TALLINN UNIVERSITY OF TECHNOLOGY
DOCTORAL THESIS
49/2018

Synthesis of Cu,ZnSnS,; Nano-powders
and Nano-structured Thin Films

SURESH KUMAR



TALLINN UNIVERSITY OF TECHNOLOGY

School of Engineering

Department of Materials and Environmental Technology

This dissertation was accepted for the defence of the degree 10/07/2018

Supervisor: Dr. Maarja Grossberg, Professor
Department of Materials and Environmental Technology
Tallinn University of Technology
Tallinn, Estonia

Co-supervisor: Dr. Mare Altosaar, Senior Research Scientist
Department of Materials and Environmental Technology
Tallinn University of Technology
Tallinn, Estonia

Opponents: Dr. Stela Canulescu, Associate Professor
DTU Fotonik — Department of Photonics Engineering
Technical University of Denmark
Lyngby, Denmark

Dr. Vambola Kisand, Senior Research Scientist

Faculty of Science and Technology, Institute of Physics
University of Tartu

Tartu, Estonia

Defence of the thesis: August 29, 2018 at 13:00

Lecture Hall : UO5 —103

Tallinn University of Technology, Ehitajate Tee 5, Tallinn
Declaration:
Hereby | declare that this doctoral thesis, my original investigation and achievement,
submitted for the doctoral degree at Tallinn University of Technology, has not been previously
submitted for doctoral or equivalent academic degree.

Suresh Kumar

signature

* X%
* *
* *

* *
* 4k

" e :
European Union
European Social Fund Investing in your future

Copyright: Suresh Kumar, 2018

ISSN 2585-6898 (publication)

ISBN 978-9949-83-314-6 (publication)
ISSN 2585-6901 (PDF)

ISBN 978-9949-83-315-3 (PDF)



TALLINNA TEHNIKAULIKOOL
DOKTORITOO
49/2018

Cu2ZnSnS, nano-pulbrite ja nano-
struktuursete kilede siintees

SURESH KUMAR






Contents

List Of PUBICAtIONS ..eeuriiiieiee e e e e 7
Author’s Contribution to the PUBblICations .........cceevieiiriiiiicceeee e, 8
List Of ADDIreVIations ......coueiiiiieiie e s 9
INEFOTUCTION ..ot s e sttt e esre e 10
1. Literature Overview and Aim of the Study........cccoeeiiiiiiiiii e, 12
1.1 CUZNSNSS (CZTS) ettt ettt st sttt ettt sbe e bt e sbe e sbe e e 12
1.2 NANO-POWAEBTS ccceetiiiiee e e e eeeittee e e e e e e e tbee e e e e e e eeetaareeeaaeeeeasaaeseaaeseasnsssaneaaesennanses 13
1.3 Thin Films by Nano-powder Ink Technology ........ccccvveviieeeeciieecceee e 14
1.4 Solution-based Nano-powder SyNthesis.........ccocccuuiieiiiiicciiiieeee e 14
1.4.1 Solvents Used in Nano-powder SYNthesis..........coeveereeerereeerceeieeeeeeeeeseeseesseenns

1.4.2 Oleylamine as a Solvent in Nano-powder Synthesis

1.4.3 Complex Formation and NUCIEALION...........cceeeeeieirerrceee e
1.4.4 NaNO-POWEN GIOWLN .......cucuririeecicrescce ettt s s sss s snanas 16
1.5 CZTS Nano-powder Synthesis in Oleylamine by the Hot-injection Method........ 16
1.5.1 The Influence of Synthesis Temperature on CZTS Nano-powder Synthesis.......... 17
1.5.2 The Effect of Initial Concentration of PreCursors ........cvverenereneesensesenensesesseseseens 17

1.5.3 The Influence of Additional Alkali Compound on CZTS Nano-powder Synthesis . 18
1.6 S0I-8EI MELNOM ... et e et e e e e e e
1.6.1 Methanol as Solvent in the Sol-gel Method

1.6.2 CZTS Thin Films by the Sol-gel Method ...t
1.7 Summary of the Literature Overview and Aim of the Study .........cccccovvveeeieennnis 19
R (oY= T V=T ] | RSP 21
2.1 Synthesis of CZTS Nano-powders by the Hot-injection Method ......................... 21
2.2 Preparation of Precursor Solutions with Alkali Metal Compounds..................... 22
2.3 CZTS Thin Films by the Sol-gel Method ..........ccoooiiiiiiiiccee e 22
2.4 Characterization Methods ..o e 23
3. RESUIS @Nd DISCUSSION ..vveiiieeiiiisieeriieesie ettt ste et ste et sat e et sae e st e e sbeeesbaeesaeeennes 25

3.1 Tailoring the CZTS Nano-particle Formation and Growth by Varying Cu and Zn

Concentrations at Different Temperatures [1].....ccccceeeeeeciiiiieei e 25
3.2 Effect of Alkali lons (Na*, K*, Cs*) on the Reaction Mechanism of CZTS Nano-
particle SYNthesis [11] ........ueiiieiee e et e e e e re e e e e e e e e eaens 29
3.2.1 Analysis of FTIR Spectra of Oleylamine and Oleylamine-Cation Precursors.......... 29
3.2.2 Analysis of FTIR Spectra of Oleylamine, Oleylamine-Cation Precursors and
Oleylamine-AlKali COMPOUNTS.......c.cccirrieieeteerteteteeetetete e sss s s sassssesesesesesans 32
3.2.3 Analysis of CZTS Nano-powders Synthesized in the Presence of Alkali
COMPOUNGS <.ceeeereiiieteietststete e e et e e e s s s e et sttt st s s e s et etebabasasasessss s s s sttt etststetetesasasans 35
3.2.4 Effect of Concentration Of CSOH .........cvereinecineninecinesneeseesesssesssesssesssessssens 36
3.3 CZTS Thin Films by the Sol-gel Method [H1]......c.coevvciieeeciie e 38



3.3.1 Morphology and Elemental Composition of Films Pre-annealed in Nitrogen....... 38
3.3.2 Raman Studies of CZTS Thin Films Pre-annealed in Nitrogen
3.3.3 Vacuum Annealed CZTS Thin Films

CONCIUSIONS .ttt st sttt ettt e n e e nesanesieesreesneenneenes

REFEIENCES ...ttt sttt st e s b e st e s be e st e e sareenaeees 43
ACKNOWIBAZEMENTS...ciiiiiiecieee ettt e et e et e e e sre e e e staeeeeseseessnseeeesnsaeeaanns 48
ADSTIACT ...ttt et e sn e e nee s 49
KOKKUVBEE ..ottt s st st 50
PN o] 01T e | PP UUPPRR 51
CUTICUIUM VB .ttt s e s 83
L 1W] FoTo] T g = Te [V LU PR 85



List of Publications

The dissertation is based on the following publications that are referred to in the text
by Roman numerals I-lll:

I.  Suresh Kumar, Vikash Kumar, Valdek Mikli, Tiit Varema, Mare Altosaar, Maarja
Grossberg, Study of CZTS nano-powder synthesis by hot injection method by
variation of Cu and Zn concentrations, Energy Procedia 102 (2016) 136-143.

Il. Suresh Kumar, Mare Altosaar, Maarja Grossberg, Valdek Mikli, Effect of Alkali ions
(Na*, K*, Cs*) on Reaction Mechanism of CZTS Nano-particles Synthesis,
Superlattices and Microstructures 116 (2018) 54-63.

lIl. Suresh Kumar, Bharath Kasubosula, Mihkel Loorits, Jaan Raudoja, Valdek Mikli,
Mare Altosaar, Maarja Grossberg, Synthesis of Cu2ZnSnSs Solar Cell Absorber
Material by Sol-Gel Method, Energy Procedia 102 (2016) 102-109.

Copies of these articles are included in Appendix.



Author’s Contribution to the Publications

The contribution by the author to the papers included in the thesis is as follows:

Synthesis of CZTS nano-powders, Raman and SEM analysis, characterization and
analysis of the results, major role in writing.

Preparation and FTIR studies of solutions of oleylamine-cation precursors and
solutions of oleylamine-alkali compounds, synthesis of CZTS nano-powders with
alkali compounds, Raman and SEM analysis, analysis of the results, major role in
writing.

CZTS thin film preparation, characterization and analysis of the results, major role
in writing.



List of Abbreviations

CZTS
CZTSe
CIGS
DEG
EDS
FTIR
FWHM
ITO
OAm
PCE
PEG
PMCA
SEM
XRD

Cu2ZnSnSs

Cu2ZnSnSes

Cu(In,Ga)Sez

Di-Ethylene Glycol

Energy Dispersive X-ray Spectroscopy
Fourier Transform Infrared Spectroscopy
Full Width at Half Maxima

Indium Tin Oxide

Oleylamine

Power Conversion Efficiency
Poly-Ethylene Glycol

Pre-Mixed Cu-Au

Scanning Electron Microscopy

X-Ray Diffraction



Introduction

The whole world is concerned about the global warming and its future impact on the
society and nature. All countries are looking forward to use clean energy and new
technologies to reduce carbon emissions. The direct conversion of solar energy to
electricity using a photovoltaic (PV) cell is a clean energy production method. The first
prerequisite for solar energy conversion is a good absorber material composed of earth
abundant elements with least toxicity, and having high absorption coefficient and direct
band gap. Most of the commercially available PV solar cells are made from silicon that
has indirect band gap and low absorption coefficient, which makes the production of Si
based photovoltaic modules very material consuming. As a material saving alternative,
direct band gap inorganic compound absorber materials are used in solar cell mass
production, namely CdTe and Cu(InGa)Sez (CIGS), showing record power conversion
efficiencies (PCE) 22.1% [1] and 22.9% [2], respectively. However, there are concerns
with toxicity (Cd) and/or scarcity (In and Te) of the constituent elements. Therefore,
Cu2ZnSnSs (CZTS) semiconductor compound with excellent environmental profile and
required high absorption coefficient (>10* cm™) and direct band gap (1.5 eV) [3] has
drawn significant attention as an alternative for CdTe and CIGS [4]. Intensive research
of CZTS as absorber material in photovoltaic cells started in the early 2000s. CZTS is
used not only as an absorber material in photovoltaic cells, but also for thermoelectric
applications, photo-catalysis and as a battery electrode material.

Nanotechnology can be incorporated into solar panels to convert sunlight to
electricity more efficiently, promising inexpensive solar power in the future, resulting
from cheaper manufacturing using print-like roll-to-roll deposition processes and
reduced material consumption. In addition, material in the form of nano-powders
provides additional degrees of freedom for tuning the physical and chemical properties
of the material. Nano-powders are highly crystalline with variable size, shape and
composition. The properties of nano-scale materials are different from the bulk
materials due to the large surface to volume ratio of nano-powders, e.g. the catalytic
activity of nano-particle Au for CO oxidation even at -30 °C [5, 6].

There are several ways for the synthesis of nano-powders. In the present thesis, the
solution-based method was selected for the synthesis of CZTS [I, II]. Nano-powder inks
can be used in cost-effective roll-to-roll printing processes. The solution based method
provides a wide selection of solvents for the synthesis, e.g. oleylamine (OAm), di-
ethylene glycol (DEG), polyethylene glycol (PEG), hydrazine, octadecene, methanol.
There are several cheap and non-toxic organic solvents with long chain hydrocarbons
and different functional groups available. The highest PCE of CZTS-type solar cell 12.6%
is achieved by using hydrazine as a solvent in the synthesis of absorber material [7].
Hydrazine is very toxic. Therefore, it is highly recommended to replace it by a cheap
and non-toxic solvent like oleylamine. The PCE of 8.4% is achieved using oleylamine
instead of hydrazine in the CZTS nano-powder synthesis [8]. In the first part of the
present thesis, oleylamine is primarily used as a solvent for nano-powder synthesis
[1, 1]. One of the most successful routes for the synthesis of CZTS nano-powders is the
so called “hot-injection” synthesis method that utilizes surfactant-controlled growth of
nano-powders in a hot organic solvent [9]. Nano-powder synthesis process can be
tailored by varying different technological parameters. In this thesis research, the
influence of the synthesis temperature and the composition of initial precursor
mixtures on the size and shape and phase composition of produced nano-powders was
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studied [I]. Furthermore, the solvent oleylamine was modified by addition of
compounds containing different alkali metal ions and their effect on the CZTS nano-
particle formation and growth was analyzed [Il]. That kind of solvent modification has
not been used before in the CZTS nano-powder synthesis. The modification allows us to
control the active functional group part of the oleylamine solvent. As a result of the
study of the properties of the modified solvent solutions, a possible structure of the
formed oleylamine complex with metal ions was proposed. In addition, the influence of
the solvent modification on the nano-particle growth was investigated.

As an alternative approach in this study, methanol as a solvent was used in the sol-
gel method for CZTS thin film preparation by dip coating, as it is a simple and low-
temperature deposition method [lll]. Methanol is a low cost solvent and a good polar
liquid for preparation of individual precursor solutions as sources of cations and
sulphur. Thiourea is a popular source of sulphur that can easily form complexes with
Cu, Zn and Sn, which yield in sulphides on thermal decomposition [10]. The CZTS thin
film formation on bare soda-lime glass, Mo and ITO substrates was studied. The second
part of the thesis focuses on the influence of annealing procedure in controlled gas
atmosphere at different temperatures on the quality of CZTS thin films.

The dissertation is divided into three chapters. Chapter 1 covers the literature
overview that contains different subsections where properties of CZTS and different
aspects of the formation of CZTS in the nano-powder synthesis are described. The
objectives of the thesis research are formulated on the basis of the summary of the
literature overview. The experimental details of CZTS nano-powder synthesis by the hot
injection method and used characterization methods are described in Chapter 2. The
preparation of CZTS thin films by the sol-gel method with details of thin films annealing
in air, nitrogen and vacuum is described. The results of the studies and discussions are
presented in the last chapter. The thesis is based on three published papers and the
results have been presented at different conferences.
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1. Literature Overview and Aim of the Study

1.1  Cu,ZnSnS, (CZTS)

Cu2ZnSnSs (CZTS) belongs to the A';B"CVXY's compound family with A = Cu, B = Zn, Fe (in
the case of natural kesterite), C = Sn and X = S, Se [11]. CZTS as a compound
semiconductor has been studied intensively for the replacement of expensive and
scarce indium (In) (or Ga) by zinc and tin in CulnSez (or CuGaSez) semiconductor by
cation substitution in which the overall valence state is maintained and the compound
remains charge neutral [4]. The compositional elements of CZTS are earth abundant,
cheap and non-toxic. CZTS is a p-type semiconductor that has high absorption
coefficient (>10% cm™) and a direct band gap (1.5 eV) [3]. Due to its properties, CZTS has
been found suitable for various applications, not only as an absorber material in PV
solar cells [7, 12] but also as a photo-catalyst [13, 14], as a thermoelectric material [15,
16] and as a battery electrode material [17].

According to the theoretical calculations, CZTS exists in two tetragonal crystal
structures — in kesterite (space group /4) and in stannite (space group /-42m) structure
[18]. These are two structurally similar but distinct crystal structures that differ in the
ordering of the Cu-Zn sub lattice: kesterite is derived from the chalcopyrite (201)
ordering and stannite is derived from the Cu-Au (001) ordering [18]. The lowest energy
structure of CZTS is kesterite. Stannite is the disordered phase of kesterite having the
same symmetry. Stannite symmetry occurs randomly because of a relatively low energy
of Cu-Zn cation exchange in the kesterite structure [18]. Only 2.86 meV/atom higher
crystal energy was determined for stannite compared to the kesterite structure [18].
Due to the presence of three cations in the quaternary system, many possible defect
complexes exist, from which the bound anti-site pair between Cu and Zn has
particularly low formation energy [18]. In addition, low formation energies have been
calculated for [Vcu + Zncu] and [2Cuza+ Snzn] defect pairs and Cuz, and Vcu individual
defects [18]. Cuza and Cusn deep acceptor defects have been experimentally detected in
CZTS by admittance and photoluminescence spectroscopy [19, 20]. Also, the existence
of [2Cuzn+Snzn] defect pair in CZTS has been detected by photoluminescence
spectroscopy [21].

The experimental lattice parameters of kesterite CZTS are a=5.443 A and c=10.840 A
[22], being very close to the calculated lattice constants a=5.432 A and ¢=10.786 A [23].
Calculations show that the band gaps of the kesterite, stannite and partially disordered
kesterite (PMCA) structures can differ by as much as 0.15 eV [24] and it is suggested
that the estimated band gap for kesterite CZTS is 1.45 eV at room temperature [24, 25].
Various room temperature band gap energy values have been determined from
experiments, i.e. 1.5 eV [3], 1.4-1.45 eV [26], 1.49 [27], 1.45 eV [28]. It is also possible
to have partially disordered form of kesterite (PMCA, space group P42m), where the Cu
and Zn atoms can be randomly arranged on their shared lattice plane [23]. The values
of calculated lattice constants of the kesterite CZTS are slightly larger than those of
PMCA structures [29].

