annealed films were investigated in this work.

This work consists of three chapters. In the first chapter an overview of the
relevant literature is presented. In the second chapter details of the experimental
part of the PhD research are given. In the third chapter obtained results are
presented and discussed.

This doctoral thesis is based on five published articles.
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1 LITERATURE REVIEW AND AIM OF THE
STUDY

1.1  Thin film photovoltaic cells

Despite tremendous progress in all aspects of fabrication of Si based solar cells
and the rapid decrease of production cost for PV modules, it still remains too
high to compete with other sources of electricity generation [10]. Moreover,
owing to its indirect band gap, silicon is not an ideal absorber material for solar
cells. Semiconductor materials with indirect band gaps do not absorb light as
efficiently as those with direct band gaps, and therefore a thick layer of material
is needed to achieve sufficient light absorption. In comparison with a 1 um
GaAs, direct band gap semiconductor, 100 um of crystalline silicon is needed
for 90% light absorption [11]. Large thickness of silicon used in PV requires the
use of very high quality material in order to allow for minority carrier lifetimes
and diffusion lengths long enough so that recombination of the photo-generated
charge carriers is minimized so that they can contribute to the photocurrent.

Due to these limitations of crystalline silicon, which also mean result in
energy intense production processes (thick layers of high purity material),
researchers had been directed to other potential materials that could be used as
absorbers in solar cells.

Thin film solar cells (TFSC) are a promising approach for photovoltaics and
offer a wide variety of choices in terms of the device design and fabrication.
Various substrates (flexible or rigid, metal or insulator) can be used for
deposition of different layers (contact, buffer, absorber, reflector and etc.) using
different techniques (PVD, CVD, ED, plasma based, hybrid, etc.) [12].

The first thin/thick film Cu,S/CdS cell was based on rather cheap and simple
technology known as the ‘Clevite process’ [13], in which a several um thick
CdS film was vacuum deposited on to a metal or metalized plastic substrate
followed by immersion of the CdS film in cuprous chloride solution to convert
the CdS surface partly to CuxS. Cell efficiency reached 10.4% and solar cells
were commercially produced by several companies in USA and France [14].
However, rapidly growing and well understood Si technology forced the
CuS/CdS cell out of the market. Nevertheless, basic research on the Cu,S/CdS
PV devices has proved useful for later developments in thin film solar cell
technology.

Chopra et al. [12] defines a “thin film” as a material ‘created ab initio by the
random nucleation and growth processes of individually condensing/reacting
atomic/ionic/molecular species on a substrate. The structural, chemical and
physical properties of such material are strongly dependent on a large number of
deposition parameters and may also be dependent on thickness.

A variety of chemical, physical, electrochemical and other methods are
developed and are widely used in order to deposit thin films. However, one also
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has to take into account that the high sensitivity of film properties to various
deposition parameters can produce films with undesired parameters.

Promising candidates for low-cost thin film solar cells today are amorphous
hydrogenated silicon (a-Si:H), CdTe (cadmium telluride), CulnSe, (copper
indium diselenide) and its alloys with Ga and/or S, Cu,ZnSnSs, Cu,ZnSnSe;
and their mixed compound material Cu,ZnSn(Si,Sex)s [15, 16, 17]. The
evident advantage of these polycrystalline compound semiconductor materials
as compared to Si is that they are direct band gap materials and have higher
absorption coefficients [18].

The photovoltaic effect is the creation of a voltage or electric current in a
semiconductor under light illumination. In a solar cell, this effect occurs in the
p-n junction that is formed by a p-type and n-type layer'. Conventional solar
cells consist of different layers, each of them has its own physical and chemical
properties and each affects the overall performance of the device. A conceptual
schematic of a CZTS(Se) based thin film device structure is shown in Figure
1.1. Incident light (photons) passes through the window and buffer layer and is
absorbed in the absorber layer in which excitation of electrons takes place. The
n-type semiconductor film is composed of two layers: a thin buffer (here CdS)
and a thicker window layer (here ZnO). The front contact can be made with
different metals (In, Al, Au etc.). The back contact consists of a metal film (here
Mo), which provides electrical contact to the back of the film. Antireflection
coating can be deposited on the top of the film to minimize the reflection losses
and to improve the efficiency of a device as less light is lost [19].

ld Ll [l Window layer: ZnO
Buffer layer: CdS= | P —

Absorber layer:

‘ ZTS(Se)

Back contact: Mok
L

Substrate: glass

Figure 1. 1: Cross-section of polycrystalline thin film solar cell (Source: Based on [19])

1.2 Cu2ZnSnS4s and Cu2ZnSnSe4 as novel materials for
solar cell application

Ideal absorber material for efficient solar cells is a semiconductor with a band
gap between 1 and 1.5 eV and with a high optical absorption (10* — 10° cm™) in
the wavelength region of 350 — 1000 nm, a high quantum yield for the excited

! Majority carriers in a n-type semiconductor are electrons (p-type: holes)
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carriers, a long diffusion length and low recombination velocity [10]. If all these
necessary conditions are met, the basic material is widely available, and a
potentially low-cost production technique exists, then such a solar cell device
should be suited for future large scale production.

The world-famed thin film absorbers CdTe and variations of CulnSe;
achieved high efficiencies [5, 6] (CdTe 20.4%, CIGS 20.9%); however, the use
of scarce elements like Te and In for preparation of solar cells could be
considered as a limiting factor for future large scale deployment. Another issue
to be solved is the recycling and use of toxic metals such as cadmium. The
solution to these problems could be an alternative absorber compound that is
both non-toxic and easily available. In this context, the quaternary
semiconductors Cu,ZnSnS; and Cu,ZnSnSes have emerged as the promising
candidates. CZTS(Se) is a compound semiconductor material composed of
copper, zinc, tin and sulphur (selenium), all of which are earth abundant and
non-toxic elements (except selenium).

CZTS(Se) is a p-type semiconductor with a direct band gap of approximately
1 eV for CZTSe and 1.5 eV for CZTS. It is suitable for thin film solar cells due
to its high absorption coefficient of more than 10* cm™ [20]. CZTS(Se) is
derived from the Cu(In,Ga)(S,Se), structure by the replacement of two In (or
Ga, respectively) atoms by Zn and Sn atoms. As a consequence, the properties
of CZTS(Se) are similar to those of the CIG(S,Se) compound. CZTS(Se)
absorber material can also be combined with CdS (buffer layer) and ZnO
(window layer) for preparation of solar cells. These layers are well studied for
CIG(S,Se) based solar cells, and hence researchers could build on this
knowledge without having to develop entirely new buffer and window layers
for solar cells based on CZTS(Se) absorbers.

Besides this, another important characteristic of CZTS(Se) is the possibility
to tailor the band gap, e.g. through replacement of S by Se, similar to CulnSe,,
or though varying the ratio of S and Se.

Reported investigations of the phase diagram of the system showed that a
single-phase CZTS(Se) material can be formed only in a very narrow region
with a maximum of 1-2% (absolute) deviation in the stoichiometric composition
at growth temperatures around 550°C [21, 22, 23]. On the contrary, the phase
diagram of chalcopyrite (CulnSe;) allows for Cu deficiency of 4% absolute at
growth temperature [24].

According to this data, during CZTS(Se) synthesis, even very small
composition fluctuations could lead to formation of secondary phases.
Impurities including ternary and quaternary compounds are easier to form than
CZTS(Se). Therefore compared to the chalcopyrite, it is more challenging to
produce pure kesterite material.

Figure 1.2 shows the phase diagram of CZTS with secondary phases that can
form in dependence on composition. A fraction of 50% sulphur is assumed. In
the middle (marked with an asterisk) only pure CZTS occurs. The detailed
explanation of this diagram is described elsewhere [19].

14



= Cu,ZnSnS, -

%
a?,’

o,
"
k7
i

™

+Cu,SnS,
Cu,SnS,

05
Zn 0.4 0.5 0.6 0.7 Cu

Figure 1. 2 Ternary phase diagram of CZTS with expected secondary phases at 400°C
[19]

The band gap of secondary phases can give a first indication of how detrimental
different secondary phases are to the solar cell device performance [25].
Secondary phases with lower band gaps than the CZTS(Se) compound will limit
the open circuit voltage of the solar cell. The presence of additional phases with
a band gap lower by only 100 meV will reduce the maximum efficiency by 8%
[25]. Secondary phases ZnS and ZnSe with band gaps 3.7eV and 2.7 eV
respectively are considered to be less detrimental, therefore a number of
research groups aim for Zn-rich compounds during precursor film preparation.
Moreover devices prepared from Zn-rich CZTS(Se) absorber layers show better
efficiencies than solar cells made from Cu-rich and/or Sn-rich CZTS(Se)
material.

Figure 1.3 shows reported conversion efficiencies of cell devices as a
function of Zn:Sn and Cu:(Zn+Sn) content in CZTS(Se) absorbers. This
composition map also indicates whether vacuum or non-vacuum processes were
used. The highest efficiency was obtained in a very narrow range of the
composition (Cu:(Zn+Sn) = 0.85 and Zn:Sn = 1.2). However, in contrast to the
absorbers prepared by non-vacuum methods, CZTS(Se) made by vacuum
techniques demonstrate efficiencies higher than 4% also in a wider composition
range.
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Figure 1. 3 Reported CZTS(Se) cell efficiencies versus absorber composition:
Cu.:(Zn+Sn) and Zn:Sn, [26-49]

Secondary phases in CZTS(Se) can be revealed using the x-ray diffraction
method (XRD). One disadvantage of this method is that main diffraction peaks
of Cu,SnS(Se)s, ZnS(Se) and CZTS(Se) phases are overlapping, hence making
them indistinguishable by diffraction techniques [50, 51]. The presence of
ZnS(Se) and Cu,SnS(Se); can be confirmed by Raman scattering analysis. It
was also shown that secondary phases can be identified using x-ray near edge
absorption spectroscopy [52]. All investigated phases showed different near
edge absorption spectra at the sulphur K-edge enabling high accuracy
quantification of phase mixtures using linear combination fitting [52].

CZTS phase can form either through solid-state reaction of Cu,ZnSn3 with
ZnS or through a direct reaction of Cu,S, ZnS and SnS, [53, 54, 55]. When
binary sulphides are formed, formation of CZTS material is rapid. Weber et al.
demonstrated that at 500°C CZTS is formed within 10 — 70 seconds [56].

1.3 Formation of CZTS(Se) compounds by different
methods

Methods for synthesis of CZTS(Se) thin films can be simply classified into two
main categories: vacuum and non-vacuum based technologies. The deposition
method has generally a large impact on the resulting film properties as well as
on the production cost. Although a wide range of methods exist for preparation
of stoichiometric CZTS(Se), only few of them led to promising solar cells
efficiencies.
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Vacuum based fabrication techniques involve deposition of the constitute
atoms of the CZTS(Se) material on a substrate by sputtering or evaporation of
the target sources under a certain pressure and temperatures [20]. These
methods give control over the chemical composition in the thin films and can
provide good reproducibility. However, due to the required vacuum, they can be
considered as expensive techniques for producing solar cells. The best reported
efficiency from using thermal evaporation of elemental sources for Cu,ZnSnS,
solar cell preparation so far is 8.4% [57]. Very thin (600 nm) CZTS absorber
layers were deposited using a vacuum thermal evaporation process (150°C) and
subsequent short high-temperature atmospheric pressure annealing. The same
group from IBM T.J. Watson Research Center reported 8.9% conversion
efficiency for pure selenide CZTSe solar cells. CZTSe films were prepared by
thermal evaporation followed by post-deposition treatment in Se environment
[58]. Titanium nitride (TiN) was used as a diffusion barrier and results showed
that the thickness of the interfacial MoSe, layer was decreased significantly,
resulting in the highest obtained efficiency.

The best reported conversion efficiency for CZTS based thin film solar cell
prepared via the co-sputtering technique is 5.7% [37]. Elimination of metal
oxide impurities in the absorber films through using deionized water led to an
improved efficiency of 6.7% [59]. A pure CZTSe device achieved the efficiency
of 9.7% and was prepared via sputtering of Cu, Zn and Sn metals with
subsequent annealing in H>Se containing atmosphere [60]. The vacuum-based
pulsed laser deposition technique was also employed to fabricate CZTS(Se)
films. An efficiency of 5.85% was obtained with this technique [61].

Non-vacuum deposition methods were developed to reduce production cost
since the deposition temperatures are generally low and equipment is rather
simple. These techniques include electrodeposition, spray pyrolysis, sol-gel
method, chemical bath deposition (CBD) and particulate-based processes that
were used for preparation of CIGS(Se) semiconductor thin films [62].
Efficiencies of 10 — 15% were demonstrated for CIGS(Se) [63]. These rather
high efficiencies of CIGS(Se) devices significantly reduced the gap between
conversion efficiencies of vacuum and non-vacuum deposited CIGS(Se) [62].

The CZTS(Se) PV device with the highest conversion efficiency to date of
12.6% was produced by a non-vacuum method: a hydrazine solution-based
process (particulate-based) [8]. The slurry (or ink) employed for deposition
comprised a Cu—Sn chalcogenide (S or SSe) solution in hydrazine with the in
situ formation of readily dispersible particle-based Zn-chalcogenide precursors,
ZnSe(N2H4) or ZnS(N,H4). Multiple layers were spin coated onto Mo-coated
soda-lime glass (SLG) and annealed at temperatures higher than 500°C. The
disadvantage of this method is that it employs the highly toxic and highly
reactive hydrazine compound.

The spray pyrolysis deposition method was applied for CZTS(Se) fabrication
as well. The group of Kamoun [64] studied the influence of substrate
temperature (Ts) and the spray duration on the crystallinity of CZTS layers. The
best crystallinity was obtained with Ts= 613 K (340°C) which resulted in a
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(112) crystal lattice orientation. Kumar et al. [65] studied the effect of Ts and
the pH value of the solution on the crystallinity and the morphology of CZTS
films. This group showed that good crystallinity of films can be obtained at a Ts
in the range of 643 — 683 K (370 —410°C) with a solution of pH =4.5.
However, impurities such as ZnS were detected in the films. W. Daranfed et al.
[66] used the ultrasonic spray technique (USP) to form CZTS films. Here T,
was varied between 280°C and 360°C. Their results exhibit the presence of zinc
stannate (ZnSnOs) as a secondary phase in all films. Prabhakar and Nagaraju
[67] used the USP method to deposit CZTS material onto a fluorine doped tin
oxide (FTO) coated soda lime glass. In their study, a Cu,ZnSnS4/ZnS
heterojunction solar cell with a device efficiency of 1.16% was demonstrated.

Tanaka et al. [30] made a CZTS solar cell with all semiconductor layers
being coated by non-vacuum deposition techniques. The CdS buffer layer was
coated using the CBD method. The CZTS absorber layer and the ZnO:Al
window layer were deposited using a sol-gel approach. The solution for
preparation of CZTS layer contained ions of copper, zinc and tin. After
deposition sulphurisation was employed at 500°C under H,S/N, gases. Authors
of the same group in another publication [34] varied the H,S concentration from
3% to 20%. CZTS thin films prepared with a H,S concentration of 3%
contained grains in size of 1 um and resulted in the best conversion efficiency in
this study of 2.23%. This is so far the highest efficiency for CZTS solar cells
prepared by the sol-gel method.

CBD is a solution-based deposition technique used for growth of thin films
on a variety of substrates. The method is widely used for many different
materials, including oxides and sulphides. In the case of CZTS the method
involves the growth of films from a solution comprising metal salts, sulphur-
containing chemicals (thiourea) and various complexing agents. A three-layer
stack design of separated Cu,S, ZnS and SnS layers is one route towards
CuzZnSnS4 deposition [68]. A single layer of ZnS is deposited by CBD and
subsequent exposure to concentrated solutions containing Sn** and Cu?®" ions,
both of which have more positive standard reduction potentials than Zn?*, yields
incorporation of these ions into the semiconducting film via ion exchange
reaction. After deposition of the precursor layers, annealing at 400 — 600°C is
performed in a hydrogen sulphur environment to convert the layers into
polycrystalline CZTS films. The XPS depth profile measurement clearly shows
a uniform profile of the copper, zinc, tin and sulphur elements. The atomic
concentrations show excess Zn above the expected stoichiometry for pure
CZTS. [68]. M. Cao also reported about growth of CZTS using only the CBD
technique together with sulphurisation treatment [69]. Except metal salts, the
solution also contained C,HsNS, Na,EDTA and H,NCONH, and was kept at
85°C. The pH value was varied and it was found that primarily CZTS phase is
presented in the film deposited from the solution at pH 3.5 — 4 with a ZnCl,
concentration of 1.6 —2mM. The disadvantage of this approach is the time
consuming deposition from 4 up to 16 hours. The reported conversion
efficiency reached 0.3%.
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The electrodeposition technique will be discussed in the next chapter in more
detail as it is the main method used in this work for CZTS(Se) precursor
preparation.

1.4 Electrochemical deposition approach

Electrodeposition refers to the deposition of different material or alloy in the
thin film form from solution (electrolyte). The method is based on redox
reactions that occur on the electrodes in an electrochemical cell when electric
current is passing through the cell. Besides the power supply, at least two
electrodes are required, between which the current can flow in the electrolyte.
Negative electrode-cathode can be used as a working electrode on which the
film growths and reduction occurs:

R1.1
Me+n 4+ ne- » Me

The anode can be used as a counter electrode, where oxidation takes place:
R1.2

Me —» Me*n + ne-

The mass of the depositing Me (metal) can be calculated with Faraday’s first
law of electrolysis which states that the mass of a deposited element at the
cathode during electrolysis is directly proportional to the quantity of electricity
transferred at the electrode:
Eql.1
Q. M
m = ()
where:
m is mass of the substance liberated at an electrode in grams
Q is the quantity of electric charges passed through the substance in C
(Coulombs)
F = 96485 C mol™' which is the Faraday constant
M is the molar mass of the substance
n is the valence number of ions of the substance (electrons transferred per ion)

The morphology, structure and other properties of a deposit are determined by
numerous factors including the concentrations of constituents in the electrolyte,
the pH value of the electrolyte, the temperature and agitation, the potential
difference and the current density. The obtained films can be crystalline or
amorphous, metallic or non-metallic. Deposition at very low overpotential leads
to the growth of large, solitary crystals, while deposition under high
overpotential results in formation of a large amount of small crystals. However,
these small crystals grow randomly and form a dendrite-like structure. The
formation of rough layers is expected for deposition at too high overpotential.
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Electrolytes are usually prepared from aqueous solutions, although many
materials have been deposited also from non-aqueous solutions [70].

Conventionally a three-electrode setup is used for the thin film deposition,
where the third electrode (besides working and counter electrode) is a reference
electrode with respect to which the electrochemical potential of the working
electrode is measured. Deposition can be carried out at a constant potential or at
a constant current.

One of the most important concepts in electrochemistry is the
electrochemical potential, which relates to the formation of an electrical double
layer on the metal-solution interface [71] . If to take a metallic wafer and use it
as an electrode which is immersed in water, then under the influence of polar
molecules of water the ions of the metal surface layer become hydrated and
move into the electrolyte. The electrolyte charges positively and the excess of
electrons in the metal create a negative charge. Negative charge on the electrode
prevents the exit of cations into the solution. However, the cations from the
solution interact with the electrons of the metal crystal lattice and move into the
lattice site they left before. When the rate of leaving the metal cations and the
rate of cations that are moving into the lattice is equal, a dynamic equilibrium is
formed:

R1.3
Me + aq © Me™ -aq+ne”

where Me is metal atom, Me ™" is metal ion, n is ion charge, ¢ is electron, aq is
molecules of water. The equilibrium results in formation of an electrical double
layer (Figure 1. 4).

Me

Electrolyte
+T

Figure 1. 4 Formation of a double layer on the metal-solution interface

A potential difference forms on the phase border between solution and metal,
which can be called either potential drop or electrode potential. An analogue
process occurs also by immersion of metal into the solution of the same metal
salt.

The formation of a double electrical layer and consequently formation of the
electrode potential depends on the material of the electrode, on the
concentration of the metal salt in the electrolyte and on the temperature of the
electrolyte. Therefore the potential between the metal and the electrolyte cannot
be measured through cathode and anode, hence the concept of the reference
electrode (namely standard hydrogen electrode) has been introduced. A standard
hydrogen electrode (SHE) relates to the electrode that is used as a reference for

20



all half-cell potential reactions. The value of the potential of the SHE is zero,
and on the basis of this, cell potentials using different electrodes or different
concentrations can be calculated. Moreover other reference electrodes exist that
have a stable electrochemical potential and can be widely used in
electrochemical experiments. The most common laboratory reference electrodes
are the saturated calomel electrode (SCE) and the silver/silver chloride
(Ag/AgCl) electrode. With respect to the standard hydrogen electrode the
potential of the saturated calomel electrode is E =+0.241V and for the silver
chloride electrode E =+0.197V (saturated). These values have to be taken into
consideration when calculating the potential.

The relation of electrode potential to the concentration of ions in the solution
(E men+/me) can be described by the Nernst equation:

Eql.2
RT  a(ox)

EMen+/Me - EO + ﬁ na(red)

where R is the universal gas constant (R = 8.314 J K™' mol™), T is the absolute
temperature (K), n is the valence number of ions of the substance, F is the
Faraday constant, a(ox) and a(red) are activities of oxidized and reduced
species, respectively. Eo is the standard electrode potential.

Equation 1.2 provides the electrode potential at conditions that differ from
standard conditions. In this equation standard electrode potential (Eo) is defined
as the potential which is created by immersion of the metallic electrode in the
solution of the same metallic salt at standard conditions (T = 298K,
concentration of cations of the metal = 1M) and measured against the hydrogen
electrode [71].

In case of an alloy deposition, coatings can be obtained by simultaneous
reduction of two or more metallic cations present in an electrolyte.
Simultaneous deposition is generally obtained by using complexing agents to
decrease the activity of the nobler ion in solution. The complexing agent has the
tendency to form more stable complexes with nobler ions and less stable
complexes with less noble ions. Stability constants are usually used to
characterize complexes that are present in the solution. For example for any
metal complexation:

R1.4
Me™* + gXP~ & (Me Xy)" P4
! Eql.3
K, = [MeXq |?~Pd
MeDl++ gXP~

where K is the stability constant, Men+ is metal ion, X- is ligand (complexing
agent). The larger the stability constant, the higher the proportion of formed
metal complexes, that exist in the solution.
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When an electrolyte contains complexing agents, the Nernst equation
transforms as follows:
Eql.4
aR-Pa
E e /Me = EO- ~= In Ks + ~= In—y
nF F aXp_

Since K will be large for very stable complexes, the potential can shift
substantially to the negative [72].

1.4.1 Calculation of layer thickness

The thickness of each layer (Cu-Zn, Cu-Sn, Sn) can be calculated using the
following equation:
Eql.5
_10°m

pS

Where T is the thickness of the layer in um, m is the mass of the deposited
material in grams, p is the density in grams per cubic centimetre, S is the
surface area of the plated part in square centimetres, 10> multiplicative constant
to convert cm to um [19].

The first Faraday law states that the amount of material deposited at the
electrode is proportional to the quantity of electricity transferred at the
electrode; keeping this in mind, Eq 1. 5 is transformed as follows:

Eql.6
_ I1tM103
"~ nFpS

where I is the electric current in amperes, t is the time in seconds, n is the
charge of the metal ion, F is the Faraday constant (C mol™') and M is the molar
mass of the substance.
The amount of deposited material by a given quantity of electric current is
proportional to its equivalent weight. This allows converting Eq 1. 6 to:
Eql.7
_ItEy 103
~ FpS

where Ey is the equivalent weight of the metal. To simplify the equation the
term electrochemical equivalent Z (g/Ah) can be used, which can be defined as
the amount of material which is deposited on the electrode when one coulomb
of electric charge has passed through the solution. The rearranged equation is:
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Eql.8
_ItZlO3

pS

Eq 1. 8 allows calculating the thickness of each deposited layer. To calculate the
thickness of deposited compound material like Cu,ZnSnSy, it is reasonable to
use Eq 1. 5. The mass of deposited material can be calculated using Faraday’s
first law and current efficiency of the process has to be taken into consideration.
Reported CZTS density is equal to =~ 4.6 g/cm®[21].

In the experimental part of this work, the following electrochemical
equivalents are used: Zcy,= 1.186 g/Ah; Zz, = 1.22 g/Ah; Zs, = 1.107 g/Ah [73].

1.4.2 Determination of current efficiency

To calculate the mass of the deposited material it is necessary to determine the
current efficiency, which is defined as the amount of substance produced on the
electrode divided by the amount of substance that theoretically (according to
Faraday’s law) could have been produced based on direct current applied
through the electrolytic cell. In practice, a current efficiency of 100% cannot be
attained due to side reactions [74]. Alongside with the convenient weight
method, the current efficiency can be determined by several techniques based
on measuring the concentration of dissolved elements in acidic media. Some
methods that can determine elements dissolved in acidic solution are atomic
absorption spectroscopy (AAS), titration, mass spectrometry and polarography.
Another way to calculate the efficiency is to perform electrochemical
measurements by re-oxidising the deposited layer at a more positive reduction
potential of the substance. The consumed charge for stripping of the deposited
layer can be compared with the charge consumed for the reduction of the
targeted layer. Hence the efficiency of the deposition process can be calculated.

1.4.3 Electrodeposition approaches for CZTS(Se) precursor
preparation

Electrochemical techniques for the fabrication of CZTS(Se)-based films include
co-deposition of metals, sequential deposition of elemental layers/binary
compounds and one-step deposition followed by annealing in inert or reactive
atmosphere.

1.4.3.1 Co-deposition of metals

The co-deposition method can be described as simultaneous deposition of all
metals at the same potential from one electrolyte. Deposition of films with
desired properties can be obtained by adjusting the concentration in the
electrolyte, finding the suitable redox potential as well as regulating pH of the
solution. The disadvantage of this method in case of Cu-Zn-Sn deposition is the
large region between standard redox potentials of the constituent elements
(Cu+0.34 V, Sn-0.13 V, Zn -0.76 V). This problem can be solved by shifting

23



reduction potentials closer to each other through the use of a suitable
complexing agent that strongly bonds nobler ions (copper) and forms weak
complexes with less noble ions (zinc).

The most common complexing agent for Cu-Zn-Sn co-deposition is citric
acid or salt of this acid (trisodium citrate) that can act as pH buffer [44, 46, 47].

H. Araki electrodeposited Cu-Zn-Sn precursors onto Mo-coated borosilicate
glass [46]. The electrolyte contained 20mM copper(Il) sulphate pentahydrate,
0.2M zinc sulphate heptahydrate, 10mM tin(Il) chloride dehydrate and 0.5M
trisodium citrate dehydrate. Deposition was carried out potentiostatically
(-1.1 V vs. Ag/AgCl) in solution for 20 minutes. The XRD of precursor Cu-Zn-
Sn showed the presence of peaks which can be attributed to CuZn, CusZns, Cu
and Sn phases. These results are in agreement with findings of another group
[75]. Both groups were using Cu-poor precursors.

R. Schurr investigated the formation of CZTS from Cu-poor and Cu-rich
precursors. In Cu-poor precursors the CueSns phase was detected (additionally
to CuZn and Cu3Sn) [76]. The presence of CusSns leads to a preferred formation
of Cu,SnS; via the reaction of Cux—S and SnS; in the presence of a SnS, melt,
which is the result of the decay of the CusSnS¢ phase. In the Cu-rich sample, the
formation of the binary sulphides takes place at higher temperatures prior to
consuming the precursor phases CuzSn and CuZn [76]. In both cases the
formation reaction of CZTS was completed by the solid state reaction of
CuzSnS; and ZnS. R. JuSkenas et al. [77] revealed CuZns, Sn and Cug25Sns
phases both in Cu-poor and Cu-rich precursors. The amount of CuZns increased
with an increase of the Zn quantity in the alloy. In contrast to R. Schurr’s results
the appearance of the Cue25Sns phase in Cu-rich films can be explained by the
composition difference shown in Table 1. 1.