CZTS compound consists of four elements and the single phase compositional region
of the compound changes with temperature as can be seen from the phase diagram in
Figure 1. Therefore, the synthesis temperature is one of the factors influencing the
formation of by-products (other than CZTS compound). Olekseyuk et al. [30]
investigated the phase equilibrium in the system of Cu2S-ZnS-SnS: using differential
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thermal, X-ray diffraction phase and microstructure analysis methods. For the studies,
CZTS was synthesized through solid state chemical reaction between ZnS, CuzS and
SnSz. Figure 1 shows the T-X section Cu2S-CZTS-(ZnS+SnSz). In the phase diagram, the
composition marked as ZnS+SnS: consists of 50 mol% of ZnS and 50 mol% of SnSz. ZnS
crystallizes in two structural types: sphalerite (low-temperature-ZnS) and wurtzite, the
temperature of polymorphic transformation is 1020 K. In the system Cu2S-SnS;, several
ternary compounds exist: Cu2SnSs, CusSnSa and Cu2Sn4Se. A ternary compound Cu2SnaSs
forms in the quasi-binary section Cu2S-SnS: by the peritectoid reaction Cu2SnSs +SnS:
& Cu2SnasSse at 943 K [30]. Therefore, in low-temperature synthesis (as in the nano-
powder synthesis), the formation probability of this compound would be low.

B

I |
700 - [ !

I L) ey |

1 T = i 1
Cu,S 20 40 6O CusZnsSns, @ 40 ZnsS+5ns,;

Figure 1 Phase diagram of the Cu2S-(Cu2ZnSnS4)-(ZnS+5nSz) section, where a - CusS,
8 -ZnS, 6 - Cuz2ZnSnSs, vy - SnSz2 (1) L, (2) L+a, (3) L+6°, (4) L+6+8’, (5) L+6, (6) L+a+68’, (7)
L+8°+6, (8) L+8'+y, (9) a, (10) a+6, (11) 6, (12) B8°+6, (13) 8°+y+6, (14) B8°+y, (15)
B'+6+Cu2ZnSnsSs, (16) 8’+CuzZnSnsSs, (17) 8’+y+Cu2ZnSnsSs, adapted from [30, 31].

1.2 Nano-powders

Nano-powders are single crystals in the size range of some nano-meters. Nano-material
means an intentionally manufactured material with one or more external dimensions,
or an internal structure, on the scale from 1 to 100 nm [32]. The properties of nano-
powders are different from the bulk materials due to the large surface to volume ratio
of nano-powders. For example, melting point is lower, mechanical strength is higher
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due to the reduction of defects; electrical and optical properties exhibited by nano-
materials are quite different from their bulk counterpart. Chemical properties of the
materials are also changed when converted to nano-scale. Due to the increase of the
exposed surface area of the nano-powders as compared with conventional bulk
materials, the reactivity of those nano-powders is enormously increased. Nano-
powders can be prepared generally by two possible approaches - top down and bottom
up [33]. Top down approach involves the breakdown of large size particles to nano size
powders, for example in the high-speed ball milling process. Milling is a mechanical
process accompanied with the formation of several defects. Bottom up approach
involves the crystal nuclei formation and growth of nano-powders from atomic level
like in wet chemical processes (sol-gel process, solution-based method) or in chemical
vapour condensation. The bottom up approach provides several possibilities for
tailoring the synthesis process starting from nuclei formation up to crystal growth.

Nano-powders have large active surface area that makes their handling and storage
complicated. Large active surface makes them sensitive to interact with the
components of surrounding atmosphere or with impurities. Nano-powders have to be
encapsulated or covered by surfactant or by capping ligands. The recycling and reuse
studies of nano-powders are in their early stages. The toxicity of some of the solvents
used in the solution-based and sol-gel based synthesis is one of the disadvantages of
these methods and use of non-toxic solvents is preferred. The processing of by-
products of the nano-powder synthesis is also a challenging task.

1.3  Thin Films by Nano-powder Ink Technology

The synthesized nano-powders are ordinarily dispersed in a solvent to form stable inks
that are used for making thin films for solar cells. Nano-powder ink technology offers
advantages over conventional thin film deposition methods. From the manufacturing
cost point of view, it is important that nano-powder inks can be used in cost-effective
roll-to-roll printing processes. The flexible or non-flexible substrates can be used for
printing, providing an additional value in terms of the applications of the thin films. The
fabrication of CZTSSe solar cells based on nano-powder inks starts from the synthesis of
nano-powders, followed by sintering of the thin films in sulphur or selenium vapours
[12, 34]. Solution-based methods adapted for nano-powder synthesis of CZTS,
Cu2ZnSnSes (CZTSe) and their solid solutions with tuneable band gap (CZTSSe) have led
to the highest PCE of 12.6% of the kesterite solar cells [7] compared to 11.4% for solar
cells based on vacuum processed kesterite materials [35].

1.4 Solution-based Nano-powder Synthesis

Solutions are homogeneous mixtures of two or more than two components [36].
Homogeneous mixtures mean that their properties are uniform throughout the mixture
[36]. The solvents used in this thesis research are in the liquid state, i.e. oleylamine
(OAm) I, 1I] and methanol [Ill]. The solutes, on the other hand, are in solid form, i.e.
zinc acetate, copper 2,4-pentanedionate, tin (l) chloride, elemental sulphur, copper (Il)
chloride, and zinc () chloride.

1.4.1 Solvents Used in Nano-powder Synthesis

A wide range of non-toxic and cheap solvents is available for the synthesis of nano-
powders. Nano-powders have been synthesized in different organic solvents, e.g.
hydrazine, octadecene, di-ethylene glycol, oleylamine, methanol, and ethanol. Some of
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these solvents act as a solvent, a surfactant and a capping ligand during the synthesis.
The solvent and solute precursors are selected based on their roles in the solution and
in the nano-powder synthesis. A 12.6% efficient CZTS solar cell was prepared using CZTS
nano-powders synthesized in hydrazine solvent [7]. As hydrazine is a very toxic solvent,
an alternative nontoxic solvent for CZTS nano-powder synthesis is required. CZTS based
thin film solar cell with 8.4% efficiency was prepared by using CZTS nano-powders
synthesized in oleylamine (OAm) [37].

1.4.2 Oleylamine as a Solvent in Nano-powder Synthesis

The solvent is the most crucial part in the solution-based synthesis of nano-powders.
There are three ways to tailor the nano-powder synthesis through the solvent: a) by
using different amount of solvent, b) by using alternative solvents, and c) by influencing
the properties of the solvent for example by adding a salt. Oleylamine that is used in
this study is a fatty amine; it has one amine group attached to the hydrocarbon chain
with 18 carbon atoms in length (see Figure 2).

-

CagHasNH;

NH,
Figure 2 Structure of oleylamine

The molecular formula of oleylamine is CigH3sNH2. The molecule of OAm has two
functional groups - a double bond and an amine group. The double bond in the
molecular structure distinguishes OAm from other fatty amines. Because of double
bond in its molecule, OAm has an angled structure instead of a linear structure. OAm as
a long-chain primary alkyl-amine can act as an electron donor at elevated temperatures
[38]. OAm has been used as a coordinating alkyl solvent, surfactant and reducing agent
at the same time for controlled preparation of a wide range of nano-materials - metals,
metal- chalcogenides, metal oxide and inter-metallic compounds and alloys [39]. OAm
was used as a solvent, a surfactant and a capping ligand in the solution-based synthesis
of CZTS and other nano-powders [39]. For example, magnetic nano-powders of Co [40],
CoO [40], Ni [41, 42] and NiO [41, 42] were synthesized in the presence of oleylamine
solvent. Oleylamine is successfully used to synthesize noble metal nano-powders i.e. Pt
[43, 44], Pt-Au [45, 46, 47], Pt-Ag [48] and nano-structures, i.e. Pd [49]. Nano-scale
semiconductors such as CdS [50], CdSe [50], PbS [51], Cu2S [52], NisSas [52] and ZnS [53]
have also been prepared by using oleylamine.

1.4.3 Complex Formation and Nucleation

Most of the solution-based methods for preparing metal nano-powders involve the use
of a salt precursor dissolved in a solvent [54]. It is generally assumed that metal ions
exist as monomeric units through complexation with anions, ligands, or solvent
molecules [54]. Oleylamine forms complexes with the cation elements available in the
solution of the cation precursors and solvents. The cation precursors are selected in
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such a way that they can readily release the cation elements into the solutions (metal
acetyl-acetonates, metal-oxides, metal carbonyls, metal chlorides, etc.).

Nucleation is the first step in the formation of either a new thermodynamic phase or
a new structure. There are two probable routes of nucleation in the solution-based
synthesis of nano-powders: a) decomposition route and b) reduction route. In the
decomposition route, the concentration of the metal atoms steadily increases with
time as the precursor is decomposed [55]. La Mer and co-workers studied the solution-
based synthesis of mono-disperse sulphur colloids and proposed the nucleation
mechanism by decomposition route [55]. In the reduction route, the precursor
compound is in higher oxidation state than the atomic species and precursor
compound is reduced into zero valent atoms, which aggregate into nuclei and then
grow into nano-particles [56, 57, 58].

1.4.4 Nano-powder Growth
A solution-based method for nano-powder growth can be surface limited or/and
diffusion limited, i.e. the reaction rate is controlled by the rate of transport of the
reactants through the reaction medium [55]. There are two mechanisms for the surface
processes: mononuclear growth and poly-nuclear growth. The mononuclear growth
proceeds layer by layer, i.e. the species are incorporated into one layer and the
incorporation proceeds to another layer only after the growth of the previous layer is
complete [59]. During the poly-nuclear growth, the surface process is so fast that the
growth of the second layer proceeds before the first layer growth is complete. Nano-
powders synthesized by the solution-based method follow homogeneous nucleation.
Homogeneous nucleation could be defined as solute molecules within a liquid
combine to produce nuclei in the absence of solid interface [55]. Homogeneous
nucleation occurs randomly and spontaneously [59]. The control of size distribution by
changing the super saturation and evolution of precursor concentration during
nucleation and growth were explained by Lamer and Dinegar [55, 59]. Riha et al.
synthesized 12.8+1.8 nm mono-disperse CZTS nano-powders using stoichiometric
initial precursor concentration at the synthesis temperature of 300 °C [9]. Karimi et al.
synthesized spherical platelet CZTS nano-powders with a particle size in the range of
20-25 nm using choline chloride and urea acting as a solvent and a template [60].

1.5 CZTS Nano-powder Synthesis in Oleylamine by the Hot-injection
Method

The solution-based hot-injection method is a bottom up process of nano-powder
synthesis. One of the most successful routes for the synthesis of CZTS nano-powders is
the hot-injection synthesis method that utilizes surfactant-controlled growth of
agglomerated nano-powders in a hot organic solvent [9]. Several research groups have
synthesized CZTS nano-powders using oleylamine [9, 12, 34, 37, 60, 61, 62]. The
solution-based CZTS nano-powder synthesis enables tailoring the nano-powder
synthesis process by varying the synthesis process parameters. Some of the possibilities
are discussed in the following paragraphs. The factors affecting the process are a) the
synthesis temperature and time; b) amount of oleylamine solvent on the CZTS nano-
powder synthesis; c) addition of salt to the oleylamine solvent; d) initial concentration
of precursors.
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1.5.1 The Influence of Synthesis Temperature on CZTS Nano-powder Synthesis

The solution-based synthesis of nano-powders can be performed at temperatures
higher than room temperature. In normal conditions (without overpressure), one of the
limiting factors is the boiling temperature of the solvent at which the process is difficult
to tailor. In the studies performed on CZTS nano-powder synthesis in oleylamine at
different temperatures from 225 °C to 330 °C in open air atmosphere [61], the most
favourable synthesis temperature of 250 °C was proposed. The work of Ahmad and co-
workers [61] was mainly focused on the crystal structure analysis of the CZTS nano-
particles formed at different synthesis temperatures - cubic, tetragonal or hexagonal
structures. It was also found in [61] that the size of the formed nano-particles
decreased with the increasing synthesis temperature, but at the highest temperature
(330 °C), the particle size suddenly increased up to micrometer scale.

In the hot-injection method, cation precursors in the solvent are usually mixed at
room temperature in a three-neck flask by stirring. The mixture is heated up to the
synthesis temperature. It requires some time to raise the solution temperature to the
synthesis temperature. During this period of time, cation precursor salts dissolve in
oleylamine and form oleylamine-cation complexes. To control the particle growth in
the nano-powder synthesis, capping agents are often used to decrease the surface
energy of particles. Organic capping provides chemical passivation of the surface
dangling bonds prevents uncontrolled growth and agglomeration of the nano-particles.
Also chemical manipulations of the nano-materials similar to large molecules having
their solubility and reactivity determined by the nature of the surface ligands are
permitted by the organic capping [63, 64]. In [62], the shape of the formed CZTS nano-
particles (nano-rods and ellipsoids, as well as atypical tadpole-shaped and p-shaped
nano-particles) was tailored by tuning amine concentration in two-solvent systems of
octadecene and oleylamine.

1.5.2  The Effect of Initial Concentration of Precursors

CZTS compound contains three cations; it is possible to modify the synthesis by
changing the concentrations of cation precursors and by selection of different cation
precursors for the same element. Coughlan and Ryan showed how the shape of formed
nano-particles changed from acorn shaped nano-powders to pencil shaped nano-
particles of CZTS by changing the Cu precursor (Copper acetylacetonate to copper (l)
chloride) and Zn precursor (zinc acetate to zinc chloride) [64]. The formation of the final
composition of the nano-powders is, however, determined by the initial concentrations
of the metal precursors in the nano-powder synthesis [65]. The molar ratios of the
metal ion precursors in the synthesis solution may have an important effect on the
chemical potential of each element and eventually on the phase composition of the
obtained nano-materials [65]. It has been shown that the properties of CZTS like the
band gap and electrical conductivity can be controlled by varying the precursor
concentration ratios [66]. It was reported that the CZTS thin film with a [Cul/([Zn] +
[Sn]) ratio of 0.86 and [Zn]/ [Sn] ratio of 1.37 showed the highest photocurrent
response [67]. Ping and co-workers [65] have shown that higher initial Zn concentration
promotes the formation of quaternary CZTS; the results of these studies were based on
the variation of [Cu]/([Zn] + [Sn]) ratio from 1.0 to 0.90. In order to tailor the properties
of CZTS in a wider range, it would be useful to vary the initial [Cul/([Zn] + [Sn])
concentration ratio in the extended range. The effect of the initial precursors’
concentration in present thesis was studied at three different synthesis temperatures
(215 °C, 225 °C and 235 °C) by varying the [Cu]/([Zn] + [Sn]) ratio from 0.33 to 0.82 [1].
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The chosen synthesis temperatures are suitable for the synthesis of CZTS nano-powders
in oleylamine because oleylamine shows very high stabilizing effect in this temperature
range [9, 12, 34, 62].

1.5.3 The Influence of Additional Alkali Compound on CZTS Nano-powder Synthesis
The cation precursors are ordinarily added into oleylamine at room temperature and as
the temperature of the mixture is increased to the synthesis temperature at a steady
rate, the cation precursors start to dissolve in the solvent. As the temperature of the
mixture increases, the cations of copper, zinc and tin are released into the solution,
where they form complexes with the oleylamine solvent. Knowledge of the stability and
behaviour of the oleylamine-cation complexes is scarce. The formed complexes are
very unstable in the temperature range near the boiling point of the oleylamine
solvent. Another issue is the stabilization of the oleylamine-cation complexes after the
addition of sulphur-oleylamine precursor solution into the solution of the cation
precursors and oleylamine. The control over morphology, elemental composition and
phase composition of CZTS nano-powders in the solution-based synthesis depends on
the control of complex formation and surface stabilization of nano-powders [64]. The
molecule of oleylamine has two functional groups - a double bond and an amine group
(see section 1.4.2.). In [68], it was shown that cesium hydroxide promotes alkylation of
primary amines and suppresses over-alkylation of the produced secondary amines,
being highly chemo-selective to favour mono-N-alkylation over dialkylation. Therefore,
it would be important to study the effect of alkali ions on the complex formation and
on the morphology, elemental and phase composition of CZTS nano-powders in more
detail.

1.6 Sol-gel Method

Sol-gel processing is a wet chemical route for the synthesis of colloidal dispersions of
inorganic and organic-inorganic hybrid materials [59]. Sol-gel processing offers low
processing temperatures and homogeneity of the material at molecular level [59]. This
method is particularly useful for making complex metal oxides, temperature sensitive
organic-inorganic hybrid materials and thermodynamically unfavourable or meta-stable
materials [59]. Environmentally friendly aqueous or organic solvents may be used to
dissolve the cation and anion precursors in the sol-gel process [59]. There are several
organic solvents available for the sol-gel method e.g. methanol, ethanol, propanol.

1.6.1 Methanol as Solvent in the Sol-gel Method

Methanol is a low-cost solvent and a good polar liquid for the preparation of individual
precursor solutions as sources of cations and sulphur. The CZTS thin films were
deposited by the dip coating method using precursors copper chloride, zinc chloride, tin
chloride and thiourea dissolved in methanol [69]. In this thesis, the solution-based
method was chosen for the synthesis of CZTS thin films as it is a simple and low-
temperature deposition method. Methanol is preferred over ethanol due to higher
purity and lower water contents.

1.6.2  CZTS Thin Films by the Sol-gel Method

The advantage of the sol-gel method with methanol as solvent is the possibility to
deposit the colloidal solution directly onto the substrate by dip coating, doctor blading
or spin coating. The nucleation and growth of CZTS nano-materials occur in the
following pre-annealing and annealing stages. The sol-gel method provides direct thin
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film preparation, but on the other hand, residual impurities remain in the resulting
films. In the nano-powder synthesis in oleylamine the impurities are removed during
purification and centrifugation stages.

The sol-gel deposition in methanol is a low temperature process (at RT) in
comparison with solution-based synthesis in oleylamine (above 200 °C). Thiourea is a
popular source of sulphur that can easily form complexes with Cu, Zn and Sn, which
yield to sulphides on thermal decomposition [69]. Tanaka et al. [70] deposited CZTS
thin films by spin coating of sol-gel solution of Cu (ll), Zn (ll) and Sn (Il) salts in methoxy-
ethanol with mono-ethanol amine as stabilizer. Yeh and Jiang et al. [71] used copper,
zinc and tin chlorides and thiourea in ethanol-water sol-gel to deposit CZTS thin films by
direct liquid coating method [71]. Jiang et al. [72] reached 0.63 % and Su et al. [73]
gained 5.1 % of solar cell PCE. Lei Cao et al. [74] successfully synthesized Cu2ZnSn(Si-
xSex)s thin films by the simple ethanol-thermal method. Chaudhari with co-authors [69]
reported a simple process for deposition of pure CZTS films from a methanol solution of
metal-thiourea complexes.

1.7 Summary of the Literature Overview and Aim of the Study

The studies of the synthesis of CZTS nano-powders by the hot-injection method and
CZTS thin film deposition by the sol-gel method can be summarized as follows:

1. The solution-based synthesis of CZTS nano-powders has been performed at
different temperatures. Different solvents used in these studies are toxic
or/and non-toxic, and a wide range of different precursors have been
implemented. Solid nano-particles can be separated from the liquid part of
the synthesis mixture through purification and centrifugation. However, there
is a need for more detailed understanding of the influence of the factors
affecting the CZTS nano-powders synthesis process in order to improve their
properties.

2. It is useful to study the synthesis of CZTS nano-powders in an extended range
of the initial [Cu]/([Zn] + [Sn]) concentration ratio and the effect of it on
the elemental and phase compositions and morphology of the synthesized
CZTS nano-powder particles.

3. To the best of our knowledge, there is no information about the complex
formation of oleylamine and alkali ions and its impact on the morphology,
phase and elemental composition of CZTS nano-powders. From other studies,
however, beneficial effect of the alkali ions on the homogeneous growth of
nano-powders could be expected.

4. Sol-gel method is a low cost synthesis method that requires minimum
experimental setup. According to our knowledge, the influence of pre-
annealing in controlled gas atmosphere on the quality of CZTS thin films
deposited by dip coating on different glass substrates has not been thoroughly
studied. A comparative study of the CZTS thin film growth on soda lime glass,
Mo or ITO substrates would be of interest. In addition, more information is
needed on the effect of annealing in different environments to the properties
of sol-gel deposited CZTS thin films.
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Based on the main conclusions listed above, the objectives of the current doctoral
thesis research were:

1. To study the influence of the initial [Cu]/([Zn] + [Sn]) concentration ratio on
the morphology, phase composition and elemental composition of CZTS nano-
powders at different synthesis temperatures.

2. To investigate the effect of oleylamine complex formation with different alkali
ions (Na*, K*and Cs*) on the CZTS nano-particles growth.

3. To analyze the influence of pre-annealing and post annealing conditions as
well as the influence of used substrates (soda lime glass, Mo or ITO) on the
morphology, phase and elemental composition of the resulting CZTS thin films
prepared by the sol-gel method using methanol as a solvent.
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2. Experimental

The experimental details of the CZTS nano-powder synthesis by the hot-injection
method and the deposition of CZTS thin films by the sol-gel method in methanol are
described in the following sub-sections together with the characterization methods
used in this study.

2.1 Synthesis of CZTS Nano-powders by the Hot-injection Method

The solution-based hot-injection method was used in this study for the synthesis of
CZTS nano-powders [I, 1l]. The schematic presentation of the experimental setup is
shown in Figure 3.

Syringe —»

Vacuum Line

Figure 3 Experimental setup for the hot-injection method

Oleylamine (OAm) was purchased from Sigma Aldrich and used as a solvent without
purification. Suitable cation precursors were selected by their solubility in oleylamine to
obtain easy release of cations into the solution. The analytical grade chemicals from
Sigma Aldrich - zinc acetate, copper (Il) acetylacetonate, tin (ll) chloride and elemental
sulphur - were used as sources for Zn, Cu, Sn and S, respectively [I, Il]. The initial
composition of precursor mixtures -1.7 mmol of Cu, 1.08 mmol of Zn, 0.9 mmol of Sn,
and 4.5 mmol of S - was kept constant for all synthesis temperatures: 215 °C, 225 °C,
235 °C and 280 °C [I, Il]. The precursors of metal elements were mixed in 12 ml of
oleylamine in a three-neck flask at 25 °C (see Figure 3). The temperature of the mixture
was increased to the required synthesis temperature under inert gas and then sulphur
component was added. For the preparation of S precursor, 0.32 g of sulphur was added
to 10 ml of oleylamine and sonicated for 30 min at 70 °C. From this freshly prepared
sulphur solution, 4.5 ml was taken and added to the flask containing the preheated
solution of other components at required temperature. The solution mixture was
continuously stirred and kept for 30 min at each synthesis temperature [, Il]. The
solution mixtures were cooled down naturally to room temperature in N2 gas
environment. CZTS nano-powders were separated from the solution and cleaned by
repeated centrifugation with ethanol, hexane and isopropanol, where hexane was used
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for removing non-polar impurities and isopropanol for polar impurities [75]. Nano-
powders were dried in a thermostat at 40 °C for 30 min [l, II].

2.2  Preparation of Precursor Solutions with Alkali Metal Compounds

The initial precursor composition of 1.7 mmol of Cu, 1.08 mmol of Zn, 0.9 mmol of Sn
and 4.5 mmol of S was used for all the syntheses in this series of experiments [ll]. Alkali
metal containing compounds NaCl, NaOH, KCI, KOH and CsOH in amount of 0.1 mmol
were used as precursors of Na*, K* and Cs* ions in the experiments. KOH (85%) and
NaOH granules (98%) bought from Lach-ner, analytical grade CsOH+H20 from Fluka and
high purity NaCl (99.5%) from Merck and KCI from company REAHEM were used
without any purification. The effect of CsOH concentration on the morphology, phase
and elemental composition of CZTS nano-powders was studied by using 0.1 mmol and
0.5 mmol additives of CsOH to see whether the influence could be enhanced with
higher concentration. The used alkali containing precursor compound and Cu, Zn and
Sn precursors were mixed in 25 ml of oleylamine in a three-neck flask at 25 °C (see
Figure 3). The temperature of the solution was increased up to 280 °C under inert gas
conditions. 4.5 ml of freshly prepared sulphur solution (preparation is described in
section 2.1) was added to the flask containing oleylamine solution of other precursors
at 280 °C [Il].

2.3 CZTS Thin Films by the Sol-gel Method

The scheme of the thin film preparation process by the sol-gel method is shown in
Figure 4.

CuCl,
+

CH;OH
eeeiaepel |I+ 11+ IIT + CH4N;S + CH:0H|
- -w Pre-annealing

N3, 180 °C -300 °C,

I 30 min

Z]:_Clz Drled 75 oC

- Substrate

CH;OH ;tlrrer (Mo, ITO or Glass)

Vacuum, 180 °C - 300 °C, 30 min

SnClz &
CH:-OH Annealing
oo LoIooit Hotplate
smmmmmaae 6 Beaker
Il e bl Vacuum, 550 °C, 30 min ]

Figure 4 Scheme of the thin film preparation process by the sol-gel method

The analytical grade CuCl, ZnClz, and SnClz purchased from Sigma Aldrich were used as
precursor materials for metal elements. Separate precursor solutions were prepared at
room temperature (25 °C) using methanol as solvent and CuClz, ZnCl, SnCl2 and CHaN2S
as solutes. Individually prepared precursor solutions were mixed together in a small
beaker at 25 °C. Proper stirring of the solution was performed at 25 °C using a magnetic
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stirrer. After 10 minutes of stirring, the substrates were dip coated in the solution and
dried in air at 75 °C under ventilation. The process was repeated multiple times to
increase the thickness of thin films. Three types of substrates were used: a) indium tin
oxide (ITO) coated, b) molybdenum coated, and c) bare soda lime glasses. The bare
soda lime glass substrates were degreased in hot sulphuric acid (45 °C). The ITO glasses
were activated in the mixture of HCI, HNOs and H20 (47.5, 5.0, and 47.5% by volume,
respectively) [76]. The degassing of quartz ampoules was performed at room
temperature [lll]. The sequence and conditions of post deposition heat treatments in a
horizontal tube furnace are presented in Table 1.

Table 1 Precursors’ concentrations in methanol solution and post deposition
heat-treatment conditions of CZTS thin films [lII]

Concentration of precursors in methanol

Precursors CuCl» ZnCl, SnCl, Thiourea

Concentration 0.1 mol/L 0.05 mol/L 0.05 mol/L 0.5 mol/L

Heat-treatment conditions in different environments

Drying In airat 75 °C

Pre-annealing Nitrogen atmosphere (760 Vacuum sealed ampoules (107
Torr) Torr)
180 °C, 210 °C, 240 °C, 270 180 °C, 210 °C, 240 °C, 270 °C,
°C, 300 °C for 30 min; 300 °C for 30 min;
Films on soda lime, Mo or Films on Mo glass substrates
ITO glass substrates

Post-annealing Annealing in vacuum at 550 °C for 30 min

2.4 Characterization Methods

The methods and apparatus used for the characterization of CZTS nano-powders and
thin films are summarized in Table 2.

Table 2 Methods used for the characterization of CZTS nano-powders and thin films

Properties Characterization | Apparatus Ref.
method
Surface morphology, SEM ZEISS ULTRA 55 FE-SEM 1,1, 1

cross sectional view, film
thickness, grain size
(estimation)

Elemental composition EDX ZEISS ULTRA 55 FE-SEM, 1,10, 1
Rontec EDS XFlash 3001
detector

Phase composition Raman Horiba LabRam HR800 1,100, 1
spectrometer

Functional groups FTIR Perkin-Elmer GX1 1]
spectrophotometer
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The SEM analysis was performed to investigate the morphological structure and size of
the particles of nano-powders and thickness of thin films using a ZEISS ULTRA 55
FE-SEM apparatus [I, II, Ill]. The EDS analysis using Rontec EDS XFlash 3001 detector was
used to determine the elemental composition of the studied nano-powders and thin
films. The samples for the EDS analysis were prepared by pressing the nano-powders
into pellets. Raman spectra were recorded using a Horiba LabRam HR800 spectrometer
equipped with a multichannel CCD detection system in a backscattering configuration.
Incident laser light of 532 nm was focused on different spots of the studied sample and
an average of five readings was taken for every sample to obtain the objective phase
composition of the studied sample [l, II, lll].

The oleylamine-cation (Cu, Zn and Sn) complexes and oleylamine-cation-alkali
compound complexes were studied by using Raman and FTIR analysis methods [lI].
Alkali metal containing compounds NaCl, NaOH, KCl, KOH and CsOH in amount of
0.1 mmol were added to the solutions of 25 ml of oleylamine with different cation
precursors (Cu, Sn, Cu-Zn, Cu-Sn and Cu-Zn-Sn) and mixed in a three-neck flask at 25 °C.
Temperature of the solutions was increased to 280 °C under inert gas conditions. The
solutions were kept for 30 min at 280 °C. The solutions were cooled down naturally to
room temperature in inert gas environment. These freshly made solutions were used as
samples for Raman and FTIR analysis. FTIR measurements were performed on Perkin
Elmer GX-1 spectrophotometer [ll].
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3. Results and Discussion

3.1 Tailoring the CZTS Nano-particle Formation and Growth by Varying
Cu and Zn Concentrations at Different Temperatures [l]

The influence of the [Cu] and [Zn] in the starting solutions on the size and shape of the
CZTS nano-particles’ was studied in [l]. The results of variation of [Cu]/([Zn] + [Sn])
concentration ratio from 1.0 to 0.90 in [68] showed that a higher initial Zn
concentration promotes the formation of quaternary CZTS compound. Thus, we
presumed that it would be useful to study the effect of more wide variation of the
initial [Cu]/([Zn] + [Sn]) concentration ratio on the morphology, phase and elemental
composition of CZTS nano-powders. SEM images of nano-powders synthesized at
235 °C using different [Cu]/([Zn] + [Sn]) concentration ratios are presented in Figure 5.

Sn)=0.33

Figure 5 SEM images of the CZTS nano-powders synthesized at 235 °C with varying
initial [Cu]/([Zn] + [Sn]) concentration ratio: a) 0.82, b) 0.74, ¢) 0.60, d) 0.48 and e) 0.33.
(A modified version of Figure 3 in [I]).
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The CZTS nano-powders were synthesized at 215 °C and 225 °C with varying the initial
concentration ratio of precursors [Cu]/([Zn] + [Sn]) (i.e. 0.82, 0.74, 0.60 and 0.48) [l].
SEM images of nano-powders are presented in Figure 6 and Figure 7, where large
variation in the size of nano-powders from 20 nm to 150 nm can be seen [l]. Decreasing
Cu concentration with increasing Zn concentration causes the formation of
agglomerated nano-powders with sizes from 2 um to few um (see Figure 6f) [I].

Cu/(Zn+Sn)=0.82
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Figure 6 SEM images of CZTS nano-powders synthesized at 215 °C with varying initial
[Cu]/([Zn] + [Sn]) concentration ratio: a) 0.82, b) 0.74, C) 0.60, d) 0.48, e) 0.33(Scale:
100 nm) and f) 0.33 (Scale: 10 um). (A modified version of Figure 1 in [l]).

For the CZTS nano-powders synthesized at 235 °C with initial precursor [Cu]/([Zn] +
[Sn]) ratio equal to 0.33 the average size of agglomerated nano-powders is few um (see
Figure 5e). The agglomerated nano-powders were synthesized at all three different
synthesis temperatures i.e. 215 °C, 225 °C and 235 °C with initial precursor [Cul/([Zn] +
[Sn]) ratio lower than 0.82. In the case of [Cu]/([Zn] + [Sn]) = 0.82, the size of nano-
powders was in the range from 20 nm to 100 nm.
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Figure 7 SEM images of CZTS nano-powders synthesized at 225 °C with initial [Cu]/([Zn]
+ [Sn]) concentration ratio: a) 0.82, b) 0.74, c) 0.60, d) 0.48 and e) 0.33. (A modified
version of Figure 2 in [l]).

The analysis of EDS results showed that elemental composition of CZTS nano-
powders synthesized at 215 °C, 225 °C and 235 °C with initial precursor [Cul/([Zn] +
[Sn]) ratios 0.82 and 0.74 was near-stoichiometric . The final concentration of copper
varied with the varying initial copper concentration and as initial zinc concentration was
increased, a respective increase in the final zinc concentration of nano-powders was
detected. The following trends were observed in the elemental composition of the
agglomerated nano-powders: with the increase in the initial zinc concentration, the
final concentration of tin decreased when the initial [Cu]/([Zn] + [Sn]) precursor
concentration ratio was equal to 0.82 and 0.74. This shows that the increase in the
initial zinc concentration not only increased the chemical potential of zinc but also
decreased the chemical potential of tin. With copper-poor initial compositions (relative
to stoichiometric composition), the chemical potential of copper stayed unaffected by
the increase in the initial zinc concentration. The concentration of sulphur with respect
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to the sum of metal ions, [S]/([Cu] + [Zn] + [Sn]) remained stoichiometric at all the used
initial precursor concentration ratios ([Cu]/([Zn] + [Sn]) = 0.82, 0.74, 0.60, 0.48 and
0.33) and at all the used synthesis temperatures (215 °C, 225 °C and 235 °C) [l].
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Figure 8 Raman spectra of nano-powders synthesized with initial concentration ratio
[Cul/([Zn] + [Sn]) = 0.82 at 215 °C, 225 °C and 235 °C (A modified version of Figure 5 in [l]).

Raman spectra of CZTZ nano-powders synthesized from solutions with constant
initial concentration ratio of [Cu]/([Zn] + [Sn]) = 0.82 at different temperatures are
presented in Figure 8 and Raman spectra of powders synthesized at constant
temperature of 235 °C with different initial [Cul/([Zn] + [Sn]) concentration ratios are
presented in Figure 9. The dominating Raman peak of the nano-powders synthesized
with the initial concentration ratio of [Cul/([Zn] + [Sn]) = 0.82 shifted from 333 cm™ to
335 cm™ as the synthesis temperature increased from 215 °C to 235 °C (see Figure 8).
Similar Raman shift from 333 to 337 cm™ was also observed when the [Cul/([Zn] + [Sn])
ratio decreased from 0.82 to 0.33 at the synthesis temperature of 215 °C. At the same
time, with the shift of the most intense Raman peak, the EDS analysis showed higher
zinc concentration in the formed nano-powders.

From these findings, the following conclusion can be derived: the insertion of higher
Zn concentration into the product nano-powders (on the basis of EDS data) is possible
by two ways: first, with higher synthesis temperature, and second, by higher initial zinc
concentration in initial precursors creating high chemical potential of zinc in the
solution. Raman peaks in the spectra of CZTS nano-powders synthesized at 235 °C for
[Cul/([Zn] + [Sn]) ratio of 0.82 (and 0.74) were detected at 335 cm?, 293 cm™ and
355 cm?, which correspond to Cu2ZnSnSs [l, 59, 77, 78]. Raman peaks of nano-powders
produced at 235°C using lower [Cu]/([Zn] + [Sn]) ratios (0.60, 0.48 and 0.33) were
detected at 335 cm™and 358 cm™ that correspond to Cu2ZnSnSs, and additional Raman
peak at 301 cm™ that could correspond to CuzSnSs or other ternary sulphides [, 59, 77,
78] that can form in this temperature region according to the phase diagram (see
Figure 1).
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Figure 9 Raman spectra of nano-powders synthesized with different initial [Cu]/([Zn] +
[Sn]) concentration ratios at 235 °C (A modified version of Figure 6 in [l]).