Precursor Cu:(Zn+Sn) Zn:Sn
Cu-rich [76] 1.5-1.6 0.95-0.98
Cu-rich [77] 1.09 0.87

Table 1. 1 Comparison of precursor composition in [76] and [77]

The larger amount of Cu in the alloy in the experiments by R. Schurr compared
to those of R. Juskenas’ group probably suppressed the formation of the CueSns
phase in the precursor alloy. Additionally, some groups detected pure Sn, Zn or
Cu in formed precursor films [47, 44, 78].

In order to study cathodic potential shifts caused by adding complexing
agents in the electrolyte, a series of cyclic voltammetry experiments were
carried out [47]. Well-defined cathodic peaks were observed for each element
using CeHgO7/Na;sCsHsO; as a complexing agent. The potential for co-
deposition of elements was chosen at -1.3 V. Differing from the other reported
results [46, 79], low concentrations of metal sulphates were adopted in this
study (4mM CuSOs, 2mM ZnSO4 and 3mM SnSO,4) which could be beneficial
for obtaining dense precursors films with good adhesion to the substrate. The
highest conversion efficiency achieved was 4.5%.
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Ennaoui et al. [54] co-deposited Cu-Zn-Sn films from electrolyte with
concentrations of Cu (II) and Zn(II) salts in a range of 3mM, whereas the
concentration of Sn(IV) was about 10 times higher (~30mM). Solution with this
content provided stoichiometric precursor composition. The precursor exhibited
a pillar shaped structure with a grain size of 0.5 — lum. The formation of the
absorber layer was finished by a solid-state reaction in H»S atmosphere. The
device that was fabricated using CZTS as an absorber with Cu-poor
composition (Cu:(Zn+Sn) =0.969, Zn:Sn=1.08) showed a conversion
efficiency of 3.4%. SEM and EDX analysis indicate the presence of secondary
ZnS phase.

Potassium sodium tartrate was used for preparation of electrolyte for Cu-Zn-
Sn (CZT) deposition in [80]. Linear sweep scans were conducted to find a
potential where all dissolved ions can be reduced and the CZT alloy was
deposited at -1.6 V vs. Hg/Hg,Cl,. Two substrates, Mo-coated SLG and FTO,
were used and results showed that the doping density of both films is 10"°/cm®.
The photoelectrochemical response exhibited by the films grown on
molybdenum substrate is greater than that obtained for films synthesized on
FTO substrate.

1.4.3.2 SEL deposition approach

The approach of sequential electrodeposition of stacked precursor metallic
layers was first time studied by J.J. Scragg et al. [81]. Cu, Sn and Zn layers were
deposited sequentially on a Mo/SLG substrate using a conventional three-
electrode configuration with Ag/AgCl as the reference electrode. Cu and Sn thin
films were deposited at -1.14 V and -1.21 V, respectively, using a NaOH
solution. Zn was deposited at -1.20 V in an acidic environment (pH = 3). Fine-
grained Cu deposit was fabricated, followed by an island-like Sn layer with
incomplete surface coverage; the following Zn layer covered the surface
completely. Poor morphology of the deposited Sn layer was improved by
changing the alkaline sorbitol electrolyte with a methanesulphonic acid
electrolyte and addition of Empigen BB [45].

M. Kurihara et al. reported about deviations in photoresponse, thickness and
composition over a scale of a few millimetres in annealed CZTS films [82]. The
lateral inhomogeneity was caused by differences in the flux of ions to the
working electrode at different points of the surface during the electrodeposition
process. J.J. Scragg et al. also reported about thickness variations in precursor
films [83]. The use of a rotating disc electrode helped to improve homogeneity
of films and precursors of uniform thickness and with uniform composition
were deposited. Modified stacking order of precursors (Cu/Zn/Cu/Sn) led, after
sulphurisation, to a device with 3.2% conversion efficiency. H. Araki et al.
reported that a precursor stack, where Cu and Zn are neighbours, gave the best
performing devices after annealing [26].

H. Araki and G.Ma et al. [36, 84] used a PdCl, solution for coating
glass/Mo substrate with Pd in order to improve adhesion of the Cu precursor.
Araki also investigated the influence of Zn-rich and Sn-rich precursors on
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formation of Cu,ZnSnS4. Both series of stacked metal films were sulphurised at
600°C and had a single phase CZTS XRD pattern after sulphurisation; no extra
phases were detected. The composition of the films was slightly Zn-rich and S-
poor in case of a Zn-rich precursor and slightly Sn-rich in case of a Sn-rich
precursor [36]. The effect of the Zn:Sn ratio was studied in [83]. In contrast to
findings for evaporated films [85], Zn-rich precursors did not give improved
conversion efficiencies: The optimal Zn:Sn ratio for best device performance
was 1.0.
The record efficiency for electroplated Cu,ZnSnS4 device, was obtained by
S. Ahmed using the SEL approach, and obtained a conversion efficiency of
7.3% [9]. Electroplated photovoltaic devices were fabricated by this group in a
three-step method:
1) electroplating of metal stacks of either Cu/Zn/Sn or Cu/Sn/Zn
2) low temperature annealing (soft annealing) of these stacks at 210 —
350°C in N, environment in order to produce homogeneous (Cu, Zn) and
(Cu, Sn) alloys
3) annealing of these well-mixed CuZn and CuSn alloys at 585°C in a
sulphur atmosphere for 12 minutes yielded into a single highly
crystalline Cu,ZnSnS, phase.
The device had Cu-poor (Cu:Sn=1.83, Zn:Sn=1.35, Cu:(Zn+Sn) =0.78)
composition and was only 670 nm thick. The sulphurised film had a bimodal
grain distribution. The grains next to the molybdenum back contact electrode
were about 0.5 — 1.0 um in size. The grains on top were as large as 2 um.

1.4.3.3  Single-step electrodeposition

The single-step electrodeposition technique was employed by a number of
researchers in order to form CulnSe, [86, 87, 88]. The popular complexing
agent was also citric acid and mildly acidic solutions were used to facilitate the
reduction of HSeOs".

W. Septina et al. used Na,SeO; as a Se source and lactic acid as a
complexing agent for simultaneous deposition of Cu,ZnSnSes [89]. Films
obtained using this electrolyte were Cu-rich and Se-poor and consisted of
micron-sized granular particles homogeneously distributed on the surface.
However, annealing at 550°C resulted in further grain growth and formation of
voids and cracks. S.M. Pawar et al. [90] used both sodium citrate and tartaric
acid to prepare electrolytes for Cu,ZnSnS4 deposition. Sodium thiosulphate was
added as a source of sulphur. The as-deposited films were amorphous in nature
with nearly stoichiometric composition. The crystalline nature of CZTS (grain
size, surface flatness) started to improve when the annealing temperature was
increased from 350 to 550°C. The study of B.S Pawar showed that the
crystallinity of CZTS films after thermal treatment was improved only when
0.2M NazCsHsO7 was added to the precursor solution. 0.4 and 0.6M addition of
sodium citrate led to a decreased intensity of diffraction peaks after annealing
[91].
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Table 1.2 summarises preparation conditions and results of some selected
publications about CZTS(Se) films formed by the electrodeposition and
annealing route. Devices with the highest conversion efficiencies (5.6 and
7.3%) were achieved by sequential electrodeposition (SEL) and in both cases
preheating (soft annealing) of precursors was performed. This indicates that
formation of CuSn and CuZn alloys is preferable before treating samples in
Se/S atmosphere at high temperatures. Preheating at 250°C was also done for
CZT co-deposited precursors. However, a device made from this absorber
resulted in an efficiency of only 1.7% [44]. CZT precursors co-deposited at
65°C showed the presence of elemental Sn and Cu (together with CuZn and
CuSn phases), and after rapid thermal annealing for 12 minutes a solar cell
device with a conversion efficiency of 4.5% was built [47].
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1.4.4 Non-aqueous deposition methods

The solutions obtained by dissolving any substance in a solvent other than
water are called non-aqueous solutions. Cu,ZnSnSes and Cu,ZnSnS; were
prepared using choline chloride and ethylene glycol [92], pyridine [93], mixture
of ethanol and 1,2-propanediol [94] and dimethyl sulphoxide [27] as non-
aqueous solvents. Choline chloride and ethylene glycol at a molar ratio of 1:2
were used for dissolving anhydrous chloride salts of copper(Il), zinc(Il) and
tin(Il) [92]. The reduction potential for depositing Cu-Zn-Sn alloy was -1.15 V
vs Ag/AgCl. After annealing at 450°C for 1.5 hours no secondary phases were
observed and formed CZTS films had a composition near to stoichiometry.
C.M. Fella et al. used ethanol and 1,2-propanediol for preparing the solution.
Moreover, the second solution with ethyl cellulose dissolved in 1-penthanol was
made and added to the first one. After selenisation at 470°C, crack free
crystalline Cu-poor and Zn-rich absorber films were obtained. The conversion
efficiency of the device reached 4.28%. However, a 2.5 um thick carbon-rich
layer between Mo and CZTSe was revealed [94]. In another report from the
same group, monoethanolamine was added instead of ethylcellulose, and
through this the thickness of the carbon layer was significantly reduced, though
it was still present [95].

Preparation of kesterite thin films from metal salts using either
thioacetamide (TAA) or thiourea as sulphur source was employed in [27, 93].
Pyridine was used as a solvent. Two series of solutions containing 3.5-fold and
S5-fold of a stoichiometric amount of TAA were prepared. After low-
temperature of sulphurisation, it was found that the average grain size is larger
in case of 5-fold containing TAA solution. However at higher temperatures
crystallite diameters in both cases were in the range 100— 160 nm [93].
Powders exhibited Cu-poor and Zn-rich nature, despite of stoichiometric
precursor solution. In both cases single—phase CZTS films were fabricated. The
disadvantage of this method was the application of the toxic compounds
pyridine and thioacetamide, where the latter one belongs to class 2B carcinogen
group’.

Sulphoselenides were fabricated by selenisation of doctor-blade coated
CZTS precursors at 540°C (for 6 minutes) [27]. Metal salts and thiourea were
dissolved in dimethyl sulphoxide followed by magnetic stirring for several
hours at room temperature. According to the Raman results, except for the
CZTSSe phase, MoSe; and ZnSe phases were detected. The absorber layer was
Se-rich and S-poor and had carbon residues of below 3%. The conversion
efficiency of the device was 7.5%.

2 Group 2B: the agent (mixture) is possibly carcinogenic to humans. The exposure
circumstance entails exposures that are possibly carcinogenic to humans [170].
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1.5 Thermal treatment of precursors

Annealing of precursors in different reactive (S, Se, SnS, SnSe, Ar, H,S) and/or
in inert (vacuum, N», Ar) atmospheres improves morphology and composition
of absorber materials substantially. This is why thermal treatment is commonly
used as the second step in fabrication of high-quality materials for photovoltaic
devices. The heating step provides the required energy needed for atoms to
diffuse to their corresponding equilibrium positions, which might mean re-
crystallization of starting materials and changes of defect structures.

Factors that influence the process include:
e Temperature and annealing time
e Composition of initial precursor films
e Heating up and cooling down rates
e Composition of a vapour phase

1.5.1 Conventional furnace annealing

Although traditional sulphurisation and selenisation are not providing the
possibility of adjusting heating up and cooling down rates, these two methods
are widely used, and many studies demonstrated the formation of crack-free,
continuous  single-phase CZTS(Se) absorber layers after traditional
sulphurisation/selenisation. Sulphurisation/selenisation can be done using
sulphur/selenium powder or pellet which is inserted into a graphite crucible,
glass container or quartz tube together with the precursors [45, 46, 82, 92, 96].
Another possible way is to anneal films using hydrogen sulphide/selenide flow
[17, 69]. In order to eliminate oxygen residuals, the heating system is usually
filled either with Ar or N>+H: (or pure N») gases prior the annealing.

There are only a few studies that were conducted to follow the kesterite
phase formation during heat treatment [76, 97, 98]. R. Schurr demonstrated
results from in-situ XRD measurements of the annealing process of Cu-rich and
Cu-poor precursors. It was shown that the crystallization of kesterite is
determined by the precursor’s composition. Temperature of formation of binary
and ternary sulphides differs, which leads to two different pathways of CZTS
synthesis. However in both cases formation is completed by a solid state
reaction between Cu,ZnSn; and ZnS. A. Weber et al. [97] used the same
process of in-situ XRD during annealing of co-electroplated Cu-Zn-Sn
precursors. They found that above 400°C a broad peak, which can be related to
CuzZnSnS4, appeared. Further heating to 550°C led to a reduction of the
CuzZnSn; phase peak intensity and to the complete formation of CZTS. In case
of selenisation of Sn/Cu/Zn stacked precursors, the formation of CuSe; as the
first step took place (at 250°C). These results are in agreement with other
publications, where the presence of copper binaries was detected at the lower
temperatures of selenisation [99, 100]. Ternary Cu,SnSes; and quaternary
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Cu,ZnSnSes phases were revealed after annealing at 300°C. Selenised films at
470°C consisted of the dominating CZTSe phase and phases of ZnSe and MoSe;
in smaller quantities [99]. The formation of CZTSe absorber material at
temperatures in the range of 350 —400°C was described in [101]. The
dependence of the CZTS band gap on the selenisation temperature was studied
by S. M. Pawar et al. [90]. The decrement in band gap energies from 2.70 eV to
1.50 eV with the increase in annealing temperature has been observed, which is
in agreement with reported E, values for CZTS thin films [83, 92].

Besides the reports on formation pathway of CZTS, other aspects of
annealing and its influence on absorber parameters were studied as well,
including comparison of annealing in sulphur and/or H,S wvapour, two-
temperature zone selenisation, growth of interfacial MoSe,/MoS; layer, order of
layers in stacked precursors, soft annealing method. The most important results
will be briefly mentioned below.

Annealing in sulphur or H,S containing ambient is a widely used way to
convert metallic precursors to compound semiconductors. Sulphur containing
vapour is preferable compared to highly toxic H»>S. However, results indicate
that annealing in H,S produces more uniform films which contain much larger
grains when compared to annealing in sulphur atmosphere. Despite reduction in
film integrity, the EQE spectrum showed that CZTS of better crystalline quality
was formed through annealing in H,S [102]. The group of Katagiri produced a
CZTS device with a conversion efficiency of 6.77% using sulphurisation in H,S
containing N, atmosphere [59].

Annealing in SnS(Se) and S(Se) atmosphere prevent the decomposition
reaction of the CZTS(Se) at high temperatures and fill up missing tin into the
CZTS film. This annealing process is gaining more attention in the scientific
community as it facilitates composition control and allows to deposit only two
elements in precursor films [55], hence simplifying the preparation of
precursors. The effect of the composition on CZTS(Se) devices prepared by
annealing in SnS and S, gas atmosphere of co-sputtered precursors was
investigated by V. Chawla and B. Clemens [103]. Cu,S appeared to be an
exceptionally detrimental phase for achieving a highly efficient device.
Although the Se:S ratio had almost no effect on extraneous phases or on the
efficiency of devices, it had a significant impact on the carrier concentration
observed in the device. The carrier density increases with decreasing selenium
content.

K. V. Gurav et al. investigated the effect of soft annealing treatment on
sulphurised films. Prior to main sulphurisation at 580°C in H,S, metal CZT
precursors were soft-annealed in Ar atmosphere for 1 hour at 250, 300 and
350°C [104] . Results indicate a strong dependence of CZTS formation on the
soft annealing temperature. A temperature of 300°C was shown to be favourable
in order to form single CZTS layers with improved crystallinity.

Some research groups prefer two-temperature zone sulphurisation
(selenisation) to conventional isothermal annealing. Samples are heated up in a
furnace where the temperature of the Se source and the reaction zone can be

31



independently controlled [105]. Substrates are conventionally heated in the
higher temperature zone compared to the Se containing zone. C. M. Fella et al.
[29] studied the conversion process of metal precursors into the kesterite
compound in the two-temperature zone annealing process. A rapid increase in
the MoSe; content was observed for Se zone temperatures of 370°C [29, 106]. It
was also found that the decomposition reaction of kesterite takes place at
substrate temperatures higher than 600°C due to Sn loss via formation of
volatile SnSe phase. Densely packed and crack free crystalline Zn-rich films
were formed using a substrate temperature of 470°C.

Co-electrodeposited CZT precursors were selenised in a two-temperature
zone closed quartz reactor where the Se source temperature reached 380°C and
the substrate varied from 300 to 550°C. Before the selenisation, precursors were
soft-annealed at 250°C in vacuum. Elemental metals were converted to CueSns,
CuSn and CuZn alloys after soft annealing [44]. Although the annealing in Se
atmosphere at 550°C produced almost stoichiometric films, the additional phase
on the Mo/CZTS interface still remained which could cause an increase in series
resistance.

The formation of MoxS(Se)y, at the Mo/CZTS(Se) interface has a substantial
impact on the efficiency of solar cells. Many research groups observed that the
MoSe; interfacial layer has a positive effect on Cu(InGa)Se; device
performance [107, 108, 109]. Discussions appeared in case of CZTS solar cells,
as some reports contain information that Mo(S)Se, layer is detrimental for
obtaining a highly efficient solar cell, whereas other groups consider it
necessary because it provides an ohmic contact to CZTS(Se). B. Shin studied
the formation of MoSe; at different temperatures and partial Se pressures. It was
shown that the MoSe; thickness reduces with decreasing annealing temperature
and improved efficiency is seen for less thick MoSe, layers. When the Se
pressure is varied, the best efficiency of 6.36% was obtained for a device with a
less than 10nm thick MoSe; layer and at decreased partial pressure (~0.8 torr).
TiN used as diffusion barrier on top of the Mo back contact allows stopping
rapid growth of the MoSe; layer. However, the best device with a conversion
efficiency of 8.9% was produced with a = 220 nm thick MoSe; layer [58].

Another phase which has recently started to gain interest is ZnSe(S). As
described earlier, the preferred precursor composition is Zn-rich because this
results in better conversion efficiencies of devices due to probable suppression
of formation of highly conductive CuS(Se)x phases. In the majority of studies
Zn-rich precursors led to segregation of the ZnSe(S) phase after thermal
treatment. Only some investigations were conducted in order to study the
influence of this phase on the parameters CZTS(Se) solar cells. In studies of co-
evaporated CZTSe by NREL, it was demonstrated that a thin Zn-rich cap on the
surface of the absorber layer enhances the open-circuit voltage, the short-circuit
current and the fill factor [110]. W. C. Hsu in cooperation with the group from
NREL reported later that not every absorber that is very rich in ZnSe is able to
yield good efficiency. It is necessary that ZnSe grains are at the back of the
absorber [111, 112]. Large amount of ZnSe grains on the front of the CZTSe
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layer are detrimental to device performance and lead to a conversion efficiency
decrease from 8.3 to 6.5% [113].

1.5.2 Rapid thermal annealing

Rapid thermal annealing is generally used as a manufacturing process during
which silicon wafers are heated to high temperatures (up to 1200°C or greater)
on a timescale of several seconds or less [114]. For quaternary and ternary
compounds this process is used to convert metal precursors to chalcogenide
semiconductors and/or to densify deposited films. One of the advantages of this
method is rapid heating and cooling of samples, which is energy and time
saving. High-power infrared lamps that are built in the furnace provide an
energy density 10 to 15 times higher than from conventional heating elements
[115]. Rapid cooling is available with water cooling of the furnace body and
additional gas cooling mechanism [115].

The temperature of the sample can be controlled by combining furnace and
temperature controller. To keep the annealing process running as close as
possible to a desired set point, a proportional integral derivative (PID)
controller can be used. A PID controller calculates an "error" value from the
difference between the measured process variable and the desired set point. The
controller attempts to minimize the error by adjusting the process control
outputs. Detailed information on PID controllers can be found elsewhere [116].

After adjusting the PID parameters, heating and cooling rates have to be
determined. For CZTS(Se) formation very fast heating and cooling rates are
preferable as it is assumed that after rapid cooling, phases detected in the film
are representative of the phases that were present at the time of the quench [19].

Cheng et al. suggests that during the conventional annealing process the
Cu,SnS3 phase forms before the quaternary phase and converts into CZTSe at
temperatures above 500°C [117]. Sn losses through desorption of SnSe from
CZTSe and formation of Cu,SnSes phases at high temperatures were reported in
many articles. These losses can hinder the formation of a dense CZTSe layer
with good homogeneity and desired composition. Heating time of conventional
furnace annealing is longer compared to the RTA process, therefore the ternary
compound Cu,SnSes; would form first as a stable phase and more Sn loss occurs
during annealing. Cu>SnSe; did not convert to CZTSe completely at 500°C and
remained as the secondary phase in the film. However, from room temperature
up to 500°C, RTA can only take a few seconds and pass the intermediate
temperature ranges rapidly, hence facilitating the formation of the desired
phase. RTA assists the rapid diffusion of each element and leads to homogenous
films [47].

R. Juskenas compared to annealing approaches [77]: electrodeposited
precursor layers were annealed 1) with a slow temperature increase up to 200°C
for 20 minutes and afterwards with an increase of 10°C/minute to 500°C and 2)
fast 20°C/minute increase up to 500°C followed by keeping samples for 120
minutes at that temperature. Slow annealing led to the formation of a rough
CZTSe layer containing a large number of voids and other phases (Cu,Se and
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SnSe and possibly Cue2sSn and CusZnsg). A lesser amount of phases and no
evidence of CuzSe and SnSe was found in the CZTSe films formed according to
the fast annealing approach.

S. M. Pawar et al. [28] performed sulphurisation of sputtered metallic
precursors (750 nm thick) at temperatures ranging from 500 to 580°C for 5
minutes. It was shown that annealing at 500°C leads to incomplete
sulphurisation of the film as the S:Me ratio is 0.85. A ratio of S:Me equal to
0.99 was achieved at an annealing temperature of 580°C. On the contrary,
electrodeposited metallic precursors with a thickness of 1500 nm were
sulphurised by RTA for 10 minutes at 500°C and it was demonstrated that fully
sulphurised films can be obtained already at this temperature [78]. The
explanation can be found by looking at the way of precursor preparation: One
approach was SEL by sputtering and the other was co-electrodeposition of
metals, where the precursor density is significantly lower than the density of
each layer separately thus allowing for faster incorporation of sulphur in the
precursor film.

Reactively sputtered Cu-Zn-Sn-S precursors were annealed for 3 minutes at
550°C [118]. The sample temperature rose to 550°C within 3 minutes. Cooling
down to below 200°C was done within 2.5 minutes. According to Raman
measurements, sputtered precursors already contained a CZTS-like phase with a
high defect density and a functioning device with 0.31% efficiency could
subsequently be built. Drastic increase in grain growth, QE results, Voc and Jsc
was observed after a short annealing procedure. The ZnS phase was detected in
the annealed film wusing 325nm excitation wavelengths for Raman
measurements. A device with 4.6% conversion efficiency was fabricated.

1.6 Summary of the literature overview and aim of the
study

Polycrystalline chalcopyrite-type Cu,ZnSnS4 and Cu,ZnSnSes thin films are
promising candidates for production of low-cost solar cells. Since these
compounds are composed from abundant elements they can be considered as a
suitable alternative to highly-efficient Cu(In,Ga)(Se,S), absorbers, that are
potentially limited by the indium price and/or availability. However,
investigations of the phase diagrams of quaternary systems have shown that
CZTS(Se) as a single phase exists only within a rather narrow range of
compositions. According to theory even a 1 — 2% compositional variation could
lead to the formation of secondary (binary or ternary) phases in the films.
Therefore it is challenging to fabricate single phase Cu,ZnSnSes and
CUQZI’ISHS4.

Non-vacuum methods for absorber layer deposition appear to be beneficial
with regard to capital expenditure and materials costs. Electrodeposition is a
promising technique for low-cost solution preparation of semiconductors.
Metallic and non-metallic precursors were obtained using preferentially citrate
ions as ligands in ED solution.
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The results showed that electrodeposited non-metallic films are amorphous
and poorly adherent, whereas metallic precursors are polycrystalline and have a
dense and well-defined structure. The as deposited precursor layers typically
have different multiphase compositions dependent on either co-deposition of
metals and/or stacked metal layers was used or simultaneous deposition of Cu-
Zn-Sn-S was used. In both cases the annealing step was essential for final CZTS
formation with improving the crystallinity, and correcting the phase
composition in the CZTS film.

Several studies were conducted where different heat treatment procedures
were used: annealing in two-temperature-zone reactor, rapid thermal annealing,
isothermal annealing with additional S(Se) source or in H,S gas flow; however,
only few results demonstrated the formation of well-adherent, homogenous and
smooth CZTS(Se) layer.

CuzZnSnS; single phase material was obtained at 550°C using conventional
annealing in an electric furnace. Cu,ZnSnSes films were formed at 470°C and
consisted of the dominating CZTSe phase and additional phases of ZnSe and
MoSe; in smaller quantities. Both CZTS and CZTSe films were homogenous
and could contain copper binaries on the surface which were subsequently
removed by etching in KCN.

The loss of Sn during annealing impedes the thorough control of film
composition and film homogeneity. At elevated temperatures (>300°C) Sn
forms SnS(Se) phases which are highly volatile. To avoid Sn loss by
decomposition of quaternary compounds during annealing, it is crucial to keep
the sulphur (selenium) pressure high using tin dichalcogenides or elemental
sulphur or selenium containing atmospheres. Annealing in H,S flow can also
provide a sufficiently high partial pressure of S and move the CZTS
decomposition reaction in the direction of CZTS formation.

Films with Zn excess and Cu deficiency (Cu:(Zn+Sn) = 0.85; Zn:Sn = 1.1 —

1.2) gave so far the best results.

The objectives of the present doctoral thesis were:

Development of a technology with the aim to get homogenous and uniform
CZTS(Se) absorber films for solar cells using electrodeposited layers; by
e development of electrolytes for deposition of metal alloys (Cu-Zn, Cu-
Sn) and co-deposition of all elements (Cu, Zn, Sn) together with a
chalcogenide source (sulphur) in order to obtain Cu-Zn-Sn or/and
CuxZnSnS, precursor films.
e finding the optimized annealing conditions for converting the
electrodeposited precursor layers finally into high quality single phase
CuZnSnS4 and/or Cu,ZnSnSes semiconductor thin films.
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2 EXPERIMENTAL

This chapter gives an overview of the main experimental processes used during
this PhD study. In the first section (2.1) the techniques and reagents used for
electrolyte preparation as well as the conditions for electrodeposition are
described. The second section (2.2) describes the post-deposition treatment
techniques, whereas the third section (2.3) provides an overview of the
characterization methods used in this study. Further detail on the experimental
aspects can also be found in the publications [[-V].

2.1 Electrodeposition of precursor films

Electrodeposition of precursor layers was performed potentiostatically, i.e. at
constant potential. In the work published in articles [III-V], precursors were
prepared using a Wenking Bank PGstat 3440 potentiostat. Gamry 3000
potentiostat was employed for experiments which were described in articles
[LII]. A conventional three-electrode electrochemical cell was built for films
deposition and a silver chloride electrode (Ag/AgCl, 3M KCIl, 0.210 vs SHE)
was used as reference electrode in articles [LILV] , in articles [IILIV]
Mercury/Mercurous Sulphate Reference Electrode (Hg/Hg,SOs, saturated
K,S04 0.651 vs SHE) was employed. The counter electrode (anode) consisted
of platinum gauze with a larger active surface area than the cathode. In some
experiments, a brass plate was used as an anode in order to prevent fast loss of
Cu and Zn contents in the solution during deposition [IV,V]. Working
electrodes (cathode) were molybdenum (~1 pum) covered soda-lime glass
substrates with a sheet resistance of 0.2 — 0.3 Q/sq. Commercially available
ITO/glass substrates were used in this work as well [I11].