The shift of the peaks towards a higher wave number side is accompanied with the
decrease in the full width at half maxima (FWHM) of the Raman peaks, showing
improved crystallinity of nano-powders [l]. The changing positions of the Raman peaks
at the wave numbers corresponding to CZTS and Cu2SnSs indicate that most probably
the powders are a mixture of these two phases, CZTS prevailing at higher temperatures
and at lower [Cu]/([Zn] + [Sn]) ratios [l].

By varying the initial precursor concentration ratio [Cul/([Zn] + [Sn]) from 0.82 to
0.33 in the synthesis of CZTS nano-powders in the temperature range from 215 °C
to 235 °C, it was found that the average size of the formed nano-powders increased
from 20 nm to 1 um with the decreasing initial [Cu]/([Zn] + [Sn]) concentration ratio in
the formed mixture of co-existing Cu2ZnSnSs and CuxSnSz phases where the part of
Cu2ZnSnSa was prevailing at higher temperatures [I]. The elemental composition of the
formed nano-powders was compatible to near-stoichiometric CZTS at initial [Cu]/([Zn] +
[Sn]) concentration ratios 0.82 and 0.74 [l].

3.2 Effect of Alkali lons (Na*, K*, Cs*) on the Reaction Mechanism of
CZTS Nano-particle Synthesis [Il]

3.2.1 Analysis of FTIR Spectra of Oleylamine and Oleylamine-Cation Precursors

The FTIR spectra of oleylamine and solutions of oleylamine with different metal
precursors are shown in Figures 10, 11 and 12. The FTIR absorption peak positions
together with the corresponding vibrational assignments are presented in Table 4. The
FTIR spectrum of oleylamine shows absorption peaks at 722, 794, 967, 1071, 1312,
1378, 1463 and 1651 cm™ (see Figure 13). In the FTIR spectra of oleylamine-metal
precursor solutions, peaks at lower wavelength side (below 700 cm?) due to the
components of precursor compounds and oleylamine are also detected. The FTIR
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absorption peak of oleylamine at 1071 cm™ corresponds to the bending vibration of
carbon-nitrogen (C-N) bond [lI, 79, 80, 81].

Table 4 Vibrational assignments of IR absorption peaks [11]

Solution |FTIR peak positions (cm™) Ref.
Vibrational |uss [us |u |6 |6 Wagging |6 ) U ) ) U [, 85]
Modes C-Sn|C- |Sn- [C-C [NHy, |(NH2), |C-N [Cu-N|C-Sn,|CH; |C=C |C-
- cu |cu, v |8N-Cs Sn- Cu,5n,Z
Cu- NH, Cu, n
Solutions Zn Sn- v
l Zn N-Cu
OAm 722|795 1071 1465 (1647 [79, 80,
1593 81, 82]
OAm 722|794 (967 1071 1463 1651 (1]
OAm-Cu 532 795 (967 1129 1553 ([ll]
1605 1670
OAm-Cu+Zn 534|606 795 (967 1555 ([ll]
618 1666
OAm-Sn 528 795 (967 1341 1510 ([I1]
535 1396 1673
[83]
OAm- 528 601 795 (967 1339 1510 ([l1]
Cu+Zn+Sn |[83] 670 1398 1553
1666-
1673
OAm-CsOH 967 [
985
U -symmetric or asymmetric vibrations, us -symmetric vibrations, v, -asymmetric vibrations,
6 -bending vibrations

The FTIR absorption spectrum of oleylamine-copper precursor solution shows
absorption peaks at 532, 721, 795, 967, 1129, 1403, 1553, 1615 and 1670 cm
(see Figure 10). Instead of the peak at 1071 cm?, due to the C-N bending vibrations, as
was observed in pure oleylamine, a shifted FTIR absorption peak at 1129 cm™ was
detected, most probably because of the formation of oleylamine carbon—copper bond
and the formed complex of oleylamine-copper-NH, group (see Figure 10). The
absorption peak at 1593 cm™ corresponds to the bending of the NH: group in
oleylamine [ll, 81, 82]; while in oleylamine copper precursor solution, this peak is broad
and less intense and is disappearing due to the weak bond between the copper and
NH: group. The two additional absorption peaks at 1670 cm*and 1553 cm™ correspond
to the vibrations of oleylamine carbon-copper and oleylamine nitrogen-copper bond.
The FTIR absorption spectrum of the oleylamine solution with copper and zinc
precursors shows peaks at 534, 606, 618, 721, 795, 967, 1555, and 1666 cm™
(see Figure 10). Peaks at 606 and 618 cm™ appeared with addition of Zn precursor.
Probably the mechanisms of complex formation in the oleylamine-copper and
oleylamine-copper-zinc solutions are similar.
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Figure 10 FTIR spectra of oleylamine, oleylamine-copper and oleylamine-copper-zinc
precursor solutions.
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Figure 11 FTIR spectra of oleylamine, oleylamine-tin and oleylamine-tin-zinc precursor
solution.

The FTIR absorption spectrum of oleylamine-tin precursor solution shows absorption
peaks at 528, 535, 721, 795, 967, 1341, 1396, 1510 and 1673 cm™ (see Figure 11). The
new bond forms probably between oleylamine carbon and tin (see Figure 12) without
affecting the amine group in oleylamine. The carbon nitrogen bending vibrations
(1071 cm™) and wagging vibrations (967 cm™) of the amine (NH2) group in oleylamine
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were unaffected [Il]. The FTIR absorption peak related to the oleylamine carbon-tin
bond in the oleylamine tin precursor solution is at 528 and 535 cm™ [83].
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Figure 12 FTIR spectra of oleylamine, oleylamine-copper-tin and oleylamine-copper-tin-
zinc precursor solution.

In the presence of zinc and tin precursors in oleylamine, carbon-tin—zinc-NH:
complex is formed because FTIR spectrum shows no changes in the absorption
behaviour of amine group. The FTIR spectrum of the oleylamine-copper-zinc-tin
solution shows peaks at 528, 601, 670, 1339, 1398, 1510, 1553 and 1673 cm™. The FTIR
absorption peak at 528 cm™ is related to the oleylamine carbon-tin bond, as it was
found in [83] in the oleylamine-tin precursor solution (see Figure 12) [ll]. The two
additional absorption peaks that appeared at 1666 - 1673 cm™ and 1552 - 1555 cm™
could correspond to the carbon-metal and nitrogen-metal bonds. The changes in the
FTIR spectra enable us to conclude that the oleylamine carbon-tin-copper-zinc-NH:
complex was formed and most probably this is the nuclei for the CZTS crystal formation
and growth after the addition of the sulphur-in-oleylamine precursor solution [ll].

3.2.2  Analysis of FTIR Spectra of Oleylamine, Oleylamine-Cation Precursors and
Oleylamine-Alkali Compounds

The FITR spectra of oleylamine, oleylamine-NaOH, oleylamine-KOH, oleylamine-CsOH,
oleylamine-NaCl and oleylamine-KCl are shown in Figure 13. The addition of NaCl, KCl,
NaOH and KOH did not lead to changes in the corresponding FTIR spectra. With the
addition of caesium hydroxide absorption peak at 985 cm™ appears. In the case of the
solution of oleylamine-CsOH, the absorption peak at 967 cm™ corresponds to NH:
wagging and the peak at 985 cm™® can be attributed to the complex formation of
caesium hydroxide and amine group (see Figure 14) [Il, 81, 82]. The FTIR spectra of
oleylamine-metal precursor solutions show no absorption peaks at 985 cm™ while this
peak is present only in the FTIR spectra of oleylamine-CsOH-Cu-Sn-Zn precursor
solution (see Figure 15) [Il]. As we can see later, CZTS nano-powders with rather large
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nano-particles of uniform size grow from the CsOH containing solution (see Figure 17)
[l1]. Therefore, we can assume that the formed oleylamine-caesium hydroxide complex
improves the stabilizing properties of oleylamine.
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Figure 13 FTIR spectra of Oleylamine (OAm), OAm-CsOH, OAm-NaOH, OAm-KOH, OAm-
NaCl, and OAm-KCl precursor solutions (A modified version of Figure 4 in [I1]).
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Figure 14 FTIR spectra of Oleylamine (OAm), OAm-CsOH, OAm-NaOH, OAm-KOH, OAm-
NaCl, OAm-KCI precursor solutions. The additional absorption peak at 985 cm
corresponding to caesium hydroxide and amine group complex is observed for the
solution of oleylamine-CsOH (A modified version of Figure 4 in [l1]).
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Figure 15 FTIR spectra of Oleylamine (OAm), OAm-CsOH, OAm-Cu-Sn-Zn, OAm-CsOH-
Cu-Sn-Zn precursor solutions. The absorption peak at 967 cm™ corresponds to NH>
wagging and absorption peak at 985 cm™ corresponds to complex of oleylamine-CsOH-
Cu-Sn-Zn (A modified version of Figure 5 in [I1]).

The FTIR studies show that complexes between oleylamine and cation atoms or
groups of cation atoms (Cu, Sn, Cu-Zn, Cu-Sn and Cu-Zn-Sn) in the oleylamine-metal
precursor solutions were formed. The oleylamine as solvent and surfactant has been
used in different syntheses and it was shown that oleylamine forms complexes with
cation and/or anion atoms in the syntheses of nano-particles of pure elements and
compounds [80, 81, 84]. Cation atoms or a group of cation atoms can attach to
oleylamine nitrogen or oleylamine carbon next to the nitrogen in the oleylamine
structure [ll]. The FTIR studies of the oleylamine-copper-zinc-tin solution show that the
Sn atom is attached to the carbon atom of the oleylamine and the other cation atoms
(Cu, Zn) form bonds with Sn atom or carbon atom [ll]. At 280 °C these cation atoms
absorbing energy in the form of kinetic or thermal energy can get released into the
solution by breaking bonds or are rearranged in the same metal oleylamine complex
[l]. The stepwise details of the reaction mechanism of CZTS nucleation and growth will
be presented and explained as chemical equations in the next section of this thesis.
There are two possible ways of decomposition or deterioration of the metal oleylamine
complex: a) formed metal oleylamine complex releases a cation atom or a group of
cation atoms into the solution, b) formed metal oleylamine complex releases or
reorganizes the cation atom or a group of cation atoms in the same oleylamine complex
by changing the coordination with carbon and/or nitrogen [Il].
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Figure 16 The oleylamine-metal complex with CsOH (Figure 10 in [Il])

We propose the formation of the complex of oleylamine-caesium hydroxide and
metal precursors (see Figure 16) [ll]. If CsOH is present, the oleylamine nitrogen site is
blocked by forming the bond between the caesium and nitrogen atoms [ll]. When the
oleylamine nitrogen atom is blocked due to the caesium nitrogen bond formation, the
Cu, Zn and Sn cation atoms attach to the carbon atom [ll]. The cation atoms attached to
the oleylamine carbon atom give higher stability to the cation metal-oleylamine
complex [Il]. The cation metal-oleylamine complex is stabilized and the number of
nuclei of different phases is reduced, leading towards the growth of the limited phases
[l1]. This is the nuclei for the CZTS crystal formation and growth after the addition of the
sulphur-in-oleylamine precursor solution [ll].

3.2.3 Analysis of CZTS Nano-powders Synthesized in the Presence of Alkali Compounds
SEM images of CZTS nano-powders synthesized in the oleylamine solvent in the
presence of alkali salts (NaCl and KCl), alkali hydroxides (NaOH, KOH and CsOH) and
without any salt are presented in Figure 17 [ll]. Nano-powders synthesized in the
presence of Na*and K* ions show two size ranges - small nano-powders with medium
size around 18 nm, large aggregates of nano-powders larger than 100 nm (see
Figure 17) [I1].

Nano-powders synthesized in the presence of Cs* ions (CsOH) show only one size
range of nano-powders - uniform nano-powders in the range of 100 nm - 200 nm [ll].
The nano-powders formed in the presence of sodium and potassium compounds show
large agglomerates of nano-particles (see Figure 17) whereas no such agglomeration
was observed in the powders synthesized in the presence of caesium hydroxide [ll]. The
above described observation could be interpreted as an effect of enhanced stabilization
ability of oleylamine in the presence of intermediate caesium-oleylamine complex,
supporting the diffusion limited growth (i.e. formation of homogeneous nano-powders)
and reducing the further poly-nucleation and aggregation of nano-particles [Il].
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Figure 17 SEM images of CZTS nano-powders synthesized in the oleylamine solvent in
the presence of 0.1 mmol of alkali salts and/or alkali hydroxides (Figure 8 in [ll]).

3.2.4 Effect of Concentration of CsOH

To see whether the beneficial effect of CsOH could be enhanced with increased amount
of CsOH in the synthesis solution, different initial concentrations of CsOH (0.1 mmol
and 0.5 mmol of CsOH) were added into oleylamine in the synthesis of CZTS nano-
powders at 280 °C [Il]. Figure 18 shows SEM images of the resulting CZTS nano-powders
[l]. It can be observed that higher concentration of CsOH enhances the homogeneous
growth of nano-powders [II].
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Figure 18 CZTS nano-powders synthesized at 280 °C with 0.1 mmol and 0.5 mmol of
Caesium hydroxide in oleylamine (Figure 11 in [Il]).

We have proposed the possible chemical equations for the interactions and complex
formation between solvent oleylamine, copper 2, 4-pentanedionate, zinc acetate and
tin (I1) chloride before addition of the sulphur precursor solution [ll]. As shown by the
thermal decomposition studies in the work [85], copper 2, 4-pentanedionate (copper
(1) acetylacetonate) decomposes in two steps in the temperature region from 170 °C to
250 °C. In the first step, acetyl-acetone (CsHsO2) separates and the remained part of the
molecule (CsHsOs) decomposes with the reduction of Cu(ll) to Cu(0) and oxidation of
the ligands to CO2 and produces acetone (H14C602) by the reactions (1) and (2) [85]:

CH;C(0)CHC(0)CH,{Cu(0C(CH;)CHC(0)CH)}
— CHyC(0)CHC(0){Cu(OH)}CH; + CH5C(OH)CHC(0)CHs,
————————————————————————— (1) [85]

8[CH;C(0)CHC(0){Cu(OH)}CH,]
- 5[CH,C(OH)CHC(0)CH;] + 2[CH5C(0)CHs ]+ 3CO, + 8 Cu
————————————————————————— (2) [85]

4C,,Hy3CH,NH, + 8Cu — 4C;;Hs3CCuCuNH, + 4H, — — — — — — — — — (3) [11]

Cu(0) atoms attach to carbon in the chain of oleylamine by replacing 2 hydrogen
atoms and Cu(0) is changed to Cu(l) as is described by the chemical equation (3) [ll]. In
the next stage, Sn(ll) forms a single bond with oleylamine carbon and copper (C-Sn-Cu)
[l1]. Atoms are rearranged and Sn(ll) state is converted to Sn(lV), forming a double bond
with carbon atom (C=Sn), because of very high coordinating power of Sn and high
stability of the formed complex [ll]. In the next stage, zinc atom is inserted into the
oleylamine chain as Zn(Il) forms a metal-oleylamine complex (see Figure 16) [ll].

4Cy,H33CCuCuNH, + 4 SnCl, + 4 (CH;€00),Zn
— 4Cy;H33CuCSnZnCuNH, + 3C0, + 4H, + 4CH,CICH,CI

———————————————————————— (4) 1]

The amine group in the oleylamine is still active in the metal-oleylamine complex
and needs to be further stabilized. The CsOH plays the role of an amine group stabilizer
in such a complex of oleylamine-metal-caesium hydroxide (see structure of a complex
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in Figure 16) [ll]. There is a high possibility that CsOH forms a complex with oleylamine
before any attachment of Cu, Zn, Sn elements; in this way, it maximizes the possibility
of forming a bond with carbon not nitrogen in oleylamine [II]:

4Cy;Hs3CuCSnZnCuNH, + 4 CsOH
- 4Cy;H33CuCSnZnCuNCs(OH)H, — —————— — — — (5) [11]

After addition of the oleylamine-sulphur solution into the three-neck flask, the
formed metal nuclei react with sulphur to form CZTS nano-crystals:

4C,,Hy3CuCSnZnCuNCs(OH)H, + 16[S{4(CH(NH,)C,,Hs3)}] + 27H,
- 4Cu,ZnSnS, + 4C,,Hy3CH, + 4NH; + 4 CsOH
+ 48617H33CH2NH2 ________________ (6) [II]

To summarize, the influence of alkali compound additives in oleylamine on the
morphology, phase and elemental composition of CZTS nano-powders was studied [Il].
The formation of an oleylamine-alkali hydroxide-cation complex is proposed [Il]. We
found that only CsOH had effective influence on the CZTS nano-particle growth, leading
to the formation of nano-particles of homogeneous size [ll]. It was found that the
increased concentration of CsOH further enhanced the homogeneous growth of CZTS
nano-powders [I1].

3.3  CZTS Thin Films by the Sol-gel Method [lll]

The influence of pre-annealing and post annealing conditions as well as the influence of
used substrates (soda lime glass, Mo or ITO) on the morphology, phase and elemental
composition of the resulting thin films prepared by the sol-gel method using methanol
as solvent was studied.

3.3.1 Morphology and Elemental Composition of Films Pre-annealed in Nitrogen
The thickness of uniform as-deposited CZTS thin films could be increased by multiple
dip coating of thin films, as shown in Figure 19 [llI].

260 nm(ITO)

EMTs spoky  100nm

Figure 19 Thickness of as-deposited thin films on ITO: left — dipping for 1 min into
solution; right — 3 times for 1 min dip coated (A modified version of Figure 1 in [lll]).
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The EDS results show that the compositions of CZTS thin films on different substrates
(ITO and Mo covered glass - Cu: Zn: Sn: S =2.09: 1: 1.1: 4.8) and soda lime glass (Cu: Zn:
Sn: S = 1.7: 1: 1.4: 3.2) are different probably due to more effective adhesion of the
metal thiourea complex gel with Mo and ITO covered glass substrates [lll]. The
compositions of the CZTS thin films deposited on Mo and ITO coated glass substrates
and pre-annealed in nitrogen atmosphere at 240 °C are close to the stoichiometric
composition of Cu2ZnSnSs in comparison with the films deposited onto the bare soda-
lime glass substrate [lIl].

3.3.2 Raman Studies of CZTS Thin Films Pre-annealed in Nitrogen

Raman spectra of CZTS thin films deposited onto Mo and ITO coated glass substrates
and pre-annealed at 240 °C in nitrogen atmosphere consisted of peaks at 328 cm?,
293 cm? and 352 cm? that correspond to CusSnSs and ZnS phases, respectively
(see Figure 20) [lll, 28, 72, 86].
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Figure 20 Raman spectra of thin films on Mo coated glass substrate and pre-annealed in
nitrogen atmosphere at 240 °C (A modified version of Figure 5 in [Ill]).

Therefore, the chemical reaction taking place during the pre-annealing of as-
deposited thin films on ITO and Mo coated glass substrates in nitrogen atmosphere
could be given as shown below, resulting in the formation of CusSnSs and ZnS phases
(Eg. 7) [II]. The decomposition of ammonium chloride into ammonia and hydrogen
chloride gases removes the salt from thin films above 338 °C [87]. The formed gaseous
carbon dioxide is easily evaporated from thin films.

3CuCl, + 4ZnCl, + SnCl, + 8CH,N,S + CH;0H
- CusSnS, + 4ZnS + 16NH,Cl + 8C0, — — — — — — — (7) [11]

Raman spectra of CZTS thin films deposited onto Mo and ITO covered glass

substrates followed by pre-annealing at 240 °C in nitrogen atmosphere and post-
annealing at 550 °C in vacuum sealed ampoules consisted of peaks at 338 cm™, 349 cm™
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and 301 cm™ that correspond to CuzZnSnSs (338 cm?, 349 cm™) and CuzSnSs phases,
respectively (see Figure 21) [lll, 28, 72].

The probable chemical reaction in thin films during the annealing at 550 °C is the
conversion of ternary CusSnSs and binary ZnS phase into quaternary Cu2ZnSnSs and
ternary Cu2SnSs phases (Eq. 8) [ll1]:

2CusSnS, + ZnS + NH,CI
- Cu,ZnSnS, + 2Cu,SnS; + HCl + NH, ————(8) [II]

The following formation pathway of Cu2ZnSnSas thin films in nitrogen atmosphere on
Mo and ITO coated glass substrates can be proposed [lIl]:

2CuCl, + 3 ZnCl, + SnCl, + CH,N,S + CH,0H

— 3Cu,ZnSnS, + 4Cu,SnS; + HCl + NH; + C0, — — — —(9) [1I1]
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Figure 21 Raman spectrum CZTS thin film on Mo glass substrate pre-annealed in
nitrogen atmosphere and post-annealed at 550 °C in vacuum sealed ampoules
(A modified version of Figure 6 in [Ill]).

3.3.3 Vacuum Annealed CZTS Thin Films

The as-deposited CZTS thin films were dried and pre-annealed at various temperatures:
180 °C, 210 °C, 240 °C, 270 °C and 300 °C in vacuum sealed ampoules followed by the
second step annealing at 550 °C in the same closed ampoules [lll]. The SEM images of
thin films are shown in paper [ll]]. Thin films on Mo covered glass substrates pre-
annealed and post-annealed in vacuum sealed ampoules showed lots of cracks on the
surface while thin films prepared in nitrogen atmosphere showed few cracks and
uniform morphology [lll]. Raman spectra of thin films pre-annealed at different
temperatures are presented in paper [lll]. Raman peak positions observed in CZTS thin
films on Mo, pre-annealed at 180 °C and 210 °C in vacuum sealed ampoules are at 306 -
309 cm® and 330 cm™, which could correspond to binary and ternary sulphides of
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copper and tin [lll, 28, 78]. Raman peak positions observed in CZTS thin films on Mo
covered glass substrates, pre-annealed at 240 °C and 270 °C in vacuum sealed
ampoules are at 317 cm™ and 321 cm?, which could correspond to ternary sulphide of
copper and tin [lll, 28, 78].

To summarize, the formation pathway of CZTS thin films on Mo or ITO covered glass
and soda lime glass substrates by the sol-gel method was explained in [lll]. The
thickness of as-deposited thin films could be increased by repeated dip coating [lll].
CZTS thin films deposited on Mo and ITO glass and pre-annealed at 240 °C under
nitrogen atmosphere showed the ternary CusSnSs phase and binary ZnS phase that was
converted to quaternary Cu2ZnSnSs and ternary Cu2SnSs phases during annealing at
550 °C in vacuum sealed ampoules [lIl].
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Conclusions

Resulting from the study of the synthesis of CZTS nano-powders in oleylamine by

varying

the process parameters — synthesis temperature, initial composition of

precursors, and by modifying the chemical nature of the solvent by adding alkali metal
containing compounds into oleylamine - the main conclusions can be formulated as

follows:
1.

A narrow temperature range 215 °C - 235 °C at the initial precursor
concentration ratio [Cu]/([Zn] + [Sn]) = 0.82 was found to be optimal for the
synthesis of CZTS nano-powders because of the formation of dominating near-
stoichiometric CZTS phase with the average size of the formed nano-powder
crystals of 20 nm in these conditions. With a decreasing ([Cu]/([Zn] + [Sn]) ratio
the average size of formed nano-powders increased from 20 nm to 1 um in the
formed mixture of co-existing Cu2ZnSnSa and Cu2SnSs phases. The higher initial
zinc concentration, i.e. higher chemical potential at specific temperature
reduced the final tin concentration in the formed nano-powders.

In the studies of oleylamine-cation complex formation in the presence of alkali
metal containing compounds to the oleylamine-metal precursor solutions it
was found that only CsOH had an effective influence on CZTS nano-particle
growth, leading to the formation of nano-particles of homogeneous size and
shape. This finding confirms for the first time that caesium hydroxide is highly
chemo-selective also when oleylamine as a solvent is used, suppressing the
over-alkylation of the produced secondary amines. The formation of an
oleylamine-caesium hydroxide complex is proposed. It was found that the
increased concentration of CsOH (from 0.1 mmol to 0.5 mmol) further
enhanced the homogeneous growth of CZTS nano-particles with narrow size
distribution in comparison with very large size distribution characteristic to the
powders grown in solutions containing Na* and K* ions - from small nano-
particles to large aggregated nano-particles (1 um).

Sol-gel method was used for the deposition of CZTS thin films. The formation of CZTS
thin films on Mo and ITO covered glass and on soda lime glass substrates in controlled
nitrogen atmosphere and in vacuum conditions was studied. Following conclusions can
be drawn:

3.

It was found that the thickness of the as-deposited thin films could be
increased by repeated dip coating. CZTS thin films deposited on Mo and ITO
covered glass substrates and pre-annealed at 240 °C under nitrogen
atmosphere showed the ternary CusSnSs phase and binary ZnS phase that
were converted to quaternary Cu2ZnSnSs and ternary CuzSnSs phases during
the annealing at 550 °C in vacuum sealed ampoules. The corresponding
chemical reactions were proposed. Due to the formation of a multiphase thin
film, it is required to optimise the initial composition.
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Abstract

Synthesis of Cu2ZnSnS; Nano-powders and Nano-structured Thin Films

The thesis is focused on the solution-based synthesis of Cu2ZnSnSs nano-powders in
oleylamine by the hot-injection method. The influence of the initial [Cu]/([Zn] + [Sn])
concentration ratio (from 0.82 to 0.33) on the morphology, phase and elemental
composition of nano-powders was studied. It was found that the average size of nano-
powders of CZTS nano-powders increased from 20 nm to few um with the decreasing
initial [Cul/([Zn] + [Sn]) concentration ratio at the synthesis temperature (215 °C, 225 °C
and 235 °C). The elemental composition of the formed nano-powders was compatible
to near-stoichiometric CZTS at initial [Cu]/([Zn] + [Sn]) concentration ratios 0.82 and
0.74. Higher initial zinc concentration i.e. higher chemical potential at specific
temperature reduces the final tin concentration component in the nano-powders.

The control of morphology, elemental and phase composition of CuzZnSnSs (CZTS)
nano-powders depends on the control of the complex formation and surface
stabilization of nano-materials in the solution-based synthesis in oleylamine. At
temperatures > 280 °C, the control of nano-particles morphology and homogeneous
growth is difficult because of fast poly-nuclear growth occurring at higher
temperatures. The effect of oleylamine complex formation with different alkali ions
(Na*, K* and Cs*) on nano-particle growth at the synthesis temperature of 280 °C was
studied. It was found that nano-powders synthesized in the presence of Na*and K* ions
showed the formation of crystals of different sizes - small nano-powders, large
aggregated crystals and large single crystals. The presence of Cs* ions in the nano-
powder synthesis in the oleylamine-metal precursor-CsOH solution promoted growth
of nano-powders of homogeneous size. It is proposed that the formed oleylamine-Cs
complexes a) enhance the formation and stabilization of oleylamine-metal (Cu, Zn and
Sn) complexes before the injection of sulphur precursor into the oleylamine-metal
precursor solution and b) after addition of sulphur stabilize the fast nucleated nano-
particles and promote diffusion limited growth.

Cu2ZnSnSs thin films on Mo and/or ITO covered glass substrates were prepared by
the dip coating method using methanol as solvent for CuCl, ZnClz, SnCl2 and CHaN2S as
precursors. The influence of pre-annealing and post-annealing conditions as well as the
influence of used substrate on the morphology, phase composition and elemental
composition of the resulting films was studied. It was found that thin films deposited
onto Mo and ITO substrates and pre-annealed at 240 °C in nitrogen atmosphere and
post heated at 550 °C showed Raman dominating peak at 338 cm™ characteristic of
Cu2ZnSnSa. These films were continuous, with good crystallinity and had near-
stoichiometric composition.
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Kokkuvote

Cu2ZnSnSs nano-pulbrite ja nano-struktuursete kilede siintees

Kaesolev dissertatsioon on uurimist66, mis on fokuseeritud Cu2ZnSnSs nanopulbrite
slinteesile olelllamiinis vedeliksadestuse meetodil. Cu2ZnSnSs katioonkomponente
sisaldavad lahtelihendid lahustati olelllamiinis ja kuumutati lammastiku keskkonnas
slinteesitemperatuurile. Kuumale katioonkomponente sisaldavale lahusele lisati vaavli
lahus oletdlamiinis. Uuriti alglahuse metallkomponentide kontsentratsioonide suhete
[Cul/([zn] + [Sn]) (0,82-0,33) mdju tekkivate nanoosakeste morfoloogiale ja
faasikoostisele. Leiti, et stinteesitemperatuuridel 215 °C, 225 °C ja 235 °C kasvas CZTS
keskmine nanoosakeste suurus [Cul]/([Zn] + [Sn]) suhte vdhenedes 20 nm-It paarile
mikromeetrile. [Cu]/([Zn] + [Sn]) kontsentratsioonisuhetel 0,82 ja 0,74 moodustusid
peaaegu stohhiomeetrilise koostisega CZTS nano-pulbrid. Kdrgem algne tsingi
kontsentratsioon (s.0 kdrgem keemiline potentsiaal) vahendas tina kontsentratsiooni
moodustunud nanopulbris.

CZTS nanokristallide morfoloogia, element- ja faasikoostis soltuvad keemiliste
komplekside moodustumisest ning nanoosakeste pinna stabiliseerimisest silinteesil
oletitilamiinis. Temperatuuridel > 280 °C on nanokristallide morfoloogia ja homogeense
kasvu kontrollimine keeruline, kuna korgetel temperatuuridel leiab aset kiire
mitmetuumaline kasv. Oleliilamiin-kompleksi moodustumist erinevate leelismetallide
ioonidega (Na*, K* ja Cs*) uuriti siinteesitemperatuuril 280 °C. Leiti, et Na* ja K* ioonide
juuresolekul nditasid sUnteesitud nanopulbrid erineva suurusega kristallide
moodustumist - vdikesed nanoosakesed, suured agregeeritud kristallid ja suured
monokristallid. Cs* -ioonide (CsOH) juuresolek oletilamiin-katioon alglahuses
soodustas homogeense suurusega nanokristallide kasvu nanopulbri siinteesis. Leiti, et
moodustunud olettlamiin-Cs  kompleksid a) tugevdavad oleliiilamiin-metall-
komplekside (Cu, Zn ja Sn) moodustumist ja stabiliseerumist enne vaavlilahuse lisamist
oletitilamiin-katioon lahusesse ja b) parast vaavli lisamist stabiliseerib moodustunud
nanoosakeste pinna ning soodustab difusiooniga-limiteeritud kristallide kasvu.

Cu2ZnSnSs dhukeste kilede sadestamiseks Mo- ja / v&i ITO-ga kaetud klaasalustele
kasutati pindtilgutamise meetodit, kasutades ldhteainete CuClz, ZnCl, SnClz ja CHaN2S
lahust metanoolis. Uuriti eel- ning jarellddmutuse md&ju ja kasutatud klaasaluste
pinnakatete md&ju moodustunud CZTS kilede morfoloogiale, faasi- ning
elementkoostisele. Leiti, et pidevad ja stohhiomeetrilise koostisega CZTS-kiled
moodustusid Mo ja ITO-ga kaetud klaasile parast vahelddmutust lammastiku
atmosfaaris temperatuuril 240 °C ning jarelkuumutamist temperatuuril 550 °C.
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Abstract

Copper Zinc Tin Sulphide (CZTS) nano-powders were synthesized by solution based method in oleylamine at 215°C, 225°C and
235°C using copper pentane2, 4-dionate, zinc acetate, tin (IT) chloride and elemental sulphur as precursors. The influence of
initial Cu/ (Zn + Sn) concentration ratio (from 0.82 to 0.33) on the morphology, phase composition and elemental composition of
nano-powders was studied. It was found that the average size of colloidal nano-particles of CZTS nano-powders increased from
20 nm to 10 um with decreasing initial Cu/ (Zn + Sn) concentration ratio at every used synthesis temperature. The elemental
composition of the formed nano-powders was compatible to near-stoichiometric CZTS if initial Cu/ (Zn + Sn) concentration
ratios were 0.82 and 0.74. Higher initial zinc concentration i.e. higher chemical potential at specific temperature reduces the final
tin concentration component in the colloidal nano-powders.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of The European Materials Research Society (E-MRS).
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1. Introduction

First prerequisite for solar energy conversion is a good absorber material composed from earth abundant elements
with least toxicity, and having high absorption coefficient and direct band gap. Copper zinc tin sulphide (selenide)

* Corresponding author. Tel.: +3726203367.
E-mail address: sureshkumarnara@gmail.com

1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of The European Materials Research Society (E-MRS).
doi:10.1016/j.egypro.2016.11.328



Suresh Kumar et al. / Energy Procedia 102 (2016) 136 — 143

CZTSSe is a material with all these properties [1]. Solution based methods were adopted to synthesise CZTS(Se)
nano-powders and solar cells on their base have shown the highest power-conversion efficiencies (PCE) to date,
with record efficiencies reaching 12.6% [2] compared to 9.7% for vacuum processed materials [3]. The fabrication
of solar cells based on nano-crystal ink process starts from synthesis of nano-crystalline powders followed by
sintering of the nano-crystal films in sulphur or selenium vapours [4, 5]. One of the most successful routes for the
synthesis of CZTS nano-crystals is the hot-injection synthesis method that utilizes surfactant controlled growth of
colloidal nano-crystals in a hot organic solvent [6]. Riha et al synthesised 12.8+1.8 nm mono-disperse nano-crystals
using stoichiometric initial precursor concentration at the synthesis temperature of 300°C [6]. The synthesis of
Cu,ZnSnS, nano-crystals with off stoichiometric composition were demonstrated by Collard and Hillhouse [7].
Chernomordik et al described a method for rapid synthesis of 2-40 nm diameter CZTS nano-crystals by varying only
synthesis temperature between 150°C to 340°C [8]. Coughlan and Ryan showed how changing of Cu and Zn
precursors allowed the formation of polytypic acorn shaped nano-crystals or pencil shaped nano-crystals [9]. By
tuning the solvent concentration different shapes of nano-crystals were formed: nanorods and ellipsoids, as well as
atypical tadpole-shaped and P-shaped nanocrystals [9]. Karimi et al synthesized spherical platelet CZTS nano-
crystallites with particle size in the range of 20-25 nm [10]. In synthesis of nano-crystals the initial concentrations of
metal precursors are always crucial in the formation of final composition of nano-powders [11] and shape of the
formed colloidal nano-particles. The molar ratios of the metal ion precursors in synthesis may have an important
effect on the chemical potential of each element and eventually on the phase composition of the obtained nano-
particles [11]. The synthesis temperature was selected from 215°C to 235°C because it is suitable for the synthesis of
CZTS nano-powders in oleylamine as solvent. Oleylamine shows very high stabilising effect at this temperature
range [4, 5, 6 and 11]. It has been shown that the electronic properties of CZTS in terms of band gap, work function
and valence band edge position can be controlled by varying the precursor ratios [12]. It was reported that the CZTS
sample with a Cu/(Zn+Sn) ratio of 0.86 and Zn/Sn ratio of 1.37 showed the highest photocurrent response [13]. Ping
An [9] and co-workers and other groups have shown that high initial Zn concentration promotes the formation of
quaternary CZTS, the results of these studies were based on variation of Cu/ (Zn + Sn) ratio from 1 to 0.90. So, it is
useful to study the more wide variation of the initial Cu/ (Zn + Sn) concentration ratio. In the present work colloidal
nano-powders were synthesised in oleylamine with variation of the initial Cu/ (Zn + Sn) concentration ratio in the
range of 0.33-0.82 with the aim to study the effect of it on the elemental and phase compositions and morphology of
synthesized CZTS colloidal nano-powder particles.