All the experiments were carried out at room temperature (20 — 22°C) using
Milli-Q water. Aqueous solutions comprising copper sulphate, zinc sulphate and
tin chloride (sulphate) reagents were mixed. The metallic precursors were
prepared in two different routes of sequential electrodeposition:

1) Sequential electrodeposition of Cu-Zn (brass) and Cu-Sn (bronze)
alloys [V]
2) Sequential electrodeposition of Cu-Zn (brass) alloy and Sn [I, IL,IV]

whereas the approach of co-deposition of all metals and sulphur was employed
in publication [III].

Potassium (or sodium) pyrophosphate as well as sodium citrate acting as
sources of ligand ions was used in concentrations varying from 0.1M to 0.6M
for electrodeposition of metals or metal alloys. Potassium thiocyanate was
tested for simultaneous Cu-Zn-Sn-S deposition. The pH of electrolytes was in a
range of 6 to 10 dependent on the composition of the solution. Details of
electrolyte compositions used in different studies are shown in Table 2. 1.
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First solution for precursor preparation —containing pyrophosphate ions V]

I

Electro- | K4P207 | NasP207 | CuSOs | ZnSO4 | SnSO4 | Hydro- Ei,V
lyte quinone Vs
Ag/AgCl
Cu-Zn 0.60M - 2mM | 20mM - - -1.4 to
layer -1.44
Cu-Sn 0.60M - 2mM - 10mM | 0.IM -1.3
layer

Second solution for precursor preparation —containing pyrophosphate ions [1V]

Electro- | K4P207 | NasP207 | CuSOs | ZnSO4 | SnSO4 | Hydro- Ei,V
lyte quinone \]
Hg/Hg:S04
Cu-Zn 0.4M 0.3M 20mM | 20mM - - -1.84 to
layer -1.88
Sn layer | 0.4M 0.3M - - 10mM - -1.75
Solutions with pyrophosphate and citrate ions [I, 1]
Na3;C¢Hs07| NasP207 | CuSO4 | ZnSO4 | SnCl2 | Hydro- Ei,V
quinone Vs
Ag/AgCl
Cu-Zn 0.1M - 2mM 15— - - -1.2to
layer 20mM -1.25
Sn layer - Saturated - - 20mM - -09to
sol-on -1.3
Solution with thiocyanate ions [I11]
KSCN |NaC:H302| CuCl | ZnCl: | SnCl: | Na:S:03 E.,V
vs
Hg/Hg.S04
Cu-Zn- 4M 0.4M 3.6mM | 32mM | 12mM | 1mM -1.86
Sn-S

Table 2. 1 Composition of electrolytes for electrodeposition of metallic films and Cu-
Zn-Sn-S films used in different parts of studies

Cyclic voltammograms were made to define the behaviour of metals deposition
and to find suitable redox potentials for all metals in different media. The scan
rate was kept constant and equal to 20 mV/s.

Rotating disc electrode (RDE) with a CTV 101 controller from Radiometer
Analytical was used as a working electrode in article [I] and [II].

37




2.2 Post-deposition treatment

This section is divided into two subsections; one on heat treatment of precursor
layers in conventional tubular furnace and the other subsection on treatments in
infrared furnace (RTA).

2.2.1 Annealing in electric tubular furnace

After electrodeposition, the metallic precursors were annealed in an electric
tubular furnace (Figure 2. 1 a). The heat treatment was carried out in sealed
quartz ampoules at isothermal conditions. Annealing was done in small
(9 1 cm), around 5 cm long, ampoules with an added Se piece. The temperature
along the whole ampoule length was kept constant. Elemental Se (30 mg) as
selenium source was placed into one end of the ampoules and electrodeposited
precursors in the opposite end. Temperature determines the Se vapour pressure
in the ampoule if the amount of Se is sufficient to saturate the empty volume of
the ampoule. After annealing, the ampoules were taken out of the furnace and
left to cool down to room temperature. A description of the thermal treatment
procedure is given in articles [II,IV,V]. Annealing in Se vapour atmosphere was
performed at temperatures varied from 450 to 560°C. The duration of post
treatment varied from 20 to 60 minutes. Se vapour pressure dependent on
temperature is shown in Figure 2. 1 b.
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Figure 2. 1 a) Furnace for selenisation experiments, b) dependence of Se vapour
pressure on temperature (constructed on the base of data . U. I'epacumos, A. H.
Kpecmoenuros, A. C Lllaxoe, Xumuueckas mepmoOUHAMUKA 6 YEEMHOU MEMALTYPSUU.
Memannypeus, p.23, 1966 )

2.2.2 Rapid thermal annealing (RTA)

A tubular type infrared furnace with elliptical reflectors and four infrared lamps
as heating sources (Figure 2. 2) was used for rapid thermal annealing (RTA).
Thermal treatment was carried out in H>S atmosphere. The powerful infrared
lamps for sample heating allowed fast heating and fast cooling in a precise
temperature range.
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Figure 2. 2 Schematic system for RTA

The sulphurisation process of metallic precursors included three steps. First, a
15 minutes purging cycle with N,; second, heating up and cooling down the
furnace with a defined programme; and third, purging again with No.
Sulphurisation was carried out at 470°C, 500°C and 550°C in a tubular furnace
in HaS + N; atmosphere with a H>S concentration of 5%. The heating rate was
varied between 2°C/s and 3.3°C/s. During rapid annealing at 500°C the samples
reached temporarily a temperature of up to 520°C. After annealing, samples
were cooled down to 25°C for 5, 8 or 15 minutes. Short time overheating was
noticed in all RTA experiments and the samples reached temporarily a
maximum temperature of 490°C and 570°C [LIII].

The PID control of the furnace system was set to proportional Band (P),
Integral Time (I), and Derivative Time (D) parameters of 15, 30 and 10
respectively. For adjusting the temperature and PID parameters, a Temperature
Controller TPC5000 was used.

2.3 Characterization of Cu2ZnSnS4 and Cu2ZnSnSe4 thin
films

For characterizing the obtained precursors and formed Cu,ZnSnS; and
Cu,ZnSnSe;s thin films, the analytical techniques listed in Table 2. 2 were used.
More detailed information regarding the equipment and measurements can be
found in the experimental sections in the publications [[ — V].
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Properties Analytical method Apparatus Ref.
. . Rontec EDX XFlash 3001
Elemental Energy dispersive x-ray
Composition Spectroscopy (EDX) detector [1-V]
P P by Hitachi 1000
High resolution scanning | ZEISS HR SEM
Morphology electron microscope ULTRA 55 [I-V]
(SEM) Hitachi 1000
Phase Rqom temperature (RT) Horiba’s LabRam HR
.. Micro Raman [I-V]
composition spectrometer
spectroscopy (Raman)
"
ase . .
composition X-Ray Diffraction (XRD) Bruker D5005 LI
diffractometer [I-1I]
Surface Atomic force microscope
roughness (AFM) Bruker Nanoscope V (1]
Redox potentials Wenking Bank 3440
zlfelc\:/t[:(,)chemical Cyclic voltammetry (CV) DOREREOstE: tﬁggs
) Gamry 3000, Potentiostat
window
Determination of Polaroeranh Metrohm 746 VA Trace PhD
current efficiency graphy Analyzer thesis

Table 2. 2 Overview of analytical techniques and apparatus used in this work
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3  RESULTS AND DISCUSSION

3.1 Peculiarities of the electrodeposition approach of
stacked alloys and metals

As described in the experimental section of this work, for this investigation two
different routes for metallic precursor preparation were applied. In the earlier
work [V] the approach of stacked Cu-Sn on Cu-Zn layer deposition followed by
selenisation was used. In the following publications [LILIV] a simplified
method was adopted: deposition of a pure Sn layer on a Cu-Zn layer followed
by annealing.

In both cases the interaction between the stacked layers had to be taken into
account. Compared to the SEL deposition in which three layers were deposited
separately (development of three electrolytes), or to the simultaneous co-
deposition of all metals with chalcogenide (development of a complex
electrolyte), the new route is in principle much simpler, but certain drawbacks
became obvious: the main disadvantage of both approaches was a loss of zinc
and as a consequence the variation in Cu:Zn ratio after Sn (Cu-Sn) deposition.
One possible explanation of loss of Zn can be attributed to the dissolution of Zn
in the tin (or/and copper) containing electrolytes. Zn as a more active metal than
Sn or Cu reacts with the SnCl, (or/and CuSQs) electrolyte and a displacement
reaction consequently occurs. Before applying this method preliminary
experiments were done in order to control the Zn loss. Cu-Zn layers with
different Zn concentrations were deposited and the composition was measured
by EDX. After electrodeposition of Sn the composition was determined again.
The diagram (Figure 3. 1) presents the results of the precursor compositions
before and after Sn deposition.

AV VAN

S

Figure 3. 1 Variations in precursor compositions before and after tin electrodeposition.
Solid dots on Zn-Cu line are the initial composition of Cu-Zn layers. The arrows show
the composition change of the same layers after tin deposition.
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As it can be seen from the diagram, initially the Zn-richest sample (60 at%)
contains the highest amount of Sn. In contrast, the sample with the lowest Zn
amount after Sn electrodeposition contains the least amount of Sn. It can be
concluded that the more Zn is present in the initial film the more active the Sn
deposition occurs.

Cu concentration is decreasing (after Sn deposition) in accordance to the
initial Cu-Zn layer composition, while the Zn concentration is parallel to the
line around 20 at% and stays around this for almost all precursors and only
precursor with the highest amount of Zn in initial layer results in a higher
concentration of Zn after Sn deposition. Following above given it can be
concluded that in order to get Cu-poor precursor a very Zn-rich (40 — 50 at% of
Zn) initial Cu-Zn layer has to be deposited.

3.2 Current efficiency of the electrodeposition process

For determination of the current efficiency of electrodeposited layers two
methods have been employed. At first a convenient weight method was used:
substrate was measured before and after electroplating using an accurate
balance with an accuracy of 0.1 mg. This method was used in the articles [I1I-V]
and the current efficiency for Cu-Zn deposition was measured to 79% and for
Cu-Sn to 85%.

The polarography method was also applied for qualitative and quantitative

analysis of metal ions (here specifically for Cu®" and Zn?") [LII].
Electrodeposited films were dissolved in acid, afterwards the background
electrolyte was added and measurements occurred in a given potential range at
the indicator electrode, a dropping mercury electrode (DME). The
polarographic curve demonstrated, where the reduction of the presented
substance in solution occurred, by reflecting the position of the wave with
respect to the potential. Under a set of defined experimental condition, each ion
has its own characteristic half wave potential which is the basis of qualitative
polarographic analysis [119].
Quantitative polarographic analysis was based on the linear linkage between the
diffusion current and bulk concentration of the electroactive species. In general,
the most precise measurements of concentration are carried out by constructing
a calibration curve with a set of standard solutions. Standard addition and
internal standard methods are also used in concentration measurements. They
are implemented in obvious ways and reach a typical precision of a few percent
[120]. In this work the second way of addition of two standard solutions of each
metal ion (Cu®" and Zn*") has been employed. The disadvantage of this method
was that Mo also dissolves in acid and renders to perform Sn analyses since
peaks of these elements overlap. The efficiency of Sn deposition was also
calculated using the traditional weight method. According to the polarography
results the current efficiency of the Cu-Zn layer deposited from the electrolyte
containing citrate ions as ligands is §9%.
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3.3 Electrochemical deposition of Cu-Zn (brass) and Cu-
Sn (bronze) stacked films

This section describes the first approach of precursor preparation (Cu-Sn layer
on Cu-Zn), used in publication [V]. The process steps were organized with the
aim to ensure reliable conditions for electrodeposition of metallic thin layers.
Preliminary investigations were directed to electrolyte compositions for
deposition of Cu-Zn and Cu-Sn alloys with suitable element composition and
morphological properties.

Electrodeposition of multicomponent layers requires the preparation of
complex electrolytes. The complications in choice of electrolyte usually come
from the difference of electrochemical properties of deposited components in
electrolyte and in this instance they are rather distinct. A large variety of
solutions (citrate, rhodanide, cyanide etc.) was proposed in literature for
electrodeposition of brass (Cu-Zn) and bronze (Cu-Sn) alloy layers. Cyanide is
most appropriate but its high toxicity raises occupational safety and
environmental concerns. A reasonable solution without any exploitation risks
and with acceptable properties is the pyrophosphate electrolyte. The special
feature here is its strong negative deposition potential causing a considerable
hydrogen evolution that could seriously affect current efficiency and the quality
of deposits. All these features were preliminary aspects of the research and had
to be taken into the account before preparation of the electrolytes.

3.3.1 Cyclic voltammetry of electrodeposited films

The process for deposition of alloys Cu-Zn and Cu-Sn in pyrophosphate
electrolyte was developed and used in commercial industry [121]. The
complication of these solutions lies in the fact that different brighteners and a
variety of other additives are used that counteract the aim to create simple water
based electrolytes for facile and high purity metal alloy deposition. Therefore a
simplified composition of the electrolyte was examined: alloys were deposited
from alkaline solutions containing metal salts of Cu**, Zn?' for Cu-Zn
deposition and Cu**, Sn*" ions for Cu-Sn deposition respectively. The 0.6M
K4P,07 served as a source of P,O7* ligand ions. The pH value was adjusted to
9.5-9.7.

Initial analysis of electrodeposition of metals was performed, where the
reduction potentials of elements were calculated using the Nernst equation.
Standard deposition potentials were found from Pourbaix diagrams [122], and
binding constants of presented complexes and concentrations of elements and
ligands were also taken into account.

Stability (binding) constants usually used to characterize complexes that are
present in the solution. An example for deriving the stability constant (Ks) in
case of copper complexation is shown below:

R3.1
Cuzt + 2P,074 —» Cu(P207)26'
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Eq3.1
[Cu(P, 07)26_]
[Cu?*]+ [2P,0,"7]

S

where K is a stability constant. The larger the stability constant, the higher the
proportion of complexed metal complexes, that exist in the solution.

The stability constants for pyrophosphate ligands complexed with Cu and Zn
are shown in Table 3. 1. As can be seen from the table, Cu(Il) can be complexed
in as CuP,O-* and Cu(P,07),". It was reported in literature that in concentrated
solutions Cu(P,07),* is the predominant phase. The ratio [CuP,0*]:[Cu(P207).*]
increases with dilution and CuP,O7* predominates in extremely diluted solutions
[123, 124, 125]. In the experiments of this PhD work, the copper concentration
was 0.005M for pure Cu layer deposition and 0.002M for Cu-Zn alloy
deposition. The concentration of pyrophosphate was 0.6M.

According to literature the predominant species in this solution types is
CuP,07 * [123]. Stability constants for this Cu and for Zn species are almost
equal. Therefore, for Cu-Zn alloy deposition a higher concentration of Zn** ions
is needed in the electrolyte in order to ensure the desired Zn composition in the
film. In this work the concentration of Zn** ions was tenfold higher than that of
Cu?®" ions.

Stability constant, Ks log Ks Ref.
CuP,07* 5x10° 6.7 [126]
Cu(P,07),* 1x10° 9 [126]
Zn(P,07),* 2.9x10° 6.46 [126]

Table 3. 1 Stability constants for pyrophosphate ion and Cu(Il) and Zn(Il) species

Using the above given data and substituting this together with standard
potentials and concentrations of constituents in equation Eq 1. 4, the reduction
potential for metals deposited in the actual conditions can be calculated. In
Table 3. 2 the calculated values of reduction potentials are given.

Type of ions Ligand E vsAg/AgCl, V
Copper (1) ions P,O;" -0.57
Zinc (1) ions P,O;* -1.40

Table 3. 2 Calculated reduction potentials for Cu(ll) ions and Zn(Il) ions in alkaline
media

Cyclic voltammetry was performed to find out experimentally the reduction

potentials of Cu(Il), Zn(Il) and containing both Cu(Il) and Zn(Il) ions from
electrolytes used in this work. The results are shown in Figure 3. 2.
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Figure 3. 2 Cyclic voltammetry curves on Mo electrode for a) 0.6M K,P,0;; b) 0.005M
Cu?" and 0.6M K.P>07; c) 0.02M Zn** and 0.6M K.P-O7 d) containing both 0.002M
Cu?"and 0.02M Zn** ions in 0.6M K.P>O;solution, vs. Ag/AgCl, scan rate 20 mV s

SLG/Mo was immersed in solution containing 0.6M potassium pyrophosphate
to determine the electrochemical window of deposition. The pH value reached
9.7. Hydrogen starts to evolve already at -1.08 V; however, drastic hydrogen
evolution begins only at -1.25 V. Formation of small bubbles on the electrode
surface was observed. In positive scan direction the electrochemical window is
limited by oxidation of Mo which starts at -0.32 V.

The cyclic voltammetry curve for copper(Il) ions solution in pyrophosphate
shows two reduction peaks after which follows the hydrogen evolution region
(see Figure 3. 2 b). In anodic direction an oxidation peak is not well seen, most
likely due to the oxidation of Cu that occurs at around the same potential as for
Mo oxidation. The presence of the first cathode peak can be explained by the
reduction of Cu?" into Cu'" ions [125]. The second peak represents a reduction
peak that can be attributed to the transfer of Cu?* to metal copper. The visual
appearance of the electrode, after keeping the substrate at -1.0 V for several
minutes, changed into red, indicating Cu deposition at this potential. In contrast
to the calculated value of the reduction potential for Cu (see Table 3. 2), the
cyclic voltammogram is displaced moved in more negative direction. A possible
explanation for this is the formation of copper hydroxycomplexes. At increased
pH, there is an increasing tendency for the formation of Cu(OH),” compounds
which can reduce the free Cu ions concentration as well.
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The calculated value for the reduction potential of Zn is -1.4 V. The
approximate onset of the reduction peak for Zn(Il) ions in pyrophosphate
solution is shifted to positive direction from the calculated value. However, it is
difficult to evaluate the starting point of the Zn reduction as it can coincide with
the hydrogen evolution which can strongly disturb it. The hydrogen begins to
evolve earlier and after equilibrium potential of Zn*'/Zn they go competitively
together but because of H, high overpotential on Zn, reduction of Zn*" appears
to be favourable. At high cathode potentials hydrogen evolution is the
dominating reaction.

The last graph shows the electrodeposition of the Cu-Zn alloy. Reduction of
copper starts at around -1.0 V and it is followed by reduction of zinc and by
forming a large plateau from -1.2 to -1.4 V. The oxidation wave for zinc is
missing in graph (d) suggesting that part of Zn is alloyed with Cu and that the
new oxidation peak at around -0.95 V is due to stripping of the Zn-rich Cu-Zn
alloy and non-alloyed Zn together. The oxidation peak of Cu is more
pronounced and forms a clear peak, indicating anodic stripping of the Cu-rich
Cu-Zn alloys and non-alloyed Cu.

Pyrophosphate was used as a complexing agent for Cu-Sn deposition as
well, since the same agent was also used for Cu-Zn deposition.

Electroplating of elemental tin or its alloy with copper (bronze) was typically
performed using cyanide complexes [127]. Later some reports were published,
where it was demonstrated that tin plating can be carried out from solutions
containing pyrophosphate. Vaid and Rama Char used the solution obtained from
stannous pyrophosphate and sodium pyrophosphate and reported that the
pyrophosphate ligand forms complexes with tin. [128]. However, a large
amount of other reports on divalent metals in pyrophosphate media published in
1936 did not contain any tin(I) examples [129]. Polarographic and
potentiometric studies [130] [131] demonstrated later that [SnP,O;]*" and
[Sn(P207),]° complexes can be formed, additionally a mixed hydroxycomplex
[Sn(OH)(P,07)]>” was considered. For higher pH (8.3 — 11.1), the anions
[Sn(OH)2(P207)]* and [Sn(OH)(P,0).]"~ were revealed. In fact, it was shown
that the chemistry of tin(Il) pyrophosphates in aqueous solution is still not well
understood.

The stability constant used in this study (I-10") was found for
[SnP,07]* complex from literature [132]. The presence of this complex in the
pyrophosphate electrolyte is most likely as there are many reports that confirm
the formation of the [SnP,O7]* complex [128, 129, 131].

According to this data it can be concluded that Sn forms complexes with
pyrophosphate ligands. However, no study could be identified that examined
the distribution of species depending on pH. There is no exact agreement among
researchers which definite complexes can form in this media.

The stability constant for Sn is very high compared to those of Zn and Cu.
However, in this case the difference between standard potentials of Sn and Cu is
not as large as for Cu and Zn. Therefore the most suitable concentration for the
work presented here was found to be 0.01M for SnSO4 and 0.002M for CuSOea.
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Figure 3. 3 shows the electrodeposition of Sn on Mo substrate (a) and
deposition of Cu-Sn on Cu-Zn substrate (b). The reduction of Sn(II) on Mo
substrate starts around -1.1 V which differs from the calculated reduction
potential which is -1.35 V. The explanation can be found in the different values
for the stability constants which were used in the Nernst equation, hence
shifting the potential in negative direction. In this calculations K equals to
1 - 10" respondent to [SnP,07]* complex was used. However, the formation of
other complexes with Sn in the basic alkaline electrolyte, which can cause Sn
reduction at lower potentials, cannot be excluded. The deposition of the Cu-Sn
layer on Cu-Zn substrate is shown in Figure 3. 3 b. It is seen that like in case of
Cu-Zn the simultaneous deposition of Cu-Sn starts at around -1.0 V. Interesting
here is the formation of second oxidation peak next to the peak for Cu-Sn
oxidation, which probably can arise from zinc stripping from the initial Cu-Zn
layer.
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Figure 3. 3 Cyclic voltammetry curves for a) 0.01M Sn** and 0.6M K.P>O; electrolyte
on Mo substrate and b) 0.002M Cu?*, 0.0IM Sn** and 0.6M K,P;0; electrolyte on Cu-

Zn layer, vs Ag/AgCl, scan rate 20mV s

The above data (CV curves, values of stability constants) were used to
determine the electrochemical window and to follow the behaviour of separate
ions in the pyrophosphate electrolyte. Based on these results potassium
pyrophosphate was used for deposition of stacked alloy layers of Cu-Zn and
Cu-Sn.

3.3.2 Morphology, elemental and phase composition of deposited
metallic alloys

The approach of stacked alloys used as precursors for formation of Cu,ZnSnSes
compounds was investigated and summarised in the publication [V]. The
standard electrochemical cell with saturated Ag/AgCl as a reference electrode
was used. The first step was the deposition of brass. Cu-Zn films were deposited
for 50 — 60 minutes at a potential between -1.4and -1.44V on Mo/glass
substrates. The elemental composition of the deposited Cu-Zn films is shown in
Table 3. 3.
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Sample Cu [at%] Zn [at%] Ei,V vs. Dep. time
Ag/AgCl [min]

Sol 1 49.0 51.1 -1.40 60

Sol 2 44.1 55.9 -1.44 50

Sol 4 48.1 51.9 -1.40 60

Table 3. 3 Composition of electrodeposited Cu-Zn films

The details of the electrolyte preparation are presented in chapter 2.1. The
thickness of brass layers varied from 0.3 up to 0.5 um. All deposited films were
Zn-rich. However it is possible to deposit Cu-Zn films with different
composition by changing potential and ion concentration in the electrolyte.
After electrodeposition of the first layer, films were washed and dried.
Therefore the bronze layer was deposited on the Cu-Zn layer for 3 — 4 minutes
at -1.3 V. The thickness of the deposited Cu-Sn layer was around 0.1 — 0.2 um.
The total composition of the electrodeposited films is presented in Table 3. 4.

Sample Cu [at%] Zn [at%] Sn [at%] Dep.time
[min]

Sol 1 43.7 8.4 47.9 3.15

Sol 2 43.6 16.2 40.2 3.00

Sol 4 35.6 17.2 46.2 3.30

Table 3. 4 Compositions of electrodeposited precursor films (Cu-Zn— Cu-Sn)

The final precursor composition is Sn-rich, which was determined especially to
compensate the tin loss at higher temperatures in the subsequent selenisation
process. The prepared stacked films (Cu-Zn — Cu-Sn) were used as precursors
for CZTSe films in the annealing experiments in selenium vapour. The SEM
surface images of these layers are depicted in Figure 3. 4.

Figure 3. 4 SEM images of a) Cu-Zn layer and b) Cu-Sn on Cu-Zn layer

The Cu-Zn layers show some inclusions on the surface that are probably a result
of hydrogen evolution that occurred together with Zn deposition. The Cu-Sn
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layer shown in Figure 3. 4 b) exhibits a smooth morphology of the film;
however, the formation of bigger agglomerates is also seen on the surface.
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Figure 3. 5 XRD pattern of as-deposited a) Cu-Zn alloy, b) stacked layers of Cu-Sn on
Cu-Zn

The XRD pattern of deposited Cu-Zn film containing from 50 to 55 at% of Zn
is shown in Figure 3. 5. Three main peaks at 40.30, 73.6 and 87.35° can be
attributed to the Mo substrate. Other reflexes can be assigned whether to the
CusZng or to the CuZn phase as the strongest XRD peaks of these phases
coincide. However, the presence of a small peak at the left shoulder of the first
Mo peak indicates evidence of existence of the y-CusZng phase in this film.
These results are consistent with the equilibrium phase diagram of Cu-Zn from
which can be expected that a mixture of disordered B-CuZn and y-CusZns
phases is formed in this region of the Zn concentration [133]. No evidence of
elemental Cu or Zn was revealed.

The XRD pattern of complete Cu-Sn and Cu-Zn precursor indicates the
presence of CusSng and/or CuSn phases. These phases were also found in Cu-
Zn-Sn co-electroplated precursors in [44, 76, 77, 104]. Additionally, precursors
could contain elemental Zn [44, 104] or Sn [44, 77, 104]. A small peak at
around 45° indicates traces of Sn in the film. CusSns was also found to be
formed in precursors during evaporation and sputtering [40, 99]. Interestingly, a
small amount of the Cu-rich brass phase (Cug7Zng3) can be observed in Figure
3. 5 b), which may have arisen because of Zn dissolution in the electrolyte
containing Cu and Sn.

A list of XRD pattern standards for this thesis can be found in Appendix B.
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3.3.3 Selenisation of Cu-Zn and Cu-Sn stacked layers

Several groups [17, 92] are using long time annealing procedures to form a final
CuzZnSnSy layer. In this work precursors were selenised in an electric tubular
furnace and two different annealing procedures were performed. The first
procedure involved preliminary homogenization through annealing in vacuum
for 1 hour at 400°C and that was followed by reactive isothermal annealing in
selenium vapour for 1 hour at 560°C. The other procedure consisted of a short
(15, 10 minutes) treatment at 530°C followed by cooling down with slow rate.
To compare these two procedures an XRD analysis was conducted for the
obtained films, which is shown in Figure 3. 6.
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Figure 3. 6 X-ray diffraction patterns of thin Cu:ZnSnSey layers annealed in different
regimes: Sample Sol 2 — selenisation for 15 minutes at 530°C and slow cooling down;
sample Sol 4 —1 hour selenisation at 560°C.