2. Experimental
2.1. Synthesis of CZTS colloidal nano-powders

Oleylamine was used as solvent, surfactant and capping ligand in the solution based synthesis of CZTS nano-
powders [14]. The analytical grade chemicals from Sigma Aldrich copper 2,4pantanedionate, zinc acetate, tin (II)
chloride and elemental sulphur were used as sources for Cu, Zn, Sn and S respectively. The precursors of metal
elements were mixed in 12 ml of oleylamine in a three neck flask at 25°C. The initial concentration ratios of
precursors varied as given in Table 1. Temperature of mixtures was increased to the required synthesis temperatures
(215°C, 225°C and 235°C) and maintained at synthesis temperature for 30 minutes under inert gas (N,) condition
and then S component was added. For the preparation of S precursor, 0.32 g of sulphur (10 mmol) was added to 10
ml of oleylamine and sonicated for 30 min at 70°C. From this freshly prepared sulphur solution 4.5 ml was taken
and added to the flask containing solution at required temperature. The solution mixtures were continuously stirred
and maintained at each synthesis temperature for 30 minutes, as synthesis time has impact on the nucleation, growth
and type of CZTS nano-crystal structure [6, 15]. The solution mixtures were cooled down naturally to room
temperature in N, gas environment. CZTS nano-powders were separated from oleylamine solution and cleaned by
repeated centrifugation with ethanol, hexane and isopropanol, while hexane was used for removing non-polar
impurities and isopropanol for polar impurities [16].

Table 1 Experimental conditions i.e. synthesis temperature, precursor and ration ratios in initial solutions.
Synthesis temperatures (°C) Content of precursors in initial solutions (mmol) Concentration ratios of precursors in initial
solutions
Cu Zn Sn S Cu/Zn Cu/(Zn + Sn) Zn/Sn

137



138

Suresh Kumar et al. / Energy Procedia 102 (2016) 136 — 143

215°C /225°C /235°C 1.8 12 1.0 45 1.5 0.82 12
215°C /225°C /235°C 1.7 13 1.0 45 13 0.74 13
215°C /225°C /235°C 1.5 1.5 1.0 45 1.0 0.60 1.5
215°C /225°C /235°C 13 1.7 1.0 45 0.8 0.48 1.7
215°C /225°C /235°C 1.0 2.0 1.0 45 0.5 0.33 2.0

ZEISS ULTRA 55 FE-SEM apparatus was used to investigate the morphological structure and to estimate the size
of particles of nano-powders and to perform the energy dispersive x-ray spectroscopy (EDS) analysis to determine
the elemental composition of nano-powder samples. The samples for the EDS analysis were prepared by pressing
the nano-powders into pellets. Raman spectroscopy was performed using Horiba Jobin Yvon HR800 micro-Raman
spectrometer.

3. Results and Discussion
3.1. SEM and EDS Analysis of Nano-powders

3.1.1. SEM analysis of nano-powders

SEM images of nano-powders are presented in Figures 1-3. The CZTS nano-powders synthesised at 215°C with
varying the initial concentration ratio of precursors Cu/ (Zn + Sn) (i.e. 0.82, 0.74, 0.60 and 0.48) show large
variation in the size of nano-particles from 20 nm to 150 nm (Figure 1). Decreasing copper concentration with
increasing zinc concentration causes the formation of colloidal nano-particles with sizes from 2 um to 10 um
(Figure. 1).
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Figure 2. Colloidal nano-particles synthesised at 225°C with initial Cu/ (Zn + Sn) equal to 0.82, 0.74, 0.60, 0.48 and 0.33 respectively.
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Figure 3. Colloidal nano-particles synthesised at 235°C with initial Cu/ (Zn + Sn) equal to 0.82, 0.74, 0.60, 0.48 and 0.33 respectively.

For the CZTS nano-powders synthesised at 215°C with initial precursor Cu/(Zn + Sn) ratio equal to 0.33 the average
size of agglomerated colloidal nano-particles is 10 um. According to thermodynamics, as the synthesis temperature
decreases then the chemical potentials of the elements increases. Therefore, at a particular synthesis temperature
with high initial zinc concentration higher chemical potential of zinc in the solution is expected. The crystals in
colloidal nano-powders synthesised at three different synthesis temperatures i.e. 215°C, 225°C and 235°C with initial
precursor Cu/(Zn + Sn) ratio equal to 0.82 and 0.74 have size in the range 20 nm to 100 nm.
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3.1.2. EDS analysis of nano-powders

The analysis of EDS results show that elemental composition of CZTS colloidal nano-powders synthesised at
215°C, 225°C and 235°C with initial precursor Cu/ (Zn + Sn) ratio equal to 0.82 and 0.74 are near-stoichiometric.
The final concentration of copper varies with the initial copper concentration and as initial zinc concentration was
increased, a respective increase in the final zinc concentration of colloidal nano-powders was detected.

2,0 Colloidal nano-powders synthesised at 215°C A 2,0 Colloidal nano-powders synthesised at 25°C
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Figure 4. Concentration ratios determined by EDS of components in colloidal nano-particles synthesised with different initial concentrations at
215°C, 225°C and 235°C respectively.

Following trends were observed in the colloidal nano-particles: with the increase in initial zinc concentration final
concentration of tin decreases with initial precursor Cu/ (Zn + Sn) ratio equal to 0.82 and 0.74. This shows that the
increase in initial zinc concentration not only increases the chemical potential of zinc but also decreases the
chemical potential of tin state. The chemical potential of copper is unaffected by the increase in initial zinc
concentration. The concentration of sulphur with respect to the sum of metal ions, S/ (Cu + Zn + Sn) remains
stoichiometric at the all used initial precursor concentration ratios (Cu/ (Zn + Sn) = 0.82, 0.74, 0.6, 0.48 and 0.33)
and at all used synthesis temperatures (215°C, 225°C and 235°C).

3.2. Raman analysis
3.2.1. Raman spectra analysis of nano-powders with near stoichiometric composition synthesised at

different temperatures (215°C, 225°C and 235°C)

Raman spectra of CZTS colloidal nano-powders synthesised at 215°C, 225°C and 235°C with initial precursor ratios
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Cu/ (Zn + Sn) equal to 0.82 and 0.74 are shown in Figure 5.
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Figure 5. Raman spectra of colloidal nano-powders synthesised with initial Cu/(Zn + Sn) concentration ratios equal to 0.82 (a) and 0.74 (b) at
215°C (green), 225°C (red) and 235°C (blue line)

The Raman peak positions were determined from the fittings of the spectra by using Lorentzian curves. Raman
peaks observed in CZTS colloidal nano-powders synthesized at 215°C and 225°C are at 333 em™, 292 em™ and 355
em™ which could correspond to Cu,SnS; or some other ternary sulphide [17, 18 and 19]. Dominating Raman peaks
observed in CZTS nano-powders synthesised at 235°C are at 335 cm™ and 358 em™ which could correspond to
Cu,ZnSnS, and at 299 cm™! which could correspond to Cu,SnS; or other ternary sulphide [17, 18 and 19].

Katagari et al showed that Cu/(Zn+Sn) ratio equal to 0.69 or less results in binary phases of Sn and S (SnS and SnS,
) and ratio Cu/(Zn+Sn) above 1.09 results in binary compound of copper and sulphur (i.e. Cu,S) [20]. The highest
photocurrent and solar cell efficiency was observed with Cu/(Zn+Sn) ratio equal to 0.85 [20]. The Cu/(Zn+Sn) ratio
equal to 0.8 shows CZTS and CTS phase whereas Cu/(Zn+Sn) ratio equal to 1.19 shows CZTS phase with 7-10 nm
diameter nano-particles were concluded by Pal et al [21]. Raman spectra of CZTS nano-powders synthesised in this
study at 215°C, 225°C and 235°C with initial precursor ratio Cu/ (Zn + Sn) equal to 0.82 and 0.74 show dominating
Raman peak shift from 333 ecm™ to 335 cm™. Shoulder at the lower wave number side of this peak and also the shift
of the second peak from 292 cm™! to 299 cm™ indicates that there is a coexistence of Cu,ZnSnS, and Cu,SnS;
phases. Katagari et al showed that Cu/(Zn+Sn) ratio equal to 0.69 or less results in binary phases of Sn and S
whereas our results show CZTS and CTS phases and in agreement with Pal et al. The shift of the peaks is probably
caused by the changing in the ratio of the two phases, CZTS prevailing at higher temperatures.

3.2.2. Raman spectra analysis of nano-powders synthesised with big difference in Cu/(Zn + Sn)
concentration ratios at particular temperatures (215°C, 225°C and 235°C)

The most intense Raman peaks of colloidal nano-particles shift from 333 cm™ to 335 cm™ as the synthesis
temperature increases from 215°C to 235°C (Figure 5). Similar Raman shift of most intense peak from 333 cm™ to
337 em™ is also observed when the Cu/ (Zn + Sn) ratio decreases from 0.82 to 0.33 at synthesis temperature 215°C
(Figure 6). The insertion of Zn ions into the CZTS is possible by two ways: first, with higher synthesis temperature,
and second, by high initial zinc concentration by creating high chemical potential of zinc in the solution (EDS shows
high zinc concentration in colloidal nano-powders). Raman spectra of CZTS nano-powders synthesised at 235°C
with different Cu/ (Zn + Sn) ratios (i.e. 0.82, 0.74, 0.60, 0.48 and 0.33) are presented in Fig.6. Raman peaks
observed in CZTS nano-powders at 235°C are for Cu/(Zn + Sn) ratios 0.82 and 0.74 are 335 cm™, 292-294 cm™
and 355 cm™ which could correspond to Cu,ZnSnS, [15, 16 and 17]. Raman peaks observed in CZTS nano-powders
at 235°C for Cu / (Zn + Sn) ratios 0.60, 0.48 and 0.33 are at 335 cm™ and 360 cm™ which could correspond to
Cu,ZnSnS, and Raman peak at 299-300 cm™ which could correspond to Cu,SnSs or other ternary sulphide [15, 16
and 17].
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Figure 6. Raman spectra of colloidal nano-powders as synthesised with different initial concentration Cu/(Zn + Sn) ratios at 215°C and 235°C

The shift of the peaks towards higher wave number side is accompanied with the decrease in the peak half-width
shows improved crystalline nature. The changing positions of the Raman peaks at the wave numbers corresponding
to CZTS and Cu,SnS; indicate that most probably the powders are a mixture of these two phases, CZTS prevailing
at higher temperatures and at lower Cu/ (Zn + Sn) ratios.

4. Conclusions

The CZTS colloidal nano-powders were synthesised at 215°C, 225°C and 235°C by solution based hot injection
method. The CZTS colloidal nano-powders synthesised with varying initial precursor concentration ratio Cu/ (Zn +
Sn) (i.e. 0.82, 0.74, 0.60 0.48 and 0.33) at each synthesis temperature. It was found that the average size of colloidal
nano-particles of CZTS nano-powders increased from 20 nm to 10 pm with decreasing initial Cu/ (Zn + Sn)
concentration ratio at every used synthesis temperature. The most intense peak of Raman spectra shifted towards
higher wave number probably because of high zinc component in the CZTS colloidal nano-powders with increase in
the synthesis temperature from 215°C to 235°C. The changing positions of the Raman peaks at the wave numbers
corresponding to CZTS and Cu,SnS; indicate that most probably the powders are a mixture of these two phases,
CZTS prevailing at higher temperatures and at lower Cu/ (Zn + Sn) ratios. At synthesis temperature 215°C, main
Raman peak is shifted from 333 cm™ to 337 cm™ with variation of initial precursor Cu/(Zn + Sn) concentration ratio
from 0.82 to 0.33. Shoulder at the lower wave number side of this peak and also the shift of the second peak from
292 cm™ to 299 cm! indicates that there is a coexistence of Cu,ZnSnS,and Cu,SnS; phases. The shift of the peaks
is probably caused by the changing ratio of the two phases, CZTS prevailing at higher temperatures. Higher initial
zinc concentration i.e. higher chemical potential at specific temperature reduces the final tin concentration in the
colloidal nano-powders.
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crystals growth at synthesis temperature of 280 °C was studied. It was found that nano-
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Alkali ions powders synthesized in the presence of Na” and K" ions showed the formation of crys-
FTIR tals of different sizes - small nano-particles (18 nm-30 nm), large aggregated crystals (few
nm to 1 pm) and large single crystals (1 pm - 4 pm). The presence of Cs™ ions in the nano-
powder synthesis in oleylamine-metal precursor-CsOH solution promoted growth of nano-
crystals of homogenous size. It is proposed that the formed oleylamine-Cs complexes a)
enhance the formation and stabilization of oleylamine—metal (Cu, Zn and Sn) complexes
before the injection of sulphur precursor into the oleylamine—metal precursor solution
and b) after addition of sulphur stabilize the fast nucleated nano-particles and promote
diffusion limited growth.
© 2018 Published by Elsevier Ltd.

1. Introduction

The direct production of electricity from solar energy using photovoltaic cell is renewable and non-polluting method.
Besides the prevailing silicon, the main PV inorganic compound absorber materials used in solar cell mass production are
CdTe and Cu(InGa)Se, showing record power conversion efficiencies 22.1% [1] and 22.6% [2], respectively. However, there are
concerns with toxicity (Cd) and/or scarcity (In and Te) of the constituent elements. Therefore, kesterite compound Cu,ZnSnSy
(CZTS) has drawn significant attraction as an alternative for CdTe and CIGS because of the non-toxic and earth-abundant
constituent elements [3]. CZTS has high absorption coefficient (>10*cm™') and direct band gap (1.5 eV) [4]. The low cost
nano-powder ink technology motivates photovoltaic research to achieve cost-efficient CZTS solar cells production technology.
The control of morphology, elemental composition and phase composition of CZTS nano-crystals in solution-based synthesis
depends on the control of complex formation and surface stabilization of nano-particles [5]. We performed a series of ex-
periments of CZTS nano-powders synthesis at temperatures from 190 °C to 340 °C and found that CZTS phase dominated at
synthesis temperature of 280 °C (the work will be published). We found that the control of nano-crystals morphology and
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homogenous nano-crystals growth in solution-based method is very difficult at higher temperatures (i.e. > 280 °C) because of
fast poly-nuclear growth occurring at this temperature. In this work, the CZTS nano-powders were synthesised by solution-
based hot injection method using oleylamine as solvent. The effect of a complex of oleylamine and alkali (Na™, K™ and Cs™) ion
on nano-crystals growth at synthesis temperature (280 °C) was studied. In Ref. [6] it was shown that caesium hydroxide
promoted alkylation of primary amines and suppressed over-alkylation of the produced secondary amines being highly
chemo-selective to favour mono-N-alkylation over dialkylation. Best to our knowledge, no group have studied such a complex
formation with oleylamine and its impact on the morphology, phase and elemental composition of CZTS nano-powders. The
alkali (Na*, K* and Cs™) ions were used to promote and stabilize the complex formation of oleylamine-metal (Cu, Zn and Sn)
complex by forming an intermediate oleylamine-alkali ion complex. In the present work Raman and Fourier Transform
Infrared (FTIR) spectroscopy were used for studying the complex formation in oleylamine-alkali ion containing solutions.

2. Experimental
2.1. CZTS nano-powder synthesis

The analytical grade chemicals copper 2, 4-pentanedionate, zinc acetate, tin (II) chloride and elemental sulphur were used
as precursors (Sigma Aldrich) for Cu, Zn, Sn and S, respectively. All chemicals were used as received without any further
purification or treatment. Oleylamine is used as solvent, surfactant and capping ligand in the solution-based synthesis of CZTS
nano-powders [7]. The initial precursor composition of 1.9 mmol of Cu, 1.08 mmol of Zn, 0.9 mmol of Sn and 4.5 mmol of S was
used for all synthesis. Alkali metal containing compounds NaCl, NaOH, KCl, KOH and CsOH in amount of 0.1 mmol were used
as precursors of Nat, K™ and Cs™ ions for respective experiments. KOH (85%) and NaOH granules (98%) bought from Lach:ner,
analytical grade CsOH+H;0 from Fluka and high purity NaCl (99.5%) from Merck and KCl from company REAHEM were used
without any purification. The effect of CsOH concentration was studied by using 0.1 mmol and 0.5 mmol additives of caesium
hydroxide. The used alkali compound and Cu, Zn and Sn precursors were mixed in 25 ml of oleylamine in three-neck flask at
25 °C. Temperature of the solution was increased to 280 °C under inert gas condition. Separately, 0.32 g of sulphur was added
to 10 ml of oleylamine and sonicated for 30 min at 70 °C. 4.5 ml of this freshly prepared sulphur solution was added to the
flask containing oleylamine solution of other precursors at 280 °C. The required synthesis temperature is easier to maintain if
to inject the sulphur-oleylamine precursor solution into the pre-heated metal-oleylamine solution at the required synthesis
temperature. In this case, the nucleation and growth of nano-particles start immediately without further intermediate re-
action steps that are possible if temperature is lower or higher than needed. The solution was kept for 30 min at 280 °C. The
synthesis time and temperature were kept constant for every test as both of the synthesis parameters have impact on the
CZTS nano-crystals structure, growth and nucleation [8,9]. The solution was cooled down naturally to room temperature in
inert gas environment. The synthesized CZTS nano-powders were separated from solution and cleaned by repeated centri-
fugation with ethanol, hexane and isopropanol, where hexane was used for removing non-polar impurities and isopropanol
for polar impurities [ 10]. The nano-powders were dried in thermostat at 40 °C for 30 min. The scanning electron microscopy
(SEM) was performed to investigate the morphological structure and size of particles of nano-powders using a ZEISS ULTRA
55 FE-SEM apparatus. The energy dispersive X-ray spectroscopy (EDS) was performed on the same set-up for determining the
elemental composition of nano-powder samples. The samples for the EDS analysis were prepared by pressing the nano-
powders into pellets. The formation of complexes of oleylamine-alkali salt and oleylamine-alkali hydroxide were studied
using Raman and FTIR spectroscopy. The samples were prepared by mixing 4 ml of oleylamine and 0.1 mmol of respective
alkali salt or alkali hydroxide followed by sonication at 70 °C for 60 min for dissolution of alkali salts and alkali hydroxides. The
FTIR and Raman analysis of samples of oleylamine cation complexes and oleylamine cation alkali compound complexes were
performed. Alkali metal containing compounds NaCl, NaOH, KCl, KOH and CsOH in amount of 0.1 mmol with different cation
precursors (Cu, Sn, Cu-Zn, Cu-Sn and Cu-Zn-Sn) were mixed in 25 ml of oleylamine in three-neck flask at 25 °C. Temperature
of the solutions was increased to 280 °C under inert gas condition. The solutions were kept for 30 min at 280 °C. The solutions
were cooled down naturally to room temperature in inert gas environment. These freshly made solutions were used as
samples for Raman and FTIR analysis. Raman spectroscopy was performed at room temperature using Horiba Jobin Yvon
HR800 micro-Raman spectroscope with 532 nm laser as excitation source. FTIR measurements were performed on Perkin
Elmer GX-1 spectrometer.

3. Results and discussion
3.1. FTIR spectra analysis of oleylamine and oleylamine-metal precursors

The FTIR spectra of oleylamine and solutions of oleylamine with different metal precursors are shown in Figs. 1—3 and the
FTIR absorption peak positions are presented in Table 1 together with corresponding vibrational assignments. The FTIR
spectrum of oleylamine shows absorption peaks at 722, 794, 967, 1071, 1312, 1378, 1463 and 1651 cm™~" (Fig. 4). In the FTIR
spectra of oleylamine-metal precursor solutions (Figs. 1—-3) peaks at lower wavelength side (below 700 cm™!) due to the
components of precursor compounds and oleylamine are also detected. The FTIR absorption peak of oleylamine at 1071 cm ™!
corresponds to the bending vibration of carbon-nitrogen (C-N) bond [7,11,12].
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Fig. 3. FTIR spectra of oleylamine, oleylamine-copper-tin, oleylamine-copper-tin-zinc precursor solution.

The FTIR absorption spectrum of oleylamine-copper precursor solution shows absorption peaks at 532, 721, 795, 967, 1129,
1403, 1553, 1615 and 1670 cm ™! (see Fig. 1). Instead of the peak at 1071 cm ™! as it was observed in pure oleylamine, a shifted
FTIR absorption peak at 1129 cm ™ is detected, most probably because of formation of oleylamine carbon—copper bond and
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Table 1
Vibrational assignments of IR absorption peaks.
Solution FTIR peak positions (cm™!) Ref.
Vibrational Modes Vas Us ] d dNH,, Wagging o d ] d d v [4] This work
C-Sn C-Cu Sn-Cu, C-C v (NHa), C-N Cu-N  C-Sn, CH3 -C=C (C-CuSn,Zn
Cu-Zn NH, d N-Cs Sn-Cu, v
Sn-Zn N-Cu
OAm 722 795 1071 1465 1647 [4,8—10]
1593
OAm 722 794 967 1071 1463 1651 This work
OAm-Cu 532 795 967 1129 1553 This work
1605 1670
OAm-Cu + Zn 534 606 795 967 1555 This work
618 1666
OAm-Sn 528 [11] 795 967 1341 1510 This work
535[11] 1396 1673
OAm-Cu + Zn + Sn 528 [11] 601 795 967 1339 1510 This work
670 1398 1553
1666—1673
OAm-CsOH 967 This work
985

v -symmetric or asymmetric vibrations, vs -symmetric vibrations, v,s -asymmetric vibrations, d -bending vibrations.
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Fig. 4. FTIR spectra of Oleylamine (OAm), OAm-CsOH, OAm-NaOH, OAm-KOH, OAm-NaCl, OAm-KCl precursor solution. The additional absorption peak at
985cm~' corresponding to complex formation of caesium hydroxide and amine group is observed for the solution of oleylamine-CsOH.

formed complex of oleylamine-copper-NH, group (Fig. 1). The absorption peak at 1593 cm ™' corresponds to the bending of
the NH; group in oleylamine [12,13]; while in oleylamine copper precursor solution this peak is broad and less intense and is
disappearing due to weak bond between copper and NH, group. The two additional absorption peaks at 1670 cm ™' and
1553 cm™! correspond to vibrations of oleylamine carbon-copper and oleylamine nitrogen-copper bond.

The FTIR absorption spectrum of oleylamine solution with copper and zinc precursors shows peaks at 534, 606, 618, 721,
795, 967, 1555, and 1666 cm ™! (see Fig. 1). Peaks at 606 and 618 cm ™! appeared with addition of Zn precursor. Probably the
mechanism of complex formation in the oleylamine-copper and oleylamine-copper-zinc solutions is similar to each other.

The FTIR absorption spectrum of oleylamine-tin precursor solution shows absorption peaks at 528, 535, 721, 795, 967,
1341, 1396, 1510 and 1673 cm ™! (Fig. 2). The new bond forms probably between oleylamine carbon and tin (see Fig. 10)
without affecting the amine group in oleylamine. The carbon nitrogen stretching vibrations (1071 cm~!) and nitrogen
hydrogen bending vibrations (967 cm ™) of amine (NH>) group in oleylamine were unaffected. The FTIR absorption peak
related to oleylamine carbon-tin bond in the oleylamine tin precursor solution is at 528 and 535cm™! [14].

In the presence of zinc and tin precursors in oleylamine, there forms carbon-tin—zinc-NH; complex because FTIR spectrum
shows no changes in the absorption behaviour of amine group. The FTIR spectrum of oleylamine-copper-zinc-tin solution
shows peaks at 528, 601, 670, 1339, 1398, 1510 1553 and 1673 cm~ L The FTIR absorption peak at 528 cm! s related to
oleylamine carbon-tin bond as it was found in Ref. [14] in the oleylamine-tin precursor solution. The two additional ab-
sorption peaks appearing at 1666-1673 cm ™! and 1552-1555cm ! could correspond to carbon-metal and nitrogen-metal
bonds. The changes in FTIR spectra let us conclude that the oleylamine carbon-tin-copper-zinc-NH, complex was formed
and this is the nuclei for the CZTS crystal formation and growth after the addition of the sulphur-in-oleylamine precursor
solution.
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3.2. FTIR spectra analysis of oleylamine, oleylamine-metal precursors, oleylamine-alkali salts and oleylamine-alkali hydroxides

The FITR spectra of oleylamine, oleylamine-NaOH, oleylamine-KOH, oleylamine-CsOH, oleylamine-NaCl and oleylamine-
KClI are shown in Figs. 4 and 5. As we can recognize, no big changes in FTIR spectra accompany with addition of NaCl, KCl,
NaOH and KOH. With addition of caesium hydroxide adsorption peak at 985 cm™~! appears. The FTIR spectra of solutions of
oleylamine-metal precursors show no absorption peaks at 985 cm ™! while this peak is present in oleylamine-CsOH-Cu-Sn-Zn
precursor solutions. In the case of solution of oleylamine-CsOH the absorption peak at 967 cm~! corresponds to NH, wagging
and absorption peak at 985 cm™! corresponds to complex formation of caesium hydroxide and amine group (Fig. 4) [12,13]. As
we can see later, CZTS nano-powders with rather big nano-crystals of uniform size grow from the CsOH containing solution
(Fig. 8). Therefore, we can assume that the formed oleylamine-caesium hydroxide complex improves the stabilizing prop-
erties of oleylamine.

The FTIR studies show that complexes between oleylamine and cation atoms or groups of cation atoms (Cu, Sn, Cu-Zn, Cu-
Sn, Cu-Zn-Sn) were formed. The oleylamine as solvent and surfactant has been used in different syntheses and it was shown
that oleylamine forms complexes with cation and/or anion atoms in the syntheses of nano-particles of pure elements and
compounds [11,12,15]. Cation atoms or a group of cation atoms can attach to oleylamine nitrogen or oleylamine carbon next to
the nitrogen. The FTIR studies of the oleylamine-copper-zinc-tin solution show that the Sn atom is attached to the carbon
atom of the oleylamine and the other cation atoms (Cu, Zn) form bonds with Sn atom or carbon atom. At 280 °C these cation
atoms absorbing energy in the form of kinetic or thermal energy can get released into the solution by breaking bonds or
rearrange in the same metal oleylamine complex.. The stepwise details of reaction mechanism of CZTS nucleation and growth
will be presented and explained as chemical equations in the latter part of the paper. There are two possible ways of
decomposition or deterioration of metal oleylamine complex: a) formed metal oleylamine complex release cation atom or
group of cation atoms into the solution, b) formed metal oleylamine complex release or reorganise the cation atom or group of
cation atoms in the same oleylamine complex by changing the coordination with carbon and/or nitrogen. If CsOH is present,
the oleylamine nitrogen site is blocked by forming the bond between the caesium and nitrogen atoms. When the oleylamine
nitrogen atom is blocked due to the caesium nitrogen bond formation, the Cu, Zn and Sn cation atoms attach to the carbon
atom. The cation atoms attached to the oleylamine carbon atom give higher stability to cation metal-oleylamine complex. The
cation metal-oleylamine complex is stabilized and the number of nuclei of different phases is reduced, leading towards the
growth of limited phases. This is the nuclei for the CZTS crystal formation and growth after the addition of the sulphur-in-
oleylamine precursor solution.

3.3. Raman analysis of oleylamine and oleylamine-alkali salts or oleylamine-alkali hydroxide

The room-temperature Raman spectra of oleylamine, CsOH and oleylamine-CsOH solution in the region from 50 to
2300 cm™"! are plotted in Fig. 6 and in the regions from 2200 to 3000 cm~" and from 2300 cm™" to 8000 cm™! in Fig. 7. For
better comparison the normalised Raman spectra are presented.

The Raman spectrum of oleylamine shows Raman peak at 1070 cm ™~ (Fig. 6) which corresponds to carbon nitrogen bond
movement [7]. The Raman spectrum of oleylamine-caesium hydroxide solution shows additional Raman peak at 649 cm ™!
corresponding to caesium hydroxide and amine complex (Fig. 6). Oleylamine forms with alkali hydroxides a complex which
improves the stabilizing properties of oleylamine by forming a nitrogen caesium bond and stabilizing the amine functional
group [6]. The influence of the formed Cs-oleylamine complex to the CZTS crystal growth can be seen in the changed
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morphology of the formed nano-powders synthesized in the presence of CsOH showing non-aggregated big uniform nano-
crystals with a similar size. The other used hydroxides (NaOH, KOH) do not give a similar effect.
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3.4. SEM, EDS and Raman analysis of CZTS nano-powders

SEM images of CZTS nano-powders synthesised in oleylamine solvent in the presence of alkali salts (NaCl and KCl), alkali
hydroxides (NaOH, KOH and CsOH) and without any salt are presented in Fig. 8. Nano-powder crystals synthesised in the
presence of Na* and K" ions show three size ranges - small nano-particles with medium size around 18 nm, large aggregates
of crystals and nano-crystals bigger than 100 nm (Fig. 8).

Nano-powders synthesized in the presence of Cs* ions (CsOH) show only one size range of nano-particles - uniform nano-
crystals in the range of 100 nm—200 nm. The nano-powders formed in the presence of sodium and potassium compounds
show large agglomerates of nano-crystals (Fig. 8) whereas no such agglomeration was observed in the powders synthesized
in the presence of caesium hydroxide. The above described observation could be interpreted as an effect of enhanced sta-
bilization ability of oleylamine in the presence of intermediate caesium-oleylamine complex supporting the diffusion limited
growth (i.e. formation of homogenous nano-crystals) and reducing the further poly-nucleation and aggregation of nano-
particles.

The composition of CZTS nano-powders synthesized in the presence of alkali salts (Na, K and Cs) was analysed by EDS. The
sulphur concentration and tin to copper concentration ratio in the formed powders are decreased in comparison with the
initial elemental composition in all experiments. Nano-powders synthesised in the presence of sodium salt are slightly zinc
rich and copper poor. Nano-powders synthesised with addition of caesium hydroxide had zinc poor, tin and copper rich
elemental composition.

The Raman spectra of nano-powders synthesised in the presence of caesium hydroxide show two main peaks at 337 and
286 cm~! which correspond to CZTS (Fig. 9). The full width at the half maximum (FWHM) of the dominating Raman peak is
small (7.7 cm™") showing the high crystallinity of the nano-powders.

The effect of different initial concentrations of CsOH was studied by adding different amounts - 0.1 mmol and 0.5 mmol of
CsOH into oleylamine in the synthesis of CZTS nano-powders at 280 °C. Fig. 11 shows SEM images of these CZTS nano-
powders. It can be observed that higher concentration of CsOH enhances the homogeneous growth of nano-crystals.

We propose the possible chemical equations for the interactions and complex formation between solvent oleylamine,
copper 2, 4-pentanedionate, zinc acetate and tin (II) chloride before addition of the sulphur precursor solution. As shown by
thermal decomposition studies in the work [16] copper 2, 4-pentanedionate (copper (II) acetylacetonate) decomposes in two
steps in the temperature region of 443—523 K. In the first step acetyl-acetone (CsHgO;) separates and the remained part of
molecule (CsHgO3) decomposes with reduction of Cu(Il) to Cu(0) and oxidation of the ligands to CO, and produces acetone
(H14C603) by the reactions (1, 2) [16].

CH5C(0)CHC(0)CHs {Cu(OC(CH3)CHC(0)CHs) } — CH3C(0)CHC(0){Cu(OH) }CH; + CH3C(OH)CHC(0)CHs (1)
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Fig. 8. SEM images of CZTS nano-powders synthesized in oleylamine solvent in the presence of 0.1 mmol of alkali salts and/or alkali hydroxides.
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Fig. 11. CZTS nano-powders synthesized at 280 °C with 0.1 mmol and 0.5 mmol of Caesium hydroxide in oleylamine.

8[CH5C(0)CHC(0){Cu(OH)}CHs] —5[CH3C(OH)CHC(0)CHs] + 2[CH3C(0)CHs | + 3CO, + 8 Cu )

4C17H33CH2NH2 + 8Cu —>4C17H33CCUCUNH2 =+ 4H2 (3)

Cu(0) atoms attach to carbon in the chain of oleylamine by replacing 2 hydrogen atoms and Cu(0) is changed to Cu(l), this
reaction is shown in chemical equation (3). In the next stage Sn (II) forms a single bond with oleylamine carbon and copper (C-
Sn-Cu). There occurs a rearrangement of atoms and Sn(II) state is converted to Sn(IV) forming a double bond with carbon
atom (C=Sn) because of very high coordinating power of Sn and high stability of the formed complex. In the next stage zinc
atom is inserted into the oleylamine chain as Zn(Il)forms a metal-oleylamine complex (see Fig. 10).

4Cy7H33CCuCuNH, + 4 SnCly + 4 (CH3C00),2n — 4C;7Hs3CuCSnZnCuNH, + 3C0, + 4H, + 4CH,CICH,Cl (4)
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The amine group in the oleylamine is still active in the metal-oleylamine complex and needs to be further stabilized. The
CsOH plays the role as an amine group stabilizer in such a complex of oleylamine-metal-caesium hydroxide (see structure of a
complex in Fig. 10). There is high possibility that CsOH forms a complex with oleylamine before any attachment of Cu, Zn, Sn
elements; in this way it maximises the possibility of forming a bond with carbon not nitrogen in oleylamine.

4C]7H33CUCSHZHCUNH2 +4 CSOH4’4C17H33CUCSHZHCUNCS(OH)H2 (5)

After addition of the oleylamine-sulphur solution into the three-neck flask, the formed metal nuclei react with sulphur to
form CZTS nano-crystals.