For both patterns typical main reflexes corresponding to the Cu,ZnSnSe4 phase
at 27.16, 45.1 and 53.52° in 20 scale are dominating. Minor peaks of the
CuzZnSnSes phase are seen at 17.44, 36.25, 65.98 and 72.65°. Signals are
strong and sharp indicating the formation of a well-crystallized structure. Well-
defined reflexes from the molybdenum substrate layer at 40.3, 56.03 and 73.45°
in 20 scale are also detected. Assuming the strongest peak at 45.1° is not caused
only by the CZTSe phase, there could be evidence of MoSe, — a product of
selenisation of the Mo substrate. Detailed structural analysis in both cases
indicated non-monophase thin film materials. Additionally there are minor but
well distinguished reflexes at 26.58, 28, 31.2 and 50.02° related to a separate
CuSe phase. Thin film material could contain an additional cubic ZnSe phase as
ZnSe peaks coincide with the CZTSe peaks at 27.16, 45.1 and 53.52° in 20
scale. In addition to this, the analysis suggests the existence of the Cu,Se phase
with reflexes at 27.16, 45.1 and 56.03°.
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Figure 3. 7 Room temperature Raman spectrum of Sol 1 precursor annealed at 530°C
for 10 minutes

The room temperature Raman spectrum shows a well-formed CZTSe by
vibrations at 171 cm™ and 195 cm™ respectively. There are two additional peaks
that could be attributed to CuSe (at 93 cm™ and at 263 cm™). A signal at
247 cm™ could indicate the existence of the cubic ZnSe phase in sample.
Sources for Raman shifts used in this work are listed in Appendix B.

Figure 3. 8 shows the dependence of the (ahv)? curves on energy (hv) axis
for CZTSe layers.
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Figure 3. 8 Plot for determining the band gap of Cu,ZnSnSey films selenised in different
conditions: Sol 4- hour at 400°C in vacuum +1 hour at 560°C and Sol 2 for 15 minutes
at 530°C. The analysis is based on the assumption that CZTSe is a direct band gap
material.
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The direct optical band gap was calculated by plotting (ahv)? versus the energy
in eV and extrapolating the linear part of the spectrum (ahv)’ = f (hv) to zero.
Thus, the band gap of the CZTSe thin films was estimated to be 1.31 eV +
0.01 eV.

Drawback of Cu-Sn and Cu-Zn stacked alloys approach

The disadvantage of this method was the unstable electrolyte performance for
Cu-Sn layer deposition. After exposing to the air during first depositions,
divalent tin started to oxidize at the anode to tetravalent tin [134]. The resulting
stannate (IV) was more stable and accumulated in the electrolyte. This method
was not pursued further due to difficulties in controlling the precise Cu:Sn ratio
for deposited in a row Cu-Zn layers . Although there are several substances
("stabilizers") described as antioxidants that avoid or slow down the oxidation
process [134] (pyrocatecol, hydroquinone, resorcinol, phloroglucinol,
pyrogallol, 3-amino phenol, hydroquinone sulphuric acid ester, cresolsulphonic
acid and others) the use of these leads to undesired reactions that could occur on
the surface and will contaminate the layers. Initially, in this work, in order to
stabilize Sn, hydroquinone was used as an antioxidant. However, because of the
toxicity of this element and because of fast degradation of its stability properties
in solution, this reagent was not used in further experiments.

3.4 Sequential electrodeposition of Sn layer on Cu-Zn
layers

To avoid the premature degradation of bronze electrolytes a novel method of
depositing Sn on Cu-Zn layer was employed. The new electrolyte for Sn was an
aqueous solution containing sodium pyrophosphate and SnCl,. This electrolyte
demonstrated stable behaviour and enabled multiple depositions of Sn layers.
As the copper ions are absent in new solution there is no competition between
Sn?* and Cu*" ions in deposition on the substrate. Copper as the ion with more
positive redox potential does not interfere with the reduction of tin ions (with
more negative redox potential) allowing it to be deposited in a natural way.

3.4.1 Cyclic voltammetry of electrodeposited Cu-Zn layers

It was shown before that the morphology of the Cu-Zn layer is imperfect, which
is probably due to intensive hydrogen evolution which occurs at high potentials.
At the locations of the electrode where hydrogen bubbles form, the electrode
surface is insulated and therefore deposition cannot take place. On the border of
the bubbles the electrolyte penetration is constrained resulting in non-uniform
deposited material of large grain size. Therefore it was required to search for
different complexing agents, which allow simultaneous Cu-Zn deposition and
lead to uniform and homogenous films.
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Trisodium citrate was used as a source of C¢HsO7*~ ions used as ligands for
electrodeposition of copper [135], zinc [136] and their alloys [137]. Pawar et. al
[90] suggested to use trisodium citrate for co-electrodeposition of Cu-Zn-Sn.
The ability of this ligand to from stable complexes with several metals,
particularly with copper allowed to move the potentials of Cu®*", Zn*" and Sn**
closer and to find suitable conditions for co-deposition of metallic films with a
desired composition.

Conversion efficiency of 3.16% was obtained for a device prepared by
annealing of electrodeposited Cu-Zn-Sn alloy using trisodium citrate for
electrolyte preparation [36].

In this PhD work, CsHsO->~ ions were used as ligands. The deposition of Cu-
Zn layers was obtained using these ligands. The disappearance of tin salt in the
electrolyte composition considerably eases the task of multi-metal
electrodeposition since it bypasses the necessity to take into account the easily
alternating oxidation levels of Sn in different conditions.

Table 3. 5 presents the stability constants for copper(Il) and zinc(Il) citrate
complexes. According to literature 14 copper-citrate complexes of Cu(Il) can be
formed [138]. The table represents stability constants only of two copper-citrate
species which are found at pH > 6 in accordance with the distribution of species
in the graph reported by S. Rode et al. [138]. When the citrate is in excess, the
dimmers Cu,Cit;H.;*" and Cu,Cit,H,* are the dominant species. In the presence
of cupric ions, coordination effects render the hydrogen of the hydroxyl group
labile, and the citrate ion may become quadruply ionized, thereby resulting in a
negative value for the subscript with minus [138].

The predominant species in distribution of zinc-citrate complexes is
reported to be Zn(Cit),* at pH > 6 [136], which has the highest value among all
zinc species, still the stability constant for the copper complex Cu,Cit:H 1> is
higher. These investigations are the good basis for elaborating an electrolyte for
Cu-Zn alloy electrodeposition. In this PhD work equal concentration of Cu(II)
and Zn(Il) ions were added to the electrolyte and uniform films with good
adhesion to the substrate were obtained. The Cu:Zn ratio varied around one
dependent on the deposition potential.

Stability constant, Ks log Ks Ref.
CuCitoH 1+ 7.1-10' 10.85 [138]
CuyCit,Ho* 7.4-10° 5.87 [138]
ZnH,Cit" 1.8- 10! 1.25 [136]
ZnHCit 9.5-102 2.98 [136]
ZnCit 9.5-10% 4.98 [136]
Zn(Cit)y* 7.9 - 10 5.90 [136]

Table 3. 5 Stability constants for citrate ion and Cu(Il) and Zn(Il) species

The calculated values for reduction potentials of metals in electrolyte with
citrate ions as ligands are shown in Table 3. 6. These were calculated analogous
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to the calculation conducted for pyrophosphate media (see 3.3.1). Standard
reduction potentials for Cu (0.337 V) and Zn (-0.76 V) were taken.

Type of ions Ligand E vsAg/AgCl
Copper(I) ions C¢Hs07* -0.36
Zinc(Il) ions CeHs07*~ -1.16

Table 3. 6 Calculated reduction potentials for copper(ll) and zinc(1l) in acidic media, at
pH6

The electrochemical window for 0.1M Na3;CcHsO7 is narrower than for K4P>O7.
The current starts to flow already at around -0.6 V. This phenomenon can be
explained by dissociation of trisodium citrate and adsorption of citrate anions on
Mo substrate. Hydrogen evolution begins at -1.15 V and limits the window. The
oxidation of Mo substrate, however, moved in more positive direction and starts
around -0.22 V.
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Figure 3. 9 Cyclic voltammetry curves on Mo electrode for a) 0.1M Nas3CsHsO7; b)
0.02M Cuw’* and 0.1M Na;CsHsO5, ¢) 0.02M Zn’* and 0.1M Na;CsHsO7; d) containing
both 0.02M Cu’* and 0.02M Zn** ions in 0.IM Na;CsHsO7 solution, vs. Ag/AgCl,
scan rate 20 mV s’

As it was mentioned before, citrate ions bind copper(Il) ions relatively strong

and can move copper potential in more negative direction. In graph b) the
reduction peak for Cu is seen at -0.34 V and since oxidation of Cu occurs at a
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potential similar to that of Mo, the peak is not extractable from the Mo electrode
oxidation one.

Reduction peak for zinc(Il) is shown at -1.39 V followed by the oxidation
peak at -1.0 V in reverse scan (Figure 3. 9 ¢). The calculated values for Cu and
Zn are in good agreement with the onsets of starting points of the reduction
potentials for Zn(II) and Cu(Il) ions deposition respectively.

Graph d) presents the cyclic voltammetry curve for electrodeposition of the
Cu-Zn alloy. The first reduction peak is assigned to reduction of Cu(Il) ions.
The second peak situated at -0.96 V could be attributed to underpotential
deposition of Zn (UPD). It is worth noting that the substrate, during
electrodeposition, never has the same original substrate composition as in the
beginning, as it gets covered with Cu deposit with time. Therefore the way of
interaction behaviour between Zn and substrate is changed. The phenomenon of
UPD refers to the deposition of metals on foreign metal substrates at potentials
that are more positive than that predicted by the Nernst equation for bulk
deposition [139]. When the solution contains both Cu(Il) and Zn(Il) ions, the
underpotential deposition of Zn occurs simultaneously with deposition of Cu, as
a result of which an alloy is formed. In this case the higher rate of Zn deposition
in Cu can be favoured by kinetic factors, such as non-equilibrium trapping of Zn
adatoms, by growing deposits of Cu, by the presence of steps and kinks on the
surface, and also by an enhanced concentration of vacancies in the lattice of the
solvent metal and high amount of grain boundaries in the film [140]. The
oxidation peak in reversed scan respectively corresponds to stripping of Cu-Zn
alloy and non-alloyed zinc.

3.4.2 Morphology and phase composition of precursors

SEM images of a) electrodeposited Cu-Zn layer, b) Sn on Cu-Zn layer and c)
the cross-section of the whole stacked precursor is depicted in Figure 3. 10. The
initial Cu-Zn alloy film consists of small densely packed crystals and appeared
mirror bright showing a gold-like colour. The Sn layer deposited onto the Cu—
Zn alloy layer consisted of crystals sized 0.2 — 0.3 pm with prolonged equally
distributed holes between the crystals. According to the cross-sectional image
the thickness of the Sn layer reached 200 nm and the total precursor thickness
was around 600 nm.

‘ N - o SRR O S

Figure 3. 10 a) SEM image of electrodeposited Cu-Zn layer b) Cu-Zn-Sn layer and c)
cross-section of the precursor
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The XRD pattern of deposited Sn on Cu-Zn precursor is shown in Figure 3. 11.
Reflexes of elemental Sn are seen in the figure; however, peaks assigned to
CusSne/CuSn phases are also present, indicating the alloy formation of Sn with
Cu. According to literature Cu and Sn can form the alloy CusSns already at
room temperature [141]. M. Date et al. [142] demonstrated the formation of the
CusSns phase between Sn and the CusZng phase, and proposed that Sn may have
started the process by penetrating into the grain boundaries of CusZng. The
interdiffusion of Sn increased with aging time, and slowly it led to the
formation of Cu-Sn intermetallic compounds within the CusZns. Complete
interdiffusion of one metal into another to form bronze or brass phases occurs
only after low temperature annealing [19, 77].

#-Culn, = - Cu,Sn,

*. CuZn +-CuSn

&-Cuy Zn . s-Sn
c-Cu

(7]

Mo

+ 0 H+p

0,54

Normalized intensity, arb.units
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Figure 3. 11 XRD pattern of as-deposited Sn on Cu-Zn alloy

The Cu-rich phase - Cug7Zno3 is also present in the XRD pattern and the reason
for formation of this phase is possibly the same as was explained before.

3.4.3 Electrodeposition of films using rotating disc electrode

The growth of electrodeposited films occurs through convection currents. At a
usual vertical working electrode films grow unevenly as convention currents
produce non-uniform electrolyte transport. This results in thickness variations
over the deposited area and could lead to compositional gradients [82]. The
control of the mass transport during electrodeposition is therefore of utmost
importance.

The simplest way to achieve uniform convection, i.e. supplying the same
electrolyte flow over the entire electrode area, is to use a rotating disc electrode
(RDE). When the electrode is rotated, it pumps fresh solution from the bulk of
the electrolyte onto the disc, hence providing the same flow across the whole
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area. The relationship between the limiting current and the rotation rate of the
electrode is given by the Levich equation:

Eq3.2
J=0.62zF D 0"?v¢,

Where z is the number of electrons transferred per ion, F is the Faraday constant
(96485 C/mol), D is the diffusion coefficient of the transferred ion, ¢y is the
initial concentration of the ion in the electrolyte, ® is the angular velocity of the
RDE (rad/sec) and v is the kinematic viscosity of the electrolyte (0.01 cm?/s for
water).

An electrochemical cell with a rotating disc electrode as the working
electrode was used in the work presented in the publications [I] and [II].

EDS line scanning profiles for Cu-Zn layer are presented in Figure 3. 12 and
Figure 3. 13. Figure 3. 12 represents the employment of a vertical working
electrode and Figure 3. 13 employment of a rotating disc electrode. The EDS
analysis was made in two locations (at the top and at the bottom of the
deposited layer, shown in images of Figure 3. 12 and Figure 3. 13).

The first sample (prepared with the vertical working electrode) showed
compositional changes all over the substrate of deposited film: Cu fluctuations
were in range of 40at% to 50at%. The -cross-section images and
concentrational line scans were taken from the top and the bottom of the same
film and are given in Figure 3. 12.

Top

4773
SE _MAG: 50000 x HV: 5,0 kV WD: 9,1 mm

Figure 3. 12 EDS line scans applied on the cross-sections of the top and the bottom part
of the Cu-Zn deposited film using a vertical electrode

The difference in width between two peaks at the line scans can be noticed and
indicates that the bottom part of the film is thicker than the upper part.
Thickness variations of the electrodeposited films using different working
electrodes were also discussed in [19]. The line scans of the top and the bottom
part of film show that zinc is more amassed in the middle part of the film,
whereas copper on the bottom of the films is confined to the surface of the
precursor. This indicates that the growth of the bottom part of the film is caused
preferentially by copper deposition. On the other hand, natural convection in the
electrolyte causes decelerated mass transport at the top slowing down the
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deposition of ions in the upper part of the film. Therefore Cu diffuses deeper in
the bulk and forms an alloy.

Scan line of the film prepared using RDE is shown in Figure 3. 13. Here Cu
and Zn are distributed relatively homogeneously in the film and no thickness
variations were observed. Only slight elemental segregation with higher Cu
concentration near the Mo substrate was noticed. EDS analysis indicates small
compositional fluctuations over the substrate of films (Cu: 55 — 57 at%; Zn:
43 — 45 at%).

4791
SE_MAG: 100000 x HV: 5,0 kV_WD: 8,2 mm

Figure 3. 13 EDS line scans applied on the cross-sections of the top and the bottom
parts of the Cu-Zn deposited film using RDE.

3.4.4 Cu-poor and Cu-rich precursors

Based on the formula Cu,ZnSnSes, the ratio of metals in the electrodeposited
Cu-Zn alloy must be approximately two in order to obtain a stoichiometric
atomic ratio of metals in the final Cu,ZnSnSe, film. However, it was reported
that Cu-poor precursors tend to show better conversion efficiency [40, 47].

In this work two series of precursor layers, named Sol A and Sol B, were
prepared. In both series, the Cu:Zn ratio was varied: in Sol A, the Cu:Zn ratio
was equal to 1.7, whereas in Sol B, the Cu:Zn ratio was equal to 1.1. After
electrodeposition of Sn, there was a loss of Zn (dissolution of Zn in Sn
containing electrolyte) from the precursors and the ratio of Cu:Zn changed from
the initial 1.7 to 2.3 and 1.1. to 1.8, respectively. The results are presented in
Table 3. 7.

Type Cu Zn Sn Se Cu:Zn
(at%) (at%) (at%) (at%)

Metallic precursors

Sol A-1 62.6 374 - - 1.7

Sol B-1 53.1 46.9 - - 1.1

Sol A-2 51.4 21.9 27.2 - 2.3

Sol B-2 43.1 23.9 33.0 - 1.8

Table 3. 7 Compositions of the precursors of Sol A and Sol B.
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All deposited stacked precursors were in excess of Sn to compensate the
possible loss of Sn after annealing. In this experiment the possibility of losing
Sn is very high, as the Sn layer was the upper one, thus exposed to the
atmosphere.

The 2D and 3D AFM results exhibit structures of deposited Cu-Zn layers
with different Cu:Zn ratio. The Sol A-1 type of precursor is shown in part a)
and b) of Figure 3. 14. Sol B-1 precursors are presented in part ¢) and d). The
surface of films was scanned over an area of 1 pum x 1 um. It is clearly seen that
the Sol A precursor consists of smaller crystallites and has a more dense
structure. The Sol B Cu-Zn layer has bigger crystallites that have strong
orientation. According to AFM the average crystallite size was 30 nm for Sol A
and 42 nm for Sol B precursors. A possible explanation may be found in
comparison of ionic radiuses for copper and zinc ions. The ionic radius of Zn**
is larger (0.82 A) than the ionic radius of Cu** (0.72 A). Therefore higher Zn>*
concentration leads to larger expansion of the lattice, thus the lattice parameter
increases more in comparison to the Cu®" substitution in deposited crystallites
[143]. Consequently a bigger amount of Cu in the alloy leads to a more dense
structure of the layer that consists of smaller crystallites. The surface roughness
Rums of both precursors were almost equal and had a value of 10 nm, indicating
that formed alloys had a smooth structure.

40.0 nm

Height 1.0 ym

50.0 nm

=T

0.0 Height 1.0 um

Figure 3. 14 AFM 2D and 3D micrographs of electrodeposited Cu-Zn alloys: a) and b)
Sol A type, c¢) and d) Sol B type (see Table 3. 7)
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3.4.5 Characterization of annealed CuzZnSnSe4 thin films with
different Cu:Zn ratio

The stacks of Sol A and Sol B precursors were selenised at 470°C for
40 minutes in sealed quartz ampoules in selenium atmosphere. The
compositions of the resulting CZTSe films are presented in Table 3. 8.

Cu

Zn

Sn

Se

Type @t%) | @%) | @%) | @t | €N
Sol A 247 10.7 13.3 514 23
Sol B 213 2.3 14.9 514 1.7

Table 3. 8 Elemental composition of selenised films of Sol A and Sol B annealed at
470°C for 40 min

Films from both series were surprisingly Sn-rich; however, in the Sol B-type
CZTSe films the concentration of Zn is higher and closer to that required by
stoichiometry. A decrease in the Cu concentration is also observed (see Table 3.
8). SEM images of the surfaces of the selenised films (Figure 3. 15) indicate
that the Sol B-type precursors results in a uniform and smooth CZTSe layer
with small-sized crystals, which have different shapes with round edges.
However, the use of the Sol A-type precursors resulted in non-homogenous and
non-uniform CZTSe films. Large formations with a hexagonal shape of
approximately 4 pm were detected on the surfaces of these films.

The EDS analyses allowed to determine that these formations are separate
CuSe crystals ([Cu] =49 at%, [Se] =51 at%). The formed CZTSe layer exhibits
a “wrinkled” structure, which indicates the loss of contact with the Mo
substrate. As a result the formed films easily peeled off of the Mo substrate.

Figure 3. 15 SEM surface images of the films selenised at 470°C for 40 minutes

The Raman scattering spectra from the surface of the CZTSe thin films from
both series of precursors are depicted in Figure 3. 16 and provide evidence of
the presence of foreign phases in the selenised films. The peaks at 171 cm ',
195 cm™', and 233 cm!, which correspond to CZTSe, are dominant in both
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graphs. However, it is clearly seen that in the Raman spectrum of the surface of
Sol A-type films, there is an additional peak at 260 cm™' that is related to the
separate CuSe phase.

CZTSe
195 cm’

o 171 cm'P
= CZTSe
=1 233cm’”
£ CZTSe
> M
=
w
c
Q
< B

260 cm

CuSe

SolA
1 ' I M T v I
100 200 300 400

Raman shift (cm”)

Figure 3. 16 Raman spectra of Cu»ZnSnSes thin layers selenised at 470°C for
40 minutes. For precursor composition of Sol A and Sol B see Table 3. §

These Raman results are in a good agreement with the findings from the EDS
analysis. The presence of the CuSe phase as well as the wrinkled morphology of
the film does not lead to a high performance of solar cells. Following the above-
given data, Cu-poor precursors were used for the next experiments.

3.4.6 Phase composition of selenised Cu2ZnSnSe4 in dependency on
temperature

The selenisation at different temperatures starting from 450 to 560°C was
performed in sealed ampoules. The results are published in [IV].

Precursors were annealed in selenium vapour and the composition of formed
CZTSe layers is shown in Table 3. 9. As it was discussed in 3.4.3, the use of a
vertical working electrode in precursor layer preparation could lead to thickness
variations of the deposited films. As a consequence differences of composition
in the different places of the annealed layers were found. Table 3. 9 presents the
mean values of measured composition in three different micro-places.

T,°C | Cu, at% Zn,at% Sn Se Cu:(Zn+Sn) Zn:Sn
450 26.4 12.9 11.8 48.9 1.1 1.1
490 15.4 25.0 10.8 48.8 0.4 23
530 19.9 17.5 13.4 49.2 0.5 1.2
560 13.5 20.7 9.1 56.7 0.5 2.2

Table 3. 9 The average values of composition in three different micro-places of the films
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The influence of the selenisation temperature is presented in Figure 3. 17. It
shows the XRD patterns of absorber films grown at 450, 490, 530 and 560°C
for 30 minutes.
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Figure 3. 17 XRD patterns of absorber films grown at 450°C, 490°C, 530°C and 560°C

for 30 minutes. Inset presents the pattern in interval 52 — 55° for distinct CZTSe and
ZnSe.

The existence of the Cu,ZnSnSe4 phase is recognisable in all patterns by its
main reflections at 27.1, 45.1 and 53.5° and other minor peaks which are
marked with ‘s’. In addition there are reflections of Mo at 40.2° and 73.5° and
three other peaks at 11.5, 31.6 and 56.0° which correspond to MoSe,. Detailed
analysis confirmed the existence of Cu;gSe (marked as ‘b’) with reflections at
27.2, 45.1 and 56.1°. A possible phase is also ZnSe (marked as ‘z’), the main
peaks of which coincide or lie very close to those of CZTSe at 27.16, 45.1 and
53.5°. One could expect the formation of the ZnSe phase as according to the
compositions of annealed films Zn is in excess. Minor presence of CuSe was
registered also but their intensity decreases sharply with the temperature
increasing. When the temperature rises, the signal of the substrate fades and
reflection from the CZTSe layer becomes dominant. CZTSe and ZnSe phases
can be distinguished in the vicinity of peaks at 53 — 54°. Here the CZTSe phase
presents twin peaks at 53.39 and 53.45°, whereas cubic ZnSe is indicated by a
peak at 53.56° [101]. As it can be seen in the inset to the Figure 3. 17, at lower
and higher temperatures ZnSe exists as a minor phase and its crystallinity
improves at 490°C. A similar trend can be seen in the crystallization of the
phase Cu,ZnSnSes.
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SEM surface and cross-sectional images (Figure 3. 18 a, b) of the film
annealed at 490°C show crystallized CZTSe absorber material consisting of
large crystals in size of 1.5—2 pm. These big grains are mixed with small
crystallites sized 0.5—0.7 pum which are in different shapes starting from
roundly formed particles and ending up in cubic or triangle shaped crystals. The
cross-section of the film shows a bi-layer of annealed films. According to the
EDS results the bottom layer corresponds to the ZnSe phase.

Figure 3. 18 High resolution SEM surface and cross-section of CZTSe films selenised
(@), (b) at 490°C; (c), (d) selenised at 530°C for 30 minutes in closed isothermal
conditions

Film annealed at 530°C is shown in Figure 3. 18 ¢, it consists mainly of big
crystals in size of 1 —2 pm. The existence of a separate CuSe phase in the film
was well identified by XRD and EDS analysis. The CuSe phase is clearly seen
additionally as plate-like hexagonal shape crystals on the CZTSe layer (Figure
3. 18 d).

3.4.7 Influence of selenisation duration on the crystal growth in
CZTSe films

Only precursor stacks of composition Sol B (see subsection 3.4.4) were used for
this investigation. Precursors were placed in evacuated quartz ampoules (1.3 Pa)
and subsequently heated isothermally at 470°C for 20, 40 and 60 minutes. A
piece of selenium was inserted into the ampoule before sealing. SEM results
showed that the surface of films selenised for 20 minutes at 470°C consist of
mixture of small triangle crystals with a size less than 0.7 um and middle-sized
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rectangular crystals (Figure 3. 19). Formed crystals are densely packed and
have sharp angles.

~ \i e p 3 s 4\7

Figure 3. 19 SEM surface images of CZTSe films annealed for 20, 40 and 60 minutes at
470°C.

The presence of separate phases and elements in films was investigated by
Raman measurements. The main peak of CZTSe at 195 cm™ is seen already in
Raman spectra of films that had the shortest selenisation duration. Raman peaks
at 237 cm” and 250 cm ' can be attributed to pure Se and ZnSe phase,
respectively (see Figure 3. 20).
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Figure 3. 20 Raman spectra of CZTSe films selenised at 470°C for different durations

With an increase of selenisation duration up to 40 minutes the size of crystals
increases (Figure 3. 19). Grain growth continues, implying that small
crystallites of different phases grow together to larger agglomerates. Raman
spectra show a broad peak in the region starting from 231 to 252 cm™. The
intensity of peaks at 250 and 237 cm™” is decreasing, thus pointing out at
contribution of ZnSe and Se to the CZTSe layer.

Large crystals in size of 1.5 to 4 um are dominant in the films annealed for
60 minutes in Figure 3. 19. The Raman spectrum does not reveal presence of
other phases; all peaks belong to the CZTSe compound. Full width at half
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maximum (FWHM) of the main CZTSe peaks at 171 and 196 cm™ becomes
more narrow, indicating improved crystallinity of films selenised for 60
minutes. An additional peak at 233 cm™ appears in the Raman spectrum which
could be referred to the third CZTS peak.
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Figure 3. 21 Elemental composition of selenised films at 470°C for different time

The composition of CZTSe films is changing to Zn-rich with increasing the
duration of annealing. This probably happens due to Sn loss during longer times
of selenisation. However, it is worth to note that no Sn deficiency films were
observed even after 60 minutes annealing (Sn = 12.8 at%).

The XRD pattern of a film selenised at 470°C for 60 minutes (Figure 3. 22)
has almost all peaks attributed to the CZTSe phase. Additionally observed small
and broad peaks at 13, 31 and 56° indicate the selenisation of Mo substrate and
result in the presence of the MoSe; phase (drysdallite).
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Figure 3. 22 XRD pattern of film selenised at 470°C for 60 minutes

As there is a difference in band gaps between the absorber and the MoSe;
layers, the MoSe; layer could be used as a mirror for the electrons and can
reduce back surface recombination [105].

3.4.8 Rapid thermal annealing of Cu-Zn and Sn stacked films

Rapid thermal annealing (RTA) is an alternative to conventional furnace
annealing. Its advantages include short annealing times and precise control of
the annealing profile. PID control allows to regulate overshooting and to keep
the process running as close as possible to the desired set point

Precursor compositions are given in Table 3. 10. Time of Sn deposition on
the Cu-Zn layer varied and led to increased amount of the Sn in the layer.
Preliminary experiments were carried out with a heating rate of 10°C/s;
however, this very fast heating led to cracking of the substrate. In order to find
suitable conditions for rapid thermal annealing of electrodeposited precursors,
six different thermal treatment regimens were applied.

Duration of

tin deposition
200 sec 42.18 19.51 38.31 0.73 0.51
170 sec 45.97 22.32 32.14 0.84 0.70

Cu,at% Zn, at% Sn, at% Cu:(Zn+S) Zn:Sn

Table 3. 10 Composition of stacked precursor layers determined by EDS as a function
of Sn electrodeposition time

At first the speed of raising the temperature up to 470°C was varied between
3.3 and 2°C/s (Figure 3. 23 a) and samples were cooled down to room
temperature (25°C) within 15 minutes. Precursor films that were annealed under
the fastest temperature rise (3.3°C/s, fast ramp) contained a large number of
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cracks in the film and in some cases, the glass substrate was found split up after
annealing. This made these films not suitable for further investigations. The
films sulphurised under a temperature ramp up of 2.4°C/s showed a diminished
amount of cracks. The quality of the films obtained under “slow” temperature
ramping (2°C/s) was significantly better and these films were used for further
analysis.

0,
5004 a) 5004 b)
Q300- ’;’ s 15 min until 25°C 3004
200 | 2004
100 X 1004
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: : : : . ; o
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
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Figure 3. 23 Thermal profiles with three distinct heating (a) and cooling (b) rates

The thermal profile (Figure 3. 23 b) was used in experiments with variable
cooling durations (from 5 to 15 minutes). The speed of temperature rise was
kept constant and was equal to 2°C/s. The films with the fast and medium
cooling rate (cooling down to 25°C during 5 or 8 minutes) tend to peel off from
the substrate. This is probably due to the strain in films resulting from the
difference of thermal coefficients of substrates and film. Only cooling for
15 minutes resulted in CZTS layers with good adhesion to the substrate.
Therefore, the optimised heating and cooling parameters were found to be a
ramp up of 2°C/s and cooling down to 25°C during 15 minutes.

The XRD patterns (Figure 3. 24) for the films annealed at 470 or 500°C for
8 minutes exhibited several peaks corresponding to diffraction lines of the
kesterite structure of CZTS. The dominant peak of the XRD pattern of these
polycrystalline films corresponds to the (112) diffraction line of the kesterite
structure of CZTS. Additional small peaks in XRD pattern were attributed to the
appearance of a separate Sn3S4 phase (Sn,S; + SnS) [144]. The presence of a Sn
containing secondary phase in CZTS films explains the excess of Sn determined
by EDS in precursor films (see Table 3. 10).
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Figure 3. 24 XRD patterns of annealed CZTS films at 500°C and 470°C

The crystallite size of the CZTS films was calculated with the Debye Scherrer
formula [145] using full width at half maximum of the (112) peak. The
evaluated crystallite size of the films annealed at 470°C was equal to 71 nm,
whereas the crystallite size increased to 84 nm at 500°C, which might be due to
the higher thermal energy of the atoms at 500°C [146]. The analogous results
for annealed CZTS thin films were demonstrated by Yamaguchi et al. [147].
Several groups have reported about crystal growth dependent on temperature
[148, 149]. The CZTS films annealed with moderate heating rate (2.4°C/s)
showed smaller crystallite size of 61 nm than those (71 nm) which are produced
with the slowest heating rate (see Table 3. 11).

t, °C Crystallite size, nm Heating, °C/s Strain

500 84 2.0 -0.4019
470 71 2.0 -0.3067
470 61 2.4 0.0345

Table 3. 11 Calculated crystallite size and strain values for films annealed at 470°C and
500°C with different heating rates.

The strain in films was calculated using the relation from [150],
Eq3.3

Co

c
€= +100%

Co

Where c is the lattice constant evaluated from the XRD data and co is the bulk
lattice constant. The strain in the films was found to be compressive and found
to be lower for slow heating rates when compared to faster heating rates. This
infers that a decrease of strain could enhance the crystallinity of the films.
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The SEM surface morphological and cross-sectional images of the films
annealed at 470°C for 8 and 15 minutes are shown in Figure 3. 25. Surfaces of
the films are similar to each other; however, SEM cross sectional image for a
film annealed for 15 minutes (Figure 3. 25 d) allows discerning a very thin
layer of MoS; (around 70 nm) on the interface between the substrate and CZTS
film. The thickness of the sulphurised films was measured by SEM in randomly
chosen places and there is no big difference between the thicknesses of CZTS
layers annealed for 8 or 15 minutes.

>

Figure 3. 25 SEM surface and cross-sectional images of the film annealed at 470°C for
8 minutes (a),(b) and (c),(d) for 15 minutes

Films annealed for shorter and longer periods are in average 1.33 um and
1.42 um thick, respectively. EDS analysis showed a composition close to
stoichiometry for both layers (see Table 3. 12); however, the signal at 2.308
keV (sulphur) in the EDS spectra was higher than stoichiometrically desired.
This probably occurs due to overlapping energy peaks for sulphur and Mo in the
EDS spectra, namely Mo La and S Ka.

Time of Sn | Sulphurisation | Cu Zn Sn S Cu: Zn:Sn
deposition (Zn+Sn)

200 sec 470°C,15 min 22.94 110.25 | 12.37 | 54.43 | 1.00 0.83
170 sec 470°C, 8 min 22.35 [ 11.10 | 12.05 | 54.50 | 0.96 0.92
170 sec 500°C, 8 min 21.54 {10.97 | 11.02 | 56.47 | 0.98 0.99

Table 3. 12. Composition of CZTS layer after RTA
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The reaction pathway of sulphurisation and formation of MoS, seems to be
similar to the pathway reported by Kim et al. [151] for formation of CulnSe; in
the selenisation process. The detailed observation of XRD data by Kim shows
that the formation of MoSe, begins at above 450°C, after the completion of
CISe formation. Taking into account thicknesses and EDS results of the films,
for this PhD work, the assumption was made, that 8 minutes of sulphurisation
at 470°C leads to complete formation of CZTS layer and subsequently Mo
begins to sulphurise forming MoS;. In case of CulnSe,, it is reported by several
groups [107, 152] that formation of a thin MoSe; layer is beneficial for cell
performance. On the contrary the latest report for CZTS compounds by B. Shin
[58] suggests that a reverse correlation between device performance and MoSe»
thickness exists, showing the best efficiency for solar cells with almost no
MoSe; layer. Therefore it is crucial to control MoS, formation through
optimising sulphurisation parameters.

To identify the chemical nature of separate binary or ternary phases which
could also be present in the formed CZTS, films were analysed by Raman
spectroscopy. The Raman spectra in Figure 3. 26 show the results for films
annealed at 470°C for 5, 8 and 15 minutes and film annealed at 500°C for 8
min.

CZTS

470°C 5 min

470°C 8 min

470°C 15 min
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100 200 300 , 400 500
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Figure 3. 26 Raman spectra for films sulphurised with different temperatures and
durations

All spectra are characterised by the presence of two strong peaks at about 286
and 337 cm™, that are identified by the main vibrational A1 symmetry modes
from CZTS. The spectra also have weaker peaks at about 96 and 166 cm’
which could be identified as E and/or B symmetry modes of CZTS. Peaks at
474 and 142 cm™, in the spectrum of the sample annealed for 5 minutes, could
be assigned to a separate CuS phase, suggesting the partial incompleteness of
CZTS formation reaction within 5 minutes of sulphurisation. The spectrum for
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the film annealed for 15 minutes shows additional dominant peaks at 380 and
408 cm™ that are connected with the formation of an interfacial MoS, phase.
This result is consistent with the results obtained from cross-sectional SEM
images. Almost all peaks in the Raman spectrum of the precursor film
sulphurised at 500°C for 8 minutes could be attributed to the CZTS phase
except small peaks at 380 and 408 cm’ that are assigned to MoS,. This
indicates that the sulphurisation reaction of precursors goes faster at 500°C and
as a result the CZTS layer could be obtained already in less than 8 minutes of
sulphurisation. The only additional small peak at 308 cm” in the Raman
spectrum of the film sulphurised during 8 minutes at 470°C could be attributed
to the main characteristic mode of the Sn,S; phase.

3.5 One-step electrochemical deposition of Cu-Zn-Sn-S
from one solution

As it was discussed earlier the key question in the one-step electrodeposition
technique is finding the appropriate electrolyte composition. Electrodeposition
of chalcogenide thin films from one electrolyte is based on Kroger’s findings
[153]. A simple example of chalcogenide deposition for PV applications is the
binary compound CdTe, for which an epitaxial effect through electrodeposition
was achieved. When depositing multicomponent compounds, the order and
relative disposition of standard electrode potentials for each metal constituent
have to be considered [154]. For example, for CulnSe, the equilibrium
potentials of metals could be manipulated by introducing an appropriate ligand
[155] whereas the equilibrium potential of the non-metal element depends on
the concomitant water splitting reaction and as such depends on the acidity of
the solution [156]. When all these considerations are taken into account, the
electrodeposition of ternary CulnSe, compounds could be performed by two
different regimes: (a) by induced co-deposition mechanism [157], and (b) under
the conditions of diffusion limitations [158, 159]. In case (a), the deposition
reaction takes place close to the equilibrium and therefore allows more
appropriate arrangement of the complete structure. In this case the speed of
deposition is slow and the composition of the deposit remains constant over a
large interval of deposition potentials, although being distant from the desired
components ratio. In case (b), the obtained structure is again imperfect but the
growth speed is higher compared to case (a) and the composition and the
components ratio can be controlled by simple process parameters such as
applied potential, concentration of elements in the electrolyte, temperature,
agitation, etc. [160]. Since deposits are amorphous in both cases and additional
annealing treatments are compulsory, the variant (b) appears to be favourable,
since it also results in efficient PV devices and can be time efficient [158, 159].
In this section the simultaneous deposition of all four elements will be
discussed. According to discussions above, the possibility of fast and controlled
co-deposition is possible under the conditions of diffusion limitations. Since
deposits are amorphous, additional annealing treatments are compulsory.
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3.5.1 Electrolyte elaboration

M. Ganchev et al. [155, 156] investigated the ability of thiocyanate ions as
appropriate ligands for simultaneous electrodeposition of Cu, In and Se.
Following these results, experiment focused on verifying the thiocyanate ions as
suitable ligand for electrodeposition of Cu-Zn-Sn-S precursor, was performed.

The criteria determining the suitability of a ligand for simultaneous
electrodeposition of a few elements is again the interrelation of stability
constants of their respective compounds. As it was mentioned above on the one
hand, ligands should fix stronger to the elements with most positive standard
electrode potentials and at the same time form weak complexes with the
elements with more negative standard electrode potentials.

Table 3. 13 shows the logarithms of the stability constant values for
thiocyanate complexes with Cu’, Zn*" and Sn** [161]. Stability constant for the
element with most positive standard electrode potential (Cu) has a high value
(around 10) whereas Sn and Zn ions are under weak influence of the
thiocyanate and their complexes are much lower in magnitude. This means that
the deposition potential of copper is moved in negative direction, whereas Sn
and Zn are not bound as strong to the ligand. Therefore deposition potential of
copper shifts closer to the potentials of metals with more negative standard
electrode potentials.

log Ks! log K 2 log K;* log K;*
Cu” - - - 10.1
Sn?* 1.2 1.8 - 1.7
Zn*" 1.46 2.16 2.33 2.01

Table 3. 13 Thiocyanate complex stability constants by critical survey of stability
constants of complexes of thiocyanate ion [161]

As far as sulphur deposition is concerned thiocyanate is indifferent. In the
present work, the sulphur supply is provided by a cathodic reduction of the
thiosulphate ion (S,0;%). Reduction of thiosulphate is elucidated in details in
[162], and following conclusions reported in there the thiosulphate undergoes
reduction via two ways. The first one is the direct reduction with two electrons
near the potential of the zero charge of the surface:

R3.2

S,05% +2¢ = S + SO5*

At more negative potentials reduction goes through nascent hydrogen evolved
on cathode:

R3.3
S,0:> + H+ OH + ¢ = S* + SO + H,0O

Following the reported data, the general equation for electrodeposition of
kesterite could be described as:
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R3.4
2Cu" + Zn*" + Sn*" + 48,05 + 6e” — CurZnSnS4 + 4S05>

3.5.2 Composition of electrolyte and of metallic precursor films

The electrolyte was stable long enough to enable the deposition of Cu-Sn-Zn-S
thin films with different component ratios. Films that contained high sulphur
concentrations were rough and powdery, whereas films with low sulphur
content were more compact and stable, allowing further processing.

Figure 3. 27 shows the current and charge density in dependent on the
cathode potential (curves 1 and 2). Both curves give information about the
current related efficiency of the electrodeposition process dependent on the
cathode potential. Curves for a partial charge of individual components Cu, Sn,
Zn and S are depicted in Figure 3. 27 as well. The current density was
calculated using the established value of the current after 15 minutes plating
time related to the active surface of the electrode. Charge density and respective
partial charge densities for the elements are derived by weight measurements of
the electrodeposited layers and data for the composition by EDX, following the
Faraday’s law.

Total charge density is the sum of partials densities, while the hydrogen
evolved is not taken into account. In order to increase the reliability of the
calculations, these are performed by triple independent EDX measurements at
different points on the electrode.
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Figure 3. 27 Cathodic current density, charge density and partial charge densities for
electrodeposition of Cu—Zn—Sn—S thin films from thiocyanate electrolyte 4M KSCN in
0.4 M acetic buffer (pH 5.0); [Cu™]:[Zn"]:[Sn?*"]:[S:05 %] = 3.6:3.2:1.2:1 mM.
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At initial deposition potentials the shapes of curves 1 and 2 (Figure 3. 27) as the
partial curves of the components show the same tendency without drastic
changes. The sharp rise of curves 1 and 2 begins from -1.865 V, and could be
explained by beginning hydrogen evolution. This is a typical process observed
at cathodes. In the same region an increase of the partial charge density for Zn
could be noticed, resulting from the deposition of zinc together with hydrogen
evolution. The shapes of curves 1, 2 and Qz respectively show that an increased
cathodic current density at more negative potentials is not only caused by
hydrogen reduction, but is also accompanied by an increase of Zn deposition.
On the other hand, it suggests that the ligand SCN" is an appropriate (weak)
complex agent for Zn** and it only slightly influences its electrochemical
behaviour.

The compositions of thin films depending on the component ratio in the
electrolyte are presented in Figure 3. 28. In fact, the diagram shows only metal
component ratios.

0.0

0.0 0.2 04 06 0.8 10 &N

Figure 3. 28 Dependence of CZTS thin films composition on the composition of the
electrolyte at different potentials. RS3 and RS2 (in circle) show the composition of
electrolytes. The diagram presents metals Cu:Zn:Sn ratio only. The unfilled circle (o)
marks the stoichiometric ratio.

Deposited films were about 10% sulphur deficient against stoichiometry of
CuZnSnS4. As seen in Figure 3. 28, the compositions of the films are in line,
and with an increased deposition potential the composition tends to approach
the initial electrolyte. Slightly higher Sn content in the films is due to presence
of Sn in the substrate ITO layer. According to the diagram, the Cu:Sn ratio stays
constant when the potential is increased. However, at the same time the Zn
content in the films increases. This behaviour is in good compliance with results
shown in Figure 3. 27 where the Cu and Sn content keeps constant while the
Zn content increases sharply at elevated cathode potential. These observations
guide to a simple rule: the Cu:Sn ratio in the deposited film can be controlled
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through preparation of the electrolyte with the desired Cu:Sn ratio, whereas the
Zn concentration can be controlled during the deposition process by adjusting
the potential.

Sulphur concentration has a strong influence on the mechanical properties of
the deposited CZTS layers. It was observed that if sulphur concentration in the
electrodeposited layers is close to the stoichiometric value, films are powdery,
dendritic, unstable and less receptive to further thermal treatments. Figure 3. 29
presents the dependence of sulphur content in the obtained films on deposition
time at a constant potential (-1.865 V). The curve shows that sulphur
concentration in the films increases with time of deposition while the ratio of
metals content to the total atom content decreases. This phenomenon could be
explained with peculiarities of sulphur electrolysis [162]. At initial stages
sulphur electrodeposition takes place preferably via the electrochemical
mechanism at the SnO,/SLG substrate, where the overpotential of hydrogen is
high. With an increase of the deposition time almost the whole electrode surface
area is covered with Cu-Zn-Sn-S. That leads to an increased hydrogen evolution
rate and rise of sulphur content in the film by reaction R 3.3.
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Figure 3. 29 Sulphur concentration in CZTS thin films in dependence on deposition time
of the samples (Plating times: 15 minutes, 30 minutes, 60 minutes and 120 minutes at
-1.865 V)

3.5.3 Investigation of sulphurised Cu2ZnSnS4 compound
semiconductor

CZTS films electrodeposited for 60 minutes at -1.865 V contained low sulphur
concentration and were, in a second step, annealed in H,S atmosphere at 550°C
for 60 minutes.
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There were no noticeable changes in the metal’s ratio of the films before and
after annealing. Only the sulphur content rose up to the stoichiometric value.
The Raman spectrum of the annealed film (Figure 3. 30 a) presents a
monophase composition of the films. The main vibrations for the kesterite are
seen.

The XRD pattern (Figure 3. 30 b) for the film annealed at 550°C or for
60 minutes exhibited several peaks corresponding to diffraction lines of the
kesterite structure of CZTS. The dominant peak in the XRD pattern of these
polycrystalline films correspond to the (112) diffraction line of the kesterite
structure of CZTS.
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Figure 3. 30 a) Raman spectrum and b) XRD pattern of CZTS film deposited from
thiocyanate electrolyte and annealed at 550°C for 1 hour in 5% H»S:N, atmosphere

SEM surface and cross-sectional image of the film annealed at 550°C for
60 minutes is depicted in Figure 3. 31. The image shows a typical morphology
of CZTS films obtained through this method. The grain size is near 2 — 4 pum,
whereas the estimated thickness of the layers is about 1 — 1.5 pm.

Figure 3. 31 SEM surface and cross-sectional image of CZTS thin film, electrodeposited
in thiocyanate electrolyte for 60 minutes and annealed at 550°C for 1 hour in 5%
H)S:N, atmosphere
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4 CONCLUSIONS

Following the main goal of this work, the technology for producing well-
adherent single phase CZTS(Se) thin films by electrochemical deposition of
precursor films followed by chalcogenisation was developed.

Different solutions for precursor deposition were elaborated and investigated,
including electrodeposition of metallic alloys and/or pure metals and
simultaneous electrodeposition of copper, zinc, tin and sulphur. Key findings
are:

e Two different complexing agents (P,O7* and CsHsO7") were used for
the deposition of metallic films. It was found that the large difference of
stability constants with citrate anions for Cu and Zn leads to a shift of
reduction potential for copper in negative direction and allows facile
control of metals composition in the alloy. The use of Na3;CsHsO7 leads
to smoother Cu-Zn alloy deposition. Besides the underpotential
deposition of Zn on copper was also observed using C¢HsO7> as a
complexing agent.

e The deposition yield when using CsHsO-> as a complexing agent in the
electrodeposition solution was 89% as determined.

e The results from cyclic voltammetry indicate a suitable potential range
for simultaneous Cu-Zn, Cu-Sn deposition. Using either trisodium citrate
or potassium pyrophosphate in electrolyte the suitable potential for Cu-
Zn deposition was between -1.2 and -1.3 V vs. Ag/AgCl. A suitable
potential for deposition of Cu-Sn from pyrophosphate ions containing
electrolyte was -1.0 to -1.15 V vs Ag/AgCL

e The dissolution of Zn from the initially deposited Cu-Zn layer in Cu-Sn
or pure Sn containing electrolytes results in a need for a very Zn-rich
(40-50 at% of Zn) initial Cu-Zn layer in order to get Cu-poor or
stoichiometric stacked precursors and subsequently CZTS films.

e It was found that the primary phases formed in thermal annealing of
metallic precursor (Cu-Zn-Sn) are CusZng, CusSns, Cug7Zngs and
elemental Sn. The Cu-rich Cug7Zno3 phase arose only after deposition of
Sn.

e Thiocyanate ligand allows simultaneous deposition of Cu-Zn-Sn-S thin
films. The Cu:Sn ratio in the co-deposited films is controlled through
preparation of the electrolyte with the desired Cu:Sn ratio, whereas the
Zn concentration is controlled by the applied potential. The sulphur
concentration in the co-deposited layers depends on the duration of
deposition, but the films are sulphur poor. Lower than stoichiometric
concentrations of sulphur in the co-deposited films make thermal
annealing in sulphur containing atmosphere compulsory.
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Two different regimes for thermal treatment of electrodeposited metallic
precursors were performed: Conventional thermal annealing in sealed quartz
ampoules as well as rapid thermal annealing in H>S atmosphere.

Precursor films selenised for 15 minutes at 530°C in sealed ampoules led
to a well-crystallized Cu,ZnSnSes phase. However, XRD and Raman
analyses indicate the presence of additional phases in the films. Films
selenised at lower temperature (470°C) for different durations contain
ZnSe phase and Se additionally to a Cu,ZnSnSes phase. Monophase
CuxZnSnSe;s film with crystals of large size is observed after 60 minutes
of annealing.

Optimal sulphurisation parameters for rapid thermal annealing were
found to be 2°C/s ramp up rate and cooling down to 25°C for 15 minutes
at 470°C. The rapid thermal annealing at 470°C during 8 minutes results
in complete sulphurisation of precursors and formation of a CZTS layer.
The Mo sulphurisation begins after the sulphurisation of precursors and
results in appearance of MoS; peaks in Raman spectra of these films.

Overall this work has developed suitable approaches and parameters for
formation of CZTS(Se) compound by electrochemical deposition and annealing
route. The work also identified and described a number of peculiarities of this
approach, which will help to inform future research in this field.
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ABSTRACT

Formation of Cu2ZnSnSs and Cu2ZnSnSes by chalcogenisation of
electrochemically deposited precursor layers

The aim of the present doctoral thesis was to investigate the formation of
CuZnSnSs and CuxZnSnSes compounds during chalcogenisation of
electrochemically deposited thin layers.

CZTS(Se) is a novel and promising semiconductor-absorber material for the
solar cell industry as it consists of earth-abundant and non-toxic elements
(except Se). One of the advantages of this quaternary compound is its high
absorption coefficient of more than 10* cm™'. Additionally, CZTS(Se) has a
direct band gap of approximately 1eV for CuZnSnSes; and 1.5eV for
CuzZnSnS4. The preparation method for precursor films in this study is
electrochemical deposition. Benefits of this method include performance at, or
near room temperature, cost-efficiency, small chemicals wastage and relatively
fast deposition rate. Using non-toxic materials, it can be considered an
environmentally friendly production technique. Electrochemical deposition of
metals, alloys and compounds can be controlled through some of the electrical
parameters of the deposition process, as well as by chemical parameters of the
prepared electrolyte (concentration of constituents, pH, complexing agents), and
by the duration of the process. Through all these variables composition,
morphology and thickness of deposited layers can be regulated.

In the present work, the influence of the initial composition of precursors as
well as the influence of different conditions in the chalcogenisation process on
the synthesized CZTS(Se) phase and its chemical composition was investigated.
Two different approaches for preparation of precursor films were performed and
compared: 1) simultaneous co-deposition of elemental Cu-Zn-Sn-S elements
and 2) sequential deposition of various stacked alloys (Cu-Zn, Cu-Sn) and metal
(Sn). Three different complexing agents (SCN", P,O,*, CsHs07>") were applied
in order to find best conditions for precursor preparation. The novelty of this
work is the electrodeposition of binary compounds to form precursor layers and
their subsequent chalcogenisation to form CZTS(Se) thin films.
Electrodeposited precursor layers were annealed in two different ways:

1) isothermal annealing in selenium vapour or

2) sulphurisation in H>S atmosphere in an infrared furnace (rapid thermal

annealing).
The main advantage of rapid thermal annealing is the fast heating and cooling
rate that can save time and energy, both of which is important for potential
future industrial production. Electrochemically deposited precursors and
thermally treated films were investigated with cyclic voltammetry,
polarography, SEM, EDX, AFM, XRD and Raman spectroscopy.

It was found that use of a rotating disc electrode leads to formation of
precursors with uniform thickness and homogenous structure. The complexing
agent CsHsO7> led to deposition of dense and smooth metallic precursor layers.
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The investigations also showed the occurrence of underpotential deposition
phenomenon of Zn*" on a primordial copper layer. Deposition of metallic layers
using P,O7* as a complexing agent resulted in a yield of 79% and in contrast
deposition from the electrolyte containing CsHsO;" as complexing agent
resulted in a yield of 89%. A suitable potential range for simultanecous Cu-Zn
deposition was determined through cyclic voltammetry. With citrate ion as the
complexing agent the suitable potential for Cu-Zn deposition was found to be in
the range of -1.2 to -1.3V (vs Ag/AgCl). Moreover, it was found that for
stacked precursor structures like Cu-Zn/Sn and Cu-Zn/Sn-Cu, Zn tends to
dissolve from the initially deposited Cu-Zn layer in copper-tin or pure tin
containing electrolytes. It was concluded that very Zn-rich (40 — 50 at% of Zn)
initial Cu-Zn layer is required in order to get Cu-poor or stoichiometrically
stacked precursors and subsequently CZTS(Se) films. The primary phases
formed in metallic precursors (Cu-Zn-Sn) are CusZng, CusSns, Cug7Zng3 and
elemental Sn. The Cu-rich phase Cug7Zno3 arose only after deposition of Sn.

Thiocyanate ligand used for deposition of Cu-Zn-Sn-S thin films showed the
possibility of simultaneous co-deposition of Cu-Zn-Sn-S compounds. The
Cu:Sn ratio in the co-deposited films is controlled through preparation of the
electrolyte with the desired Cu:Sn ratio, whereas the Zn concentration is
determined by applied potential. The sulphur concentration in the co-deposited
layers depends on the duration of deposition, but the films are as a rule sulphur
poor and need additional treatment in chalcogen atmosphere. After annealing in
H,S gas CZTS films were formed and XRD and Raman spectroscopy
measurements indicated the absence of other phases in the film.

Precursor films selenised for 15 minutes at 530°C in sealed ampoules
exhibited a well-crystallized CuZnSnSes4 phase. However, XRD and Raman
analyses indicate the presence of additional phases in these films. Optimal
sulphurisation parameters for rapid thermal annealing were found to be 2°C/s
ramp up rate and cooling down to 25°C for 15 minutes at 470°C. RTA at 470°C
for 8 minutes results in complete sulphurisation of precursors and formation of
a CZTS layer. The Mo sulphurisation begins after the sulphurisation of
precursors and results in appearance of the MoS, phase.
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KOKKUVOTE

CuzZnSnSes ja Cu2ZnSnSs moodustumine elektrokeemiliselt
sadestatud kihtide kalkogeniseerimisel

Kéesoleva doktorit6d eesmirgiks oli uurida CuxZnSnSs; ja CuxZnSnSes
(CZTS(Se)) siinteesiprotsessi ~ seaduspédrasusi ~ Shukeste  metallikihtide
elektrokeemilisel sadestamisel ja sadestamisele jargnevas kalkogeniseerimise
protsessis.

CZTS(Se) on uudne ja perspektiivne pooljuhtithend-absorbermaterjal
piikeseenergeetikas, kuna ta koosneb maakoores rohkelt esinevatest
mittemiirgistest elementidest ning omab korget neeldumiskoefitsenti ja
optimaalset keelutsooni laiust. T6os kasutatud elektrokeemilise sadestamise
meetodi peamisteks eelisteks on protsessi odavus, suhteliselt suur sadestuskiirus
ning vidike kemikaalide kulu. Elektrokeemiline sadestamine on hésti kontrollitav
mitmete sadestusprotsessi elektriliste parameetritega, kasutatava elektroliiiidi
keemiliste = parameetritega  (kontsentratsioon, pH, vabade ioonide
kompleksseerimine) ning sadestamise kestvusega, mis vdimaldavad reguleerida
sadestatavate kilede koostist, morfoloogiat ja paksust.