4C17H33CuCSnZnCuNCs(OH)H, + 16[S{4(CH(NH,)C17Hs3)}] + 27H, — 4Cu>ZnSnSy + 4C17H33CHy + 4NHs
+ 4 CsOH + 48C47H33CH,NH, (6)

Raman analysis of oleylamine and caesium hydroxide shows the formation of complex between oleylamine and alkali hy-
droxide whereas alkali salts did not show any complex formation. The hydroxide of potassium or sodium effectively modifies
the complex formation, nucleation and nano-crystals’ growth whereas hydroxide of caesium effectively promotes formation
of stable nuclei, homogenous poly-nuclear growth by diffusion limited process. Analysis of Raman and FTIR spectra of
oleylamine-metal precursor solutions and analysis of EDS results of synthesised CZTS nano-powders show the non-
effectiveness of oleylamine-potassium hydroxide and oleylamine-sodium hydroxide complexes. Only oleylamine-caesium
hydroxide complex plays a crucial role stabilizing the oleylamine-metal complexes in the Cu, Zn and Sn precursor solu-
tions and enhances the homogeneous growth of nano-crystals. The measured pH values of oleylamine, oleylamine-NaOH,
oleylamine-KOH and oleylamine-CsOH were 11.40, 11.60 10.90 and 12.56, respectively. The basic character of solutions is
higher when CsOH is added showing higher dissolution of it in oleylamine and therefore higher ability to form a stable
complex. Based on the results and discussion, we propose that the formed oleylamine-caesium hydroxide complex a) en-
hances the formation and stabilization of oleylamine-metal (Cu, Zn and Sn) complexes before injection of sulphur precursor,
b) after addition of sulphur it stabilizes the fast nucleated nano-particles and promotes homogenous nano crystal growth.

4. Conclusions

The CZTS synthesis solutions of oleylamine (as solvent) with precursor salts and with or without added alkali hydroxides
or alkali chlorides (i.e. oleylamine, oleylamine + individual precursors, those with KCl, KOH, NaCl, NaOH and CsOH) were
studied by FTIR and Raman spectroscopy. According to our knowledge, the FTIR spectra of these solutions were investigated in
detail for the first time. The fine understanding of these spectra led us to probable reaction mechanism and reaction steps in
the CZTS nano-crystals formation and growth in oleylamine with and without some alkaline additives. We have been suc-
cessful in developing the effective influence of CsOH on CZTS nano-crystal growth at different stages leading to homogenous
growth. We have proposed the formation of complex of oleylamine-alkali hydroxide and metal precursors. Raman, SEM and
EDS studies of CZTS nano-powders synthesised at 280 °C confirmed that from oleylamine-alkali hydroxide complexes only
CsOH had an effective influence in stabilization and promotion of homogeneous nano-crystal growth. The increased con-
centration of CsOH (0.1 mmol—0.5 mmol) further enhanced the homogeneous growth of nano-crystals with narrow size
distribution in comparison with very large size distribution that was characteristic to powders grown in the solutions with
Na' and K" ions - from small nano-particles (18 nm-30 nm) to large aggregated crystals (few nm to 1 um) and large single
crystals (1 um - 4 um).
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Abstract

Cu,ZnSnS, thin films on Mo and/or ITO covered glass substrates were prepared by dip coating method using methanol as solvent
for CuCl,, ZnCl,, SnCl, and CH4N,S as precursors. The influence of pre-annealing and post annealing conditions as well as the
influence of used substrate on the morphology, phase composition and elemental composition of the resulting films was studied.
It was found that thin films deposited onto Mo and ITO substrates and pre-annealed at 240°C in nitrogen atmosphere and post
heated at 550°C showed Raman dominating peak at 338 cm™ characteristic to Cu,ZnSnS,. These films were continuous, with
good crystallinity and they had near-stoichiometric composition.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Kesterite semiconductor compound Cu,ZnSnS, (CZTS) is a promising absorber candidate for low cost, non
toxic and sustainable thin film solar cell devices. The band gap of CZTS is close to 1.5 eV [1], being therefore
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optimal for solar energy conversion. Moreover, CZTS has a high absorption coefficient (10* ¢cm™)[2]. Cu,ZnSnS,
thin films can be prepared by using several techniques such as spray pyrolysis [3], spin coating method [4], dc
magnetron sputtering [5], sol gel sulphurization method [6], pulsed laser deposition [7], co-evaporation [8], and
electron beam evaporation technique [9]. Tanaka et al. [9] deposited CZTS films by spin coating precursor films
from sol gel solution of Cu (II), Zn (II) and Sn (II) salts in methoxy ethanol with mono-ethanol amine as stabiliser.
Yeh and Jiang et al. [4, 5] used copper, zinc and tin chlorides and thiourea in ethanol-water sol gel to deposit CZTS
thin films by direct liquid coating method [4] and Jiang et al. [5] reached 0.63 % of solar cell power conversion
efficiency (PCE). Lei Cao et al. [6] synthesized successfully Cu,ZnSn(S;_,Sey), thin films by simple ethanol-thermal
method. T. Chaudhuri with co-authors [7] reported a simple process for deposition of pure CZTS films from a
methanol solution of metal-thiourea complexes. In the present work, the growth of CZTS thin films on bare glass,
Mo or ITO substrates was studied and compared. The Cu,ZnSnS, thin films were deposited by dip coating method
using precursors copper chloride, zinc chloride, tin chloride and thiourea dissolved in methanol. The solution based
method was chosen for the synthesis of CZTS thin films as it is simple and low-temperature deposition method.
Methanol is a low cost solvent and a good polar liquid for preparation individual precursor solutions as sources of
cations and sulphur. Thiourea is a popular source of sulphur that can easily form complexes with Cu, Zn and Sn
which yield sulphides on thermal decomposition [3]. The aim of this work was to investigate the influence of pre-
annealing in controlled gas atmosphere on the quality of CZTS thin films deposited by dip coating on different glass
substrates. The structural properties and composition of the thin films were characterized by Raman, SEM and EDS
methods.

2. Experimental

The analytical reagent grade copper chloride, zinc chloride and tin chloride were used as precursor materials for
metal elements. Separate precursor solutions were prepared at room temperature (25°C) using methanol as solvent
and CuCl,, ZnCl,, SnCl, and CH4N,S as solutes. Separately prepared precursor solutions were mixed together in a
small beaker at 25°C. The proper stirring of solution was performed at 25°C using a magnetic stirrer. After 10
minutes of stirring, the substrates were dip coated in the solution and dried in air at 75°C under ventilation. The
process was repeated multiple times to increase the thickness of thin films on substrate. Three types of substrates
were used: a) indium tin oxide (ITO) coated, b) molybdenum coated and c) bare soda lime glasses. The bare soda
lime glass substrates were degreased in hot sulphuric acid (45°C). The ITO glasses were activated in the mixture of
HCI, HNO; and H,O (47.5, 5.0, and 47.5% by volume, respectively) [10]. The sequence and conditions of post
deposition heat treatments in a horizontal tube furnace are presented in Table 1. The degassing of vacuum ampoules
was performed at room temperature.

Table 1 Precursor concentrations in methanol solution and heat-treatment conditions of thin films.

Concentration of precursors in methanol

Precursors CuCl, ZnCl, SnCl, Thiourea
Concentration 0.1 mol/L 0.05 mol/L 0.05 mol/L 0.5 mol/L
Heat-treatment conditions in different environments
Drying In air at 75°C
Pre-annealing Nitrogen atmosphere (760 Torr) Vacuum sealed ampoules (107 Torr)
180°C, 210°C, 240°C, 270°C, 300°C for 30 180°C, 210°C, 240°C, 270°C, 300°C for 30
minutes; minutes;
Films on soda lime / Mo / ITO glass substrates Films on Mo glass substrates
Post annealing Annealing in vacuum sealed ampoules at 550°C for 30 minutes

ZEISS ULTRA 55 FE-SEM apparatus was used to investigate the morphological structure and to estimate the
thickness of thin films and to perform the energy dispersive x-ray spectroscopy (EDS) analysis to determine the
elemental composition of thin film samples. Raman spectroscopy was performed using Horiba Jobin Yvon HR800
micro-Raman spectrometer.
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3. Results and Discussion
3.1 Thin films annealed in nitrogen
3.1.1  Morphology and elemental composition of films pre-annealed in nitrogen

The aim of the study was to investigate the influence of pre-annealing on the quality of CZTS thin films deposited
by dip coating on different glass substrates on the structural properties and composition of the thin films.

The thickness of as-deposited thin films could be increased by multiple dip coating of thin films like it is shown in
Figure 1. The EDS results show that the compositions of films on different substrates ITO and Mo (Cu:Zn:Sn:S =
2.09:1:1.1:4.8) and soda lime glass (Cu:Zn:Sn:S = 1.7:1:1.4:3.2) is different probably due to more effective adhesion
of metal thiourea complex gel with Mo and ITO substrates. The thin films deposited on Mo and ITO coated glass
substrates and pre-annealed in nitrogen atmosphere at 240°C are close to the stoichiometric composition of
Cu,ZnSnS, in comparison with the films deposited onto the bare glass substrate.

~

e

457,nm(CZTS)

Thin Film
Thickness
Increases

260 nm(ITO)

EHT= 400Ky 100nm
WD= 1mm

Figure 1. Thickness of as deposited thin films on ITO: left — dipping for 1 minute into solution; right — 3 times for 1 minute dip coated.

SEM images of thin films on different substrates, after drying and pre-annealing in nitrogen atmosphere, are
presented in Figure 2. All the as-deposited films on different substrates are porous. On soda lime glass they have
uniform morphology. Thin films on ITO and on Mo substrates show some signs of coagulation of nano-particles
(see Figures 2B and 2C). Post heat-treated films on Mo glass have uniform morphology with some holes (Figure 4).

ENTs 400Ky THm

m H

Figure 2 SEM images of pre-annealed in nitrogen atmosphere CZTS thin films on soda lime (A), on ITO (B) and on Mo (C) glass substrates

Thin films pre-annealed at 240°C have continuous uniform surface and the films are tightly bound with substrate
(Figure 3).
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Figure 3. SEM image of thin films on Mo Figure 4. Cross-sectional SEM image (left) and overview (right) of thin film on Mo pre-
glass pre-annealed at 240°C in nitrogen. annealed at 240°C in nitrogen and post-annealed at 550°C in closed ampoule.

Thin films annealed at 550°C in closed ampoules show uniformly grown grains and homogenous thin film surface as
could be seen in the figure 4. Thin films also show some cracks on the surface.

3.1.2  Raman studies of thin films pre-annealed in nitrogen

Raman peak positions observed in thin films on Mo and ITO substrates pre-annealed at 240°C in nitrogen
atmosphere are at 327-328 cm’, 293-294 cm™ and 352 cm™ which could correspond to CusSnS, and ZnS phases
respectively (Figure 7) [5, 11,12]. Therefore the chemical reaction taking place during pre-annealing of as-deposited
thin films on ITO and Mo glass substrates in nitrogen atmosphere could be given as shown below, resulting in
formation of Cu;SnS, and ZnS phases (Eq. 1). The decomposition of ammonium chloride into ammonia and
hydrogen chloride gases removes the salt from thin films above 338°C [17]. The formed gaseous carbon dioxide
easily evaporates from thin films.

CuCl, + ZnCly + SnCl, + CH4N,S + CH;0H — CuzSnS, + ZnS + NH,Cl + CO, €))
24 — 44
CZTS thin films on ITO glass pre-annealed CZTS thin films on Mo glass pre-annealed
2o at 240°C under nitrogen at 240°C under nitrogen
b 40
atmosphere 327 atmosphere 328

Intensity (arb. units)

Intensity (arb. units)
w w
N [}

n
o]
1

n
KN
s

200 250 300 350 400 450 200 250 300 350 400 450
Raman Shift (cm™) Raman Shift (cm™)

Figure 5. Raman spectra of thin films on ITO (left) and Mo (right) pre-annealed in nitrogen atmosphere
Raman peak positions observed in CZTS thin films on Mo and ITO substrates pre-annealed at 240°C in nitrogen

atmosphere and post-annealed at 550°C in vacuum sealed ampoules are at 338 cm™ and 299-300 cm™ which could
correspond to Cu,ZnSnS, and Cu,SnS; phases, respectively (Figure 6) [5,11,12].
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Figure 6. Raman spectra of pre-annealed in nitrogen atmosphere CZTS thin films on ITO (left) and on Mo glass substrates (right) and annealed at
550°C in vacuum sealed ampoules

The probable chemical reaction in thin films during the annealing at 550°C is the conversion of ternary Cu;SnS, and
binary ZnS phase into quaternary Cu,ZnSnS, and ternary Cu,SnS; phases (Eq. 2).
CuzSnS, + ZnS - CuyZnSnS, + Cu,SnSs 2)

The overall formation of Cu,ZnSnS, thin films in nitrogen atmosphere on Mo and/or ITO glass can be proposed as
going on according to the following scheme:
CuCl, + ZnCl, + SnCl, + CH4N,S + CH;0H — Cu,ZnSnS, + Cu,SnS; + NH,Cl + CO, 3)

3.2. Vacuum-annealed thin films

The as-deposited thin films were dried and pre-annealed at various temperatures: 180°C, 210°C, 240°C, 270°C and
300°C in vacuum sealed ampoules and then the second step annealing was performed at 550°C in the same closed
ampoules. Thin films on Mo glass substrates pre-annealed and post-annealed in vacuum sealed ampoules show lot
of cracks on the surface (Figure 8) while thin films prepared in nitrogen atmosphere show very few cracks and
uniform morphology (Figure 3 and 4).

3.2.1. Raman studies of thin films pre-annealed in vacuum ampoules

Raman spectra of thin films pre-annealed at different temperatures are presented in figure 9. Raman peak positions
observed in CZTS thin films on Mo, pre-annealed at 180°C and 210°C in vacuum sealed ampoules are at 306-309
em™ and 330 and 339 cm™ which could correspond to binary and ternary sulphides of copper and tin '"'¥), Raman
peak positions observed in CZTS thin films on Mo, pre-annealed at 240°C and 270°C in vacuum sealed ampoules
are at 317 cm™ and 321 cm™' which could correspond to ternary sulphide of copper and tin [1,11,13].

Thin films on Mo glass pre-annealed at 180°C Thin films on Mo glass pre-annealed at 210°C 5 Thin films on Mo glass pre-annealed at 240°C
2,5 in closed ampoules lin closed ampoules

4
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Figure 7 Raman spectra of thin films on Mo glass substrates pre-annealed at 180°C (a), 210°C (b), 240°C (c), 270°C (d) and 300°C (e) in closed
ampoules.
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closed vacuum ampoules.

Raman peak positions observed in CZTS thin films pre-annealed at 180°C and 210°C on Mo glass and post-annealed
at 550°C in vacuum sealed ampoules are at 307-310 cm™ and 299-300 ¢m™ which could correspond to Sn,S; and
Cu,SnS; phases respectively (Figure 9) [5,11,12,13]. CZTS thin films pre-annealed at 240°C and 270°C and post
annealed at 550°C in vacuum sealed ampoules show Raman peak positions at 304-309 cm™ and 336-339 cm™ which
could correspond to Cu,SnS; and Cu,ZnSnS, phases, respectively (Figure 9) [5,11,12]. The thin films on Mo glass
pre-annealed in vacuum sealed ampoules above 240°C i.e. 240°C, 270°C and 300°C, show quaternary CZTS phase

along with ternary CTS phase.

30 um

Figure 8 SEM images CZTS thin films on Mo glass pre-annealed at 180°C, 210°C, 240°C, 270°C and 300°C and post-annealed at 550°C in
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Figure 9 Raman spectra of thin films on Mo glass substrates pre-annealed at 180°C (A), 210°C (B), 240°C (C), 270°C (D) and 300°C (E) in
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closed ampoules and post-annealed at 550°C in the same vacuum sealed ampoules.

The thin films on Mo glass pre-annealed in vacuum sealed ampoules pre-annealed below 240°C show binary
sulphides and ternary Cu,SnS, phase. The thin films on Mo glass in vacuum sealed ampoules pre-annealed above
240°C show quaternary CZTS phase and ternary CTS phase. Analysis of different phases present in thin films shows
that at pre-annealing stages binary and ternary phase form and at post-annealing stages they are converted to

quaternary CZTS and ternary CTS phases.
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4. Summary

The formation of CZTS thin films from solution of metal salt precursors in methanol with initial composition of
Cu:Zn:Sn:S = 2:1:1:4 was studied. CZTS films were dip coated onto different substrates i.e. Mo, ITO and soda lime
glass. The EDS results show that the composition of thin films on different substrates (ITO, Mo and soda lime glass)
is different probably due to more effective adhesion of metal thiourea complex gel with Mo and ITO substrates. It
was found that the applied pre-annealing in nitrogen atmosphere resulted in crack free films with uniform
morphology while the pre-annealing in vacuum sealed ampoules gave lot of cracks on the surface. The thickness of
as-deposited thin films could be increased by repeated dip coating. Elemental composition of thin films deposited on
Mo and ITO glasses and pre-annealed at 240°C in nitrogen atmosphere are close to the stoichiometric composition
of Cu,ZnSnS, in comparison to the films deposited onto glass substrate. The development of phase composition in
CZTS thin films on Mo or ITO substrates was studied and compared. Thin films pre-annealed at 240°C under
nitrogen atmosphere showed the ternary Cu;SnS, phase and binary ZnS phase that was converted to quaternary
Cu,ZnSnS, and ternary Cu,SnS; phases during annealing at 550°C in vacuum sealed ampoules. Probably the using
of copper-poor initial composition could lead to the formation of single phase Cu,ZnSnS, compound.
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