Antud t66s uuriti nii ldhtekilede elektrokeemilise sadestusprotsessi
parameetrite kui ka kilede kalkogeniseerimisprotsessi erinevate parameetrite
moju CZTS(Se) faasi- ja keemilisele koostisele. Labiviidud uuringutes kasutati
ja vorreldi kahte erinevat ldhenemisviisi ldhtekilede elektrokeemiliseks
sadestuseks: 1) koikide CZTS koostiselementide iiheaegset koos-sadestust ja
2) erinevate metallisulamite jérjestikust sadestamist. Tods kasutati
kompleksioonide moodustamiseks sadestuslahustes kolme erinevat ligandi.
Uurimistoo pohiliseks uudsuseks on binaarsete metallisulamite elektrokeemiline
sadestamine CZTS(Se) ldhtekiledes ja CZTS(Se) absorberkilede siinteesimine
nende ldhtekilede kalkogeniseerimise teel.

Elektrokeemiliselt sadestatud prekursorkilesid kuumutati kahel viisil:
1) isotermiliselt seleeni atmosfddris voi 2) sulfureerimisel H,S gaasi
keskkonnas, kasutades niinimetatud kiirkuumutuse meetodit. Kasutatud kiir-
kuumutuse peamiseks eeliseks on koostise ja termotdotluse parameetrite tdpsem
kontrollimine laias temperatuuride vahemikus. Elektrokeemilise
sadestusprotsessi ja sadestatud prekursorkilede, samuti ka kuumutatud dhukeste
CZTS(Se) kilede uurimiseks kasutati tsiiklilist voltamperomeetriat, Raman-
spekroskoopiat, EDX ja XRD, AFM ning SEM meetodeid.

Too kéigus leiti, et prekursorkilede homogeensuse ja iihtlase paksuse tagas
poorleva elektroodi kasutamine. Selgitati vilja, et parimate parameetritega
metalsed prekursorikiled saadakse, kui kasutada elektrokeemilise sadestamise
lahustes ligandina kas P,O;* v&i C¢HsO7* ioone. Uurimuse tulemusena leiti, et
naatriumtsitraadi juuresolekul on vdimalik sadestada siledama pinnaga kilesid.
Uurimuses  mdaérati  elektrokeemilise  sadestamisprotsessi  saagiseks
plirofosfaatses lahuses 79% ja tsitraatses lahuses 89%. To0s leiti erinevate
sulamikihtide vdimalikud sadestamis-piirkonnad: naatriumtsitraadi juuresolekul
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lahuses on Cu-Zn sulami sadestamise piirkond vahemikus -1.2 ja -1.3 V (vs
Ag/AgCl). Toos leiti seaduspira, et kihiliste struktuuride Cu-Zn/Sn ja Cu-
Zn/Sn-Cu sadestamise puhul ldheb tsink pealiskihi sadestamisel Cu-Zn-
aluskihist uuesti tina sisaldavasse elektroliiliti. Zn kao kompenseerimiseks
sadestati Cu-Zn aluskiht kdrgema Zn kontsentratsiooniga (40 — 50 at% Zn), mis
kindlustas pérast sulfureerimist saadavate CZTS kilede stShhiomeetrilise
koostise. Faasikoostise uuringud néitasid, et metalliliste 1dhtekilede (Cu-Zn-Sn)
termiline késitlus viib esimese etapina CusZns, CueSns, Cup.7Znos ja
elementaarse tina tekkele kiledes.

Koossadestusprotsessi uurimine néitas, et kdigi nelja koostiselemendi Cu-
Zn-Sn-S  iiheaegne  koossadestamine on  vOimalik, kui kasutada
sadestamislahuses ligandina tiotsiianaati. Leiti, et Cu:Sn suhet koossadestatud
kiledes on vodimalik kontrollida sadestamiseks kasutatava elektroliitidi
koostisega (Cu?* ja Sn** kontsentratsioonidega), kuid Zn kontsentratsioon
kiledes on  kontrollitav ~ vaid  sadestuspotentsiaaliga.  Siiski  on
koossadestusprotsessis saadud CZTS kiled véévlivaesed ning vajavad seetdttu
termilist jareltootlemist kalkogeeni keskkonnas. Pérast koossadestusprotsessil
saadud kilede kuumutamist 550°C juures saadi stohhiomeetrilised CZTS kiled,
kus XRD ja Raman-spektroskoopilised uuringud ei nididanud teiste
korvalfaaside olemasolu.

Toos ndidati, et CZTS kilede saamiseks on voimalik kasutada nii
prekursorkilede termilist to6tlust evakueeritud kvartsampullides Se juuresolekul
kui ka nende iilikiiret kuumutust H,S voos (inglise keeles rapid thermal
annealing - RTA). Selgus, et ldhtekilede seleniseerimisel evakueeritud
kvartsampullides 530 °C juures 15 min. jooksul moodustus hésti
kristalliseerunud Cu,ZnSnSes kile, mis XRD ja Raman analiiliside alusel oli
mitmefaasiline. Kiirkuumutus H>S voos 470 °C juures 8 min. jooksul kasutades
optimaalset temperatuuri tostmise kiirust 2 °C/s ja 15 minutilist jahutamist
toatemperatuurini andis tulemuseks {ihefaasilise Cu,ZnSnS, kile. Naidati, et
MoS; moodustumine Mo-alusklaasil algab kiirkuumutust kasutades alles pérast
prekursorkile sulfuriseerumist.

Kokkuvétvalt voib vilja tuua, et antud t60s arendatud elektrokeemiliselt
sadestatud Dbinaarsete metallisulamite kilede kiirkuumutamine kalkogeeni
sisaldavas gaasivoos on uudne ja perspektiivne tehnoloogia iihefaasiliste
CZTS(Se) absorberkilede siinteesimiseks
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In this work Cu,ZnSnS, (CZTS) thin films were formed by rapid thermal annealing (RTA) of sequentially
electrodeposited Cu-Zn and Sn films in 5% H,S containing atmosphere. Six different thermal profiles
were used in the experiments. In three of these, the temperature ramping up was varied, while the
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(SEM+EDS). The material parameters such as lattice strain and crystallite size were also determined and
the influence of annealing temperature and heating rate on these parameters was discussed.The pathway
of MoS, formation was investigated.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

PV accounted for only 0.1% of global electricity generation in
2009 (20 TWh of 20 PWh); however, to provide a realistic chance
to limit the global temperature increase to 2 °C, PV would need to
provide more than 6% (2.6 PWh of 41 PWh) of global electricity
consumption in 2050 [1]. This implies a tremendous growth of
two orders of magnitude within a 40 years' timeframe.

In 2011, 85% of the PV market belonged to crystalline silicon
solar cells followed by CdTe thin films at 8% and amorphous silicon
thin films at 3%; CIS/CIGS thin films grew rapidly from 1% in 2009
to 3% in 2011 [2]. Conversion efficiencies of 17.3% for CdTe and
20.3% for CIS/CIGS have achieved in research labs, but efficiency of
commercially available CdTe and CIS/CIGS PV panels reach only
12-13% [3,4] while their crystalline silicon based counterparts
achieve already close to 20% [5] efficiency. However, these con-
cepts have the downside of using one or several expensive and
potentially scarce materials (tellurium, indium and gallium) which
may hamper the strong growth of PV as outlined above. In
addition, CdTe and CIS/CIGS require the use of toxic elements
such as cadmium or selenium which, arguably, disqualify them as
‘clean’ technologies. The development of Cu,ZnSnS,4 (CZTS) solar
cells can eliminate both constraints at the same time. CZTS is a

* Corresponding author. Tel.: +372 5813 1064.
E-mail address: jullenok@gmail.com (J. Lehner).

0022-0248/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jcrysgro.2013.06.012

quaternary compound, where compared to its close relative CIGS
indium and gallium are substituted by two non-toxic and earth
abundant elements, zinc and tin. Furthermore, selenium is
replaced by sulphur. Moreover CZTS has a suitable band gap of
1.5 eV (CZTS) [6] and a high absorption coefficient of 10~ cm 1.
The record efficiency of 10.1% for (selenium containing) CZTSSe
absorbers was recently achieved by the group of Barkhouse [7].
However, in this approach a highly toxic and unstable hydrazine is
used as a solvent.

Reducing of the complexity of industrial productions processes
in the thin film solar cell industry is crucial to achieve further cost
reductions. In this respect, non-vacuum processes are highly
desired as they can supersede expensive machinery and reduce
operation and maintenance cost in production plants. Electroche-
mical deposition could be used as one of the low cost method for
precursor preparation. Scragg et al. prepared CZTS films by
sequential electrodeposition of constituent metals followed by
annealing in elemental sulphur atmosphere [8,9]. The given
approach with improved precursor stack (Cu/Sn/Cu/Zn) has given
device efficiency 3.2% [10]. The group of Ahmed [11] demonstrated
an efficiency of 7.3%, which is the record for electrodeposited
Cu,ZnSnS, solar devices. The high performance of the device
underlines the suitability of electrodeposition of precursor layers
and following annealing as viable low-cost processes for solar cell
fabrication based on to earth-abundant materials.

Annealing of precursors at high temperatures is an essential
second step of most all approaches for obtaining a well crystallised
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and single phase absorber material. Annealing has been performed
for different durations and in different atmospheres (argon, nitro-
gen, vacuum, chalcogen containing atmosphere). The chalcogen
containing atmosphere sulphur (or selenium) could be formed in
the chamber (ampoule) inserting a piece of sulphur (or selenium)
into chamber or by hydrogen sulphide gas flowing through a tube
into the chamber.

It was shown for Cu,ZnSnS, compounds that the chemical path
of material formation and its properties strongly depend on the rate
of temperature rise [12]. Necessity to avoid the formation stable
mediate compounds and to produce single-phase materials leads to
the development of rapid thermal annealing (RTA). Scragg et al. [13]
used rapid thermal annealing for sputtered stacked Cu-Zn-Sn
precursors and this resulted in the cell efficiency of 4.6%.

In this work we present our preliminary results in searching for
suitable conditions for rapid thermal annealing (RTA) of electro-
deposited stacked precursor layers. Precursors for our study
consist of copper zinc alloy and metallic tin stacked films. Six
different thermal annealing profiles were used in our experiments.
In three of these, the temperature ramping up was varied, while
the variable in the other three profiles was the rate of cooling
down. The main challenge was in preventing peeling off molyb-
denum from the glass substrate after sulphurisation. Calculation of
crystallite size and strains in films depending on the annealing
temperature and heating rate was done in order to follow the thin
film formation and crystal growth. The pathway of formation of
MoS; was investigated.

2. Experimental

Cu-Zn alloy and tin stacked precursor layers for CZTS com-
pound formation were prepared by sequential electrodeposition in
potentiostatic conditions. The setup consisted of a conventional
three-electrode cell configuration with Ag/AgCl as a reference
electrode and platinum gauze as a counter electrode. A rotating
disk electrode with Mo-coated soda lime glass (15 x 15 mm?) was
used as a substrate and working electrode, respectively. Prior to
electrodeposition, substrates were cleaned in ethanol and rinsed
in distilled water. Deposition was carried out at room temperature
using a Gamry 3000 potentiostat. The electrolyte for Cu-Zn
electrodeposition had the composition 0.1 M Na3;CgHs0, 0.02 M
CuSO4-5H,0 and 0.02M ZnSO,-7H,0. The tin electrolyte con-
sisted of a saturated sodium pyrophosphate solution and 0.02 M
SnCl, - 2H;0. The electrodeposition potentials vs. Ag/AgCl elec-
trode was —1.22 V for the Cu-Zn layer and —0.9 V for the Sn layer.
Metallic precursor layers were applied in the following sequence:
Mo/Cu-Zn alloy/Sn. Depositing of the layers in reverse order led to
poor adhesion of Sn on the Mo surface.

The sulphurisation process was carried out at 470 °C and 500 °C
in a tubular furnace in H2S+N2 atmosphere with a H2S concen-
tration of 5%. The heating rate was varied between 2 °C/sec and

3.3 °C/sec. The samples reached temporary a temperature of
520 °C during their rapid annealing at 500 °C. After annealing,
samples were cooled down to 25 °C during 5, 8 or 15 min. In the
second set of experiments, the duration of annealing was 5, 8 and/
or 15 min at 470 °C, while samples reached a maximum tempera-
ture of 490 °C.

Precursor and sulphurized films were analysed through high
resolution scanning electron microscopy and energy dispersive X-
ray analysis (EDS) using a Zeiss ULTRA 55 with Bruker EDS
detector. The room temperature micro Raman spectra were
recorded by a Horiba LabRam 800 high-resolution spectrometer
equipped with a multichannel CCD detection system on back-
scattering regime providing a spectral resolution of 0.5 cm™~'. The
light source for micro Raman was a green (532 nm) and a red
(633 nm) laser focused to a spot of at least 10 pm diameter. X-Ray
diffraction measurements were performed using a Bruker D5005
diffractometer (Bragg-Brentano geometry) and Cu Koy radiation
with 2=1.5406 A at 40 kV, 40 mA.

3. Results and discussion

Sequentially electrodeposited Cu-Zn alloy and Sn layers with
total thickness around 650 nm were prepared and used as pre-
cursors for sulphurisation. In Fig. 1 morphologies of electrodepos-
ited CuZn (a) and CuZn-Sn (b) layers are depicted. The initial CuZn
alloy film consists of small densely packed crystals and was mirror
bright showing a gold-like colour. The Sn layer deposited onto
Cu-Zn alloy layer consisted of crystals sized 0.2-0.5 pm with
prolonged equally distributed holes between them. Initial compo-
sition of sequential electrodeposited precursors was tin rich in
order to compensate tin loss during the annealing (Table 1). Two
types of precursor with different duration of tin deposition were
prepared.

3.1. Sulphurisation in IR furnace

Six different thermal treatment regimes were applied in order
to find suitable conditions for rapid thermal annealing of electro-
deposited precursors. At first the speed of raising temperature up
to 470 °C was varied between 3.3 °C/sec and 2 °C/sec (Fig. 2a) and
samples were cooled down to room temperature (25 °C) within

Table 1
Elemental composition of stacked precursor layers determined by EDS as a function
of tin electrodeposition time.

Duration of tin Cu Zn Sn Cu/(Zn+Sn) Zn/Sn
deposition (sec) (at%) (at%) (at%)

200 42.18 19.51 38.31 0.73 0.51
170 45.97 22.32 3214 0.84 0.70

Fig. 1. (a) SEM image of electrodeposited CuZn layer (b) CuZn-Sn layer.
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Fig. 3. XRD spectra of annealed films at 500 °C and 470 °C.

15 min. Precursor films that were annealed under fastest used
temperature rise (3.3 °C/sec, fast ramp) contained a large number
of cracks in the film and in some cases, the glass substrate was
found split up after annealing. It makes these films not suitable for
further investigations. The films sulphurised under temperature
rise of 2.4 °C/sec showed diminished amount of cracks. Films
obtained under “slow” temperature rising (2 °C/sec) were smooth
and continuous. The thermal profile in Fig. 2b was used in
experiments with variable cooling durations (from 5 to 15 min).
The speed of temperature rise was kept constant and was equal to
2 °C/sec. The films with fast and medium cooling rate (cooling
down to 25°C during 5 or 8 min) tend to peel off from the
substrate. This is probably due to the strain in films resulting from
the difference of thermal coefficients of substrates and film. Only
cooling for 15 min resulted in CZTS layers with good adhesion to
the substrate. Therefore, the optimised heating and cooling para-
meters were found to be ramp up 2 °C/sec and cooling down to
25 °C during 15 min.

The XRD patterns (Fig. 3) for the films annealed at 470 °C or
500 °C for 8 min exhibited several peaks corresponding to diffrac-
tion lines of the kesterite structure of CZTS (PDF Card-04-003-
8920). Dominant peak of XRD pattern of these polycrystalline
films respond to the (112) diffraction line of the kesterite structure
of CZTS. Additional small peaks in XRD pattern were attributed to
the appearance of separate SnsS; phase (JCPDS# 27-0900)

Table 2
Calculated crystallite size and strain values for films annealed at 470 °C and 500 °C
with different heating rates.

t(°C) Crystallite size (nm) Heating, (°C/sec) Strain

500 84 2 —0.4019
470 71 2 —0.3067
470 61 24 0.0345

(SnpS3+SnS) [14]. The presence of a Sn containing secondary
phases in used films explains the determined by EDS excess of
Sn in precursor films (see Table 1).

It was reported in literature [15] that crystallites larger in size
led to the improved efficiency of the solar cell. Crystallite size of
CZTS films was calculated with Debye Scherrer formula [16] using
full width at half maximum (FWHM) of the (112) peak. The
evaluated crystallite size of the films annealed at 470 °C was equal
to 71 nm whereas the crystallite size increased to 84 nm at 500 °C,
which might be due to the higher thermal energy of the atoms at
500 °C [17]. The analogous results for annealed CZTS thin films
were demonstrated by Yamaguchi et al. [18]. The CZTS films
annealed with moderate heating rate (2.4 °C/sec) showed smaller
crystallite size of 61 nm than those which are produced with the
slowest heating rate (71 nm) (see Table 2).

The strain in films was calculated using the relation [19], where
c is the lattice constant evaluated from the XRD data and ¢, is the
bulk lattice constant. The strain in the films was found to be
compressive and found to be lower for slow heating rate when
compared to faster heating rates. This infers that decrease of strain
could enhance the crystallinity of the films.

The SEM surface and cross-sectional images of the films
annealed at 470 °C for 8 and 15 min are shown in Fig. 4. Films
bear a surface resemblance to each other. However SEM cross
sectional image on Fig. 4 (d) for a film annealed for 15 min allows
to discern a very thin layer of MoS, (around 70 nm) on the
interface between the substrate and the CZTS film. The thickness
of the sulphurised films was measured by SEM in randomly chosen
places and there is no big difference between the thickness of CZTS
layers annealed for 8 or 15 min. Films annealed for shorter and
longer periods are in average 1.33 pm and 1.45 pm thick respec-
tively. EDS presents composition close to stoichiometry for both
layers (see Table 3); however, the signal at 2.308 keV (sulphur) in
the EDS spectra was higher than stoichiometrically desired. This
probably occurs due overlapping energy peaks for sulphur and Mo
in EDS spectra, namely Mo La and S Ka. The reaction pathway of
sulphurisation and formation of MoS, seems to be similar to the
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Fig. 4. SEM surface and cross-sectional images of the film annealed at 470 °C for 8 min (a - b) and (c - d) for 15 min.

Table 3
Elemental composition of CZTS layer after RTA.

Time of tin Sulphurisation, Cuu  Zn Sn S
deposition t.c

Cu/(Zn+Sn) Zn/Sn

(sec)

200 470 °, 15 min 22.94 10.25 12.37 5443 1 0.83
170 470 °, 8 min 2235 111 12.05 54.5 0.96 0.92
170 500 °, 8 min 21.54 10.97 11.02 56.47 0.98 0.99

pathway reported by Kim et al. [20] for formation of CulnSe, in the
selenisation process. The detailed observation of XRD data by Kim
shows that MoSe, begins to form above 450 °C, after the comple-
tion of CISe formation. Taking into account thicknesses and EDS
results of the films we assume, that 8 min of sulphurisation at
470 °C leads to the complete formation of the CZTS layer and later
on Mo begins to sulphurise forming MoS,. In case of CulnSe,, it is
reported by many groups [21,22] that formation of a thin MoSe,
layer is beneficial for cell performance. On the contrary the latest
report for CZTS compound of Shin [23] suggests that a reverse
correlation between device performance and MoSe, thickness
exists, showing the best efficiency for solar cells with almost no
MoSe, layer. Therefore it is crucial to control MoS, formation
through optimising of sulphurisation parameters.

To identify the chemical nature of separate binary or ternary
phases which could also be present in the formed CZTS, films were
analysed by Raman spectroscopy. The Raman spectra in Fig. 5
represent our results for films annealed at 470 °C for 5, 8 and
15 min. All spectra are characterised by the presence of two strong
peaks at about 286 and 337 cm~!, that are identified with the
main vibrational A1 symmetry modes from CZTS [24,25]. The
spectra also have weaker peaks at about 96 and 166 cm~' which
could be identified as E and/or B symmetry modes of CZTS [26].
Peaks at 474 and 142 cm ™!, in spectrum for sample annealed for
5 min, could be assigned to separate CuS phase [27], suggesting
the partial incompleteness of CZTS formation reaction within
5 min of sulphurisation. Spectra for the film annealed for 15 min
show additional dominant peaks at 380 and 408 cm~' that are

CZTs
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Fig. 5. Raman spectra for the films sulphurised for different temperatures and
durations.

connected with the formation of an interfacial MoS, phase [25].
This result is consistent with the results obtained from cross-
sectional SEM images. Almost all peaks in Raman spectra of
precursor films sulphurised at 500 °C for 8 min could be attributed
to CZTS phase except small peaks at 380 and 408 cm ™! that are
assigned to MoS,. This indicates that sulphurisation reaction of
precursors goes faster at 500 °C and as a result the CZTS layer
could be obtained already in less than 8 min of sulphurisation. The
only additional small peak at 308 cm~! present in Raman spectra
of the film sulphurised during 8 min at 470 °C could be attributed
to main characterisation mode of the Sn,S; phase [28].

4. Conclusions

Electrodeposited metallic precursor layers were sulphurised by
rapid thermal annealing and six regimes with different cooling
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and heating up rates were applied. The optimised sulphurisation
parameters for RTA (2 °C/s ramp up rate and cooling down to 25 °C
for 15 min at 470 °C) results in smooth and dense films with a
good adhesion to the substrate. The annealing at 470 °C during
8 min results in the complete sulphurisation of precursors, in the
formation of a CZTS layer. The Mo sulphurisation begins after the
sulphurization of precursors and results in appearance of MoS,
peaks in Raman spectra of these films.
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Cu,ZnSnSey (CZTSe) thin films were produced through the selenisation of sequentially electrodeposited Cu-Zn
and Sn stacked films. The micro-structural and compositional properties of the precursor stacked and selenised
films were characterised using scanning electron microscopy/energy dispersive spectroscopy, X-ray diffraction
and Raman spectroscopy. The electrodeposited Cu-Zn layers had a high concentration of zinc to compensate
for the loss of zinc that occurred during the following deposition of the tin layer. It was observed that a Cu/Zn
ratio equal to 1.1 in the electrodeposited Cu-Zn layers is optimal and provides the desired ratio of all the metallic

components in selenised CZTSe films. Selenisation for 60 min resulted in highly crystalline CZTSe films with a
grain size of 1.5-4 um. In addition, the influence of the Cu-Zn ratio in the electrodeposited stacked layers on
the morphology and the elemental and phase compositions of the CZTSe films was investigated.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Within the photovoltaic (PV) sector, material concepts based on
abundant and less costly elements has attracted increasing attention.
Compounds that can possibly replace the indium-containing CulnSe,
absorbers have been introduced in a variety of reports. These com-
pounds include CuSbS(Se), [1], Cu,CoSnS,4 [2] and SnS [3-5]. However,
the absorber material that has attracted the greatest attention is
CupZnSnSe(S), (CZTSe(S)) due to its tolerable band gap from 1 eV
[6,7] to 1.5 eV [8,9] and its high absorbance coefficient that is greater
than 10* cm~ 1. The best PV device produced to date, with an efficiency
of 10.1%, was produced from materials using a hybrid solution-particle
slurry method [10]. However, in this approach, highly toxic and unsta-
ble hydrazine is used as a solvent, which could lead to limitations for
this method. The development of the electrodeposition-annealing
route for producing CZTSe absorbers is one of the most promising
steps towards obtaining inexpensive solar cells. The current best effi-
ciency value for solar cells was obtained using electroplated Cu,ZnSnS,,
and this value is 7.3% [11]. In this study, metal precursor layers were
sequentially electrodeposited and the influence of the composition of
the electrodeposited Cu-Zn layer on the microstructure, morphology
and composition of the CZTSe absorber layers was investigated. Addi-
tionally, the study seeks to investigate the peculiarities of crystal growth
during the selenisation process.

2. Experimental details

The Cu-Zn alloy and Sn precursor layers were prepared by sequential
electrodeposition under potentiostatic conditions. The experimental

* Corresponding author.
E-mail address: jullenok@gmail.com (J. Iljina).

0040-6090/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/.tsf.2012.12.085

setup consisted of a conventional three-electrode cell configuration
with Ag/AgCl as a reference-electrode and platinum gauze as a counter-
electrode. A rotating disc electrode (Radiometer Analytical) with
Mo-coated soda lime glass with dimension of 15x 15 mm was used as
a substrate and working electrode. Before the electrodeposition process,
the substrates were cleaned in ethanol and rinsed with distilled water.
The deposition was performed at room temperature using a Gamry
3000 potentiostat. Two series of precursor layers, named Sol A and Sol
B, were prepared and used for selenisation. For both series, the Cu/Zn
ratio was varied: in Sol A, the Cu/Zn ratio was equal to 1.7; and in Sol B,
the Cu/Zn ratio was equal to 1.1. The precursors for Sol A were prepared
from an electrolyte that contained 0.1 M Na3;CsHs0-,0.02 M CuSO4-5H,0
and 0.015 M ZnSO4-7H,0 with an electrodeposition potential of
—1.23 V. In the electrolyte for the preparation of the Sol B precursors,
an increased concentration of ZnSO4-7H,0 (0.02 M) was used while
the concentrations of copper and sodium citrate were unchanged. The
electrodeposition potential for the preparation of the Sol B precursors
was increased to —1.24 V. Tin was deposited for the same duration
and at the same potential — 1.3 V vs Ag/AgCl electrode on both series
of the initial CuZn layers. The tin electrolyte was composed of a saturat-
ed sodium pyrophosphate solution and 0.02 M SnCl, - 2H,0. In this in-
vestigation, we used a rotating disc electrode, which allowed us to
improve the uniformity of the electrodeposited precursor layers in con-
trast to our previous experiments [12]. A 300 rpm rotation speed was
used for the electrodeposition. The total thickness of precursor films
was around 650 nm. The metallic precursor layers were applied in the
same sequence as in [12] for the Mo/Cu-Zn alloy/Sn. The reverse depo-
sition sequence of layers leads to poor adhesion of Sn to the Mo surface.

The stacked precursors were placed in evacuated quartz ampoules
(1.3 Pa) and subsequently heated isothermally at 470 °C for 20, 40
and 60 min. A piece of selenium (30 mg) was inserted into the ampoule
before it was sealed.
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Table 1
Compositions of the precursors and selenised films of Sol A and Sol B.

Type Cu (at.%) Zn (at.%) Sn (at.%) Se (at.%) Cu/Zn
Metallic precursors

Sol A-1 62.6 374 - - 17
Sol B-1 53.1 46.9 - - 1.1
Sol A-2 514 219 27.2 - 23
Sol B-2 43.1 239 33 - 18

Selenized films
Experiment 1

Sol A 24.7 10.7 133 514 23

Sol B 213 123 149 514 1.7
Experiment 2

470 °C/20 min 20 11.6 15.6 52.8 1.7

470 °C/40 min 213 115 154 51.7 1.8

470 °C/60 min 224 12.7 12.6 524 1.8

The precursor and selenised films were analysed using high
resolution-scanning electron microscopy (HR-SEM Zeiss ULTRA 55).
Measurements were made at operating voltage 2.5 kV and the chem-
ical composition of films as well as the distribution of their compo-
nents was determined via energy dispersive X-ray analysis (EDS),
equipped with Rontec EDX-XFlash detector, at 20 kV. Room tempera-
ture micro-Raman spectra were recorded on a Horiba LabRam 800
high-resolution spectrometer equipped with a multichannel CCD de-
tection system in the backscattering regime, which provided a spec-
tral resolution of 0.5 cm™!. The light source for the micro-Raman
measurements was a green laser with a 532 nm wavelength focused
on a spot that was at least 10 pm in diameter. X-ray diffraction
(XRD) measurements were performed using a Bruker D5005 diffrac-
tometer (Bragg-Brentano geometry) and Cu Ko, radiation with A=
1.5406 A at 40 kV, 40 mA.

3. Results and discussion

3.1. Dependence of the composition and morphology of the selenised
films on the composition of the electrodeposited CuZn layer

Based on the composition of Cu,ZnSnSey, the ratio of metals in the
electrodeposited Cu/Zn alloy must be approximately two to obtain a
stoichiometric atomic ratio of metals in the final Cu,ZnSnSe, films.
According to the literature, changes in the concentrations of the metals
(except tin) before and after thermal treatment do not occur. However,
many groups have reported a significant loss of tin during annealing
due to its high volatility [13,14]. Therefore, we electrodeposited Sn
with a greater concentration than that required by stoichiometry
(see Table 1).

CuZn layers with a 1.7 ratio were electrodeposited for 5 min
from the Sol A electrolyte. The EDS analysis indicated that after the
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Fig. 2. Raman spectra of Cu,ZnSnSey thin layers selenised at 470 °C for 40 min.

electrodeposition of tin, there was a loss of zinc from the precursors
and the ratio of Cu/Zn changed from the initial 1.7 to 2.3. The results
are presented in Table 1. The possible explanation for this loss of Zn in
final precursor films can be attributed to the dissolution of Zn in the
SnCl, electrolyte before and during the electrodeposition of Sn. Zinc,
which is a more active metal than Sn or Cu, reacts with the SnCl,
electrolyte and a displacement reaction consequently occurs.

The initial CuZn layer with a 1.1 ratio was obtained by increasing
both the zinc concentration in the electrolyte to 0.02 M and the deposi-
tion potential to —1.24 V. For convenience, this type of precursor was
called Sol B. After the electrodeposition of tin, the Cu/Zn ratio increased
to 1.8 (see Table 1).

For the first experiment, the Sol A and Sol B precursors were used.
The stacks of precursors were selenised at 470 °C for 40 min in sealed
quartz ampoules in a selenium atmosphere. The compositions of the
resulting CZTSe films are presented in Table 1. Films from both series
are tin rich; however, in the Sol B-type CZTSe films, the content of
zinc is higher and the composition of Zn is closer to that required by
stoichiometry. A decrease in the copper concentration is also observed
(see Table 1). SEM images of the surfaces of the selenised precursor
films (Fig. 1) indicate that the use of the Sol B-type precursors results
in a uniform and smooth CZTSe layer with small-sized crystals, which
have different shapes with round edges. However, the use of the Sol
A-type precursors resulted in non-homogenous and non-uniform
CZTSe films. Large formations with a hexagonal shape of approximately
4 um were detected on the surfaces of these films. The EDS analyses
allowed to determine that these formations are separate CuSe crystals
([Cu] =49%, [Se] =51%). The formed CZTSe layer exhibits a “wrinkled”

Fig. 1. SEM surface images of the films selenised at 470 °C for 40 min.
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Fig. 3. SEM surface images of CZTSe films annealed for (a) 20 min, (b) 40 min and (c) 60 min at 470 °C.

structure, which indicates the loss of their contact with Mo substrate;
the formed films easily peeled off of the Mo substrate.

The Raman scattering spectra from the surface of the CZTSe thin
films from both series of precursors are depicted in Fig. 2, which pro-
vides evidence for the presence of foreign phases in the selenised
films. The peaks at 171 cm ™', 195 cm™', and 233 cm ™!, which corre-
spond to CZTSe, are dominating features in both graphs [12]. However,
it is clearly seen that in the spectrum for the Sol A-type films, there is an
additional peak at 260 cm ™~ that is related to the separate CuSe phase
[12]. These results are in a good agreement with the EDS results.

3.2. Influence of the duration of selenisation on the Cu,ZnSnSe, films

Only precursor stacks of the Sol B composition were used for these
investigations. The surface of the films that were selenised for 20 min
at 470 °C consists of a mixture of small triangular crystals with a size
less than 0.7 pm and medium-sized rectangular crystals (Fig. 3). The
formed crystals are densely packed and have sharp angles. The presence
of separate phases and elements in the films was indicated by the
Raman measurements. The Raman peaks at 237 cm ™~ ! and 250 cm ™!
can be attributed to pure Se and ZnSe phases, respectively (see Fig. 4)
[15,16]. However, the primary peak of CZTSe at 196 cm ™! is already
present after the shortest selenisation time.

When the selenisation duration was increased to 40 min, the size of
the crystals increased (Fig. 3(b)). Grain growth continues, which implies
that the small crystallites grow together to form larger agglomerates. The
intensity of the peaks at 250 cm ™' and 237 cm ™! decreases, which indi-
cates the lower content of ZnSe and elemental Se in the CZTSe layer. The
Raman spectrum exhibits a broad peak in the region beginning from
231 ecm~'t0250 cm™ .
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Fig. 4. Raman spectra of CZTSe films selenised at 470 °C for different duration.

Large crystals with a size of 1.5 to 4 um are observed in the films
annealed for 60 min in Fig. 3(c). The Raman spectra do not reveal
presence of other phases; all peaks belong to the CZTSe compound
(see Fig. 4). The full-width at half-maximum of the primary CZTSe
peaks at 171 and 196 cm ™~ becomes narrower, which indicates im-
proved crystallinity. An additional peak appears at 233 cm ™!, which
could be referred to as the third CZTS peak.

The composition of the CZTSe films becomes Zn-rich (see Table 1,
experiment 2) when the annealing duration increases. This composi-
tional change most likely occurs due to the loss of Sn during the longer
selenisation times. However, note that no Sn-deficient films were ob-
served, even after 60 min of annealing, by EDS (Sn=12.6 at.%).

Almost all the peaks in the XRD pattern of a film selenised at 470 °C
for 60 min in Fig. 5 are attributed to the CZTSe phase. Additional small
and broad peaks at 13°,31° and 56° are attributed to the selenisation of
the Mo substrate and to the presence of the MoSe, phase — drysdallite.
Because there is a difference in band gaps between the absorber and
the MoSe; layers, the latter could be used a mirror for the electrons to re-
duce back-surface recombination [17].

4. Conclusions

Two series of metal stacked precursor Cu-Zn and Sn layers were
electrodeposited and selenised. It was observed that the deposited
precursors with a Cu/Zn ratio of 1.8 tend to form smooth and uniform
films after selenisation. The CZTSe films prepared from precursors with
a Cu/Zn ratio of 2.3 have CuSe crystals on their surfaces after annealing
for 40 min at 470 °C. Furthermore, these films have a “wrinkled” and
non-uniform morphology, which could lead to poor performance in fu-
ture applications.
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Fig. 5. XRD pattern of the film selenised for 60 min at 470 °C.
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In the second experiment, only the precursors with a Cu/Zn ratio of
1.8 were used. The precursors were selenised for different durations.
The presence of pure selenium and a ZnSe phase was detected in the
Raman spectra of the films that were annealed for 20 min. The CZTSe
films that were selenised for 60 min exhibited an increased grain size
and the presence of secondary phases; however, the presence of
MoSe, was not observed.
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This study investigates the electrodeposition process of quaternary copper-zinc-tin-sulfur (CZTS) thin films
with a focus on the ability of ligands to bring deposition potentials of the individual elements closer to each
other. Our results show that thiocyanate ions (CNS ) can be used as a suitable complexant for the electrode-
position of Cu,ZnSnS, from aqueous solutions. A complex electrolyte was developed and the composition
measurements showed a large potential interval for the deposition of the CZTS thin film material with an ap-
propriate metal ratio. The layers recrystallized in stoichiometric kesterite structure after annealing at 550 °C
in H,S atmosphere for 60 min.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Electrodeposition is a promising method for formation of com-
pound absorber films for photovoltaic applications. In an industrial
setup, this approach could enable fast deposition of large areas at rea-
sonable production costs. The electrodeposited layers are annealed in
a second process step to form the final semiconductor. This approach
can provide remarkable efficiencies for completed photovoltaic (PV)
devices and results in a better cost and efficiency ratio for the final
product compared to expensive vacuum processes used in the indus-
try today. However, significant research on understanding of the indi-
vidual process steps is still required to access this cost reduction
potential. While finding the appropriate electrolyte composition is
the key question in the electrodeposition step, the challenge in the
annealing step is the development of suitable process conditions
with respect to the peculiarities of the produced thin film material.
Electrodeposition of compound thin films is based on Kroger's find-
ings [1]. A simple example for PV applications is the binary compound
CdTe, for which an epitaxial effect through electrodeposition was
achieved. Peculiarities of the electrodeposition of metal alloys are
discussed extensively by A. Brenner [2]. To electrodeposit thin layer
material with the desired solid-state properties, it is essential to fol-
low certain thermodynamic conditions in the process. In case of
multicomponent compound deposition, the relevant thermodynamic
characteristics are the equilibrium potentials of the constituents and
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versity, Ehitajate tee 5, Tallinn 19086, Estonia. Tel.: +359 878736008; fax: +359
28754016.
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the free energy of compound formation (Gibbs free energy). In case
of metal alloys, where deposition takes place under negligible varia-
tion in the free energy, the more important condition is the relative
location of the standard electrode potentials of the elements. To de-
posit compounds with considerable free energy of formation, the
approach by Kroger should be applied [1]. According to those, in elec-
trodeposition of CdTe, as an example, it should be kept into account
the difference in relative concentrations of the active ions and an ap-
propriate range of deposition potentials or the particular properties of
electrolyte [3]. Furthermore, in case of multicomponent compounds'
deposition, the order and relative disposition of standard electrode
potentials for each metal constituents have to be considered [4]. For
example, for CulnSe, the equilibrium potentials of metals could be
manipulated by introducing an appropriate ligand [5] whereas the
equilibrium potential of the non-metal element depends on the con-
comitant water splitting reaction, and therefore depends on the acid-
ity of the solution [6]. When all these considerations are taken into
account, the electrodeposition of ternary CulnSe, compounds could
be performed by two different regimes: (a) by induced codeposition
mechanism [7] and (b) under the conditions of diffusion limitations
[8-10]. In case (a), the deposition reaction takes place close to the
equilibrium and therefore allows more appropriate arrangement of
the complete structure. In this case the speed of deposition is slow
and the composition of the deposit remains constant over large inter-
val of deposition potentials although being slightly different from the
desired components ratio. In case (b), the obtained structure is again
imperfect but the growth speed is higher compared to case (a) and
the composition and the components ratio can be controlled by sim-
ple process parameters such as applied potential, concentration of el-
ements in the electrolyte, temperature, agitation, and so forth [11].
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Since deposits are amorphous in both cases and additional annealing
treatments are compulsory, the variant (b) appears to be favorable,
since it results in more efficient PV devices [8-10]. Next generation
diamante-like multicomponent compounds for PV application are
kesterite (CupZnSnS,4 or CZTS), stannite (CupZnSnSe4 or CZTSe) and
their mixtures (Cu,ZnSn(S,Se),). There are a few investigations cov-
ering direct electrodeposition in aqueous electrolytes of the quater-
nary compounds Cu,ZnSnSey4 [12] and CuZnSnS,4 [12,13]. Work [12]
presents an extensive investigation on kinetics of electrodeposition
of Cu, Zn, and Sn alloys and their chalcogenide derivatives. The history
of research and development of electrodeposition approaches for si-
multaneous deposition of Cu, Zn and Sn are treated in details. As a result
a suitable formulation of pyrophosphate metal salts, complexant, buffer
and other additives are combined for direct deposition of CZTSe. CZTS
was formed by co-electrodeposition of Cu-Zn-Sn alloy followed by
sulfurization. Obtained layers are completed to solar cells. Work [13]
suggests a popular complexant formulation of mixed citrate and tartaric
ions for codeposition Cu-Zn-Sn with thiosulfate in order to obtain stoi-
chiometric Cu-Zn-Sn-S precursors.

Presented research introduces a new electrodeposition route for for-
mation of layers of copper, zinc, tin and sulfur which after reactive
annealing in H,S atmosphere result in stoichiometric Cu,ZnSnS, layers.

2. Experimental details

Electrodeposition was carried out potentiostatically in a conventional
three-electrode electrochemical cell with a mercury sulfate electrode as
the reference electrode. The substrate electrodes were indium-tin oxide
(ITO) covered glasses in size 2 x 1 cm? disposed vertically against plati-
num gauze used as auxiliary electrode.

The electrolyte consisted of 4 M potassium thiocyanate (KCNS) in
a 0.4 M acetic buffer (pH 5) with dissolved chloride compounds of
Cu™, Zn?>* and Sn?™ in addition of Na,S,0; in total concentration of
10 mM. Scanning electron microscopy and energy dispersive X-ray
analysis (EDAX) were performed on a Hitachi TM 1000 unit supplied
with an X-ray source and a detector with an accelerating voltage of
15.0 kV and acquisition time of 90 s.

X-ray diffraction (XRD) measurements were performed using a
Bruker D5005 diffractometer (Bragg-Brentano geometry) and Cu
Ka; radiation with A = 1.5406 A at 40 kV and 40 mA. The room tem-
perature micro Raman spectra were recorded by a Horiba LabRam
800 high-resolution spectrometer supplied with a multichannel de-
tector in backscattering regime. A green laser with 532 nm wave-
length served as light source and was focused on a spot area of at
least 10 um diameter, providing a spectral resolution of 0.5 cm™'.

Reactive annealing was carried out in a tubular quartz reactor
under the flow of a gas mixture of 5% H,S in N, at atmospheric pres-
sure. The tube was heated by direct infrared (IR) irradiation from
xenon lamps. The desired temperature profile was maintained by an
IR Ulvac-Rico heating system coupled with a computer controller
setup. After annealing, the reactor volume was rinsed for 5 min

with a N, stream. The actual temperature profile is depicted in Fig. 1.

3. Preliminary considerations

In our previous studies the ability of thiocyanate ions (CNS™) as
appropriate ligands for simultaneous electrodeposition of Cu, In and
Se was investigated [5,6]. Following these results, we focus in this
paper on verifying the thiocyanate ions as suitable ligands for electro-
deposition of Cu, Zn, Sn and S.

The criterion determining the suitability of a ligand for simulta-
neous electrodeposition of a few elements is the interrelation of sta-
bility constants of their respective compounds. On the one hand,
ligands must fix stronger the elements with the most positive stan-
dard electrode potentials and at the same time to form weak com-
plexes towards the elements with more negative standard electrode
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Fig. 1. Temperature profile for thermal processing of as-deposited Cu-Zn-Sn-S thin
films in atmosphere of 5% H,S in N».

potentials. Relative positions of standard electrode potentials (vs.
NHE) of involved metal elements are the following [14]:

Cu" e =Cu0.522v (1

Sn*" 4 2¢” = Sn—0.136V )
24 -

Zn" 4 2¢ = 2Zn—0.762V 3)

Table 1 shows the negative logarithms of the stability constant
values for thiocyanate complexes with Cu™, Zn?* and Sn?* [15]. Sta-
bility constants for the element with most positive standard electrode
potential (Cu) have high values (around 12.7) whereas Sn and Zn ions
are under weak influence of the thiocyanate and their complexes are
much lower in magnitude (near 1.2 and 2.3 respectively). This means
that the deposition potential of copper is moved in negative direction,
whereas Sn and Zn are not bound as strong to the ligand. Therefore
deposition potential of copper shifts closer to the potentials of metals
with more negative standard electrode potentials.

As far as sulfur deposition is concerned, thiocyanate is indifferent.
In our case the sulfur supply is provided by a cathodic reduction of
thiosulfate ion — $S,05? . Reduction of thiosulfate is elucidated in de-
tails in [16]. Following their conclusions the thiosulfate undergoes re-
duction by two ways. The first one is direct reduction with two
electrons near the potential of the zero charge of the surface:

2

S0 +2¢ =8 4805 (4)

At more negative potentials reduction goes through nascent hy-
drogen evolved on cathode:

$,0," + H+OH =S + 80, + H,0 (s)

Table 1
Thiocyanate complex stability constants by critical survey of stability constants of com-
plexes of thiocyanate ion [15].

—1gp! —1gp? —lgp? —lgp?*
cut 12.7 11.0 11.6 12.02
Sn2* 12 18 1.7
Zn*+ 1.46 2.16 2.33 2.01
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Fig. 2. Dependence of cathodic current density, charge density and partial charge densities for
electrodeposition of Cu-Zn-Sn-S thin films from thiocyanate electrolyte 4 M KCNS in 0.4 M
acetic buffer (pH 5.0); [Cu™t]:[Zn?*]:[Sn?*]:[S,0%] = 3.6:3.2:1.2:1 mM.

Following these data the general equation for electrodeposition of
Kesterite could be described as
448,07 + l4¢” = Cu,ZnSnS, + 450" (6)

2cu" + zn”" 4+ sn”"

4. Results and discussion

The electrolyte was stable long enough to enable the deposition of
Cu-Zn-Sn-S thin films with different component ratios. Films that
contained high sulfur concentrations were powdery, whereas films
with low sulfur content were more compact and stable, allowing fur-
ther processing.

Fig. 2 presents current and surface charge density in dependence
on cathode potential (curves 1 and 2). Both curves give information
about the current related efficiency of the electrodeposition process
depending on the cathode potential. Curves for a partial charge of in-
dividual components Cu, Sn, Zn and S are depicted in Fig. 2 as well.
Current density was calculated by the established value of the current
after 15 min plating time related to the active surface of the electrode.
Charge density and respective partial charge densities for the elements

are derived by weight measurements of electrodeposited layers and
data for the composition by EDAX, following the Faraday's law:

Q =Fm/(z M) (7)

where Q; is the partial charge density for the ith element (either Cu, Zn,
SnorS), Fis the Faraday's constant (F = 96,485 C mol~ '), m; is the av-
erage mass of the component (Cu, Zn, Sn or S), obtained by related
weight percent concentration multiplied to the total mass of the film,
z; is the electrons number for reducing of the related element and M;
is its atomic mass weight. Total charge density is the sum of partials
densities, while the hydrogen evolved is not taken into calculations. In
order to increase reliability of the calculations they are performed by
triple independent EDAX measurements at different points on the
electrode.

At initial deposition potentials the shapes of curves 1 and 2 as the par-
tial curves of the components show the same tendency without drastic
changes. The sharp rise of curves 1 and 2 begins from — 1865 mV and
could be explained by beginning hydrogen evolution. In the same region
an increase of the partial charge density for Zn could be noticed, resulting
from the deposition of metal Zn together with hydrogen evolution. The
shapes of curves 1, 2 and 2.3 respectively show that an increased cathodic
current density at more negative potentials is not only caused by H™ re-
duction, but is accompanied by an increase of Zn deposition. On the
other hand, it suggests that the ligand CNS™ is an appropriate (weak)
complex agent for Zn?>* and it could only slightly influence its electro-
chemical behavior.

The compositions of thin films depending on the component ratio
in the electrolyte are presented in Fig. 3. In fact, the diagram presents
only metal component ratios.

As deposited films were about 10% sulfur deficient against stoichi-
ometry of Cu,ZnSnS,. As seen in Fig. 3, the compositions of the films
are in line, and with an increased deposition potential the composi-
tion tends to approach the initial electrolyte. Slightly higher Sn con-
tent in the films is due to the presence of tin in the substrate ITO
layer. According to the diagram, the Cu-Sn ratio stays constant when
the potential is increased. However, at the same time, Zn content in
the films increases. This behavior is in good compliance with Fig. 2
where Cu and Sn content keeps constant while the Zn content increases
sharply at elevated cathode potential. These observations are guide to a
simple rule: The Cu-Sn ratio in the deposited film can be controlled
through preparation of the electrolyte with the desired Cu-Sn ratio,
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Fig. 3. Dependence of thin film CZTS composition on composition of the electrolyte at different potentials. RS3 and RS2 (in red circle) show the composition of electrolytes. Diagram

presents metals Cu-Zn-Sn ratio only. O shows the stoichiometric ratio.
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Fig. 4. Sulfur concentration in CZTS thin films in dependence on deposition time of the
samples (plating times: 15 min, 30 min, 60 min and 120 min at —1915 mV).

whereas the Zn concentration can be controlled during the deposition
process by adjusting the potential. Sulfur concentration has strong in-
fluence on the mechanical properties of the deposited CZTS layers. It
was observed that if sulfur concentration in the electrodeposited layers
is close to the stoichiometric one, films are powdery, dendritic, unstable
and less receptive to further thermal treatments. Fig. 4 presents the de-
pendence of the sulfur content in the obtained films on the deposition
time at a constant potential (— 1915 mV). The curve shows that sulfur
concentration in the films increases with the time of deposition and
ratio of metal content to the total atom content decreases. This phe-
nomenon could be explained with special features of sulfur electrolysis
[16]. At initial stages sulfur electrodeposition takes place preferably by
the electrochemical mechanism at the ITO glass substrate, where the
over-potential of hydrogen is high. With an increase of the deposition
time almost the whole electrode surface area is covered with Cu-Zn-
Sn-S. That leads to the increased hydrogen evolution rate and rise of
sulfur content in the film by reaction 5. Electrodeposited for 60 min
CZTS films at —1915 mV contained low sulfur concentration and in
the second step were annealed in H,S atmosphere at 550 °C for 60 min.

There were no noticeable changes in the metal's ratio of the films
before and after annealing. Only sulfur content rose up to the stoi-
chiometric value. For example the sample SR3s1 as deposited had a
composition of 51.91 at.% Cu-22.12 at.% Zn-20.89 at.% Sn and
5.06 at.% S while after annealing the composition was 22.61 at.%
Cu-13.00 at.% Zn-13.07 at.% Sn and 51.31 at.% S.
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Fig. 5. Raman shift for sample thin film CZTS, deposited from thiocyanate electrolyte
and annealed at 550 °C for 1 h in 5% H,S:N, atmosphere.
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Fig. 6. XRD pattern of CZTS film annealed at 550 °C for 1 h.

Raman spectra of annealed films (Fig. 5) present a monophase com-
position of the films. The main vibrations for kesterite at 338 cm™',
289 cm™', 251 cm™?, 372 cm™', 166 cm™!, 143 cm™! and 98 cm™ are
seen [17].

The XRD pattern (Fig. 6) for the film annealed at 550 °C for 60 min
exhibited several peaks corresponding to diffraction lines of the
kesterite structure of CZTS (PDF Card —04-003-8920). Dominant
peak of the XRD pattern of these polycrystalline films responds to
the (112) diffraction line of the kesterite structure of CZTS.

SEM image surface of the film annealed at 550 °C for 60 min is
depicted in Fig. 7 and presents a typical morphology of CZTS films
obtained through this method. The grain size is near 2-4 pm whereas
the estimated thickness of the layers is about 1-1.5 um.

5. Conclusions

In this study the suitability of thiocyanate as an appropriate ligand
for one-step electrodeposition of Cu-Zn-Sn-S thin films was investi-
gated. Basic current-potential dependencies for electrodeposition
process using thiocyanate are presented as well. The sulfur concen-
trations in the as-deposited layers depend on the duration of deposi-
tion. Layers with high sulfur concentration resulted in dendritic and

Fig. 7. SEM surface and cross-sectional (inset) images of sample CZTS thin film,
electrodeposited in the thiocyanate electrolyte for 60 min and annealed at 550 °C for
1 h in 5% H,S:N, atmosphere.
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powdery structures and were not appropriate for further treatment. It
was shown that electrodeposited layers did not change metal's Cu-
Zn-Sn ratio after annealing in a reactive H,S atmosphere and formed
monophase Cu,ZnSnS, layers. The grain size of the layers formed in
such a way was as large as 2-4 um, whereas the thickness of the
layers was much lower, near 1.5 pm.
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and 1.16 eV.

Thin layers of Sn onto Cu-Zn alloy with different component ratios were processed at different temperatures.
Scrupulous comparative analyses were performed by room temperature Raman spectroscopy and X-ray-
diffractometry. An excess of tin on the surface results in isothermal selenization at 450 °C in the hexagonal
residuals of unstable SnSe; in the well-crystallized Stannite — Cu,ZnSnSe,. In similar selenization conditions,
copper-rich layers as precursors result in the Stannite phase with micro-immersions of CuSe. Low-
temperature photoluminescence spectra of selenized films indicated to two Gaussian shaped bands at 0.81

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Thin film chalcopyrites and in particular the compounds based on
abundant elements of Cu, Zn and Sn have strengthened their position in
photovoltaics [1]. Solar cells on mixed sulfur-selenium Cu,ZnSn(S,Se),
layers have been reported to show a record efficiency of 9.66% [2],
confirming their potential to play a serious role in photovoltaics through
the cost-efficiency ratio in material diversification. The first thin film
CZTSe device grown by evaporation has shown a 2% efficiency [3].Thin
CuyZnSnSey (CZTSe) layers have been formed also by pulsed laser
ablation [4], selenization of one-step RF sputtered [5] or sequentially
deposited substrates [6] as well as by synthesis from melts [7]. CZTSe
single crystals were first formed by [8] and compound materials have
been shown to crystallize in the Stannite structure with direct band gap
near 1.44 eV and a high absorption coefficient tending to 10* cm~—! [9].

This study analyzes in detail the phase composition of CZTSe layers
with different metals ratios selenized under gradual temperature
conditions.

2. Experimental details

Substrate layers were deposited electrochemically in potentio-
static conditions using the classic three-electrode cell configuration.
Working electrodes were 2 x 1 cm? sized molybdenum covered soda
lime glasses positioned against platinum gauze and a saturated
mercury sulfate (MSE) reference electrode (0.6151V vs. SHE).
Electrolytes for electrodeposition of Cu-Zn alloy and Sn layers were

* Corresponding author. Tel.: +372 6203374; fax: +372 6203367.
E-mail address: mganchev@abv.bg (M. Ganchev).

0040-6090/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/.ts£.2011.01.388

aqueous pyrophosphate solutions of the sulfate salts of Cu?", Zn?*
and Sn**. Selenization was performed in isothermal conditions at
sealed quartz ampoules placed into the tubular furnace. A cooling-
down process procedure was followed, that ensure extra selenium
vapors to be condensed in the external empty part of the ampoule far
away of the samples. Configurations and regimes were the same as
described elsewhere [10].

Routine scanning electron microscopy and energy dispersive X-ray
analysis (EDAX) was performed on Hitachi TM 1000 unit supplied
with an X-ray source and detector equipment with an accelerating
voltage of 15.0 kV and acquisition time of 90 s. Film morphology was
examined by Zeiss ULTRA 55 at an accelerating voltage 1.74 kV.

In the X-ray diffraction (XRD) analysis a Rigaku Ultima IV
diffractometer with Cu-Ka radiation (A =1.5418 A) at 40 kV accel-
erating voltage was used. The diffracted beam was scanned in steps by
0.01° for 2 s in an angular range from 10 to 80° 20.

Qualitative phase analysis was performed on PDXL Rigaku's I[CDD
PDF2 phase research platform [11]. The room temperature (RT) micro
Raman spectra was recorded on Horiba LabRam 800 high-resolution
spectrometer equipped with a multichannel detector on backscatter-
ing regime. Light source was a green laser with a 532 nm wavelength
focused at least on 10 pum spot diameter, providing a spectral
resolution of 0.5cm™'. Photoluminescence measurements were
carried out in a closed-cycle He cryostat at 15 K. The PL excitation
was done by 441 nm He-Cd laser line and registered with a SPM2 Carl
Zeiss Jena monochromator and InGaAs detector.

3. Results and discussion
The influence of the initial composition of the films was studied for

Cu-rich, stoichiometric and Cu-poor layers selenized at 450 °C.
Temperature dependence experiments were conducted at temperatures
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Table 1
Temperature of annealing, elemental composition and components ratio of thin CZTSe
films, formed by isothermal selenization of sequential Cu+Zn and Sn layers.

N T,°C Cu,a% Zn,a% Sn,a% Se, a% Cu/(Zn+Sn) Zn/Sn Me/CZTSe
Sampl 450 227 167 109 497 08 15 0.5
Samp2 450 209 174 119 498 0.7 15 0.5
Samp3 450 264 129 118 489 1.1 1.1 0.5
Samp4 450 286 107 121 486 1.2 0.9 0.5
Samp5 490 154 25.0 10.8 488 04 23 0.5
Samp6 530 199 175 134 492 05 13 0.5
Samp7 560 13.5 20.7 9.1 56.7 05 22 0.4

450 °C, 490 °C, 530 °C and 560 °C only for copper-poor samples. XRD
analysis was also carried out in addition to the Raman backscattering
analysis for comparative investigations of the phase composition of the
CZTSe layers.

All samples were Sn-poor ([Zn]/[Sn]>1) after selenization with the
exception of the samples prepared using Cu-rich precursors only. The
composition of the layers and selenization parameters for all the
samples used are summarized in Table 1.

The XRD patterns of CZTSe samples with different [Cu]/{[Zn]+
[Sn]} ratios are shown in Fig. 1. Phase composition of the samples as
determined by XRD analysis is presented in Table 2. The stannite —
CuyZnSnSe4 [11] is recognizable by the main reflections at 27.16°,
45.1° and 53.52° and other minor peaks which are marked in Fig. 1
with s. In addition there are reflections of Mo [11] at 40.2° and 73.5°
and three other peaks at 11.5°, 31.6° and 56.0° attributable to MoSe,
[11] (d) — the phase formed by the selenization. Detailed analysis

s (1,1,2)z,b,T.t, cts

~
—
<
1 <
=
[

Mo, t

Intensity, [a.u.]

s (2,0,4) byz,t.cts, dctts

confirmed the existence of Cu; gSe [11] (marked as b) — with reflections
at 27.2°,45.1° and 56.1°. Also a possible phase is ZnSe [11] — (z) the
main peaks of which coincide or lie very close to those of Stannite at
27.16°, 45.1° and 53.5°. The XRD pattern for the Cu-poor sample
presents (0,0,1), (0,0,2), (0,0,3) and (0,0,4) reflections of the SnSe,
phase [11] — (T)at angles of 14.44°, 29.09°, 44.25° and 60.29,
respectively, resulting in a dominant growth in the polar c-plane
orientation. Increased copper concentration provokes a preferable
growth of CuSe [11], marked with k, indicated by minor peaks at
26.6° 28.1°, 31.2° and 50°. In addition the detailed analysis revealed
several other phases. The layers Samp3 and Samp4 were shown also to
contain ternaries Cu,SnSez [11] (cts) and Cu,SnSey [11] (dctts); in
addition, Samp3 contain of SnSe (t) [11].

Fig. 2 shows the XRD patterns of layers formed by annealing of Cu-
Zn/Sn films in selenium vapors at different temperatures — Samp1 -
at 450 °C, Samp5 - 490 °C, Samp6 - 530 °C and Samp7 - at 560 °C,
respectively. All samples were Cu-poor, with phase content as shown
in Table 2. At the initial temperature, the representative pattern is
the same as in the previous description for the Cu-poor case (Samp1).
As the temperature rises the main dominant phases are again
Cu,ZnSnSey, Cu, gSe and ZnSe. Minor presence of CuSe was registered
also but their intensity decreases sharply with the temperature
increasing. Respective phases are denoted in Fig. 2 with the same
codes s, b, z and k. The most intense peaks are at angles 20 — 27.2°,
45.1° and 53.3°. As it was mentioned, the reflections are composite
(attributable to many phases: CZTSe, Cu; gSe, ZnSe) with no indication
to qualitative distribution. In addition, the phases of SnSe, and SnSe
are also noticeable. The group of ternary Cu,SnSes is seen
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Fig. 1. XRD patterns of Cu-poor (Samp1), Stoichiometric — Cu= (Zn + Sn) (Samp3) and Cu-rich (Samp4) CZTSe thin films, obtained by isothermal selenization at 450 °C of metal Cu-
Zn/Sn layers onto Mo covered soda lime glass substrates. Phase symbols: s—Cu,ZnSnSes; z—ZnSe; b—Cu, gSe; k—CuSe; t—SnSe; T—SnSe,; d—MoSe,; cts—Cu,SnSes; dctts—Cu,SnSey;
Mo—Molybdenum. Inset present the pattern in interval 52°-55° for distinct of CZTSe and ZnSe.
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Table 2

Phases, detected by XRD in the samples CZTSe, selenized in isothermal condition according to Table 1: * - existing phase; o - not detected phase.
N T, Cu,ZnSnSey Cu,SnSe; Cu,SnSey SnSe;, Cu, gSe CuSe ZnSe SnSe

°C s cts dctts T b k z t

Samp1 450 * o * * * * * o
Samp2 450 * o * o * * * *
Samp3 450 * * * o * * * *
Samp4 450 * * * o * * * o
Samp5 490 * * * * * * * o
Samp6 530 * * * o * * * o
Samp7 560 * * * * * * * o

accompanied with Cu,SnSes. When the temperature increases, the
signal of the substrate fades and reflections from the layer becomes
dominant. CZTSe and ZnSe phases can be distinguished in the vicinity
of 53°-54°[12]. Here CZTSe presents twins at 53.39° (2,3,0) and 53.45°
(2,3,3) whereas ZnSe presents (3,1,1) peak at 53.56°. As can be seen at
the inset of Fig. 2, at lower and higher temperatures (Samp4 and
Samp7) ZnSe exists as a minor compound and its crystallinity
improves at 530 °C. The same trend can be seen in the crystallization
of the phase CuZnSnSes. It is also interesting to follow the
dependence of CZTSe-ZnSe peaks ratio through the Cu compositional
gradient. As can be seen from the inset of Fig. 1, twin peak
corresponding to CZTSe dominates and ZnSe is present as a trace in
the layers.

Fig. 3 shows the Raman spectra of samples selenized at 450 °C
with different Cu concentrations — Cu-poor, stoichiometric CZTSe
(CupZnSnSe,) and Cu-rich CZTSe (Samp2, Samp3 and Samp4, respective-
ly) and samples annealed at different temperatures — Samp5@490 °C;
Samp6@530 °C and Samp7@560 °C (in accordance with Table 1). In all
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samples CZTSe is the dominant phase presenting main vibrations at
79cm™!, 171 ecm™ !, 194cm ™1, 231 cm ™! and 390 cm™". For the Cu-
rich and stoichiometric samples resonance at 262 cm™~' was recorded
and taken together with those at 91 cm™" assigned to CuSe (k). In the
spectra for Samp2 a signal near 250 cm ™' was detected. We attributed it
to the phase ZnSe, in accordance with the phase distribution, evidenced
in Fig. 1. When the temperature rose from 450 °C to 560 °C, a
dominating signal had arisen at the same wave number (250 cm™'),
indicating preferential crystallization of ZnSe.

Fig. 4 exhibits the morphology of the quaternary CZTSe films. The
micrographs present the surface image of Samp6 (Table 1) annealed
at 530 °C (image a) and its cross-section view (image b). The layer is
uniform, dense and well crystallized with grain size near 1 um. On the
border of the grains small hexagonal crystals of impurity phases
(marked in circles) are seen.

Amongst recognized phases here, CuSe and SnSe, are hexagonal.
As is shown elsewhere [10], ZnSe sets usually on the bottom whereas
preferable distribution of copper selenides is on the surface and
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Fig. 2. XRD pattern of CZTSe samples formed by isothermal reactive annealing in Se vapors of Cu-Zn/Sn metal layers at different temperatures: Samp1 — 450 °C; Samp5 — 490 °C; Samp6 —
530 °C and Samp7 — 560 °C. The layers are Cu-poor. For phase symbols refer Fig. 1. Inset presents the pattern in 20 interval 52°-55° to gain distinction of CZTS and ZnSe.
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Fig. 3. Raman spectra for thin CZTSe layers: with different Cu concentration annealed at different temperatures. For phase symbols refer Fig. 1. (See also Table 1 and text).

among grain borders of the layer. It was shown above that even
copper-poor layers contain separate copper selenide phases.

The low-temperature (T= 15 K) photoluminescence spectra of the
annealed CZTSe (Samp1) film are presented in Fig. 5. The PL spectrum
of that sample consists of two Gaussian-shaped PL bands at 0.81 and
1.16 eV, respectively. The first one has been recognized already in the
monophase CZTSe [13], where temperature and excitation power
dependences defined it as a Bl-emission. The second band is caused

Fig. 4. High resolution SEM micrograph of thin layer CZTSe (Samp6) (a), selenized at
530 °C for 30 min in closed isothermal conditions and (b) — cross section of the film.
With circles are marked surface hexagonal impurities on the grain borders.

obviously by CuSe contaminants. Previous investigations [10] have
shown similar dominating PL emission in the presence of CuSe.

To complete the overview on the reaction pathway, the inferences
made in ref. 12 should be taken into considerations. Results show that
at temperatures 200 °C the synthesis of binaries (Cu,Se, CuSe, SnSe,
and ZnSe) takes place. When the temperature rises up to 450 °C, the
binary forms the ternary Cu,SnSes, which adsorb ZnSe and form the
quaternary Cu,ZnSnSey.

Sn + 2Se — SnSe,

Cu + 2Se — Cu,Se

Cu + Se — CuSe

Zn + Se — ZnSe

Cu,Se + SnSe, — Cu,SnSe;
Cu,SnSe; + ZnSe — Cu,ZnSnSe,
Cu,Se + 2SnSe, — Cu,SnSe, + SnSe

SnSe, < SnSe + Se

Sequence of Reactions 1, 2, 4, 5 and 6 on analogy with [14] gives an
interaction chains to form the quaternary CZTSe compound. Obvi-
ously Reactions 5 and 6 do not pass up to the last and together with
Reaction 3 give an idea of how to explain the phase composition,
revealed by XRD and partially by Raman backscattering analyses. The
phase of Cu,SnSe, could be formed at higher concentrations of SnSe,,
e.g. by Reaction 7. This interaction could give an insight into the SnSe
assumed by XRD.

Reaction 7 gives an idea of SnSe in the films but SnSe could come
from another interaction, which should be taken into consideration.
Equilibrium of tin compounds with selenium depends on the
temperature and respectively on the pressure of the selenium vapors
by equilibrium 8.

As it follows from equilibrium 8 according to the Le Chatelier-
Braun principle, at high temperatures selenium vapor pressure is high
and reaction equilibrium is moved on the left, keeping tin in the high
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Fig. 5. Low temperature (15 K) photoluminescence spectra of thin CZTSe film (Samp1),
annealed in closed isothermal conditions.

valence form. Samples in the ampoule are cooled down to ensure
selenium to be moved to condensate preferably away from the
sample. The samples should be held in a comparatively warmer part of
the ampoule, in fact, to stimulate the decay of SnSe, in the layers.
Precise phase research analysis, performed by the PDXL software
platform and the appropriate methodology for the experiments
provides also an insight into the relative phase distribution and
copper fraction in the grown films. For example, the composite
reflection in Fig. 1 at 27.2° could be consistent with Stannite(s), Zinc
Selenide (z), Cu; gSe (b), SnSe, (T), SnSe — (t) and Cu,SnSes — (cts).
About ZnSe an inset is added, which can provide an imagination of its
part. SnSe, disposes individual reflections at 14.4°, 29.4°, 44.4° and
60.4° and the set of diffractograms shows that it consists only at the
lower temperature 450 °C for copper poor sample (Samp1). The low
valent form SnSe has individual reflections at 42° and 50.1° beside
those at 26.4°, 31.6°, 40.3°, 45.5°, 48.6°, 53.5°, 64° and 65.7°. The set of
curves presents an increase in the reflection height at 50.1°, its role
being additionally described with the set of proposed formation
reactions. Berzellianite (Cu;gSe — b) disposes individually at 56.8°
near the reflection of Drysdallite — (MoSe, — d) at 56.0°. The set of
diffractograms shows that it appears at the copper-rich sample as a
little shoulder, which could be recognized as an indication of presence
in traces only at copper rich samples. Cu,SnSes disposes reflections at
27.16°, 31.6°, 45.1°, 53.5°, 56°, 65.7° and 72.5°, corresponding to the
planes (1,1,1), (2,0,0), (2,2,0), (3,1,1), (2,2,2), (4,0,0) and (3,3,1)

respectively. Cu,SnSey(dctts) [11] presents at 45.2°, 53.4°, 55.95°,
65.8° and 72.5° from the respective planes (2,2,0), (3,1,1), (2,2,2),
(4,0,0) and (3,3,1). Cu,SnSe; appears together with SnSe, Cu,ZnSnSey4
and ZnSe at 31.6° close to the large reflection of MoSe, at 31.8° and
after the reflection of the CuSe (k) at 31.2°. The lack of another visible
shoulder besides the reflection of CuSe on the large reflection of
MoSe; (keeping in mind the considerations for SnSe) would suggest a
presence of Cu,SnSe; as very small part. The same considerations
could be made for reflections at 45.1° and 53.5°, respectively and to
conclude that the main phase is Stannite (Cu,ZnSnSey4) and all other
phases present as minorities or traces.

4. Conclusions

The study adds insights into the thermal interactions of metals Cu,
Zn and Sn with Se at the temperature interval of 450 °C-560 °C for
samples with a deficiency of Cu against stoichiometry of Cu,ZnSnSe,.
Features of the phase composition depending on the relative Cu
concentration at 450 °C were revealed for quaternary compound
samples Cu,ZnSnSey.
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Abstract

Brass-Bronze thin-stacked layers electrodeposited in Potentiostatic conditions were selenized in an iso-thermal quartz tubular
reactor. The ratio of metal components in selenized films was adjusted through appropriate choice of composition and thickness
of the constituent layers. Focus is on the influence of annealing conditions on crystalline structure, phase composition, surface
morphology and optical properties of the obtained Cu,ZnSnSe, (CZTSe) thin films and pecularities of formation CZTSe thin
films.

(© 2010 Published by Elsevier Ltd

Electrodeposition, Precursor selenisation, Cu,ZnSnSe;

1. Introduction

Future development of thin film photovoltaics depends on the deployment of low cost and easily up scalable
deposition methods for abundant and non-toxic compounds [1]. Ternary chalcopyrites CulnS, (CIS) and
Cu(In,Ga)Se, were a promising solution but increasing prices of the rare metals In and Ga have affected the cost-
efficiency ratio. Replacement of III group metals with cheap and widespread Zinc and Tin serve as another
opportunity for diversification and industrialization of compound thin film photovoltaics [2]. Cu,ZnSnSe, (CZTSe)
is a structure analog of CIS where III group (Indium or Gallium) atoms are exchanged with Zinc and Tin. CZTSe is
a prospective material with a direct band gap near 1.44 eV, close to the optimum for the solar irradiation spectra and
a high absorption coefficient ranging to 10* cm™ [3].

* Corresponding author. Tel.: +37 25 637 9736; fax: +37 26 203 367.
E-mail address: mganchev@abv.bg.
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There are numerous investigations on the sulfur compound Cu,ZnSnS, developed by atom beam sputtering [4],
thermal evaporations [5] and electron beam evaporated precursors processed in H2Satmosphere [6]. Later,
electrodeposition routes [7,8] for the formation of substrate metallic precursors subjected subsequently to
sulfurization were explored. Abou-Ras et al. [7] studied Electrodeposition route developed specifically by the
formation of metallic alloy Cu-Zn-Sn precursor layers [9] to build solar cells.

The Selenium compound CZTSe thin layer absorbers were grown by pulsed laser ablation [10], one step RF
magnetron sputtering [11] or with sequential selenization [12] as well as synthesis from melts [13]. The monograin
thin film Cu,ZnSnSe, solar cell recently developed has given Voc = 422 mV, J=21.3 mA/cm® and FF 44 % with an
overall efficiency of 2.16% [14].

This article focuses on the formation of Cu,ZnSnSe4 absorber layers by sequential electrodeposition of the Cu-Zn
alloy and Cu-Sn stacked precursors, followed by reactive annealing in the atmosphere of selenium vapors.

2. Experimental details

Electrodeposition of precursor layers was performed in a potentiostatic condition with Wenking Bank PGstat 3440
in a three-electrode configuration at room temperature (20°C). Reference was a Saturated Silver Chloride electrode
(Ag/AgCl: 3M KCIl) and Platinum gauze with much higher active surface than the cathode served as a counter
electrode. The working electrodes were molybdenum covered (near 1 pm thick) soda-lime glass substrates sized
approximately 1 X 2.5 cm’ or molybdenum foils with the same dimensions. Solutions for deposition Cu-Zn and Cu-
Sn layers contained 0.6M Potassium Pyrophosphate and salts of Cu®*, Zn** and Sn*" following formulations in [15].
Due to the oxidizing ability of Sn*" on the anode or by the oxygen from air, the electrolytic cell for the deposition of
Bronze layers was divided and the anode compartment was isolated ?through an Ion (Na') selective membrane.
Anolyte was 0.2M Na,CO; and to keep constant cation equilibrium concentrations for the membrane the catolyte
contained 0.2M Na,P,05 and 0.4M K4P,0; as well as 0.1M Hydroquinone as an antioxidant.

Substrate layers Cu-Zn/Cu-Sn were selenized under isothermal conditions in evacuated 5-cm long quartz ampoules
at 530°C — 560°C during 15 minutes at a 1.5-m thermal tubular reactor. In order to perform the thermal annealing
samples with ampoules were placed in a preliminary preheated quartz holder pipe with wall thickness of 2mm,
length of 60 cm and with inner diameter of 2.5 cm. After that the pipe with the ampoule inside was comparatively
slowly moved out for cooling down to near 50 °C for another 20 minutes. Estimated annealing temperature profile is
shown schematically in Fig.1. Other annealing experiments were performed for 1 h at 400°C preliminary preheating
in a vacuum of 150 Torr for metal alloy sublayer homogenization and reactive selenization for 1 h at 560°C. Some
singles, high temperature experiments, were performed at 750°C for 2 hours with alloy substrate samples deposited
onto molybdenum foil.

Fig.1. Scheme of time-temperature profile for fast annealing experiments
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Fig.1. Thermal profile for selenization of thin alloy Brass — Bronze layers
Scanning electron microscopy investigations and EDX composition measurements were performed on Hitachi

TT1000 unit supplied with X-ray source and detector equipment with accelerating voltage 15.0 kV and acquisition
time 90 sec. High resolution micrograms and fine impurities composition measurements were done on Zeiss
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ULTRA 55 at accelerating voltage 1.74 kV through an In lens. The room temperature (RT) micro — Raman spectra
were recorded by Horiba LabRam 800 high-resolution spectrometer equipped with a multichannel detection system
on backscattering configuration. The spectrometer operated by Green 532 nm wavelength laser focused within a 1
um spot diameter providing the incident light with a spectral resolution of 0.5 cm™.

X — ray diffraction analysis (XRD) was performed on Rigaku Ultima IV with Cu - Ko radiation (A\=1.5418A) and 4
kV accelerating voltage. The diffracted beam was scanned in steps by 0.01° for 2 sec in an angular range from 10 to
80 degrees in 20. A comparison with JCDPS file cards [16] was made to assign the observed peaks. Phases
manifested at least with three reflexes are taken into considerations. Optical investigations for determining the type
and width of the band gap were carried out on UV-VIS-NIR spectrophotometer JASCO V-670 in the range of 200 to
2500 nm.

3. Results and discussion

Metal substrate layers were formed by two-step electrodepositing of alloys Brass (Cu-Zn) and Bronze (Cu-Sn) films,
respectively. Final total film composition depends on the ratio of metals in the pair sublayers and its relative
thickness. Total metal film thickness is defined by the sum of the thickness of the partial layers. The sequence of
depositing Cu-Sn onto Cu-Zn was followed but an opposite order is possible as well. A 40-minute electrodeposition
of Brass layer was followed by a 3-minute electrodeposition of Bronze layer to ensure formation of 1.5 — 2 um thick
CZTSe layer after selenization.

b + Stannite Cu,ZnSnSe,; 01-070-8930
o o Stilleite,syn,ZnSe,01-080-0021
+ b Bercelianite,CulxSe,Ol-O71-OO44

v Molibdenum SeIenide,MOKSe4,03-065»37OI
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Fig.2. X-Ray diffraction patterns of thin layer Cu,ZnSeSe, annealed in different regimes: Sample 36-5/8 —
selenization of 15 minutes at 530 °C and 20 minutes slow cooling down; 36-8/4 — 1 hour annealing in vacuum and 1
hour selenization at 560°C

Fig.2 presents XRD patterns of samples 36-8/4 and 36-5/8. The first one had passed preliminary homogenization
annealing in vacuum for 1 hour at 400°C, followed by reactive isothermal annealing in Selenium vapors for 1 hour
at 560°C. The other sample had been treated for a short time (15 minutes) at 530°C and slow cooling down,
following the procedure described by Fig.1. In both cases typical main reflexes of CZTSe at 45.1°, 27.16° and 53.52°
in scale 20 as well as minorities at 17.44°, 36.25° 65.98° and 72.65° can be seen. Signals are strong and sharp
indicating a well-crystallized Stannite — JCDPS 01-070-8930. Well-defined reflexes from the Molybdenum substrate
layer at 40.18°, 56.03° and 72.45° in units 20 were detected. There are other peaks, which could be attributed to the
Molybdenum substrate as well - reflexes at 11.54° and 31.66°. If we assume the tall peak at 45.1° as a compound
caused not only by the Stannite, there is obviously Mo;Ses (JCDPS 03-06503701) - a product of selenization of the
substrate. Detailed structural analysis has revealed non-monophase thin film materials in both cases. There are
minor but well distinguished reflexes at 26.58°, 28°, 31.2° and 50.02° obviously related to CuSe (Klockmanite — 01-
070-8576). Further, following the thesis for a compound character of the XRD pattern, another issue should be
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mentioned. Probably it is possible that a thin film material consists of a cubic ZnSe (Stilleite — JCDPS 01-080-0021)
the pattern of which coincides with the Stannite one at 27.16°, 45.1° and 53.52° in 20O scale. In addition, a
scrupulous analysis supposes the existence of another phase — Cu; gSe (Bercelianite — JCDPS 01-071-0044) with
reflexes at 27.16°, 45.1° and 56.03°.
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Fig.3. Room temperature Raman spectra of Cu2ZnSnSe4 thin layers

Fig.3 shows the RT Raman spectra of samples 36-8/2 and 36-5/7 deposited and annealed in the same conditions as
sample 36-5/8 in Fig.2. The patterns present defined spectra for the well-formed Stannite by almost all important
vibrations at 79 cm™, 173 cm™, 196 cm™, 231 cm™ and 390 cm’, respectively. There are two peaks that could be
attributed to CuSe — at 94 cm™ and near 263 cm™. Another signal at 247 cm™ was registered, which may be due to
the cubic ZnSe. The weak vibration at 443 cm™ could be attributed to the bond Si-O-Si from the substrate [17]. As
the samples are similar in composition and are annealed in the same conditions, the differences in signal intensities
in the spectra should be related to the differences in layer thickness.

Fig.4. SEM cross section microgram of the CZTSe thin film, annealed in vacuum for 1 hour, followed by a
selenization at 560°C for 1 hour. Insertion presents the surface morphology image of the same film.

Fig.4 presents a SEM microgram of sample 36-8/4 preliminarily annealed in vacuum for 1 hour at 400°C and
selenized at 560°C for 1 hour. As we could take insights from the XRD and Raman spectra, the CZTSe thin layer
was found to consist of large grains sized more than 1pum. More detailed observations revealed fine grains situated
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mainly on the large grain boundaries at the bottom of the layer and flat hexagonal well-formed crystals situated
mainly on the surface of the layer. High definition EDX allowed us to determine the composition peculiarities of the
described objects. Large grain composition (measured at point +) indicates to slightly Tin rich CZTSe (23.77 at%
Cu- 11.30 at% Zn- 13.67 at% Sn — 51.25 at% Se) thin film material. Fine powder crystallites on the interface Mo -
CZTSe indicated as o shows a composition of 52.65 at% Zn — 47.35 at% Se that corresponds to the Stilleite phase
presented in Fig.2. Flat plate crystal grains on the surface — indicated as x were defined to correspond to the
Klockmanite (Fig.2), giving 47.48 at% Cu — 52.52 at% Se.
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Fig.5. Plot for determining the band gap of Cu,ZnSnSe, films selenized in different conditions: 36-8/4 -1 hour at
400°C in vacuum +1 hour at 560°C and 36-8/2&36-5/7 for 10 minutes at 530 °C. The analysis is based on the
assumption that CZTSe is a direct band gap material.

Fig.5 shows the dependence of the curves of (ahv)? on the dropping optical light energy hv for layers CZTSe
deposited in similar conditions but annealed both by fast (10 minutes selenization at 530°C -36-8/2&36-5/7) or
through preliminary metal alloy homogenization at 400°C for 1 hour and 1 hour selenization at 560°C — sample 36-
8/4. The direct optical band gap was approximated by plotting (ahv)* versus the energy in eV and extrapolating the
linear part of the spectrum (ahv)® = f (hv) to zero. Thus, the band gap of the CZTSe thin films was estimated to be
1.31 eV + 0.01 eV. This value is much lower than those reported earlier [3,5] 1.44 eV and 1.56 eV. It seems closer
to those close to 1 eV proposed recently in the investigations of monograin materials [18]

Comparison of the data in Fig.2 enables to conclude that a longer annealing time acts favourably to the formation of
well-crystallized Stannite Cu,ZnSeSe, and different binaries (Klockmanite - CuSe and Stilleite - ZnSe) as well as
those for thicker under-layer of Mo;Se,.

4. Conclusions

Electrodeposition of alloys Brass and Bronze substrate layers followed by selenization results in successful
formation of well-crystallized Stannite thin film structures. Shorter annealing time may lead to favorable formation
of Stannite thin films but the system is still not a perfect mono phase. All thin layer materials showed similar optical
properties and a band gap near 1.31 eV.
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APPENDIX B

PDF cards used in this work for interpretation of phase composition of films from XRD

measurements
Phase JCPDS-ICDD number
CuyZnSnSes 01-070-8930
CuzSnSe; 03-065-4145
CuzSnSeq 01-078-0600
CuSe 01-072-8417
Cu; sSe 01-088-2043
ZnSe 01-071-5978
SnSe 01-089-0232
MoSe; 03-065-3481
CuzZnSnS4 04-003-8920
SnzS4 00-027-0900
ZnS 04-006-0807
CuzSnS4 01-089-4714
Mo 04-004-8671
Sn 04-004-6229
CusZng 04-013-7094
Cuo_7Zno,3 04-006-2621
CuZn 04-002-3142
CueSns 04-007-2658
CuSn 03-065-3434
Interpretation of Raman shifts
Phase Raman shifts (cm™) Reference
CuxZnSnSes | 167, 173, 196, 231, 245 [163]
CuSe 263 [164]
Z/nSe 202,252 [165]
CuzZnSnS4 98, 142, 168, 252, 263, 288, [166]
339, 347, 355, 365
SnsS; 307, 251,234, 183, 71,60,52 | [167]
CuS 62, 142, 267, 474 [168]
MoS, 380, 408 [169]
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